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ihe Mechanics of Creep Cracx Crowth in & negnox Alloy

By lLeil Trigwell - Submitted for the Legree of Phi. - (ctober 137¢

Summary

Magniox ALEC has Dbeen used for & study of creep creck propagation., 4
nunber of variatles have been cconsidered such as specimen geometry,
notch rect radius, material thickness, creep presirein and stress level.
The work has covered the material behaving under two values cf the
creep exponent, n=3.5 anc n=7, according 1o the stress level.

As well as observing initiatior

grids have been used 1to exemine

distributions. It was shown t

opening can give misleading i

a more informative method was f
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surrounding the crack tip.
being displacement contrclled, h
eprroach should be considered ge
E.. and E__. proviced the most su
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cases considered.
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The strain distributions indicated that o was related to distance
from & pcint ahead of the crack tip by they exponent -(l/nflj and that
is proportional to A The constraint stresses arising ir the

IHN anc CKk cpec1nenq“ were evaluatied.

Initiatlon time was found to be principally affected by
level but was modifiec by the constraints arisi iy
Crack growth was found not to obey either the em
relaticnships but was reviewed 1in context of the cbse:z

behaviour.
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1. GENERAL INTRCDUCTION

Fracture mechenics allows the calculation of safe working stresses
in components and structures at ambient temperatures which contain
cracks., It would be c¢f consideratle benefit to <
engineer and to the plant engineer if these concepis could be applied
to the operation of industrizl plant at elevated temperatures.

Under these 'creep' conditions a defect will almost always growi

The prediction of the growth rate of a crack like cefect is a vitel

factor in the safe and economic operation of high temperature plant.

hzt a small crack will not grow to critical

ct

The reliable knowledge
size for fast fracture before the next scheduled maintienance period
could save vast expense in unnecessary shut downs of high temperature

plant.

Thic work is intended as a study of some oI the facters which may
influence creep crack growth predictions. The material uncer study is
a nuclear reactor canning material, Magnox AL.E0. 4 brief review of the
reactor systems in use of this country for power generation is given

below as reference tc the industrial application of Magnox ALEC.

1.1 Xuclear keactors

The nuclear reactor is already playing an important role in easing
demand on fossil fuel supplies by using an economic alternative fuel
and unlike oil and coal, nuclear fuel has little practical use other

than for energy production.

The principles of all types of nuclear power station are basically the
same. Electrical power is produced by a steam turtine driven generator.

The steam is produced in z heat~-exchanger, by heat taken from the

reactor vessel by a transfer gas or liquid.




In the reactor vessel the fuel is borbarded wiih thermazl neutrons
causing it to decay into fission products releasing energy plus more
thermal neutrons, which sustain the neutron flux giving a chein
reaction., The thermal neutrons released are travelling too fast

for efficient continuity of the reaction in z thermel reactor, so &
moderator is used to slow down the neuirons. The thermal energy is
removed by the cooling medium which in some reactors doutles as the

moderator. In a fast reactor using plutonium fuel the fuel is

sufficiently concentrated for the reactiorn to be meintzined without

A

a moderator. There are numerous variations on these themes (see

Table 1.1).

The development of the nuclear programme in this country has led to a
logicel progression through three main reactor type;: Firstly, the
early Magnox type thermal reactor (fig. 1.1, fueled with uranium.
This is being superseded by the Advanced Gas cooled keactor (AGR).

The AGR uses enriched uranium oxide fuel and has a higher operating
temperature, giving more efficient generation than the Magnox Reactor.
Thirdly, there are plans to introduce Fast Ereeder Keactors using
Plutonium fuel (fig. 1.2). These reactors should enzble cheaper
power generation than any other system, making use of the pilutonium
produced from the thermal reactors. The fueling arrangement of the
Fast Ereeder Reactor 1s such that more fissile materizl is produced
than consumed. A fourth reactor type, the Light Water Reactor, is
under consideration as a cheaper, less technologically demanding

alternative to the AGR. However, decisicns with regards the introcductior

of this reactor type are at present deferred.
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1.2 This Work

The developmert work involved in these reactor programmes has been

on an immense scale with many components recuiring resistance to an
environment of a completely unprecedented nature. This work has been
restricted to one material developed specificelly for use as a fuel
conteining medium in the Magnox reactor, Magnox ALE0C. The more
modern reactor systems utilising enriched fuels usually use a
stainless steel for fuel cladding such as AISI 316. However, the
extensive amount of existing data on Magnox ALS0 suggested its
particular suitability to & study of the stress and strain profiles
preceeding defects growing under creer ccnditions. Knowleage of the
nature of these profiles will be essential to the uncerstanding of how

creep crack growth rates mey be predicted.




2. LITERATURE SURVEY

2.1 Development of lagnox ALS80

4
A canning material must perform the following functions:
1) Retain the fuel and fissior products

) Prevent oxidation of the fuel by the coolant (less important in

AN

the AGR where enriched oxide fuel is used).

It must also conform to the following reguirements:

a) Present a low cross section to thermel neutrons (again less
important with the more advanced reactors using enriched fuels).

bt) Be resistant to ccrrosion in the cooling medium, including not
forming low melting point constitu nts with particles carried in
the coolant. It must also be resistant to corrosion in the

cocling pond.

In the Magnox reactor operating conditions are such that can
s
temperatures of around LECE can be experiencec, with carbon dioxice
-6

- . s oL . \
pressures of up to 2.5MNm ~. Under these conditicns, uranlum when
irradiated for long periods can undergo severe swelling due to
evolution of gaseous fission products (such as iodine;. It can also
exhibit ‘ratcheting' a form of cdistortion due to a growth along the

[010} axis and contraction along the {iOO] axis of its orthorhombic

4
crystal structure.

Most creep applications require resistance tc deformetion. With a
canning material it is more important that the can deforms with the
fuel rather than cavitates or cracks which could result in fission
product leakage into the coolant. The fuel cans are finned for better
heat extraction and although mechanical strength is basically &

secondary consideration some level of strength is required to ensure




5
the heat transfer surfaces are reasonably resistant to deformation.
Cf the materials with a sufficiently low cross section to neutrons,
beryllium is too trittle and aluminium reacts with uranium even zt
quite low temperatures. This left z magnesium besed alloy as the most
obvious possibility. This cheoice also had the advantage of good
thermal conductivity and a low density. This enabled the effective
cooling surface of the can to be much increased by finning at a very

A
small weight penalty.

The development of Magnox ALEC, formerly Alz was performed by the
-
United Kingdom Energy Authority and Magnesium Electron Ltd.

Primarily attention was paid to preventing oxidatior in moist air and
002 leading to an alloy of: |

Mg + 1%A41 + C.01%EBe + C.05%Ca
Named MAGnesium Non OXidising. It proved difficult to obtain
satisfactory welds with this alloy and it also proved more difficult
to pressure shrink the can onto the fuel then envisaged. These
problems were overcome by eliminating the calcium and decreasing the
aluminium to give a final specification:

Al 0.7 - 0.9 Wt%

Be  0.002 - 0.03 Wi%

Q

other metals 0.03¢ Wt

&

Mg Balance

This alloy is basically single phase. However, & very small vclume of
Al-5iBe second phase hardening particles may form with higher Beryllium

levels. The solubility of Beryllium in magnesium is around 0.00jﬁf

Under pile conditions the oxidation resistance and fire resistance of

1C

pure magnesium were shown to be adequate. This sheould apply to any




magnesium alloy with a high enough melting pcint.

The mein protlems with Meagnox AL80 were confined to low creep

L
ductility arounc QOGOC (see fig. 2.1, and & pronounced tenGency
for grain growth around 5o0°c. These limitations do have practical
significance. Caﬁs near the gas inlet ports can be in the
temperature range of this ductility trough. Shuffling cans from
hot to cold regions ané vice versa is desirable to obtein uniform
burn up. However the cans from a hot zone may have uncergone severe
grair growth. This would present a serious possibility of leakage
due to inter-granular cracking if they were then cooled tc an operating
temperature where the creep ductility was at a minimum. The

shuffling of lMagnox fuel cans can hence only be carried out on &

C e . &
limited scale.

Some use has been made of Fg. Zirconium based alloyéi These alloys
are fine grained and resistant to grain growth but on the whole, the
sufficiently corrosion resistant alloys did not reach or maintain the
same level of strength as ALEO under service concitions. Also the
diffusion of plutcnium through the Zr. alloy into the cocling gas is
much greater than with AL80 as the Al alloy can form ar .1 /Plutonium

-
intermetallic. Fig. 2.2 shows a typicel Magnox fuel element.

2.2 Creep Properties of Magnox AL80

The use of Magnox ALSC under conditions that were previously
unexperienced resulted in a very full investigatior programme. The
results of many workers have been condensed and anglysed by Harris

12
& Jones.
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It was found thet the creep behaviocur of ALEO could be described by
three basic equations deperding upon the level of stress. This is
Possible because for many metals and alloys the activation energy
for secondary creep is temperature independant above approximately
013-36
half the absolute melting point (0.5 "K,. This corresponds to a
ail

. C. =~ L ;
temperature of around 185 C for Magnox ALS0. It was found that the
secondary creep behaviour could be expressed as follows:

~

Stresses above 15.5MNm-C,

E = 26.0xa 7% oY x exp(-32000/8T) 2.1
Stresses between 0.55 - 15.5MNm_C
€ = 27.4 x 101+ X d-O'E % o2 x exp(-3200C/RT)
2.2
-2
Stresses below C,55MK
E = 8.3x10°xd %" x ox T x exp(-32000/RT)
2.3
. -1
Where E = secondary creep rate in Hr ~
d = mean grain diameter in mm
o = stress in MNm~
- =1
R = gas constant = 1.98 cals. mol ldeg -
T = temperature in QK
411 three of these equations are of the Norton law type, that is
secondary creep behaviour can be described by the generalised form:
£ = A0 2.4

Where 4 & n are constants
The importance of the structural feature, that is grain size, in
equ. 2.1 & 2.2 1s thought to be due to the greater number of high angle
bounderies in finer grained material. This will allow more rapid

. 17 R . . 18 . . ]é
sliding, enhanced boundary diffusion, and migration.




m

At the low stress range the expcrnent of approximately unity and

increased sensitivity to grain size suggests a directional aiffusional
12 18 2C
creep mechanism (i.e. Herring Nabarro type mechanism;. It has been
shown that a threshold stress exists for diffusion creep in many
2!
metals and alloys below which it will not occur. For Magnox ALEC

~

" - . -2 o
this stress will correspond to less than C.1Mkm ~ above 400 C.
The effect of second phase particles has been shown to inhibit

diffusion creep and the presence of such particles could ralse this

—
S La

threshold stress significantly.

. . . =2 . . . -
The higher stress ranges, that is above O.55Mnm ~, will be ccntrollea

by slip creep mechanisms. Both stress dependancies in this slip creep

Iz Z2

regime exhibit the same activation energy for creep, suggesting a
similarity in the rete controlling mechanism. At the intermediate
stress range the stress exponent is lower than for pure magnesium,

21

3.5 as opposed to 5.0. Such a reduction in exponent is not uncommon

in solid solution alloys and is protably due to the action of micro-
A
mechanisms, such as solute drag, becoming the rate controlling factor.

The absence of any accurate energy data on the diffusion of Al in lig

has prevented precise definition of the micro mechanism operative

25
in ALEC.

The increase in exponent above a certain stress 1s also common in

24
metals and alloys. It has been suggested that at the high stress
25
levels behaviour could be better described by:

£ = A.exp(Bo ) 2.5
Where 4 & B are constants
Kowever, any improvement in describing the creep rate of MNagnox

AIFC is slight, especially in view of the scatter in the accumulated



data, and an exprescion of this form is less convenient in use.

The stress at which this deviation from the low exponent value occurs

has been observed over several materials to be roughly proportional
PR .

to the elastic modulus, The exact reason for the ceviatlion appears

uncertain. It has been proposed that it is due to an increase in the

number of vacancies at stresses above the transition. These will aid

climb and diffusion thus assisting both conventional and micro=-creep

mechanisms.

2.3 Micro Aspects of Creep Fracture

There are two fundamental factors which cause creep deformation to
differ from normal plastic behaviour. They are grain boundary slicing
and diffusion. Both will be seen to be integral components in the

models describing behaviour leading to creep fracture.

Grain Boundary Sliding

The concept of the eguicohesive temperature has long been generally
established. At low temperatures grain boundaries are stronger than
the grains due to lack of conservative dislocation motion within the
boundary. As the temperature rises the strength of both falls, but
the strength of the boundary falls faster. This leads to a point
where the strengths of the boundaries and'the grains are equal. This
point is called the eguicohesive temperature TE (fig. 2.32). Below
TE fracture is usually transgranular. Above TE the fracture tends to

become intergranular with a corresponding fell in ductility due to the

failure stress being too low to cause any extensive deformation of the

. ]
grains.
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1C

The modern concept of a grain boundary is that the two ad jacent
crystals maintein their specific spacing right up to a mono-atomic
separation layef. On the application of a sliding shear a nett
Tlow is induced causing sliding. This is a thermally activated

event and thus the eguicohesive temperature will be strein rate

. . ) 26
aependant. It can be described by the following eguation:
6 = 1(Cy - Log¥ ) 2.6
Where € = equicohesive point

(S
]

strain rate (shear)

Cl= constant

Diffusion
This is also a thermally activeted event and will hence become more
predominant at high temperatures. Diffusion raites can be described by
& classical Arrhenius equztion:
D = D exp (-Q/kKT)
Where D = Diffusion coefficient

DO= Correlation factor

Activation energy

Q

1M
Kl

it

Absolute temp. x Boltzmanns Const.

This indicates & strong rate dependance on temperature

2.3.1 Formation of Micro-Defectis

The formation of voids under creep conditions was first observed by

. 27 . . e e . c
Jenkins. However, their effect in limiting creep life was realised

oy

.
later by Greenwood.

Since this time much work has been done in studying creep cavitation.
Two basic types of cavity have been identified. Firstly, wedge

shzped cavities or cracke situated on grain bLourcary triple points, in



P
L
the same menner as the classic Zenexr wedge Crack. ©Secondly, rounded

shaped voids situzted ir the grain boundary. These are usually

referrec to as w (wedge, and r (rounded; cavities respectively.

It has beer suggested thzt in fact w type cavities are nc differernt

from r cavities and are simply where a cavity has grown to meet a
Lol
5]

~
triple point. Stiegler has made fractographic studies of cavities
in tungsten and suggested thet zll cavities are initially polyhedral
and change their shape according to the conditions of stress anc

temperature. Wwhilst it is very difficult to determine experimentally

—

g

if a % crack actually nucleated at a triple point the werk by McLean

Jo

does suggest the operation of twe mechanisms. Examinetion of several
high temperature zlloys showed a predominance of % cracks at high

stresses and low temperatures anc r cavities at lower siresses and

higher temperatures.

(
(89

, . N
Stacey working on Magnox ALEC has reported cracking below 150 C
34— . 1 .
and cavita tion above. Heal using a much faster strain rate of 1124
-] . . . . .. ; N o]
hr = on lNagnesium determined a similar transition between 175 to 225 C.

Hence there is consideratle support for the existence of iwo distinct

cavity morphologies.

Triple Point Cracking

}_)
(=]

.

z2.3.

initial theory stated thzt if slip a2long an interface was held

n

Zener

up by an obstacle a stress concentration could build up, sufficient to
35 36

initiate a crack., Eborzall and Chang & Grant applied this concept to

grain boundary triple points. Chang & Grant proposec the three classic

27
ways a triple point crack can form. (Fig. 2.4 Seru & Grarnt pointed out

sliding on a grain boundary neec not produce a triple point crack if a
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plastic fold can cccur instead.,

The original fracture criterion was drawn up by Griffith, based

o

the

energy balance betweern, that reguired toc produce a new surface against

the stored elastic energy lost as a crack ferme. The following

equatiorn was proposed:

o
f
Where:
c. = stress for cracking
= Llastic moculus
¥ = Surface energy
¢ = Crack length/Z for a
embeddec creck
This implies a critical stress for fracture exists for 2 given
length and vice versa. The eguation only considers the elastic

i
of the applied siress. Stiroh extendaec the work of Griff

1
ct
.
o
@]
d.
W
o
(]

account of the presence of disloceation pile-ups in & ceformed metel.

He érew up & fracture nucleatior criteria as follows:

To é/:LZzs.ET
n(1l-v ;L

Where:

R = shear modulus

T = shear stress for crack formatio

T

As this relationship is independarnt of the nature of the sliding

interface it is possitle to calculate an approximate value of the

I8 = length of sliding interface

Ny

4N
\O

stress concentration at the end of a high angle boundary, necessary to

nuclezte a crack. Complete accuracy is not possible with this

approach as no account is taken for energy dissipated as plestiic work,

40 . e . . -
lclearn applied the Stroh equation to 2 single dislocation pile~up

o

n



13

model and found reascnable agreemert with practical results.

Application of equation 2.9 produced 2 value ijp about ¢.3 of
4l

that expected. Stroh later amended his initial equation to:

!

T-=/3 ¢ »

J‘&(l-v}'

b

N
:
(@)

vhere v = poissons ratio

Stroh stated that these equations will describe the fracture of a
meterial giving a relationship between fracture ;ﬁress ané the
inverse square of the grain diameter. (The sliding interface can
represent the slip band length for the brittle cleavage case or the
sliding grain boundary length for the creep situation, both of these

will be directly proportional on average to tne length to the grair

£
diameter) Such a relationship was established by Hauser Landon & Dorn
43
for a magnesium 2% AL Alloy below lBOOC. Smith & Barnby examined
a double pile-up model applicable to the Chang & Grant triple point
crack type B in Fig. 2.4, They derived the following equation for
nucleation:
|
T=/2 ¥ M
J n(1-v)L 2,11

This equation would reduce the level of MNclearn's calculated stress
results as 1t predicts nucleation at much lower stresses. Such a
reduction would have improved the agreement between Mclean's
calculated and practical results. The discrepancy had previously been

attributed to segregated impurities.

2.3.1.2 Cavitation
: . . 3C
This form of creep failure was recognised by Greenwood et al.

small cavities were cbserved to form along grain boundaries, grow and

coalesce. These cavities were not necessarily associated with triple



14

points and were found mainly along grain boundaries perpendicular to
37

the princiial stress axis. This type of cavity was found by hMclean

to favour higher temperatures and lower stress levels than the triple

point cracks. It was concluded that a different process to triple

poirt cracking was operating and it was called cavitation.

Early theories for the formation of r cavities were based on concepts
of vacancies, produced by plastic deformation, condensing out on
discontinuities, usually grain boundaries. It is now generally
accepted tﬁat cavity nucleaiion 1s heterogenous. Grain boundary
particles or ledges seem the most likely sites for nucleation

but direct evidence is not particularly forthcoming. It is
impossible to tell if a cavity nucleated at a particle or simply

grew to meet it. Most theories advanced involve grain boundary

s
L5 o0 =~

sliding causing separation at z particle or a ledge, as shown in
Fig. 2.5. 1In fact grain boundary sliding must produce cavities at
such points when ever plastic flow or diffusion is insufficient to
47

prevent decohesion. Chen & Machlin worked on copper bi-crystals and
showed that some grain boundary sliding was necessary for cavity
formation. Application of a shear stress along the boundary gave
cavities, a tensile stress perpendicular to the boundary did not.
Application of a combined stress produced many cavities.

L8
Baluffi and Seigle derived a critical nucleation condition for
cavitation. 1In a simplified form, if a void radius r, in a material
under a uniform stress o, receives a vacancy from the boundary its

surface energy increases by an amountA¥ given by:

6y = 2yb°
xr . 2.1z
where 83 = surface energy/unit area

b atomic volume

il
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FIG. 2.5
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The emission of a vacancy from the boundary is equivalent toe the
. N R - 2,
Plating out of an aztom on the bouncary. This means a force oo is

moved through a distance b. If this work done exceeds the increase

1n surface energy cavity growth will be energetica.ly favourable:

z 2
ot .t > 22t
r 2.13
o s 2
T 2.14

Hence, a critical size of cavity nucleus, for a given stress level,
must form before statle cavity growth can commence. It can be seen
from this equation that a stress concentration will reduce this
critical radius,

L9
kel has pointed out that defcrmation induced decohesion is not the
only mechanism for hetflogenous cavitiy nucleation. HKe showed that
thermodyamic considerations indicate the triple interface between a
grain boundary ané a non-coherent particle presents the lowest
activation energy for nucleation by a vacancy cluster mechanism,
Under such a mechanism, grain boundary sliding would only assist
cavitation by providing a stress concentration at the particle
interface. A minimum stress would be required for nucleation and there
would be an incubation period whilst the critical size of vacancy
cluster was accumuleted by diffusion. Incubation periods and minimum

EC
stresses for cavitation have been observed.

£l
Smith & Barnby considered the situatiorn where a particle in the grain
boundary could hold up sliding. The shear stresses acting on the

varticle mey reach such a level as to fracture it, and hence form a

cavity nuclei.
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£
Fleck, Taplin & Beevers used the 1M.V transmission electron nicroscope

(TEM) to study cavities at early stages of growth in a corper alloy.
The cavities observed were a1l associated with particles. They
observed nucleation to be associated with a critical grain bounczry
sliding c¢isplacement. This suggested the importance of a stress
concentration build-up at the particles during or before the
nucleation process.

52
Weaver pointed out that impurity particles or precipitate could Form
effective obstacles to grain bourdery sliding. If particles were to
act in cavity nucleation the distribution must be such as to enable
sufficient stress build-up for nucleation and yet take the load off the
triple points. If the particles stop grain boundary sliding
effectively, cavitation will be delayed. This is supported by

&3

observations in Type 316 stainless steel that show the effect of
precipitate on cavity nucleztion to be principally concerned with
restricting grain boundary sliding and development of sress

concentrations, providing heterogeneous nucleation sites was a

secondary effect.

! > 3 3 A ~
Cottrell suggested that non-wetting Precipitate would form easy
nucleation sites for cavities forming by grain boundary sliding arourd
particles. It was pointed out that aluminium which adheres perticularly

well to its oxide coes not cavitate during creep. Following from this
54
argument Eborall suggested that the reason that titanium does not

cavitate was because it dissolves its cxides and similar compourds.

At weakly coherent particles it has beer shown that if the precipitate

. . ; e <. e .
has a higher melting point thar the matrix, diffusional flow around the
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particle will be inhibited. This is due to there being little
co-cperativé movenent between the atoms of the precipitate and those
of the matrix, which is necessary to enatle such & boundary to act
ag a source or sink for vacancies. This will inhitit tendencies for
a cavity formed by grain boundary sliding around & particle to sinter
and hence aid the formation of a stable nucleus. This will not apply
if the particle is completely non-coherent.

Vs
Herris proposed that the mechanism of pariicle/matrix interface
shearing by a grain boundary sliding induced stress concentration
could account for all cavitation observed in Magnox ALSC. Electron
metallography revealed sufficient second phase particles to support
this proposzl.

=Y
2
3
L

Greenwood et al observed that cavity spacing increased as temperature

increased and vas approximately equal to the slip band spacing. Slip
)

processes can produce graln boundary ledges. Davies & Williams

produced a model for cavity nucleation in which secondary sliip systems

form small grain boundary ledges which . are opened up into cavities

by sliding. See Fig. 2.6. Using the 1M.V TEN to study copper

c¢
Johanneson & Tholsen showed cavities in very early stages of

formation to be associated with grain boundary obstacles such as kinks

and triple points. They proposed that the stress concentration at such

points could be as high as 10-.

4k . . . ,
Harris considered nucleatlion at .iedge type
unlikely as grain boundary diffusion rates are of a magnitude that
would mean grain boundary sliding rates would have to be unrezlistically

e g

high (1m/Hr) to prevent sintering. He favoured grein boundary

. S 3 ] - -3 A -
separetion at particlies. liowever the electron m1CrosScoODY
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£7
study of Presland and Hutchinsor of cavities in pure megnesium

) a O N - . v > -~ o o .

deformed at 300 C showed that the majority of cavitles were in no way
associated with particles. They considered the intersection of grain
boundaries with sub-grzin boundaries to be the most common nucleation

sites. See Pig. 2.7

2.3.2 (avity Growth

Original theories of cavity growth . were based on vacancy diffusion.
later mechanisms dependant upor deformation were advanced. Many
relationships correlating cavity size, population, etc. with time
related parameters have been drawn up. Tatle 2.1 includes some of

these.

Cottrelf reviewed four of what he considered the most important
possibilities by which a cavity could grow:

i) By spreading along the boundary like a cleavage crack
through the breaking of atomic bonds by the concentrated
stress at its end.

ii) By changing in volume through elastic deformation, as
a result of changes in the applied stress or in the
length cf the cavity.

iii) By spreading along the boundary at constant volume
(apart from elastic deformation) through the nigration
of atoms, mainly by surface diffusion’from the sides

of cavities to the ends.

iv) By spreading along the boundary, with changing volume,
through the removal of atoms from the ends by atomic

migration along the boundary or into the grains.
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Fode (ii) is of little interest as any contributiorn to crack growth
by this mechznism will be small. However, it will occcur in
conjunction with changes irn crack length by the other mechanisms.
The remaining mechanisms mey De considered in ithe context of the
Griffith equation (equ. 2.&;.
Mode (iv) enatles a small cavity to grow, even if below the criticel
crack length as determined by the Griffith equation. This mechanism
allows the applied load to do mere work than is possible by Just
elastic deformation alone. The Griffith ecuation is based on only
the stored elastic energy being.available 10 procuce e new surface.
Mode (i) The Griffith criteria is not a sufficient condition for creck

growth to occur by this mode as it reguires the crack tip tc remain

5

sharp. Some sharpness will be maintained at high temperature adesgite

v

surface diffusion, but whether it would be sufficient for crack
propagation 1s uncertain. This mode would result 1n fast fracture
rates untypical of a creep situation.

Mode (iii) The Griffith criterion is always a sufficient criterion for
crack growth by this mode. This is because the atomic bonds at the
crack tip are overcome by thermal aggitation and hence & sharp crack

tip is not reguired.

The observation of preferential cavity distribution along grain

. . o . . . ) . ..
boundaries at S0~ to the tensile stiress axis and the tendencg for

cavities to elongate along these boundaries are strong evidence of a
’N[; i ial .

diffusion growth mechanism. (i.e kode iv) Such a mechanism could be

described by the classic Herring-Kebarro mocel.

48 7|
peluffi & Siegle considered the thermodynamic conditions for void

growth by diffusion. They founc a critical stress o above which
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& cavity of radius r will grow by accepting vacancies from the grain

boundary, as follows:

I
N
<

N

(-]
\n

z where € = angle beiween the
boundary normal and the tensile

stress axis.

This treatment indicates a strong orientation dependance for cavity

o) -0 . . .
growth. As € moves from O to 60  the stress factor will increase by
4 times. This can hence explain the observations of cavities lyin

I ying

- . s c . .
preferentielly on boundaries at S0 to the stress axis.

Meny attempts have been made to estimate cavity growth rates based on

~ - . . - - -— 72
vacancy diffusion models. 4 classic work perfcrmed by Hull & Rimmer
took the difference in chemical potential of a vacancy at a void

surface and midway between voids as the driving force for diffusion.

They derived the following equation for void growth rate:

dr = Dg.z.o. &
dat 2kT.s.r 2,16

Where: Dg = grain boundary diffusion
rate
z = valency
Jb = volume of a vacancy
kT = Boltzmens constant X
Absclute temperature
s = Average spacing between
veids
r = cavity radius

The basic Hull Rimmer equatior has since been refined by many workers 1o
take account of several factors not considered in the original analysis.
However, the relevance cf exact calculation of cavity growth rates to

this work suggests that these modifications do not warrant detailed

examination. The most significant point of interest from these analyses

based entirely upon diffusional growth is that the growth rate should be

directly proportional to the stress.
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The Hull Rimmer model was based on a constanrt number of voids, but the

o
experimental results cof Ratcliffe & Greenwoos)indicated centinucus
nucleation., This concept of continuous nucleation was suppcrted by
other workers who observed cavity number / time cr cavity number /
strein relationships, see Teble 2.1.With tne acceptance of the

Sl

importance of greir boundary sliding in nucleatiorn and the advent of
_ 73
TEM techniques continuous nucleation has become generally accepted.

Some observations show cavitation to give stronger connections with
strain or strain rate than with time. This is not what would be
expected if diffusion was the controlling mechanism. Work by Davies,
£8
Davies & ¥Wilshire on a range of nickel~-cobali alloys showed thei for
a glven creep rate the fracture strain was independant of cobalt
content. Additions of cobalt to the nickel increased the creep
resistance and hence the stress required to produce a given creep rate,
This meant that the failure strain and hence time to fail at a given
strain rate were independant of stress. This is not consistent with
the Hull Rimmer model even through fracture occurred by growth and
linkage of volds. They suggested that under these conditions cavity

owth was @pendant upon other plastic deformation mechanisms, such as
gr E I '

grain boundary sliding or dislocation motion.

It is & common observation that strain to failure is relatively
: K

insensitive to quite large changes in test conditions. Also for a large

number of materials the product of strain rate and time to failure is a

constant. These observations seem to contradict a vacancy control
model. A general questioning of diffusional controlled growth has
resulted from these discrepancies, leading to development of an

alternative azpproach based on deformation controlled growth.
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74
Williams experimentally determined crack growth rates in a single
Phase Al 20%Zn alloy as a function of stress and the angle between
the crack plane and the tensile stress axis. For crack growth normal
to the stress axis, the crack growth rate was founc to be
Proportional to ihe opening rate of the widest part of tne crack.
This in turn was observed to have a 1:1 correlation with the grain
boundary sliding vector parallel to the wedge opening. The crack
growth was controlled by metallurgical features ahead of the crack tip.

If these features restricied ihe plastic zone then instability would

result and the crack would link off to ancther triple point crack.
78

~

Observations of a similar nature were also made by Soderberg.

£

Ratcliffe & Greenwood observed that application of hycrostatic
pressure equal in magnitude tc the applied stress eliminated
cavitation in pure magnesium. Hydrostatic pressure will affect the

movement of vacancles but not dislocations. They considered that

deformation growth was hence unproven.

76
Waddington & Williams also studied the effect of hydrostatic pressure,

using similar material to Willlams. They observed that application of

pressure reduced the crack growth rate and increased the rupture life

and stability. They conslidered this was due to a reduction in the

normel stresses at the crack tip. They considered the fact that cracks

occurred at all in pressurised specimens as evidence of a deformation

controlled process.

-5 o
/
Needham & Greenwood examined the effect of hydrostatic pressure on

cavitation in copper at 5OOOC. They found that the application of this

pressure affected the creep rate to a much greater extent than expected.



pressure, irrespective of the Previous history of pressurisation.
It was hence considered that the reductior in creep rate cid nct
arlse by the suppression of cavity growth. It was thought possible
B T . . . 5 PR ~
what the reduction in grain boundary sliding mey account for the

- » 59
recuction in creep rate. katcliffe & Greenwood had not consigered
the effect of pressure on grain boundary sliding, this could provide

an alternztive explanation for their failure o observe cavity growth

in pressurised specimens.

LDiffusion controlled growih does not easily account for MclLean's
observation that small alloying additions can radically affect cavitiy
growth rates. These additions should have little effect on the
diffusion rates but can have z marked effect on mecharnical properties
and the nature of the grain boundaries. However, it has been proposed
that second phase particles in the grain boundary may inhibit

55 73

diffusional cavity growth. If the diffusional properties of the

particle and the boundary differ then back stresses mey be generated

around the particles inhibiting cavity growth.

Davies & Duttoéxgerformed a series ol experiments on Cu-15% Al at
QOOOC in which the stress direction was changed. The material was
stressed to tertiary creep in the orientation shown in Fig. 2.8a.
During this stressing grain boundary sliding occurred. A cube of the
material was then cut out and tested in compression as shown in

They found that many cavities closed and much of the

Fig. 2.&b.

density loss was recovered. 4 second cube was cut from the original
o — . .

block and compressed at 90~ to the original axis, which was

.- . o . - o o e
equivalent to the initial tensile condition. Fig. 2.8c. Cavity
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growth in this block was observed to continue. They concluded that
only grain boundary sliding wes contrituting to cavity growth and
that diffusion processes were unimportant.
This work was criticised by Teplin & Gifki;:on the grounds that void
) grounds t voi

closure could have occurred by sintering and not grein boundary

N, 63
sliding on reversed stressing. Gittins considered the void closure
could have occurred by plastic deformation on compression. He
stressed copper well into the tertiary creep stage up to a point
where some void linking had occurred. On reversed stressing at room
temperature some density loss was recovered. As minimal grain
boundary sliding will occur at ambient temperature a sintering
mechanism for void closure was proposed.
Davies & williamslfepeated the Davies Dution test using copper and
obtained similar results to the original work. They also perfcrmed
the compression tests at room temperature with material containing

isolated voids. Essentially, no shrinkage was observed indicating

that the voids were not readily closed by a sintering mechanisnm,
They suggested that the density recovery observed by Gittins could
be attributed to the partial closure of the very large cavities

where several voids had coalesced and not the sintering of isolated

cavities.

56 . i L. . )
i 17113 i i f vity formation based on
Davies & Williams proposed a model Ior cavily A

dislocation motion and grain boundary sliding as showr in Fig. Z2.6.

In this model slip dislocations enter the boundary and form jogs

which are opened into cavities by sliding. This model can account

for a relationship between cavity size and creer strain. Ishida
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2
& lMclean proposed a similar model in which & dislocatiocn moves along
its glide-plane until it is stopped by a boundary. Under the action
of the applied stress the dislocation continues to move by a
combination of glide and climb, emitting vacancies due to non-
conservative motion. The cavity can thus open out despite &
tendency for it to sinter.

Q4
Hancock proposed that void growth under creep conditions could be

_E
described by the MNcllintock model more normally applied to ductile
plastic conditions. The Mcflintock model is a mathematical approach
which shows that pre-existing voids can elongate in the direction

of the tensile axis and increase in vclume by the action of the

tensile and radizl stresses.

Hancock showed this approach to be applicable to hcle growth when
the ratio of stress over strain rate is low, as 1s often seen during
It was also consildered important in regions of

tertiary creep.

localised high strain rates such as at locations of grain boundary

sliding.

Unlike the diffusion growth models, the predicted growth rate by this
epproach does not decrease with cavity size (equ. 2.16 and 2.17).

It was shown that for a linear viscous solid the growth rate can be
expressed as:

R = R = :&Q with a through thickness stress

d <0

. = 0
o2 2.17

Where R = (length + width of cavity /2)
The cavity will shrink due to surface tension producing a hoop strain

if:

c'<2§
2R L1&

(oS
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Above this value growth rates show a2 non-linear correlztion with
stress.

3é
Mclean, Dyson & Taplin considered that this mechanism will be
unimportant at engineering strain rates buti could arise under fast
laboratory tests parficularly at low temperatures, or at crack tips

where high stress and strain rates can occur.

The orientation of creep cavities to the tensile stress axis (Ts4;
has been used to attempt to distinguish betweern diffusion or

deformation controlled growth.

The following angles tc the TSA should be obtained for respective

mechanisms:
Diffusion 9C Degrees

Shear 45
g7
Chang & Grant

type a 7C
type b g0
type ¢ 45
Hancock/McLintock 0

Hence this approach cannot definitely discriminate between diffusion
or deformation processes unless the angular distribution observed is
very small. Lower ranged stresses have been observed to cause the
distribution of cavities to peak at aroumd 900 to the TSA rather than
45° for higher stresses. This follows from the earlier discussion on

the stress dependance of the formation or either r or w type cavities.

The effect of grain size on cavitation has been studied. Rama RHa0
88 _ ) o
et al found for Cr-Ni stainless steel there was a shift in the
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cavity distribution from 90" to 457 to the tensile stiresc axis as

gralin size was decreased. This suggested the importence of grein

9]
o]
'_l.
n
=
n
Hy
o}
H

boundary sliding in esteblishing the controllirg mech

-

nucleation and growth. However, for a Cr-Mn-% steel ihe Gistritution

[
wn
o
(D "
]
-
-
o
f-;
ct
O

. . -0 . . .
remalnec constant at around ¢C°. They considered thi

precipitate/matrix interface nucleation

m

be due to the cperation of
as the precipitate was the common factor of all the specimens of

this steel.

11

Fleck, Beever & Taplin found for copper alloys that smaller grein size,

increasing the effect of grain boundary sliding, resulted in an
increased volume of cavitation.

el B3
Gittins working on copper reported that the number of cavities observed
followed the same time dependance as grain boundary sliding, but once
nucleated grew at & constant rate. This was interpreted as indicating

a dependance of nucleation on grain boundary sliding tut growth being

entirely diffusion controlled.

€9
Good & Nix introduced regular size and spaced bubbles of water vapour
into silver creep specimens. They considered these to act as

pre-existing cavities. For cavities around lum in size the activation

energy Tor creep failure was found to be in very close agreement with
the activation energy for free surface diffusion. They hence considered
a diffusion type cavity growth model appropriate. For larger cavities,
around 12um diameter, under similer test conditions, the stress and

temperature dependance of rupture were identical tc those of creep.

From this observation they suggested that the final stages of cavity

growth consisted of plastic tearing between cavities., In bcth cases

SEI, examination of the fracture surfaces showed cavitation tc have been



exclusively from the Pre-existing sites., The Presence of the water
vapour bubbles severely reducec creep ductility, They also commented
that observations by other workegzjz; heli tubkbi ; the

i helium tubtlies much less then
lpm ciameter Suggested that cavity growth may be creep controlled.
For ithese very small cavities capillary action will be so strong &
stress concentration will be essential for growth.

JL . . . . . ) .

Cane examined cavitation in alpha iron at 700°C, It was observed
that the strain rate contribution of grain boundary sliding and
cavitation followed the same stress dependance. This indicated that
the factors controlling deformation and cavitation are related.
It was also observed that by Pre-straining the test pieces to increase
the flow stiress reduced both creep strain and cavitation for the same
test time, temperature, ané stress. This is inconsistent witih the

Hull Rimmer model. However, the largest cavities formed on bourdaries

-~

t a0° to the tensile stress axis which supports a diffusion mechanism.

3]

Cane proposed that dislocations entering grain boundaries maintain

their Burgers vectors and during grain boundary sliding, deformation

occurs by a mixture of climb and slip. During this non-conservative

motion vacancies are produced depencant upon the deformation. At very

low stresses, below the regime of slip creep the classic Herring

1520 ) . R e e
Nabarro vacancy production process would be expected to predominate.

The works by Good & Rix and that by Cane are clear indications that it

is rapidly becoming accepted that the mechanlsm of cavity growth cannot

be adequately described by only a vacancy diffusion or only a deformation

N ca C i .
process. Cavity nucleation must also be considerec devold of a single

mechanism The possibility of transitions from one mechanism to

another or inter-play between mechanism must clearly be considered.



Such a 113 , s oo s
: transition between diffusional growth and deformation growth

is a feature of a model proposed by Eeere and Epeig£%% They
congidered diffusionzl void growth in 2z meterial where the grains
were undergoing slip Creep as opposed tc the Hull Rimmer model

in which the grains were behaving ir ar elastic manner and the
creep deformation was principally éiffusional. Because the grains

are deformed by dislocation creep the need for the atom plating/

vacancy source distribution to be spread evenly across tne boundary

no longer applies. Hence, shorter daiffusion paths are possible

allowing faster cavity growth., At low stresses the situztion was
considered similar to the.Hull Eimmer model because the amount of
slip creer is low., As the stress increases the proportion of slip
creep increases reducing the radius around the éavity from which
diffusional contributions of vacancies to the cavity can operate.

In the 1limit of high stresses, cavity growth was considered to become

~

identical to Hancock's non-diffusive cavity growth in & plastic body.

The importance of grain boundary sliding in nucleation seems easy to

accept, even if it only serves to provide a stress concentration

rather than actually be responsible for decohesion. The arguments

over the relative importance of diffusion and other deformation

mechanismes to cavity growth must be viewed in context of the creep

situation. Creep testing can cover a very wide range of temperatures,

i i £ T he stresses used can also cover
even in terms of fractions or I The st

a wide range. Both diffusion rates and grain boundary sliding rates
are temperature dependant. They are also stress dependant,

i
diffusional processes having a stress dependancy exponent of unity

and grain boundary sliding a higher velue. Diffusional cavity growth

2 3} A . -
i1i v 1§ +ion of the work done by the applied
can utilise a very high proporti
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3C
load. Hence, growth of this king is possible at very low levels of
stress provided nucleation cap occur, £liding mechanisms would be
expected to increase in importance at higher stresses and strain rates.
£ change in the relative imporiance of these paraneters wiih test
conditions is possible for = single materizl. This must be ever more

likely to occur when considering the many different meterials that

have been studied in the works reviewed here.

2.3.2 Cavity Linking

So far the mechanisms for cavity nucleation and growth have been
considered but not the actual processes by which cavities link up

to exhibit creep crack growth. In practice it has been observed that
at least twe distinct failure modes may occur:

i) Void growth then a cracking mode of linkage similar to a Griffith

cracking type process.

ii) Voids continue to grow and final fracture is by an internal

necking mechanism or a ductile tearing process. The fracture

process is considered to arise from the formation of intense shear
bands between neighbouring cavities, which eventually exceed the
[o¥S

work hardening capacity of the material. This type cf failure mode

is known as the void-sheet mechanism.

A preference for the void-sheet mechanism has been observed in ductile

9¢ Shh I e et .
materials, such as megnox and copper, and also with Ilner grain sizes.

e . . . ;
For example Morri§7examined the effect of grain size on the creep
ks ™ 4 ’

failure of 316 stainless steel and found velé sheet fractures below

. . . L
aviti t larger grain sizes, greater densities
25um from r type cavities. A
of larger cracks were observed, forming from w type cavitles and

5 L
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fallures only occurreg after some crack growtn,

gg

Similer observations
-

- N A KT L
have been made by Cocks & Taplin and also Fleck et 21, lorris

measﬁred the uncavitéted créss section area and hence ceicuiated the
nett section stress acting. For the larger greir size specimens
(greater than ijm) the nett secticn stress Ci¢ not cerrelaie with the
occurrence of fracture. However, a longesti crack lengtr a2t Iracture.
versa stress criteria was observed with the larger grain sizes

suggesting a Griffith type mechanism. It was considered that the

»

Griffith equatior was modified under Ccreer conditions by reliaxatic
of the crack tip stresses. In 316 it was proposed that this
relaxaticn was controlled by the size ané dJistribution of the
carblde network.

°s
Soderberg obtserved a relationship between longest crack length and

=]
teel at 70CC as follows:

[ €2]

fracture in 20Cr-25Fi1 Stainless ;

¢}
c.cC = consteant

™
i
O

appiied stress

%
5
®
H
o
Q
n

¢ = crack length

It was found that b = 0.55 which is in close agreement with the value

) 1ff1] i i ] ses used in this werk
of C.5 expected by a Griffith criterion. The stres i

. L] Sl I < =
were relatively high, glving rupture times oI 2.5 to 535 hours,

producing a wedge type cracking mechanism.

c s . . e s
The void sheeti mechanism probebly occurs 1 ductile and filne grained

. > -3 <+ -
meterizls because in such cases the increase in nett sectlon siress with
13 (=) s

t th of the meterial to be exceeded
cavity growth causes the creep strength oI

Ce C hie |
before a crack in excess of the criticel size can form. This is
AL
ion 1 s this will increase
expecially likely where creep relaxation is easy as ithis wil
e 1
o7
the critical crack length.
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Mclahor suggested fraciure could be classified as stress controlled
. ) _ \C!

or strain controlled. It was suggested by Knott that fracture

Classiilcation could be between Cracking processes and rupture
- 1o : ~ 3 L ;
processes. Unfortunately it has been shown thet these classifications

&re not synonymous 1n that rupiure car be either stress or strain
MOZ ]/‘I:

contrclled, as can cracking. N

104 108
Johnson examined the effect of biaxial stress on creep fracture and

found it was possitle tc classify materials into two types of
behaviour.

1) The function describing fracture was a function of the Von Mises

equivalent stress ¢ and fracture 1s consicered to be controlled
by the magnitude of the octahedral shear stress. These materials
nermelly exhibited only a single crack with 1ittle or no subsidiary

cracking. Tertiary creep in these materials could be described by:

= \n=1 vt "
Eij = A(C) 0y 5 r(t) 2.20

Materials shown to exhibit this type of behaviour, at least within

certain temperature ranges, include 0.2% carbon steel, magnesium

and some zluminium alloys.

The function describing fracture was & function of the princital

i jale exhibited grain boundar
tensile stress o5 . These materiale exhibited grain b vy

- - 3 Fe b3 a - K 1
cracking which accumulated durlng vervlary creep., Tertilary creep

in these materials could be gescribed Dby:
. . \ t - sf'm }.t 2.21
Btij = A" T(o9/ Oij exp.B'T( 1/

i 3 + PRI .
Materials following this type of behaviour at least within certailn
temperature ranges include hO. steel, copper and Nimonlc 75.
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It was noted that dependance op 0 €id not correlate with the degree
of intergranular fracture or with tensile ductility, Unfortunately
there zppears to be little knowledge as to the .iCro mechanisn tnat
determine which stress system will cheracterise Teilure, The actiorn
of octahedral shear stresses in +he void sheet mechanism ané the
principal stress in a Griffith type case seem logical correlations.
However, this is not consistent with high ductility tending to produce
vold sheet failures and the absence of such a ductility correlation
with the controlling stress function. This serves to illustrate the

complications of material behaviour under multi-axial stress states.

2.3.4 Metallographic Technigues

Optical microscopy is seriously limited in the information it can
supply relating to cavities. Resolution is limited to around lum.
Detziled information regarding shape and crystallographic orientation

1s not available.

Conventional use of the Transmission Electron Microscope (TEN)

requires production of thin films, often far less than lum thick. Any

cavity must be very small to be conteined within the foil. A shadow-

eraph technique was developed by Taplin & Barker in which non-

transparent foils were examined (similar to a conventional radlographic

) . s . - ot g
technigue). However, even in these thick films one side of a cavity

would probably be exposed to the polishing solution which could have

98 )
143 i Cocks & Taplin later showed that
caused enlargement anc distortion. LOC T

when using this technique a small change in beam angle could result

in a severe change in cavity appearance, for example, an equiaxed

cavity could change in appearance +c look elongated with a sharp

+ supply information regarding the

corner. This technigue canno
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tructural features of the dajacent grains. The use of the 11.V TEM

has proved to have considerable scope

4Lt £C
difficulties,

in overcoming many of these

Electron fractography using the Scanning Electron iicroscope (SEN
has proved a useful technique for examining cavity shape, size and

. ) 56106 107

distribution. If a material is brittle at low temperatures it can be
broken open after creep testing and examined. This technigue allows
easy sample preparation with little chance of seriously deforming

the cavity features. However, again the technique is unabie to detect

features of the crystal structure or orientation.

2.4 Mechanical Aspects of Creep Fracture

2.4.1 Effect of Hotches

The first indication of any effect of notches under creep conditions

-

came from the failure of boiler flange bolts, in the threads or at

abrupt changes in section. These failures were considerably premature

when compared with smooth bar data. It was found that these failures

N .
could not be predicted from smooth r or short term notched tensile

108
tests.

An increasing amount of creep rupture work has followed from the early

] 5, primaril tched round bar
investigations into these fallures, primerily on notched round

specimens. The effect of the notch on the creep life was expressed

I ! - ime (0]

ion ar If this ratio
failure of a smooth bar of the same nett section area. Ii

exceeded a value of one notch strengthening was considered to have

i ith & £ han one.
occurred and notch weakening with a value of less than or
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n

The results of i E
t studies of the notch phenomena are conflicting, some

tests showing a Weakening effect others a strengthening effect

During these early works 1 oL . .
g J WOrKs the effects of most of the possible variables

. ) . iC2 11D R

were lnvestigated (l.e. notch deoth. note; s Dlad
‘ ‘ . Dta, notch acuteness lain bar
OB UNISHE )y " ' F

ductility, grain Slze, precipitate;. However, it was about 20 years
af'ter the original investigation before the phenomena started to

really be rationalised,

It was recognised that the princiral effect of a notch on creep life
was any change that it may cause in the time to initiate a crack,

rather than in the time taken for this crack *o propagate across the

HA . . 7 . . .
section. Work by Taira & Chtani, described in detail later, showed

that for the circumferentially notched bar geometry under creep

conditions the maximum value of the axial stress moved to a point some

distance from the notch root. It had already been observed that in

many cases fallure started by formation of micro cracks ahead of the

notch that then linked back onto the notch tip. Taira & Chtani also

shoved that the value of the equivalent stress {(as given by the Von

, . . P
¥izes criterion equ. 2.22 ; was lower than the nominal stress at notch

—~

—~
b3
]
o

Dofr-4

2.22

-~

the formation o ne noich tip

ct

i v cracks at
This could result in delaying c S

ard hence increase the time to rupture. Where complete relaxation is
. re I

e - [  nadequat
iue to innhibition Ty precipitate or inadequate

o}
(@]
d—
3
O
[£}]
[¢]
’._l
[e2
}_J
[$)]
D
l_l
o
oy
(4]
H
@)

s ne s approach and proposed that the tendency

Hayhurst et al extended thi

) ) y fn S 1S s
charver notches is because tnhe siraln reguired

for notch weakening with
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or ‘the relaved Q'ta,'te 't re (:‘“e(“.I i &r ‘t tr- r
v = 0] be 3 N Y
f ach 4i8 greater anc nence nexre i g a

more chanc 1 3 s .
chance that the ductility of the meterial will be exceeded before
thie state car be attained. They 21so considersd the stress systems

contrelling finel fracture as outlined in sectior 2.%.73. that
= =0 e e > )2

i
PANrAl S

5
either octahedral shear stress or meximum principal stress. They
considered that weakening will be promoted where the peak stresses
have the same multi-axial character as the multi-axial stress rupture

12C
criterioncf the material.,

This agein illustrates the complexity of rupiure under multi-axial
stress states under creep conditions such as those that may arise with

the presence of a notch or crack.

Conventions

The convention of co-ordinztes shown in Fig. 2.9 is the system used

throughout. Three basic types of strese state are generally considered:

1)} Plane stress where the stress S is equal to zero.

is equal to zero.

N

) Plane strein where the strain £ ,

Anti-plane strain from displacements only in the z direction of

\))
~—

the bocy.

In addition to these three stress states there are also three modes of

loading considered.

Mode I Normal tensile loading
Mode II Shear or sliding loading
Mode III Loading tc produce displacements that are skewed

around the crack plane noOImM&..
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Each of these loading p
field in the vicinity of the crack
subscript fracture m

moGe number l'e'KZJSTKIII for modes I,

~
of

[~

odes corres ] i
TeSponds to a2 hasie type of stress

tip,

. ,
It is conventioral to

eCIlaILlCS D = a p -
aIalle LGI 2 Wi L:I tlle a O [ ll e ()aﬂ.l lé
p -~ p*l J‘_

iI, III respectively,

2.4.2 Stress Fields Preceding Cracks
. v 122
Irw1n developed work by Westergaard to express the stress ¢, . in an
13
N . .
infinlte body undergoing extension of a slit crack lengthla. Under

Plane stress conditions the resulting formulae are of the general form:

In moce I loading for c,

Commonly qﬁ%iis

intensity factor.

This represents the stress

Elastic conditions.

redistribution of these stress profiles.

profile preceding

|

.. = 0o/ma £ (e) A e
13 s N Tid 4.2)
v Jgdnr) v
where o = applied stress
y —"ij(e) =Cos & (1-8ir €.Sin 3¢, 2.2&
< I4 <
o T,.(6)=Cos g (l48in €.sin 3 ; 2.25
53 +J z z z
o f..(6) =Cos €& (Sin ¢ Cos 36 ) 2.26
wy T340 2 ( < g_ )

represernted by K which is referred to as the stress
Y

This is an important parameter in fracture mechanics.

o. . S 2.27
1J e 0.5
(&rx)

—_——

where K = o /IR

distribution that will exist under Lilnear

Plastic or creep behaviour will result in
Seluticn of the stress

[~

crack after creep relaxation has been attemptec

-

a

by several approaches.

in more detail in section 2.4:7

1132

Rice & Rosengren applied the J in

tegral (this parameter is described

. .
2 circular path radius r. 1he J

~ ~N
4 a
W3 to
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Integral is a path independant line integra)

| du gs) z.2&
- ax
}N./
where ™ = line path
T = tractior vector
hie, = energy aensity

/
u = Gisplacement
S = arc length

By choosing a circular' path radius r it was shown

P
|

J = L ( ¥(e(r €)Cos® - T(r 6)du. (r €))ae 2.2¢
- J_a ax

Each of the terms in the integrand has the dimensions of stress X
strain. The integrand must exhibit a singularity at the crack tip
which at least on an angular average depends inversely on the distance

from the crack tip. It seems reasonzble to conclude thati:

o - BiLo= £(€; as r >0 z.30
- (%
I’ N

That is, the strain energy follows & 1/r dependance from the crack
tip. It should be noted however, that although this relationship
nas been shown to be applicable in many cases, rigorous proof of its
general applicability has not been possible. If piastic behaviour of

the form described by equ. 2.31. can be assumed:

e - a0l 2.31
Then from equ. 2.3C it follows that:
n
.0« Jd z.3z
r
n+l
o v o< _«_—T_ 2.32
r
-{1/n+1; ,
l.e of u<r\\ / 2,34
g/
T‘...(n/:(‘l—%l) 2.35
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@+ ] . :
parnby has attempted to predict the steady state gt i
E stele stress distributi
S L i0on
. . 126
ahead of a creep crack by use of the doff analos nj
gy. This analogy provides
a means Of S0lVing Creep problems by aralogy to the non-linesy elastic
g B ag

situation. Hoff proposed that the stress distribution in g body under
1 I -~

zoing deformation by a non-linear creep law will be the same as that in

a non-linear perfectly elastic body following the time derivative of the

creep law. The non-linear elastic strains will te nunerically equal to
the creep strain rate and can hence be used to represent creep strain rate

tehaviour, i.e.:

li

£

n . . .
€ = 40 for the ron~linear elastic solution

n . . R
Ao~ for the creep situation is replaced ty

The analogy 1is considered valid provided the creep strains are large

24
compared to eny linear elastic strains in the body. In Zarnby's initial
nodel relaxatior was considered to occur ty replacement of elastic strain
ty creep strain. That is, relaxation down the line AB in Pig. 2.1C

‘on-dimensionalisine stress and strain by dividing the stress Ty a

refererce stress % such that:

£/, 2.3

¢/

o = {0/, = E

The initial elastic sclution as given by equ. Z.27 Lecomes:

= 2.37

[\

,
' = 2

. ~
ng 11cn

astic material and convertlrs

elastic strain to creep strain where ! N
» * \ § / u 4 =t
_ L= S/ ~
g = (/& \&/ T
n £eo-
i = N
SR -
o =
Cwl = e
et ————————
SIS ekl
Ty \=E e o= in ~on=Gimensional
ere tae -
ANEIT Fss state stress




SCHEMATIC RELAXATION OF LOCAL
STRESS FROM LEFM VALUE TO
STEADY STATE.

FI16. 210
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Ey applying the eguilibriunm criterien
W=a
Applied load = B..J 0.4 2:40

Where £ = breadth of section
(i.e. 2z direction neasurenent

To malntzln equilibrium it was found necessary to replace K in

equ. 2.31 with 2 function K' which resulted in the solution:

-(2n=1)/2n , -1 L=(1 K
o =0 (2n - 1). (W = a) ( / '.(w)(zn “//Zn.(x/w) (1/2n,
ss gross >
1 Go 2.4
The dependance on x, however, remains unchanged.
For the situation of n=l1 the stress distribution has the same
dependance on x as for LEFM conditions.
7(1/2n)
Bs > = z2.52
X
. 0 A
(1/2n) (1/2)
E__ < 1 = 1
sS X X o
2.43
However, considering the strain energy
. (zm) | (3/2) -
oo Bgg T2 = z .44
ss s 3 X

' ith ti i K rer proposal of &
This is not consistent with the Eice & Rosengr pYOp

l/x dependance on strain energy except at n=l.

1d ) laxatl + constant strain may be possible
Whilst Barnby considered relaxauion at

. 2 h S R + -+ ~]
t, it was considered cesirable to iry and

under a rapid creep transien
reconcile the approach with the result of Rice & Rosengrijg for
the general case n % 1, To this end Farnby and hichclsen proposed
that relaxation followed the Neuber ruie rether than occurred at
constant strain The Neuber rule states that the product of the
st . B
stress and straln concentrations at 2 point ahead of & netch is a



|

constant. This is eguivalent +na o . .
= quiva.ent to relaxation dowr the hyperbola AC

irl Pig' Z-J.lt

E.o. = g°
0% TS 255
Where Ep = sireln concentratior at point 1
ob = stress concentration zt point p
The Heuber rule can be maintained by equating the elastic strein
energy to the creep strain energy.
B = o__.E z
9z ss 8ss z.46
If E = ¢/ then applying the Hoff analogy:
K K = o, . Ao_. 2.47
— == ss ss ./
(2mx n;\ZIrx/'
1 -l-?'-n‘ ={1 +1 {
Thus FZ (1/1+n) . (1/1+n) 2 LE
S .

-

This dependance on x is compatible with the Rice & Rosengren straein
energy dependance:

AY ; Ay
(1/1+4n) 1 (n/1+n)

.

X

OssFes = 2.45

ss® ss

BN [
R [

125 i
Experimental werk by Barnby & Kicholson on AISI 316 stainless steel
petween 650°C to 750°C (with n varying from 7 to $.5) showed the

eceding a crack was closer to the:

-(1/1+n)

stress profile pr

o, =X
S3S)

than
-(1/2n;
LCY
sS
As expected in the near tip regior where high stresses are prec.cilec

tistributl to produce & flat
behaviour deviated from these cistributions D

. . -3 "" l’
plateau regicn as shown i Fig. 2.1

-+ tath of these distributions revert back
1 i note that both oI
Tt is of interest to
; < t ase of n = 1.
to the ILinear wlastic depenaance of x for the case
o the L
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The Hoff analogue can also be appliec

-2 1o the J integral and the C*

parameter (C* is discussed 3 tion 2
SSed 1n sectlon Z.h4.4.3, it ig tesically the

(-

< : s N
Iunction Rt o edem f e s e o
» 1N which strain and displacement have beer replacec with

their respecti e e
T respectlve rate functions,. The equations describing the

istributi T sir aré strai ;
Clstribution of stress and streir urder rlastic concditions

£.3% and 2.35 can be replaced for the creep situation by:

- =(/r1)
o = (= )
e Z2.50
2 PR —‘n/nTL/
8 ol \-C-*/ .
4 . _/.'_

That is, stress and strzin rate hzve the same dependance on r as

from the analysis by Barnby.

i~ C

[

Vitek utilised & computer simuletion technicue for predicting the
time dependant formetion of a 'plastic zone' ahead of a crack.
The local stress was based on a function of distance from the

crack tip and time. Dislocaticn densities and time depencant

changes to these densities were then predicted and used to estimate

the level of the stress.

i i 3 juce siress iles extremel
The simulation was found to produce stress prof y )
12C

jerived T he Bil ottrell Swinden model for the
similar to those derived ITOR the Bilby Cottrell S T

i .ctic zone. A region of constant or
instantaneous formation of a plastic zone g

N < . y > + ®OS
near constant stress ahead of the crack was observed as in the BCE
4 -

i i cbend Wi +ime and the magnitude
model. This reglon wWas found to extenc with tis g

decreased, approaching a rlat line at a siress level equal to the
= ' B
7t wes considered that the time

70
vl

™

nett section stress, S€€ Flg.
1 3 iescribed the ECS
dependant formation 2 plastic zone could be described by

by an apparent friction stress that

model if the stress is represented

is both time aﬁd stress dependant.
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This model is £ :
18 20r a stationary crack not for one undergoing steady

—
-

state i nli - - o
growthn. Unlike the models of Barrby & Kicholson this model

edicts t o . .
predicts the totail removal of the effect of the stress ccncentration

at the notch tip by relexatior. ¥nilst the concept of a plastic zone
in material behaving totally ir a viscous manmer has conceptual
difficulties, a region of uniform stress at ihe crack tip was
observed by Barnby & Nicholson. This work by Vitek may enable a

quantification of this observed effect.

Solution of the stress profiles ahead of cracks by numerical fechniques,
such as finite element analysis, 1s ceriain to increase with the

advent of computers and with the increasing dexterity of engineers
7
in theilr use. zira & Chtani have performed such an analysis for

the circum®rentially notched round tar geometry using the 'Displacement
or 'Direct Stiffness' finite element analysis method. Creep by
Nortons law was then applied, based on the elastic stresses over a

cmall time interval. The changefin the elastic strzins were then usec

to recalculate the stresses by Hookes law to preduce & new stress

distributiorn. This process was then repeated for successive time

. R ; . { etrain fites.
intervals and finally yielded steacy state stress and strailn profl

i ‘ i : thi are that the maximum
The important factors emerging from this work ar t .

3 3 33 e in from the crack tip and that
relaxed value of O& is some distance 1

the equivalent stress is 2t a meximum at the crack tip, but because

1 r } it is at a level lower than the
of the constiraints o1 the notches g

nominal stress. OSee Fig. 2.13.

unfortunately the dependance of the steady state stress on X for

3 i o unction of the
these pro-iles was not evaluated 1n the form of a f t 1
3 v > y. It is thus
1 nelther was the strain energy depenaance on
distance X, y 1
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Ly
not postible to compare this approach

with the results of Barnby

& Kicholson or Rice & Rosengren.

~

2.4.3 Anbient Temperature racture Mechanics

The original energy balance approach to fracture was proposed by
25

Griffith. It was based on the elastic strain energy lost on cracking

balancing the energy required to Produce two new surfaces. The

following relationship was drawn up:

o .tugl Wwhere & = 0.5 crack length in

e e centre of infinite 2.52
— body
or o/a = const or = crack length 2.53
for an edge crack
where const. =/2EY

¢ for plane stress 2.5

const. =/2E ¥ .
w(i-v ) for plane strain 2.55

V = poisson's ratio

This predicts a critical stress to propagate & crack of a glven

sige or a critical maximum defect size for a given stress level.

Although the Griffith criterion has been subsequently modified the

concept of these inter-related criticals is still applicable.

i 3 licatl where there are no non-
The work of Griffith 1s only applicable

hi & & ication
inear ef 0T fracture. This prevents accurate applica
linear effectis prior to ct

to most engineering situations.

Ir 'laénd 0rowa35%odified the Griffith approach to accommocate limited
win

. o3 ne 2% ener term
blastic deformation prior to failure. THE €% gyrpace gy

W t n r tic
; : rev balance was now between elas
as replaced by ) SO he energy A s
y stored and the energy required to dc a critical amount of
energy S




plastic work, neces ’
) sary to cause crack growth. This ¥ term was
P

found to exceed X% , )
* surface Y @round three orders of magnitude and hence
-

2

(o2}

¥ can be neglected

surtace

Y 127

It was considered by boih Irwin and Orowan that provided this plestic
work was confined to a small region compared to both the crack length
and the body then the elastic energy release would still be represented
sufficiently accurately by elastic analysis.

124
Irwin considered that fracture could be characierised by the strain

energy release rzte. This can be interpreted as a force G:

¢ = U
da 2.56
G represents the irreversible energy loss/unit area of newly created

(&4

surface area. There will be a critical value, Gc to initiate crack

propagation.

2.4.3.1 Stress Intensity Factor Apbroach

The basis of Linear Elastic Fracture Mechanice (LEFK) is thet the

ctress field ahead of & sherp crack can be characterisec by a cingle

parameter K the stress intensity (equ. 2.27). Irwin showed that the

crack extension force could be related to K:

= 1+ Db N
¢ =T 2.57

Where b = 3 - 4 for plane strain

L= 3=V

Tt ) for plane stress

4 = shear modulus




L6

Hence if z - .
l ' fracture can e charecterises by a critical value of G, it
- ’

carn als \ S amd T .
&lso be characterised by a critical value of K. This is tc be
expected as t fe Se 3 : .
bectec as the analysis is based or llnear rlastic conditiors so that

1 g ' R} 2. (A :
A wi_l not only describe the elastic stress field but also the

e.'.as'ti IS hkel A+ Ln o . -
¢ strains and the Stralr environment, This means that ¥ will

also d ri : - . . . L
a.80 adescribe the strain energy aensity on which G is tesed.

For an infinite plate in uniform tension:

KI = o/m 2.5¢6

It should be noted K bears the same stress and creck length
dependance as the original Criffith criterion Usually & geometric

correction has to be made tc relate X to specific geometric conditions

K = Y.ola 2.56
where Y = Constant or a function of
a/w, depencing on the
geonetry under consideration,
which converts the situation

to the case of an infinite

. far £ re will @ ® upon the sires
The critical value of K for fracture will depend upon the siress

i . e
conditions developed in the specimen. Plane strein concditions

representing the minimum resistance to fracture anc hence results in
a minimum vaelue of K for fracture. For mode I opening the plane

1% i o -

£ i f - s the K., value.
K for fracture 1is referred to as the hLC a

strain value of

s 1 increase to an infinitely high
, R stions predict an 1ncr
The Westergaard equatil .
. hed is is i
level of stress as the crack tip is approachec. This is obviously
P -l a4+ i
inpossible and in a normal naterial plasticity will occur at the




4

crack tip to give a plasti i
: sti _ e .. . .
I tlc zone radius ryT with & recistribution of

the crack tip stress m in o3 5 0
- Sses as shown in Flg. 2.14. The velue of r, can be

)

&l ot al e Loy o
celculated by setting the c§ componient ¢ the stress ecuzl to vield

stress.

o_yc = K OIS
= (2 v 2,60
Ir. = 1 . _/K ! <
y 5= o/ plane stress 2.61
ys

127

Irwin considered that for plene strain the increase in tensile strength
for plastic yield due to the elastic constraint would raise the yleld

strength by x3 hence the plastic zone size is reduced accordingly:
gLy

2 -

r. = 1 /K~ plane sirain 2.6z
Y & o
ys

8
It was suggested that the effect of & smell plastic zeone corresponded

to an apparent increase in crack lengih by ar increment r_.

)

K = Yo /a+r 2.63

s . . . - . .
This plastic zone correctior is only valid for small plastic zones

contained within the stressed ligament, however it enables LEFK

. . I Cirites vieldine.
criteria to be applied 1C cases of limited yleldling

2.4.3.2 Ccrack Cpening Displacement

rack faces displace at the crack

Q
137

wellsvproposed +hat the amount the ¢

-3 3+ 3 T L L4
tip prior to fracture could be used as a feilure criteriofl. Inat is,
ing Di 't (COD .., to
there will be e critical crack Cpening Dpisplacement (CODop;4/

initiate crack propagation.

Ihlv: @ ! ! ' ugdele St..'lp
i DDI‘oach can be Viewed in the Context oI the D gCl
Xr

L0

del mmodates the occurence of crack tip
Yield model.

This moael acco

-— - e
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LE
e i . .
indicatlon of the plastic work done. The crack tip 1s partly
restralned from opening by & stress which for purposes of the

r . ] i a1 o+ e < -
fracture mocel is usuzlly eguated to the yield stress. It is then

Ve

rossible to show by use of the Dugdele analysis:
7 ‘ { ~ s N
ye (approximately

Wnere ¢ = (0D 2.64

This approach 1s hence analogous to the energy balance criteria.
Irwir noted that this linear relationship betweern G and d will apply
even when the ligament net sectlon is approaching general yield.

47
Cottrell considered the possibility that the CCD should be composed
of the product of a critical strain £ and geuge length. It was
ccnsidered that as the strain would act over the nctch root diameter
%o, this would approximate to the gauge length:

.65

™

dcrit = Gk Ec

Under conditions where large plastic strains can occur it was

suggested that an equilibrium notch root radius will exist, blunt

notches will sharpen to this value and sharp notches blunt to it.

Such an approach was found applicable in analySInS fractures in

a2 1000 MNm'2 steel.

2.4.3.3 J. Integral
sacterising the crack tip stress/strain

This is e method o1 cha 5
] S by use o1 &a path independanu line integral. [t is the path
field £ T + ] T
that is the key to this method. This enables the
N

independance
X } ised by integrating along
iti k tip to be character
conditions at the crac
path remote from the complications in the stress strain flelas
a "

near the crack tip.




4s
J can be consi I
1dered to represent tne potential energy difference

be ‘ Y EQ 1 C 1 I I CracCKk 1,1 vy <
l L - ) H

small amount da:

J = =-1.4dU
£ da Z.66
Where U = displacement vectior
E = thickness

This 1s represented in Fig. 2.15. The shaded areaz corresponds to dU =
J.E.da. For Linear elastic behaviour the J integral is identical

to G and hence & J % criteria, related to KC is possible:

cri

7 = = 7_‘2\-
YIc GIC (1 - /Kle for plane strain 2.67

=)

The J integral is valid however for both linear elastic and elastic-
plastic materials provided the non-elastic behaviour can be treated
Thus J can be used to extend

by deformation theory of plasticity.

fracture mechanics concepts from LEFK into the elastic-plastic regime

for many materials.

2.4 . Macroscopic Creep Crack Growih

The derivation of a fracture mechanics approach applicable to creep
o s . ot
cituations would be of much use to operators of high temperature plant
It would enable the prediction of defect growth rates 1n components of
ficie a: ] f such plant
' e efficient, safe operation oI
: i able more e€rllcl . T
complex shape and enab-
. .. ; .
~yv down-time periods for repalir Ol
i imi ] £ unnecessary down=-time I
with the elimination oi Ut
he T 1ics parameters
substantially cub-critical defects. The fracture mechanlcs Da
all b=
K, J and CCD) are pasically for the prediction of fast
4 -

described above ( |

rowth with fracture
L4

rved auring fatigue testing.

~ 4 £ a k
fracture. Successiul correlations of crack g
This

:u‘g;lness para.meters had been Obse
ve 22 ()bta.inin F.m"‘.Tar
d attempts tO eXa.mj.ne 'the POSSlbll_Lty Of g
prompt,e
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correlations ung N
naer creep concitiorns. Several aprroaches have be
- LS -1 I OSEn

attempted as outlined .
. S lined below and i . .
_ lov and some of the earlier correlations

obtained are listed in Tetle 2.2.

£, 4.1 Stress Intensity ADproach

o) lati f h with ti

Correlations of creep crack growth witn the ¥ parameter were observed
1L £ A

by Popps & Coles and Siverns & Price in 1G70 and this type of

correlation has since attracted much attention:

4

de = I
at z.68
where da = crack growth rate
a
I = constant
m = constant

Various studies using this approach are listed in

~

K parameter to apply it would seem & prereculsite

f£ile preceeding the creep crack followed a linear elastic

o
H
(@]

espite creep relaxation. However good correlations of

o)
}_l
n
(_.{._
H
'.J
o
=
(.4.
(=
[¢]
& ]
Qs

crack growth with K seem felrly COMMOIL. Few workers used more than

one specimen geometry and hence varied the geometrical compliance

“unction. where this precaution nas heer neglected the general
L

app7icability of K must be considered unproven. James aid find good

cerire Cracked Plate and

[
—
-

correlation of K witn growth rates
i e ivéicaling validity in this case.
Compact Tension Speciiiens indicating vadlidl

158

was unsatisfactory for
Nicholson & Formby found

that a K approach

3 D S ~R r-'. ] 3 /
and SENT speclmens failed to glve a single da/dt

QT 2 S- .
AISI 316 as using Cb - e e s
imil n ené Bein found the

gimilarly, both Goochi & i

157

verse K correlation.
! ] ( fo)¢ 1 reported 2 K
exponent m to be geometry dependant. Kenevon: et a PO
. L e Gads A48 _
lati for constant ¥ speclmens but all tne data did not fall on
correlation s I

a single curve and hence 1ike the work of nicnolson & FOTmDY
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2.4.5.2 lett Secticr Stress Approach

"y
Telre & Chtani obtained s Vot A s . L .
c Cialneda & correlation of growih rates with the nett

section stress of the form:

de = A.0"
dt nett 2.65

Where A & p = constants

K
Or. failure to obtain a velid K cerrelation licholson & Formby founc

oy

that the crack growth rates for both specimen gecmetries correlatec

with & single nett section stress expression of the abcve type.

They found the constant p to approximately egual n in the Znc creep

law and considered this could appiy generally. HOwever, this 1s not

totally consistent with the resulis Teire & Ontani.

1&1
Keate & Siverns had obtaineC K correlations for SEN specimens of iwo
165
different widths but DiMelfi & Nix indicated that for one material

reasonable correlation with Oﬁett could also be obtainec.

: 4 4] X a a ied to the analysis b
Correlations with both O ett and K also appll ialy v
&7 R , . . ) . L.
Harrison & Sandon of the work by Prothers. It 1s likely that this
ity of a Log/Log plot rather than

illustrates the curve fitting abil

has physical significence.

2.4,4.3 J Integral Approach

3 - 2 Fal - s ‘o
For applicatlon to the creep regime an extension of the J integral 1s
' hi ion i a1l ferred
' T This extension ls usually re
a d than J itseli. !
more generally use
T 3] 1 This parameter 1is
| ; a 7 is used 1nsteac. This 1
e cases J 18
to a C* but 1n SOm

. N . | o
; 1 elastic/creep analogue, S
ined a non llnear
obtained by employlng

3 a 7T 3 h! tomn S
he strains and displacements in the J funmction Dy sirain

e

bl oo 167 ‘ L

bl e 0 aracterises the stress/strain fields

t rates. ¢ cha

replacing t

rates and displacemen
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around the crack tivp and ren .
¢* tip and represents the energy leazk rate cduring crack

growth., Similerly C* che i ; : « R
y Crzracterises the stress/sirair rate fields

around tr z tip i i
arouna the crack tip, but is not hecessarily egual ito the rate

Ser S o} 3 : . ~ .
Gifferential of J and hence C* carnot immedlately be relatea to the

energy leakage associated with crack growthi, This is basically

- . . . . \28
because the analogue is mathematical, not physical.

[ (2]

J =4du Sy s N . \
= (unit thickness) (2.66)
C*= -dU¥ Where U = Potentlal energy
da
but U* # dU/dt 2.7C

However, U* is related to the power input at the lcad points, so it
can be shown that C* may be considered as the rate of change of creep
energy dissipation rate with crack length. Tnis can only be relatec

to the energy releases rate with crack growth if stress recistribution

effects are negligible.

16! B2 167169
C* has found reasonable support in several later works. One me jor

disadvantage, is that the parameter is not easy to evaluate. C*

has been found to give correlations of growth rate for two specimen

162
geometries. This was not possible using either X or Chett” Barper

and Ellisogxélso found this parameter to describe crack growth rates

for two different geometries but only after the effecis of stress
.. . . .

redistribution had become negligitle. Correlations with this

roportionality:

parameter usually show approximate direct p

= AC*

Clr‘ jo
cH D

where A = constant

7e L . . :
Nikbin, webster and Turner consicered the correlatlon could
However, i Iy, B

be of the form:
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cda = AC-)L(n/n"Ll/‘
dt

n
~J
D

s ti e 5 wils = =
As the exponent (n/n+l) will approximetely egual unity this could not

definitely be established.

2.4,4.4 Tistlacement Apvroaches

The possibility that crack growth rates were controlled by local

displacements at the crack tip was proposed by Wells & I-ﬁcBrid;E They
considered the accumulation of sirain to be a specific feature of creep
fracture. CCD hes shown fair success in characterising crack
initiation. Under creep conditions this is not immediately consistent
with the operation

of & K, O et or C* parameter. Correlations with
[

crack growth have been attempted. Equations of the following type
102 Isé =8

have beern proposec:

o = 3’
dt dt
p=0.61.0 2.73
or da = E' A
daa 2.74

constants
Jisplacamane

I

Where B & B'
d
posed to support displacement control

i

These relationships have been pro

However, this does not appear to follow at first

of crack growth.

sight as the crack appears to be growing intc increasingly more

Under such relationships crack extension controlled

ductile material.

k tip i 1y i if the ceformation
by displacements at the crack tlp 1s On-Y possible the eformatio

gone at the crack tiD is increasing in size. This would be expected
i i ! ideration. Also the
3 +o TEFM plastic zone slz€ considera
from simply analogue tC & I
effect will be amplified by viscous flow of material into the

3 a In tl nalyses
the stress level increases. In these analy

deformation zone a&
dé/dt presents the rate of opening along a line through the crack tip.
G re

t 3 ed that displacement occurs entirely at the crack tip, not
It is assuml I




S

) &4
in the material either side of tip. 4 critical strair criterion

would appear to be a simple soluticn ic the protlem cf increasing
deformation zone size as these increases could be accommodated by
increasing the gauge length over wnich the strain acts:

crit’ n

n
~J
\n

CCD = E

H ~ S+ 3 + :
Where Ecri critical strain

t
gauge length(variable)

‘7L
Such an approach was supported by Floreen & Kane from work on tensile

h

il

anc torsion loading. however, the critical strain approach has been

s ——
S
]

criticisec due to its inebility to exhibit geometric size effects.

172

Nicholson considered that even when crack growth following a o -
net

correlation the crack growth was ultimately conirolled by the crack

tip displacements.

2.4.4.5 Reference Stress Approach

Thigs approach compares creep deformation in a complex geometry with
deformation in a standard geometry and relates the two by an
arithmetic function. The relevance of this approach is basically
limited to situations of extreme ductility leading to total plastic
collapse of the load supporting ligament. It has more validity in

. . . _ . 172174
predicting rupture times of sections rather than crack growth rates.

2.4.5 Application of Fracture Criteria to Creep Conditions

The observation of crack growth correlations with the various fracture

mechanics parameters have led to attempts to rationalise the results

into generalised¢ conditions.




n
\n

The application of a X parameter reguires that the stress conditions

in the specimen are approximately of an LEFN type distribution. The

e
o
03
o
@
s
2]
o
o]
0.
1.
ct
‘_I
e
"
5
®
H
(8]
c+
o}
®

obvious case where this may occur

strains are unatle to relax the elzstic stresses sigrificantly

creep
prior to crack growih. This would require an extremely creep brittle
material. However, K conircl has been reporied ir meterials that

5150
exhlblt reasonzble ductility before fracture. FKicholson and Formty,

whe observed a Chett correlation, showed that the relaxatior of

.

stresses in their materia) under Creep concitions occurred extremely

. 1£°e
rapidly.

keate and Q“Ve:r'n{hconsidered K control could result with ductile
maeterials under conditions of constrzint and low applied stress.

At high stresses they cbserved that for a ductile 5$Cr £ho 1V steel
correlations with K were geometry dependant. At low stresses this
geomelry dependance was less noticatle. They considered that under
conditions of low stress and constraint the deformation becomes
localised near the crack tip. When this occurs they considered the
effective plaestic zone size to be comparable with that allowed for by
However, unless creep relaxation is prevented it is difficult

T EPI\'

L i

to see how the K parameter can provide a2 valid description of the
crack tip stresses and displacements on this basis alone. The

pronosal by Neate and Siverns is contrary to the conclusion of DiMelfi

G~
! ~

& Ilk who reviewed werk on creep crack growth and found that low values

of stress tenced to produce Olett correlations.

[~

=7

Koterazawa considered geometries that localise the sitress intensity to

the crack tip to favour K control. Unae*’dywmuc crack growth these

geometries would reguire stress relaxation tc occur more rapialy if




56

LLFM conditions were not to &Prly. Koterazawa considered the c*
ez
resuits from landes & Begley bend test Specinens, These values
were replotted using an effective stress parameier to compensate
for the stress concentration preceeding the crack far into the
Specimer ligament, where relaxation could occur. It was founc that
the behaviour of these specimens could be characterised by a
ez
K . rameter. Gooch observed K correiations i EN
effective P2 Irreiations in SEN
tension and SEL bend specimens. (although the X index was slightly
higher for the later geometry,. On treaking open specimens at
Om dmt e - .
-1967C that had undergone some creep crack growth the cryogenic
fractures were trensgranular. This indicated that the grain
boundaries had not been substantially weakened away from the crack
tip and that grain boundary damage for these geometries is
concentrated in this region.
16 128 177

Barnby has shown that an LEFK type stress.distribution can occur as
a special case under totally non~elastic conditions. Using an elastic
analogy by Hoff, it was shown that for a Creep exponent of n equal
to 1 in the 2nd creep law this case will arise. (see section 2.4.2),
It was proposed that for values of n below around 5, K control: will
apply. For values of in excess of 5 the stress distribution will be

relaxed down to form which has little resemblance to an LEF} profile

and will result in Chett providing a more valid description of crack

growth,
. [7¢ . . . . .. ce .
Williams & Price zlso consldered the time dependant stress Glstribution

around a crack tip. Their conclusions were similar to those of

Barnby, that is, K control would arise at low values of the exponent.
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As the value of the exponent rises the relaxed stress distribution will
progressively approach that described by perfect plasticity. They
considered thati under such conditions use of a reference siress
approach was applicable. 4rn a geometry devold of a bending moment

this will be equivalent to the nett section stress.

DiMelfi & Nii&%ointed out that the theories of Barnby and of
Williams & Price do not explain. the observation of a K control by
Koterazawa in a meterial of high n value. These theories alsc fail
to explain the variation of behaviour of a material under slightly
different conditions observed by Dilielfi & Kix when comparing the

results of other workers.

One difficulty in accepting the C* parameter is in visualising

its physical significance, although & parameter based on non-linear
behaviour clearly warrants examination for use in the creep regime.
It has been shown C* will be consistent with K for brittle conditions
and with O ett for ductile conditions and high values of dé% A

parameter that accurately characterises the crack tip stress field under

creep conditions would clearly be useful especially between the
extremes of applicability Proposed for K and Ohett' However, C*

can only characterise the stress field under steady state conditionms.
Any creep energy consumed in relaxation of stresses not directly
affecting crack growth will result in over estimation ¢f C*. The

C* parameter relies on steady state conditions and therefore its
significance is likely to be through its stress characterisation.

1£9
Although it has been shown that through C* :

d E .
3% < Tcrack tip

™
~J
(@)
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C* does not account theoretically for the energy expended irn an
increasing volume of deformation zone as the cack grows. Hernce,
an apparent increasing correlation with stirain rates end crack iength
will appear in the same way as CCU 1is seer to increzse with crack
length. This means the characterisation of the strainp rate field
may not always be completely valid.
7

Gooch, Haigh & King considered crack growth characterisiics tc be a
function of both metaliurgical (i.e. microstructure; and geometric
(i.e. dimensional} factors. They considered a diagramaiical
representation of creep crack behaviour, see Fig. 2.1€. This diagran
suggested that LEFN*conditions only apply where relaxation of the
elastic stresses by creep is avoided. The use of a reference stress
approach is considered desirzbie where -extensive creep deformation
occurs at the notch tip. V¥here plastic deformation as opposed to
creep deformation tends to occur they considered the general yield
criteria may find a level of applicability.

(8
Vitek proposed a dependance of crack growth on K based on diffusional
crack growth, consistent with observed Processes of damage growth
discussed earlier in section 2.3.2. In this model the crack grows by
the diffusion of atoms from the crack tip. These plate out on the
boundaries along the crack plane causing a stress redistribution,
The mechanism proposed is analogous to the diffusional growth of r
type cavities. The analysis is for a brittle material as plasticity
at the crack tip which could also redistribute stress is ignored,
as 1s the possibility of interaction between plastiic tearing
and diffusional crack growth. Under this model crack growth was found

§ . R s . ~ - - . |
to be dependant upon K. Whilst accepiing this model to be an extreme

* [ineas Elastic Fractura Machuaicd
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simplification Vitek considered that diffusional growth of cracks
mey well be a possible mechanism. retallographic observations have
shown crack paths. following grain boundaries rerpencicular tc the
tensile stress axis and where boundaries were orientzied at a low
angle to the tensile axis crack path tended to become discontinucus.
This behaviour was considered similar to the growth of r type voids.
Comparison with growth rates in a brittle Cr-Fo-V steel were made,
The results indicated that the main crack was too wide to enatle
Predictions mede by this analysis to agree with observed behaviour
but the microcracks observed in froni of the mair crack were of the

correct order.

The concept of diffusional crack growth was supporied by Sadonanda
141
& Shahiniarn. Ry observation of the effect of temperature on crack
growth rate for a given value of K they considered it tc be a
balance between diffusion of pcint defects contributing to crack
growth and deformation processes causing retardation and even crack
arrest due to blunting effects. This retardatior occurred at the
higher temperatures where deformation processes were faster than the
crack growth processes. A minimum velue of K for crack growth was
observed as was predicted from Vitek's analysis. The activation
energy.ior crack growth was approximately that expected for grain

LR )

boundary diffusion,

161 . o . .
Vitek reviewed the growth correlations with K for more ductile

I

materials and commented on observations of 2 high exponent for low

vaiues of K and vice versa. It was considered that this is more

i I g ] by i r ses The extent
consistent with crack growth driven by plastlc processes. I
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of diffusic r ot - : .
Glifuslen processes irn these cases is uncertaln. Plasticity
v

N

will irnteract with ciffusio

w

1 as

0,

islocations may act as sinke fer
2 3 AL L 2 S . N
peint cdefects influencing the vacancy flux in the plasticallv

cefcrmed region.

, + y & L+ o B . -
Another theory to account for the observation of LIFF and o
nett
Xy
control was drawn up by DiMelfi & Nix based on void distribution in
the region zhead of the crack. 1 was assumed that cavities grew by
power law creep in. the elastic stress field. &4 stress dependance

of crack velocity is derived through the elastic stress intensitv

factor.

il

BK"

|6

(2.6€

o}
-

£~

The cevity spacing appears to be arn important facior in the constant
B. At large intercavity spacings corresponding 1o less severe creep
damage the derived equation predicts very low values of the crack
velocity. Under such conditions it was proposed that another siress
dependance becomes operative based entirely on Chett Uncer this
theory K control is observed at high stress levels and with small
inter-voic :nacing,chett control is observed at low stresses where the
inter-void spacing is large. The heavy reliance on the LEFM stress
distribution in this theory without teking account of relaxation must
cast some doubt on its applicability. However the impcriance of

many maierials so an
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cavitation in creep fracture is wel

approach that considers this phenomenon has much

The consideration of damage caused by creep leads to a very mejor

criticist of 211 ¥ o 41 OF J type aprroaches tc creep crack growth
- ne

N . - —~ £ 1
predictions. These approaches imply that at any stage of crack

. 2 res > L Ay A
erowth, 2 given value of the parameter in question will result in &



given crack growth rate, Under creep conditions & neteriel will be
accunulating damage. In section 2.3.1 tnis derage was shown to
start at a very early stege ir the Creer life. Hence, it is 1ikely
that during crack growih the crack will be noving through
increasingly more pre-aameged and thus less crack resistant materizl.
This is supported by observations that even in 2 britile material
growth rate has been shown to depend on starting stresé?‘ Grovth
rates for a given K being faster for =a lower sterting stress.
layering of crack growth rate date verse K or Theti is & comnor

observation in many of these studies.

It has been observed by many workers that creep crack growth only
W7 &7 is81572

starts after a definite incubation pericd. However, it has beer shown
thet isolated crack growth and cavitation close to the crack tip can
start very rapidly but there is a protracted period befeore a single

16172
complete crack forms across the thickness. This rapid formation of
isolated cracks may be due to machining or pre-fatigue damage acting
in conjunction with a high unrelaxed stress concentration ir the early
stages of a test. An apparent incubation period is always observed

before steady crack growth occurs. This suggests the need to accumulzte

a damage zone prior to the onset of stable cracking.

As the importance of creep damage to the fracture process is well
accepted it seems desirable to formulate ar approach in which full
account is taken of the phenomenon of accumulating damage.

Displacement approaches are the most obvious manner in which this can

be accommodated.

It is a2 common observation that the exponent in the K control and



o .. cont ] ften (inatel I
nett rol laws are often approximately equal to the exponent
1 + < " Ja
in the second creep law. Thls suggests a similar stress dependance
10r Crack growth as for straightforward creen Qisplacement.
16 )
e . . s . .
beln observed the crack growth exponent for Hamt ¢ to be
+ nett ”

geometiry dependant in centrifugelly cast HK4C. In this materizl
crack growth was thought to be influenced by oxidatior of
interdendritic carbides. In Sﬁch cases geometric factors affecting
crack opening will influence the growth rate. XZut where crack
growth 1s controlled entirely by tip Cisplacements the concept of
related stress dependancies of crack growth and creep displacements
seems consistent.
i e

ltek worked from the Ellby, Cottrell, Swinden model for the
formation of a plastic zone ir order to extend to the model tc the
time dependant case. Supported by experimental results it was
concluded that COD concepts are good criteria to predict the onset
of crack growth. Vitek also compared COD and J criteria from the
theoretical view point and found that J was more applicable to fast
fracture. It was considered that COD was the better parameter

to apply to a situation of cumulative damage as in creep.

The work by Vitek using & time dependant Dugdale strip yield model

for initiation and a similar approach for growth by Heator and
75

. 3 ) 3 S T e 2 LI AT
Chan have been unified and extendel by Ewing. A critical COD

criteria is employed for both initiation and growth. A critical

strain criteria was rejected on the basis of its 1nability to

accommodate size effects. Despite the tendency of experimental

3 + + -~ +
results, reported in the literature, not to support a constant

cop, (see section 2.4.4,4), this approach may be valid here.
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The analysis is bzsed on & small scale deformation mocel, If the
effect of increasing deformation zone-size in practice is the cause
of increasing CCD whilst in fact a ritical strein type concept is
Ooperative, the use of =z criticel CCD in the model is analagous as the
wildth of the deformation zone is assumed constant.
i.e. CCD = h.ECI‘i't ’\2.?5/
in the analysis h = constant
in practise h = increases
Both this model and z similar approach by Riedelﬁﬁredict that under

certain conditions initiation time and crack growth rate can be

bredicted by K. Both predict

da = AR

at .77
o =2n
b= AKX 2.78

)]

The initiation relationship is based on accumulation of strain at
point with the plastic zone stationary. The growth law is based on
the accumulation of strain at a point as the crack tip moves towards
that point. This indicates K may at least be applicable for
describing local crack growth under conditions of accumuiating strain,
but for values of n greater than 3 the exponent in the growth law will

be greater than in the creep law. It should be noted that these

. s s
predictions are for local correlations of growth rate with XK.

. . i . - " ,
Unless crack propagation is at a constant velocity the growth rate

K.

: ) - <+ +3 PR 3 r f
will depend not only on the value of K but con the prior history o

Ewl ok 1 a 1ge to depencance on ¢ .
Tor low stresses Ewing predicted a change to der nett

ied i 3 vher: relaxation and
Riedel predicted change to Chett contrel when relaxation and

! i i > zin i likely. That is, when
redistribution of stress ané strein is more likely. T y Wi

) N n this sis K contrecl is again
small scale yielding breaks down. COn this ba



o~ N S e
Tavoured by hlg“l inz bia:. X values o] oY r 14
v + “ H al : G ‘I 2 -
i e anc LSC i increas I’lb 6eomet*1cc~l
Teatures (:_ e size\' B initi ] { c 14 jer Iig
= . . PRl BCI _IA.L'I;lc.'th)Iﬁ TcC occux uncer COI’l(ii uiO;lu_ (o)

11 sca2] 3 “ings 1 €511
smal cale ylelcing the following ineguality must be satisfied.

@ = L:(_@.E«/K;;Z

n
-3
O

Where d = either 0.5 the remaining
ligeament length or 0.5 the
crack length which ever is
smaller.

¢ = critical COD

s not straightforward.

-1

Whether C* allows for accumulating damage

157
Webster used the formula:

.

huy'
o
(S

2.cC

o
v

n+l

where L& = Load point displacement
rate

N

dé/aa can be calculaied Irom non-linear beam theory. This approach
takes no account of deformation zhead of the crack and is hence only
applicatle where this is smell relative to the total deformation seen
at the load points and no account is made for meterial degradation.

These limitatlons restrict the applicability of this method under

usual creep conditions.

Other methods calculate C* from measurements of F, a/w, anc A

during the test. Some indication of material degradation may hence

be incorporated in the A/load measurements. However, it is difficult

to see how on this basis the effect of the damage can be separatec,

thus enabling reliable predictive calculations. It is interesting to

128 X . .
note that Harper and Ellison repcrted layering oI results at low

. e .. -
growth rates where relaxation and camege Spreac 1s more 1likely.

: : i of damage accumulation 1is
One point in favour of C* in the respect of g

that it has been shown that this parameter may have some degree
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¢l applicability in predie+s _ i ) 1e]
ho)! J 1n preaicting the Propagation of a Qanage Tront.

The camage front v iginal > by Lecl v
nage Irront concept was Tiginally proposed by Lachenov or a
h‘ . 1 2 e ey S -1y 3 : -
bhenomenological mechanice “¥pe basis. Kupture occurs wher +he
cemage parameler increases Srom ite virgin conditior of zero to
the exhausted state of unity. The spread of =z damege front has been
. . . i 185
considerec by Shiro Kubo et al, they found the damage rate r to be
/

described by:

J o= ¢* (t/rtl)
T 2.81

lortons law exponent

3
]

(eg
I

= expenent relating rupture life
to stress

It was found that crack growth behaviour could be expressed as a
function of C* only when (b/n+l;>1 (i.e. b=n+l). ¥hen
(b/n+l )==1 the crack growth rete is dependant upon the amount of
prior crack growth as well as C*. This is because for values of
b>n+l the accumulating damage is saturated to 2 constant steady
state value, uneffected by the previous stress/strain history.

Uncer such conditions crack growth will be determined solely by the

crack tip stress/strain rate fields, characterised by C*. However,

when bp<n+l (which they considered may be the generzl case in metals ),

the damage value rather tharn saturating at & steady state approaches

to unity and hence crack growth is dependant upon prior history.

The extent of any accumulated damage effect will depend on many

factors. The nature of the stress/strain profiles rreceding the crack

will determine the extent of the damage in the ligament pricr to the

arrival of the crack tip. The effect of these profiles will depend

on the mechanisms by which damage occurs as aiffusiorn and slicing

mechanisme have different stress dependanciles,
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The actual nature of +
I these stress/straj il
SLESS/elraln profiles are cleariv
I1.€e8 arx arty
. . s . . oL
iportant. The determination of the nature of these profiles will be
29 - - » v -—
of essential 3mmmm . .
I sentlal importance in Teéviewlng creep fracture from = damage
L4 i il Sl

accumulation view point.

2.5 _Summary with resvect to this work

The essential features of the formation and growih of micro defects
eppear to be fairly well identified. The behaviour of micro defects
has been described by theories with sound tasis and for which +here

is substantial experimental support. Although no single approach can
explain all the observed behaviour this is to be expected zs the creep
environment is a situation where the exact behaviour may aepend

on the balance of temperature and stress.

Magnox» ALS0 is a material where at low stresses creep deformation can
become diffusion controlled with the characteristic creep exponent
value for this type of behaviour of n=1. Under these conditions any

cavitation must be predominantly by diffusion as this is the only

mechanism operating to any extent. As diffusional growth of cavities

is an extremely efficient means of utilising the work done 1in
deformation for cavitation, the process has credence at these low

stresses. Nucleation of cavities under these low stresses with
minimal sliding would not be easy. However, Kirkendall voids are

observed to form in diffusion experiments with zero appliea stress.

At higher stresses the importance of sliding on the cavitation process
is 1likely to increase for all metals and alloys. The action of grain
boundary sliding in assisting cavity nucleation is easy to accept.

In some cases growth entirely by deformation processes may apply.
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This may be the case for the Tormatior of wedge cracks in some
materizls. Where cavitetior is entirely deformetior. controlled it
would be expected to be strongly releted to strein. The possitle
existence of an intermediate range cannot be dismissed out of hand
ané such an approachsappear to be gaining suppori. In the inter-
medliate range, sliding wiil probably control nucleaziion and hence
cavity number would be expected to be related 1o strain. The effect
of diffusion on growth would not be easily identified from cavity
density studies due tc continuous nucleation ané zlso plasticity
interacting with diffusion modifying the kinetics. Cavity morphology
would probably give the best indication as to the operation of both
deformation and diffusion processes., In this work the stresses will
be above those associated with purely diffusionel creep for Magno:
ALE0 so sliding would be expected to be influencing cavitztion.
The presence of a notch has been seen to give rise to & stress
concentration and an intensification of shear. The material is
ductile and around the notch tip intense plastic behaviour is
probable. This could inhitit diffusion processes in the near tip
region. The void sheet cavity linkage mechanism has been assoclated
with Magnox. It hence seems probable that deformation ana shear

processes are 1ikely itc heve mere influence on macroscoric crack

growth than diffusion. However, in the region away from the immediate
. s P g
crack tip region the intermediate behaviour oI deformation conirclled
- oa - s PR , N
nucleation with deformation/diffusiorn growih is not rulea out.

. ot edtmatdon .
For the growth of macroscopic defects the current sltuation 1s very

ct

indefinite. liost theoreticel consideratlions are & tempis at

_ D . . NN
justifying empiricel relationships. VeIy 1éw of the thecretical

] i v a uch account ¢f the
Proposals concerrlng Creep crack growth take much ac 1
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nicro processes that occur Curing creep and may well play ar integral

role in the control of creck advance,

ct
o+

T mam e X2 A ad P . - .
1T appears that predictior of creep crack growth will require the

knowledge of at lezst ‘he following pointis:

—
p—

The mechanism or criteriz controlling crack advance.

Ny
S

The nature of the stress distribution preceding a creep crack.

The mechanism controlling crack advance is likely to be related to
stress or displacement. &4 knowledge of the stress distributior
aﬁead of the crack tip will enable estimetion of the rate at
which the criteria controlling crack advance will be satisfied.

3) The effect of geometry on (1) and (2 above. This will be
essential 1f crack growth rate predictions are to be made Tor

service components from laboratory test specimens.

The following work is a study of the growth of macro cracks and has
concentrated on the points (1) to (3) above. This seemed the best
way 10 progress towards & sound understancing of how creep crack
growth rates may be reliably predicted. The material used was Magnox
ALEC, a nuclear reactor canning material. This is & ductile material
for which creep crack growth is not normally an associated problem.
However, it was considered that the high ductility of the material

. . e s s L e tios
would facilitate the study of strain distributions ahead ol crack tip

. . . K +7 3 i atove.
which could lead to arn insight to these points outlinea ato
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oo EVPERIFELRTAL PROCEDUEE
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All the experimental work hzs been performed on hagnox ALEC sheet of
either 1.6, 3.2 or 6.4 nn thickness., The raterial was of analveies

as shown in Table 3.1. ¥With *he exception of one test the meterial
wes used in the as-supplied condition with 2 mean grain size of C.(Chmm

for the 1.6émm thick sheet and 0,.0&mm for the 3.2 an¢ €.4mm material

3.1 Crack Growth Testing

These tests were performed to examine two distinct aspects. Firstly,

. 5

to examine the strains in the region of the crack tip and the

cdistributicn of strain with distance from the crack tip. Secondly, to

examine the crack extension rates under creep conditions.

The majority of the work has considered two tasic specimen geometries,
the Double Edge kotched geometry (DEE) and the Centre hotched geometry
(CN). A third geometry has also been considered toc a lesser extent,
the Single Edge Kotched geometry (SEKN). The test specimen geometries
were based on the standard fracture toughness test piece decigns as
described in ASTM 410. For the first two tests the specimen profile
used was as indicated bty the dotted outline in Fig. 5.1. This specimen
profile proved unsatisfactory as for total crack length, a, to width,
W, ratios a/w of up to around 0.45 a/w fracture occurred through the
The modified design shown by the soiid outline in Fig. 3.1

rinholes,

was hence adopted for subsequent tests. This enablec an a/w ratio of

around 0.33 to be used as the starting notch length due to the reauced

pin-hole loading.

. . . . S o~ e £A37
The notches were produced by spark machining using a tolp copper foll.

Y . N . , . A P - - . s ~
The resulting notches were typically C.4mm wide with a root radius of
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ELRIERT 5
Aluminium .77
Deryllium C.Cook
Iren C.COE
Silicon .06
fanganese L0053
Zinc C.00E
Calcium .ol
liagnesium Ealance

Table 3.1
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NOTCHED TEST SPECIMEN DESIGN

FI6.3)



70

S A [ 1IN .
& e . liilee im . B .
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T notch roots. These rotches were zlso procuced by

spark machining. Attempts at modifying the tips of normel spark
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LOOK were made for two specimens,
The early work was performed on a Denison T4 creep testing machine,
This machine was grossly over capacity with a lever arm ratio of 4li+&:1
However at that time it was the only machine available. The last 21
tests were performed on a 1CKLK ESE creep testing machine with a 10:1
lever arm ratio. This rig had a ported furnace through which
continucus observation of the notched region of the specimer was
possible. Temperature monitoring of the specimern surface wag zlso

-

erformed through this port. 4long the central 60mm the 3 zone

L4 id

e}

furnace control was adequate to ensure that no iwc peinte varied in
o) . , . S
temperature bty more than 5°C and the overall temperature was malntained

at BOGOC + BOC. The load was applied to the specimen by means of tne

automatic lever arm levelling mechanism. Specimen grips were of a pin

loading design and machined from a nickel free tool steel to avoid any

. . . . e o
interaction between the specimen and the grip materlal. <cpeclmen

me
o

identifications for these tests are prefixed 1

.

Specimens that were creep pre-strained prior to notching were cooled
from pre-siraining under load, and then reneated under load after the

notches had been cut. Nermally the load was only applied after the
oy I =4+ 0% £
specimen temperature was observed to have stabilised at 30¢°C for a

1oc j ing a ~-heating intervels for
period of at least 1 .hour. The cooling and re-heatlng

. . . e -
the pre-strained specimens wWere fairly short, that 1ls arounc 0.75 hours.
split and hinged

3 ticzlly
The furnace was of a counter balanced vertically
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21 rand at 200 1¢ safelw : 3
variety and at 3C07C could salely be opened and raised clear of the

specimer to allow fast cooling and Tre-heated befeore lowering for
x +Ore 4 g 10X

rapid re-heating. Timing for these Pre-strained specimens was the

total time that the specimer was uncer load zbove ZECOC

S.1.1 Production and Recording of Grids

In order to examine the strain field ahead of the notches it was
necessary to produce a gid on the specimens that could be

photographed before and during creep testing.

Trials were made using a photo-resist material commercially available
for the production of electronic printed circuit boards. 4 negative
for contact printing onto the specimen was producing by phetographically

educing a perforated card template illuminated from behind. This o

]

produced an array of dots spaced zt C.5mm intervals. Initial tests
indicated that the photo-resist was sufficiently temperature stable
to be used directly as the position markers. On longer term tests
however, the resist proved unstable and faded. Eiching up the grid

pattern was considered but éiscounted as the contrast obtained woula

be insufficient in view of the surface deformaticrn encountered under

3 Nl e hertec “‘o bi )
test conditions. The photographic method was 1ejected in favour using

a scribed grid of 0.5mm spaced lines produced wiih & vernier height

gauge.

1a jed i 2 phi ing a 35mm single lens
The grias were recorded photographically uslng & 3 5m £

: o 1 175mm tube extension.
reflex camera with a 135mm focal length lens and 175am tu

approximetely x6 when the

This system produced a magnification oI

1f plate
35mm film negative was enlarged to the standard photographic helf pla

ir-citn in the furnace through

size, The specimer. could be photographed ir
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the observatlon port. The selectiorn of = 37 Emm
- = il
length was a deliberate compronice beiwe eer opiimiur s
is DLW TLagEn i

cepth of fecus and adequate werking distance to all

£

Of the specimer tnrough the furnace port. The specimer wae

iiiuminated with &z guartz haloger light source witr fiber-cptic

~

guicdes. See Fig.,5.2e and %.2b. Focussing of the - camers

o+
L

light

system was by moving the entire camera and lens systen towards
or away from the specimen by means of a screw feed table. The lens
distance acjusiment was always left or a constant setliing (maxinun
to minimlse varlatior in the magnification betweer photograpns.
Where possible, all the photographs perteining to a particuler

specimen were processed and printed as a single batch. This wes &aisc

to avold variation in the magnificetlor betweer photographs

=

1 was attempted to analyse the grid cisplacemenis using & cGigitising

cocmmuter. However, it was fourd that this method was in fact less
convenient than simply making measurements with a ruler and only of

s s s 3 LR SEaNa 7+
compatitle or even inferior accuracy. The principal difficulty

the computer system was that the digitising sight coulc not be moved

easily over short distances and so coulc not be positioned accurately

over the points. The actual method used for analylsing grid

s - . . AT UKE Y dine et s 27
c¢isplacements and estimetions of the accuracy of the method are

discussed in conjunciicn with the resulte.

2.1.2 Crack Length Monitoring

Sl

12
The monitoring of crack length was originally by mea

186 . Tand A
. . . 3 later abandonec ¢
potential drop technigue. This was however 12

for several reasons. The accuracy of the o.0.

o view of ithe degree of ductility
Dplication was considered suspect 1n View O Lne aegr
test.

. 2 urred d‘ur;;l" eacn
ané hence change in probe spacing that ocCurred ©
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It proved. -impossible to cQ71br“te to an adeouate degree o accﬁrau’
ARG Cy

for these changes in the distance betwee tne‘ obe wires,

the high conductivity of Magnox nLCu conc éd'

the erack. Oxide formation in combination
resulted in

temperature

Vith the advent of
decided to rely on
method proved open
of the surface position o

consistently repeatable f

technique on such a ductile material.

3.1.3 Experimental Design

“Tthbiockssweréj

of the variables considered where ever possible.

) Some specimens
occurring in several blocks,
i) effect of stress level :

DEN low stress,’éN;jow /hfgh e
Cthigh stress, SEN?hi:
or

DEN low stress, CN low stress, DEN e e

‘intermediate stress, DEN high stress, CN high stress (all 3m ~

“thick).
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effect of thickness

DEN thin, CK thin, DEN iniermediaie, Ok in

CK thick

Similarly with notch root radius anh

analysising Iatin square experiments g aulstlcaily onsidered

to offer any advantage in processing the/:esul/s;'ihowev T,

use of

an orthogonal type design ensured tna the max*mum cnance of

detecting significant trends avlsAng //m/a;nunber of varzab"eq waé

obtained from the minimum number of snec_menV.\ Tn1°\ res. conclderedw\

especially important for a Drogect such as tlls whlch 1nvolvea the

need for & seriles cof

rmed in a finite

logg term Leat Bl e

time period and with

2.2 Smooth Bar Creep Testing
These tests were performed to !
notched, crack growth test

of interest:

i) Verification of the values of the creep exponent. Pé?aﬁiv¢§¥?*;m

the stress regimes considere

regime.

el . s A, \tive assess-
iii) To provide metallographic specime vant a@%

‘ o f strain.
ment of the extent of cavltét on '/524;

. 4 l . __‘.- -
The specimens used in these tests wer e.lgn shown 40 He .

nlson Tﬂ? creep rlg w1th a thyrf:w -

These tests were performed on a De

/O

controlled furnace. Temperatu

+3°C on 300%C with = vari?iidﬁ
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SMOOTH BAR TEST SPECIMER
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to less than 37C. Elongation was Tecorded by

W
,‘3:
‘d

splacement it] ~dial
¢ with either &tlal-gauge or with & irarsducer

cepending upon the test duration. 43 though rot 2
L -d -

use of extensometers, this method wes considered
s sidered

i1

. N -
L«he CO]lfDa,.._a,.t.lVe1 \ U.I’ltiemc.ncin c.,':' s I,‘“ cteo fon ~+ +
+ -y L -lias C'_'. § )
£ ese 'teym_. Ihe greates

disadvantage in not using extensometers wac thet no indicati £
e L on o1

moritoring the lever

S accurate as the

adequate irn view of

primery extension occurring immediately on loading could be obtained

by simply monitoring the lever arn displacement, 411 the tests were

Y"'D 3 -~ —~— _,_' + -~ - - <5 -
periormed under approximate constant Stress condlitions. The constant

stress was maintained by ac justing the scale pan weight at frequert

. . . . . .
intervals tc off-set the reduction in area, calculated from the

.

elongation on a constant volume bagis. Specimer iaentification for

these tests were prefixed SME.
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Basic metallography was performed to examine grain size, the regions

preceding crack tips and similar general points of interest.

Specimens were prepared by conventionel mechanical polishing

but avoiding excessive pressure, tc & lum diamond paste finish.

The surface was then etched in saturated oxalic acid sclution

(agueous) and then repolished with lpr diemond paste then ar

el

Alumina based metallurgical polishing meciumbefore re=etcil

~
T

oxalic acid solution. wWhere specimens were reguiret foz

senblead

metallographic examination all the specimens were first sst

and mounted together in a single mount of & cold setting necium.

in

This ensured that during preparation each specimen

as near as possible the same treatment. ihere cavita tion

examined an inferior quality of finish was often accers
; distort]

Prolonging the preparation treatment and DOSS2DLY

o guanuiTa

technigues,

ing with

g NFS

Ll v

recelvea



-1
ON

) h viti . £ Y s .
enlarging the cavities in such a soft ang auctile matrix., Cftep a

o .. . o s e
small plece of untested material was mounted with a creep tested

sample so that arny tendency ic form etch rits could be noted to

avoid confusing these with true Creetr cavities,

The scanning electron microscope has been used to examine fraciure

surfeaces as well as metallographic specimens of the region surroundirng

creep crack tips.

4 quantitative metallographic study of the erteni of caviiatiior seen in
the smooth bar creep specimens was made, Tne analysis was made from
photograzhs using e Joyce Loebl liagiscan Imege Analyising Computer

systern programmeC in Basic language to give average cavity number,

length, height and erea measuremenis for a given field.
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These tests were periormed to provide supporting inform
rnciched tensile tests. Three factors were of particular interest

i, tc check the values cf the creep exponent Operative fer ithe stress
levels encountereC 1n the notched tensiie tests ii, tc assess the
extent of primary creep deformation. 1ii; obtein an indication of
the relationshir betweern creep Gamage and uni-axial creey strain

Eyy'

L,1,1 Assessment of the Creeyv bxponent Values

The secondary creep rates are shown in Tetle 4.1 From metallograrhic

evamination of SMES and 15 it wes observed the greirn size nad increasec

)

by & factor cf aboutxz during creep testing. The creep rates shown

for these iwo specimens have been corrected by the application of the

~

crain size dependance on creep rate given in equation Z.Z.

This eguztion predicts that for this stress regime the creep rate 1is

06 ~ S ¥
proportional to & ~ '~ . The creep exponents vere eveluated as the

»

gradient from linear regression analysis of log.e versus log ,stress

. low
Seperate regression analysis were periormed for stresses belos

4

this value, erponents of 3.6%

O
o)
H

-2 . an
15.5Mm 7 andé stresses above e

. - s well Wit 1 mIRonLy
were cbtained respectively. These agree well with the cOmMmOn.Ly

i_J
J)

o r - A5 oot T Tor J ,wﬁ:?.‘f(\)
reported values for Magnox ATEQ of 3.5 ant / ICT the "«ajc

of stress.

LL.1.2 pssessment of the Extent of Primary CIECR

A measure of the strain arising £rom primary Creep GeCHE

2 . - . . " } cpeclmens
the duration of the primary intervel for these speclhi

5 . : irzpyv Creep 1n
showr in Tebie &.1. The duration of the primary Creer
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7t
the time before secondary creep became esvablished, The centribution
to strain from primary creep showr in Tetle 41
strain accumulated during the Primery Creer intervel.
from primary creep shown represenis the strsip above thet
be expected nat seconcery creep started immeciately, If the line
of creep strain versus time for secondgary creer is extrapolated bpack
to t=0 the primery contribution is given by the value of the
irntercept with the strain axis. This is shown schematicelly in
Fig. &.1. This will be less then the total strain accumulated
curing the primery period. The cortribution from primary creeg
evaluated here has more pertinence to considerations of steady state

ceformation than the total primary creer strain as the important

factor is the devietion from the steady state.

Cnly very smell primery strain contributions were observed et the

-~

low stress range (5 to 7.5 lam <). This contribution was olbserved
to increase with stress, to around 4% strain in the range of 2C to
30 I‘iNmbz. The variation in the primary creep contribution across
this stress level was about 3%.

- PR . ~ C 3 Q
4.1.3 Quantitative Metallosraphy of Smooth par Creep ~DECIMEDS

. . S penrmimats - le on some of
A limited quantitative metallographic evenination was mace on SO

v

N

im 1 itati ~esent wa
the smooth bar specimens. The extent of the cavitalionh present we

; P s.wd  The difference in
observed to be both stress and strain dependani. b€ Gt

. ; deformed to
cavitation between a high stress and low stress specimen deformed
af‘_:‘i} ‘.zlg,"}

similar extents was apparent to the naked eye for =

ss aaim

The high stress specimens showed noticably le

’ i £ f grain boundary
stress counterparts. The damage was in the Zorm 0 &

.. . .t - 3 m bv F:«", 4.2,
Cavities elongated at QOO to the tensile axis, as SnOWD B¥ F-46
show

T . . . PRI canination arc
“he results of the quantitative metallographic exanina
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ig. 4.3. The damage has been Expressec as ar estimate of the

‘I_j

in
effective loss of ligament computed as follows:

Consider a scuare section of side Fi on = specimen. Within ths
Y. L la

v

frame there 1s an average cavity density for the Specimen in
There are K cavities of average length I and average neight =, {length

being pervendicular to the tensile stress axis ang height perailel).

‘ g ] -~ Bay - Q. P . I o
It was considered that fracture would occur along a path through
adjacent voids. For a void to be instrumental in reducing the load
bearing capacity of the ligament it would have to be contained

within a band of finite width from the mean crack path. Fased on an
187
approach by Widgery & Knott the width of this bend has been set to

€ times the average cavity neight. See Fig. &.&

As @& fraction of the frame height this fracture path tand represents
6E
Fl

Assuming an even distribution of voids in the strir, The number of

voids in the strip equals 6HL

F1
» . . a . ‘ : L + T ~ < 43 i
Assuming all the voids in the strip cortribute to the reduction 1n

the load bearing capacity of the ligament, then multiplying by the

. “ + 3 -+ h y“
average length of a void 1, gives the total effective lengin ol

cavity in the strip. This can be expressed as a Iraction Ly alviaing

by the frame length

Fractional loss 6HIL L=
of ligament = £ -

Pos . . 3 < 4in Flg. L}’.
Joining experimental points of the same stress leve. ib rlg 3

; . : i sications of the
With straight lines produced the following indications oi ©

effective loss of ligament for a 20% strain.
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80

Stress Mim™° FLoss
5 13
7.5 6
greater than 20 2.5

This aznalysis only considerea falrly large cavities, that is

WE\

’N.

greater than 3um, hence these figures will not include al

ligament damage but there was very little equence of small

isolated cavities. Also the factor 6 is only an estimate and
assumption that all cavities in the fracture band contripute in
fracture 1s probably unrealistic. However these figures do

illustrate an appreciable difference in the extent of cavitation

with stress for z ‘given level of strain. The reducticn in the

effective ligament due to cavitation at a strain of arouns
will be substantially less for,spec;mensr’

n=7 than where n=3.5. Bul the 1fference

will be less noticable.

4.2 Notched Specimen Tests

Previous workers have attempted to define crackingrinﬂfxureglse .

rack. Fracture

Details of the notched specimen teéi’ﬁr@gr re shown in Table 4.2.




152 OF NOTCHED TEST SPECIMEN PROGRAMNIIS

. T2 KC. | GECMETRY | NOMIKAL COMMERTS
| STARTIRG ..
e =)
| STEESS (Mikm 7
; | " -
| 1 | DENR 15
2 DER 30
3 g DER ; 10 Kot stopped bef |
I DEK f 10 Notches sherpened
Kesults not considered
5 DER 10 Not stopped before fracturs
6 CK 13 Photographic records
| quality for anzlysis,
v DEX 10
| e cro | 10
¢ DER 16
10 i CK b, Pin-hole failure
b1 DENR 5
i i ~
12 DEK | - 20
L0013 CK 2o
1L DEE | 20 Fotch root radii = .
z = ' :
15 DER ! 20 Notch root radii = 2mm :
16 CN 5
17 SER 5
18 DEX 20 Creep pre-strained prior to |
notching(grid quality poor) :
¥
o] e . a
19 DEN 5 Creep pre-strained prior t .
notching ‘ §
20 DEN 20 jotches sharpened by hot
B Result s not ¢!
21 DEN 20 : n
M
2z DER 5
M
~
I DEN 5
2h SEF 20
M
I N
2“'; TORY : 5 i
— %2 | DENI | 20 g siar*lng a/w
26 CR 20 Creen Presatra Yo S
reep pra-strall aprioreto
— ] notching \
- y : o S R e
+ SEB 20 Notch root radius = 3mm
Y - M e
— ] CN 5 L'.rnm .
29 DBN E s |




€l

+.2.1 General (bservations

behaviour betuwzer +ne
“outle Idge loiched (DI, and Centre Loiched (Ck, geometries was
in the location of the maxinum contraction ir the ~cirection,
This maximum coniraciion occurred along the plane ¢f tne noich
for the CK geometry, but was displaced scme distance in ihe

Y-cirection above and below the notch plane for th: DEN case.

[

. 4.5 shows an example of a deformed Ch and LEN specimern,

'TJ
18]

i

straight, growing roughly alcng the specimen centre line 3.
The CN specimens showed irnitially straight crack growth along the
centre line X, followed by a tendency for the finzl fracture

.0 . e e . . .
path tc run along the 45 shear tands., This irend can be observed

A1l three speclmen geometries underwent a definite period of time
under creep conditions before a complete through thickness crack
was observed at the notch tip. This period is hereinafier referred
to as the initiation time. In the thicker sectlons testec some
evifence of tunnelling was observed prior to the formation

a through thickness crack., Crack growth started bty the formation

. — ; \ s s wne then a
of a small nick in the notch tip (see Fig. 4.6). There was then &

period of slow crack growth. This was followed in the DIl enc b
- o oo -~ N . e 3 . 74 o~ LL' ,Jsbﬂ <
gecmetries by rapid collapse of the remaining Ligament Visuza

' 1 i n susgested that this event
observations of this collapse phenomencn SUEEESTEL that th 1

could not be classed as crack growth as 1n
aneous and not by progressgive growin

the ligament was virtually simult

cf the cracks.



COMPARISION OF LATERAL
CONTRACTION FOR CN AND
DEN GEOMETRIES
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Fest » : : o e .
v Tracture examlnation of the Iracture surfaces showed bourcaries

between 1ight S hesud
tween 1light and heavier oxiqaiicrn. Tnese boundaries were
;Slﬁ_ 3 + ho} - <) .

consldered to rerresent the aviroyimz-e positions of the crack fronts

-4 a o R ) . .
&% the onset of ligament CO_iapse. LHowever this estimaiion will be
less relisble feor the higher stress tests. The ligement collapse

stresses could be calculated on the tesie of these crack Tront

positions. These collapse stresses have beer grouped according
to the starting stress 1 1 5 ; . . s
L TLATLIng stress level and are shown in Fig. 4.7. (Starting

nett section stresses of kS = 1low, lOMLn“Z = intermedizte,
ZOMNm'Z = high). £1so shown in Fig. 4.7 are the UT: levels for
magnox ALBO at 30C°C at various strain rates (taken from referencell)
As can be seen from this figure the ligament collapse stress was
dependant upon the initial starting siress. If the starting stress
was low then the collapse stress would alsc tend to be low.

2

For the Z0Mhm = starting stress level the average ligamert collapse

stress approximately corresponded to the hot tensile strength of the

1

material (measured at a strain rate of 1000% Hr ).

The average ligament collapse loads corresponied ito a/w values of
.72, 0.5¢, C.6C a/w for the low, intermediate and high stress levels

respectively. This phenomenon of ligament collapse nade it extremely

difficult to obtain photographic records of cracks between C.6a/w and

final fracture for these geometries.

Ligament collapse was not observed with the Skl geometry even at

-~ +} 2 o + N s crack
a/w velues in excess of 0.8, For the high stress SEK cases crack

growth increased to a high rate but material seperation was still of

ini i at Ta. om the notch tip.
a definitely progrescive naiure away from t D
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ilhe observations ¢y creck initietion

P s - - . )
tilme anc the crack ~engih versus time studies frop the nciched ten

ciie

L

T e

o

-2.1 Crack Initiztior Times

Crack initiation time was tzken as the first observable occurrerce

of & comrlete through section creck. The exact time when & complete
through section crack formed was estimated by a combination of visual
examination and 'back extrapolation' of the crack length/time plots
for each case. The estimated accuracy of these predicticns, based on
the range of the first and last possible instance for initiztion was
approximately + 0.25Hrs for the high stress teste and T25Hrs for the
low stress tests. As can be seen these accurecies are far from ideal.
In the analysis of the crack Iength versus time observations the critical
Tactor was the estimate of the time when the crack length equallec
C.35/w. This could normaelly be estimated with much greater

accuracy then initiation, see Fig. 4.6&.

. . . o iaies s .. )
Despite the experimental inaccuracies, initiation times were considered

. . e PO iritiation i "
to warrant inspection. From examination of the initiation times it

seemed probeble that the times were influenced by both the stress

X . Y roc /‘OY"re-! ﬁ-tionc Of -the tyDe _t o }{—m
level and geometrical features. Correiatlons T N
178 183
e oA . .
had been proposed in the literature. As K is a function of both

i £ irnitiati time with K seened z
stress and geometry, correlations oI irltlation T i T

i int Linea ior elysis of log.t. versus
logical starting point. Llnear regression ana.y g.t; ver

' 3 ions of log.t. versus log.o
log.K were attempted, also regressions o g1y £ ot

m _ [
A.. i i i i i 3 tO b\. alviaec lntO WO gl O Ips
i ne lnltlatlon tlmes nac e V +
\Y e O eY a Ve Q YE( '7 s 3 h e T
] 4 ;‘ e ‘.menu fOI‘ k"ﬁ.LCh S al I‘lg
i p B tne -t
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Eh

netl section stress was telow 15,5im <

with n=3.5 ang specimens

<+ ~ 74 “ - - - L.
this value were treztea &s anotner group with n=7. In tractice

1 tartin ~7= A ...

the stz ting stress for =211 Sphecimens was either apprecliably above

= Doreci st % e e T .
or appreciably below 15, 5MNm <, which ie he threshold stress level

for the stress dependant change in n from 2.5 to 7. This

unfortunately limited the range of the independant variatle in each

case, but especially for the n=7 group. Pre-étrained specimens
were excluded from all initiation time regression analyses. All
initiation times are listed in Table 4.3. For both n values better
correlations with Ghett were obtained than with K as is shown pelow,

the regression coefficient r is also shown:

n=3.%

L, = 105.6K 0" 74P r = 0.€7 bz
t. = 217500 c;;?/q” r= 0.9 4.3
n=7

t, = 2. 560 063n T = 0.46 bk
t. =33 X107 c;2£f7n r=0.74 4.5

Where ti is in Ers
/T
- e ™ £
K w v MNm //

ohe%t v MNm

i ati i3 han with K it was still
Despite the better correlation with Oett than
considered that geomeiry was important in crack initiztion time. 1In
order to investigate this possibility the geometiric and the stress

factors in the K expression were separated.
K=o .f(a) Where the f(a; is giver by
a value Y which incorporates
a correction for finite

geometry
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For unit thickness and width

K=rc Y

gross L.

Multiple sion a is w th
T it regression analysis was performed or the Tollowing basis:

log.t. = log.A + B.log.Y" n :
8.ty log.A + Bllog.* + leog.crnett L4, &
En E.n
: 1 2
L.E. T =
L,i ALY .C"ne_tt 49
and log.t, = log.4 + Eﬁlog.Yr + Eylog. o 4,10
i 1 gross
Bln an
ie. t, = AY .o k.11
g£ross

o
w

Where 4, Bl and 52 are constan

Teross is in kMim

The regressions were made using Oéro in place of Cre because

sSs tt

K is based on ¢ and not ¢_ ..
gross nett

If B1 approximately equalled zero in these regression analyses then
initiation would be purely stress controlled. If E is found to
approximately equal B, then this constitutes evidence that initiation

is strongly dependant upon the value of K operating. Again the two

levels of r presented a problem as the constant 'A' would probably

onlv be constant for a single value of n. The exponent n could not

be introduced as a separate variable as it would not be independant

h3 a t ion analysis to sl
of the stress term. This meant t regression analysils TO shov

the individual effects of stress and geometry on inmltlation time hag

1 £ 2 si a However to demonstrate better
to be confined to a single n value. £owe g t

Lon s both n values was performed
the effect of geometry, regresslon acros both n va D K



but in thi

o

e w7 ~ o 2o
For 2l cases of n=3.5 (i.e. low and intermediate
5, = 2.?~xlc5:-6.22n ~1.06n -
i, T "“nett B
or L. = 7.6 4 ~C.27n ~-1.15n
. . x1C'Y
i "“gross o

e

- ~71 =7 f 3 : 3
For all cases of n=7 (i.e, high stress tests only)

Tnese analyses include two large notch root radius

C o= (0 N7 e 1 3 34 < . s - 3 .
Y C.\.,,/ was usec, Corresponalng L0 Wnat was considered =z suita

low value of K.

€,=0.C2n =0.66n

t. = 2.1 x1C°Y Lo r =
1 nett

- 4 ~C.06n =C.51%n
t, = 1.2x10Y 7. e e r

[

gross

Analysis across the two n values

case the stress tern Qeperdance will also be

compensating

the constant 4.

specimens forwhich

-

bly

C.C3 4,14
C.75 4.15

Only the low and high stress regime results have been considerecd

so that the stress term and the creep exponent will correlate

almost exactly, and excluding the large notch root radius specimens.

-0.165n ~0.34n
g = 3500y R0

estimated from T test values computed from 3/(est. stanc

deviation of E,.

terms are as follows:

r:

0.71 4.16

The significance of the factors in the regression analyses can be

R
ara

The T values obtained for the geometric and stress



T for Y term T for stress term
from equation 4,12 N 1.69 12.4
4,13 3.3k 2C.8
L, 1k C.6& 2.5
Los z2.1¢ 3.5
L.16 1.3z 11.2

For equation 4.14 and 4.15 the significance of the strese term is less

than for the other cases because the variation in stress for these cases

',.I-

is slight. Also et n=7 the errors in predicting the initiation time
represent a greater percentage of the average time for this event with
this group of specimens than for the specimen where n=3.5. Excluding
equation 4,14 and 4.15 the load factor is highly significant in all
cases., By comparison with standard T-tables on & one sided basis
(that is, increasing Y can only decrease initiation time, the

possibility thet it might increase initiation time is not considered to

exist) the geometric factor in the eguations using Chett will Just about

Hh

o,

ind significance at the 10% level. That is, the variation observed

n initiation time with change in Y could have occurred purely by chance

'J-

1 time in 10. For the regressions using Oérosc values in place of

S values higher significance was observed for the geometric factor.
nett =

For equation 4.13 for n=3.5 the variation in irnitiation time with change

in the Y function could only have occurred by chance 1 time in 200

(i.e. 0.5% significance). For equation 4,15 for n=7 the significance

.. - . e e -
was lower than for the corresponding n=J.5 case but significance of the

. . 1 ; + 1ati e
Y term was still around %4 times better than for the correlations with

o That is for equation 4.15 the variation in initiation time
nett’

with Y could have occurred purely by chance slightly more often than

3 N\
A = :p \
1 time in 40 (i.e. around 2.5} slgniiicance/.



¢
In all cases the exponent for Y was considerably less than the

exponent for the stress ternm

ct

. This means that initiation time is no

3 3 3 r M. ~ . S , . .
described by K. The precominant ractor affecting initiation time

is the stress. Gecmetry described by

4
ot
a2
0]
<
F

unction has been seen
~ PaNal - <3 I T2 - . -
to have some effect on initiation vime, butl 1o a lesser degree than

would be expected if K was controlling the initiation event.

Specimen thickness was also observed to affect initiation time.

This is of particular interest as this is not compensated for by K.
Increasing specimen thickness was observed to increase initiation
time. This effect can be seen from Teble 4.4 which shows specimens
grouped as corresponding DEK and CK specimens., It can also be seen
from Teble 4.4 that in all but one of thege groups shown the centre
notch specimen initiated faster than the LZN specimen and in three
of the comparisons the stariing K was lower for the CK case. This
suggests that the Y functiorn is not an adequate description of the

effect of geometrical variation on initiation time.

L.2.2.2 Crack Length Versus Time Data

It was not feasible to take sufficient photographs of each specimen

to produce a reliable plot of crack growth rate versus crack length.

For such a plot to be accurate a very precise plot of crack length

versus time would be reguired first. A method of examining the crack

growth data was required which would avoid the errors involved 1n

deriving growth rates from the crack length time data. This was done

. e e - . nvertin
by taking theoretical predictions of crack growth rate and converting

. . e - "
them to crack length versus time functions. This enab,ed the

experimental crack length time data to be directly compared with the

theoretical predictions.
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Correlations between crack growth

rate and either K or o .. have been
riett
proposed, principiuyon an empirical besis as follows:
- n
da = AK
dt 4.17
. 5
a =
- nett .
dt v 4.1e

It has also 'been proposed that n may approximately egual n, the
exponent in Korton's law. It seems reasonable that m and n should be
related if crack growth is displacement controlled. From equations

4.17 and 4,1€ it follows that for crack growth between a. and a,:

1 2
a
t = 1 1 .da 4.19
S <
=2
]
or t = 1 .da .20
a Bciett
2
Both X and o ., can be expressed as functions of the crack length a.
neTv
Using the expression of K for an infinite plate and using m=n:
a.
L
L= 1l ..da L.21
/2
2
2y N 3
or t = (1 - a) .da : 4,22
Bl
&2

Where A' and B' are functions of

the applied load.

i ! i I ical relationships between
These integrals were solved to give theoretical rela D

' i T f rack growth laws. The analyses
crack length and time for each of the crack gr y

5 0.7 he limits were set to
were confined to between 0.35 and 0.7 a/w. The limit

e . : - - . r
eliminate effects from crack initiation or ligament collapse. Howeve

‘ 1 fect operative below 0.7a/w.
it became apparent that tertlary effects were op /




Ne
(@]

These limits also kepti the analysis within the rormal range of the

K-calibration of ithe specimen geometries considered.

- r . D
For both of the o;e+t and K growth
v

elationships considered the time

H

interval for growth between C.35 to C.7 a/w was set to 100 units and
graphs of crack length versus time were constructed on the tasis of
equations 4.21 and 4.22. The iime scale for each experimental crack
length time plot was normalised so that the time for crack growth between
0.35 and C.7 a/w represented 10C units and could hence be directly
compared with the theoretically derived curves for T et and K control.
4s for the study of initiation time the specimens were divided into two

%, Specimens from the
/ j¢

[._V

groups depending upon n value (section 4.2.2.
intermedizte stress range were not considered as a change in the exponent
level could occur within the crack growth range considered. The results

are shown in the figure 4.9a for the cases of n=3.5 and figure 4.S9b for

cases of n=7.

The effect of finite geometry on the K-control curve was estimated using

K-calibration tables. Fig. 4.1C shows the percentage increase in K for

each geometry from the value at 0.35 a/w as the crack length i1ncreases.

.. . " _ . \ Far 1 -
The corresponding percentage increases are a.s0 shown for Kinfinite and

o Tf ¥ control is applying the crack growth will be described by
nett - o :
equation 4.17. The exponent m will be & material constant for that

temperature, at least over the stress range for which the creep exponent n

is constant. The essential facter of these predictive approaches is that

=~

N : o 3 t Either ¥ should
the:exponent m should not be geometry dependant. Lither & O Tpert SHO

. 3 -5t £ tryv i 1t f thes
provide a totally adequate description of geomeiry if either of these

. N - £ 43 =7 £
approaches are valld. This means that regardless of the value or m,
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ler K control 1 hich s th ‘ '
unger K control the geometiry which shows the greatest percenteage

e Cow .. . . h i
change in L OVEr an 1= VE'Y‘Va'] of crack growth sh oulé show the most

O

hange in crack growth rate. Conversely, the geometry showing the

Y, o

least change in crack growth rate would be expected to show the least

€,
0.

change in K. Eehaviour other than this would dispute that crack growth

is controlled entirely by the value of XK. The tendency for large
changes in X to cause large changes in growth rate will increase as

the exponent m increases.

’

The lines of percentage increase in X for the DEh anc CK geometries

all betweer those of S and X, .. .. indiceting that K control
ett infinite

for these specimens would produce a change in crack growth rate with

crack length between that predicted by Ot and K. fipite” The

ettt inril

SEN geometry showed the greatest percentage change in ¥ and under X

—

control would hence be expected to show the greatest change 1in crack

growth rate.

Under e straightfdrw*rd Cett relationship all the specimens should

4

. s N s 3 + S 43
chow identical behaviour. However, a bending moment is present with

S fang) y - + 2 E=)
the SEN geometry due to its asymmetric design but a proportion oI

this moment is relaxed by rotation of the specimen around the leading

pins The magnitude of the bending momenti increases with increasing

. . . : o +
crack length. From plane beam thecry, ignoring the effect of siress

i isd . { fibre stress at the crack
concentrations arising from the notch, the fibr a e

. . tyy than for ti t}
tip wil) increase more for the SEN geometry than for the other two

Hence, under O_ .. control the SEN geometry would
net

v

with crack growth.

be expected to show & similar or greater change in growih rate than

‘ . 1 e . |
the other two geomeirles OVer the same interval of crack growth.



It can be seen from Fig ! s
v : PR Il s, 4 C ~ Fa _ .

, the Fig. 4.9 that for n=3.5 only one specimen
o) ! P 3 3 .
produced a crack length versus time curve resembling those derived

om z i 1 ","ﬂ i 2o S W Ly — . -
ITrom equation %.21 and 4.22, and this was the SEL specimen TS17. As

TS17. s
Glscussed above, true X control behaviour for +his geometry would be
expected to show the maximum change in growth rate not the least as
shown here. This observation tends to discount the operation of a K

OT O .y control law under any single value of the exponent m and not

Just for m=n. This is because even with allowance for geometry
dependance of K and the effect of the bending moment present with the
SEX geometry, the data from all ine specimens would not fall on a

single line.

For n=7 agreement with the predictive theories is better, but again

the SEN geometry (TS24 & 27), even with a very large notch root

radius, produced the most uniform crack growth rate of the gpecimens
that had not been pre-strained. This again disputes that the crack
growth tehaviour over this a/w interval could be described by either

the X or O ett crack growth law using a single value of m.

The possibility that the exponent m should equal (2n - 2) rather than

(75 183

n has been proposed but there seems little point in investigating the

use of such values of m as it has already been shown that neither the

K nor the o growth law will describe crack growth for all the
nett

geometries for a single value of m.

Tt was decided to consider the effect of accumulating damage on the

theoretical relationships. To modify the K law to accommodate

degradation of the ligament would have required detalled knowledge of

the manner in which this damage is distributed acress the ligament.



Ne

2

=3 £ - IR .. L.
Details of the strain distribution across the varicus specimen
geometries was available from this work. However, the results of

2 i . . .
the Quantiitatlive metallographic examination of the smooth bar test

~Y

specimens (section L.1.3) nad indicated that the relationship between
damage and strain is dependant upon the level of the stress.
The Teesis of the O ett approach 1is such that it may be considered

that the damage is uniformly distributed across the ligament.

This means that the damage can be incorporated as an additional

increment of crack length, that is, crack growth between 0.35 + D

[

to 0.7 + D, a/w is normalised into 100 time units with the initial
damage value increasing to D, by a function of a/w. The function

linear one. The main

[3)]

relating Dl and Dy used was simply
disadvantage of this method was that the percentage loss of ligament
through damage incorporated in the growth law accumulates at a

very high rate with increasing a/w unless Dl and D2 are set close

together.

The application of a range of damage allowances are shown in

. , - i . . .
Fig. 4.11a and 4.11b. Minor corrections to the theoretical O ett

curve improved the general agreement between the theoretical and

experimental results for the CN and DEN Specimens with n=7.

However when applied to the case for n=3.5 & massive final damage

. gt =1 -
correction proved necessary 1n order to bring about general agree

. . £ DEK 1 CK ecimens.
ment with the experlmental results of the DEKN ana Ck specimens

. - N . 42
The observations with regards ligament collapse made in SECtion

l}.2.1 suggested that this phenomenon may have been influencing crack

growth rate at high a]w values. Examination of the experimental

results and theoretical predicted crack length time distributions
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showed that even by reducing the growth interval to between C.35 and
0.55 a/;fwould not lead.to crack growth being described by either

K or O ett control, based on a single wlue of the exponent for all
the geometries for either the case of n=3.5 or n=7. The basic
differences in the trends of crack growth behaviour observed over

2 Nt Y r~ - 2 L - 3
the interval of .35 to C.7 a/w would still be observed over the

shorter interval of 0.35 to 0.5 a/w.

Some observations with regards crack growth behaviour were made as
follows. The pre-strained specimens, in particular TS1$ and 26
showed less change in growth rate than was normal for specimens of
their respective geometries. Thinner specimens were observed ic show
less change in.growth rate than their thicker counterparts, compare
TS 23 and 26 (both 1.66mm thick) with TS2Z and 2¢ (both 6.4mm thick)

Fig. 4.9.

4.2.3 Crid Analysis

Grid displacements in both the X-direction and Y-direction have been

anzlysed. The displacements.in the Y-direction, dyy’ were analysed

over a standard interval of the firet 6 lines between 1 and 4mm

either side of the XX centre lipe. Measurements of the aistarnce

h

hetween lines of corresponéing interval either side of the XX centre

1ine were made from photographs of the specimens teken curing testing.

See Fig. 4.12a. This neant that the calculated displacement would be

an average for the corresponding points above and below the crack

order to recduce the effect of

%

c

plane. This was considered desirable in

inaccuracy in measurement and to accommodate any minor deviation of

. ~ v v 73 } 54 b} 8 L }
k tip from the XX centre line. The dlsplacement a . or each

point was calculated by dividing the measurement of the distance
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between the two corresponding points by the magnification of the

h + + L : .
photograiph, then subiracting the equivalent distance measured from —

m
n
[
ty
ct
~
oy
@]
ot
]._u
Q
]
n
F'_
®
3

relevant magnification. The result of thi
civided by two to compensate for the measurements having been made

:

across two quandranis, i.e.:

\
a = [ measurement measurement
y_y ! i _t:_t-| i i 'tz't 2
L - @
mag, mag. .
Ei=t, St=t,. e
L ) LY.

WYherever possible the magnifications meg, s and mag, 4 woula be the
— LA

&

same.

The displacements in the X -direction ¢ were Gerived from

Pves

measurements Trom the YY centre line cf the specimen for the CE anc

DEX geometries. This line was used as 11 could be censidered to be

free of lateral displacement in these geometries. For the SER case

measurements were made from the first line in from the specimen edge

remote from the notch tip. For all geometries, measurements for

corresponding points above and below the iX centre line were

averaged to improve accuracy. See Fig. 4.12b. DMeasurements were not

made along the )X centre line as deformation near the crack tip

usually obliterated the grid markings. Where sira rains are quoted

they have been calculated from displacement between 1 and 1.5mm from

the YX centre line. As for the case of the displacements dyV the

Suds

values of & were calculated by dividing by the magnification and
plos

then subtracting the relevant distance of the points in ¢

the reference line before deformation.
L2l

: -+ o
- npeasurementl 7 measuremen»tht_ _ measurementt=to

s et il
~



%6

T > -
Engineering extensional strein e,. is equivalent to the gradient

O
H
o}
';Jq
'd

splacenent cll with distance in the i-direction. The

cisplacements & and d were used to caliculete values of £

3
G
B
G

o

It was found that dyy increased in a linear manner with Y-distance
from the X centre line, for example see Fig. 4.13. The degree
of linearity was particularly good within the confines of the 45

shear bands but the gradient of a straight line, fitted by a least

squares method 1o displacement versus distance measurements, within

the limits of 1 to 4mm either side of the XX centre line indicated

earlier, was considered a good description of uniform strain at all

points across the ligament. With the exception of the near tip regiorn,

the linear regression of displacement versus distance produced

negligible intercept value. That is, the product of the regression

gradient and distance form the XX centre line to a point,described

approximately all the displacement that had occurred over this

distance. This means that provided the degree cf linearity is

.

acceptable then it can be considered that a uniform strain exists

along the line of measurement, across the XX centre line.

Near the crack tip or notch tip a definite displacement additional

to the uniform strain was observed in the form of ar intercept value

in the regression analysis. When approaching the crack itip along the

¥X centre line the last point through which displacement analysis

showed a negligible non-uniform contribution, that is less than

0.0Emm was referred to as the D-point (deviant;. The general trend

. i 3 S hematica
of the displacement dyy versus istance is shown schematically for

various positions across the ligement in Fig. 4,14a. The trends in
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the variation of uniform

Fig. 4.14v,

The strzin distributions

figures 1s shown in Fig.4.15a,

the CN and DEN geometries are similar however the strain Eyy

mis
Sbh

specimens is observed to decay

from the crack tip.

The separation of the D-point from
relation to the crack tir position

cases together the average of this

of the mean C.1€) with little evidence of stress dependance.

-

(=9

was

the initiation period. With the

0.9€ (stendard error of the mean
to be close to

were observed.

Bach By

Measurenents were estimated to the

~uler measurement should be less than C.5mm in each case.

has been performed are shown

Tne basic shape of

of C.35).

ntercept value are shown

for which anzlysis of the Svy

15, the key tc these

these profiles for
for the

to 2 particularly low value remote

the crack tip has beer shown in

in Fig. &4.1€6, For the CK and DER

-

distance is 1.&mm (standard error

There

slight tendency for the value to rise during the early stages of

SEN geometry the average was lower,

A tendency for the D-point

the crack tip in the very late stages of crack growth

strain value is based on € displacement measurements.

nezrest 0.25mm and the error on each

For

m

s . o o 3 = £
typical photograph magnification o x6 an error in measurement of

C.5mm over 2 quadrants would result in an error in assessing each

distance of

1 and 6mm.

£ measurements for each

-

average of

lines zre paralle

0.O4mm, the magnitude of these distances will be beiween

The measurements for the undeformed state zre based on =the

line spacing, So assuming the scribe

1 this 1will introduce an error less then C.0lmm in
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the displacement measuremente. For a 15: strain the Cisplacements
will be between 0.15am to C.52mm. FMagnificetion differences between

photographs will introduce errors so attempis were made tc minimis

py
(0]

these wherever possible. 4 constant error in the magrnification

of all the photographs will not effect tne gradient of displacement

jo]

so tnese could be tolerated to a greater extent bui where still kept
to a minimum where possible. The worst errors will occur when by
statistical chance the displacement error either accumwlates or
decreases with distance. If a line over which 15¢ strairn had
occurred had errors in measurement increasing linearly from -C.O4mn
at the X2 centre line to +C.0mm at 3.5mm either side of the cenire

line, then a strain of approximately 17% would be obtained from the

2 :

regression analysis. This indicates that the majority of all the
strain values (i.e. more than 0% ) should be well within Z2 of the
indicated percentage as the more normel tendency would be for a
rendon cistribution of the measurement errors. On the other

extrene, if all the measurements were either over-estimated or under-—
estimated by 0.C4mm then the non-uniform contribution to the

displacement (intercept value) would appear to be changed by C.OLmm

accordingly.

The gradient of ¢__ with distance was devoid of any linear region of

(e

the nature observed in the analyels of the E _ strain values. The

Cisplacements used were calculated from the averzge o

Bl

Feirly extensive plots of ¢ versus cistence were prepared,

especielly in the region betweer the D-point and the crack iip, which

va_ueg each ¢f which was based or &
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measurenents specific to that value. 4lso the th valiues were
smaller than their Y-direction counterrvarts making them ever more

suseptible to errors from measurement,

The effect of vertical distance from the X centre line orn the Exy
values has been cbserved throughout, but in particular in the

earlier tests. The variztion of Exx with increasing Y-distance from
this centre line has defied exact quantification, possibly due partly
to the inherent inaccuracy. Scans of dxx across the ligament in the
X=Girection for increasing distances above the i) centre line were
made. These showed an overall decrease in displacement for the CE
geometry and over the range of distance from the xX centre line
considered, an increase for DEK specimens. This is consistent with
the observation in section 4.2.1 with regards the position of the

region of maximum lateral contraction as shown in Fig. 4,5,

When comparing plots of displacement versus distance produced from
measurement scans at different distances above and below the XX centre
line the following was observed. The plots for a specimen were
basically similar in appearance and would appreximately superimpose

if moved together in a horizontal direction by a distance roughly

equal to the vertical separation of the scans. The plot from a
measurement scan made further from the XX centre line would require to
be displaced back towards the crack tip in order for it to superimpose
with a plot from & scan nearer the )X centre line. This effect and the

general shape of dXX versus distance plots are shown schematically

for the DEN and CK specimens in Fig. 4.17. The features of the profiles

are also smoéthed or averaged slightly as the distance from the X

centre line increases, but this is only really significant where very

large changes in the gradient of displacement occur, such as at the
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notch tip during crack initiation.

There were two basic reasons why the gxx anc Eyy strain distributions
were determined. Firstly in order to gain evidence as to the
parameters controlling crack advance by examining for critical strein
cr COD criteria and secondly in an attempt to evaluate the nature

of ﬁhe distribution of stress with increasing distance from the

crack tip under creep conditions. These observations are repoxrted
under the headings of lMajor Strain Cbservations and Strain Profile

Analysis respectively,

4.2.3.1 Major Strain Cbservations

Slow crack growth is consistent with the advance of the crack tip
being controlled by the atizinment of a critical strain or displace-
ment, or with the attainment of a critical amount of damage which
would probably be related to strain. To examine this possibility

of crack growth being controlled by such a criterienthe following
true strain measurements, or parameters derived from itrue strain
measurements have been plotted against the instantaneous position

of the crack tip:

i) Maximum value of Eyy for each position of the crack tip

examined,
ii) D=-point strain
iii) & , at the location of maximun Eyy
iv) Equivalent strairn at the location of maximum Eyy

v) Arithmetic sum of E,y and £ . from i and iii above

i) An indication of the deviation from ncrmal Poisson
contraction strain

COD (equivalent) At the crack tip and at the position of

meximum Eyy from (i) above.
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These are shown in Fig. 4.18a to 4.1&z respectively. Considering

each in turn.

Haximum value of £ for each position of the crack tip
Vv

These values are the maximum values of eyy observed for each
examination of az specimen strain profile. One value is shown for
each determination of the strzin distribution across a specimen
ligament. The maximum value of Eyy for a given strain distribution
would normally occur a short distance ahead of the crack tip, or

in the later stages of crack growth, very close to the crack tip.
These values of gyy only represent the uniform strain component of
the total‘displacement and do not include the non-uniform
displacement represented by the intercept component observed in

the near tip region.

Comparing the maximum values 6f Eyy obtained for the different
geometries, and the variation in these values with crack growth it
can be seen that this gquantity is geometry dependant. The CN and
SEN geometries exhibited greater tensile ductility than the DER

specimens. The general trend of behaviour is shown schematically

in Fig. 4.19.

Strong support was observed for the existence of a critical ;train
criterion for a particular geometry once growth was well.established,
that is,after about O.#Za/w. During earlier stages of crack growth
lower values of maximum Eyy were observed. Typically the DEN
geometry stebilised at value of Eyy around 20 to 25 and the

other two geometries around 40%
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D-Point Strain for each position of the crack tip

The value of the strain at the D-Point (the last point when
approaching the crack tip to exhibit a negligible non-uniform
strain contribution) was typically only a few percent lower than
maximum value of Eyy during growth and in the very early stages

of the initiation period approximately coincident with the £

value. The characteristics of the D-point strain with crack length
and geometry consequentiy closely resemble those of the maximum

E., values. This means that the schematic Fig. 4.19 will also

Yy
describe the variation in D-point strain.

Values of Q‘A at _the location of maximipmggyy
These strains were evaluated at a distance of between 1l and 1.5mm
either side of the specimen XX centre line. This wes necessary
because deformation in the near tip region was normally too

intense to permit the grid markings to be distinguished. increasing
the vertical distance above or below the XX centre line was observed
to shift the displacement profile to a similar extent horizontally.
Using this observation the gradient of displacement dxx was evaluated

between the locations of maximum Eyy ané the D-point in order to

compensate for not evaluating the strain along the XX centre line.

As expected from visual examinztion of the deformed specimens these
strain values proved highly geometry dependant. The DEK geometry
produced only small values of Exx with the CK geometry tending to
produce much larger values. The SER geometry was less consistent
than the other two showing some guite moderate Exx strains and some
very large strain values, particularly at higher a/w values. The
basic trend of large strains with CN and SEK specimens and small
strains with DEK specimens was basically maintained, especially at

higher a/w values.
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Equivalent strain at the location of maximum £

The equivalent strain was calculated from the following equation;

\42

| A . .2.0.5
£= (ZE -¢g) +2(8 -8€)" .

<Ez - Eﬁ’ L4.25

el V)

The values of Eyy and gxx used were those already considered. The
values of Ezz were calculated on the basis of constant volume.

Ex + & +8, =0 4,26

E, 8 = -k 4.27
¥hilst appreciating that constant volume in unlikely to be a totally
valid assumption any deviation due to effects such as grain boundary
cavitation should be small and elastic dilatation will be negligible,
For this approach, only those sequences after which initiation was
considered to have occurred were included. The results still show
the geometry dependance indicated by Fig. 4.19, that is the DEN
specimens tended to produce substantially smallér strains (around
24%) than the other two geometries (around 40%). The equivalent
strain approach showed approximately the same difference in the
level of sfrain between the geometries as the maximum Eyy approach.
However, the equivalent strain values were generally greater than the
maximum Eyy values by up to an additional 3% and there is some
evidence of the DEN specimens showing a more consistent tendency for
such an increase compared with the CN geometry: This would be
consistent with the DEK geometry showing a greater degree of lateral

constraint than the CK geometry.

Summation of maximumgyy with the corresponding value of Exx fcr each

position of the crack tip

In this case the arithmetic sum of maximum E&y

values were plotted against the instantaneous position of the crack

and correspond E
XX

~
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tip. Again only sequences after crack initiation had occurred were
included in the analysis. 4t constant volume this summation will

equal -1 times the through thickness strain Ezz‘ This approach proved
the most successful of all those considered so far ir tringing the
results of 211 three geometries into a single common band. That is,
this parameter was the least geometry dependant of all those considered

so far.

Behaviour for the CN and DEN geometries could basically be described
as follows. Initiation occurred at a fairly low value of through

thickness strain (computed for the position of maximum E__, Jjust

yy
ahead of the notch tip). As crack growth continued the through
thickness strain corresponding to the instantanecus position of
maximum Eyy increased to around 20% +5 after a fairly short increment
of crack growth and then stabilised around this value. It is possiktle
that a small decrease in this strain value may occur in the very

final stages of fracture but evidence at high a/w values is sparse

due to ligament collapse.

Kot éll the results of the SEN geometry fell within the scatter band
of the results of the other two geometries. This deviation was more
pronounced at a/w values between 0.6 and C.7. However the results of
the SEN geometry fell on both sides of the scatter band for the DEX
and CN specimens, indicating that this geometry does not radically

differ in behaviour to the other two with respect of this parameter.

Deviation from normal Poisson contraction

Under conditions of uniaxial tension from a -stress o&y, an isotropic

material at constant volume would be expected to produce equal strains
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in the X and Z direction, both equal to =C.5 times the strain E&y‘
Deviation from this behaviour indicates that = constraint exists
in either the X or 2 direction or in both directions but of
differing magnitudes. It has been observed that the CK and DER
geometries exhibit very different EXX behaviour. This indicates
differing degrees of lateral constraint. Consider the deviation
from Polsson behaviour in the contraction in the X=direction,
assuming constant volume and plane stress conditions:

The contractional strain Exx under normal uni-axial

conditions would be given by,

g = -0.58yy

XX

Therefore the deviation will be given by,
By ~(-0.58,.)
As a fraction of Evy the deviation Pd will be given by,

= (8, + By )/E, _ b4.26

d XX

+J

If the deviation Pd given by equation 4.28 is positive then a
constraint to contraction in the X-direction exists. A value of

Py equals 0.5 indicates that E . 1s zero so contraction in the width
direction is fully constrained. A value of zero indicates no
constraint to lateral contraction or that the stresses opposing
contraction are equal in the X and Z-directions. A negative value
of Py will arise if Exx is greater than that expected from Poisson
contraction. This would imply that the ;psistance to through
thickness contraction is greater than the resistance to width

contraction and the conditions are not those of plane stress.

This parameter Py has been evaluated using the values of maximum

Eyy and the cofresponding values of'Exx considered above. The results

are shown in Fig. 4.18f. The results show an expected geometry




106

dependance, the CI geometry (both n values but e:cluding pre~strained
Eiecimens)»gave'an average value of the Pd deviation factor of
+0.12 (standard error of mean C.02) and for the DEK geometry under
the same restrictions, an average fractional deviation of 0.29
(standard error of mean 0.01). The SEN geometry produced an inter-
mediate value for the average Pd value of 0.26 (standard error of
mean 0.04). With the DEN and CK geometries there was no deéinitely
detectable change in the value of the deviation parameter with
increasing,a/w. With the SEN geometry there was some evidence to
suggest that a decrease in width constraint occurred with crack
growth, this would not have been unexpected for this geometry.
Unfortunately the number of SEN specimens tested was too few to

definitely confirm whether or not a trend really does exist.

Fractional deviation values less than zero indicates that the ;H
resistance to thickness contraction is greater than any resistance
to width contraction. These particular instances may be indicative
of inaccuraéy but it was noticed that all the pre-strained specimens,
particularly the high stress cases, showed a greater tendency for
width cdntraction than thickness contraction during pre-straining. ;%
That is, without notches complicating strain behaviour. This was |
confirmed by both measurements from the grids and from measurements

of the specimens with a micrometer after pre-straining.

The fractional deviation from normal Poisson behaviour Py was used to
estimate the constraint stress Oy operative in the CK and DEN

- 188
specimens. This was done by use of the Hencky equations for plasticity.

Under steady state creep conditions for each single instance of time

the creep and plasticity laws can be shown to be analogous:
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E=4c Flasticity L.2g
E=24c Creep 4,30
£ = sto Creep 4,31

Hence the creep and plasticity laws are anzlcgous if:

A' = At 4.32
This approach is similar in result to application of the Hoff
analogue in which a creep situztion under steady state conditions

can be shown to be analogous to the non-linear elastic solution,

The assumption of steady state conditions is considered in cetail in
section 4.2,3.2. The validatiorn of this assumption was particularly
important in this section for the analysis of the variation of strain

with distance from the crack tip.

For the CK and DER geometries the fractional deviation from Poisson
behaviour was observed to remain approximately constant throughout

a test. This indicated that the applied tensile stress and the
constraint stress (or stresses) remained in an approximately fixed
proportion during initiation and growth. This observation enzbled
direct applicatioﬁ of the plasticity equations to the creep case.
Creep strain is given by the summation of a function of the stress for
each instance of time, whilst fhe strain under plastic conditions is

basically governed by the maxinmum level of stress attained.
+

- n

Ecreep = J: Ao .4t 4.33
= ' 1

Epla.s‘tic A c;ax L, 3

The problem of strain accumulation is hence considerably simplified

if the ratio of the stresses under biaxial loading can be considered

constant.
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The Hencky equations assume the material to be homogeneous and
isotropic so that the axis of principdl stress and strain ceincide.

This should be reasonably true for the material over which the strains

were measured but some cavitation may have been present. Proportional

loading is alsc a2 reguirement for the application of the Hencky
equations. On the basis of the observation of approximately fixed
proportionality between Exx and Eyy for a given specimen, it was
assumed that this requirement was satisfied.

let == o, and B = ¢

1 9

Then b (1=n')/2
| J1en
(g) (,;4 C B — w—prl) (-5 -E) s
o; (=0 /2n’
61= (f) (04 -r—/S — B8 -o(—,B-H) (d—é—%)LP.Bé
0_4? (t=n") /27
Ey= () (v mp = gl (-2 —k)u3

Where n'

Let R equal the ratio of Syy/Exx i.e Eyy = RBXX

Thus

R(et-B-1) = (1-«-8) | 4.35
2 2 2 2

Assuming plane stress conditions /9 =0

R(e¢- 0.5) = (1 -=) 4.40
2
<= (1+R/2)/(R+0.5) b

Xow consider the Pd value of 0.12 for the CN geometry and 0.293

for the DEN geometry. For unit strain in the Y-Girection these

deviations correspond to values of E , as fellows:

-C.5 4+ 0.12 = =0.3€ for the CN case

E.XX

E

-C.5 + 0.263 = =0.207 for the DEN case
XX

I
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These correspond to R values of -2.63 and -4.£3 respectively.
Substitution in equation 4.41 produced the following values of «
for the CK case C.14E and for the DEK case (0.327. The SEN case has
not been considered because it is expected that the degree of
constraint may change significantly with crack growth for this

geometry. The o< values calculated correspond to:

Oy = 6’75°kx for the CK case
o&y = B'Oéokx for the DEK case

That is, if the usé of the Hencky equations is permissible under the
conditions considered, the DEN geometry produces a constraint to
lateral contraction at the point where maximum ayy is observed over
twice that observed in the Ck geometry and equal to almost one third
of the applied tensile stress at this point. Introducing a small
through thickness constraint such that 8= 0.05, then using the same

values of R in equation 4.39:

c&y = 5'26°kx for the CN case
o&y = 2'75°%x for the DEN case

That is, the DEN geometry still shows around twice the lateral

constraint seen with the CN case.

Crack Opening Displacement

It has been shown from the grid analysis that displacements near the

.crack tip, that is closer than the D-point, result from the

combination of a uniform strain Eyy and a non-uniform displacement I.

The total displacement d along any vertical line across the XX centre

line is givenby:
d =1+ HByy 4,42
Where H = operative gauge length
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The exact position at which the COD should be evaluated is open to
some debate. The crack tip is initially the most obvious location.
However, at this location the material is teing observed in its final
stage of a necking process and observations at this position would be
unlikely to provide much insight into the controlling criteria for
crack advance. The D-point marks the location of the onset of the
non-uniform contribution which appears to arise from localised
necking. The onset of this non~uniform contribution to displacement
‘could be considered to represent the onset of the final failure
process. The D-point is hence another position at which evaluation
of the COD should be considered. A third possibility is the position
at which Eyy reaches its maximum value. The position of maximum

Eyy is roughly midway between the crack tip and the D-point. The
summation of Eyy and Exx at this point has already been shown to
represent a good criterion for the crack advance in all three
geometries. Also failure criteria for sheet forming under biaxial
tension have shown that the onset of failure is started by the
formation of a groove, but ultimate failure is controlled by the strain
in the bulk sheet after the initial formation of this groové?e

Hence the use of the position of maximum Eyy for evaluating the COD

has some justification.

Moving from the D-point to the position of maximum Eyy and on to the
crack tip the contribution of the non-uniform deformation to the COD

value will be increasing in importance.

It is unlikely that all the displacement described by equation 4.42
for any one of these three locations could be described as the true
COD as some of the displacement may occur outside the region bounded

by the flanks. However, it seems reasonable to propose that the
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true COD may show some degree .of proportionality to a quantity

evaluated on this basis. Evaluaztions based on equation 4,42 shall be

referred to as equivalent COD values. The main problem with this

approach is in specifying the length of the gauge length H.

For equivalent COD values at the D-point the gauge length is

unimportant provided that it may be considered constant during crack

growth. If H is constant then the equivalent COD is simply

proportional to the D-point strain as the value of I is zero. é‘
This means the COD will be strongly geometry dependant as shown in
Fig. 4.18b and schematically in Fig. 4.19. As the non-uniform
displacement is only observed near the crack tip, this region can be

considered similar to a plastic zone under IEFM conditions. If this

zone can be considered circuiar then the non-uniform contribution can
be considered to occur over a distance equal to the distance of the
crack tip from the D-point. It would seem logical to adopt this length i

for the gauge length H for equivalent CCD evaluations at both the

crack tip and region of maximum Eyy' For the CKN and DEN specimens
.this distance was found to be approximately equal to Zmm. Equivalent
COD values using a gauge length of 2mm are shown in Fig. 4.18g(i)

Tor the crack tip position and Fig. 4,18g(ii) for the position of

maximum Eyy‘ Only cases for which initiation was considered to have

occurred have been included.

Approaching the crack tip from the D-point the non-uniform
displacement contribution to the equivalent COC becomes Progressively
more dominant and there is a marked decline in the geometry
dependance of the COD values obtzined. However even at the crack tip

there was some evidence of slightly larger displacements with the

Ck specimens. The basic trends of the equivalent CCD evaluations

made at the crack tip and at the position of maximum Eyy were similar,
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As with the plots of meximum Eyy and D-poirt strain etc. there was

evidence of an initial increase in equivelent COD over the first |

0.05a/h of crack growth. After this initial increase there was

little further change in the equivalent COD values.

Although comparatively geometry independant the equivalent COD

. based on crack tip measurements is not considered a good criterion
on which to assess crack advance. t appears that the geometry
independance of this equivalent COD value at this position is due to
the geometry independance of the necking phenomenon masking a i
geometry dependant uniform strain. This uniform strain will be
the more usefwl description of the imminence of failure. Numerical

techniques for predicting crack growth on the basis of stress and strain

computations will be more able to deal with a critical uniform strain

than & displacement arising from local necking.

It is interesting to note that the equivalent COD values at the crack
tip, typically somewhat less than lmm, are in fact smaller than
initiation COD values estimated from measuring the opening of the
notch flanks, These estimates are listed in Table 4,5 and were made
by measuring the notch flank opening from photographs. This technique
proved to open to a degree of personal interpretation and the results
are only considered suitable for comparison Wwith the equivalent COD
values. For some specimens estimations of the COD values during
growth were made by projecting the lines of the notch flanks forward
to the position of the instantaneous crack tip and measuring the
separation. Examples of the COD estimations made in this manner for
a DEN and CI specimen are shown in Fig. 4.20 . For both geometries

the estimated COD increases with crack length to an unrealistically

high figure. The difference in the COD behaviour during growth
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depending on whether the evaluation of the COl is made by the notch
flank projection method or by an equivalent CCD approach is discussed

in section 5.2.

Effect of test variables on ma jor strain observation

The effect of basic specimen geametry (DEK, CN or SEK) has already been
considered in the analysis of the me jor strain observations. The
effect of some other variables will now be summarised. These variables
include

stress level

thickness

creep pre-strain

notch root radius

starter notch length

Stress level

There is 1little evidence to suggest tbat the level of the applied
starting stress caused any significant effect on the magnitude of
the strains observed. Ko changés correlating with starting stress
level were detected in the equivalent CCD values. This was also
basically true of the values of the deviation from normal Poisson
behaviour. However, it was noticed that the high stress pre-strained
specimens TS 18 and 26 could account for a large proportion of the

negative values for this parameter.

Test Specimen Thickness

The maximum values of Syy obtained for a DER and CN specimen from each
of the three thicknesses of sheet used are shown in Fig. 4.21. No
definite trend with thickness could be identified from this figure.

This 1s-also basically true for the corresponding values of EyY but
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trends with this parameter appear less easy to identify. The results
of the 1.6mm specimens and the 6.2mm specimens all fall in the
general scatter band of results for the summation of Eyy and Exx'

A trend for the thicker specimens to show a lower deviation from normal
Poisson contraction than their thinner counterparts could exist.

The significance of the observation is doubtful as the variation in
P, is not sufficient to cause the results of these specimens to
deviate from the éeneral band of scatter. The equivalent COD is the
only parameter considered that is not calculated entirely from Eyy’
Exx or both. The equivalent COD values were free from any

detectable correlation with thickness once crack growth was
established but the equivalent COD values at the crack tip for the

thicker specimens TS22 and 2€ were lower than average during the very

early stages of growth.

Creep Pre~-Strain

These specimens would be expected to show a deviation from the
normal Exx behaviour for their respective geometries due to the lack
of constraint from the notches during pre-straining. This was
particularly noticable for TS26 which was of the CN geometry and
extensively pre-strained (14.3%). The results of the summation of
the maximum value of £ _ and the corresponding value of Exx for these
specimens fell close to the results for the specimens that had not
been pre-strained. This would not be the case if only that strain

accumulated af'ter pre-straining was considered.

Notch Root Radius

The principal effect of increasing notch root radius appeared to be

a reduction in the lateral constraint during initiation and in the
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first stages of crack growth, but the effect appeared to become
Tairly insignificant after a short length of crack is established.
The reduction in lateral constraint was apparent from the three
specimens with very large root radii all showing larger value of axx |
and smaller values of Pd than was typical for their respective
geometries. However, on the basis of the sum of the Eyy and Exx
strains the behaviour of these specimens was consistent with that

shown by the other specimens.

tarter Notch length

One specimen TS25 was tested with starter notch lengths corresponding to

0.65 a/w as opposed to around 0.33 a/w. During initiation this

specimen exhibited an above average deviation from normal Poisson
behaviour. As crack growth became established in this specimen all

the strain parameter values and the equivalent COD values were

observed to approach those typical for the DEN geometry. Unfortunately
ligament collapse occurred in this specimen after only a short

interval of crack growth.

4.2.3.2 Strain Profile Analysis

In order to predict the rate of advance of a creep crack in a meterial
it will be necessary to know the criteria controlling crack advance
and also the nature of the stress distribution ahead of the crack

tip. This will enable an estimate to be made of the rate at which

the criteria controlling crack advance are satisfiec.

Functions predicting the variation of stress with distance from the

tip of a creep crack have been proposed as follows (see Section 2.4,2)

MX-(l/Zn) L.43
e~ (1/071) bbb

o8

o




From hortons law it can be seen that these relationships correspond
to:

£ ~ x~(0/20} 4.bs

£ o 5~ (/010 .16
It was decided to compare the strain behaviour of €  observed in
Practice with that predicted from these relationships. The strain
distributions considered were those profiles of strain versus distance
derived from the analysis of the specimen grids. Only that part
of the experimental profile further from the crack tip than the
D-point was considered suitable for analysis. This exciuded the
immediate near tip region and also ensured that the uniform strain
could describe all the creep deformation observed at each point
considered. During the very early stagés of a test the D-point would
tend to be close to the position of maximum Eyy' In such cases the
analysis only included that part of the strain profile for which

there was a continued increase in the rate of change of strain with

distancé, approaching the crack tip.

Usually only a sectior of profile covering a distance of 6mm was
analysed. Theoretical analyses of problems of a similar type»have been
considered to apply for a distance &, approximately equal to either

one half of the crack length or one half of the remaining ligament
length, which ever is shortelié3 The minimum value of ¢ seen during a
test between 0.33 and C.7 a/w equalé 6.6mm for the SEN case and 3.4mm
for the DEN and CK geometries. Hence for the latter two cases 6mm
exceeds the minimum value of 4, but it was considered necessary to use
2 section of profile around this length in order to obtain a

representative impression of the strain distribution. Experimental

strain profiles for high a/w values, where compliance with this
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requirement is likely to be more important due to edge effects or
interacting stress profile effects, are in the minority for both the

vy

Ll and CK ceases.

The theories proposing stress distribution of the type to be considered
require the material to be deforming uder steady state conditions.
It has been assumed that this is the case at all times in this work.
This assumption of steady state was made on the basis of two
observations. Firstly, the distribution of the difference in strain
between sequential strain profiles were plotted out against distance
from the specimen YY centre line. These strain difference values
were then normalised so that the mid-range value for each profile was
the same., It was then observed that for a given specimen these
profiles were all of e similar shape. By ﬁoving the profiles in a
horizontal direction (along the distance axis) all but the profiles
from very high a/w values would approximately superimpose. Examples
from sample specimens are shown in Fig. 4.22. As can be seen the
superimposition would not be perfect but is considered a reasonable
indication of steady state deformation, especially when account is
taken for the fact that each strain difference profile covers
different intervals of crack growth and time. Also this approach is

compounding the errors of two experimental profiles in each case.

If an error of say , +2 on the percentage strain distibution was
carried over to the strain diference distribution it would represent

a considerably larger fractional error here than with the original

strain distribution. Consideration of these factors has in fact

necessitated a rather indirect means of analysing the strain profiles

observed during growth.
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The secondé observation supporting the general assunption o steady
.state deformation is from the results of the smooth bar creep tests
shown in Teble 4,1. The results of these tests indicated that the
interval over which the primary creep regime was observed repreéented
less than 20% of the typical notched rupture test initiation time
for the respective starting stress levels. Also the contribution
to the creep deformation resulting from the primary regime,
additional to the strain that would have been accumulated if
deformation was entirely of the type seen during the secondary regime,
was small. This contribution was less than 1% for a starting stress
of 5MNm-2 and around 4% for a starting stress of 20MNn~%.  In
addition, the variation in the contribution from the primary creep

regime over the stress gradient expected would be compatible with,

or less than, the experimental error.

Elastic strains have been neglected throughout. The Young's modulus
of Magnox AL80O at the test temperature of BOOOC is giveglas
approximately 35GNm-2. Hence, even a stress of 35Mﬁm-2, close to
the short term UTS of the material at this temperature, would produce

an elastic strain of only about 0.1%.

The analysis of the experimental strain profiles was split into two
parts, i) initiation ii) during growth, the latter between 0.35 and
0.7 a/w as it was considered doubtful that near steady state

conditions could prevail at higher values of crack length and crack

growth rate.

Initiation
In elastic-plastic fracture mechanics the presence of a plastic zone

displaces the origin of the Ty stress distribution from the crack
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tip to the mid point of the Plastic zone. As the presence of a
non-uniform deformation zone has been observed for all specimens,
in all sequences, it was considered probable that such a displaéement
may occur here as well. This means that it cannot be assumed that
the position of x=C for the stress distribution is located at the

crack tip.

During initiation it can be considered that the stress distribution
will be stationary and hence the function describing strain rate

will also describe strain. To compensate for the uncertainty in the
position corresponding to x=0 for the stress and strain rate
distributions, the strain dependance on distance was evaluated for

a range of positions of x=C, see Fig. 4.23. Regression analysis of
log.Eversus log. distance from the present position of x=0 were
performed. The positions of x=0 were recorded for which correlations

were obtained corresponding to the following:

£ o X-(l/Z) 4,47
E « X-(n/n+l) 4.48

The results are shown in Table 4.6 and can be summarised as follows.
Normally good correlations were obtained with both strain dependancies
on x. (i.e. regression coefficients better than 0.96 absolute).

The position of x=0 for the correlation for the exponent equal to
-(1/2). Eguation 4.47, averaged 1.78mm from the crack tip (standard
error of the mear C.18). The correslations for the -(n/n+l) exponent
and equation 448, averaged 0.97mm from the crack tip (standarc

error of the mean 0.21).

Growth

Analysis of the strain distributions observed during crack growth




" REGION CONSIDERED

STRAIN

X=0
_FLOAT X=0 X+

- - P |

X=0

DISTANCE

SCHEMATIC REPRESENTATION OF
ASSESSMENT OF STRAIN
DISTRIBUTION

F16.423




£
b

TABLE OF STRAIEK DISTRIBUTIOK CORRELATIONS DURIKG INITIATIOL

SPEC. | SZQU.| DISTANCE OF POINT x=0 AZZAD OF NCTCH T1r 3
£ oy~ (0/20) £ e~ B/BHL)

¢ 2 2.4 1.14
10 2L 0.6 0.2k 8
10 2R 1.62 .o

11 2 1.2 c.L
12 2 0.86 /
12 3=2 / 1.26
13 2 2.22 0.72 |
13 3 14 /
13 | 3-2 1.6 / |
14 2R 2.4 c. |
14 2L 2.2 0.24
15 2 0.63 / |
16 2 2.26 0.26 : a
16 3 2.6 0.4 j 8l
16 | 3-2 2.52 0 1
17 | 3-2 2,64 1.24 | f;q
17 4 / 2.6k
17 5 / 3.2 g
17 | 54 / 3.2
19 | 3-PS 1.66 0.
22 3 .5 /
22 | 3-2 / 0.75
23 2 C.75 /
2l 2 / 1.7
25 3 1.25 0.3
25 | & 0.3 /
25 |32 1.5 0.25
26 | 3-Ps 2.0 1.5
27 2 4.2‘ 1.9
28 2 2.0 0.
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was less simple than for during initiation. The creep crack growth
tests were conducted under constant load cenditions ard hence the
nett section stress increased as the crack grew. Alsc;as the crack
.tip novec, the position corresponding to x=C for the stress
Cistribution would also advance. Hence, at any stage during crack
growth the strain profile observed had accumulated according to a
range of positions for x=C. Arising from this, direct regression
analysis of strain profiles observed during growth would not give a
true indication of the instantaneous strain rate dependence ugpon
distance. Subtracting consecutive strain profiles was not considered
a feasible method of overcoming this problem. For there to be
sufficient strain difference beiween the profiles for accurate
analysis a fairly substantial time interval would have to elapse,
with an associated increase in crack length and change in position of
x=C. Also as mentioned in the verification of steady state conditions
earlier, the subtraction of sequential strain distributions would

compound the errors of both the profiles under consideration.

The simplest way in which to determine whether the observed strain
distributions resembled those expected from a stress distribution of
the type shown in either equation 4.43 or 4.44 was to compare
experimental strain profiles with profiles derived theoretically for

these two stress distributions.

Theoretical strain profiles were computed by the method shown

schematically in Fig. 4.4, A profile representing the typical
accumulation of strain just after crack initiation was required.
Father than using a theoretically derived profile for this purpose

it was considered preferable to average several suitable experimental
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strain profiles. This should ensure that the theoretically derivec
accunulation of strain with crack growth started from as realistic
initiation strain distribution as possible. The following profiles

were used tc construct this composite starting profile:

specimen sequence

& 2 |
12 3 3
13 3
22 3
23 &4
2€ 3

These profiles were all beyond initiation and were between C.34 and
0.36 a/w. The composite profile resulting from averaging the above
profiles isAshown in Fig. 4.25. It is considered that this profile
is fairly typical of that which would be observed with either a

CK or a DEN specimen at 0.35 a/w from either exponent level. This

profile was not typical of that expected for the SEN geometry.
For this geometry experimental profiles from TS17 and 24 were used
according to the creep exponent level (n=3.5 for TS17 and n=7 for

TS24).

An equation relating crack length to time was required. FKelatlonships
predicting crack growth rate from the nett section stress weie used to
derive crack length/time relationships in the same manner as in section
4,2.2.2. The values of the exponent used in the crack growth law

were the same as applied for kortons law and the following damage

corrections were included:
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SEN geometry n=3.5 & n=7 no damage correction

CX & DEL n=3.5 0.25 a/w equivalent damage
at C.7 a/w(none at 0.35 a/w)

CK & DEX n=7 0.1 a.w équivalent damage at
0.7 a.w(none at 0.35 a.w)

These relationships were used only because experimental results
indicated that they gave a reasonable representation of experimental

behaviour.

Kow consider the actual process of numerical integration by which the
theoretical accumulated strain profiles were produced. For

the SEN case the ligament considered represented the entire specimen
width. For the DEN and CN geometries the ligament considered in the
theoretical analysis represented only half of the specimen width,
from an edge to the YY centre line., The theoretical ligament

was divided into 45 points, that is, each spaced at G.5mm for the

DEN and CN geometries and at lmm intervals for the SEN geometry.

The crack growth from C©.35 to 0.7 a/w was originally performed in

100 steps but for cases of n=7 substantial growth was occurring for

each time interval at the high a/w values. It was decided to reduce

the step size from unity to 0.25 (40C steps) to overcome this
problem. This step size was standardised upon despite the
observation that the larger step size caused only minor differences

in the strain profiles produced, and then only for large values of

a/w.

Initially the strain integration was performed with the position of

%=0 for the stress distribution at the calculated location of the

crack tip for that instance of time. For each step in time, stress




123

values were calculated for each point across the ligament from a
distance corresponding to lmm immediately ahead of the position of
x=0. This was done using both the equations predicting the

distribution of stress with distance from the crack tip, i.e.
o < X-(l/Zﬁ)‘ (4.43)

o =< x'(l/n+1) (4.44)

where x=0 at the crack tip

THese stress values were then scaled so that their sum across the
ligament for each of the stress distributions was equal to a constant.
Neglecting the 1mm region ahead of the x=0 position this simulated
constant load conditions. Using the scaled stress values, and
Korton's law, the strain accumulated for that time step at each point
was calculated and summed to that already accumulated there. The
constant in Norton's law was set so that the value of the accumulated
strain at 2 points from the position of x=0 was typical of the D-point
strains seen in practice. The crack length corresponding to the next
step in time was then calculated and the entire process repeated.

This continued until a crack length of 0.7 a/w was obtained.

The entire operation was repeated with the position of x=0 for the
stress distributions displaced ahead of the crack tip by lmm. Examples
of the strain profiles resulting from these numerical integrations

for which the position of x=0 was displaced by lmm from the crack tip

are shown in Fig. 4.26.

4 criterion was required on which to compare the theoretical and
experimental accumulated strain profiles. The need to produce the

theoretical profiles arose because during growth the strain at a point

Lo ai i
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along the XX centre line is accumulating at an ever decreasing
distance from the instantaneous crack tip. Hence if the stress

distribution is given by:

o = AX-P

Then the distribution of strain from the crack tip will not be given

by:
E = ax P 4,49
but by
t =Dn
E = A" X PR gt L, 50

where x = f(t)

The numerical integration has been an evaluation of equation 4.50.

To compare these integrations with the experimental strain accumulation
profiles it was required that both the theoretical and experimental
strain distributions were expressed in the form of equation &.49.
Regression analyses of log.accumulated strain aéainst log.distance
from a point x1=O were made on the theoretical profiles using a

range of positions of x1=O for each crack length. The technique used
to do this was the same as for evaluating the experimental profiles
during initiation., Only a section of profile was considered for each
crack length. The section of each profile started two points ahead of

that corresponding to x=0 for the stress distribution at that crack

length. The interval covered corresponded to 6.5mm for the DEF and
CR geometries and &mm for the SEN case. An exponent of -0.5 correlating

distance and strain was selected on a purely arbitory basis such that:

£ — x]%2 4.5
Given the correct location for x;=C it was found that a correlation
of this type would represent a reasonable description of the géneral

shape of all the sections of the accumulated strain profiles under

consideration. Correlation coefficient values of better than .96
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absolute were obttained with the theoretical profiles in all cases. It

was decided to use the position of x=C that was required to obtein an
hYe - £ . A

exponent of -C.5 from these regression analyses of the accumalated strai

cistributions as the criterion for comparing the theoretical and

experimental strain profiles.

The approach proposed for comparing theoretical and experimental

results may seem somewhat indirect. However, the approach has the

advantage of being less susceptible to experimental errors than comparing

the regression correlations obtained at say the crack tip or mid-way

between the crack tip and the D-point.

Regression analysis was performed over sections of the experimental
strain profiles of around émm in length. The position of xl=O required
to produce a correlation between strain and distance through an exponent

of -C.5 as in equation 4,51 was recorded for each profile. For pre- §

strained specimens, only that strain accumelated after pre-straining was

considered in the profile analysis.

The effect of changes to the starter profile used in the computation

of the theoretical strain profiles was considered. The numefical
integration was repeated using two starter profiles for which each point
in the original starter profile had beem multiplied by, in the first
case 0.7 and in the second case 1.3. These changes to the magnitude

of the original starter profile resulted in negligible change in

Position of x1=O for the correlation used for comparison.

For the analyses for which n=3.5 the maximum value of the stress

observed at any point along any section of strain profile considered in
mn~%. Stresses approaching this
regression analysis was less than 1AMFm ~. resses app

value were only observed at higher values of a/w. The creep exponent
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for Magnox AL80 is considered to increase from n=3.5 to n=7 at
around a stress level of 15.5MHm-2. It is appreciated that the
transition to the higher exponent level is likely to occur over a
range of stress level. However, on the tasis of the observations
with regards the predicted stress level and the absence of many
experimental profiles at high a/w values, it is considered unlikely.
that the transition in the level of the creep exponent will adversely
effect the éomparison of the theoretical and experimental strain
profiles for the low stress specimeﬁs. The starting stress for the
high stress specimens was ZOMNm-Z and hence always ébove the
transition threshold. The strain profiles for specimens from the
intermediate stress regime were not included in the analysis. This
was because of the proximity of the starting nett section stress

(1OMNE?) for these specimens to the exponent transition level.

The comparisons between the theoretical and experimental profiles are
shown in Fig. 4.27 on the basis of the position of x1=0 in order to
produce a correlation of the type shown in equation 4.51. The position

of x.=0 is described differently for each geometry. For the DEN case

1
it is the distance from the specimen edge to the position x1=0 and
for the CN case it is the distance from the specimen YY centre line.
Although differing in definition these-represent'equivalent measure-
ments for the two geometries relative to the notch. The SEK case.is
shown as half the distance from the notch mouth to the position
x,=0. This is also equivalent to the definition used for the other

geometries.

Considerable scatter is.obserﬁed with the experimental results. The:

results with x=0 for the theoretical stress distributions located at
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the crack tip are shown in Fig. 4.Z7a and b. There is reasonatle
agr;ement with both the x—(l/n+1) and x-(1/2n> stress distributions
but the former shows the overall better fit with the experimental
points. Displacing x=0 for the stress distributions imm ahead of the
crack tip for the DER and CK specimens improved the general agreement
between the theoretical and experimental points for both stress
distributions. However, the x—(l/n+1> type stress distribution still
gave the Eetter agreement with the experimental results. The improved
agreement between experimental and theoretical results using a
displaced position of x=0 indicated the validity of such a correction.
For the SEN'geometry it appeared that the best .agreement between
experiment and theory would be obtained with the position of x=0

for the x-(l/n+1> stress distribution displaced less than 1lmm. The
large notch diameter specimens TS15 and 27 appear to warrant a larger

correction in the x=0 position than the other specimens.

There is some evidence to suggest that for the DEN and CN specimens

at high a/w values the strain accumulation ceases to be consistent
with the operation of either the theoretical stress distributions
considered. This is supported by visual observation of some high

a/w cases in Fig. 4.15. Although this cannot be considered conclusive
this would not be entirely unexpected at high crack lengths due to

the possibility of severe material degradation leading to tertiary
créep deformation. Also with the DEN geometry there is the possibility

of interaction of the stress profiles from the two crack fronts.

Analysis of the Oy Stress Distribution

The distribution of the stress 0y, Was examined via the Exx strain

P

distributiéns. It has already been observed that the values of the
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exx strains were more susceptible to inaccuracy than the corresponding
Eyy values. From consideration of the accuracy of the £  values

XX

it was not considered realistic to attempt to compare these strain

distributions with theoretically derived rrofiles as was done for the

Eyy profiles. Instead it was considered prefefable to compare the

distributions of o&y and . by comparing the distributions of Eyy

and Sxx' A measure of the O, Cconstraint stress can be obtained

from the deviation from the normal Poisson contraction in the

#=-direction expected for uniaxial tension. This deviation Pd

was calculated as in section 4,2.3.1 from equation 4.28. Constraint

in the X-direction is indicated by a positive value.

The deviation from normal Poisson behaviour is an indication of the

ratio between the stress time integrals in the i and Y-directions.

If the deviation was found to be constant zlong correspondi sections
P

of Eyv and Exx distributions it would indicate that N is proportional

to o for this region and hence both o and o follow the same
Yy XX A

dependance on distance, assuming plane stress conditions.

As discussed earlier the wa strain profiles were evaluated from y
displacements made along lines between 1 and 1.5mm either side of the
7YX centre line. To simulate the strain distribution expected along |

the XX centre line 1lmm was subtracted from the distance of each point

from the crack tip. This displaced the strain profile back towards 3

the crack tip by approximately the distance that the strains were

assessed above and below the xX centre line. The deviation from

2 aa ~

normal Poisson behaviour Py was then evaluated for points along each
Pair of B,  and Eyy profiles. The results from specimens where

X%
reasonable Aistributions of Exx could be obtained are shown in Fig. 4.26

As expected, due to the inaccuracy of the Exx determinations the results
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showed a degree of inconsistency. However, there is reasonable support

for the suggestion that the deviation fror normal Foisson behaviour is

constant for 2 particular pair of va and Eyy distributions, and hence

o is proportional to O}y’ The DEL geometry shows a higher level of

c.... than the CK case, the average values of the deviation corresponding

i

approximately to C.4 and C.Z respectively. From equation 4.41
these deviations from normal Poisson behaviour correspond to stresses
of 0.420&y and O.ZBO&y for the DEK and CK geometries respectively,

assuming plane stress conditions,

There is no real evicence from the DEN and CK specimens that as the
crack length increases the deviation from Poisson behaviour changes
significantly. However, the SEN geometry showed a similar or greater
deviation from Poisson behaviour compared with the DEX geometry at
short crack lengths but this constraint was observed to decay as the

crack length increased.

4.2.4 Notched Tensile Specimen Metallography

Notched tensile specimens showing various degrees of crack growth have
been examined both optically and by means of the SEM. As observed
with the smooth bar creep tests cavitation was more pronounced at the
low stress regime. Forvall stress regimes damage was observed to be
at a concentrated level in the near tip region. However, it was
ﬁormally.observed to continue to some extent right across the ligement.
Damage was observed in the form of cavitation principally along grain

boundaries perpendicular to the temsile stress axis. lany of the

ey, . . s ' in:
cavities were associated with boundaries between more than two grains

Fig. 4.29, However, the length of these cavities was such that it

was difficult to determine if these multiple grain junctions
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represented the initiation site of the cavity. Indications of grain

deformation in the form of slip lines were visible in some areas

particularly with the high stress regime specimens, see Fig. 4.30.

There was some evidence with the Ck and SEK geometries that although
the cavities were preferentially orientated along boundaries roughly
perpendicular to the tensile stress axis, they weré observed in greater
numbers along the slip bands radiating at 450 from the crack tip.
This effect is visible'in Fig. 4.31 which shows a CK crack tip (low
stress, 5MNm_2) at low magnification. Fig. 4.32a shows a field 4mm
in front of this crack tip on a line along the notch plane (XX centre
line). Fig. 4.32b shows a field 4mm above the previous field in the
Y-direction, that is at 45° to the crack tip. As can be seen from
comparing Figs. 4.32a and b the damage is marginally more extensive
away from the centre line. A similar observation was made when

considering the corresponding field at 450 to the crack tip on the

other side of the centre line.

Fig. 4.33a and b show fields along a vertical line 3mm from the crack
tip of a DEN specimen. Fig. 4.33a shows the field on the line XX
and Fig. 4.33b represents those fields at 45° to the crack tip.

The difference in the extent of the damage is less pronounced in this

case than for the CN example. Fig. 4.34 shows a low magnification

photograph of the crack tip of the DEN specimen.

Examination of fracture surfaces showed high ductility and evidence of
cavitation. The failure mode was considered to be the void~sheet

mechanism with ductile tearing between cavities taking a path that

may have been at least in part trans-gramiler. The fracture surfaces
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of the low stress regime specimens took on a slightly coarser

appearance than those from the high stress regime. Evidence of
the presence of cavitation was clearly visible, Figure 4,35 shows

a typical fracture surface viewed from two angles,

























5. DISCUSSION

The ductile behaviour of lNagnox ALEO resulted in fracture showing
nore resemblance to a ductile tearing process than ic = cracking
process 1in the conventional sense. This must cast some question on
the validity of the work to the general problem of crack growth.
However it was shown in sections z.33 and 2.45 that the parameters
describing fracture cannot always be prédicted on the basis of ductility
andA that correlation with the various growth laws were observed for a
range of ductilities. This suggests that the concepts examined in
this study may find some level of applicability in less ductile
situations. The high ductility of Magnox ALEO ensured adequate
opportunity for creep relaxation prior to the onset of creep crack
growth., This has enabled information to be obtained as to the nature
of the steady state stress distribution resulting from creep

relaxation. The high ductility has also facilitated the study of the

strains and displacements in the near crack tip region.

5.1 Considerations with Respect to Specimen Geometry

Throughout this study it has become apparent that there are 3 basic

factors concerning the differences in specimen geometry which must

be considered when reviewing the experimental results of the notched

tensile tests.
These are:

i) The differences in the K-calibration curves for the different

. o st
geometries. Combined with these differences, allowance mu

also be made for the presence of a bending moment opening tne

crack mouth with the SEN geometry.

ii) The difference in the slip line field patterns

A : : of
1ii) The difference in the lateral constraint in the form

AiFFanime valinee ~f ~ for the three geometrles.
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i) The K-calibration compliance cur

ves for the three geometries

are shown in Fig. 5.1. As can be seen from this figure, over the
,

range 0.35 to 0.7 a/w the CK and DEX specimens have very similar
P o

K-calibrations. This means that the variation ip g with crack

length for these specimens will be very similar. The variation in

iith crack owth 1is of identica : .
o‘ne't't Wi gr course identical for these specimens.

The SEN geometry has much higher values for the K-calibration than
the DEK or CK and as shown in section 4.2.2.2 the SEN K~calibration
shows the greatest .percentage increase as the crack length increases.
Also the SEN geometry has the additional complication of a bending
moment. The magnitude of the bencing moment is proportional tc the

perpendicular distance of the loading points tc the neutrzl axis

1y more significant as the crack

o

and will hence become progressive
length increases. Hcwever the tenderncy of the specimen to rotate

around the pins will cause the moment to relax.

ii) Despite the similarity in K-compliance for the DEN and CH
geometries the slip line field patterns for the two geometries vary

consideratly, as is shown in Fig. 5.2. The slip lines for the DEh

case are focused back towards the crack plane, but with the CK

geometry they simply farn out at 450 from the crack tip. The pattern

expected for the SEl case is similar to that for the CK case.

tss . . . : nt from the
111) The variation in the lateral constraint became appare

. o ; spect to
experimental work. Provided that the assumptions mace with resp -

o= £rom
the application of the Hencky equations are valid, then remote from

A vealue
#(.55 the ¢ .. V&

E

45 . ) | .
“1¢ near tip region Cox for the CN geomeiry was

i £
the mazlmum value OI vy

E
10y

F

the LEl geometry. In the location of

‘ i again giving
the difference in the two geometries wac *6.11’5, the DER age £
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the higher constraint. For -both geometries the corstraint siress
LR I A [ =

o was lower in the near tip region. Tn

(PN

is decrease was not

entirely unexpected cue to the presence of a region of non-uniform
- ~OL=wll T

deformation in the near tip region. The evaluation of £ is such
yy 7

that the value obtained only represents the uniform strain ard

excludes any non~uniform displacement. This is not the case with

+ ins and thes i 3 ] i

‘he Exx strain these may be increased in value due to unstable

behaviour near the crack tip. This means that in the near tip

region the ratio of £ tc Eyy may be higher due tc the inclusion of

FX

strain from the non-uniform displacement in E'xx but not in E__.
Yy
For analysis in the ligament beyond the D-point this discrepancy

will not arise as there is no non-uniform displacement.

A decrease in the constraint would also be expected from LEFL
conciderations. A decrease in O is predicted near the crack tip

due to the presence of a traction free surface.

The observation of a higher consiraint stress with the DEK geometry

than the CN case is quite rational. The CK geometry will not develop

a high constraint stress as the edges of the specimen are free from

traction and can deform towards the crack tips in response to

longtitudinal displacement. With the DEN specimen the relatively low

stressed material constituting the notch flanks will tend to

inhibit lateral contraction on the plane of the notches. This

constraint will be balanced by the presence of & notch on each sice

. ; ; h
of the specimen, which in effect will pull outwaras against eac

other,
crease for the Dl

It might be expected that the constraint should in
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wetry as the crack length increases is &
geometr) gt as there is a greater ares

of low stressed notch and crack flark., An increase ir consiraint
was not apparent. It seems likely that this terdency fer increase
wac offset by the notch flank rotating outwards eround ine crack tip
which would reduce their efficlency in consiraining lzteral
contraction. This is also consistent with the observation of &
high Py value for the long notch specimen TS25, during the early
stages of initiation but a tendency for this value to decrease

with notch opering.

Evaluation of the o constraint values for the SER geometry was not
attempted because it was felt that the constraint with this geometry
was likely to be prone to change. Initially the combination cf very.
long notches and an expanse of ligament remote from the crack could
lead to a constrained condition. As crack growth became extensive
the tendency for the notchfree surface to deform towards the crack
tip would increase as the length of ligament separating them
decreased. The bending moment increasing in magnitude with crack
length may also assist in reducing the constraint at high crack
lengths. The bending moment will certainly promote at opening
rotation of the crack flanks which will reduce constraint.
Consideration of the differences in K, slip 1ine patterns and

constraints will influence much of the discussion to follow.

5.2 The Criteria Controlling Crack Advance

controlled by local

\7) .
and thi

The possibility that creep crack growth wWas

o - I ide
displacements was originally proposed by Jells & McErid

: ituation of
Proposal has since received much attention. Iné@ situa

. : learl
Cunulative damage such as in the cree€p regime this approach C J
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has good grounds for examination. In this work it has been found

nore advantageous to consider the total displacement contributing

to fracture in terms of a strain acting uriformly over a gauge length,
plus an additional displacement that is concentrated at the 3l centre
1ine, that is on the line of the notch plane. The observation of
rracture proceeding at a constant value of Byy for a particular
geometry is a clear indication of the fracture process being strain
or displacement controlled. COD evaluations were made at three
loczations. In the first case, at the D-point, only a uniform strain
component was present and so the CCD and strain were directly
proportional. The COD's evaluated at either the crack tip or the
position of maximum strain Eyy were not directly related to the
uniform strain at these points as they also included a non-uniform
component to the total displacement. It is felt that the inclusion
of the non-uniform displacement detracts from the usefulness of the
analysis and that to consider only the uniform strain contribution
is a realistic approach. The non-uniform displacement ariselc, from
localised necking down of the material. Once this necking phenomenon
starts, the material will lose its load bearing capacity in the same

way as the load drops in a tensile test once the UTS is exceeded.

The equivalent COD evaluated at the crack tip was seen to be fairly

independant of geometry but this was only considered to be the case
because the necking phenomenon was masking a geometry dependant

uniforn strain. When this uniform strain reached 2 liniting value

uniform material deformation gave way to instability. For purposes

of theoretically describing crack advance the unifoxm strain

Measurement is by far the most useful. Finite element computations

°f stress and strain distributions will be modelling the puild up

°f this uniform strain and the fact that final through fracture
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R

includes & geometry independant contribution to displacement through
» necking phenomenon is of little interest. The importanmt f‘actof
for successful prediction of creep crack growth rates will be the
criterion which represents the limiting capacity of the material for
uiform behaviour. Beyond this limiting criterion the meterial wiil

either crack or neck down and then tear.

The values of & vy were geometry dependant, due tc the difference

in constraint. The most successful way in which to belance the
effect of the constraint was not by use of an equivalent strein
approach as was anticipated but simply by the summation of Eyy and
B which at constant volume will equal the -1xE_ . This is in

fact, a common empirical criterion for sheet forming under bi=-axial
tension. With the sheet forming case the material 1s strained to an
extent where upon a groove is observed to form. Iviarciriak‘i?lowed
that through failure of the material in the groove occurs when the
materlal of the bulk sheet reaches a limiting value of the summation
Of Bxx and Eyy‘ This is very similaxr to the case here, where a reglon
of localiéed necking is observed immediately in front of the crack
tip., This region tears through in correlation with the bulk

material either side of the necked region reaching 2 limiting strain.
Failure controlled by a critical thickness strain can be represented
in terms of the relative values of & and vy by the failure diagran
shown in Fig. 5.3. The summation of E_ and &, Wes performed for the
values at the point of the maximum value of By, From observations
of the strains considered it could reasonably be expected that the

Summetion of the D-point strain Byy and the S’tl‘c.ln E,, &t the D-point

%ould also produce a critical strain summation value, capable cf

de Sa e
SCribing crack advance.
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The observatlon that even the pre-sirained specimens failed at
pproximetely the same summation offEvy ané €__ is further support of
3 " X - - - - -
strain controllec fracture. It appezrs thet strain accumulated

during pre-strain contributes to that reguirec for failure under

crack growth.

The large notch specimens are a further indicetion of the effect of
lateral constraint on the failure strain. The principal effect of
the large notch root radii appears to be to reduce the extent oif the
iateral constraint in the near tip region bounded by the projection
of the lines from the notch flank. The constraint typical of the
specimen type reappeared with the establishment of normal crack
flanks. This would be éxpecied when the crack flanks as opposed to

the notch flanks become the principal constraining influence.

The absence of any detectable trend between the strain and the stress
level was not unexpected. MNagnox ALEC is noted for its constant
elongation to failure over a Qery wide range of stress around the
temperature range used. Fig. 5.4 shows a plot of elongation to
failure versus stress for ALBO:‘this plot indicates that over the

stress range considered an increase in ductility of around 45% would

be expected for uniaxial tension. This is less than the scatter band

width for all the strain parameters considered so it is not really

surprising that any effect has been well masked, especially as high

stress specimens are in the minority.

As already discuscsed reservations are held with respect to the

usefulness of the equivalent COD values which are computed from

measurements taken close to the crack tip so that they include a
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contribution from material instability. However, it is considered
that the equivalent COD approach provides a more valid description
of the control of crack growth than estimates of the COD from the
) 1oz 154 173
notch flank opening approaches favoured by other workers. The
equivalent COD method gives an intication of the displacement at

the instantaneous crack tip. The projection from the notch flank

produces a progressively larger value of the COD as the crack grows.

Visual examination of failed specimens showed pronounced thinning
just ahead of the notch tip, extending above and below the XX centre
line to some distance. This thinning produced a gentle hollow in

the specimen surface just ahead of the crack tip. This indicates that
material flow from behind the notch flanks was contributing to the
COD seen by measuring the notch flank displacement. This effect

will be progressive with time and because of this, growth will occur
with apparently increasing COD values using the flank displacement
method. Strain is occurring over the entire uncracked ligament

but strain in the low stressed notch flanks is far less significant.
This results in an increased volume of -material flowing into the
region bounded by the lines of projection of the nétch flanks and the
COD is being assessed effectively over a progressively larger gauge
length. Further deformation in any of this increasing volume will
contribute to the COD observed. This effect is indicated by the
curved nature of the fracture surface of a failed DEN specimen,

see Fig. 5.5 Failure has been shown to occur at approximately
constant strain so this curviture can only arise from progressive

flow of material remote from the XX-centre line.

The use of COCD measurements from notch flank opening seems distinctly
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linited, except possibly during initiation where the material ung
A¢ ) er

examination is that immediately adjacent to the notch tip. These

neasurements during growth will be geometry dependant accoraing to
whether the notch flanks rotate on openipg as with the edge notched
geometries or open ir a roughly parallel manner as with the embedded
crack of the CN case. It is considered doubtful that correlations
obtained with this parameter are even evidence of displacement controlled
growth. This 1s because the growth rate will be cictating the
stress/time integral and hence the extent of creep flow contributing
to the apparent increase in CCL. Cecrrelations between notch mouth
opening and crack growth rate are to be expected regardless of
whether a stress or displacement parameter is conirolling fracture.
Anzlysis of actual displacements ir the materizl near the crack tip
is considered to provide the best indication of crack advance being
displacement contrclled. Unfortunately such analyses are not without
disadvantage as at present they are labour intensive and not amenable

to continuous monitoring.

Another problem with the equivelent COD approach is in setting the

value of the operative gauge length. For the estimations of the

initiation COD from the notch flank opening, it appears that the gauge

length equal to the average distance of the. D-point frcm the crack tip

; i ial y further
Was an under-estimate and that displacement in material even f

2wey is contributing to the COL. This ;1lustrates the very severe

. s
érror in Haighssgssumption of all the COD displacement occ

|42 o CD e length
along the crack plane. Cottrell's approach of the CCD 6818 gt

ie also inadequate under Creep

urring

€ualling twice the notch root radius

an occur in some cases.

Concitions where extensive material flow C



141

neoretical approaches based
T Sed on crack growth followin
& a constant

rack tip dis lacement 3 on
c P 3 typically only consider the it
uf'erm strain

contribution, and use an ecuati
‘ uation f + ~r o
~ 1 10r the CCL of the ‘typews 183

CCL = HE
The strain £ is usuelly o) ig 3 1
Eyy_" v this could be taken as g, the
equivalent strairn. In either case,in this work these have b
1 . e been shown
to be geometry dependant. However provided the gauge length
ength-H 1is
constant these theoretical predictions should provide 1id
g vali

dgescription of crack growth in a single geometry provided the oth
other

assumptions made in the analyses are valld

The initizl tendency for the major strain measurements to show an
increase in ductility over the first 0.05 a/w to 0.C7 a/w (1.1 - 1.6mm
for DEI and CN)of crack growth is considered to be due to the crack
moving out of the influence cf the relatively undeformed notch flanks.
Waterial ahead of that immediately adjacent to the notch flanks can
undergo a thickness strain with 1little constraint. As the crack grows,
material ahead of this thinned region can progressively thin down to

the sz . .
e seme extent with little éifficulty. However, the material

inmed :
ediately adjacent to the notch tip, the first material through which

the cr ‘
a . . - . .
ck will pass is constrained from through thickness contraction

b
¥ the notch flanks so an overall reduction in ductility is expected

in thj . .

this region, see Fig. 5.6. Following this 1line of reasoning the

13 cis_ gt
rge notch root radii specimens would be expected to show initiation

at .
2 through thickness strain close 1o that observed during growth.
This 4 .

s is because the wide spacing of the notch flanks would reduce their

sS contraction. It can

effect; .
ectiveness in constraining through thickne

Byy (Fig. &.19¢) 1B

be 3
seen from the summation of E and By at points for

27 occur on the top

th \
€ large notch root radii specimens TSl5 and
C.u2 a/w but were

edoe AP -
R T T . IR T, sy 'hﬂ‘tween O.L'f' an(l
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nid-range of the scatter band at higher a/w values

Having shown that crack advance is controlled by the atteinment of
critical strain logically the next step will be examine the factors
that will control how fast this strain is obtained., This will be

controlled by the nature of the stress distribution existing ahead

of the crack tip.

5.3 Stress Distribution Preceding Creep Cracks

The results of the strain analysis show that the stress distritution

o'yy observed ahead of a creep crackeanbedescribed by the expression

o o x'i<l/n+1) 5.1

Where Xy is the distance from

some point ahead of the crack tip

This is analogous to the results of the theoretical analysis by
25 . .
Barnby & Nicholson but with the addition of & displacement to the

position of the point x=C for the theoretical distributions, moving

this point to a little ahead of the crack tip. It is considered that

this equation provides a reasonable description of the operative

stress distribution for most of the creep 1ife but not in the final

stages of crack growth.

The need to displace the position of x=0 for the theoretical

p was not unexpected. 4 similar

Uistributions away from the crack ti
' . cred . fracture
displacement to the stress distributions 1S required 17 LEF!

i ic ZOne.
Mechanics to compensate for the presence of & plastic 2

ress distribution of tne

i st
During initiation the position of x=0 for &
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type X—(l/n+1) was observed to be roughly half way between the crack
tip and the D-point. Consider the situation for crack growth.

Fig. 4.16 shows the distance between the crack tip and the D-point
for the notched tensile specimens at various crack lengths. The
average of this distance for the DEN and CK specimens together is
]1.88mm and for the SEK specimens it is 0.98mm. Half these respective
distances would correspond to sensible estimates of the suitable
displacement of the theoretical stress distributions from the crack
tip. That is, lmm for the DEKN and CN specimens and O.5mm for the

SEN specimens.

Tt would appear that the region between the crack tip and the D-point
may function in redistributing the near tip stresses in a similar
manner as the plastic zone under LEFM conditions. One fundamental
difference does exist between the D-point region and a conventional
plastié gzone. That is, the plastic zone is strongly dependant in
size upon the level of the applied stress, but the extent of the
D-region, does not appear to be significant affected by the stress
level. Even an increase in stress level by a factor of x4 failed to
cause a consistently observable change in the size of the D-region.
This suggests that the D-region is more of a geometrical effect than
a stress effect. It is possible the D-region is principally where
non—uniform behaviour occurs to accommodate the opening of the crack
flanks., It will be related to the materials capacity for uniform
strain and the ability for local through thickness contraction to
accommodate the concentration of deformation in the near tip region
bounded by the notch flanks.

These results are basically compatible with the experimental results
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of Barnby & Licholson who also found it necessary to displace the

position of x=0 for a x”(l/nﬂ> type stress distribution away from
the crack tip in o;der to obtain agreement with experimental results.
tlthough they recognised the importance of such a displacement they
were unable to correlate its magnitude with any observed characteristic.
Hicholsoﬂz%onsidered the displacement to be strain rate dependant

and attempted to define the displacement by use of a stress function.
This is not consistent with the observations here. Nicholson worked
on stainless steels such as AISI 316. It'is possible that with these
less ductile materials the near tip zone may respond to the stresé
level in a manner more similar to a conventional plastic zone rather
than to the geometrical considerations proposed here for the D-zone

in an extremely ductile case, where the response of the entire

ligament is already plastic.

It was observed that the stress G%x remained approximately proportionai
to & -over the region of the strain profiles considered. This also
was not totally unexpected. The cyy gradient along the X~-direction
produced a gradient of strain Eyy‘ Greater flow in the Y=direction
being associated with the larger values cf c&y. Under constant volume
conditions this strain Eyy must be accompanied by contractions in

the other two directions. The requirement for X=direction flow or
strain Exx will hence follow a similar gradient in the x-direction

as Eyy' The lateral flow of material near the crack tip will be
constrainéd by the material progressively further from the crack tip.
This will result in & gradient of Ty of a similar nature to that
describing the variation in o&y with distance in the xi-direction. The

magnitude of the constraining stress gradient will be geometry

dependant for the reasons discussed earlier in section 5.1.
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Some decrease in o, Was reported in the region close to the D-point.
A similar decline is observed under LEFM conditions as the o,

value decays to zero at the traction free surface of the crack tip.
The stress Ty must decay to zero at a traction free surface so

urder creep conditions where flow is possible a decline in the o

constraint in the near tip region would not be unexpected.

arsr
Paa

The observation of proportionality between o7, and G§y means that if
plane stress conditions can be assumed (o;Z = 0; then the equivalent
stress focllows the same dependance on distance as was proposed for

o}y. Consider the equivalent stress given by:

- 2 2 \2+0.5
o —'% ( (o3 = 03)" + (03 = 03) + (03 = 07)7)
of 03 = 0 and o, = Mci then:
- -\ \2 / 2 ‘\Z‘VO-
= % ( (o = Mog)” + (og)” + (=o7/7) 2 5.2
o = o (L=-H+ 1~12)0'5 | 5.3

As it has been shown that for each specific case ki is a constant for

the stress distribution along the iX centre line, if:

\ _: \
oy < x"(l/n+1) then o"«<X (1/n+1) 5.4
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5.4 Crack Initiation

It has been proposed on the basis of a critical COD approach that
creck initiation time should correlate with K™, This was not found
to be & good description of crack initiatior in this study. The
regression analysis showed the principal factor controlling crack
initiation to be the nett section stress although the importance of
specimen geometry is accepted. Regressing initiation time against
either just XK or Just O ett 82VE better correlations with O ett’
From approaches splitting the K function into stress and geometrical
features, the stress feature was always the more significant factor
both from the basis of a larger exponent value and from the T tests.
Use of correlations with the stress term related to céross rather
than Cett improved the significance of geometry term. This is

because Cheit takes account of the principal geometry feature, the
(%

crack length and hence chettand the Y function are not totally

independant.

The most prokable reason for failure of the theoretical predictions is
that they rely on small scale yielding. In practice the near tip
deformation was extensive, and probably modified the near tip stress

distribution to a greater extent than a2llowed for in theory.

For a given crack length around C.35 a/w the DEN geometry will have a
marginally higher K value than a CK specimen for the same nett sectlon
stress. The observation of the tendency for a DEN specimen to initiate
in a longer time than a CN specimen under similar conditions tends to
reflect the importance of the difference in lateral constraint present
with the two geometries. The higher constraint with the DEN specimen

will slow down the accunulation of strain and could effect initiation.
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Increasing the constraint, for instance increasing starter notch

length, would be expected to increase initistion time further as

was observed with TSZS.

The consideration of the constraints can be applied to the
examination of the variation in initiation time with specimen
thickness. One explanation as to the tendency of the thinner sheet
to initiate first is that the 1.6mm material haé a sigrificant
finer grain size than the others. From Equ. 2.2 this would be
expected to result in a faster creep rate which lead to faster
initiation. However, this is not}the only consideration. For these
specimens no significant trends concerning the maximum values of
eyy or £he corresponding values oOf Exx could be determined
corresponding to specimen thickness. There was inconclusive
evidence of a possible trend for the deviation from normal Polisson
behaviour to be smaller with the thicker specimens. This would not
be unexpected. It is considered that this effect is not due to 2
decrease in the lateral constraint c;x but to an increase in the
through thickness constraint o, . An increase in the through
thickness stress would reduce the effect of the lateral stress in
preventing contraction in the x-direction. Based on observations
of Exx and Byy there would be an apparent decline in % x if the
increase in 0, Was not taken into account. Increasing specimen
thickness would be expected to increase through thickness contraint
particularly in the vicinity of the notch. This is due to the
increase in the area of the low stressed notch flanks in the plane
of the notch. As this low stressed area increases in size with

specimen thickness the constraint to thickness contraction in the

area immediately adjacent to the notch flank is bouncé to increase
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see Fig. 5.7. As stresses are acting in the i and Y-directions

this thickness constraint would give rise to a hydrostatic stress
component and would hence reduce the rate of accumulation of strain
£ . As failure in all the specimens was successfully characterised

Yy

by the summation of Eyy and axx’ this hydrostatic component would be
expected to delay initiation. One point emerging from this is that -

the damage leading to failure is more strongly correlated with strain
than with a hydrostatic stress component. If the hydrostatic stress
was the primary factor controlling damege accumulation leading to
fracture, then the thicker specimens would be expected to initlate

first and at a lower value of the strain summation.

The factor controlling initiation would appear to be the constraints

to the accumulation of strain, in particular Eyy as Eyy will dictate
the total level of strain in the other directions. To describe
initiation an approach will be required that will take account of the
variation in constraint due to geometry. An approach at correlating
initiation times whilst considering the O constraints observed was
attempted by using the equivalent stress. Using the values of Tx

= O.BBO&y for the DEN specimens and 0.1503”y for the CN specimens and by
substitution in the equation 5.3 the following relationshire were

obtained:

It

o O.EB}chett for DEL .5

- G + IS
ol O"Bohett for Ch _5.6

The stress concentration at the crack tip was ignorec on the basis of
that the near tip stress redistribution would. probably ensure that it
was of 2 similar level for both geometries especially as the K values

wouléd be similar anyway.
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From ihese values the following regression was obtaine¢ for n = 2.5

t. = 2.1z 107 - r = 0,97 5.7

This is a better correlatior than with elit! Oeit OF Just X
i v

ars -

and predicts the initiation time for DEL specimens to be approximately
2% greater than for Ck specimens of the same nett section stress,
which is compatible with exéerimental results. It 1s interesting

+o note that the stress exponent in equation 5.7 is very close to the
greep exponent n. This again would tend to indicate strain control

of the initiation event, as initiatiorn time and the accumulation

of strain have the same stress dependance. The Sk geometry has not
been included in this o analysis because of the uncertainty in the
level of the stress arising from the bending moment. Any stress
contribution due to bending will raise the level of c& and hence &lso
the equivalent stress and result in faster initistion as is observed
with this geometry. The level of lateral constraint present with the
SEN geometry is also uncertain. It 1s probable that some effect

of the much higher X value associated with this geometry will be at
least in part responsible for the reduced initiation time seen with

these specimens. This suggests that the most complete description

of initiation may be derived from an expression of the type:

B.n _.an
ti =AY -~ ©

The residual importance of X is supported by the initiation times
of the large notch root radil specimens. These specimens showed
comparatively long initiation times for their geometries. The low
value of consiraint stresses o and 2 would be expected to
result in fairly fast initiation time but the initially low K value

associated with these notches has obviously reduced the level of

s

the equivalent stress in the rear tip region.
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For C.23 a/w and the same nett section stress the K value for a
Sl specimen is over twice that of a Dok specimer. Rssuming similar
degrees of lateral constraint (i.e. same ratio of é%x/o&y) ané that
the ratio of the near tip stresses are the same as for the K values
(from egquation 2.27). ZEguations 5.7 estimates the difference in
initiation time as follows:

= 0.05t,

Y (sER) i (DEK)

In practice ti(SEH) = o'lsti(DEH) approx.

Hence the redistribution of stress under creep conditions must reduce
the difference in local stress reflected through K. This is
consistent with the low exponent values for the Y-function in the
regression equations 4.12 - 4,16 (these exponent values were around

- 0.S for n=3.5 and arounc-C.3 for n=7;.

5.5 Crack Growth Behaviour

The resulis of the crack growth work show that neither

da = AKm

' m
or da = Bo
e nett

will provide a universal description of creep crack growth behaviour
in Magnox AL80, regardless of the value of m selected, even when
considering results for a singlé value of the creep exponent n.

From examination of the results it would appear to be possible to
correlate individual specimens with one or both of these growth laws
by manipulation of the exponent, but such correlations would be
distinctly local, that is, specific to that specimen and not a

description of the behaviour of other specimens.

The process of crack advance has been shown to be strain or displacement

controlled. This suggests that it would not be unrealistic to expect
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crack growth to show a similar dependance on stress as is shown by
normal creep deformation. This means that the expcnent for the
stress function in any law describing crack growth would be expected
to be related to or equal to the creep exponent. Arising from this
consideration the K approach cr the Clett approach couléfgg expectea
to constitute more than approximations of the observed behaviour.
This is because the results indicate that the stress distribution
preceding the crack tip is only defined by K for values of m=1l and
by Oﬁett for values of m = infinity. Despite this observation

correlations with both K and Chett have been reported by several

workers.

A point which should be emphasised first is that the method used
here to compare crack growth behaviour is tasically comparing the
change in growth rate with change in crack length rather, than
comparing the relationship of growth rate with crack length i.e.

da_ versus a or t 5.9
“4

pa

jol)

rather than

e
Hl

versus a or t 5.10

The increase of O ett and of the finite geometry K functions for the
DEN and CN with increasing crack length are very similar as can be
seen from Fig. 4.G. This provides a possible explanation why good
simultaneous correlations with both T ett and Kfinite are not uncommon.
The strain analysis section of this work has clearly shown the
existence of a steady state stress distribution ahead of the creep

crack tip. It has also shown that a significant accumulation of strain

far in advance of the near crack tip region can occur particularly

for the DEN and CN geometries. crack advance has been shown to be
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strain controlled. The accumulation of strain ahead of the crack tip
must influence the rate of crack advance in that as the time increaseéA
the crack tip will be growing into progressively more pre-damaged
material. The effect of accumulating damage is endorsed by the creep
pre-strained specimens. The results of the pre-strain tests showed
that strain accumulated in the material prior to the arrival of the
crack tip is contributory to the total required for fracture. The
failure to take account of accumulating strain is a major weakness
of most of the theoretical approaches to predicting creep crack

growth rates.

The inclusion of a damage allowance to the theoretical chett
distributions was seen to improve agréement with experimental results.
The level of the damage correction necessary to enable approximate
agreement between the theoretical and experimental results was not
consistent with the predicted level of the loss of ligament observed
due to cavitation. The loss of ligament due to cavitation was
estimated on the basis of the stress and strain levels from the
quantitative metallographic results of the smooth bar creep tests.
This suggests that damage should be considered in terms of the

exhaustion of strain capacity rather than simply the loss of load

bearing ligament.

With higher exponent values there will be a tendenc& for a pronounced
accunulation of strain in the near tip region, declining rapidly to
an asymptotic level. Lower cTreep exponent values will show a more
éradual decline in the level of strain from the concentrated level
near the crack tip, (compare Figs. 4.26a and b). The more gradual

decline in strain level with lower creep exponent values means that
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on a strain exhaustion basis the lower exponent crack growth results
would be expected to reguire a greater damage correction than their
high exponeni counterparts. Thic is because the effect of damage
accunulation well ahead of the near tip region will be more

pronounced for the low exponent case.

The type of damage correction applied here is not particularly
appropriate for compensating for damage in the form of strain
exhaustion. For allowing for loss of ligament due to cavitation the
correction was valid apart from ignoring the fact that damege ciose
tc the crack tip will have the most influence on crack growih rate.
On 2 loss of ligament basis the correction represented the same
extent of damage at both exponent levels which is noi the case if 1t
is correcting for strain exhaustion. A damage correction in the form
of additionzl crack length at n=7 will be equivalent to a greater
amount of strain exhaustion damage than with n=3.5. This is because
the extra crack length represents additional nett section stress and
at a high value of the creep exponent a change in stress has
consicerably more effect on strain and strain rate than the same
chaﬁge at a low exponent. For instance, say for a small finite
distance, strain accumulation has reduced theamount of further strain
required for fracture over this interval by half. This can be
expected to approximately halve the time taken for the crack tip to
cross this interval. This could be compensated for in the Tett
growth law by doubling the strain rate arising from the applied stress
To double the strain rate at n=7 the stress must be increased by
%x1.1C and at n=3.5 by x1.22. Deterioration in the form of strain

exhaustion does however excuse the tendency of the damage correction

method to meke the increase in damege with crack grovwth very pronounced.



154

In general it would be expected that correlations with the
theoretical crack growth relationships woulé have exponent values
slightly higher than the creep exponent values. This will accommodate
the greater cﬂénge in growth rate due to amage accunulation than is
predicted theoretically without considering this phenomenon. For
reasons already discussed this effect will decrease as the creep

exponent increases.

The occurrence of ligament collapse close to 0.7 a/w was unfortunate
in that it limited the extent over which crack growth could be
observed.. However it does represent the extreme 1limit of damage
sccumulation. It seems probeble that tertiary effects are almost
certain to be responsible for some of the acceleration in growth rate
observed leading to ligament collapse. The onset of tertiary
behaviour is supported by the @ eviation of the strain accumulation

at high a/w values from that predicted by the theoretical stress
distribution. This suggests that a breakdown in steady state ccndiiions
may be occirring at high a/w values. Also the strain level at the
edge of a CK specimen at around 0.7 a/w would be around 30%.

The CN geometry is that most resemblant of a smooth bar specimen in
respect to the lateral constraint stresses. A strain of around 30%
in a smooth:bar specimen would suggest that tertiary behaviour could
be expected. In addition, the high stress specimens will be
approaching the UTS of the material for uniaxial tension éround

C.7 a/w. The biaxial stressing will elevate the UTS to some extent

but the onset of unstable behaviour would be impending.

It was observed that reducing the crack growth interval in order

to eliminate the effects of Ligament collapse as much as possible dia
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not dispel certain trends in crack growth behaviour, such as:
i) The tendency for the SEN geometry to show very little change
in crack rate
ii) The effect of creep pre-strain to reduce the change in
growth rate

3ii) The effect of increasing specimen thickness to increase the

change in growth rate.

Consider the tendency for the SEK geometry to exhibit a much more
even growth rate than the other geometries. A similar tendency has
been observed by Bain in HK40\%$ér a2 range of temperatures. There
are two factors which may contribute to this effect i) the ability
of the SEK geometry to confine the strain remote from the crack tip

to a low value ii) the tendency for this geometry to exhibit shorter

crack initiation times compared with the DEK and CL cases.

Unfortunately the number of SEN specimens tested was rather limited
but both of the factors above are consistent with the observed

crack growth behaviour.

The ability of the SEN geometry to confine strain accumulation and
hence damage close to the crack tip will mean that the crack will be
continually growing into material of a more uniform condition than
for the other two geometries, for the same change in a/w. Damage.
accumulation prior to the arrival of the crack tip has been shown to
contribute fo crack growth and so this effect must reduce the

tendency for the SzK crack to accelerate.

Also the SEN geometry tends to initlate a through thickness crack in
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a shorter time than the other geometries. This rapid initiation
would allow a greater interval for growth pefore tertiary effects

started to cause a significant increase in growth rate.

Consider the large notch root radius SER specimen TS27. This
specimen will have a Qery low K value prior to inifiation. This
specimen showed a very long initiation period and a change in crack
growth rate with crack length that was greater than for the
conventional SEN specimen but still less than was seen with the DEW
and CK specimens. This suggests that both the strain distributioﬁ

and the initiation periods are important.

Another point to consider is the ‘rezl time' interval between
initiation and failure. These time intervals will be inversely
proportional to the average crack growth rate. These times are

shown in Table 4.5. The SEN specimens for n=3.5 showed an overall
-faster growth rate than the DEN and CK equivalents, but for n=7

the reverse is true even to the extent of offsetting any reduction

in crack initiation time so that the total time to fracture was in
fact longer. The stress intensity factor is more likely to be
influential under a low creep exponent value. This follows from the
stress foliowing an x-l(l/n+l) type distriﬁution and hence resembling
the ¥ distribution more at low exponent values and O ety MOTE at high
values. This can explain the tendency for the SEN geometry to show
rapid crack growth at n=3.5 as the high X value for this geometry may
still be partially effective. The tendency for slower than average
crack growth for the SEK geometry at n=7 1s not explained by
consideration of the difference in K values for different geometries.

This slower than average crack growth is most likely to be due to
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the tendency of this geometry not to cause extensive strain
accumulation and hence creep damage other than in the near tip
region. It should be remembered that the SEK crack has to cross
twice the length of ligament compared to cne crack of a DEN and Ch

specimen for the same a/w change.

Consider the observations with regards the effect of specimen thickness
on c;ack growth behaviour. Thicker specimens were observed 1o show
' more change in crack growth rate than their thinner counterparts.

From Table 4.4 it is seen that thinner specimens initiated faster

and the growth intervel leading to final fracture is also reduced.

A short initisticn time and rapid growth would tend to reduce the
chance of tertiary effects in the ligament causing a substantial
increase in the crack growth rate éuringitne final stages. This is
consistent with the thin specimens showing least change in crack
growth rate. If increasing the thickness resulted in a uniform
thickness constraint across the ligament there should be no chénge

in the normalised growth rate. That is, the true growth rate will be
slower for thick specimens but the normalised time representations

£ crack growth should be identical. This would be the case if the
only effect of thickness constraint was cue to the grain size variation.
However thicker specimens showed a distinct tendency for greater
acceleration in crack growth rate at high a/v values. This suggests
that ligament damage effects are inhibited differently ana less
severely than the accumulation of strain at the crack tip. The
accumulation of strein in the ligament will be inhibited in the
thicker specimens by the larger grain size which will reauce the creep

rate. The accumulation of strain at the crack tip will be affected

by grain size but it will also be affected by any change in through
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thickness constraint due to the notch flanks. This through thickness
constraint is bound to increase with specimen thickness, but ithe
effect will only be apparent in the near tip region, (as discussed

in section 5.4 with respect to crack initiation).

The pre-strained specimens tended to show less change in growth rate
than wWas normal For their respective geometries. The effect of creep
rpre—strain would be to give the ligament a uniform distribution of
damage. When a stress gradient is superimpesed onto this evenly
damaged ligament crack initiation would be expected to occur fairly
rapidly. As the crack would then be growing through evenly damaged‘
material the rate of growth would be expected to be fairly rapid and
also even as there would be reduced opportunity for further
significant strain accumulation far ahead of the crack tip. This
argument 1is consistent with the short initiation time (after pre-
straining) and short growth time interval seen for TS1S for which
n=3.5, However the evidence is not so immediately convincing for

n=7. For the high stress regime pre-strained specimens the initiation
and growth intervals appeared relatively unaffected by the pre-straining
treatment. Inadequate allowance for the time to re-establish a
temperature approachingIBOO%:after pre-straining may be responsible
for an over—estimate in the initiation time after pre-straining. For
the high stress regime tests the initiation interval is short so that
an error or even 0.25 hours in this estimats could be significant when
comparing the initiation times of pre-strained specimens and
corresponding specimens without this treatment. However, the principal
reason for the apparent lack of change in initiation time or crack

growth interval after pre-straining is considered to be because of the

level of the applied load after pre-straining. After pre-straining
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the load applied was such that the nett section stress was the
typical startiné stress used for that exponent level (i.e. 5MNm-2
or ZOHNm_Z). For instance for TS26 a load of 33E0L was used instead
of LOOOK hed the specimen not been pre-strained. This ensured that
both the specimens without pre-strain anc those with pre—stfain
started notch rupture testing with a similar nett section stress
(approximately ZOMNm-Z). As fracture is strain controlled both the
pre-strained specimen and the specimen wifhout pre-strain would
continue to deform until 2 similar failure strain is reached. To
reach this point the specimen without pre-strain will have to deform
to a greater extent, with g:eater changes 1o the cross section area,
as the pre-strained specimen is already strained to a significant
fiaction of the failure strain. The specimen without pre-strain
will hence be under a greater nett section stress at the time of
initiation. At n=7 the affect of this anomaly will be very
pronounced as the high value of the creep exponent will mean that a

small change in the stress will cause a very noticable effect on

the strain rate.

5.6 Metallogravhic Observations

Creep damage in the form of cavitation was a common observation.
The cavities in the smooth btar tests were observed to lie on grain
boundaries perpendicular to the stress axis and resembled those

predicted as forming through a vacancy condensation process,

Wwith the notched specimens, the observation of cavitation to favour
the shear bands at 450 to the crack tip for the CN and SEN specimens
and the tendency for the final fracture path of these géometries to

run up the shear bands suggests that cavitation may be influenced by
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the slip line fields. However, cavitation was still observed to
favour grain boundaries normal to the principi; stress axis. The
observation that a hydrostatic stress component arising from

specimen thickness did not reduce the critical value of the summation

of Byy and Sxx supports the need of displacement in order to produce

creep damage leading to failure. -

where cavities were observed they usually occupied a large proportion
of the boundary on which they were situated and consequently often
included a multiple grain boundary. Examples such as Fig. 4.29

tend to suggest that grain boundary decohesion in the form of wedge
cracking may be responsible for some of the cavitation but this would
not explain the distinct tendency for cavities to orientate at
around 900 to the tensile axis. A wedge cracking mechanism would be
e%pected to produce cavities orientated at 900; 70O and 450 to a
principal tensile axis. The observation of cavities to orientate
predominantly at around 900 to the tensile axis suggests that
diffusion processes are influencing growth. Deformation nucleation
processes are consistent with the lack of observation of many

small isolated cavities. In a ductile material such as this flow
around small grain boundary obstacles will reduce the probability of
decohesion at these points due to grain boundary sliding. It seems
very probable that cavitation is influenced by both deformation and

diffusion processes.

The observation of less cavitation in the higher stress specimens 1is
considered to be due to deformation at this stress range being less
dependant upon grain boundary sliding. This cannot be supported by

any measurements of the relative fractions of grain boundary strain

contributions and grain ceformetion contributions. However this
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possitility is supported by the observation of a greater evidence
of grain deformation with the high stress specimens in the form of

higher slip band densities.

It is considered that the as supplied materizl has a fairly strong
grain orientation texture. During prestraining a noticatle tendency
for lateral contraction as opposed to through thickness contraction
was observed in the pre-strain specimens, especially at the higher
stress level. The pre-strain specimens TS1E and 26 represent the
majority of the values of Pd less than zero. Whilst it is considered
that in some cases value of P; less than zero could be indicative

of error this is not the case far these pre-strained specimens.

The effect was more noticable at the higher exponent, probably because
the contribution of grain deformation to the total was greater and
because there was less chance of the texture being lost by a prolonged

time at 300°C.

A given level of cavitation at a high exponent value will have a
greater effect on strain rate than for a low exponent. The cavitation
represents a loss in load bearing ligament and hence an increase in
stress on the remaining ligament. From Norton's law this increase

in stress will have a much greater effect on strain rate at high
exponent values. This can account for the materiéls tolerance of

higher levels of cavitation at the lower stress levels.

The fracture mechanism appeared to be ductile tearing between the
creep cavities. This is again consistent with the impertance of

shear deformation. The mechanism appears to be basically the void
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sheet mechanism. However it is inconclusive whether or not the
intercavity tearing was entirely transgranular or mixed transgranular
and inter-granular. This type of failure has been observed in several
materials under creep conditions, particularly where reasonable
ductility exists including AISI 31€. This emphasises the probability
that many of the observations made in this work on ALS0 may be

applicable to more common engineering materials.

5.7 Summary of Creep Crack Growth Behaviour

Very briefly the following observations summarise creep crack growth
in Magnox AL80. The advance of the crack tip is controlled by the
attainmenﬁ of strain. A critical value of the summation of eyy
and Sxx proved to be a good criterion for describing crack growth

in all the geometries and the variations on the geometries considered.
The influence of stress on crack growth is through its effect on the
rate at which strain is accumulated. This is true not only for o&y
but also for the constraint stresses SN and 0,0t The stress varies
with distance from just ahead of the crack tip as x-<l/n+l). There

is extensive stress redistribution of stress in the near tip region.
This inhibits K from providing a description of crack initiation time.
To describe crack advance the effect of strain accumulated prior to
the arrival of the near crack tip region must be considered.
cavitation features in the fracture process. The formation of this

cavitation is certainly dependant at least in part on deformation

processes but the allied importance of diffusion processes is suggested.

5.7.1 Theoretical Prediction Of Creep Crack Growth
Having experimentally examined the criteria controlling creep crack

advance a brief attempt can be made to assemble these in a theoretical
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approach for predicting creep crack growth rates. The following
observations have been employed, failure occurs at a critical strain
and the stress distribution preceding the creep crack is given by

- y
o =X (1/n+_)' Also Tx is proportional to o&y for a particular

Y
geometry and so in this approach the stress is considered to be the
equivalent stress . The failure strain is correspondingly set at
Lo% (20% through thicknesé strain under uniaxial conditions) but in
fact the magnitude of the failure strain used in this approach will

have no effect on the shape of a crack length/normalised time

distribution.

Let initiation be characterised by the point one unit of distance
ahead of the crack tip reaching the failure strain. At initiation

the stress distribution can be considered stationary so the strain

profile will be given by:
_ ~(n/n+l)
553 = L0Ox
This is shown in Fig. 5.8. The crack tip will reach point x=x, when

the strain at the point Xq has risen from its value at initiation to

the failure value. The time for this to occur will be given by:

b= Brasy T Bt 5.11
i
Average Ex=x
1
Where E = strain at point
171 x=x, and time t.
1 i
(initiation)

Average E = average strain
rate at X=X

between t=ti and
t=t

The strain rate £ at the point x=x; will increase as the crack tip

advances towards the point x=%;. Mathematical solution of this
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problem was not forthcoming so a numerical solution was adopted,

using the following method:

1) Determine the strain at each point across the ligament at
initiation using E = GOX-(n/n+l>

2) Calculate the stress at each point across the ligament ahead of
the crack tip from c'=Ax—(1/n+1>. The streés for each point

from x=1 is summed across the ligament in order to determine the

constant A from A = 1/(sum of stresses for each point). This

corresponds to constant load conditions.

3) Apply Norton's law to each point for unit time so that

E = Bci and add this strain to that already accumulated at
1 1
the point.

L Test to establish how manj points across the ligament have
accunulated strain velues in excess of the failure strain. The
last point having an accumulated strain level above 40%
corresponds to the position of the crack tip. The position of

x=0 is moved accordingly.

5) Return to 2 and repeat until the crack tip has crossed the ligament.

The process was also repeated with the failure evéht being based

on the points x=5, 10, 15 and 20 reaching the failure strain. This

was to make some allowance for the deviation of the near tip region
from the theoretical stress distribution. In these cases the summation
of the stress across the ligament was performed from half way between

the point x=0 and the failure strain point to the end of the ligament

(x=100).

The most striking observation of this approach is that it produces a

plot of crack length versus normalised time almost identical to that
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predicted for constant load over the same growth interval from:

o,
©

" A%ett

(see Fig. 5.9). This was true for both n values and regardless

of the value of the failure strein selected. This is especially
of interest as the strain accumulation approach uses a steady
state stress concentration. Moving the position of x at which the
failure criteria must be satisfied had only a minor effect on the
resulting relationship between time and crack length. It is
considered that these minor changes arise due to the changes in
the ﬁett section stress resulting from summing the stresses over a
merginally shorter interval and not due to any changes in the strain
behaviour. Modifying the starting strain distribution to incluce
uniform pre-strain across the ligament did produce a minor
decrease in the change of growth rate observed, consistent with

experimental results.

This theoretical model fails to predict the same increase in growth
rate that was observed with the experimental specimens. It is
considered that this is due to the theoretical approach describing
deformation purely by Norton's law and hence not accommodating

any tertiary effects. At high a/w values in practice it is probable
that a substantial portion of the ligament was exhibiting tertiary
behaviour. This is consistent with the agreement between theory
and practice being poorer for n=3.5 as for this exponent level the

change between secondary and tertiary deformation 1s more pronounced

then for n=7.

The similarity in crack growth behaviour predicted from o .. and

strain accumulation does provide an explanation for correlations
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with Oﬁett especially for meterials that fracture with little tertiary
behaviour. The reason for this similarity is worth considering

The crack length versus time plot for Chett control is derived from:

a
J 2 1
t = o -da
a2, nett

-

A dominant feature of the accumalating strain model is:

Strain rate E would correlate to oiett so a link between the approaches
can be seen here. However this argument ignores an important point.
As the crack grows the point Xy lies at an ever decreasing distance
from the crack tip. This means that its position along the stress
concentration varies and hence the ratio of the stress at Xy to Chett
will also vary. The extent of this variation will depexé ox the
original distance of point Xy from the crack tip. It appears from the
analysis that the difference in the level of strain accumulation
required at different points across the ligament at ti offsets this
effect. Unfortunately this has not been mathematically verified.
It should be noted however that with the strain accumulation approach,
crack growth rate for a given value of O ott will be dependant to
some extent on the amount of prior crack growth. This dependance on
prior crack growth is not predicted by the empirica; growth law based

n

On Opett” tt

growth rates from other stariing crack lengths and stresses.

This means that the She law may not be predictive of

The strain accumulation approach to crack growth prediction layed out
here is an over simplification. However the approach is based on

theoretically proposed criteria which have been experimentally
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verified by this work. This is a definite deviation from the
enpirical application of parameters such as c;ett or K with possible

explanations as to their applicability being proposed later.

Most of the attempts to predict creep crack growth rates have failed
in their inability to relate results from one geometry to different
geometries. The finite element approaches are the most successful

in this respecé?o However even these tend only to prove predictive

in a retrospectwmanner when some of the parameters can be set on the
basis of observed behaviour. The finite element techniques calculate
stress distributions within a finite body. These are then related to
growth rates through empirical relationships, or alternatively, strains
resulting from these stress distributions can then be calculated and
crack growth can then be predicted on the basis of a critical failure
strain. This work has illustrated the importance of taking account

of the constraint stresses and it is in this capacity that the finite
element technique has an advantage over most other methods. This work
has provided details of the strain behaviour during crack growth which
may provide a first step towards understanding how the fallure parameters
may be set accurately for finite element predictions of crack growth.
For materials where creep failure is strain controlled prediction of
creep crack growth will ultimately be performed using.refined versions
of the simple approach used here. The stress system may be calculated
on the basis of a finite element approach but crack advance will 5e
determined by assessing the strain accumulated, possibly using more

complete descriptions of strain rate than Norton's law. The knowledge

of how fallure strain varies with multiaxial stress will be of very
vital importance to the success of these approaches with real geometries.

The apparent applicability of an established sheet forming criterion
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for biaxial tension (critical bulk sheet thickness strain) for

Magnox ALE&C is encouraging as it is very easy to apply. Verification
as to whether or not this épproach is applicable to more common
engineering materials under biaxial creep conditions would be

useful. Also a fuller examination of the effect of tertiary stress
states is important. Use of Magnox AL8C for such a study would not .
be totally unrealistic as although this knowledge for ALEO does not
‘represent an immediate service requirement, the good ductility of

the material enables easy study of the effect of the stress system

on ductility.
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CORCLUSIONS

The advance of a creep crack in Magnox AL80 at BGOOC is controlled
by the attzinment of a critical strain. Failure of specimens

of ? different geomeiries was characterised by the same value of

the summation of Eyy and Exx at the location of the maximum value

of E__.
Yy

Strain accumulated prior to the arrival of the crack tip is
contributq;y to the accumulation of the critical failure strain.
This factor must be considered when predicting creep crack growth

rates in materials where crack advance is strain controlled.

Assessing the COD from the notch flank opening can be misleading
and may indicate different growth behaviour for edge cracks
compared to embedded cracks. Material a considerable distance
either side of the plane of the notch coﬁtributes to the COD
seen between the notch flanks. Measurements of the strains in
this material will provide the best description of the criterion
controlling crack advance. The equivalent COD‘evaluated at the
crack tip was found to be basically independant of geometry and
relatively constant during growth. However the geometry
independance arises by virtue of a dominance of the conmtribution
to total displacement from material instability. It is hence
not a good indication of the criterion controlling crack advance.
If the COD is evaluated at the D-point which marks the onset of

material instability the COD will be geometry depencant.

The parameter K was not a good description of the time taken to

produce a through thickness crack. This is due to the extensive
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near tip deformation redistrituting the stress in this region.
The principal factor controlling initiation appears to be the
nett section stress, however geomnetry does have some influence.
Allowing for the difference in lateral constraint between the
DEK and CN specimens by use of an eguivalent stress approach
described the difference in initiation time for these gecmetries
seen in practice,

A stress distribution of the form 0&5‘ x-(l/n+1)

gives a fair
description of that deduced from experimental measurements of
strain distributions, both during initiation and growth. An
allowance for near-tip behaviour is required, which appears to
approximate to displacing the positiorn of x=0 by half the

distance between the crack tip and the D-point (the point at which
non;uniform near tip displacement is first observed). This
correction is analogous to the displacement of the point x=C to

the centre of the plastic zone for the stress distributions under

LEFM conditions.

From strain measurements it was deduced that Ok follows the same
stress distribution as o&y except in the region close to the crack
tip. The ratio of O to o&y is geometry dependant. DEN specimens
produce around twice the lateral constraint seen for a CR

specimen. As Ty and c&y are pr0portional, under plane stress

conditions the equivalent stress distribution will also follow

\
an x-(l/n+1/ type distribution.

The principal effect of increasing notch root radius appears to be
to reduce the lateral constraint stress Ty during initiation and

the early stages of crack growth.
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Heither the nett section s?ress nor K provide a valid description
of crack advance in Magnox ALEC. From consideration of the stress
distribution ahead of a creep crack neither of these approaches
could constitute more than approximations unless the creep
exponent n=1 for K control or infinity for O ett control, Even

then they would be falling to accommodate accumulating damage.

Failure of the material was by the vold sheet mechanism.
Deformation processes are important in cavity initiation but the
allied importance of diffusion is not discounted. Estimations
of creep démage should not be based on the extent of cavitation

but on the extent of accumulated strain.
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