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ABSTRACT  

The integrity of components containing crack like 

defects at high temperatures has been under close scrutiny 

in recent years. 	Many authors have tried, with varying 

degrees of success, to use fracture mechanics as a tool 

to describe the creep crack growth behaviour in laboratory 

test-pieces. Many have claimed that creep crack growth 

rate a can be expressed in terms of the stress intensity 

factor K in the form 

whereas others claim better correlations with the net 

section stress, anet' 
remaining on the uncracked ligament 

or with a reference stress concept. 	It is found generally 

that creep fracture ranges from a creep brittle to a creep 

ductile mode. 	The present work assesses the significance 

of a defect in a particular situation in terms of the 

creep properties of the material, specimen geometry, 

physical size, and the extent of constraint. 

In reviewing the work on uniaxial data it is shown 

that creep failure in uniaxial tests is nucleation controlled 

rather than due to creep crack propagation and therefore 

it is expected that creep fracture will behave differently 

in geometries containing a dominant crack. 	Extensive 

cracking tests were carried out on an aluminium alloy (RR58) 

(in the temperature range of 100°  - 200°C) and a heat treated 

bainitic 3Cr - 3Mo - iV steel (at 565, and 615°C) using 

various geometries and test conditions. 	The results of 

over a hundred tests were analysed with the aid of a computer 



and the data were correlated with various fracture mechanics 

parameters. 	The stress intensity factor K fails to describe 

crack growth rate with increase in material ductility and 

reduction in specimen thickness and also shows a distinct 

geometry dependence. 

Due to the non-linear effects in creep it may be 

expected that an extension of the J contour integral could 

be used to describe the crack tip behaviour. An energy 

rate line integral .C* is described and an analytical derivation 

presented for the DCB assuming creep strains are dominant in the 

specimens. 	The displacement at the loading pin measured 

during each test showed that both elastic and creep strains 

were incorporated at the crack tip and that the extent of 

these were both material and geometry dependent. 	Using 

experimental displacement rate A an approximate experimental 

method is put forward to evaluate a total C*1, incorporating 

both the elastic and creep strains giving 

dw*_ mu c* = 
T Bn da aBn 

The data correlated with C*T show no geometry dependence 

and is shown to describe creep crack growth rate over a 

range of creep ductilities. 
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SYMBOLS AND NOTATION  

a 	crack length 

a 	crack growth rate 

B thickness 

Bn 	net thickness after sidegrooving 

C 	compliance 

C* 	energy rate line integral 

E Young's modulus 

G energy release rate or crack extension force 

Gc 	critical value of G 

i,j 	subscripts in cartesian tensor notation 

J value of Rice's contour integral 

JIc 	critical value of J 

K stress intensity factor 

KI KII KIII 	stress intensity factors for three loading modes 

KIC 	critical value of K for mode I (plane strain 
stress intensity factor) 

KICC 	critical value of K required to propagate a 
creep crack 

m 	yield ratio for a crack body 

P load 

PL 	limit load 

Q activation energy for creep 

✓ radial distance (polar co-ordinate) 

ry 	radius of plastic zone 

R 	gas constant 

t time 

tR 	time to rupture 

Tm 	melting point in degrees absolute 



u displacement at the crack tip 

U stored strain energy density 

Us 	stored strain energy density rate 

✓ displacement at loading pin (2v = A) 

w total potential work 

w* 	total potential work rate 

W strain energy density 

X.1 

Y 	Cartiesian co-ordinates 

Z 

11 	crack length factor (dependent on the geometry) 

5 	crack opening displacement C.O.D. 

A 	total transducer displacement 

A 	total transducer displacement rate 

De 	elastic transducer displacement 

Acr 	creep transducer displacement 

Ae 	elastic transducer displacement rate 

Acr 	creep transducer displacement rate 

c 	creep strain 

i 	creep strain rate 

Es 	secondary creep rate 

w creep damage factor 

Y 	surface energy 

✓ Poisson's ratio 

a 	applied stress 

anet 	net section stress 

uref 	reference stress 



a 	yield stress 

shear stress 

X 	P/P 

C.C.G. 	creep crack growth 

C.O.D. 	crack opening displacement 

L.E.F.M. 	linear elastic fracture mechanics 

DCB-C 	contoured double cantilever beam 

DCB-P 	parallel edge double cantilever beam 

DT 	double torsion 

CT 	compact tension 

SEN 	single edge notch 
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CHAPTER 1  

1.1. THE CONCEPTS OF FRACTURE MECHANICS  

The basic principle of fracture mechanics is the 

analysis of the rupture of cohesive atomic bonding using 

the general laws of continuum mechanics and the physical 

macroscopic properties of the material. 	The prediction 

of fracture behaviour in laboratory test pieces through 

theoretical analysis is essential if the final objective 

is the establishment of improved design codes for complex 

engineering structures subjected to various forms of stress 

and environmental attacks. 

Although the microscopic properties of the material 

will determine the nature of atomic separation by means 

of cleavage, shear void growth, fracture mechanics will 

describe quantitatively the macroscopic behaviour of the 

material fracture in terms of universal parameters. Continuum 

mechanics analysis presupposes the existence of a crack 

within a homogenous and isotropic material. 	Irrespective 

of the mode of cracking and the extent of deformation, the 

techniques of fracture mechanics provide boundary conditions 

for the regions in which the fracture processes are taking 

place and, if the boundary conditions govern the fracture 

behaviour at the crack tip, it is expected that given 

various types of geometries and loading conditions the 

crack tip will effectively show a similar behaviour in all 

the cases, for the same boundary conditions. 

The relevant continuum mechanics parameter to describe 

the crack tip behaviour will depend on the extent of 

deformation that occurs with cracking. 	Ideany, linear 

elastic concepts would be relevant in cases where there is 
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no plastic deformation but this approach along with 

refinements is used consistently to relate to conditions 

where the degree of deformation, with respect to the 

absolute size of the crack and geometry, is severely 

restricted. In cases where extensive deformation and 

plasticity occur yielding fracture mechanics may become 

the relevant criterion for fracture. In other words, 

the relative extent of non-linear deformation in a test 

piece will determine the selection of the fracture mechanics 

parameter to describe the crack tip characteristic. 

1.2. LINEAR-ELASTIC FRACTURE MECHANICS  

1.2.1. 	The Griffith Concept 

The original work by Griffith (1) in 1921 laid the 

basis for the present concepts of linear elastic fracture 

mechanics (L.E.F.M.). 	By using the elastic analysis of 

the stress field around an elliptical hole, developed 

earlier by Inglis (2), he argued that macroscopicly homogenous 

materials will contain inherent flaws which enable the 

ideal theoretical fracture strength of the solid to be 

overcome in small localized regions of the sample. Griffith 

used an energy balance criterion to suggest that the strain 

energy stored in a body decreased with the increase in 

crack length i.e. the elastic energy released was equal 

to or greater than the energy absorbed by crack propagation. 

In fact this is a statement of the first law of thermo-

dynamics describing a system in equilibrium. 

In explaining the fracture behaviour of glass he (1) 

found the difference in strain energy between a cracked 

plate and an uncracked plate, both having the same loading 
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conditions. The difference between this strain energy UE  and 

the energy absorbed by forming the cracked surface Us  was then 

differentiated to give the equilibrium condition, hence: 

UE - 
	It a

2  B a2 

U = 4 a B y 
	 (1.2) 

where 2a is the crack length, B is the plate thickness, 

y is the surface energy, E is the elastic modulus and 

a is the remotely applied stress normal to the crack plane. 

Thus for an increase as in the crack length the 

requirements for unstable equilibrium, i.e. no change in 

the net energy U of the system with an incremental increase 

in crack length, is given by: 

OU b(UE US)  
as = 	as 	- 0  

Substituting (1.1) and (1.2) in (1.3) gives: 

OU 	2n a a2 + 4y = 0 as 

(1.3) 

(1.4) 

whick gives a critical remote stress for fracture aF  as: 

a =117 
F na 

or more appropriately 

a 	2YE.  
F na a 

(1.4) 

(1.5) 

which predicts the fracture load for a particular.crack 

length. 

This classical expression obtained specifically for 

brittle solids can be taken as a starting point in relating 

L.E.F.M. to the more practical cases. 
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The rate of release of strain energy with increasing 

crack length was expressed by Irwin and Kies (7) as the 

crack extension force G and the critical value of Gc 

for fracture of a centre cracked infinite plate figure (1) 

subjected to a remote stress of a is given by: 

bU
Ec 

- 2n a a2 

as 	G 	
E

I 

where, E' = E 	for plane stress 

E = 	 for plane strain 
1 - v2 

(1.6) 

Figure (2) shows a graphical description of the 

Griffith energy balance, ao is the critical crack length 

below which work, by ::ay of remote loading, must be put 

into the system and above which catastrophic fracture will 

occur. 

However, the basic problem is that engineering materials 

do not act in such an ideal elastic manner. Where the 

Griffith Theory concerns itself with the surface energy, 

in real material there are many contributions to the total 

energy loss in terms of heat, sound, the kinetic energy of 

the moving crack and the energy of plastic deformation. 

In engineering materials there is rarely a case of an ideal 

brittle fracture and this to a great extent is the major 

restriction in the use of L.E.F.M. 

1.2.2. 	Introduction of Non-linear effects to the  

elastic Concept 

Irwin et. al. (3) and Orowan (4,5) suggested modifications 

to the basic Griffith Theory and allowed for work done on 
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the system to cause fracture and a limited amount of plastic 

deformation, changing the basic Griffith formula for a 

centre cracked plate to: 

CE(2y+p)1 3  ] 
na (1.7) 

where p is the work of plastic deformation at the crack tip. 

In fact Orowan (6) noted that the energy absorbed by plastic 

distortion is much greater than the energy needed to create 

a new surface thus changing the previous equation (1.7) to: 

a  = [E2] 
na 

where p>>y 

In quantifying G in terms of real materials,it was 

argued that provided the plastic zone was small and was 

contained within a small region with respect to the crack 

size, fracture would occur at a critical value of G regardless 

of geometry. 	Irwin and Kies (7) showed that the value of 

the strain energy release rate G can be determined 

experimentally. 	They did this by making use of results 

produced by Love (8) relating the stored strain energy 

density to the applied load. 

, P2C u =  2 (1.9) 

where C = A — ' is the compliance of the body in terms P  

of a measurable quantity of displacement A with respect to 

a load P at a particular crack length, illustrated in figure 

(3). 	From equation (1.9) they (7) developed 

G  = bu _ P2 	bc 
as - 2B e  as 

where G is the energy release rate for crack extension 

per limit thickness B. 

(1.8) 

( 1.10) 
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The experimental procedure is quite general and 

subsequently a considerable number of tests have been carried 

out to determine the compliance of common specimen geometries. 

Later Irwin (9) continued by analysing the effect of 

stress level at the crack tip. 	Since he had previously 

argued (7) that the criterion for unstable fracture in materials 

with limited ductility is a critical value of strain energy 

rate Gc (equation (1.6)) he (9) suggested that this parameter 

could be made equivalent to another universal parameter, in 

L.E.F.M., which identifies the stress environment at the 

crack tip , namely the stress intensity factor K. 	By 

making use of the analyses by Westergaard (10), Irwin (9) 

showed that the stress field ahead of the crack tip in a 

linear elastic material is characterized by a stress singu-

larity which can be described in general (for the coordinate 

system in figure (4)) for small values of r as: 
NO. 

K cos — 2  
2rc r  

0 	30 1 - sin 	sin 2  

1 + sin -Q-2  sin 38  2 + [0 ( 	( 1 . 11 ) 

0 	30 sin 7  cos 7-- 

With K being a parameter dependent only on geometry 

and loading, in general given as 

K = f (F, geometry) 

For the case of the central crack of crack length 2a 

in an infinite plate subjected to a tensile stress a, K 

is given by: 

K=a F. 



7. 

Quantifying the relationship between K and G Irwin 

(9) went on to show that 

K2 G 
E 

(1.12) 

Or more specifically in terms of the different modes 

of cracking shown in figure (5): 

GI = 
KI
2  

GII = 
KII

2 

GIII 	EI 

KIII
2 

where KI is for the tensile opening mode of fracture 

KII is the shear mode and KIII is the anti- 

plane mode. 	Irwin (9) went on to suggest that the criterion 

for predicting the crack path is that the crack would move 

along a path normal to the direction of greatest tension 

so that the component of shear stress resolved on the line 

of the expected extension of the crack would be zero. 

Thus the philosophy of L.E.F.M. was established when 

the equivalence of G and K was demonstrated. Therefore 

taking suitably shaped test pieces it was postulated that 

a critical Kc or Gc existed at the point of fracture 

independent of the geometry. 	But it is clearly apparent 

that in real situations plasticity cannot be avoided. 

Irwin and Kies (11) found that a relationship existed between 

the fracture toughness of the material and the plate thick- 

ness figure (6). 	They (11) suggested that below a critical 

thickness the fracture mode will be mixed and that to describe 
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a minimum Kc  in terms of a cleavage fracture i.e. Kic. 

The plate thickness B must be greater than a critical value 

given by: 

2 

B > 2.5 
	

(1.13) 

where KIC 
is the plane strain value of K and a is 

yield stress of the material. 

For very thin specimens the large plastic zone developed 

prior to fracture will reduce the crack tip singularity, 

but with the increase in thickness the bulk of the material 

inhibits the growth of the plastic zone especially at the 

centre of the specimen, where essentially the conditions 

of plane strain prevail. The plastic zone size gradually 

increases towards the specimen surface suggesting a transition 

from plane strain to plane stress. The term thick and thin 

are relative and only the fracture behaviour will determine 

the prevailing stress conditions. Thus if a plate fails 

-by a shear mode it is described as a thin plate and where 

cleavage fracture dominates the plate is termed as thick. 

Various limits have been set for the validity of L.E.F.M. 

(12-14) based primarily on two main conditions: 

1) The deviation from linear-elastic behaviour must 

not be greater than 5% from the elastic load-deflection 

graph of the specimen or structure. 

2) The size of the plastic zone must be small compared 

to the thickness, i.e. plane strain conditions must dominate. 

Quantitatively (12-13) show: 

2 

B >„ 2.5 
GIC) 
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K 2 

a ?,..■ 2.5 	
Y 

and from the L.E.F.M. analysis a valid limit of plastic zone 

size (r y) can be derived: 

2 

r = (-1) y 6n a 
(1.14) 

1.3. YIELDING FRACTURE MECHANICS CONCEPTS  

The necessary extension to L.E.F.M. is the development 

of general yielding fracture mechanics. 	In the literature 

importance has been laid on two aspects, the crack opening 

displacement and the crack tip contour integral. Both 

appear to be related and describe the conditions at the 

crack tip in terms of a strain controlled parameter. 

1.3.1. 	Crack Opening Displacement (C.O.D.) 

The original concepts of C.O.D. were put forward 

independently by authors (15-17) following Irwin's (9) 

definition of a plastic zone size for the case of limited 

plasticity at the crack tip. 	C.O.D. is defined as the 

opening separation at the tip of a real crack which has 

yielded in a plastic zone. 	The displacement u within an 

elastic crack may be shown to be 

2u = 6 = 	 n 
4K F (1.15) 

where 6 is the C.O.D. near the elastic crack tip and- r 

is the crack length within the coordinate system of figure 

(4). 	Now using the general formula for the plastic zone 
v  2 

size ry 	2 = 1n a (a-) and equation (1.15) a value for C.O.D. 
Zone 

at the real crack tip within the equivalent elasticAcan be 

found. 
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Hence for the condition of a small plastic zone r 

at the crack tip using equation (1.15) it can 

be shown that: 

= 	
r7- 4K f 	4K2  — n 

na E
1 (1.16) 

Wells (15) further suggested that the following relation-

ship should be valid between 5 and crack extension force G. 

G 	a
Y  6 
	 (1.17) 

Since in elastic behaviour K
2 = E

1 
 G, Wells (15) 

also suggested that given constant conditions it would be 

reasonable to expect fracture to occur at a critical value 

of C.O.D. 

Dugdale (18) carried out an analysis of the size of 

the plastic zone extending along the plane of the crack 

for the model of an infinite plate containing a central 

crack. 	He obtained a relationship for the plastic zone 

size 

r = a t sec (ta2a ) 	11 
Y 

A similar model was used by Burdekin and Stone (19), 

to evaluate the C.O.D. in relation to the applied loading 

and material constant, giving the relationship: 

8a a 
5 = 	log sec . (F-) 

which is very similar to the result obtained by 

Dugdale (18). 	Bilby et al (20) also obtained comparable 

results from an analysis in anti-plane strain conditions. 

The applicability of these models to experimental data 

have been examined (19). A certain amount of success 
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has been achieved up to the region of 0.5% yield strain, 

but for the range beyond the yield strain no logical patterns 

can be found to relate to either C.O.D./crack length 

ratios or the theoretical prediction of C.O.D. models. 

Nevertheless the experimental observations are used by 

Harrison et al (21) and Burdekin and Dawes (22) as a basis 

for a design curve giving a working relationship between 

the applied stress crack size and C.O.D. for conditions 

beyond yield. 

Attempts have also been made to find a critical C.O.D. 

at fracture analogous to the L.E.F.M. Kic  testing. 	Testing 

techniques have been standardized (23) and extensive tests 

have been carried out at the Welding Institute to examine 

the effects of different materials, welding processes, as 

well as geometrical effects on fracture toughness measured 

by '<I  or C.O.D. techniques as appropriate. 	The results 

generally indicate the importance that, specimen thickness, 

initial crack sharpness and tesittemperature play in affecting 

the critical C.O.D. value at fracture. 	Therefore it is 

clear that there can be no unique one term description of 

the whole plastic region and that all field values are not 

identical for the various geometries (24,25). 	These 

differences are ascribed to the effects of in-plane constraint 

which hitherto the concept of C.O.D. has failed to explain. 

1.3.2. 	The J Contour Integral  

A theoretical extension of the C.O.D. concept to 

characterize the crack tip behaviour in an elastic-plastic 

stress field to complement the L.E.F.M. parameter is the 

J Contour Integral developed by Rice (26). 	The existence 
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of plasticity does not destroy the singularity in stress or 

strain at tip of a sharp crack but merely redefines it in 

relation to the degree of work-hardening of the material. 

By considering the behaviour of a linear or non-linear elastic 

body containing a crack, Rice (26) developed a useful relation-

ship associated with the change in energy of the body due 

to crack growth. This relationship is expressed in terms 

of a path independent line integral. 	This integral may 

be regarded as the most general statement of a single 

parameter describing the crack tip environment and in fact 

all the other important fracture mechanics parameters such 

as K and G may be deduced from Rice's J Contour integral. 

For the purpose of this work, only a general descriptive 

explanation of this model is sufficient. 	Rice considered 

the variation in potential energy of a non-linear elastic 

body in which a void grew an amount AV introducing a new 

traction free surface AS. 	He showed that the difference in 

the potential energy AU consisted of two terms: 

u
f
T
f 

- AU = 	f W(co)dV - 	f f 	f Ti  du. dx (1.18) 
AV 	As 	u T 

0 0 

where W(co) is the strain energy density given by: 

o 
.W(E0) = f a.. d c.. 3.3 (1.19) 

and Ti  dui  are the work terms when the surface tractions Ti  

move through displacements dui, S is the surface of the body 

and AS the new free surface exposed as the void grows, and 

on which the original displacements and tractions uo, To  

change to uf, Tf  respectively with Tf  = 0 for a free surface 
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He pointed out that the two terms are the difference between 

the strain energy in the volume removed and the negative 

work done in freeing the surface of tractions. 

By considering the limits of equation (1.18) for infini- 

tessimal extension in two dimensional bodies Rice derived 

the rate of change of potential energy with void growth. 

For the case of a crack this was found,as illustrated in 

figure (7), to be 

du. 
dU = da 	

Wdy Ti dx - 	dS 	(1.20) 

17 

where"' is any continuous contour surrounding the crack tip 

starting from the lower crack face and proceeding in an 

anti-clockwise sense to terminate at the upper crack face. 

Hence for a general interpretation of the path independent 

integral the symbol J is used to give 

J = - dU 
	 (1.21) 

da 

dU 
where for a linear elastic body - da  is identical to 

G the strain energy release rate, giving J = G for the 

L.E.F.M. case. 	In the analysis elastic (linear or non- 

linear) behaviour is assumed and a strain energy function W 

is taken as a single valued function of strain. 	Thus 

materials following a total (deformation) theory of plasticity 

with no unloading would give the same results as non-linear 

elasticity. 	In essence, in the unloading of the elastic 

body, be it linear or non linear-elastic, the line retraces 

the loading line, which means that the potential energy U 

evaluated from the loading process remains availa.ble for 

further work (figure (9a)). 	Whereas for the unloading of 

the non-linear plastic case the line follows the elastic 

loading line which means that the energy term evaluated would 



14. 

not represent energy available for further work, since most 

of it has been absorbed in plastic work during loading 

(figure (9b)). 

For a monotonic process i.e. no unloading, a pseudo-

compliance interpretation of J can be considered for both 

elastic and the plastic circumstance. The total work done 

w on a size of crack of length a and a similar loading 

process on another test piece with a slightly longer crack 

length will give an energetic interpretation of J = a
w .  as 

This term does not result from the increase of the crack 

length whilst holding the load and does not equal the potential 

as energy release rate -6-a- , except for the elastic circumstance. 

It is merely the difference in energy input to the successively 

longer crack under monotonic loading which may possibly be 

used as a measure of the damage done to the crack tip region 

and hence a characterizing term. This method is clearly 

illustrated in figure (8) both for the case of constant load 

and constant displacement rate. 

Using the compliance technique attempts have been made 

by Begley and Lanes (27) and Landes and Begley (27) to 

measure a JIC  value for fracture. They conclude that the 

J integral is an average measure of the near tip stress- 

strain environment of cracked elastic-plastic bodies and 

that (27) failure occurred at a critical value of J, termed 

JIC to denote a critical plane strain value. 	It is unwise 

to draw a clear conclusion from the limited data available 

and only extensive fracture tests will help to justify the 

eventual acceptance of Jic  as a fracture mechanics correlating 

parameter. 
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1.4.1. 	Stable Crack Growth  

The success with which fracture mechanics has been 

used to relate the final fracture event in a flawed structure 

is terms of the applied stress and flaw size, has led to 

attempts to empirically characterize slow crack growth rate 

by the same methods. 	Initiation and controlled crack growth 

are two important events that may occur before a catastrophic 

fracture of a structure. These effects are found to occur 

in two distinct circumstances. 	Firstly, initiation and 

crack propagation are found to occur, prior to rapid failure 

in fracture toughness test, in materials and geometries 

which exhibit an increasing amount of plastic deformation 

at the crack tip. 	In the second circumstance, which may 

be of more practical importance, is when external factors 

help to create and propagate the crack at stresses which 

are well below the fracture stresses of the material. 

The consideration of energy changes occurring in a 

cracked body during incremental crack growth can be described 

in the elastic body simply by the energy balance criteria 

proposed by Griffith (1) and later developed by Irwin (9). 

More recently the problem has been treated more rigorously 

by Rice (29) and Cherapanov (30) which is fundamentally 

in agreement with the basic principles of (1,9). 	Experimentally 

crack propagation in an elastic body can therefore be defined 

with respect to the elastic compliance of the structure and 

hence the stress intensity factor K. 

The plasticity analysis of growing cracks 15 more 

complex and much less developed. The non-reversible deform-

ation occurring at the crack tip suggests that a one parameter 
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description of the crack tip field may not be possible (24). 

The use of experimental C.O.D. and the energy interpretation 

of the J contour integral (27,28) gives the most promising 

opening to experimentally determine emperical values which 

may be useful to design against crack propagation in an 

elastic body. Analytically only a few contiuum plasticity 

solutions for growing cracks have been developed (31-33) 

all using an anti-plane strain (mode III) elastic-plastic 

model. McClintock (34) has also obtained solutions for 

plane strain crack advance in rigid-plastic material by 

methods of slip line field theory, but only Rice (32) has 

analysed the nature of the crack tip strain singularity 

under conditions of steady state crack advance in an elastic- 

plastic case. 	Essentially these analysis are not precise 

but serve, for the present, to reveal the important features 

of the problem. 

1.4.2. 	Slow Crack Growth due to Stress Corrosion, Fatigue  

and Creep  

The problems of stress corrosion, and fatigue crack 

growth have received considerable attention. A full review 

of the current findings are given by Knott (38). 

The most widely accepted fracture mechanics parameter 

that has been used to correlate the results is the stress 

intensity factor K, hence the general assumption being that 

controlled crack growth will predominantly occur in a brittle 

manner. 	If these failures occur at stresses well below 

the yield stress the use of L.E.F.M. is acceptable, therefore 

it is expected that the high cycle low stress fatigue at 

room temperature will give a better correlation with K. 

Paris and Erdogan (35) in reviewing this work found that generally 
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da 
= C(AK)n dN 

where L1K is the range of stress intensity factor, C and 

n are material constants, a is the crack length and N is 

the number of cycles. For low-cycle high stress fatigue 

test the above equation may not hold and the most recent 

work by Dowling (36) and Mowbray (37) have extended with some 

success the correlation of the low cycle fatigue data 

by using the energy interpretation of the J contour integral 

in non-linear fracture mechanics. 

Crack growth in an inert environment has been observed 

under plane stress conditions (39) and mixed plane strain 

conditions (40). 	This contrasts with the environmentally 

induced crack which ocaurs mainly under plane strain. 

Landes and Wei (41) testing AISI 4340 steel found sustained 

crack growth at room temperature (20°C) to 140°C in a chemically 

inert environment (dehumidified argon). 	They concluded 

that the calculated thermal activation energies for these 

tests were in the range of creep activation energies. 

In recent years considerable attention has been placed 

on the slow creep crack gorwth behaviour of engineering 

materials. 	Initially it was assumed that the L.E.F.M. 

concepts would be sufficient to correlate the laboratory 

results. 	Creep fracture being predominantly intergranular, 

it was expected that fracture would occur in a quasi-brittle 

manner. 	The relative effect of L.E.F.M. concepts on a 

time-dependent process of creep crack growth will be discussed 

fully in chapter three, but from the general observation of 

the literature on this subject it seems that the complex 

interaction of non-recoverable creep deformation with crack 

propagation needs a non-linear fracture mechanics approach. 
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A possible problem in the use of plasticity solutions for 

a time dependent creep crack growth is the difficulty in 

defining the creep yield stress, therefore basic assumptions 

will be needed to relate the creep deformation to plasticity 

concepts. These will be discussed in chapter three section 

(4.4.3). 
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CHAPTER 2  

2. CREEP DEFORMATION AND RUPTURE OF METALS  

2.1.1. 	Phenomenon of Creep  

When a static tensile force is applied to a solid, 

the atomic lattice will accordingly adjust itself to oppose 

the applied force in order to maintain equilibrium. 

Depending on the circumstances and the intrinsic material 

behaviour this adjustment will either be observed as deform-

ation when the atomic lattice remains macroscopically continuous 

or as fracture when the metal is pulled apart. Therefore 

the measurement of displacement in time will determine the 

deformation characteris'tics and this value is converted 

into a dimensionless quantity called the strain (6). 	The 

response of the strain to the applied stress varies with the 

magnitude of stress, temperature and strain rate. 	Figure 

(10) shows an idealized creep curve showing the effect of 

creep strain with time. 	This involves three main regions. 

In region (1), known as the primary region, the continual 

decrease in the creep strain rate represents a period of 

work-hardening in the material. 	In the secondary region, 

which exhibits a constant rate of deformation, a balance 

is reached between the thermal activation process to deform 

the material and the work-hardening processes at the atomistic 

level. 	Region (3) is associated with a period of acceleratd 

creep rate, called tertiary creep, resulting in the final 

fracture of the metal. The cause of fracture is directly 

related to the growth and coalescence of cavities which were 

initiated in the secondary region. 
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2.1.2. 	Equations for Creep  

Creep-time relation  

A simple way of describing the creep deformation in 

terms of the infuencing factors is given by the equations:- 

e
c 

= f(a l  t, T) 
	 -(2.1) 

where c is the creep strain, t is time, a is stress, 

and T is the temperature. Each stage of the creep process 

can be described effectively by an extension of equation (2.1). 

For example the primary region can be described in two 

principle forms:- 

e = a In t + C 	 (2.2) 

=
o 	p tq 
	

(2.3) 

where a, 3, C, and q are all material constants and 

o is the elastic loading strain. 
	Equation (2.2), known as 

logarithmic creep, describes a continually decreasing creep 

rate found at low temperatures (T) for (kr..< 0.3 of the 

melting temperature (Tm) of the material), and also at low 

stresses. 	For the secondary creep a linear term is added 

and the strain-time function becomes:- 

= o + ptg 	gst 
	 (2 .4) 

where i is the secondary creep rate. Within certain 

limitations, these two relations satisfy experimental 

results. An equation which has been found to satisfy a 

wide range of deformation rates is of the form: 

e = eo + et(1 - e
-rt) + st 
	(2.5) 

where et is the limiting transient creep strain, r is the 

ratio of transient creep rate to the transient creep strain. 

Equation (2.5) is called the 'exponential creep'. 	Further 
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refinements of the creep time equation are given by Kennedy 

(42) Garofalo (43). 	Kennedy (42) suggests that by choosing 

idealized mechanisms to represent the basic material it is 

often possible to derive many of these line functions. 

2.1.3. 	Stress Dependence of a Steady State'Creep Rate  

In the recovery creep range the secondary creep rate 

is extremely stress sensitive for most metals. The basic 

and the most commonly used function suggested by Norton (44) 

is in the form of a power law: 

s = C a
n 	 (2.6) 

where C and n are material constants independent of stress. 

A full summary of the other forms of stress function are 

given by (42,45). 	Garofalo (43), in conclusion notes that 

the range of the exponent n for anealed metals and alloys 

is around 1 - 7. These values are the most common for 

simple materials, but n values of as high as 20 are not 

uncommon for engineering alloys. 

Equation (2.6) is the most commonly used stress function 

and as Penny and Marriot (45) point out it is the simplicity 

of its application in stress analysis that has made it 

acceptable. 	In some circumstances such as for example at 

high stresses the power law might not give the best fit but, 

given the large extent of scatter found in the creep data, 

equation (2.6) will always give a very good approximation. 

2.1.4. 	The Tem erature-Dependence of the Stead State Creep  

Rate 

Experimentally the creep rate of a simple material 

(single phase) obeys an Arrhenius equation, 
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i = io exp. - — RTC  

 

22. 

(2.7) 

 

   

where i is the creep rate, io  is the stress dependent 

constant of the material, OHC  is the activation enthalpy 

for creep, R is the gas constant and T is the absolute 

temperature. 	In the recovery controlled creep range 

(between 0.4 - 0.6 T/Tm) it is found that LHc  is independent 

of stress since in this range the complex processes of 

dislocation movements and temperature induced diffusion 

are the rate controlling factors. 	The applied stress 

forms a pile up of dislocations which produce a stress 

build up, the thermal process of diffusion will induce 

dislocation climb which relaxes the internal stress built 

up by the dislocations. 	Equation (2.7) which is fundamental 

to the thermally controlled processes will aive a good 

quantitative assessment of the data in the recovery creep 

range. 

2.1.5. 	Specific Creep Theories  

In the previous sections the basic dependence of 

deformation on time, stress and temperature for uniaxial 

creep tests was discussed. 	The development of creep 

theories needs to include varying effects of stress and 

temperature. 	It is outside the range of the present work 

to discuss the unlimited number of theories put forward, 

many of them predicting widely different results under the 

same stress histories, but a comparison of two of the important 

uniaxial creep theories will be discussed here. 

The Time-Hardening and the strain-hardening are the 

simplest form of creep theories. A combination of these 

extend the emperical refinements to obtain a better fit to 
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experimental data. The implication of the Time-Hardening 

hypothesis is that the only influence on strain rate, besides 

stress is a time dependent change of the material giving: 

= f(a, t, T) 

or in a simpler form: 

df2(t) = f1 (a)dt 	f3(T) 

whereas the strain hardening theory is based on the assumption 

that the creep strain is a function of stress temperature 

and accumulated creep strain cc  

= f(a, ec' T) 

or in the more confined form 

= g1  (a) g2  (ec) g3  (T) 

Figure (11) illustrates the differences in the theories. 

Two creep curves at stresses al  and a2  (a2  > a1) are shown. 

At the stress al  the load is increased suddenly to a2  at 

point A, ignoring the elastic increase in displacement, 

Time-Hardening Theory predicts the curve AD will be obtained 

by shifting the upper curve downwards parallel to itself 

until C coincides with A, whilst strain-hardening theory 

predicts the curve AE which will be obtained by shifting 

the upper curve parallel to itself to the right until B 

coincides with A. 	In general strain-hardeing is consistent 

with a primary form of creep and time-hardening may be 

associated with recovery and similar time dependent processes 

Penny and Marriot (45) have comprehensively analysed 

a number of other creep theories. 	In general they conclude 

that for variable loading none of the theories are totally 

satisfactory, but in the absence of thermal softening and 
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metallurgical changes, test results indicate that strain-

hardening is the most accurate of the simple theories. 

2.2.1. 	Creep Fracture of Uniaxial Tests 

A direct consequence of the primary and secondary stages 

of creep deformation is the formation of cavities leading 

to necking and macroscopic fracture during tertiary creep. 

This fracture may occur at some finite strain which may be 

as little as 0.1%. Therefore, from a design point of view 

the possibility of failure due to rupture is often considered 

to be more important than excessive deflection. For example 

a steam turbine can be designed to keep its initial shape in 

service, but the safeguard against creep deformation will not 

necessarily mean protection against creep fracture. Hence the 

conventional methods of measuring creep deformation rates to 

relate to creep theories will be completely unsatisfactory and 

in some cases even the rupture time and rupture strain data of 

uniaxial tests cannot be used to adequately describe the fracture 

of components which are affected by different states of stress 

and complex creep histories. However, given the extensive amount 

of uniaxial test data that has been gathered over the years, 

attempts have been made to correlate the time to rupture data 

to the applied stress, creep strain, and creep temperature. 

2.2.2. 	Correlation of Time to  Rupture, 

The conventional form of plotting rupture data is log 

stress against log time to rupture, illustrated in figure 

(12) for different temperatures (T1  > T2  > T3), giving the 

common relationship at constant temperature:- 

tR a 
1  --m- 
a 

(2.8) 

where tR  is the time to rupture and M is a constant. 	Often 
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ntvaries over a range of tR  which may be due to the brittle- 

ductile transition of the fracture mode. 	Figure (13) 

illustrates an idealized log tR  versus log a graph which 

shows that at high stress and temperatures and short 

rupture times the fracture is predominantly ductile and 

accompanied by large creep strains, whereas at low stresses 

the tendency is towards a more intergranular quasi-brittle 

fracture with a smaller amount of creep deformation. 

Therefore, it appears that a brittle behaviour is governed 

by the cohesive strength of the grain boundaries and this 

is seriously affected by both temperature and strain rate. 

This means that at high temperatures there is a rapid decrease 

in the grain boundary strength with respect to the grain 

matrix and at low stresses the reduction in the creep strain 

rate tends to reduce the extent of creep deformation. 	Both 

of, these facors will help to produce a quasi-brittle inter- 

granular creep fracture. 	From equation (2.8) and the 

relationship ; = C an  it can be seen that the following 

emperical expression holds: 

t 	1 
CC -4- R c (2.9) 

Indicating the interrelationship that exists between 

creep deformation rates, where cavities nucleate and grow, 

and the tertiary stage of creep when final failure occurs. 

More extensive time to rupture functions are described in 

references (43,45), producing better correlation of the 

experimental data making them more useful in predicting the 

service life of components. 	However, the lack of knowledge 

of the effects of complicated interactions between stress, 

temperature and rupture life, as well as changes in stress 

patterns and Metallurgical instabilities, such as overaging, 
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forces the designer to adopt over-conservative safety factors 

in component design (46,47). 	Such design procedures may 

reduce the level of permanent deformation but do not ensure 

protection from a sudden catastrophic failures of components 

resulting from a non-homogeneous formation of cavities and 

their growth at a stress concentration. 

2.2.3. 	Theories of Rupture Related to the Uniaxial Creep  

Tests 

To describe the tertiary process of creep in a quantitative 

manner, initial emphasis was laid on the mechanics of growth 

of the microcracks and-cavities and their relationship with 

creep deformation. 	Robinson (48) proposed a practical 

solution of estimating life under variable conditions of 

temperature, but it has since been widely used to deal with 

varying stress problems (49,50). 	The life fraction rule 

is in fact an extension of the strain-hardening principle 

discussed in section (2.1.5). 

The basis of Robinson's life fraction rule is that 

creep damage under steady conditions is proportional to the 

fraction of total rupture life under those conditions: 

t1 
D1 tR  1 t R1  

(2.10) 

where D1 is the damage under the condition a1,  T1, t1 

is the period spent at al, T1  and tR  is the rupture life for 
1 

a 1, T1. 	If the stress and temperature are changed so that 

a second period of time t2  is spent at a2  and T2  then the 

second amount of damage incurred is 

t2 (2.11) 
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Assuming that the damage resulting from each loading 

period is independent of all other periods the total damage 

D for all the periods will be: 

7v  t 

LA tl ) = 	Di 
R. 

And when D reaches unity rupture occurs putting 

equation (2.12) in an integral form: 

r dt 
J tR 

= 1 for rupture 	(2.13) 

The advantage of this method is that it is capable of 

using steady load rupture data as it exists to-day requiring 

no knowledge of strain history to predict rupture times 

under variable conditions. 

2.2.4. 	Kachanov's Brittle Rupture Thoery  

Kachanov (52) proposed a phenomenological theory 

which reflects the deterioration and damage occurring in 

the tertiary region of creep. 	For uniaxial tension he 

suggested the relation of the form: 

= f (alto) 4 w= g (a/W) 	(2.14) 

where e is the creep strain rate, w is a state variable 

which is in some sense a measure of cracking or damage in 

the material. 	By selecting suitable functions of f, and 9 
it is possible to represent the tertiary section of the 

creep curve and to produce stress-rupture life relations 

which are consistent with experimental observations. 

Odquist and Hult (51) showed that Kachanov's low stress 

rupture theory is consistent with Robinson's life fraction 

rule. 

Kachanov called w the continuity of the material and 

D = (2.12) 
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as time passes damage accumulates and reduces the proportion 

of material available to carry load. If the load is 

constant the average stress is increased with the amount 

of damage until eventually continuity is destroyed by rupture. 

Therefore if a specimen, of initial cross-sectional area 

of Ao, is subjected to load P the initial stress ao 
is: 

= 
o Ao 

(2.15) 

after a time t the creep damage reduces the cross-sectional 

area to: 

At = Ao(1 - w) 

so that the stress at time t is: 

P 	ao at - 	= 
- At  1 - w 

(2.16) 

(2.17) • 

-To enable the variation of damage with time to be 

calculated Kachanov assumed that the rate of decrease in 

material continuity is a function of stress in the following 

form: 

dw 
dt = C at

v (2.18) 

where C and v are assumed to be constants: 

Substituting from (2.17) and (2.18) a differential 

equation is obtained: 

dm  dt = C a v  (1 - w)-v  (2.19) 

For an initially damage free area equation (2.19) 

can be integrated subject to the conditions; w = 0 at t = 0 

and to = 1 at t = tR. 	Thus it follows that at time tR: 



1 
C(1 + v) a 

( 2.20) 
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which is the relationship that follows the usual log a 

versus log t plot. Rabotnov (53) later generalized these 

consepts to make predictions of creep strain accumulation 

as well as rupture times assuming negligible primary creep. 

Penny (47) in reviewing the usefulness of an engineering 

approach to creep damage, originated by Kachanov (52) 

and later extended by Rabotnov (53), notes that the approach 

appears to bear promise in relation to their use in real 

component operations. Other applications of spinning 

discs, beams and tubes are discussed by Rabotnov (55), 

and Odquist (54) has considered the effects of initial 

plasticity on the damage parameter. Ij is clear that 

the inclusion of a damage relationship for use in structural 

calculations presents no conceptual or computational 

difficulties in uniaxial stress conditions. 	So far as 

multiaxial stress conditions and the influence of stress 

concentrations are concerned, it is not viable to use the 

damage concept to define a general description of the 

problem. 	The approach is only useful in cases when 

intensive creep and damage accumulation spread across 

the structural member and the influence of a crack tip 

singularity can be neglected. 	Therefore it is apparent 

that the analysis of the growth of a major crack due to creep 

at stress concentrations is of importance and could well 

be described by a fracture mechanics parameter. The 

review of this subject will be discussed in chapter three. 
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2.2.5. 	Theories of Rupture related to the Nucleation and  

Growth of Cavities  

In the previous section no attempt was made to describe 

the precise nature of the damage parameter, which plays 

the role of a hidden state variable in the manner described 

by Onat (56). 	However extensive metallurgical and fracto- 

graphic investigation by metal physicists of the growth 

mechanism of voids in creep provides the insight to interpret 

and develop theories which may be suitable for the purpose 

of structural mechanics. Greenwood et al (57) noted that 

rupture resulted from the growth and coalescence of voids 

and grain boundaries. 	Hull and Rimmer (58) tried to 

develop a theory in which voids on the grain boundary 

grow as a result of the diffusion of vacancies along the 

grain boundary. The rate of growth of the void radius 

is governed by the magnitude of the stress acting normal 

to the surface and the surface tension of the voids. 	If 

w is the cross-sectional area of void per unit area then the 

void growth equation of Hull and Rimmer (58) can be written 

in the form: 

dw [  a_ a 	v n 
dt 1 - w 1 fd 

where v is the specific surface energy and 1 is the 

void spacing. 	Since void growth and creep strain occur 

at comparitively small stresses the effect of the surface 

tension of the holes is small so that the second term in 

the damage rate equation may be neglected. 	In this form 

the physical theory can be described by the Kachanov's 

Theory with the damage parameter w representing the cross- 

sectional area of voids per unit area. 	Ratcliffe and 
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Greenwood (59) eliminated the creep cavitation in magnesium 

by superimposing a hydrostatic pressure equal in magnitude 

to the stress under which creep occurs. This indicates 

that cavity growth depends on a supply of vacancies from 

grain boundaries approximately perpendicular to the applied 

stress, hence substantiating the growth mechanism developed 

by (58). Greenwood (57) further infers that the cavity 

nucleation at the grain boundaries is predominantly 

dependent on creep strains and that the growth of these 

cavities will be due to a diffusion mechanism. 

The creep failure has also been described in terms of 

a wedge crack growth mechanism (60-63). They suggest that 

cavities nucleate by grain boundary sliding and that final 

fracture occurs when these wedge cracks at grain boundaries 

join up in sufficient numbers to reach a critical size. 

Figure(14a) shows a graphical description of the generation 

of a wedge-type crack at a grain corner and figure(14b) 

shows generation of a cavity at a grain boundary ledge. 

The existence of a second phase particle or voids due to 

creep diffusion will assist the grain boundary sliding to 

initiate cavities. 	Therefore Heald and Williams (64) 

proposed a model to include both grain boundary sliding 

process and the vacancy diffusion process (58,65). 	The 

number of approximations in the analysis make this method 

only useful as a qualitative assessment of creep fracture. 

More recently Weertman (66), Raj and Ashby (67) have 

proposed similar models for the nucleation and the subsequent 

growth of these defects. 

Lindborg (68) suggested a statistical model for the 

linking of separately nucleated grain boundary cracks into 
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large cracks. He derived a relationship which gave the 

fraction of cracked grains P in terms of the number of 

microcracks n required for fracture: 

2n.  P = 0.2 (17---)1  

where N is the number of grains. Thus there exists a 

limiting value of P of 0.2. 	The details of the linking 

are complicated and using this method it is not necessary 

to study the kinetics of the process in detail. The 

author claims consistency with experimental evidence in 

predicting the percentage of area that have been cracked 

due to creep prior to final fracture. Lindborg (69) 

considered the growth rate of sharp intercrystalline cracks, 

and suggested that fracture occurred when one of the cracks 

reached a critical size. 	It was proposed that this was 

the "Damage" crack and a suitable measure of the damage 

concept used in Kachanov's (52) brittle rupture theory. 

He (69) put forward the relationship: 

w)v+1 e-h(1-1) 

where v and h are factors which possibly are material 

constant for a given temperature. 	For such a case damage 

builds up only if the applied stress field is able to cause 

a crack. 

Taplin (70) has suggested that creep fracture would 

take place when the largest crack is long enough for a 

Griffith type fracture criterion to be satisfied. He found 

an approximate value of the fracture toughness of a-brass 

from the fracture strength and the largest crack length. 

Soderberg (71) found in fast tensile tests of an austenitic 
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steel a direct proportionality between the fracture stress 

and the maximum crack length and suggested that the Griffith-

Orowan relation cla = constant also holds for the slow 

quasi-brittle fracture in creep tests. 

Generally the evidence from the literature shows that 

after the development of voids and triple point cracks, 

the final failure occurs by ligament tearing when the U.T.S. 

of the undamaged material is approached. The amount of 

creep ductility will determine the extent of stress concentr-

ation that builds up at each individual cavity and this 

stress built up will in turn determine the critical flow 

size required for final fracture. 	Brittle creep failures 

will occur at values well below the U.T.S. but for ductile 

fractures where there is very little stress intensification 

at the microcrack, fracture is likely to occur at values 

near the U.T.S. of the damaged material. 

2.2.6. 	Parametric Approach to Creep Damage  

Other methods of predicting deterioration occurring 

during creep life are by means of density changes and the 

measurement of the number of cavities found per unit area. 

Such data are corrleated with stress, strain, time and 

Kachanov's damage parameter and although they can be subjective 

in experimental techniques, in a limited sense they can 

attain satisfactory conclusions. Since such predictions 

depend on a knowledge of both elongation and rupture and 

specific void sizes they are unlikely to be of any use for 

the purpose of extrapolation. An extensive experimental 

study was carried out by Boettner and Robertson (72) to 

measure the precise density change in an oxygen-free high 

conductivity copper, tested at creep temperatures. 	They 
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were able to determine the volume of voids per unit weight 

at four different temperatures and stresses following creep 

to valous strains. 	Woodford (73) expressed a functional 

relationship for V the void volume per unit weight: 

V = f(e, t, a, T) 

The equation was determined experimentally with no 

assumptions on the mechanism of cavity nucleation and 

growth. He concluded that the number of voids was determined 

by the amount of strain rather than the time at creep and 

suggested that the continuous nucleation of cavities may 

be associated with grain boundary sliding (associated with 

large creep strains), but that the growth of the 

cavities was due to a time dependent diffusion process. 

Hence this denotes that failure is essentially nucleation 

controlled. 

The number of cavities per unit area is a parameter 

which is also used to predict the fracture life of uniaxial 

test pieces (74,135). By measuring the number of cavities under 

an optical microscope, Dyson and Mclean (74) proposed a 

method of predicting the service life of a component. 	This 

is a similar concept to the density measurements by Woodford 

(73) and can be used as a possible measure of the extent of 

damage in a material. 	More recently Dyson et al (75) 

using a 1 MV electron microscope to measure the cavity density 

at the grain boundaries of plastically prestrained Nimonic 

80A alloy suggested a direct relationship between the cavity 

density and the effective plastic strain. 	Creep tests 

of different levels of prestraining showed that the larger 

the plastic prestrain and hence the larger the void density, 
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effectively reduced the creep life by a factor of about 8 

suggesting that the fracture life in a uniaxial test is 

strongly dependent on the nucleation of cavities rather 

than creep crack growth. 
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CHAPTER 3  

3. RELEVANCE OF FRACTURE MECHANICS TO CREEP CRACK GROWTH  

3.1 	Introduction  

As data have accumulated in recent years, through 

investigations of crack growth under creep conditions, it 

has become obvious that various approaches are possible to 

the interpretation of these results. Attempts to rationalize 

them (75 - 77, 138) 	show that as yet there are many 

differences of opinion about the available methods of data 

analysis. 	Success in the correlation of the results is 

essential if the long term aim of the laboratory investig-

ation is the prediction of the behaviour of engineering 

materials in service conditions. An intermediate step 

to this aim would be the correlation of creep crack growth 

(from here on termed as C.C.G) rate in differing geometries 

and specimen sizes. The fracture mechanics parameter used 

to describe the results, can only be accepted as a viable 

criterion for design if it shows uniformity over a wide 

spectrum of test variables. 	In this chapter a comprehensive 

review of the work done on this subject in recent years will 

be made by taking into consideration the specimen geometry 

and size, the fracture mechanics correlating parameters 

and the differences between the theoretical and the experi-

mental approaches. 

3.1.1. 	Specimen Geometries Used in High Temperature Crack  

Growth Tests  

Listed below and shown in figure (15) are the types 

of specimen used for high temperature tests. 	Table (1) 
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shows a list of authors (79-95) that have undertaken investi-

gation of creep crack growth in the presence of a dominant 

crack using these test-pieces. 

1. Single Edge Notch (Tension) SEN-T. 

2. Double Edge Notch (Tension) DEN-T. 

3. Centre Crack (Tension) CCT. 

4. Compact Tension 	CT. 

5. Wedge Opening Loading WOL. 

6. Single Edge Notch (BEND) SEN-B. 

7. Double Cantilever Beam: (Parallel edge) DCB-P. 
8. (Contoured) 	DCB-C. 

9. Double Torsion 	DT. 

The first six types of specimens have been primarily 

developed to test the fracture toughness of materials and 

differ greatly to the last two in terms the length of crack 

over which a stable range of crack growth can be measured. 

The typical crack length over which the most number of tests 

have been done is in the region of 0.4 < < 0.7 

which in terms of the first six specimens shown in figure 

(15) is not more than 15 mm for a standard 25 mm wide testPiece, 

whereas, the 	DCB and the DT specimens of similar thick- 

nesses have a useful crack growth region of around 100 mm. 

There are also important differences in the nature of the 

applied stress at the crack tip, varying from simple tension 

in the first three specimens to a mixture of•bending and 

tension in the CT and WOL and primarily bending in the 

SEN-B and DCB geometries. 	The loading of the DT test 

piece is radically different and it's constant compliance 

characteristics is such that it allows for the stress intensity 

factor to be constant at a constant load over the entire 

depth of the crack. 	This means that, similar to a DCB-C 
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testpiece which is especially contoured to achieve a constant 

compliance independent of crack length, the DT specimens 

can also be used as constant K specimen. 	Outwater et al 

(96) have suggested that the DT is a useful specimen for 

use as a universal fracture toughness test but as yet, 

defined by ASTM (97) the DCB and DT testpieces are non- 

standard for use in valid K1C tests. 	The contour of the 

DCB-C specimens used by Kenyon (78) and in the present study 

were derived by Srawley and Gross (98) and the testpieces 

were checked experimentally for constant compliance (78), and 

the variation of the experimental compliance with crack 

length was found to be within 5%. 	The instability factor 

(i.e. increasing compliance with crack length) inherent in 

all other testpieces is therefore eliminated in the 

DCB-C and DT specimens. 

3.1.2. 	Specimen Side-Grooving  

The extent of side-grooving is an important factor in 

high temperature C.C.G. tests, since not only does the side-

grooving control the crack route along a crack plane perpen-

dicular to the loading axis, but it also helps to provide 

sufficient constraint to help introduce plane-strain conditions 

at the crack tip. 	The amount of side grooving is found 

to be more important for the DCB and DT geometries, where the 

tendency is for the crack to deviate and break off the arms 

of the test-piece. 	Many of the authors table (1) have 

not used side-grooving and it is clearly evident from the 

literature that a small percentage (10 - 20%) of side-grooving 

will greatly reduce the shear lip formed in creep crack 

growth tests. 	The modifications introduced to take into 



39. 

account the extent of side-grooving has followed the practice 

suggested by Freed and Kraft (99). 	They showed that in 

terms of the stress intensity factor K: 

B )K = K(--B 	 (3.1) 
n 

where B and K are the thickness and the actual stress intensity 

factor for an ungrooved specimen and Bn  and Kn  are the 

corresponding values for the grooved specimen. 

3.1.3. 	Methods of Crack Measurement  

C.C.G. tests present a problem of measuring the crack 

length in high temperature envirobments. Usually, except 

for aluminium, this means attempting to observe a crack 

covered by oxidation. Therefore direct visual measurements 

at high temperature is ruled out. There are two main 

methods available, the first is the potential drop technique 

which is used almost universally and the second method is 

the visual observation, through a window in the furnace, of 

the crack surface coated by a high temperature paint which 

cracks with the cracking of the specimen. 	Both methods 

have their inherent inaccuracies but on the whole they have 

given consistent results in a majority of tests. 

The potential drop technique is ideally suited to the 

first six test pieces (figure (15)), 	since the crack 

length over which the data are collected is generally found 

to be less than 10 mm. Gilby and Pearson (100) produced 

a method to relate the length of a crack in a specimen to 

the change in its electrical resistance. 	The calibration 

curve they produced show the importance of the positioning 

of the potential points with respect to the geometry and the 
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plane of cracking. 	Neate (101) testing ferritic steel 

noted the difficulties encountered by this method. He 

found that there was an actual potential increase in the 

early stages of the tests, similar observations were made 

by Harper (95), both concluding that the reason for this 

may be due to the shorting of the current between the crack 

surfaces by oxide wedging. Furthermore Neate (101) suggested 

that this phenomenon was even more apparent in the brittle 

steels, suggesting that oxide wedging can be more easily 

established for smaller deflections. He also indicated 

that where the crack front is bowed, leading at the centre, 

the positioning of the current leads will give different 

values of crack length and only calibration curves for the 

different lead position will help to reduce the error involved. 

There is also the added problem of possible resistance 

changes if metallurgical and structural changes occur due 

to overaging, or if slight changes occur in the furnace 

temperature. 	These factors along with the fact that crack 

growths have been measured in the region of around 10 mm. 

or less give rise to some doubts as regards the level of 

accuracy that authors claim 2  0.25 mm. (95), 2  0.05 mm. (85) . 

Therefore keeping in mind that there are inherent scatters 

existing in any creep related tests, greater care must be 

taken in accepting the conclusions that are reached through 

the evaluation of such data. 

The second means of crack measurement is the visual 

observation of the crack, through a window in a furnace, 

using a telescope. 	This method has been used successfully 

by Kenyon (78) and in the present work. 	It is ideal for 



41, 

the particular geometries of DCB and DT where the measurable 

crack growth is in the region of approximately 80 mm. The 

degree of accuracy (± 1.0 mm) claimed is well below the 

capabilities of a potential drop method but this loss in 

accuracy is compensated for by the large length of crack 

growth. 

3.2.1. Application of Stress Intensity Factor K to Creep  

Crack Growth  

Several authors shown in table (1) have used the 

L.E.F.M. concepts to describe C.C.G. by the relationship: 

A  da . Ale dt (3.2) 

where a is the C.C.G. rate, A and m are the material 

constants for any particular geometry and temperature, 

and K is the stress intensity factor. 	This directly infers 

the major assumption that L.E.F.M. is applicable for high 

temperature applications. 

Robson (83), testing CT and SEN-T specimens of steel 

of high plain bar rupture ductility (50% and 25%) at 

400° - 500°C, concluded that equation (3.2) gives a 

reasonably good fit and the C.C.G. is not affected by the 

creep deformation characteristics of the material which 

in his case was creep ductile. 	Further he suggested that 

side-grooving and different forms of crack starter (e.g. 

fatigue, machine notches) did not affect the C.C.G. rate 

significantly. 	He also found a wide range of scatter in 

the experimental data (similar observation made later by 

others (76,86)). 	Thornton (84) testing three types of 

Cr-Mo-V steels in cast and wrought conditions at 565°C 
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also found correlations of his data with K, for SEN-B 

test-pieces, but only showed results from a single specimen. 

James (82) working on 316 steel in 20% cold worked condition 

at 538°C used CT and CCP test-pieces, claimed a good fit 

of equation (3.2). None of these results mentioned above 

can be conclusive proof that the rate controlling parameter 

for C.C.G. is the stress intensity factor K, since over 

limited ranges of stress intensity, cracking rate and specimen 

geometries it would be compardtively simple to achieve some 

form of correlation of the data. 

Neate and Siverns (88) and later Neate (91) using 

various geometries of different sizes of two types of low 

alloy steel with various heat treatments, attempted to 

distinguish between the creep brittle and creep ductile 

modes of fracture. Materials with rupture ductilities 

of 2% - 30% and grain sizes of 600 - 30 µm were tested. 

The bainitic heat treatment simulating heat affected zone 

(H.A.Z.) material adjacent to welds gave a range of large 

grains and lowest rupture ductilities and the normalized 

and tempered specimens had a grain size of around 30[1m 

and the highest creep ductility. For both the heat treatments 

the correlation of cracking rate with K showed a scatter 

factor of 15, figure (16,17), with the bainitic material 

having approximately ten times the cracking rate of the 

ferritic steel. 	They (88) also compared the data in terms 

of the net-section stress and found that there was little 

improvement in the scatter. They concluded that the 

extrapolation of the data should not be for more than a 

decade and that crack growth rate data for very low values 
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of stress intensities are required in order to relate them 

to real service environment and conditions. This is a 

fallacy since at the normal service stress intensities, 

which are usually less than 10-15 MPa.ml, the problem is 

not one of crack growth, rather one of creep crack 

initiation. 	The vital region of C.C.G. is the transition 

stages from the initiation > 10-7 - 10-6 m/H to fast fracture 

speeds. 	In any case the normal service stresses are not 

the sole cause for creep cracking, since there are inherent 

forms of stress concentrations, such as thermal, residual 

or metallurgical which form stress intensities far above 

the normal service levels and certainly in the region of K 

where most of the C.C.G. data are obtained, hence one important 

reason for testing geometries containing a dominant crack. 

Another point that emerges from the experiment by Neate 

and Siverns (88) is that the cracking rate for the bainitic 

low alloy steels is in the region of 10-5  - 10-2  m/H and the 

range for the normalized and tempered material is between 

10-6  - 10-4  m/H. 	This is a similar trend in all available 

data. At high stresses the creep ductility of the material 

in the creep range of the normalized steel act as a controlling 

factor in the growth of the crack, i.e. there is a limit 

of loading above which stress relaxation at the crack tip 

suppresses further crack growth. 	Therefore, in the slower 

region of cracking, if it is assumed that K has been moderately 

successful in correlating the data it would be feasible to 

suggest that at very low stresses and low crack rates creep 

ductility does not strongly effect the stress singularity. 

Ellison and Walton (86) and later Harper (95) testing 
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1 Cr-Mo-V steel in the normalized condition at 565°C using 

SEN-T and SEN-B and CT specimens found no correlation with 

the stress intensity factor and the comparison of the crack 

rates with K for differing geometries was worse. They 

(86) suggested a variation to equation (3.2) containing a 

non-linear function of time: 

	

Ati  Km 	 (3.3) 

the ferritic 1 Cr-Mo-V steel they used had a grain size of 

approximately 30 4m with tensile ductilities in the region 

of 60%. The crack tip profile of the specimens without 

side grooving was highly convex leading at the centre all 

suggesting that at high loads there would be a large rate 

of relaxation of the elastic stress singularity. They 

noted an incubation period for such a material suggesting 

that final rapid crack propagation would take place when 
a 

the damage, observed in microgrphs as extensive disconnected 

cracking, ahead of the crack has reached a critical level. 

In these circumstances it is perhaps not surprising that 

they could not correlate the data with the stress intensity 

factor K. Furthermore they found that the use of net section 

stress did little to improve the correlation. 

Popp and Coles (79) and later Floreen (92) working on 

the creep rupture behaviour of nickel base alloys considered 

the propagation rates in terms of net-section stress and 

	

L.E.F.M. basis. 	Floreen found a consistent result with 

the application of the stress intensity and noted an incubation 

time of around 10-15% of the total test time. There was 

no excessive tunnelling in his C.T. specimens suggesting a 

more creep-brittle behaviour. Comparing this incubation 
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period to that of a creep ductile cracking (86,95) it is 

found that the incubation covers a considerably larger 

period of the test time in the ductile specimen (greater 

than 70% of time to rupture). This suggests an initial 

blunting of the crack tip which slows down the crack propa- 

gation. 	Harper (95) specifically tested a blunt notch 

SEN-B specimen of a normalized low alloy steel and found 

that over 80% of the test time was taken up in the incubation 

stage. 	It is here suggested that such forms of creep rupture 

take place as a result of general material degradation and 

creep damage ahead of the crack reaching a critical limit. 

Floreen (92) also compared the crack growth rates of 

a C.T. specimen to the tensile creep test of the material 

in terms of: 

As tf1 s 
tf2 
	 (3.4 ) 

where tf is the time to rupture of the CT specimen 
1 

 

tf is the time to rupture of a tensile creep specimen 
2 

 

As is the secondary (or minimum) cracking rate 

and s is the secondary (or minimum) creep rate. 

This is another way of considering the CT as a more 

complicated creep specimen. 	This method is likely to be 

more feasible for creep ductile materials where the increased 

rate of stress relaxation could be described more accurately 

by a net-section stress concept rather than K. 

Kaufman et al (94) testing aluminium alloys at 150°  - 200°C 

used, fracture crack started, CT specimens of considerably 

larger size (W = 100 mm) than the usual (W = 50 mm). 	This 

increase in size gives a measurably bigger length of controlled 
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crack growth for the inherently unstable CT specimens. This 

extra crack length is needed for the aluminium alloys which 

are very stress sensitive and reach unstable fracture extremely 

rapidly (78,94). They found a good correlation with K 

over a range of crack growth rates. The thick specimens 

with no side-grooving had markedly bowed crack front and the 

crack reached rapid propagation after approximately 

15-20 mm of C.C.G. 	Similar problems to these have been 

found by Kenyon (78) and in the present study. The strain 

rate sensitivity to cracking in aluminium alloys is such 

that sudden rapid fracture will occur from a steadily growing 

creep crack. Kaufmann et al have found a divergence from 

equation (3.2) at the lower stress intensities where the 

crack growth is slow, similar effects have been found in 

the present study testing an aluminium RR 58 alloy. They (94) 

conclude that 	it is due to the effect of the primary 

creep behaviour of the material, but it is suggested that 

the likely reason for this behaviour could be due to over- 

aging of the alloy. 	They (94) also note a dependence of 

crack rate on crack length, especially at crack length values 

of a > 0.7. 	This effect is also observed by most authors 

shown in table (1). 	A possible reason for this is that 

by nearing the end of the specimen the stress analysis 

of the geometry begins to break down giving an over-conservative 

estimate of the stress intensity for the particular crack 

length. 	Kaufmann et al suggest a Kicc  (critical ICI  for 

creep crack initiation) as a percentage of room temperature 

Kic. 	They found that C.C.G. occurred at stress intensities 

of 40% KIC values in the CT specimens of 75 mm thickness 

and that creep, and not as suggested by some authors envir- 
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onmental corrosion, is the controlling factor for cracking. 

Kenyon (78) observed larger values of around 70% of Kic  

testing aluminium (RR 58) 25 mm thick DCB test-piece. This 

suggests that a thickness as well as a geometry effect is 

controlling the behaviour of C.C.G. 

3.3.1. 	Correlation of Creep Crack Growth Rate with Net  

Section Stress  

Simply, net section stress is the applied load divided 

by the remaining uncracked area. For a test-piece loaded 

in tension the normal crack tip stress is the stress on 

the net section remaining as the crack progresses: 

where W is the specimen width and a is the crack length. 

It is more difficult to imagine aanet  in bending since the 

average crack tip stress in this case is not the net section. 

Instead the simple beam equation can be used: 

_ Md a
net - I (3.5) 

where M is the bending moment, d is the distance from 

the neutral axis of net section to crack tip and I is the 

moment of inertia of the net-section. Many authors, 

shown in table (1) have used this simple method to correlate 

their data, but only a few claimed it to be successful 

(81,87,93). 	The concept of the net section stress may be 

more acceptable for the creep ductile rupture of test-

pieces where the sharp crack will become blunted and the 

test may tend to simulate a uniaxial creep test. 	There 

exists no relationship as such between C.C.G. and net section 

stress, but since incubation and deformation play the more 
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important role in the failure of creep ductile specimens 

it is postulated that the relaxation of the stress singularity 

occurring at the crack tip may be better described by this 

parameter. 

Harrison and Sandor (81) in relating this principle 

to low cycle fatigue at high temperatures claimed a better 

correlation than by using the stress intensity factor K. 

Nicholson and Formby (103) using AISI 360 steel at 740°C 

found that the results from the SEN-T and C.C.P. specimens 

were described well with the net section stress. The 

specimens tested were 0.78 mm thick and therefore likely to 

be under plane stress. The crack in such a circumstance 
c  

will hardly act as a stress raiser and as Lekie and Hay- 

hurst (104), testing soft copper plates, have pointed out 

the average stress is the more plausible explanation to 

describe the failure of such test-pieces. 	In fact these 

tests (103) can be accepted as a form of uniaxial creep 

test and in such circumstances it is doubtful to accept that 

the failure criterion is due to the growth of one dominant 

crack. 	Kachanov's (52) damage parameter may also give a 

good correlation in this case and the apparent crack growths 

for these tests may be termed as the amount of damage accumu- 

lated in time. 	In a later paper Nicholson (93) using similar 

size DEN-T (Double Edge Notch Tension) specimen at temper-

ature between 600°  - 850°C, reached similar conclusions to 

those of his earlier work (103) and suggested that net section 

stress describes the data for over a range of testing 

temperatures. 
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3.4.1. Application of Non-Linear Fracture Mechanics to  

Creep Cracking  

The interplay of creep ductility and creep crack growth 

in creep ductile materials is complex and cannot simply 

be related to L.E.F.M. A qualitative understanding of the 

cracking behaviour of the material in terms of K may be 

reached but it is doubtful whether the values calculated 

would be useful for the purpose of component design. A 

possible opening in terms of a better crack tip controlling 

parameter may be through the use of a reference stress 

aref concept. As the creep exponent (n) increases the net 

section stress will degenerate to a reference stress (at 

n = c°). 	Therefore according to the deformation mode and 

particular test conditions the use of a particular value of 

the stress index n should ideally describe the rate of stress 

relaxation. 	Anderson (107) and Mackenzie (108) have shown 

that the reference stress is only weakly dependent on n 

since it is found from calculations (107) that there is a 

point in a body where the stress is approximately constant 

for all values of the stress index. 	This point is called 

the skeletal point (107,77) and the reference stress can 

be defined to be equivalent to the stress at that point. 

Reference stresses have been evaluated by some authors 

(106-108) by taking advantage of the weak dependence of 

aref upon n. 	William's and Price (77) have derived a form 

of reference stress or a so-called skeletal stress for 

SEN-T, SEN-B and CT test-pieces from the point of inter-

section of the stress redistribution ahead of the crack for 

n of 4 and 7. 	They (77) also categorize the creep 
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behaviour of the materials into creep brittle (n < 5) 

where L.E.F.M. is applicable and creep ductile (n > 5) 

where reference stress and creep deformation properties are 

the controlling factors. 

It is interesting to point out that Williams and Price 

(77) go on to show that the inherent amount of scatter in 

a creep crack growth test will not clearly distinguish 

between K or ref for the commonly used test-piece geometries 

and therefore in order to distinguish unambiguously between 

the two criteria, test-pieces of widely different 

geometries should be used. 

Marriot (105) indicated a possible reference stress 

arising from Sim's (106) work: 

a,
= 
 P ay 
	

(3.6) 

PL 

where an is the limit of deformation reference 114.   

stress as the creep index n tends to infinity, PL  is the 

limit load, P is the applied load and a is the yield stress 

assuming rigid perfectly plastic material. 	In essence 

this reference describes only the creep deformation in a 

particular geometry and can be used only to predict creep 

life only, but for materials of high creep index it is 

assumed that the stress distribution and the strain conditions 

are very similar for a cracked and an uncracked body when 

their particular reference strain values are the same. 

Leckie et al (109) and Hayhurst et al (110) have found 

similar relationships to equation (3.6) and have also 

attempted (104) to differentiate between the reference stress 

for creep deformation ap  and the reference stress for creep 
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rupture aR  in terms of the different behaviours that occur 

in the secondary and the tertiary stages of the creep test. 

aD is defined in terms of the creep energy dissapation rate 

in the absence of damage and aR  is the stress at which damage 

begins to appear. 	Porter and Leckie (111) have shown how 

to obtain an upper bound on the deformation reference stress 

aD by means of an approximate stress field: 

aD = X a  

where X = 	Leckie and Hayhurst (104) further found PL 
the reference stress for rupture of a simpler structure 

in terms of Kachanov's (52) damage concept. 	From a simple 

damage and strain rate equation they showed that the uni- 

axial behaviour of low stress brittle rupture are given by: 

n 

= f(a lcd,t) = vrT 	w)a 0)n )n  = 	
o
) 

co 	
(3/8) 

(  A a v 	a v 
g(alw,t) = (1 - w )a ) = 	a ) 	(3.9) 

0 	0 

where 60, co, A, v, n are material constants. 

The transformation 4) .(1 - Ois introduced for convenience 

and w is some dimensionless measure of material deterioration. 

It follows that rupture should occur when w  = 1 or y = 0 giving 

the relation 	between the applied stress and time to 

rupture as: 

(3.7) 

t 

 

ao
v  

(3.10) R A(1 + v)av  

The rupture behaviour of materials when subjected to 

multi-axial stress-states can differ considerably from 

the uni-axial behaviour (112), and failure to include these 

effects in the structural design calculations can lead to 
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estimates of rupture life which are non-conservative (114). 

The Kachanov-Rabotnov theory has been used (113) to obtain 

lower bounds on the rupture lives of a number of structures, 

but the effect of multiaxial stress rupture were not included 

in the calculations. In general these methods can be used 

under homogeneous states of stress distribution which are 

markedly lower than the initial elastic stress level and 

cannot be applied to a dominant crack growth situation in 

which the extent of constraint has effectively contained 

the material deterioration, due to creep, to a very small 

zone at the crack tip. 

Haigh (115,76) attempted to relate plasticity concepts to 

the C.G.G. problem by defining a yield ratio m in a cracked 

body where: 

Load to yield a cracked body 	PLC  
m  = load to yield an uncracked body - BW ay

, 
	

(3.11) 

assuming perfectly plastic behaviour. 	For specimen 

geometries which do not have bending components the yield 

load of the cracked member can be found from the product 

of the uncracked area and the yield stress. 	For specimens 

with mainly a bending component yield point loads can be 

found from the slip-line field analysis (116). 	One 

important assumption of slip line field theory is that of 

no work-hardening. Engineering materials do exhibit work-

hardening and therefore stress relaxation at the crack tip 

is not so rapid. 	Haigh (115) using this concept defined 

an equivalent stress ae  in terms of m: 



a = e mBW 

It follows from the definition of m: 

(3.12 ) 
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PLC = m(B w ay) 

P a = e PLC 
a
y 

(3.13) 

Williams and Price (77) note that their skeletal stress 

was identical to Haigh's equivalent stress and that both 

can be defined as a reference stress when the creep index 

n tends to infinity. 	Haigh also suggested that his ae  

can be directly related to C.O.D., but this is unlikely 

since the latter is clearly a time dependent parameter 

whereas ae is evaluated from a time-independent plasticity 

concept. 

In a later paper Haigh (76) developed the idea in order 

to relate it to the K analysis of the data by previous 

authors (table (1)). 	Having assumed that the tests with 

which the stress intensity factor K had been correlated 

exhibited large amounts of creep deformation he related 

the apparent strain intensity factor KA  to the equivalent 

stress ae by 

PY KA  - 
BW2  

( 3.14) 

where Y is a function related to the compliance and by 

earlier definition of equation (3.12) eliminating P gives 

K  mY ----T 	 (3.15) 
a
e 
 W2 

Figure (18) shows the relationship of mY for differing 

a specimen geometries versus 17. 	It is clearly seen from the 

graph that mY remains constant or changes very little over 
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the important range of cracking W, thus a similar problem 

to that of Williams and Price (77) arises, which is the 

inability to distinguish between the two parameters using 

conventional test-pieces. It is unlikely that the cracking 

behaviour in a creep ductile situation should behave in 

a similar manner to the other extreme case of a quasi-

brittle essentially elastic C.C.G. and therefore doubt 

must be placed on the factor m and its derivation from the 

slip-line field theory. 

3.4.2. 	Recent Models for Creep Crack Initiation and Growth  

More recently Goodall and Chubb (117) used a continuum 

method of examining the damage front of a propagating crack 

in a creep ductile situation. 	They used a similar method 

used by Goodall et al (137) in studying the creep rupture 

of uncracked components. The theory assumes that failure 

occurs when a damage front has propagated across a structure 

so that a mechanism is formed to produce at a specific 

time an infinite deflection (i.e. rupture time). 	They 

suggest that the creep damage spreads well ahead, effectively 

blunting the physically identifiable crack and final fracture 

occurs when the load carrying capacity of the structure is 

exceeded. Goodall examined the propagation of cracks in 

the creep range by obtaining a relationship for the available 

energy to form a new surface. He suggested that during 

creep the apparent surface energy of the material ahead of 

the crack falls due to the matrix deterioration and there- 

fore the observed correlation of the crack growth rate with 

the stress intensity factor is to be expected for creep 

cracking situations. 	This is unlikely to be true since it 
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has been found that where the stress intensity concept has 

worked there has been no damage ahead of the crack tip (91,118) 

and conversely where the material used has been creep 

ductile (95) then the data did not correlate with K. 

For the more creep ductile situations initiation times 

are more relevant (95). 	Vietek (119) produced a computer 

simulation of the time-dependent development of the plastic 

zone ahead of a crack loaded in uniform tension. This 

plastic zone was based on a model of Bilby et al (120) consisting 

of an array of edge dislocation coplanar with the crack. 

The dislocation distribution ahead of the crack will change 

with time and the stress redistribution is 

dependent on it. This dependence can be governed by Norton's 

(44) creep law, and then by using a critical value of the J 

integral as the criterion for the onset of crack growth 

an,  initiation time can be evaluated. 	In relating this 

micromechanical aspect of creep damage to the contiuum 

properties of the structure there are dangers that the 

models based on the atomic level of the material will usually 

be too simplified in describing the complex creep behaviours 

at the structural level. 	The usefulness of these methods 

(some of which were discussed in section (2.2.5) for uniaxial 

tests) is to provide a qualitative understanding of the subjects. 

3.4.3. 	Use of C.O.D. as a Parameter  

On the assumption that C.O.D. is a material characteristic 

(in general yielding fracture mechanics) and that indirect 

measurement of overall strain, notch region extension or 

the angle of bend are directly related to the C.O.D. it may 

be possible to use C.O.D. as a relevant crack tip parameter. 
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Wells and Mcbride (121) suggested that this is such a 

parameter. 	They used a low carbon steel BS 15 as 25 mm. 

plate, in the form of large non-conventional specimens 

shaped like a DCB test-piece but with the taper on the 

inside, so as to allow the C.O.D. transducer paddle to 

protrude from the furnace for better access. They found 

that a proportionality exists between the loading point 

displacement and the C.O.D. transducer opening and that 

their measured C.O.D. showed the predicted pattern of 

the value obtained from the simple hinging mechanism. 

Later work on creep cracking, most of the authors (in table 

(1)) used the simultaneous measurements of creep crack growth 

and the loading pin displacement during the tests. Many 

authors (85, 87, 90) have commented on the interrelationship 

of C.O.D. and crack growth and have noted a linear relation- 

ship between the C.O.D. rate and cracking rate. 	Nicholson 

and Formby (87) testing this SEN specimens in relating their 

results to the net section stress used the notch region 

extension method, in which the C.O.D. is used as a 

measure of crack growth, to derive the crack length for a 

particular time and found that this method of crack measure-

ments correlated well with the potential drop technique. 

But this is unlikely to be of any use for large specimens, 

in which the notch region extension will be extremely small. 

Haigh (76) comparing the mechanism of macroscopic high 

temperature crack growth of a ferritic and bainitic 

steel found agreement with Pilkington's (85) results that 

a proportionality existed between the crack growth rate and 

the C.O.D. opening rate for each test. 	He (76) suggested 
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that WOL specimens used deformed by rigid rotation at 

the plastic hinge-point, 

2ZWY- D j = tan fi 	 (3.16) 

where D is the distance from the hinge-point to the 

back face of the specimen,y is the displacement at the 

loading pin, a is the angle of rotation. 	He obtained 

estimates of C.O.D. from a knowledge of the hinge-point 

position D which he had obtained from the slipline field 

theory (116) for the WOL test-piece. 	By similar 

triangles from figure (19); 

5 	W- (n. D)  
W - D (3.17) 

He concluded that a substantial C.O.D. was needed to 

develop a creep crack in the ferritic steel and that cracking 

started at a lower value of C.O.D. for the brittle 

bainitic steel. 	He notes that since the range of 

applicability of K and net section stress is strictly limited, 

C.O.D. may be a better proposition for defining failure in 

a range of materials of varying ductility. 	It is 

suggested here that the important parameter is C.O.D. rate 

rather than C.O.D. since this parameter will also contain 

the time dependence factor which is very important in a 

creep test. 

3.4.4. 	The Use of C* as the Correlating Parameter  

A relatively recent approach to the application of 

non-linear fracture mechanics to creep cracking has been in the 

use of an energy rate line integral defined by the term C•. 

For the two-dimensional case C• is given by:- 
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C* = 

where 

W* = o 

As shown 
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13 

in figure 

(
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is the line contour taken 

 1) 
\bx 
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from the lower crack surface in a counter-clockwise direction 

to the upper crack surface. W* is the strain energy rate 

density associated with the point stress a.. and the creep 13 

strain rate i13  ... 	Ti  is the traction vector defined by 

theoutwardnormalnj along 	Ti 	1.1 3 
= a 	n . 	11. is the 1 

displacement vector and S is the arc length . 

C' is an extension of the J contour integral 

developed by Rice (Section (1.3.2.)). 	Where cij  and ui  are 

replaced by their rates sib  and 	Since C.C.G. reflects 

an interplay between non-linear stress-strain behaviour and 

geometry C' could prove a possible improvement as a 

correlating parameter. Goldman and Hutchinson (122) 

noted that this parameter could apply to secondary creep 

in the form of the basic creep law: 

(3.20) 

where so, C, ao 
and n are constants, 

and generalized to a multiaxial state of stress to: 

a n-1 

_Li = 
2 

q_ ao  f_) 
o 

so 	G 	(3.21) 

where ae 
is an effective stress, and S..13  is the stress 

deviator. 

For linear elastic behaviour K characterizes the near- 
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tip stress and strain field. 	For crack propagation behaviour 

of materials following equation (3.20) it is reasonable 

to assume that C* will correlate the data. 

An energy rate interpretation of J discussed in section 

(1.3.2.) and the relationship between J and C* may suggest a 

means of measuring C* experimentally. J can be inter- 

preted as the energy difference between two identically 

loaded bodies having incrementally differing crack length: 

1 dU J = - B 	
(3.22) 

n da 

where U is the potential energy and a is the crack length 

given by: 

U = 	 3 U(a.1  ., e1..) 	
(3.23)  

By analogy for the case of steady state creep rate: 

U* = u(a.., 	 ) c13. . 13  

Such that: 

(3.24) 

C* = - 1 dU* Bn da 
(3.25) 

where U* is the power or energy rate associated with displacement 

rate. 	Since U has no meaning in the creep sense i.e. there 

is no unique value of the strain field for a given applied 

stress it can be said that: 

at C* dt 
(3.26) 

Landes and Begley (89) tested CCP and CT specimens 

of discaloy super alloys in constant strain rate machines, 

used a form of data reduction technique shown in figure (21) 

to derive C* experimentally. 	Basically they derive C* 

from a pseudo-compliance technique from a family of 

experimental 0 curves for different loads and different 
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crack lengths. 	They found that C* correlated the crack 

growth rates for both the geometries and also indicated 

that this experimental data reduction method of evaluating 

C* inherently reduced the scatter in the data. 

Harper (95) suggested another means of deriving C* 

from the limit load analysis. 	He derived an expression 

for C* from ideas discussed by Haigh (76) in considering a 

limit load stress of a cracked body in terms of plasticity 

concepts. 	By using Ewing and Richards (116) and Haigh and 

Richards (124) yield load values of m and assessing by 

analogy that the load P to cause a particular displacement 

rate A is m times the load P' to.cause the similar dis-

placement rate in an uncracked specimen, from the basic 

creep law of equation (3.20) he states that 

C(P')n 	 (3.27) 

and further finds the relationship: 

C* 1 dU* 	PA [1 dm  - 	-  	(3.28) Bn da 	n+ 1 BnW m d( 

and for large creep index approximating to: 

- C"11. 	dm  (3.29) d  BW m (11) 

Using this method he claims a good correlation of the raw 

data of Landes and Begley (89) , Robson's (83) and his own 

and suggests that C* is a useful parameter for a limited 

range of material behaviour at high temperatures, where 

neither K nor reference stress would correlate the data. 

Also his  correlation of time to rupture of the CT and SEN 

test-pieces with °ref  derived from Haigh and Richards (124) 
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m factor was s7ici &pt. sc,t-IsFeicrrol-y. 

It would appear that the basic assumptions of 

equation (3.20) has not been fulfilled in the two cases 

of C* determination mentioned. 	In both cases the authors 

claim that the A measured is essentially the deformation A 

due to creep damage whereas it is suggested that A measured 

incorporates the important factor of the elastic A due to 

the crack extension. This basic shortcoming will be 

discussed in Chapter Six in the light of the new results 

from the present work. 

3.4.5. 	The Theoretical Method of Evaluating C* for the DCB  

Test-Piece  

Following the work done by Kenyon (78) and discussed 

by Kenyon et al (125) on testing constant K DCB-C test- 

pieces of an aluminium alloy. 	It was noted that regions 

of primary, secondary and tertiary cracking existed which 

could not be explained by basic L.E.F.M. arguments. 	Turner 

and Webster (126) suggested that a non-linear argument 

may be needed to describe this. 	By analogy from the material 

obeying the work-hardening law: 

E =Aan 
	

(3.30) 

it can be said that for the creep situation: 

Aan 	 (3.31) 

which is identical to equation (3.20) and the argument 

put forward by Landes and Begley (89). 	Where the J contour 

integral describes equation (3.30) then a potential power 

rate J, by analogy, could describe the creep process. 

Turner and Webster (126) found an approximate theoretical 

calculation of J using non-linear beam theory for the DCB-C: 



Bn da 
J - 1 du (3.22) 

B Pn+1 J 	n1' 

a 

(3.32 ) 
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where a is measured from the loading pins of the contoured 

profile and P is the applied load. 	Hence for creep by 

analogy: 

 J 	
B P n+1 	

(3.33) 

aC5-1 

The derivation predicted a drop in J as a function of 

crack length and it was suggested (127,118) that this could 

possibly explain the fall in the crack rate of DCB-C specimens 

tested by Kenyon (78). 	Nikbin et al (128) found a good 

correlation of J with the C.C.G. data for particular creep 

index n. 

The principles of C* used by authors (89,95,123) are 

similar to J used by Nikbin et al (128) and it was suggested 

in a later paper by Nikbin et al (129) that the C* should 

be used as the notation for this parameter since J may 

mistakenly be taken as a J contour integral rate. 

The full theoretical derivation of J, using non-linear 

beam theory, for the DCB test pieces of any contour is 

shown in appendix (A), but the principles of its use will be 

discussed here. 	For an energy interpretation of J it 

has already been shown from equation (3.22) that 

In elasticity this energy is available to grow the 

crack, with plasticity, equation (3.22) may be used as a 

means of defining a unique crack tip parameter J which is no 

longer the energy potentially available to grow the crack. 
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For a non-linear material obeying the law 

e = A a
n 	 (3.30) 

it can be shown (128,129) that for DCB test-piece subjected 

to a constant load P 

P 	dA J - 

	

	 (3.34) 
Bn (n + 1) da 

where A is the deflection at the loading pin. 	Evaluation 

E dA of T as the crack propagates along the length of the test-

piece will give J as a function of crack length. From the 

final equation in Appendix (A) the value of J can be 

evaluated as a function of crack length for any DCB contour: 

n 
2A 	[(2n + 1)] 	

(ap)n+1 

J - Bn  (n + 1) 	2nB 

(4)

2n+1 (3.35) 

1 
For linear elasticity n = 1, A = ET and J = G (the elastic 

strain energy release rate) and for plane strain 

K2 G = E (3.36) 

and for plane stress 

G - (1 - v2) K2 

E 

where v is Poisson's ratio. 

(3.37) 

Now consider a material obeying the secondary creep law: 

, n i = L. a 
s (3.38) 

where gs is the secondary creep rate. 

It can be argued that the stress distribution around 

the crack tip characterized by 



1 

j)(171717) 
a (7.. (3.39) 
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n 

e a 
(J\(n+1) 	

(3.40) 

for the case of plasticity 	is the same as the stress and 

strain rates around a crack tip of a material following the 

steady state creep equation (3.38) giving 

1 

a a (C*/C)(n+1) (3.41) 

n 

sa C(C*,C)
(n+1) 	 (3.42) 

where C* is the characterizing parameter for creep. 	Therefore 

the non-linear analysis for the DCB can be rep eated with e 

replaced by es  and A by C leaving A having to be replaced by 

A, and equation (3.35) becomes 

2C 	((2n + 1)Y1  (aP)114-1  C 	 (3.43) Bn(n +-1) 	2nB 	/ 	2n+1 

Figure (22) shows, for the DCB-C test-piece, the effect 

of increasing the value of n on a graph of normalized 

C*/C*i versuscracklength,whereC*.is the value of C* at 

a crack length of 75 mm. 	The final increase of the C*/C*i  

value at a crack length of approximately 150 mm is due to 

the limit of the contour of the actual specimens used,restricted 

by the plate thickness (about 75 mm) from which the specimens 

were machined. 	This increase in effect predicts an 

accelerating C.C.G. rate when the crack nears the end of 

the test-piece. 

The correlation of the data, from the present test 

program, with this parameter will be discussed in Section 

(6.2.1.). 
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CHAPTER 4  

EXPERIMENTAL PROGRAM 

4.1. 	Choice of Materials, Heat Treatment and Geometries  

4.1.1. 	Material Selection 

Tests were carried out on two alloys which have two 

completely different uses in industry, but the service 

conditions in which they are used make them liable to fail 

by high temperature creep cracking. The precipitation 

hardenable aluminium alloy RR 58 used in the aircraft industry 

which was previously tested in the C.C.G. range by Kenyon (78) 

was chosen for the continuity of the test program and to 

re-asses the effects of change of geometry and other 

variables on the high temperature fracture of the alloy. 

The second material chosen was a i%Cr, i% Mo, -- 	steel, 

predominantly used in t`►e power industry in pressure vessels, 

steam chests and numerous items of turbine components and 

associated pipeworks all operating in the creep range. 

Table (2a) shows the compositions and the mechanical 

properties of the RR58 alloy, which was received in the 

form of 75 mm thick rolled plate solution treated at 530°C, 

water quenched and subsequently strained 2+%.. Previous 

uniaxial creep tests (78,130) suggested that failure in 

this aluminium alloy occurred with a limited ductility of 

around 1% for test times greater than amo hours and to a 

maximum of around 8% for short term tests, in.-the creep 

range of 100 - 175°C. 	The low alloy steel was received 

in five blocks from English Electric-AEI Turbine Generators 

Limited, all given an identical normalizing and tempering 

treament. 	Tables (2h) show the composition of the blocks 

and the mechanical properties of the steels. 	The 
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compositions are predominantly similar with grain sizes 

in the as received condition ranging from 30 - 40 4m. 

4.1.2. 	Heat Treatments Prior Creep Cracking Tests  

The standard heat treatment for each specimen of RR58 

was 30 hours in a salt bath at 190°C + - 1°C in C n order to 

reach peak hardness (of approximately 150 V.H.N.). 

Some specimens were further heat treated to observe the 

effects of prolonged times at temperature on C.C.G. and 

material hardness. 	Specimen hardness was checked before 

and after each test, figure (95) shows the effect of 

test duration on hardness. 	It is seen that at 150°C 

there is very little change in the hardness value and there-

fore attention was primarily centred on testing the RR58 

at 150°C and thus hoping to reduce the effect of overaging 

during the test. 

The five blocks of .;›Cr, 2i o, -14% V steel received in 

the normalized and tempered condition with ferritic grain 

size of 30 - 40 gm had rupture ductilities in excess of 

40%. 	Initial tests carried out on this as received condition 

only succeed in extensively deforming the arm of the DCB-C 

test-piece and it was noted that for specimens with pre-

dominantly bending stresses only materials with limited 

creep ductilities would be suitable for testing. 

Therefore an embrittling heat treatment was used to simulate 

the heat affected zone (H.A.Z.) of welds in steam pipes. 

The first block tested was 3F and it was heat treated for 

half an hour at 1250°C 2 1%, in a Gallenkamp furnace, 

and oil quenched to room temperature. 	This produced a 

mixture of martensitic and bainitic structure with grain 

size of 250 - 350 gm and vickers hardness of around 250 VHN. 
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Testing at 565°C had the effect of continuously tempering 

the microstructure giving an initial sharp rise in hardness, 

followed by a continuing decrease in V.H.N.(figure (96)). 

In order to reduce the tempering effect subsequent block 

were given a standard tempering treatment of twenty four 

hours at 680°C followed by air cooling. 	It was found 

that the hardness had stabalized in the region of 230 - 250 

V.H.N. and dropped slightly with time at the test temperature of 

565°C (figure (96)). 	The tempering effectively introduced 

a tempered bainite structure and it is assumed that for 

longer term tests the C.C.G. is increasingly affected by 

the change in the metallurgical structure of the material. 

4.1.3. 	Specimen Geometries  

In Chapter Three section (3.1.1.) the different geometries 

used in C.C.G. tests were reviewed and compared. 	in 

this program only a selection of the different geometries 

and specimen sizes shown in figure (15) were tested. 

Most tests were carried out on DCB-C and DCB-P test-pieces 

but DT, CT and SEN-T specimens were also tests. 	In 

addition raw data available, in some published papers 

(table (1)), on differing geometries were also re-analysed 

and compared to the present results, in the hope of unifying 

the C.C.G. analysis on a broader front. 

The CT and SEN-T tests on RR58 appeared fruitless 

since it was found that although small amounts of- slow 

C.C.G. had occurred it was not sufficient to visually measure 

it and due to the stress sensitivity of the RR58 and the 

instability of the CT and the SEN-T test-piece there was 

a rapid acceleration from slow growth to unstable fast 

fracture. 	The possible use of the potential drop technique 
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to measure small amounts of crack growth would be ideal in 

this case. 	The DCB-P RR58 test-pieces showed an appreciable 

amount of crack growth but the onset of rapid unstable 

fracture as in the case of all the other RR58 specimens 

were unpredictable. Only the DT test-piece of RR58 were 

tested and the difficulties of testing steel DT specimens 

are outlined in the Section (4.2.1.). 

The C.C.G. behaviour was more predictable for the steel. 

DCB-C, DCB-P of different sizes and side-grooving were 

tested. 	CT specimens were used in the latter stages of 

the test program and it was found that visual crack measure-

ments on the steel CT test-pieces were easier than the RR58 

CT specimens but it is suggested that for an increase in 

accuracy the potential drop would give more accurate readings 

over a small range of crack growth. 

Table (3a) shows the representative dimensions of the 

DCB-C, DCB-P, DT and CT geometries that have been used in 

the C.C.G. tests. 	For the analysis of the results in 

Chapter Six the accurate values of each individual test-

piece are incorporated in the computations. 

4.2.1. 	Description of the Apparatus  

The major portion of the test program was carried 

out on six machines specifically made to monitor crack 

growth at high temperature. 	The Instron testing machine 

and the standard Denison Creep deformation machines were 

also used but to a lesser degree. 

The creep deformation machine was a standard Denison 

rig with a 10:1 lever ratio and vertical furnace wound in 

three zones to enable the temperature distribution to be 
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adjusted. 	The furnace temperature was measured by using 

two chromel-alumel thermocouples attached to the ends of 

the specimen and the temperature was kept constant to within 

+ o 1 C using a CNS Trivect mark 1 three-zone temperature 

controller. 	The creep strain was measured continuously 

using a DC-LVDT (linear variable differential transformer) 

type transducer, shown in figures (23,25), with a sensitivity 

of 0.1 mm per mv. 

For the C.C.G. tests a total of six machines were 

used. 	Three of the machines which were previously 

described by Kenyon (78) were used for testing DCB test- 

pieces, of RR58. 	Subsequently one of the rigs was converted 

to test DT specimens. 	The remaining three machines, 

figure (24) were constructed to test low alloy steels at 

temperatures of 500°  - 600°C and apart from the pull rods 

which were made on nimonic 80A, these were in every way 

similar to the first three machines. 

The machines used for the RR58 and steel to test 

DCB-C, DCB-P, and CT specimens, figure (24), had a 10-:1 

lever ratio and two pull-rods which were connected to the 

steel shackles via ball-bearings, in order to ensure that 

the pull-rods and therefore the specimen remained vertical 

throughout the test. 	The furnaces were rectangular in 

design and opened vertically in the middle. 	Figure (26) 

shows an open furnace with a tested steel specimen. 	The 

element windings were in three zones situated on the sides 

of the furnace, and the method of temperature control was 

similar to the Denison creep rig described earlier. 	Figure 

(25) in conjunction with figure (23) shows the arrangement 

of the extensometry, effectively the displacement at the 
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loading line was measured using this method and the values 

were continuously plotted on a 24-point recorder during all 

tests. 

The crack growth was monitored using a telescope 

mounted on a shaft attached to the platform, figure (24). 

The crack reflection was viewed through two side windows 

using two mirrors clamped at an angle of 45°  to either side 

of the furnace,. 	The crack length was measured from the 

loading line at convenient time intervals and the average 

was plotted versus time. 	For the RR58 test-piece tested 

between 100°  - 200°C it was found that a thin spray of high 

temperature white matt paint on the base of the side-grooves 

improved the detectability of the crack. A powerful lamp 

was used to reflect light from the surface of the specimen 

and the view from the telescope showed a hairline crack tip ' 

as a dark line against a white background, consequently 

this length of crack was measured using a vernier scale 

mounted on the telescope. 

Testing the low alloy steel at 565°C presented a problem 

of oxidation which completely marred the view of the crack. 

Conventional high temperature paints did not adhere well 

enough to the notch base of the specimen and would not be 

reliable in monitoring C.C.G. 	After numerous trials of 

different combination of coatings such as high temperature 

aluminium paints, and different forms of glass cement a 

paint was found that was acceptable in determining, to a 

good degree of accuracy, the crack front. 	This coating 

was called the Delta-gaurd 130 (trade name) used to protect 

low alloy steels from surface oxidation at temperatures 

in excess of 1100°C. 	The specimen side grooves were 
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sand blasted and degreased using trichloroethylene and a 

thin layer of Delta-gaurd 130 was applied using a pencil 

brush. 	The test temperature of 565°  Delta-gaurd 130 forms 

a briLLiant white matt surface which adheres extremely 

well .to the specimen surface. 	If carefully applied the 

paint will crack as the specimen cracks and it will last 

up to 2500 hours at 565°C. 	Several specimens were stopped 

in the middle of the test and broken at room temperature to 

compare the measured value of the crack length to the 

actual value. The accuracy of the measurements were with 

2 1.0 mm for the steel and ± 0.5 mm for the RR58 and given 

the crack length monitored for DCB test-pieces were usually 

in excess of 70 mm the error involved is acceptable. 

The Double Torsion rig shown in figure (27) consisted 

of a lever arm ratio of 6:1 attached to a stainless stee?, 

compressive loading rod. 	The crack opening deflection was 

measured directly by attaching the transducer to the top 

of the loading rod. 	The rectangular DT specimens (figure 

(15)) were held up horizontally at each corner by four rods 

protruding from the base of the furnace and the compressive 

load was applied from the loading rod. 	The point of 

contact of the specimens with the rods were with ball- 

bearings slotted at the centre of the rods. 	The method of 

crack measurement was similar to the other machines but 

since the plane of the crack growth was parallel to the side 

windows the reflection of the crack was passed onto the 

outside mirror via another mirror clamped at 45°  below 

the crack line figure (27) shows at DT specimen set up inside 

the furnace. 	The lighting needed to view the crack was a 

12 v quartz lamp placed inside the furnace, below the 
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mirror. 	Only RR58 was tested in the shape of a DT geometry 

since there were problems involving crack monitoring of 

the steel at 565°C using the above method. 	The lighting 

and the reflective surface needed to withstand long times 

at 565oC could not be found. However it is suggested 

that the use of the potential drop technique will solve 

the problem of crack measurement. 

4.3.1. 	Experimental Procedure  

Apart from the specimen preparation for surface coating 

they were also, for ease of crack measurements, marked on 

both sides at intervals of 0.25 inches (6.35 mm), since 

the vernier on the telescope mounting was marked in fractions 

of an inch. 	Four chromel-alumel thermocouples were fixed 

in previously drilled holes along the specimen at intervals 

of 30 mm. 	In this way temperature gradient,if any could 

be determined throughout the test. 

The specimens were placed in the furnace and held 

at the testing temperature for approximately twenty hours 

prior loading. 	The loading of the specimen was 

performed manually for the steel and for the more stress 

sensitive RR58 a motorised jack was used to apply the 

load. 	The loading rate was kept to within one minute for 

the full laod in all cases. 	Once the load had been applied 

the initial crack reading and the zero value for the trans-

ducer was taken and the clock attached to the machine was 

switched on. 	Initially the crack length and the transducer 

readings were taken at short intervals and depending on the 

rate of crack growth, and at convenient times thereafter. 

During some of the tests load changes were performed 

simply by carefully adding or subtracting at the back of 
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the machines. 	In some earlier tests and more predominantly 

in tests performed by Kenyon (78), the temperature was 

altered during the test by resetting the temperature controller 

and it was found that the new temperature reached a stable 

level within a three hour period. 

4.3.2. 	Crack Tin Preparation Prior Testing: 

Different methods of crack starting were tried. For 

the RR58 sharp cracks were initiated using the instron 

machine at strain rates of 0.25 mm/min. 	Fatigue cracking 

was found to be unsuitable for RR58 since the crack direction 

deviated from a flat fracture. Later tests were carried out 

on RR58 (DCB and DT test-pieces) with a very fine flat saw 

cut as the crack starter. 	The crack growth data overall 

showed similar behaviour, irrespective of the mode of the 

crack starter. 

The initial crack-starter for the steel specimens 

was less critical, since the heat treatment had reduced 

the creep ductility drastically making the metallurgical 

structure more creep-brittle. 	Tests 3F1-3F6 and 8F1 were 

fatigue precracked and the rest were given a fine flat saw 

cat as a crack starter. 	For long crack lengths in the DCB 

and DT test-pieces the method of precracking will have a 

small effect at the initial stage of crack growth but once the 

crack tip stresses have stabalized and the crack lines grown 

into the virgin material ahead, the C.C.G. behaviour will 

not be affected by the mode of the crack starter. 	For 

small specimens where the cracking range is usually less 

than 10 mm the method of crack initiation will be of importance. 

For example tests carried out by Ellison and Walton (86) 
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and Harper (95) on CT and SEN-B test-pieces of 1 Cr, Mo, 

V steel, had a standard precracking of 100,000 cycles of 

fatigue, which must ultimately effect the C.C.G. behaviour 

of the material in the vicinity of the crack tip. 

4.3.3. 	Uniaxial Creep Tests  

Standard high temperature creep deformation tests 

were carried out on the steel and a few on RR58 (extensive 

creep tests on RR58 were previously performed by Kenyon (78)). 

The overall gauge length of the creep specimens were 25.4 mm 

with a diameter of 4.76 mm. 

4.3.4. 	Metallurgical Investigations  

Metallurgical examination on some of the specimens 

were performed. 	The hardness values of the test-piece 

were recorded before and after each test-piece. 	The 

fracture surface of each specimen was analysed using a 

stereo microscope. 	Certain tests were stopped prior to 

rapid fracture and the specimens were cut perpendicular to 

the crack plane in order to observe the nature of C.C.G. 

and its relation to its geometry, thickness and loading 

history. Metallographic examinations of this nature were 

carried out on both RR58 and steel. 	Micrographs, using 

a Vicker's microscope were taken before and after etching 

and some of these are discussed in section (5.3.1.). 

4.4. 	Derivation of Experimental and Theoretical Formulae  

used to evaluate the Stress Intensity Factor K for different  

Geometries  

4.4.1. 	Experimental Evaluation of K  

The DCB, DT and the CT specimens may be analysed by 

the general compliance method described in section (1.2.2.). 
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It was shown that for a body containing a crack a relationship 

exists between the stress intensity factor K and the energy 

release rate G. 	For plane strain conditions: 

2 	EG  
K  = (1 - v2) 

From equation (1.10)it follows that: 

,2 (P2 ,dC 
K = 2 Bn/ 

where C is the compliance given by 

C - Extension 	_ A 
Load 	P 

(4.1) 

( 4.2) 

and can be measured experimentally. 	Tests to evaluate the 

elastic compliance at room temperature were carried out on 

DCB-C, DCB-P and DT test-pieces. 	Since the displacement 

A for the evaluation of K must always be elastic it follows 

that tests performed for different materials and temperatures 

a- dC will give a constant value of E c  -T giving the general equa-

tion 

El (g)1  - E2)2 
	(4.3) 

where subscripts 1 and 2 can be for different temperatures 

or materials. 	The DCB and DT test-piece were sawn to 

consecutively longer crack lengths and the values of C 

for each crack length was evaluated. 	From the slope of 

dC • the compliance versus crack length graph zfg.  was found and 

plotted versus crack legth. 	Figures (28,29) show the 

dC graphs of c  -ra- versus crack length for the DCB and DT geometries 

used in the C.C.G. tests. 	It is seen that both the DCB--C 

and the DT have a constant compliance independent of crack 

length, giving from equation (4.2) a constant value of K 
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independent of crack length. 	The DCB-P test-pieces are 

inherently unstable and exhibit increasing dC  with crack 

dC i length. 	The final increase in c-ra- in figures (28,29) for 
the DCB-C test-piece is due to the breakdown of the 

contour (since the maximum height of available material was 

limited to 75), and due to the crack length reaching the 

end of the specimen. 

4.4.2. 	Theoretical Evaluation of K  

Analytical methods for determining the elastic stress 

distribution around the crack tip for the geometries in 

figure (15) have been developed extensively in recent years. 

The general method of analysis consists of finding a stress 

function of two variaLles 1' X2 or r, e) figure (4) which 

will satisfy the compatibility equation v4  = 0 and also 

the boundary conditions at a finite number of stations along 

the boundary of a specimen. 

Another common method of theoretically evaluating K 

is by the use of equation (4.2). 	The elastic value of A 

can be determined analytically using methods commonly described 

dC in texts on strength of materials and converted into zg. 
From the boundary collocation computations performed 

by Srawley and Gross (98) the values for the contour of the 

DCB-C were chosen to give a constant compliance. 	Table 

(3a) shows the contour dimensions and table (3h), in 

conjunction with figure (30), gives the particular'values of 

H 

e ' e and W  which give: 

.1 
KBW 2  

- constant 	 (4.4) 
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Srawley and Gross (98) also formulated an approximate 

method of evaluating K for the DCB test-piece which is: 

3.46 	+ 0.7) 
K = P 	 

Bh2  
( 4.5) 

and taking into account side grooving from equation (3.1) 

and for plane strain conditions 

P 3.46 	+ 0.7) 
K 	 (4.6) 

IB Bn(1 - v2) h 

This method is increasingly inaccurate for increasing 

specimen taper. 

Another means of evaluating K is from the non-linear 

beam theory discussed in section (3.4.5) and shown in 

appendix (A). 	From equation (3.35) for the case of n = 1 

in linear elasticity J = G (the crack extension force,and 

using equation (4.2) gives for a side grooved specimen 

under plane strain conditions 

P2 3  a2 

C

1,  
2 B Bn (1 - v2) 2)3  

(4.7 ) 

This calculation ignores shear stresses and assumes 

a built in beam. 

Outwater et al (96) found an approximate expression of 

K for the DT test-piece by considering the torsional 

compliance C of one half of the DT specimen (figure 15): 

a  C Mt - I Es  s 
(4.8) 

where 0 is the angular displacement, Mt  is the torque, 

Ip  is the polar moment and Es is the shear modulus. 
	Hence: 



test-piece in terms of the torque Mt: 
2 Mt dC 

G  - HE; da (4.11) 

dC 	1 (4.9) 

78. 

da I E 
P s 

 

which is a constant depending on the cross section and 

modulus of the specimen. 	I for a rectangular cross- 

section is given by Roark (131) as 

I 	hB
3r/16`1 

P 	32 VS1 - 6.72 h — 	3 
_ _4  (t)

4
))ti ha

6
3  (4.10) 

They derive the crack extension force G for the DT 

Substituting (4.9) and (4.11) into equation (4.2) gives an 

approximate formula for the stress intensity factor K: 

K = P 
h 	

1 
m  

2 

8 Bn Ip(1 - v)) 
(4.12) 

Equation (4.12) is crack length independent and K and 

G can now be determined from the knowledge of specimen 

dimensions, modulus and the applied load. 

The stress intensity for the CT test-piece has been 

defined by A.S.T.M. (13) for valid Kic  tests and is 

universally accepted for calculating K in this geometry: 

3 	5 
P 	n 	7 	 2 

= BF/  K 	29.6 (=.W) - 185.5 (-5-.) + 655.9 W -  

7 	9 

a\7.  - 1017.0 6 + 638.9 W (4.13) 

In Chapter Six a comparison of the theoretical and the 

experimental methods of evaluating K will be made by 

correlating them with the C.C.G. data. 
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CHAPTER 5 

5.1. 	Experimental Results  

The results will be presented in two major sections. 

1. Uniaxial Creep deformation tests. 

2. Crack growth data obtained from different 
geometries. 

Tests were carried out on an aluminium alloy (RR58) 

and a low alloy steel (I% Cr, 3% Mo, i% V). 	The RR58 used 

in the present tests was the same as used previously in an 

experimental program by Kenyon (78) who investigated the 

application of L.E.F.M. to C.C.G. 	In the third section 

metallurgical observations will be discussed in the light 

of the creep deformation and cracking behaviour of the RR58 

and steel. 

5.1.1. 	Results and Anal sis of the Uniaxial Creee  

Deformation Tests  

A selection of data of creep strain (c) versus time (t) 

from the uniaxial creep tests are shown in figures (31-34) 

for the RR58 and Figures (35-38) for the steel. 	The 

general objectives of these tests were to evaluate the 

range of creep ductilities and also to establish any possible 

link that may exist between the creep deformation and the 

creep cracking results. 

The bulk of the RR58 creep tests were carried out by 

Kenyon (78) and are shown in table (4a). 	Figures (31-34) 

show a comparison of the short and long term tests for 

temperatures of 10007  15002  200oC respectively. 	Th'e 

essential features are the marked decrease in the primary 

region and the failure ductility with the increase in 

temperature. 	The creep strain at fracture varies with 
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temperature and loading. 	The creep strain at fracture 

(sf) drops from approximately 10 - 11% at 100°
C to 3 - 4% 

at 200°C for short time tests of less than 100 hours and 

drops from 7 - 8% to 1 - 2% for the same temperature 

range and test times in excess of 500 hours. 	Therefore 

there is a relative transition from a ductile fracture at 

high stresses and low temperatures to a more.creep brittle 

rupture at low stresses and high temperatures. The RR58 

is heat treated at 190°C for 30 hours prior to testing 

in order to give a peak hardness of around 150 VHN. 

The extent of overaging is dependent on the length of test 

time and the testing temperature. 	Figure (34) shows the 

effect of overaging on the creep ductility and rupture of 

two RR58 specimens tested at 150°C with an applied stress 

of 232 MPa. 	There is a reduction in rupture life by a 

factor of four approximately and an increase in the rupture 

ductility by over a factor of two in the overaged specimen. 

The RR58 is received in 75 mm thick rolled plates which 

had been prestrained 22%. 	The time of testing at 

temperature accelerates the metallurgical processes such 

as overaging and also reduces the residual stresses due to 

the prestraining. 	Both these factors reduce the material 

hardness and increase the creep ductility and the tertiary 

region of the creep curve. 

Figures (35-36) show the creep strain versus time 

relationships for quenched and quenched and tempered low 

alloy bainitic steels tested at 565°C. 	Table (4b) gives 

a summary of the uniaxial creep data collected for the 

1% Cr, 1% Mo, i% V steel. 	The steels were solution treated 

at 1250°C for half an hour and then oil quenched, giving 
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a predominantly martensitic and bainitic structure with a 

prior austenite grain size of 200 - 300 p.m. 	This was 

followed by a tempering treatment of 24 hours at 680°C to . 

reduce the residual stresses and temper the bainitic 

structure. 	Uniaxial creep tests were performed on the 

quenched and quenched and tempered material. 	The steel 

in the as received condition consists of a normalized 

ferritic structure with a hardness of approximately 130 V.H.N. 

Cummings and King (132) tested a similar 1% Cr, 1% Mo, i V, 

steel in the ferritic condition and found that the creep 

curves showed an extended tertiary region with creep 

ductility decreasing from 40% to 20% in long term tests. 

In comparison figures (35-36) show the sharp reduction in 

the creep rupture ductility for bainitic heat treatments of 

the low alloy steel. 	Both show a predominantly primary 

region with extensive work hardening. 	The creep strain 

at fracture for the quenched material is in the region of 

0.2% decreasing to 0.1% for long term tests and for the 

quenched and tempered steels, shown in figure (36), the 

creep strain at fracture drops from 1.6% to approximately 
• 

0.6% or less for long term tests. 	Figures (37) compares 

the effect of tempering on the creep curves of the two 

specimens tested at 565oC. under a stress of 360 MN/m
2. 

The quenched and tempered steel shows an increase in ductility 

of a factor of ten and an increase in rupture life by a 

factor of over two. 	But generally compared to the ferritic 

low alloy steel tested by Cummings and King the bainitic 

heat treatment can be said to produce a relatively creep 

brittle structure. 
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The data collected on RR58 and the steel covers short 

term uniaxial creep tests (less than 1000 hours) and cannot 

be used for predictifig accurately the creep behaviour 

beyond this range. 	But, by correlating strain, strain and 

times to rupture data, useful quantitative relationships 

can be formed. 	Figures (38-40) for RR58 and figures 

(41-43) for the steel show respectively the secondary creep 

rate (gs) versus stress (a), stress (a) versus time to 

rupture (tR) and secondary creep rate (gs) versus time to 

rupture (tR) of the uniaxial data. 	There is an increase 

in the amount of data scatter for the steel, which could 

be due to the marked reduction in creep ductility of the 

bainitic microstructure suggesting that it may be more useful 

to observe the creep crack propagation behaviour of this 

material in geometries containing a dominant crack, since 

in uniaxial creep tests the problem is one of crack initiation 

rather than creep crack propagation. 

By using the creep data an estimate of the value of 

n can be found for the equation 

es 
an 	 (5.1) 

Figures (38,41) show the respective relationships for 

RR58 and steel. 	For the RR58 the range of values for n 

varies from 40 at 1000C to an average of 17 at 2000C. 

The increase in temperature effectively reduces the creep 

ductility and the material fractures in a more brittle manner. 

The stress dependence of n for the steel in the quenched 

state is around 5.6 and for the quenched and tempered material 

is about 7.7. 	It is seen from figure (41) that at lower 

strain rates, i.e. longer time tests, the quenched material 
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is also beginning to be tempered at 565°C and thus tending 

to behave like the quenched and tempered steel. 

A more accepted form of correlating the data, specially 

for use in design codes (46) is to use the stress dependence 

of time to rupture. 	It is found (46) that in long duration 

tests approaching the times for service life fractures 

there can be a drastic loss in ductility which may invalidate 

the conventionally measured values of creep elongation used 

in design codes. 	This is specially true for engineering 

materials where the microstructure is specifically made 

to be creep resistant. 	From equation (2.8), figures (39,42) 

for RR58 and steel respectively can be correlated in the 

form 

t m a -m 
	

(5.2 ) 

The value of m for RR58 varies from 32 at 100°C to 

an average of 14 at 200°C. 	The time to rupture values 

drop by four decades in going from 100°C to 200°C emphasising 

the importance of the thermal activation processes on the 

rupture life of the material. 	For the steel the value of 

m is around 4.5 for both heat treatments but there is an 

increase by a factor of over two in the rupture life of the 

tempered steel compared to the quenched material. 	In 

comparison, the values of m derived by Cummings and King (132) 

for the ferritic low alloy steel were from 13=>9-->6 with 

decreasing stress over a time period of up to 20,000 hours. 

For the Cummings and King tests (132), which were within 

the same time period (less than 1000 hours) as the present 

tests, the values of m increase from about m = 4.5 for the 

bainitic material to rn = 13 for the ductile ferritic steel. 
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Figures (40,43) show the relationship of the data, for 

RR58 and steel respectively, plotted in the form: 

4 a  ( 11  
s 	\tR/ 

(5.3) 

If the value of p = 1 then it is feasible to assume 

that a direct relationship exists between the creep deformation 

behaviour and creep fracture. 	Figure (40) shows that 

this relationship is temperature independent for RR58 but 

the slope p is found to 1.09 suggesting that at longer 

test times the effect of overaging coupled with a loss in 

creep ductility forces a departure from direct proportion- 

ality of equation (5.3). 	The test temperature does not 

drastically affect the creep rate and this is clearly 

illustrated in figure (40) for RR58 for test temperatures 

of 100°C to 200°C. 	Figure (43) shows the same correlation 

for the steel tests. 	The secondary creep rate measured 

in the case of the steel uniaxial data is effectively the 

minimum creep rate since the large primary exhibited by the 

steels extend in some instances right up to the tertiary 

region. 	The effect of tempering is to increase the time 

to rupture by a factor of 10 for the same secondary creep 

rate. 	The slopes of p drawn on the figure are both one 

but it is expected that similar to RR58 there will be a 

departure from linearity for longer term tests when the 

effect of tempering will become more pronounced. 

5.2.1. 	Results of the Creep Cracking tests obtained from  

Different Geometries, Thicknesses and Side grooving  

In section (3.1.1) various test-piece geometries used 

for C.C.G. tests were discussed. 	In this section the 
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representative curves of crack length versus time, trans-

ducer displacement versus time, and crack length versus 

transducer displacement for different geometries will be 

shown. 	Extensive crack growth data of RR58 were collected 

by Kenyon (78) using the DCB-C test-piece. 	His test 

temperature ranged between 100°C - 200°C and he predominantly 

used specimen thicknesses of 9.5 mm and 25 mm. 	In order 

to reach a broader understanding of the problem the present 

program was orientated to test other geometries (the 

dimensions of which are shown in table 3) and also a different 

material. 	Therefore simultaneous creep cracking tests 

were carried out using the specified material. 

RR58 3% Cr, 1% Mo, i% V Steel  

DCB-C 	DCB-C 

DCB-P 
	

DCB-P 

DT 
	

CT 

(CT,SEN) 

The CT and S.E.N. tests of RR58 were not successful 

since a small amount of crack growth was followed by a 

fast uncontrolled fracture. 	In such a circumstance the 

potential drop technique to monitor constantly the small 

amount of crack growth would be ideal. DT tests on the 

steel were not attempted since there were problems in finding 

a special mirror and light bulb to withstand long periods 

at 565°C. 	Once again where it is found that there are 

difficulties in visually recording the crack length, 

the use of the potential drop method will overcome these 

problems. 

Table (5) gives a comprehensive list of all the crude 
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growth data for both RR58 and steel. 	The basic information 

such as crack length, applied load, test temperature, the 

type and size of geometry for each test-piece is shown. 

The values of crack growth rate, transducer displacement 

rate, the slope of transducer versus crack length, and finally 

the experimentally calculated elastic stress intensity 

factor K are also shown for the individual crack lengths 

and applied loads of each test-piece. 	It will serve no 

purpose to show all the experimental graphs and therefore 

only representative figures will be discussed. 

Figures (44-67) show the experimental graphs of RR58 

and steel, which will be discussed in the following section. 

The graphs of crack growth against time are simultaneously 

shown with the graph of the transducer displacement versus 

time. 	In this way, the extent of loading pin displacement 

in relation to the amount of crack growth can be compared 

for each test-piece. 	Figures (68-81) show the graphs of 

displacement (A) versus crack length (a) and the corresponding 

values of the elastic displacement due to crack growth are 

also plotted for comparison. 	The crack growth data show 

a jumpy nature which is due to the scatter produced by the 

visual method of crack reading (± 1 mm). 	There is a further 

reduction in accuracy of the crack growth measurement of the 

steel specimens due to the high temperature oxidation, and 

therefore it is suggested that the crack growth behaviour 

of these geometries should not be considered over small ranges 

of crack lengths (i.e. less than 5 mm) since the amount of 

scatter will dominate in that range. 	However since the 

DCB and the DT test-pieces, forming 95% of the test data 

in this work, have measurably long crack growth regions 
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(around 100 mm), the extent of scatter should not affect 

the final analysis of the C.C.G. behaviour. 

5.2.2. 	The General Trendsof the Ex erimental Graphs 

A qualitative understanding of the fracture behaviour 

can be reached by observing the shapes of the experimental 

graphs, without using a fracture mechanics correlating 

parameter. 

The geometry of the test-piece inherently controls 

the shape of the crack growth curves. 	The test variables 

such as load, temperature, specimen size, crack length, 

material ductility and the extent of side grooving only 

modify these shapes. 	Therefore by using a particular 

geometry it is possible to observe the effects of the test 

variables and, following this, to compare the effects of 

different geometries. 

5.2.3. 	The shape of the DCB-C Graphs  

The DCIS-C test-piece was designed to give a region 

of constant K over a range of crack lengths, a, (50 mm < a 

< 150 mm). 	Kenyon (78) testing DCB-specimens of RR58 

expected to find a linear crack growth versus time 

relationship in order to relate the creep cracking rate 

to the L.E.F.M. parameter K. 	Instead he suggested that 

there existed regions of primary, secondary and tertiary 

cracking. 	Figures (44,45) show typical crack growth 

curves for RR58 and steel respectively. 	Kenyon (78) 

found that an increase in crack length, load and aging 

effectively reduced the primary region and that testing at 

higher temperatures tended to increase the primary region. 

It is misleading to separate the crack growth into three 
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distinct regions since this may suggest different cracking 

mechanisms for the different stages. A better explanation 

would be that there is a constant slowing down of the cracking 

rate with increase in crack length and that the rapid increase 

in crack rate in the final stage is only due to the effect 

of reaching the end of the test-piece. 	This reduction 

in the crack speed can be attributed to two main factors: 

1. Metallurgical changes in the material during 
the test. 

2. Non-applicability of L.E.F.M. for C.C.G. 

If purely geometrical factors dominate, then the 

L.E.F.M. concept does not adequately describe the fracture 

process and non-linear mechanics may be more suitable 

(127-129). 	This will be discussed in section (6.2.1•) 

The metallurgical changes will help to reduce the C.C.G. 

rate and the extent of this slowing down will depend .  

on the testing time, temperature and the materials 

metallurgical stability. 	The RR58 which is received in a 

75 mm thick rolled plate is effectively prestrained 22%. 

At creep temperatures metallurgical changes such as overaging 

as well as a reduction in the residual stress due to the 

prestraining will reduce the C.C.G. rate. 	The slowing 

down is still prevalent in a test lasting 500 hours shown 

in figure (46) compared to figure (44) which lasted for 

over 3000 hours, both tested at 150°C. 	Tests carried out 

on quenched steel at 565°C showed a similar phenomenon. 

Figure (45) with a test time of 600 hours shows a decreasing 

rate of C.C.G. for steel. It could be argued that the heat 

treatment and oil quenching from 1250°C would produce an 

unstable martensite-bainitic structure which rapidly tempers 

at 565°C. 	Unlike RR58 the steel is 
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less stress sensitive and therefore it was possible to measure 

a wider and faster range of controlled crack growth rates. 

A test lasting 30 hours for the quenched material, figure 

(47), shows a constant crack growth rate region. 	In 

effect the low creep ductility of this material together 

with short time at temperature has not allowed tempering 

to affect the crack growth which can therefore be described 

in terms of K. 	By tempering the quenched steel for 24 

hours at 680°C prior to testing it was hoped that the metal-

lurgical structure would be more stable for a longer test 

period. 	Figure (48) shows a relatively linear crack growth 

relationship with time for a test lasting 160 hours. 

Figure (49a) shows a tempered steel in a slower test (1300 

hours) for which the effect of tempering could be more 

-dominant. 	Figure (50) shows a comparison between a quenched 

and an quenched and tempered material at the same load and 

a very similar initial crack length. 	The quenched 

material shows a decreasing cracking rate but it is clear 

that the effect of tempering is not dominating the C.C.G. 

rate. 	An important comparison is figure (50) with the 

uniaxial creep curves of the quenched and quenched and 

tempered material shown in figure (37). 	Although the 

rupture life of the tempered material is increased by a 

factor of 2.5 in figure (37) the crack propagation behaviour 

in figure (50) of the two treatments are comparable, 

suggesting that geometry greatly influences C.C.G. behaviour. 

5.2.4. 	The Shape of the DCB-P Graphs 

Unlike the DCII-C test piece this specimen has an - 

increasing compliance rate with an increase in crack length. 
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Figures (51,52) show typical crack growth data for RR58 

and steel respectively. 	In every instance there is a slow 

increase in crack length followed by rapid crack growth, 

culminating in unstable fracture. 	The effects of 

metallurgical changes that were discussed with respect to 

the shape of DCB-C tests cannot be readily evaluated from 

the DCB-P graphs since inherent in the geometry is an 

increasing crack rate with crack length at constant load. 

Although the DCB-P is in every way similar to the DCB-C 

geometry, excepting for the contour, the crack growth behaviour 

is markedly different and only by using a relevant fracture 

mechanics parameter would one be able to correlate the data. 

This will be discussed fully in Chapter Six. 

5.2.5. 	The Shape of the DT graphs  

This specimen also shows a constant K characteristic 

independent of crack length. 	Tests were only carried out 

on RR58 at 150°C. 	Figure (53) shows a characteristic 

crack growth graph for a DT test-piece. 	There is still 

a slight slowing down associated with overaging. 	The load 

was dropped from 9607.7 N to 8273.3 N for 900 hours and when 

the test-piece was reloaded to the original load the cracking 

rate reduced by a factor of two, suggesting a possible effect 

due to overaging which was also seen in the behaviour of the 

DCB-C test-piece. 

The Shape of the CT graphs  

CT test-pieces along with SEN-T, SEN-B and W.O.L. 

geometries all show a similar behaviour to the DCB-P test- 

piece. 	Figure (54) shows a steel CT tested at 565°C. 

This is a typical behaviour of the crack growth of these 
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specimens all of which have a rapidly increasing stress 

intensity K with crack length. 	The steel tested in this 

case has a low creep ductility value of around 1%, but the 

advantage of the CT test-piece over the DCB specimens is 

that they can be used to test materials with very high 

creep ductilities. Harper (95) was able to test a 

1 Cr. Mo. V steel in the ferritic condition using a 

25 mm thick CT test-piece and found that the length of the 

incubation period prior to rapid crack growth was related 

to the materials creep ductility. 	He found that as much 

as 85% of the specimen life was taken up in incubation 

whereas for the bainitic CT, cracking will start almost 

immediately even though Harper (95) used a sharp fatigue 

crack starter and the test-piece in figure (54) had a flat 

saw-cut for the initial crack tip. 	Relatively few 

tests were performed using the CT specimens since it was 

found that the visual technique of crack measurement was 

not sufficiently accurate for such short ranges of crack growth. 

5.2.6. 	Constant C* (Anal tical) tests •erformed on DCB-C 

Test-pieces  

From the discussion of the shape of the DCB-C graphs in 

section (5.2.3) it was concluded that a probable explanation 

for the slowing down phenomenon might be the non-applicability 

of L.E.F.M. 	In section (3.4.5) the concepts of non- 

linear mechanics for the DCB test-piece were discussed. 

It was found from equation (3.43) that the value of the 

analytical C* decreased with increasing crack length (figure 

(22)) as a function of the creep index n, possibly explaining 

the decrease in cracking rate. 	Using the same equation 



92. 

(3.43)for the DCB-P test-piece it is found that Cs analytical 

also increases with crack length. 	To explain the slowing 

down of the cracking, constant C* (analytical) tests were 

performed on some DCB-C specimens of RR58 and steel by 

evaluating from equation (3.43) the load needed to keep 

C* (analytical) constant along the specimen length at a 

particular creep index n (in this case values of n of 10 

and 14 were selected for steel and RR58 respectively). 

It was found that approximately 20 - 25% load increase was 

needed to keep C* constant along the DCB-C test-piece. 

Figures (49b, 55, 56) show constants C* tests for RR58 and 

steel 25 mm thick specimens. 	The incremental load increases 

are also shown on the graphs. 	These two tests which are 

relatively short term (70, and 150 hours respectively) 

show a linear relationship of crack growth with time, but 

it was found that testing at lower loads (i.e. longer test 

duration) the slowing down of the cracking in the DCB-C 

test-piece was still prevalent suggesting that the formulation 

of C* (analytical) is still inadequate in explaining the 

reduction in crack speed. 	In Chapter Six all the DCB 

data will be plotted versus the C* (analytical) parameter 

and the possible weaknesses in the analysis will be pointed 

out. 

5.2.7. 	The effect of Load Change on Crack Growth of Different  

Geometries  

One advantage of the DCB and DT over CT and SEN test-

pieces is that a number of load increases and/or decreases 

can be made during the test to achieve different rates of 

crack growth. 	In the bend type specimens the material 

further ahead of the crack is essentially unaffected by 
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stresses, especially for the more creep brittle materials 

which allow less stress redistribution to take place at the 

crack tip. 	From all the experimental graphs it is observed 

that at the start of the tests or during the initial stages 

following a load change there is a short time period (approx-

imately 5% of the total test time) in which the crack tip 

stress and strains adjust to the changes in the applied 

stress level. 	This effect is hardly noticeable for the 

more creep brittle materials and also at lower loads. 

Figures (49a,53) show the initial rapid increase in the 

displacement for a DCB-C and a DT test-piece respectively. 

Both have relatively blunt (compared to fatigue pre-cracked 

materials) saw cut crack starters and once the crack has 

grown about 7-8 mm the condition is stabilized and creep 

cracking dominates. 

In general a load increase will increase the cracking 

rate and a load decrease will reduce it. 	The extent of 

the relative crack rate increase with an incremental lacd 

change will depend on the geometry, thickness, side grooving 

and the creep ductility of the material and a quantitative 

assessment of these factors will be made using fracture 

mechanics correlating parameters in chapter six. 

Figtire (57) shows the effect of a shiart drop in load 

on a 25 mm thick steel DCB-C test-piece. 	The transducer 

displacement shows the marked drop at the load change associated 

with the elastic displacement. 	Figure (58) shows a 12 mm 

DCB-C test-piece with load increase at three different crack 

lengths. 	Similar trends are shown in DCB-P tests when 

the load is changed. 	Figure (59) shows an initial load 

decrease followed by an increase at a longer crack length 

for DCB-P RR58 test-piece. 	It should be noted that although 



94. 

the load increase to 7117 N was less than the initial load 

of 8896 N the cracking rate was faster, this is because the 

compliance for the DCB-P geometry is a function of crack 

length. 	Figure (60) shows a similar trend for 25 mm thitk 

DCB-P steel specimen. 	In this instance the load is dropped 

by about 40% and effectively there is no visible crack growth 

for 130 hours, but given sufficient time it would be expected 

that cracking would occur at this load. 	The load was 

subsequently increased to observe the cracking behaviour 

at a faster rate. 

Various tests were performed on the quenched and tempered 

steel using DCB test-pieces of thickness (B) of 12 mm. 

to compare to the 25 mm thick specimens. 	Figures (58,61) 

show the shapes of crack growth and load change for thinner 

(12 mm) steel DCB-C with net thickness (Bn) of 3 and 6 mm 

respectively. 	Both show a marked increase in creep bending 

compared to figure (57) which is a 25 mm thick steel specimen. 

Similarly figures (62,63) show two thin DCB-P test-pieces 

of Bn = 3 and 6 mm respectively. 	
The effect of the 

applied load on the C.C.G. rate observed in the different 

geometries can only be satisfactorily determined by using 

a fracture mechanics correlating parameter. 	Section (6.1.1) 

in chapter six will quantitatively compare the C.C.G. rate 

of each geometry, thickness, and side grooving in order to 

reach an understanding of the effect of triaxiality on creep 

cracking. 	The effect of the load histories will also be 

discussed in terms of the stress intensity factor K in-the 

next chapter. 

5.2.8. 	The Effect of Temperature on Crack Growth 

Nearly all the tests in this program were performed 



Or 

at the test temperature of 150°C for RR58 and 565°C 

for steel. 	Kenyon (78) tested DCB-C specimens in the range 

of 100° - 200°C. He found that at 100°C there was either 

a stoppage or a markedly reduced amount of crack growth, 

and an increase in temperature increased the cracking rate 

as well as the amount of creep deformation. He found 

that at temperatures above 175°C the extent of arm bending 

due to creep made it extremely difficult to achieve a steady 

cracking rate, since at high temperatures the creep deformation 

became dominant. 	Figures (64,65) show DCB-C tests at 175°C 

and 200°C respectively. 	It should be noted that for the 

first 30 mm of crack growth the transducer displacement for 

the tests at 200°C (figure (65)) was approximately double 

that of the test at 175°C. 	Figure (66) shows a test of 

DCB-C, RR58 during which there was a load increase and 

temperature increase from 150°  to 175°C to 200°C. 	Clearly 

both the extent of creep cracking and the creep bending 

of the arms rapidly increases with the increase in temperature. 

Only one single test at 615°C was attempted for steel 

on a DCB-P test-piece. 	Figure (67) compares the steel 

DCB-P specimens tested at 615°C and 565°C with the same 

initial crack length. 	The load on the test at 565°C 

is approximately 10% greater than the test at 615°  but 

its crack rate is on average slower by a factor of more than 

two 

5.2.9. 	The Relationship between Transducer Displacement  

and Crack Growth  

The transducer displacement (A) was monitored for each 

test. 	A selection of transducer displacement (A) versus 
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crack length (a) for different geometries and conditions 

are shown in figures (68-81). 	The respective plots of the 

elastic Ae, evaluated from the experimental elastic 

compliance, are also plotted against crack length in some 

instances. 	These show that the total displacement 

(A ) recorded during a creep cracking test consists of: 

A 	'e + Acr 
	 (5.4) 

The elastic displacement is dominant in materials which 

are relatively creep-brittle and therefore for such cases 

it is expected that the A versus a graphs will reflect the 

shape of the elastic compliance graph. 	The amount of A cr 

varies with material ductility as well as geometry, loading, 

size and the extent of side grooving. 

From equation (5.5) it is seen that the elastic compliance 

C is given by 

A C 	 (5.5) 

dC _ 1 dA 
da P da 

and normalizing for all temperatures gives 

dC E dA 
da r-  P da 

(5.6) 

(5.7) 

Therefore by multiplying the elastic compliance C by the 

particular testing load P it is possible to evaluate the 

elastic a° at the relevant temperature. 	This can then be aa 
dA compared with the experimental cTa-.  , shown for each test in 

table (5), derived from the creep cracking tests. 

Generally, as shown in figures (68-81) the amount of 

Ac r accumulates during the test, and this is reflected 
dA by the increased slope of the experimental — compared to da 
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dA 
the elastic da. 

The shape of the A versus a graph from the C.C.G. tests 

is modified by the increase in the test temperature, loading, 

specimen size and test duration. 	Figures (68,69) show 

a linear relationship between A and a for RR58 and steel 

DCB-C specimens of thichness B = 25 mm. 	The plots show 

that the creep deformation for the RR58 tested at 150°C 

is almost negligible and for the steel in the region of 

dA 5 - 10% and therefore suggest that the respective da 

slopes are reflecting the constant K nature of the DCB-C 

geometry. 	Figures (70,71) show, for the same test 

temperature and specimen size as figures (68-69) the A 

• versus a graphs of DCB-P, RR58 and steel respectively. 

It is found that the extent of Acr 	is less than 10% 

for both cases. 	Due to the increasing compliance with 

dA crack length the- slopes of the Ta- also accelerate with 
respect to crack length. 	It is found that a decrease in 

specimen thickness and sidegrooving also increases the 

amount of creep deflection in a test-piece. 	This factor 

will be discussed in terms of Cs in chapter six but represent-

ative graphs of A versus a for different specimen thicknesses 

are shown in figures (72-74) for DCB-C test-pieces, 

figures (75-76) for steel DCB-P test-pieces. 	It is found 

that a load increase generally increases the amount of creep 

deflection, as is evident for the steel DCB-C graphs in 

figures (73,74), and that a reduction in load reduces the 

extent of creep deflection. 	Figures (75-76) for steel 

DCB-P test-pieces, show that after a decrease in load the 

E dA experimental and the elastic slopes of FI  are approximately 

the same suggesting a reduction is the creep deflection 
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with a decrease in load. 	Figure (77) shows a comparison 

between the experimental deflection of three RR58 test-

pieces for different B and Bn values at different loads. 

Reduction in thickness and geometry increases the creep 

deflection (shown in the shaded areas). 	For the two 25 mm 

thick specimens of different Bn  values the necessary load 

increase to induce cracking in the specimen with Bn  = 20 mm 

has effectively changed the creep deformation rate. 

Comparing the two specimens with the same Bn/B ratios both 

specimens show larger amounts of creep deformation compared 

to the specimen with a higher ratio of Bn/B suggesting the 

importance of constraint in the creep cracking behaviour 

of materials. 

An increase in the testing temperature is synonymous 

with an increase in creep deformation. 	Figure (78) shows 

the effect of increasing the temperature from 150°C to 200°C 

for an RR58 alloy. 	The rapid increase in the bending of 

the arms at 200°C is shown when compared to the elastic 

displacement. 	Figure (79) shows the A versus a for a 

steel DCB-P test-piece at 615°C. 	The steel DCB-P tested 

at 565°C (figure (71)), with 20% more load, has approximately 

a third of the creep deflection shown by the specimen tested 

at 615°C (figure (79)). 

The DT test-piece of RR58 at 150°C show a linear 5 2°  

A v a relationship, except for the initial rapid increase 

which can be attributed to the application of the load and 

the creep crack initiation from the razor cut crack starter. 

The constant K nature of the test-piece makes it comparable 

to figure (7a) which is a DCB-C RR58 tested at 150°C. 
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The slopes of the elastic dA — are similar to the experimental da 
dA 

suggesting very little creep deformation with crack da 

growth. A significant point is that by measuring the 

displacement at the loading pins of widely different geometries, 

it is possible to compare their cracking behaviour under 

different conditions. 

Figure (81) shows a typical A versus a graph for a CT 

specimen of the quenched and tempered steel. 	The initial 

rise is associated with the stress relaxation occurring at 

the,crack tip when the load is added. 	After a period of 

dA stabilization there is a typical increasing rate of da  

with crack length. 	The elastic Recalculated from the 

boundary collocation results for the elastic loading of the 

CT test-piece used by (133,134) shows that the experimental 

dA is primarily elastic and this is expected for such a da 

bainitic steel with low creep ductility. 	Using the CT 

geometry the very creep ductile materials exhibit incubation 

periods (76,95,101). 	There is initially a constant 

increase in the transducer displacement, associated with 

the creep deformation of the test-piece and the creep 

damage due to the growth of cavities in the region of the 

crack tip. 	This period can take up 90% of the specimen's 

life depending on the creep ductility and the extent of 

side grooving. 

5.2.10. 	Creep Deformation Tests using the DCB-C Geometries  

Experiments were performed in order to see the effect 

of creep bending of the DCB-C arms without allowing creep 

crack growth to occur. 	Blunt holes were drilled at different 

crack lengths in the 25 mm thick DCB-C RR58 and steel 



100. 

specimens and the creep deflections were measured over 

different loads and time periods and the following observations 

were made: 

(1) It was found that primary creep was dominant, and 

that the specimens never reached a steady state creep 

situation. 	Figures (82,83) show this for RR58 and steel 

respectively. 

(2) For the proportional increase in loading and 

crack length there was no marked increase in the creep rate. 

Figure (83) shows this for the steel at a crack length of 

100 mm. 	This suggests that the stiffening of the arms 

is also dependent on the loading history and time at temper- 

ature. 	Figure (84) shows this clearly with two RR58 tests 

at 150°C with the same load at a crack length of 100 mm. 

One of the two specimens was previously untested but the other 

specimen was tested for creep bending of the arms for 

2000 hours for shorter crack lengths of 50 and 75 mm. 

(3) It is found that after a time at testing temperature 

with an applied load a creep crack initiated and propagated 

from the blunt starter hole, reflecting the relatively 

creep brittle nature of the RR58 and steel. 	Figures (82,84) 

show the incremental increase in the deflection from the 

point at which it is estimated that a creep crack has 

initiated and begun to propagate. 

(4) An insight into the influence of creep ductility 

and specimen geometry on C.C.G. can be made by observing 

figures (83,85). 	Figure (83) shows the creep deformation 

of a DCB-C steel in the bainitic condition at a crack length 

of 100 mm. 	There is less than 0.075 mm of arm bending 

after 100 hours and the crack eventually began to propagate 
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from the blunt crack tip. 	For comparison figure (85), 

which was a DCB-C tested in the as received ferritic condition 

(and also fatigue precracked) showed no sign of crack growth 

and deformed by about 100 times faster than the bainitic 

material. 	This suggests that the DCB-C type specimens, 

of the present thicknesses (B = 25 mm), are not sufficiently 

constrained enough to produce C.C.G. in creep ductile 

materials, whereas authors (shown in table (1)) who have 

used CT and SEN-B test-pieces have successfully induced 

C.C.G. in materials with high creep ductility, which effectively 

means an increase in constraint at the crack tip with the 

CT and SEN-B test-pieces. 

5.3.1. 	Metallurgical Observations  

The fracture characteristics of the RR58 and the steel 

alloy were observed by two methods. 	Firstly the appearances 

of the fracture surfaces of the test-piece were observed 

using a stereo  microscope and in a few cases photographed 

using a scanning electron microscope. 	The second method 

was to examine the fracture path by stopping a test prior 

to final fracture and polishing and  etching the surface 

perpendicular to the crack path. 	In this way a better 

understanding of the behaviour of the mechanical tests can 

be reached. 	No attempt was made in this work to quantit- 

atively relate the microscale observations to the macro-

properties of the material since the objective of the present 

studies was to relate creep crack growth to the concepts 

of continuum mechanics. 

5.3.2. 	Fracture Surfaces of RR58 and Steel  

The metallurgy of creep fracture has been studied 
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in detail by many authors listed in table (1). 	Recent 

reports (78,135) have examined in detail the creep cracking 

process in RR58. 	They conclude that the fracture facets 

are formed during creep by the growth of wedge cracks at 

grain boundaries or at the second phase particles within 

the grains. 	The intergranular feature of the creep crack 

is also prevalent in steel (136). 	The extent of the 

intergranular fracture is dependent on the stress level and 

temperature. 	At low stresses, thermal activation causes 

creep cavities to initiate and coalesce at the grain 

boundaries. An increase in the temperature drastically 

reduces the grain boundary strength which in turn helps the 

formation of cavities by the sliding mechanism. 	Figures 

(86,87) compare the scanning electron fractrograph of a 

room temperature tensile fracture and creep fracture at 150°C 

in the RR58. 	In both cases there are dimples which are 

associated with ductile grain boundary damage and rupture. 

The extent of ductile tearing at room temperature, shown 

in figure (86), marked A, could be due to the relatively 

high strain rate (0.025 mm/min) used to fracture the 

specimen, but some grain boundary fracture is also (marked F) 

prevalent at room temperature. 	In both figures (86,87) 

there are extensive numbers of intermetallic particles 

lodged at the base of the dimples (marked C). 	These can 

be associated with void initiation prior to rapid crack 

propagation. 	Figure (88) shows a higher magnification of 

a grain boundary RR58 creep fracture at 150°C. 	The second 

phase particles on the surface are clearly visible and the 

fine dimple feature (marked D) are in complete contrast to 
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the larger more ductile dimples (marked B) induced by the 

presence of the second phase particles in the grain matrix. 

The comparison between the fracture surfaces of RR58 is 

more difficult at lower magnifications but the general 

trend is the increase in surface roughness with increase 

in test temperature. 	This is possibly due to the increase 

in a creep damage zone with increase in test temperature. 

This means that if creep cavities can be formed in a wider 

volume at the crack tip then their coalescence will produce 

a rougher fracture surface. 

No scanning electron fractograph for the steel were. 

taken since the cracking tests were performed in air thus 

rendering the fracture surface open to excessive oxidation. 

Figure (89) shows the magnified fracture surface of a quenched 

steel tested at 565°C. 	The clear intergranular fracture 

can be seen even with the presence of the oxide film. 	In 

this specimen the microstructure consisted of untempered 

martensite and bainite in prior austenite grains. 	This 

shows the high creep-deformation resistance of the quenched 

steel. 	The observation of the quenched and tempered 

fracture surfaces showsa less distinct intergranular fracture 

suggesting an increase in ductility as well as fracture 

occurring at the second phase carbide particles which would 

have nucleated at the tempering temperature of 680°C. 

Gooch (136) has observed the creep fracture of the 1 Cr, 

a Mo, 4- V steel for different heat treatments. 	He shows 

that there is clear intergranular fracture for the fully 

bainitic structure (similar to figure (89)). 	The increase 

in the ferrite content decreased the clear intergranular 
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fracture and increased the ductile mode of fracture associated 

with dimples at the gtain boundaries similar to those observed 

in the RR58 (figures (86-88)). 	These findings indicate 

that the decrease in creep ductility observed in the above 

metals can be associated with an increase in intergranular 

mode of fracture. 	This is a relative effect since the 

increase in triaxiality and general reduction in the stress 

levels effectively produce low ductility and hence inter-

granular creep fracture. 

5.3.3. 	The Effect of Geometry on the Mode of Fracture  

In analysing geometries with a dominant crack it is 

essential to know the extent of crack tip deformation which 

takes place at high temperatures. 	The brittle-ductile 

nature of a crack is relative and it is dependent on four 

factors; geometry, thickness, extent of constraint and the 

stress level. 

In comparing the two thicknesses of the DCB-C 

RR58 and steel test-pieces it is concluded that the decrease 

in the extent of side grooving produces a curved fracture 

front leading at the centre, and an increase in the amount 

of cracking ahead of the crack tip as well as the tendency 

for a flat fracture to deviate from the cracking plane. 

Figure (90) shows the amount of unconnected cracking (around 

2.5 mm) at the crack tip for a thin (B = 9.5 mm) DCB-C 

RR58 specimen tested at 150°C. 	An increase in the size 

and side grooving of the test-piece reduces the amount of 

crack growth ahead of the crack tip. 

The amount of constraint is also dependent on the creep 

ductility and size of the specimen. 	Thus in comparing 
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figures (91, 92) it is seen that for the tempered steel 

(figure (92)) of 12 mm thickness there is approximately 3 mm 

of disconnected cracking ahead of the main crack, whereas 

the low ductility quenched steel figure (89) shows a sharp 

inter-granular crack tip. 	Both appear to show that the 

cracking takes place at the prior austenite grain boundaries 

but the cracking of the tempered material appears to show 

a more complex behaviour. 	It is postulated that where voids 

initiate ahead of the main crack tip they will finally join 

up when their size and numbers reach a critical level so 

that the effective stress in that zone is greater than the 

local U.T.S. of that damaged area. 

Figure (93) shows the side view of seven cracked D.C.B. 

specimen (1-4) are RR58 and (5-7) are steel test-pieces. 

Numbers (1,2,7) showing prominantly that the fracture surfaces 

are not flat, are respectively, a 25 mm thick RR58 specimen 

tested at 200°C, a 9.5 mm thick DCB-C tested at 175°C and 

number (7) a 12 mm thick DCB-P steel with Bn of 6 mm. 

Specimens (3-6) showing flat fracture surfaces are all 25 mm 

thick RR58 and steel DCII specimens all tested at 150°C and 565°C 

respectively. A graphical description of the fracture fronts 

and profiles are shown in figure (94). Generally a reduction in 

ductility, creep temperature, increase in side grooving and 

specimen size produces a flat fracture with a straight crack 

front and sometimes in the extreme cases fracture leading at 

the edges. Conversely an increase in ductility and stress level 

and a reduction in specimen thickness and side grooving 

produces a crack leading at the centre with cracking ahead of 

the main crack and a deviation of the fracture surface from 

the cracking plane. Specimen geometry will also effect the 
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crack tip behaviour. 	In general it can be stated that 

for a particular thickness, size and stress level the resistance 

to deformation, i.e. the increase in constraint, is greater 

in the CT and SEN geometries than in the DCB and DT test-pieces. 

5.3.4. 	Hardness Measurements  

One possible method of evaluating the metallurgical 

stability of the material, when subjected to long periods 

at high temperature, is to measure the hardness values of 

the specimens before and after each test. 	A stable Vicker's 

hardness value does not necessarily mean a stable creep 

property, but it can be used as an approximate measure of 

the material 	yield/tensile strength. 	For both RR58 

and steel there was a general drop in hardness with increased 

time at temperature. 	Table (5) shows the duration of each 

test at the relevant temperature and figures (95,96) show 

the hardness drop with time at temperature. 	Figure (95) 

gives the drop in hardness for RR58 for test temperatures 

of 100°C to 200°C. 	The slight drop in hardness for over 

3000 hours at 150°C and below suggested that the effect of 

overaging was possibly small and hence more importance was 

attached to the testing and analysing of RR58 C.C.G. data 

at 150°C. 	Figure (97) shows the effect of overaging at 

200°C for 600 hours. 	Both DCB-C specimens were tested at 

150°C and although the overaged specimen had about 20% more 

load its cracking rate was slower. 	Although the hardness 

values are relatively stable at 150°C both test-pieces in 

figure (97) show slowing down of cracking rates suggesting 

that the hardness decrease does not completely describe the 

cracking behaviour. 
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For the i Cr, 	Mo, -- V steel in the as received 

condition, it was found that the normalized and tempered 

ferritic matrix gave an approximate hardness of 130 VHN with 

creep ductilities in the region of 20 - 50%. 	In such 

circumstances it was found that the arms of the DCB test-

pieces bent rapidly due to creep deformation at 565°C 

(figure (86)) hence rendering the specimen useless for 

C.C.G., due to extensive deformation. 	The heat treatment 

chosen (given in section (4.1.2) essentially simulated 

the heat affected zone (H.A.Z.) of the weld metal. 

Figure (96) shows the hardness values of the 3F block after 

testing at 565°C. 	The initial values were in the region 

of 250 - 270 V.H.N. and after an initial peak hardness which 

is likely to be due to the precipitation of the second phase 

carbide there is constant drop in hardness. 	Block 8F, 

10F, 7G and 4F were all oil quenched from 1250°C and then 

tempered for 24 hours at 680°C. 	The initial range of 

their hardness values lay between 225-245 V.H.N. with 10F, 

and 4F in the upper region and 8F and 7G in the lower values. 

It is found that after testing at 565°C there was a general 

drop in hardness value with increasing time at temperature. 

Figure (96) shows that after 2000 hours at 565°C the hardness 

values fall between V.H.N. of 205-225, suggesting that 

tempering is not negligible at 565°C. 	The harsh heat 

treatment of a rapid oil quench from 1250°C inevitably 

induces not only a large variation of hardness (figure (9.6)) from 

specimen to specimen but also a range of prior austenite 

greain sizes (200 p.m - 400 ilm) within each individual 

specimen. 	It is evident from these values that an 

inherent amount of scatter will exist in correlating creep 
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growth data, since there will be differences in the metallur-

gival properties for each specimen as well as the errors 

involved in experimental techniques. 	These factors suggest 

that the data should be analysed on a broad spectrum in 

order to achieve meaningful quantitative relationships for 

use in design. 	Chapter six will attempt to correlate all 

the data that has been individually discussed in this 

chapter. 
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CHAPTER 6 

CORRELATION OF CREEP CRACK GROWTH DATA WITH VARIOUS FRACTURE 
MECHANICS PARAI:ETERS  

6.1. 	Introduction  

Creep cracking data collected from over one hundred 

tests at Imperial College have been analysed with the aid 

of a CDC 6400 computer. 	Table (5) gives the basic 

information relevant to each test, and it also gives the 

instantaneous cracking rate and the transducer displacement 

rate at different crack lengths for each test-piece. 

It is generally found that there is a large amount of 

experimental scatter in the data. 	This was found to be 

unavoidable since even under the most stringent test 

conditions the data aid not exactly agree from test to 

test given the same initial conditions. 	The extent of 

scatter is found to be consistent with that found by other 

workers (table (1)) and for example shown in figures 

(16 - 17) for the data collected by Neate (88, 91). 

In this chapter, the C.C.G. rate for the different 

specimens will be correlated initially in terms of the 

stress intensity factor K and subsequently an attempt will 

be made to describe creep cracking by a non linear fracture 

mechanics parameter called C•. 	The available data for 

the RR 58 and steel will not be discussed separately, but 

rather, by observing the cracking behaviour of both alloys 

together it is hoped that eventually a clearer picture will 

emerge as regards the applicability of Fracture Mechanics 

to C.C.G. 
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6.1.1. 	Correlation of the data with the L.E.F.M. Parameter K. 

Before observing the behaviour of crack growth relation 

to K it is useful to understand the general range and 

cracking rate behaviour of the RR58 and steel. 	Figures 

(98,99) show the log crack growth versus log time results 

for a range of 25 mm thick DCB-C RR58 and steel test- 

pieces at various loads and temperatures. 	Clearly the 

RR58 is"more stress sensitive and it was impossible experi-

mentally to achieve creep cracking rates faster than 

1.5 mm/H at any temperature. 	Also at lower loads, for 

cracking rates of less than 0.01 mm/H, problems of material 

overaging begin to dominate in RR58,inherently affecting 

the C.C.G. behaviour. 	Figures (99,100) show log crack 

growth versus log time graphs for DCB-C and DCB-P steel 

test-pieces. 	Controlled C.C.G. was achieved over a range 

of three decades in this bainitic material. 	For the low 

ranges of cracking rates (less than 0.01 mm/H) further 

tempering of the bainitic microstructure of the steel 

would effect the C.C.G. rate. 

6.1.2. 	Individual trends of Crackin rate versus K for 

each test-piece  

Figures (98,99) for the DCB-C test-pieces can be 

described by the equation 

a a tq 
	

(6.1) 

Since for these DCB-C specimens stress intensity is 

independent of crack length it follows that q should equal 

1 to make the crack rate time independent. 	The value of 

q, for the RR58, is found to range between 0.5 - 0.8 over 



a range of loads and temperatures and for the steel q 

varies between 0.95 - 0.7 over three decades of C.C.G. 

Kenyon (78) compared the value q to the exponent found in 

the creep strain - time relationship of uniaxial creep 

tests (equation (2.3)) and found that q for the uniaxial 

tests varied between 0.28 - 0.75 for the RR58. 	The lower 

ductilities (0.1% - 1%) for the steel made it more 

difficult to achieve consistent results in the steel uniaxial 

creep tests and further tests with larger creep specimens 

will be needed to determine accurately the exponent q, but 

the present data suggests that q for equation (2.3) for 

steel lies in a similar range to that for RR58. 	Figure 

(100) for the DCB-P specimens shows effectively an increasing 

cracking rate with time. 	In this case stress intensity 

is dependent on crack length and load level and for 

equation (6.1) to describe the cracking the value of q will 

need to be greater than unity. 

Figures (101,105) show CCG rates versus the experimentally 

derived stress intensity factor for the 25 mm thick DCB 

specimens. 	These are shown specifically magnified and with 

lines drawn between the experimental points, in order to 

show the trends of the C.C.G. rate with K for different 

specimens and load changes. 	Figure (101) for the DCB-C, 

RR58 at 150°C should ideally (provided that L.E.F.M. is 

applicable) show a single point for each specimen and each 

load change, but, as discussed earlier (section (5.2.3)). 

The slowing down of the cracking rate at a constant K 

produces in some instances a horizontal line within the 

general scatter band. 	These are more prominent in the 	•.;". 
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region of 0.01 - 0.1 mm/H producing a tail in the slower 

region of crack growth. 	The effect of overaging can be 

clearly demonstrated by observing the behaviour of specimen 

B9 in figure (101). 	An initial load of 3558.4 N produces 

slowing down of the crack growth rate and when the load is 

increased to 3736.3 N the cracking does not increase. 

Figures (102,103) for the quenched and the quenched and 

tempered steel show similar trends of horizontal lines within 

the general scatter band. 	The effect of tempering in 

this bainitic steel can be clearly indentified by the areas 

in which the scatter bands exist. 	In the quenched only 

material shown in figure (102) there is a slowing down of 

the crack in the region of 0.10 - 1.0 mm/H whereas in the 

quenched and tempered material the decreasing crack rate is 

one decade less. 	This is to be expected since the tempering 

at 680°C prior to testing has relatively stabilized the 

microstructure so that for short term tests the effect of 

tempering at the test temperature of 565°C will no longer 

dominate. 

Figures (104,105) show the C.C.G. rates of the DCB-P 

test-pieces for the steel and RR58. 	As discussed earlier 

these specimens exhibit an increasing compliance rate with 

crack length. 	For both figures (104,105) the individual 

lines for each specimen show an increasing cracking rate 

with increasing crack length. 	Figure (104) shows the larger 

amount of scatter that is found in the DCB-P RR58 test-

pieces compared to the DCB-C, RR58 at 150°C (figure (101)). 

The effect of averaging is not so readily observed in the 

DCB-P specimens since the inherent increase of crack growth 
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with stress intensification tends to overide the relatively 

weaker effect of the decrease of cracking rate due to over- 

aging. 	Also apparent from figure (104) is the stress 

sensitivity of the RR58 which produces a scatter of about 

10 within two decades of crack growth rate. 	Figure (105) 

for the steel DCB-P shows a more predictable material 

behaviour. 	The individual trends can be generally said 

to align with the total trend and any change in load also 

induces a crack growth rate within the scatter band. 

Attempts were made to reduce the extent of scatter 

in the cracking data by reducing the test variables in order 

to see whether the C.C.G. rate correlated better with K. 

For exampe: 

(a) the data were plotted for the first two hundred and fift 

hours of the test or between 250 - 500 hours of test in 

order to reduce the period of overaging or tempering. 

Figure (106) shows all the DCB-C test data for RR58 at 

150°C and figure (107) shows only the data for the first 

500 hours of the test. 	Comparison shows the only difference 

is a slight reduction in the scatter specially at the lower 

cracking rates. 

(b) the data were plotted for a constant crack length 

(or for a limited range of crack length) so as to eliminate 

any crack lengths effects. 

(c) the data for the specimens with the same load 

history and initial crack length were plotted to reduce 

the effect of different creep histories for different specimens. 

All these factors provided no real improvements within 

the scatter band and therefore it was decided on this basis 
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to observe the general crack growth rate trends of each 

geometry separately. 

Figure (106) shows all the available data points for 

the DCB-C, RR58 at 150°C. 	There is a fairly good correlation 

with K which can be described by the equation (3.2). 

a a Km 
	

(3.2) 

By using the least squares method the values of m were 

computed and are shown on the relevant figures. 	The 

value of m for all the RR58 data at 150°C is found to be 

13.5 and drops to 12.3 for the short term data (less than 

500 hours) plotted in figure (107) suggesting an increasing 

sensitivity to K with increasing test time. 	Figures 

(108,109) for the DCB-C steel quenched, and quenched and 

tempered respectively show.a better correlation with K 

which is to be expected since the creep ductility in these 

bainitic conditions are markedly reduced compared to the 

RR58. 	Comparing the values of m for the quenched m = 6.2 

and for the quenched and tempered m = 8.0 shows that an 

increase in creep ductility increases the value of m for 

cracking. 	The creep irldexn (discussed in section (3.1.2.)) 

for the uniaxial creep deformation data was n = 5.6, and 

n = 7.8 respectively which compared well with these values 

of m suggesting that a relationship may exist between 

creep deformation and creep cracking. 

Figures (110, 111) show the data for the 25 mm thick 

DCII-P, RR58 and steel respectively. 	The complexity of 

the cracking behaviour in the RR58 can be described less 

distinctly by K whereas the bainitic steel with generally 

lower values of m show a more predictable behaviour. 
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Figure (110) shows the large extent of scatter for the 

DCB-P RR58 data at 150°C and the statistically determined 

value of m for equation (3.2) is found to be 6.5 which is 

about half the value for the DCB-C RR58 specimens. 

Figure (111) shows the DCB-P graph for the steel at 565°C. 

The value of m for equation (3.2) was found to be 4.7 which 

is again lower than the DCB-C steel specimens. 	Both these 

results suggest that C.C.G. rate is strongly geometry 

dependent. 

6.1.3. 	The Effect of Heat treatment, Thickness and Side 

2L-22.1711g  on the Crack Growth Rate of the D.C.B. Test- feces 

Figures (112,113) show the DCB-C data of different 

thicknesses and heat treatments for. RR58 and steel 

respectively. The effect of extensive averaging is shown 

in Figure (112) for RR58. 	Specimen B41 was overaged at 

200°C for 600 hours, during which time the hardness dropped 

from 150 to 128 V.H.N. 	The increase in creep ductility 

effectively increases the load needed for C.C.G. 	Figure 

(113) shows that the tempering prior to testing of the 

bainitic steel has had little effect on the cracking behaviour 

which still falls within the scatter band of Lhe quenched 

material. 

By far the biggest effect on the crack growth rate is 

due to the specimen thickness. 	Figures (112,113) for the 

DCB-C and figure (114) for the DCB-C show a range of 

specimen thicknesses. 	The trend shows that in general 

the cracking rate decreases markedly with decrease in 

thickness at constant K in the DCB-C specimens. 	It was 

shown in section (5.2,9) 	that the extent of creep 
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deflection Acr in the DCB test-pieces increased with decrease 

in specimen thickness and this is synonymous with an 

apparent increase in stress intensity K for thinner test- 

pieces. 	It can be argued that the calculated K for the 

thinner specimens is an over estimate of the true stress 

singularity at the crack tip and that therefore the applic-

ability of K begins to break down with decrease in specimen 

thickness. 	Figure (112) for the RR58 shows the complete 

lack of correlation for the 9.5 mm thick specimens. 	It 

is seen from figure (114) for the DCB-P steel data that 

there is a good correlation for the different thicknesses 

suggesting that specimen geometry also affects the critical 

thickness below which the correlation with K breaks down. 

The extent of side grooving also affects the crack 

growth in a complex manner. 	It is essential for the 

DCB test-pieces-  to have side grooves in order to keep the 

crack path perpendicular to the load line and the centre 

of the specimen. 	Only one test (B2) in figure (112) was 

performed by Kenyon (78) to compare different side groove 

depths for 25 mm thick specimens and this shows that a 

decrease in side groove depth effectively increases the 

cracking area and produces a higher K for cracking. 	Once 

again this suggests that K is inapplicable since a load 

increase on the same thickness of test-piece increases the 

creep deformation rate of the test-piece and hence affects 

the rate of relaxation of the elastic stress singularity. 

The effect of side grooving for the steel is less distinct 

since ideally tests should have been carried out 

on different amounts of side grooving for the thicker (25 mm) 
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test-piece in the hope that the specimens would more likely 

be in a plane strain condition. 	The 12 mm thick steel 

specimens were tested with Bn  values of 3 mm and 6 mm and 

figure (113) shows a reverse effect compared to the RR58 

behaviour in figure (112). 	This is probably due to the 

fact that although the Bn  = 3 mm is more constrained than 

the Bn 6 mm 	The plane strain conditions do not prevail 

for these thicknesses. 	Once again it is observed in figure 

(114) for the DCB-P test-piece that side grooving has not 

affected the cracking behaviour suggesting that the DCB-P 

test-piece is more resistant to creep deformation in 

comparison to the DCB-C test-piece. 	Further tests on 

widely varying thicknesses and side groove depths are 

essential in order to produce a quantitative relationship 

between these factors and slow crack growth. 

6.1.4. 	The Effect of Different Geometries on the Crack  

Growth Rate of RR58 and Steel  

A comparison between the DCB-C and the DCB-P cracking 

rate is shown in figures (115,116) for 25 mm thick and 12 mm 

thick steel test-pieces respectively. 	The difference 

between the geometries is observed with an increase in 

specimen thickness but the DCB-P exhibits slower C.C.G. 

rate for the same instantaneous K. 	This is most pronounced 

in the 25 mm thick specimens at faster crack growth rates 

(figure (115)). 	Figure (1.16) shows a better correlation 

of K for the thinner specimens excepting for a very long 

term test (2000 hours) which would be affected by excessive 

tempering. 	The value of m from equation (3.2), not 

including the long term test, is 8.1. which is similar in 



118. 

to that for 25 mm thick test-pieces of steel. 	Only two 

CT test-pieces of steel were tested but the results are 

compared in figure (117) with the results of Neate (91) and 

Harper (95). 	The scatter bands of figures (16,17) for the 

ferritic and bainitic I% Cr 1% Mo +% V steel, tested by the 

authors (88,91), are plotted with the present CT data in 

figure (117). 	They (81,91) used various geometries 

(CT, SEN-T, SEN-B, WOL) and figure (117) shows that all the 

data for the bainitic material fall in a scatter band of 

a factor of 15 of C.C.G. rate. 	The figure also shows 

the data obtained by Harper (95) who tested a ductile CT 

test-piece of 1Cr-Mo-V ferritic steel at 565°C. 

Therefore figure (117) makes a comparison between various 

rising K geometries and also shows the effect of increased 

ductility in C.C.G. of similar geometries. 	Harper (95) 

claimed no correlation of his data with K which is acceptable, 

but looking at the whole spectrum his results fall in line 

with the general trend of Ductile/Brittle C.C.G. data. 	The 

better correlation achieved by Neate and Siverns (88) for 

the normalized ferritic steel can be attributed to the lower 

applied load producing crack rates of around 0.001 - 0.1 mm/H. 

The reduction in load effectively reduces the creep deformation 

rate and hence decreases the creep zone and the stress re-

distribution at the crack tip and also since the normalized 

ferritic material is metallurgically more stable (compared 

to the quenched bainitic material) the lower cracking rate 

would be less affected by material tempering in long term 

tests. Where the cracking rate for the ductile material 

is faster (for example Harper 
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(95)) the rate of stress redistribution increases and hence 

the correlation with K breaks down. 

Figures (118,119) show the graph of K versus cracking 

rate for various geometries and thicknesses of RR58 

at 1500C and the bainitic steel at 5650C respectively. 

Figure (118) also includes the data from the 9.5 mm thick 

DT test-piece which also falls in line with the 9.5 thick 

DCB-C test-piece. The DCB-C 25 mm thick shows the fastest 

rate of cracking and the DCB-P test-pieces show a wide 

range of scatter covering a factor 20. 	the inability to 

achieve a wider range (about three decades) of controlled 

C.C.G. rate for the RR58 suggests that creep fracture in 

this material could be described by a critical value of K 

termed as KICC  for plane strain creep fractures below which 

C.C.G. would not start. 	This concept was also suggested 

by Kaufmann et al (94) who tested CT aluminium test-pieces. 

Figure (119) compares all the steel results and also 

includes the scatter band of the bainitic iCr, IzMo, -1,:1/ steel 

tested by (88,91) and shown in figure (17). 	Within the 

DCB scatter band -the reduction in thickness reduces the C.C.G. 

rate for the same K. 	Also it is seen that at constant K 

DCB-C specimens crack faster than the DCB-P specimens. 

The scatter of all the DCB test-pieces of different thicknesses 

and side grooving is comparable to that of the unstable 

(rising K) test-pieces, but there is a factor of approximately 

15 decrease in the C.C.G. rate for the DCB test-piece which 

strongly suggests that there is a dominant effect of geometry 

that cannot be explained in terms of K. 

Finally a comparison of the different methods of 
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evaluating K is shown in figures (120,121) which show the 

same data as figures (118,119) for the RR58 and steel 

respectively. 	The stress intensities in figures (120,121) 

are evaluated using equations (4.6,4.12,4.13) for the 

DCB, DT, and the CT respectively. 	The values compare well 

with the experimentally evaluated K discussed in section 

(4.4.2). 	It is found that the values of K are approximately 

5 - 10% lower using the theoretically evaluated K. 

6.1.5. 	The Effect of Temperature on the Creep Cracking Rate  

Variations in the testing temperatures affect C.C.G. in 

a complex manner. 	If the temperature is not high enough 

the thermal activation process that is needed for C.C.G. 

will not be sufficient. 	If the temperature is excessive creep 

bending of the arms will dominate and therefore the general 

statement that the cracking rate will increase with increase 

in temperature must be used with caution. 	Kenyon (78) 

tested the RR58 over a range of temperature (100 - 200°C) 

and found that at low temperature of 100 - 125°C he could 

not easily achieve stable crack growth and at high temperature 

175° - 200° the extent of creep bending of the arms increased 

extensively. 	As discussed in section (5.2.9) the creep 

deflection of the RR58 at high temperature increases and 

this is illustrated in figure (122) showing the experimental 

7  ( 
-Tda/

dA)   (where ET is the modulus at the relevant test 

temperature) for the DCB-C specimens, increasing with test 

temperature. 	This suggests that the use of the K parameter 

becomes inappropriate for an increasing testing temperature. 

Figure (123) shows all the 25 mm thick RR58 tested from 

100 - 200°C (not including the 150°C data which falls within 
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the scatter). 	There is no correlation of the data with 

K suggesting either a possible minimum KICC  as a creep 

fracture criteria or the use of non linear fracture mechanics 

criteria which will be discussed in section (6.2.1). 

Only one test was performed for the steel at 615°C. 	This 

is shown in figure (111). 	The 50°C increase in testing 

temperature has produced a faster cracking rate since the 

data points are at the edges of the scatter band. 	Further 

tests at different temperatures may produce similar problems 

to those found in RR58 namely the complex interaction of 

creep deformation and fracture. 

6.2.1. 	Correlation of Creen Cracking with a Non-Linear 

Fracture i•lechanics Parameter. 

It is clear from the last chapter that the apparent 

correlation of C.C.G. rate with K not only breaks down with 

increase in creep ductility but is also geometry depenent. 

From the arguments put forward in section (3.4.4) an 

attempt was made to describe the decreasing crack rate of the 

DCB-C test-piece by the use of the parameter Ca estimated 

analytically(as shown in appendix (A)). 	The decrease in 

the crack growth rate with crack length can be due to 

overaging and/or tempering as described in section (5.2.3) 

or due to the inherent interaction of creep deformation 

with crack growth. 

Equation (3.43) which is an approximate analytical 

evaluation of C' for the DCB was evaluated assuming steady 

state creep and ignoring primary creep and the elastic 

strains. 	Figure (124) shows the correlation of the 9.5 	mm 

DCB-C RR58 specimens which exhibited decreasing cracking 
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rates and also from section (5.2.9) were shown to exhibit 

comparatively large amounts of creep deflection. 	As 

stated in section (6.1.1) and shown in figure (112) the 

thin (9.5 mm) DCB-C RR58 showed no correlation with K 

whereas figure (124) shows that each specimen follows the 

same general trend. 	Also in figure (124) the two specimens 

B2 (with B = 25 mm and Bn = 20 mm) and B41 (overaged for 

600 hours at 200°C) both exhibiting extensive decrease in 

cracking rate show a good correlation with the analytical 

C*. 
It was found that there was no improvement in the 

correlation with a change in the value of n (used in 

calculating C* in equation (3.43)) and therefore 	value 

of n = 5 and n = 10 for steel and RR58 respectively were 

chosen since these approximately gave a slope of unity for 

the C* versus C.C.G. rate graphs and these value of n 

were also the lower bound values of the creep exponent 

for the respective material. 	Figures (125,126) show the 

individual test-piece trends for the DCB-C, RR58 at 150°C 

and DCB-P steel, indicating a slight improvement compared 

to that with K (figures (101,105)). 	For figure (125) 

where at constant K constant C.C.G. rate produces a single 

point on the graph for C* a vertical scatter band is 

produced (since C* drops with crack length) but where a 

test has shown decreasing cracking rate C* describes it 

better than K. 

Figures (127,128) show correlations of the crack 

growth rate with the analytical C* for all the DCB specimens 

of Ri5G at 150°C and steel at 565°C respectively. 	Although 
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it is found that individually each specimen geometry and 

size shows a reasonable correlation versus C*, figures 

(127,128) there is little improvement in comparison to the 

correlation with K (figures 118,119), since they show 

both thickness and geometry dependence more especially for 

RR58 (figure (127)). 

The assumption that sufficient creep occurs to allow 

a secondary creep stress distribution in the arms of the 

DCB test-piece is idealized and it is unlikely to happen 

in complex engineering materials. 	Also as described in 

section (5.2.9) in most instances, for both R1158 and steel, 

the elastic displacements were dominant remote 

from the crack and therefore it is suggested that the C* 

analysis is inadequate, and difficulty in including the time 

independent elastic strains will need to be incorporated 

into the non-linear bending beam analysis. 	This will 

probably involve the use of complex numerical and computa-

tional methods. 

6.2.2. 	Proposal for an Experimental evaluation of C* to  

correlate the creep Crack Growth Data  

As evident from section (5.2.9) 	the elastic strains 

recorded by the transducer displacement at the loading 

pins must be accounted for when characterizing the crack 

tip behaviour. 	The total displacement A has been shown 

in equation (5.4) to consist of 

A = Ae + Acr 	 (5.4) 

And for a controlled cracking process the total 

instantaneous transducer displacement rate wi,11 consist of 
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Ae 	r 
	 (6.2) 

It has been found that in tests where Ae >>.Z cr 
the L.E.F.M. parameter K gives an acceptable correlation of 

the data and this suggests that in such cases the crack 

propagates in a sharp distinct manner allowing only a very 

small amount of stress redistribution to take place. 	At 

the opposite end of the spectrum where cr  >> Ae there is 

rapid stress relaxation at the crack tip tending towards 

a homogenous state of stress in the crack tip region which 

effectively means that there is no single crack dominating 

and therefore fracture mechanics will not be applicable. 

Therefore it is postulated that where there is crack growth 
• • 

present regardless of the extent of the Ae/Acr ratio there 

must always exist a state of singularity at the crack tip 

although it will be modified by the extent of creep 

specimen geometry and thickness. 	The value of G can be 

used to describe the crack growth behaviour for each individual 

test-piece as shown in figures (129-134) for various geometries 

and materials. 	Figures (129-133) show the indilAdual 

test-piece trends with load change of the experimental 

A for the DCB specimens. 	It can be seen clearly that A 

adequately describes the cracking behaviour in all the cases. 

But the materials used in these tests are relatively creep 

brittle and have been shown (section (6.1.1) to correlate 

fairly well with K for individual geometries. 

In order to see the behaviour of A for a very creep 

ductile test two materials of different ductilities but 

the same geometry should be compared. 	Figure (134) shows 

this clearly by comparing the data from the tests performed 
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by Harper (95) on ferritic (high ductility) 1 Cr - Mo - V 

steel using Ct test-pieces at 565°C with the two tests 

performed on the CT specimens in the present test prcgram. 

The A for the bainitic material is relatively elastic as 

seen in figure (81) 	and the ferritic CT specimens show 

an increase of a factor of about 20 in the A at constant 

C.C.G. rate and nearly all the increase is attributed to 

the Acr component. 	But for both cases the total A describe 

the cracking rate. 	Cs as evaluated by (89,95,123) makes 

the basic assumption that the measured A is predominantly Acr 
which is not true since it has been shown that the elastic 

component Ae  plays an important part in the C.C.G. process. 

There must exist an interrelationship between A and A cr 
but the govering description of cracking with crack length 

is mainly due to the elastic Ae. 	The variation of A from 

an elastic Ae to a creep Acr  gives an insight to the use 

of the relevant correlating parameter. 	At the one 
• 

extreme, when the total A = Ae 
the L.E.F.M. concept is 

applicable and where the total A = Acr 
then there is no 

crack growth dominating circumstance and A cr  will be 

equivalent to the uniaxial creep rate a and parameters 

such as a reference stress or a net section stress will be 

relevant in describing creep deformation and rupture. 

Figures (135-137) show the experimental A for various 

geometries, thicknesses and temperatures for. the RR58 

and steel. 	It is clear that the - total A does describe 

crack growth rate but unless taken as an indirect measure 

of C.O.D. it cannot be used to relate the various geometries, 

loadings and crack lengths. 	Therefore it is essential to 

attempt to describe it in terms of a fracture mechanics 

argument. 
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Following the description for an energetic inter-

pretation of J from section (1.3.2) it can be numerically 

shown that 

J 1 dw 
Bn da (6.3) 

where w is defined as the total work done. 

Defining a term C*T  as the total value of C* 

containing the elastic (time independent) and creep (time 

dependent) terms in the creep cracking process then by 

analogy by dividing by time in equation (6.3) 

1 dw C* 	-- T Bn da (6.4) 

where w* is defined as the rate of potential work done 

and differs from U* except for the elastic circumstance 

where w* = U*. 	Therefore C*T can be split in concept into 

a linear elastic term C*e and a non-linear creep term 

C*Cr giving 

C°T = C*cr + C*e. 
	(6.5) 

where C° can also be defined as the linear elastic term 

G (the elastic crack extension force) divided by time, 

and C*el"  is the original concept of C* based on creep 

deformation only. 	Accordingly the various ratios of C* cr 

to C*e 
will determine whether L.E.F.M. is applicable (where 

C*e >> C* Cr  ) or whether the non-linear C*cr  will define 

the crack tip singularity (where C*cr  >> C*e). 	But the 

important point is that C*T  inherently describes the crack 

tip over the wide spectrum of creep cracking behaviour 

i.e. from a creep brittle to a creep ductile circumstance. 



127. 

The numerical estimates of CPT  are possible in principle 

and can be computed numerically using incrementing crack 

programs. 	But by using the transducer displacement rate 

A, which inherently takes into account the complex 

combinations of the elastic and the creep terms, it is 

possible to evaluate an approximate experimental value for 

the C*T. 

For a constant external work rate i.e. constant d 

at constant load P 

w* = PA 	 (6.5) 

for any circumstances where bending displacements dominate 

it may be expected that LI can be written as: 

A = 	f (a) g (P) 	(6.6) 

where f and g are functions. 	If at constant load the 

dependence on crack length can be approximated by a simple 

power law function as 

f(a) = an 	 (6.7) 

equation (6.6) becomes 

dA 	A = — 
da 	a (6.8) 

Differentiating equation (6.5) at constant load with 

respect to a gives: 

dw* 	dA = p da. 	da. (6 .9 ) 

and substituting (6.9) in (6.8) and(6.4) gives: 
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1 	IIPA 
T Bn a 

(6.10) 

Provided the 11 does not vary appreciably (by more than 

a factor of about 2) C*T 
will be proportional to PA aBn 

giving 

 a(c* )Y 	(PA  )T  T 	m 	aBn 
(6.11) 

In figures (138 - 144) all the C.C.G. rate data for 

RR58 and steel are gathered from the different geometries 

and plotted, in various combinations versus the experimental 

C*T. 	The general trend shows that equation (6.11) is 

satisfied over a range of ductilities, temperatures and 

geometries with crack lengths varying from 15 mm to 150 mm 

(a factor of 10). 	The value of y is found statistically 

to be between 0.8 - 0.9 for both the steel and RR58 tests 

of various geometries. 

Figure (138 - 139) show the plots for the DCB geometry 

for thick and thin steel specimens respectively. 	There 

are no distinguishable differences for three decades of 

crack growth. 	Figure (140 - 141) show plots of C*T  

versus crack growth rate for various geometries and thick-

nesses and side groove depths for RR58 and steel respectively. 

Generally it is observed (more so for the steel) that 

reduction in specimen thickness produces a higher value of 

C*T for the same cracking rate suggesting that the extent 

of C*
cr 
 is affected by specimen thickness. 	As observed 

in section (6.1.1) the reduction in the thickness also 

showed an increase in the value of stress intensity factor, 

but it was shown that this was an apparent increase in 

the numerical value of K since stress relaxation at the 
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crack tip is profoundly affected by specimen thickness 

making the use of K invalid according to the principles 

of L.E.F.M. 	By the use of C*T  which is strain rate based 

parameter the problem is overcome which directly suggests 

that creep crack growth rate is creep strain rate dependent. 

Figure (142) shows the effect of temperature on the 

value of C*T 
for various DCB-C RR58 specimens tested 

from 100°C to 125°C. 	It is clear that the interaction 

between the thermal processes of creep to deform the 

geometry and/or to produce crack growth, are complex. At 

100°C the load used to produce C.C.G. is relatively high 

to offset the reduction in thermal activation at the crack 

tip whereas as 200°C the value of C*T  is higher due to the 

increase in the creep compoent C*cr. 	Values of C'T  are 

lowest at around 125°  - 150°C and rapidly increase in the 

region of 175°C - 200°C. 	It is postulated that (\similar 

behaviour would occur in the C.C.G. of steel at various 

temperatures but insufficient time was available for this 

present work to allow complete verification of this statement. 

An increase in C*T is observed in figure (143) for the 

single steel DCB-P specimen tested at 615°C in comparison 

to the 25 mm thick DCB-P specimen tested at 565°C. 

Finally figures (144,145) show the same data as figures 

(140,141) but include the calculated values of C*T  from 

the raw data of two authors (94,95) shown in. table (1). 

Four tests of Kaufmann et al (94) whotested large CT 

(B = 100 mm) aluminium specimens at 150°C with no side 

grooving are shown in figure (144). 	Although their specimens 

are not exactly the same as RR58 their chemical compositions 
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are very similar and only appreciably differ in the copper 

content. 	Kaufmann's material has about twice the amount 

of copper compared to RR58 and from the stated mechanical 

properties it is found to be slightly more ductile than 

RR58. 	The increase in ductility as well as the fact that 

Kaufmann et al used no side grooving on their CT test-

piece is shown in figure (144) to give a slightly higher 

value of C*T compared to the RR58 tests at 150°C. 

Another factor that can be observed is that Kaufmann et 

al were easily able to achieve controlled C.C.G. rates at 

faster cracking rates suggesting their material was 

less stress sensitive than RR58. 

A real test of C*T as a correlating parameter would 

be to compare the effects of increasing creep ductility 

at the crack tip. 	Unfortunately the present test program 

did not allow sufficient time for testing materials of 

different heat treatment and creep ductility but by using 

the raw data from Harper (95) who tested CT specimens of 

a ferritic 1 Cr - Mo - V steel of around 15% - 60% creep 

ductility at 565°C, 	Their value for the present C*T  

can be calculated and are plotted in figure (145) to compare 

with the bainitic heat treatments of different geometries 

of the --Cr, 3Mo, -IV steel. 	The correlation for Harper's 

data with crack growth is much improved, compared to the 

use of K (shown in figure (117)), and as expected the 

C.C.G. rate is appreciably reduced (by about a factor of 

10 - 15) in comparison to the bainitic material. 	It is 

suggested that even for such a creep ductile material C*T  

still holds and although the extent of C*
cr  is appreciably 

increased the value of C*e cannot be disregarded. 
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CHAPTER 7  

7.1. 	CONCLUSIONS  

An attempt has been made to unify the C.C.G. problem 

by testing two engineering materials RR58 and a low alloy 

steel using various geometries each containing a dominant 

	

crack. 	The following conclusions have been reached. 

1) The RR58 aluminium alloy was found to overage 

during testing within the creep range. 	The extent of 

overaging increased with test temperature and testing time 

thus explaining to some degree the decreasing cracking rate 

observed in DCB-C test-pieces. 	The second factor that 

affects the C.C.G. behaviour of this particular RR58 

could be due to the initial cold rolling (giving it a 2-1% 

initial plastic strain) process which induces microcracks 

at the grain boundaries producing internal residual stress 

concentrations which are relaxed in the creep temperature 

range. 

2) It was found that no crack growth initiated in 

the -1Cr, iMo l  -14-V steel in the as received normalized ferritic 

condition using DCB-C specimens. 	The reason for this was 

due to the high creep ductility (> 40%) and the low hardness 

value (130 V.H.N.) of the ferritic steel. 	Consequently 

the steel specimens were solution treated and oil quenched 

giving a an itic microstructure to simulate the heat 

affected zone (H.A.Z.) of welds, which gave a grain size 

of around 250 - 350 	Subsequent tests showed that 

tempering affected the creep ductility and C.C.G. 	In 

order to reduce the tempering effects during the tests 

at 565°C the specimens were given a tempering treatment of 
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680°C for 24 hours, after the solution treatment, in order 

to reduce the residual stresses and produce a more stable 

microstructure during the C.C.G. tests. 

3) Uniaxial Creep data for RR58 and steel showed 

a range of ductilities dependent on the applied stress and 

temperature. 	For the RR58 the rupture elongation ranged 

from 4% to 12% and for the steel from 0.1% for the quenched 

specimens to about 1.5% maximum for the quenched and 

tempered condition. 

4) The experimental slopes of the A versus a graph 

for both RR58 and steel showed a combination of elastic 

and creep components and the extent of each was found to 

vary for various test variables. 	Material ductility, 

reduction in side grooving and thickness of the test—

piece geometry and an increase in the testing temperature 

increased the creep bending components of A suggesting 

an increased rate of stress redistribution. 

5) Metallurgical observation of the two engineering 

materials showed that the analysis of the crack behaviour 

with respect to heat treatment and creep history is extremely 

complex but a general conclusion reached was that (a) 

the fracture surfaces showed predominently intergranular 

cracking with the RR58 (as expected from its better creep 

ductility) showing more ductile features than the steel and 

(b) the crack tip profiles for both RR58 and steel reflected 

the extent of creep deformation that had occurred during 

the cracking tests. 	Namely that a reduction in thickness 

and side grooving produced an increased amount of disconnected 

voids ahead of the crack tip, showing physically that there 

is increased stress redistribution due to creep at the crack 

tip. 
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6) Correlation of the data with the stress intensity 

factor K showed that for circumstances of reduced creep 

ductility and increased geometric =onst'rcNU1 the equation 

A = AKm  aptly described C.C.G. rate for individual geometries. 

But a reduction in specimen thickness made the above equation 

more ineffective. 

Controlled crack growth rate for the RR58 was only 

possible over a region of about two decades and it is 

suggested that a lower bound value of KICC  as the critical 

value of creep fracture of RR58 could be a useful design 

tool. 	An increase in testing temperature (175°  - 200°C) 

for the RR58 showed that no correlation existed with K 

for the cases where creep deformation increased. 

It was possible to achieve C.C.G. rates in the steel 

for over a range of three decades and on the whole as 

expected, a better correlation with K was achieved. 

7) Correlation of K for various geometries showed 

a distinct geometry effect for both the RR58 and steel. 

This suggests that extent of constraints i.e. resistance 

to deformation at the crack tip varies with geometry. 

Generally the constraints of fracture machanics 

geometries can be put in the following order 

DCB-C < DCB-P < DT < CCP < SEN < CT or more generally 

plane stress < plane strain. 	Therefore in any design 

procedure it is vital to choose the lower bound values to 

achieve conservative estimates. 

8) A non linear fracture mechanics parameter C* 

which has been derived by analogy for J by relating the 

stress singularity within a plastically deforming crack 
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tip to the creep deformation process that occurs at the 

creep crack tip. An analytical estimate of C* for DCB 

specimens using non-linear beam theory was put forward 

and used to correlate the C.C.G. data. 

9) 	Conclusions arrived at in (4) and the correlation 

of the data with the analytical C* mentioned in (8) suggested 

that the analysis of C* is inadequate in describing C.C.G. 

rate. 	A new method was put forward in section (6.2.2) 

in order to include both the elastic and the creep deformation 

components that are present at the crack tip. 	It was 

found that experimentally determined transducer displacement 

rate (A) which includes the elastic deflection and the creep 

deformation adequately described the C.C.G. rate and by 

using and energy rate interpretation of J it was suggested 

that a parameter C*T  should describe the crack tip 

behaviour in terms of the potential work rate w*, such 

that: 

C* - T Bn da 

and C*T 	C*e + C* cr 

such that C*„, is the combination of the elastic C*e and 

the creep C*cr  (previously defined as C*). 
	An approximate 

experimental evaluation of C*T  was put forward and the 

correlation of the data shows C.C.G. to be geometry 

independent. 	It is postulated that C*T  will describe 

the crack tip behaviour over a range of creep ductilities 

from creep-brittle to a creep-ductile situation. 

1 dw* 
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10) 	As a practical application it is suggested that 

a possible criterion for protecting components in service 

from rapid fracture is to choose a critical C.C.G. 'rate' 

. 	By measuring the C.C.G. rate by the potential drop, 
cc 

ultrasonics, x-ray or if possible visually, over at ime 

period the component can be designated safe or unsafe 

depending on whether or not the value is greater than a 

previously selected Ace 

7.2. 	FUTURE WORK  

1) 	The early estimates of C* were made analytically 

taking into account only the secondary creep rate and were 

only relevant to the DCB type geometries. 	The inclusion 

of the elastic component to produce C*T  has been shown to 

be important. 	It is suggested that it is possible to 

arrive at better estimates of C*T for various geometries 

by using non-linear finite element techniques and computer 

programmes produced for incremental crack growth. 

A critical evaluation of the calculations should be 

made by performing experiments on a wider range of DCB, 

CT, DT and other geometries of various size, thickness 

and depth of side groove. 

The interplay of creep deformation and creep cracking 

and the effect of the specimens being held at temperature 

for long times suggest that a closer relationship must 

exist between the engineering aspects of C.C.G. .and the 

metallurgical problems. 	This is of great importance if 

the results are to be related to the creep failure of 

components which have to exist in the creep temperature 

range for many years. 	A full metallographic study of the 
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cracking process should be made to develope quantitative 

estimates of the size of the creep deformation zone and 

possibly developea microstructural model which could be 

related to the macro C.C.G. behaviour in metals. 

Variable loading and temperature tests are also 

needed more especially for the creep ductile materials to 

observe the history effects and their relation to the 

incubation times that are observed in these materials. 

These history effects are known to exist in tensile creep 

experiments but which are not at first apparent in C.C.G. 

Finally it is suggested that steps should be taken to 

relate the laboratory results to realistic practical 

situations. 	When designing and predicting the lives of 

components at high temperatures the present results suggest 

improvements can be made by taking into account the new 

C*T  parameter.-  
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APPENDIX A 

Analysis of deflection of DCB test piece  

Consider a cross section of the DCB test piece a 

distance x < a from the loading line. Let the curvature 

at this section under load P be k. 	Then for plane sections 

to remain plane, the strain at any distance y from the 

neutral axis is 

c . ky 	 (A1) 

For moment equilibrium; 

e  h/2 
VI = j 	a B y dy 

-h/2 

.. Substituting from eqn. (3.30) and (A1) 

	

B(A) 
1/n s 	

h1+1/n 
h/2 

M = B(—A) 	dy 
-h/2 

2nD (h.) (—
h)

1/n 2+1/n 

= T7T-17 Tfi 	A 	2 (A2) 

For small deflections v, eqn. (A2) can be re-arranged to give; 

n 

k - d2v [(2n+1)M 
	A  

dx2 	2nB (h/2)2114-1  

But M = Px 

n 
• d2v [(2n+1)P 	

xn 
.. --- - 

dx2 
	2nB 	A 	 (h/2) 2r.+1 

Integrating twice and using the boundary condition 

d 0 = and 

= 

I* 

= 0 at x = 

n 
[(2n+1)11 

2nB 	A 

n 
f 	x = 

a, the crack tip, 

I** 	- 	I** 	- 	I* 	(x x 	a 	a 

dx 

gives, 

- a) (A3) 

dx 

v 

where 2n 
(h/2)

4-1  



n 
[(2n+1)1 2A  a

n+1 
2n3 

 (A4) 

(h/2)
2n+1 
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n 
and I** = JJ 	

x 	 dx 
(h/2)211+1  

and the subscripts x and a indicate the values of the integrals 

at x and a, respectively. 	For the contoured geometry h 

is a function of x. 

The loading pin displacement, 

evaluation of J, Eqn. 	(3.39, 

A = 2v 

evaluated at x = 0 

[(2n+1)1  
.. 	A = 2nB 

3.40), 

* 2A 	I* - 

A, required 

is given by 

I*a* 	+ I*a  a 

for the 

where I** is the value of I** at x = 0, 

dA 	[ 
 2nB  
(2n+1)P1  2A L- I* 	

,* 
da a "a da 

n 

This expression can be substituted into Eqn. (3.34) to give J. 
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TABLE (1) 

List of authors applying fracture mechanics to C.C.G. 

Author 
and 

Reference 
Material 
Tested 

Test 
Temp 
°C 

Creel 
index. 
n 	Geometry 

Specimen 
Width 
(U) 
mm 

CorrelaEin 
Parameter 

Popp and 
Coles 	(79) 

Inconel 
(Nikel base) 

538 7 CCP 75 K 

Siverns 
and Prince 
(80)  

22 Cr-1Mo-V 
Quenched 

568 5.5 SEN-T 25 K 

Harrison 
and Sandor 
(81) • 

1 Cr-Mo-V 
Wrought 
Steel 

538 4.5 CCP 25-60 a
net 

James 
(82)  

AIS1-316,steel 
Cold worked 
(20%) 

538 > 20 CT 30,50 K 

Robson 
(83)  

0.2% C Cast 
steel 

0.2% C Wrought 
steel 

400 
450 14-20 

CT 
SEN-T  40 50 K 

Thornton 
(84)  

1 Cr-Mo-V 
Cast and 
wrought steel 

565 6-16 SEN-B 50 K 

Pilkington 
(85)  

-2- Cr-I-Mo-V 
Bainitic 

550 10-25 SEN-B 18 K, 	C.O.D. 

Ellison and 
Walton (86 

1 Cr-Mo-V 
Tempered 

565 10 SEN-T 
SEN-B 

40 K 

Nicholson 
and Formby 

A1S1 316 740 

(87)  

7 SEN-T 
CCP 

17 	35 7  a 
net 

Neate and 
Siverns 
(88)  

21 Cr-lMo-V 
1 Cr-Mo--2;V 
(ferritic and 
bainitic) 

565 3-5 SEN-T 15-50 a
net  

Landes and 
Begley 
(89)  

Discolloy 
Superalloy 
(Nickel base) 

650 - CCP 
CT ' 	50 Cs 

Haigh 
(90)  

Cr-No-V 
Bainitic and 
ferritic 

550 - WOL 50 C.O.D. 
Notional K 

Neate 
(91)  

:72Cr-3Mo-*V 
Various Heat 
treatments and 
grain sizes 

565 3-7 
SEN-T 
CCP,CT 
WOL 

25-65 
K for 
brittle 
(7net for 
ductile 
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' TABLE (1) Cont'd  

Author 
and 

Reference 

, 
Material 
Tested 

Test 
Temp 
°C 

Creep 
Index 
n geometry 

Specimen 
Width 
(W) 

Correlating 
Parameter 

mm 

Floreen Nickel alloy 500- - CT 25 K 
(92)  750 

Nicholson A1S1-316 600- 5-12 DEN-T 25 anet 
(93)  steel 850 

Normalized 

Kaufmann Aluminium 150- CT 100-125 K 
et al Alloy 200 
(94)  

Harper 1Cr-Mo-V 565 10-15 CT 50 Cr 
(95)  Ferritic SEN-B 

Steel 

Kenyon Aluminium 100- 10-30 DCB-C > 200 K 
(78) Alloy 	(RR58) 200 

Uikbin -I 	Ao- CE. 	M-W 2 	- 2 	4 565- 5-10 DCB-C K 
et al steel 615 DCB-P C* 
(129) DT 

50-200 
Aluminium 100- 10-30 
Alloy 	(I:R58) 200 CT 
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TABLE 2a  

Details of Composition and the Mechanical  
Properties of Rr(58  

Element Cu Mg Fe Si Mn Ti Zn Ni 

Composition 
Weight % 2.64 1.64 1.15 0.23 0.03 0.06 0.06 1.15 

Temp 
(T) 
oC 

Young's 
Modulus 	(E) 

GPa 

Yield 
Stress 	(a 	) 

MPa 	Y 

U.T.S. 
MPa 

Elongation 
(Cf) 

% 

R.T.(20) 77.8 332 436 4-4.3 

100 68.1 294 408 5.3 

125 65.6 - - - 

150 63.1 265 362 8.4-11.1 

175 61.0 - - - 

200 56.5 240 295 8.6 
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TABLE 2b  

Detail of Comnosition and the Mechanical  
Pronerties of the 	Mo, 	steel  

Block C Cr Mo V Mn Al Ce 

3F .08 .45 .70 .34 .42 .029 .010 

4F .11 .37 .42 .22 .36 .019 .002 

7G  .08 .45 .70 .34 .46 .011 .101 

8F .08 .45 .69 .34 .41 .094 .010 

10F .08 .42 .69 .33 .31 .005 .025 

Mechanical Pronerties for the steel heated  
for 	hour at 1250°C and Oil 2uenched  

Temp 
(T) 
o C 

Young's 
Modulus (E) 

GPa 

Yield 
Stress 	(c; 	) 

Y 
MPa 

U.T.S. 

MPa  

Elongation 
(c f) f 

--__ 
R.T.(20) 222 670 760 3.3 

565 181 595 721 4.8 

Mechanical Properties for the Steel heated  
for 7 hour at a2::.00c, Oil Quenched and  

subsequentl,  tempered for 24 hours at 680°C  

Temp 
(T) 
oC 

Young's 
Modulus 	(E) 

GPa 

Yield 
Stress 	(c y) 

Y 
MPa 

U.T.S. 

MPa 
• 

—1 Elongation 
(ef) 

% 

R.T.(20 

565 

216 

176 

657 

580 

749 

708 

4.2 

5.6 
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TABLE (3a) 

Dimensions of the Specimens  

Figures of all the specimens shown in this table are 
illustrated in figure (15) 

Geometry: DCB  

Material Thickness 	(B) 

(mm) 

Net Thickness 
(Be) 

(mm) 

Maximum 
Specimen 
height 
(h 	) max 
(mm) 

RR58 25.0 12.7 38.0 

9.5 7.7 38.0 

25.4 20.0 38.0 

Steel 25.0 6.5 35.5 

12.0 6.0 35.5 

12.0 3.0 35.5 

Dimension of the taper of the DCB-C with respect to 
crack length 

Crack 
length 
(a) 
(mm) 

50.0 70.0 90.0 100.0 110.0 120.0 140.0 150.0 

Height 
(h) 
(mm) 

17.1 20.3 24.0 25.6 27.4 29.0 33.2 35.0 

Geometry: DT  

Material B 

(mm) 

Bn 
(mm) 

hm 
(mm) 

W 

(mm) 

RR58 9.5 7.7 62.5 200 

Geometry: CT  

Material B 
(mm) 

B n 
(mm) 

U 
(mm) 

Steel 25.0 13.1 50 
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TABLE (3b) 

Variation of H /e W/e and W/H with 
KBW2/p for the DCB-C Test-piece  

In conjunction with figure (30) 

H 
P
/e W/e W/Hp 

a/W values 

0.2 	[2.8 0.4 0.5 0.6 0.7 

-1-, KBW-1  /p 

0.2 5 25 35.2 36.2 36.0 35.3 34.5 35.0 
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TABLE (4a)  

Uniaxial Creep Data for RR58 (from Kenyon (78)) 

Specimen Test Temp Applied Secondary tR 
Stress Creep 

Rate 

"s)  oC  MPa (%/H) 
(H) 

clo 125 301 .0023 946 

125 340 .093 34.7 

C12 125 388 43.3 .068 

C13 125 360 1.73 2.65 

C14 175 285 .527 6.8 

C15 175 247 .015 111.2 

C16 175 319 19.5 .254 

C18 200 208 .012 92.3 

C19 200 232 .077 23.5 

C20 200 263 1.0 2.76 

C2I 200 295 30.0 .154 

C24 175 271 .083 15.9 

C25 175 308 3.13 1.37 

C28 150 347 12.7 .328 

C29 125 370 7.88 .475 

C30 175 226 .0037 282 

C31 100 388 1.3 2.88 

C32 100 355 .022 122.4 

C33 100 371 .141 23.4 

C34 100 398 3.34 .874 

C36 100 338 .0054 607.6 

M1 150 337 3.15 1.2 

M2 150 322 .96 4.5 

M3 150 309 .32 15.0 

M4 150 294 .022 92.0 

M5 150 280 .0076 275 
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TABLE (4b)  

Uniaxial Creep Data for ,17 CrMo I- V steel at 565°C 

(i) Solution Treated and Quenched 

Specimen 
Applied 
Stress 

MPa 

Secondary 
creep rate 

(es) 

(%/H)x10-3  

tR 

(H) 

El 360 2.2 18 
E2 332 3.3 20.8 
E3 305 3.5 25 
E4 278 1.56 19.5 
E5 263 5.85 14 
E6 235 1.1 51 

E7 208 .34 109 
E8 180 .315 265 

E9 442 54.6 1.4 

El0 405 14.8 3.3 
E12 154 .429 210 

(ii) Solution Treated, Quenched and Tempered 

Specimen 
Applied 
Stress 

MPa 

Secondary 
creep rate 

(e,) 
(%/H)x10-3  

tR 

(H) 

ET1 278 10.5 53 
ET2 244 5.46 80 
ET3 228 29.6 68 
ET4 500 858.0 2.1 
ET5 235 1.95 310 
ET6 374 17.9 50 
ET7 165 .897 > 400 
ET8 225 .234 > 700 
ET9 360 .156 8.5 
ET10 316 25.7 40 
ET11 295 24.6 43 
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TABLE (5)  

The experimental data used in the analysis in 

Chapter Six is shown in the following pages (155-181), 

divided into the subsections listed below. 	The basic 

information concerning each test and the values of applied 

load, crack growth rate, 	transducer displacement rate 

the slope of the experimental A  —graphs and the experimental a 

value of the stress intensity factor at different 

increments of crack length are listed. 	It should be 

noted 	that the value of the net thickness Bn is printed 

as BN in this table. 

The subsections are as 

ALUMINIUM ALLOY RR58 

follows: 

Test Temp. °C Page B (mm) 	Geometry 

(a) 	25.0 	DCB-C 100 155 

(b) 	25.0 	DCB-C 125 156 

(c) 	25.0 	DCB-C 150 157 

(d) 	25.0 	DCB-C 175 162 

(e) 	25.0 	DCB-C 200 165 

(f) 	9.5 	DCB-C 100 166 

(g) 	9.5 	DCB-C 150 167 

(h) 	25.0 	DCB-P 150 169 

(i) 	9.5 	DT 150 171 

-1-% Cr, 	-IF% No, 	-14;:, V 	STEEL 

B (mm) 	Geometry Test Temp. oC Page 

*(j) 25.0 DCB-C 565 	172 

(k) 25.0 DCB-C 565 	174 

(1) 12.0 DCB-C 565 	176 

(m)  25.0 DCB-P 565 	178 

(n)  25.0 DCB-P 615 	180 

(o)  12.0 DCB-P 565 	180 

(p)  25.0 CT 565 	181 

* N.B. 	Specimens in table 5(j) were solution treated at 
1250°C and quenched in oil. The rest of the steels were 
subsequently given a tempering treatment at 6800C- 
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TABLE (5) 

5(a) 

ALUMINIUM ALLOY 
RR58 

CRACK 
LENGTH 
(d) 
(MM) 

APPLIED 
LOAD 
(P) 

NEWTONS 

CRACK 
RATE 
(CO 
(mm/H) 

TRANS, 
RATE 
(20 
(MM/H) 

A STRESS 
INTENS. 
(K) 	1/2 
mPo..nn 

cl 

SPECI!AEN 814 100.0 3914.2 .010 .0004 .023 20.94 
GEOMETRY OCB-C 
TEST TEMP 100 	C 105.0 4003,2 .015  .0007 .023 21.42 
B 	(MM) 25.0 
BN 	(MM) 12.7 
TEST 	TIME(H) 350.0 

SPECIMEN 824 102.5 4581.4 .014  .0006 .042 24.51 
GEOMETRY OCR-C 
TEST TEMP 100 	C 105.0 4581.4 .014 .0006 .042 24.51 
B 	(MM) 25.0 
BN 	(MM) 12.7 107.5 4581.4 .014 .0006 .042 24.51 
TEST 	TIME(H)2850.0 

110.0 4581.4 .014 .0006 .042 24.51 

115.0 4581.4 .014 .0006 .042 24.51 

117.5 4803.8 .016  .0008 0047 25.70 

120.0 4803.8 .016 .0008 .047 25.70 

125.0 4803.8 .016 .0008 .047 25.70 

SPECIMEN 829 100.0 3780.8 .004  .0005 .040 20.23 
GEOMETRY OCR-C 
TEST TEMP 100 C 102.5 3780.8 .004 .0005 .040 20.23 
B 	(MM) 25.0 
8N 	(MM) 12.7 102.5 4047.7 .013 .0005 .040 21.66 
TEST 	TIME(H) 900.0 

105.0 4047.7 .013 .0005 .040 21.66 

107.5 4047.7 .013 .0005 .040 21.66 

110.0 4270.1 .026 ,0009 .040 22.85 

112.5 4270.1 .026  .0009 .040 22.85 

115.0 4270.1 .026 .0009 .040 22.85 

SPECIMEN 833 105.0 4092,2 .020 .0004 .031 21,90 
GEOMETRY OCR-C 
TEST TEMP 100 	C 107.5 4092.2 .020 .0004 .031 21.90 
B 	(MM) 25.0 
BR 	(MM) 12.7 110.0 4092.2 .020 .0004 .031 21.90 
TEST 	TIME(H)1270.0 

112,5 4092,2 .020 .0004 .031 21.90 

115.0 4270.1 .025 .0012 .031 22.85 

117.5 4270.1 .025 .0012 .031 22.85 

117.5 4359.0 .025 .0012 .031 23.32 

120,0 4359.0 .025 .0012 .031 23.32 

125.0 4359.0 .058 .0023 .031 23.32 
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5(a) Cont. 

ALUMINIUM ALLOY 
RR5d 

CRACK 
LENGTH 
(a) 
(mm) 

APPLIED 
LOAD 

(P) 
NEWTONS 

CRACK 
RATE 
(&) 
(PM/H) 

TRANS. 
RATE 
(ail) 
(MM/H) 

& 
--- 

STkESS 
INTENS. 
(K) 	1/2 
MPa.n% 

CL 

SRLCImEN 	B34 75.0 4714.9 .005 .0006 .021 25.23 
GEumETRY 	DCB-C 
TEST TEMP 	100 C 76.0 4714.9 .005 .0006 .021 25.23 
B 	1MM) 	25.0 
8N 	(MM)' 	12.7 76.0 9340.8 .009 .0006 .021 49.98 
TEST TIME(H)2100.0 

77.5 9340.8 .009 .0006 .021 49.98 

80.0 9340.8 .009 .0006 .021 49.98 

85.0 4981.8 .010 .0006 .021 26.66 
s• 

87.5 4981.8 .010 .0006 .021 26,66 

5(b) 

ALUMINIUM ALLOY CRACK APPLIED CRACK TRANS. a  STRESS 
RR5d LENGTH LOAD RATE RATE --- INTENS. 

(a) (P) 05.) (a) a (K) 	1/2 
(MM) NEWTONS (NM/H) (MM/H) MPoLo-s 

SPLCIMEN 87 117,5 3691.8 .023 .0006 .023 19.75 
GEOMETRY OCB-C 
TEST TEMP 125 C 120.0 3691.8 .023 .0006 .023 19.75 
B 	(MM) 25.4 
BN 	(MM) 12.7 122.5 3691.8 .023 .0006 .023 19.75 
TEST TIME(H) 420.0 

r. 
SPLCIMEU B22 100.0 3736.3 .052 .0020 .031 19.99 
GEOMETRY DC8-C 
TEST TEMP 125 C 105.0 3736.3 .042 .0015 .031 19.99 
B 	(MM) 25.4 
BN 	(MM) 12.7 110.0 3736.3 .042 .0015 .031 19.99 
TEST 	TIME(H) 530.0 

115.0 3736.3 .052 .0015 .031 19.99 

120.0 3736.3 .069 .0024 .031 19.99 

125.0 3736.3 .115 .0046 .031 19.99 

130.0 3736.3 .115 .0056 .031 19.99 
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5 ( c ) 

ALUMINIUM ALLOT 
RR5o 

CRACK 
LENGTH 
(a) 
(MM) 

APPLIED 
LOAD 

IP) 
NEWTONS 

CRACK 
HATE 
(a) 

(MM/H) 

TRANS. 
RATE 
tio 

IMm/H) 

--- 
ti 	STRESS 

INTENS. 
1/2 

Mt20..rA 
a 	(K) 

SPEC/MEN 83 105.0 3780.8 .145 .0069 .039 20.23 
GEumETRT DCB-C 
TEST TEMP 150 C 110.0 3780.8 .115 .0046 .039 20.23 

8 	(MM) 25.4 
BN 	(14m) 12.7 115.0 3780.8 .115 .0038 .039 20.23 
TEST 	TIME(H) 600.0 

120.0 3780.8 .115 .0038 .039 20.23 

125.0 3780.8 .115 .0038 .039 20.23 

130.0 3780.8 .115 .0038 .039 20.23 

135.0 3691.8 .050 .0019 .039 19.75 

140.0 3691.8 .050 .0019 .039 19.75 

SPECIMEN 84 100.0 4448.0 1.412 .0638 .042 23.80 
GEOMETRY DCB-C 
TEST TEMP 150 C 105.0 4448.0 .983 .0467 .042 23.80 
(MM) 25.4 

BN 	(MM) 12.7 110.0 4448.0 .638 .0239 .042 23.80 
TEST TIME(H) 75.0 

120.0 4448.0 .638 .0239 .042 23.80 

130.0 4448.0 .638 .0239 .042 23.80 

140.0 4448.0 .774 .0290 .042 23.80 

SPECIMEN B5 75.0 3669.6 .183 .0061 .042 19.63 
GEOMETRY DCB-C 
TEST TEMP 15U C 77.5 3669.6 .115' .0051 .042 19.63 
B 	(MM) 25.4 
BN 	(MM) 12.7 80.0 3669.6 .085 ;0039 .042 19.63 

TEST 	TIME(H)2450.0 
82.5 3669.6 .059 .0021 .042 19.63 

85.0 3669.6 .049 .0016 .042 19.63 

87.5 3669.6 .040 .0007 .042 19.63 

90.0 3669.6 .040 .0007 .042 19.63 

95.0 3669.6 .040 .0007 .042 19.63 

100.0 3669.6 .025 .0006 .042 19.63 

105.0 3669.6 .020 .0005 .042 19.63 

110.0 3669.6 .013 .0005 .042 19.63 

112.5 3469.4 .008 .0004 .042 18.56 

115.0 3469.4 .008 -.0004 .042 18.56 

120.0 3469..4 .008 .0004 .042.  18.56 
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5(c) Cont. 
ALUMINIUM ALLOY 
RR58 

CRACK 
LENGTH 
(a) 
(MM) 

APPLIED 
LOAD 

IP) 
NEWTONS 

CRACK 
RATE 
(6,) 
(MM/H) 

TRANS. 
RATE 

(MM/H) 

0  STRESS 
INTENS. 
(K) 	1/2 a 

spECIEN 86 140.0 3869.8 .274 .0076 .034 20.71 
GEOMETRY OCs-C 
TEST TEMP 150 C 145.0 3869.8 .274 .0076 .034 20.71 
B 	(MM) 25.4 
BN 	(MM) 12.7 150.0 3869.8 .274 .0076 .034 20.71 
TEST 	TIME(H) 59.0 

SPECIMEN B7 105.0 3691.8 .167 .0038 .029 19.75 
GEOMETRY DCB-C 
TEST TEMP 150 C 110.0 3691.8 .109 .0028 .029 19.75 
B 	(MM) 25.4 
BN 	(MM) 12.7 115.0 3691.8 .109 .0028 .029 19.75 
TEST TIME(H) 840.0 

125.0 3691.8 .068 .0019 .029 19.75 

130.0 3691.8 .068 .0019 .029 19.75 

135.0 3691.8 .068 .0019 .029 19.75 

SPECIMEN B9 100.0 3558.4 .061 .0024 .049 19.04 
GEOMETRY DCB-C 
TEST TEMP 150 C 102.5 3558.4 .036 .0016 .049 19.04 
B 	IMM) 25.4 
BN 	(MR) 12.7 105.0 3558.4 .025 .0011 .049 19.04 
TEST 	TIME(H)1400.0 

108.0 3558.4 .021 .0008 .049 19.04 

110.0 3558.4 .019 .0005 .049 19.04 

115.0 3558.4 .013 .0005 .049 19.04 

115.0 3647.4 .009  .0005 .053 19.52 

117.5 3647.4 .009 .0005 .053 19.52 

117.5 3736.3 .008 .0005 .053 19.99 

120.0 3736.3 .008  .0005 .053 19.99 

SPECIMEN 810 105.0 3113.6 .006 .0002 .037 16.66 
GEOMETRY DCB-C 
TEST TEMP 150 C 110.0 3113.6 .006 .0002 .037 16.66 
6 	(MM) 25.4 
BN 	(MM) 12.7 110.0 3558.4 .018 .0013 .037 19.04 
TEST 	TIME(H)2200.0 

115.0 3558.4 .018 .0013 .037 19.04 

120.0 3558.4 .018 .0013 .037 19.04 

120.0 4003.2 .197 .0046 .037 21.42 

.130.0 4003.2 .197 .0046 .037 21.42 

140.0 4003.2 .197 .0046 .037 21.42 
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ALUMINIUM ALLOY 
RR58 

CRACK 
LENGTH 
(0) 
(MM) 

APPLIED 
LOAD 

CPI 
NEWTONS 

CRACK 
RATE 
(a) 
(PM/H) 

TRANS, 
RATE 
(4) 
(MM/H) 

6, 
--- 

STRESS 
INTENS. 
(K) 	1/2 
mPm.oN 

Cl. 

SMECIAEN 	815 95.0 3780.8.  .240 .0104 .034 20.23 
*7:1-  GEOMETRY 	DC8-C 

TEST TEMP 	150 C 100.0 3780.8 .169 .0094 .034 20.23 
8 	(MM) 	25.4 
8N 	(MM) 	12.7 105.0 3780.8 .157 .0079 .034  20.23 
TEST 	TIME(H) 	640.0 

110.0 3780.8 .146 .0053 .034 20.23 

115.0 3780.8 .146 .0044 .034 20.23 

120.0 3780.8 .146 .0022 .034 20.23 

125.0 3780.8 .136 .0022 .034 20.23 

135.0 3780.8 .136 .0022 .034 20.23 

140.0 3780.8 .136 .0022 .034 20.23 

r•••1 • 

SPECIMEN 	816 105.0 3602.9 .036 .0014 .039 19.28 
GEOMETRY 	DCB-C 
TEST TEMP 	150 C 107.5 3602.9 .025 .0010 .039 19.28 
B 	(MM) 	25.4 
8N 	(MM) 	12.7 110.0 3602.9 .017 .0008 .039 19.28 
TEST 	TIME(H)14U0.0 

115,0 3602.9 .017 .0008 .039 19.28 

SPECIMEN 	817 105.0 3380.5 .075 .0043 .035 18.09 
GEOMETRY 	DCB-C 
TEST TEMP 	150 C 107.5 3380.5 .064 .0030 .035 10.09 
B 	1MM) 	25.4 
BN 	(MM) 	12.7 110.0 3380.5 .035 .0023 .035 18.09 
TEST 	TIME(H)1160.0 

112.5 3380.5 .035 .0016 .035 18.09 

115,0 3380.5 .035 .0013 .035 18.09 

120.0 3380.5 .035 .0013 .035 18.09 

122.5 3602.9 .077 .0024 .035 19.28 

130.0 3602.9 .077 .0024 .035 19.28 

137.5 3602.9 .077 .0024 .035 19.28 

140.0 3380.5 .032 .0009 .035 18.09 

145.0 3380.5 .031 .0009 .035 18.09 

SPECIMEN 	B20 100.0 3558.4 .167 .0071 .047 19.04 
GEOMETRY 	DCB-C 
TEST TEMP 	150 C 105.0 3558.4 .088 .0041 .047 19.04 
B 	(mm) 	25.4 
BN 	(MM) 	12.7 110.0 3558.4 .065 .0028 .047 19.04 
TEST 	TIME(H) 	800.0 

115.0 3550.4 .048 .0023 .047 19.04 

120.0 3558.4 .048 .0021 .047 19.04 

125.0 3558.4 .048 .0015 .047 19.04 

SPECIMEN 	838 100.0 4136.6 .565 .0310 .056 22.13 
GEOMETRY 	DCB-C 
TEST TEMP 	150 C 105.0 4136.6 .261 .0159 .056 22.13 
(NM) 	25.4 

RN 	(MM) 	12.7 110.0 4225.6 .193 .0113 .056 22.61 
TEST 	TIME(H) 	66.0 

115.0 4270.1 .148 .0080 .056 22.85 



5(c) Cont. 
ALUMINIUM ALLOY 
RR58 

CRACK 
LENGTH 
(a) 
(MM) 

APPLIED 
LOAD 
(p) 

NEWTONS 

CRACK 
RATE 
(2) 
0-.m/11) 

TRANS. 
RATE 

(MM/H) 

G 

abt). 

STRESS 
INTENS. 
(K) 	1/2 
MPa.m 

SPECI&EN 843 115.0 4047.7 .439 .0287 .060 21.66 
GEomETRY DCB-C 
TEST 	TLI'P 150 C 120.0 4047.7 .439 .0231 .060 21.66 
B 	(MM3 25.4 
ON 	(MM( 12.7 125.0 4136.6 .439 .0231 .060 22.13 
TEST 	TIME(H) 68.0 

130.0 4136.6 .439 .0231 .060 22.13 

135.0 4225.6 .439 .0231 .060 22.61 

140.0 4270.1 .554 .0249 .060 22.85 

SPECIMEN B44 117.5 4003.2 .220 .0107 .046 21.42 
GEUmETRT DCB-C 
TEST TEMP 150 C 120.0 4003.2 .220 .0107 .046 21.42 
B 	(MN) 25.4 
BN 	(MM) 12.7 125.0 4047.7 .220 .0107 .046 21.66 
TEST 	TIME(H) 75.0 

130.0 4092.2 .251 .0122 .046 21.90 

SPECIMEN 645 95.0 3825.3 .167 .0074 .050 20.47 
GEOMETRY DC6-C 
TEST TEMP 150 C 100.0 3825.3 .167 .0069 .050 20.47 
B 	(MM) 25.4 
BN 	(MM) 12.7 105.0 3869.8 .167 .0069 .050 20.71 
TEST TIME(H) 240.0 

110.0 3914.2 .167 .0069 .050 20.94 

115.0 3958.7 .167 .0069 .050 21.18 

120.0 4003.2 .167 .0069 .050 21.42 

125.0 4047.7 .167 .0069 .050 21.66 

130.0 4092.2 .251 .0079 .050 21.90 

135.0 4136.6 .371 .0163 .050 22.13 

SPECIMEN 647 80.0 3380.5 .009 .0004 .030 18.09 
GEOMETRY DC6-C 
TEST TEMP 150 	C 82.0 3380.5 .009 .0004 .030 18.09 
8 	(MM) 25.4 
BN 	(MM) 12.7 83.0 3380.5 .009 .0004 .030 18.09 
TEST TIME(H) 800.0 

85.0 3558.4 .048 .0007 .030 19.04 

90.0 3558.4 .032 .0005 .030 19.04 

95.0 3558.4 .012 .0004 .030 19.04 

SPECIMEN 648 75.0 3202.6 .021 .0007 .028 17.14 
GEomETRY DCB-C 
TEST TEMP 150 C 77.5 3202.6 .021 .0007 .028 17.14 
B 	(MM) 25.4 
BN 	(MM) 12.7 80.0 3202.6 .021 .0007 .028 17.14 
TEST 	TIME(H) 780.0 

' 82.5 3247.0 .021 .0007 .028 17.37 

110.0 3602.9 .058 .0026 .032 19.28 

115.0 3647.4 .050 .0019 .032 19.52 

120.0 3691.8 .043 .0011 .032 19.75 

125.0 3736.3 .030 .0010 .032 19.99 



161. 

5(c) Cont. 

ALUMINIUM 
MR56 

ALLOY CRACK 
LENGTH 

( 0) 
(MM) 

APPLIED 
LOAD 

(P) 
NEWTONS 

CRACK 
RATE 
(A) 

(MM/H) 

TRANS. 
RATE 
(A) 

(MM/H) 

A 
--- 

STRESS 
INTENS. 
(K) 	1/2 
MPoov. 

0. 

SPLCImEN B2 105.0 5337.6 .096 .0127 .071 22.76 
GEOMETRY DCB-C 
TEST TEMP 150 C 110.0 5337.6 .069 .0048 .071 22.76 

B 	(MM) 25.4 
BN 	(MM( 20.0 115.0 5337.6 .040 .0020 .071 22.76 

TES] 	TIME(H)1380.0 
120.0 5337.6 .016 .0012 .071 22.76 

122.5 5337.6 .012 .0007 .071 22.76 

125.0 5560.0 .010 .0007 .071 23.71 

127.5 5560.0 .010 .0007 .071 23.71 

130.0 5560.0 .010 .0007 .071 23.71 

ALUMINIUM ALLOY 
RR56 

Overaged for 
600 hours at 

200°C 

CRACK APPLIED CRACK TRANS. A STRESS 
LENGTH LOAD 	RATE RATE --- INTENS. 
(A) 	(P) 	(A) 	(j.) 	a_ (K) 1/2 
(MM) NEWTONS (MM/H) (MM/H) 	MPa.nk 

SPECIMEN 841 80.0 4448.0 .026 .0009 .038 23.80 
GEOMETRY DCB-C 
TEST TEMP 150 	C 90.0 4448.0 .018 .0005 .038 23.80 

(MM) 25.4 
BN 	(MM) 12.7 100.0 4448.0 .012 .0004 .038 23.80 
TEST 	TIME(H)2900.0 

110.0 4448.0 .005 .0002 .038 23.80 



162. 

5(d) 

ALUMINIUM ALLOY 
RR58 

CRACK 
LENGTH 
(a) 
(MM) 

APPLIED 
LOAD 

IP) 
NEKTONS 

CRACK 
RATE 
(m) 
(mm/H) 

TRANS. 
RATE 

(MM/II) 

Li STRESS 
INTENS. 
(K) 	1/2 
MPa.m 

0. 

SPECIMEN 87 140.0 3691.8 .157 .0074 .043 19.75 
GEOMETRY DCB-C 
TES(' TEMP 175 C 142.5 3691.8 .157 .0074 .043 19.75 
B 	(MM) 25.0 
ON 	(MM) 12.7 145.0 3691.8 .157 .0U74 .043 19.75 
TEST TIME(H) 720.0 

147.5 3691.8 .157 .0074 .043 19.75 

SPECIMEN 816 115.0 3602.9 .032 .0015 .060 19.28 
: GEOMETRY DCB-C 

TEST TEMP 175 C 120.0 3602.9 .032 .0015 .060 19.28 

B 	(MM) 25.0 
BN 	(MM) 12.7 125.0 3602.9 .032 .0015 .060 19.28 

TEST 	TIME(H) 900.0 

SPECIMEN 820 135.0 3558.4 .084 .0053 .060 19.04 
GEOMETRY DCB-C 
TEST TEMP 175 C 140.0 3558.4 .084 .0053 .060 19.04 
B 	(MM) 25.0 
BN 	(MM) 12.7 145.0 3558.4 .084 .0053 .060 19.04 

TEST 	TIME(H) 700.0 

SPECIMEN 821 105.0 3336.0 .115 .0089 .060 17.85 
GEOMETRY DCB-C 
TEST TEMP 175 C 110.0 3336.0 .068 .0051 .060 17.85 
B 	(MM) 25.0 
BN 	(MM) 12.7 115.0 3336.0 .033 .0030 .060 17.85 

TEST 	TIME(H) 960.0 
120.0 3336.0 .023 .0016 .060 17.85 

125.0 3336.0 .023 .0015 .060 17.85 

127.5 3513.9 .037 .0022 .065 18.80 

130.0 3513.9 .037 .0022 .065 18.80 

132.5 3513.9 .037 .0022 .065 18.80 

135.0 3691.8 .073 .0038 .060 19.75 

140.0 3691.8 .073 .0046 .060 19.75 

145.0 3691.8 .073 .0051 .060 19.75 

SPECIMEN 823 120.0 4448.0 .065 .0056 .057 23.80 
GEOMETRY DCB-C 
TEST TEMP 175 C 130.0 4448.0 .065 .0056 .057 23.80 

B 	(MM) 25.0 
BN 	(MM) 12.7 140.0 4448.0 .065 .0056 .057 23.80 

TEST 	TIME(H11400.0 
150.0 4448.0 .065 .0056 .057 23.80 



5(d) Cont. 	 163. 

ALUMINIUM ALLOY 
RR5u 

CRACK 
LENGTH 
(a) 
(MN) 

APPLIED 
LOAD 

(P) 
NEWTONS 

CRACK 
RATE 
(a) 

(mm/R) 

TRANS. 
RATE 
(A) 
(Rm/R) 

0 STRESS 
INTENS, 
(R) 	1/2 
MPA" 

CL 

SPECIMEN 	R26 100.0 4448.0 •063  .0079  .066 23.80 

GEomETRy 	UCB-C 
TEST TEMP 	17s C 105.0 4448.0 .U68 .0674 .066 23.80 

B 	(MY) 	25.0 
RN 	(mm) 	12.7 110.0 4448.0 .068 .0074 .066 23.80 

TEST 	TIME((() 	840.0 
115.0 4448.0 .068 .0074 .066 23.80 

135.0 4448.0 .023 .0015 .061 23.80 

140.0 4448.0 .023 .0015 .061 23.80 

142.5 4448.0 .023 .0015 .061 23.80 

SPECIMEN 	B27 110.0 3558.4 .042 .0038 .077 19.04 

GEOMETRY 	DCB-C 
TEST TEMP 	175 C 115.0 3558.4 .028  .0019 .077 19.04 

B 	(MM) 	25.0 
BN 	(MM) 	12.7 120.0 3558.4 .018 .0008 .077 19.04 
TEST TIME(H)1100.0 

122.5 3558.4 .014 .0007 .077 19.04 

125.0 4225.6 .041 .0028 .077 22.61 

130.0 4225.6 .041 .0028 .077 22.61 

135.0 4225.6 .043 .0030 .077 22.61 

140.0 4225.6 .046 .0030 .077 22.61 

SPECIMEN 	B30 100.0 4448.0 .078  .0124 .070 23.80 
GEUMETRT 	DCB-C 
TEST TEMP 	175 C 105.0 4448.0 .058  .0050 .070 23.80 
B 	(MM) 	25.0 
BN 	(MM) 	12.7 110.0 4448.0 .044 .0033 .070 23.80 
TEST 	TImE(H)2000.0 

overaged for 115.0 4448.0 .044 .0033 .070 23.80 

1500 hours at 120.0 4448.0 .044 .0033 .070 23.80 
175°C 

125.0 4448.0 .044 .0033 .070 23.80 

125.0 4270.1 .025 .0020 .070 22.85 

130.0 4270.1 .025 .0011 .070 22.85 

135.0 4270.1 .025 .0011 .070 22.85 

140.0 4270.1 .025 .0011 .070 22.85 

145.0 4270.1 .025 .0011 .070 22.85 

150.0 4270.1 .037 .0017 .070 22.85 

160.0 4270.1 .040 .0038 .070 22.85 

SPECIMEN 	831 125,0 4448.0 .324 .0251 .080 23.80 
GEOMETRY 	DCB-C 
TEST 	TEMP 	175 C 130.0 4448.0 .220 .0180 .080 23.80 

(MM) 	25.0 
BN 	(MM) 	12.7 135.0 4448.0 .125 .0135 .080 23.80 

TEST 	TIME(H) 	200.0 
140.0 4448.0 .098 .0089 .080 23,80 

145,0 4448.0 .098 .0089 .080 23.80 

150.0 4448.0 .130 .0114 .080 23.80 



164. 

• 5(d) Cont. 

ALUMINIUM ALLOY 
RW58 

CRACK 
LENGTH 
(d) 
(mm) 

APPLIED 
LOAD 

(P) 
NEAToNs 

CRACK 
RATE 
(ex) 

(vm/H) 

TRANS. 
RATE 
(L) 
(mm/H) 

A 
--- 

ct 

STRESS 
INTENS. 
(K) 	1/2 
mPc„ (+% 

SPECIMEN 832 70.0 4537.0 .168 .0191 .066 24.20 

GEOMETRY DCB-C 
TEST TEMP 175 C 80.0 4537.0 .168 .0112 .066 24.28 

B 	(MM) 25.0 
BN 	(MM) 12.7 90.0 4537.0 .168  .0063 .066 24.28 
TEST 	TIME(H) 570.0 

100.0 4537.0 .168 .0063 .066 24.28 

110.0 4537.0 .168 .0063 .066 24.28 

120.0 4537.0 .168 .0063 .066 24.28 

130.0, 4537.0 .168 .0063 .066 24.28 

140.0 4537.0 .168  .0063 .066 24.28 

150.0 4537.0 .168  .0063 .066 24.28 

SPECIMEN B36 120.0 4003.2 .171 .0203 .086 21.42 
GEOMETRY DCB-C 
TEST TEMP 175 C 125.0 4003.2 .087 .0112 .086 21.42 

B 	(MM) 25.0 
BN 	(MM) 12.7 130.0 4003.2 .044  .0048 .086 21.42 

TEST 	TIME(H) 720.0 
135.0 4003.2 .029 .0027 .086 21.42 

140.0 4003.2 .012 .0015 0 086 21.42 

SPECIMEN B37 95.0 4003.2 .136 .0137 .070 21.42 
GEOMETRY DCB-C 
TEST TEMP 175 C 100.0 4003.2 .067 .0050 .070 21.42 
B 	(MM) 25.0 
BN 	(MM) 12.7 105.0 4003.2 .042 .0030 .070 21.42 

TEST 	TIME(H) 360.0 
110.0 4003.2 .037 .0025 .070 21.42 



165, 

5(e) 

ALUMINIUM ALLOY 
RHbu 

CRACK 
LENGTH 
(0) 
(MM) 

APPLIED 
LOAD 
(p) 

NEwTONS 

CRACK 
RATE 
(&) 
(MM/H) 

TRANS. 
RATE 
(a( 
(MM/H) 

0 STRESS 
INTENS. 
(K) 	1/2 
mPo...nN 

aL 

SPECImEN B26 120.0 4448.0 .115 .0124 .102 23.80 
GEOmETRA DCB-C 
TEST TEMP 200 C 125.0 4448.0 .115 .0124 .102 23.80 
B 	(MM) 25.0 
BR 	(MM) 12.7 130.0 4448.0 .115 .0124 .102 23.80 
TEST 	TIME(H) 450.0 

135.0 4448.0 .115 .0124 .102 23.80 

SPECIMEN B28 110.0 4892.8 .157 .0508 .125 26.18 
GEOMETRY DCB-C 
TEST TEMP 200 C 115.0' 4892.8 .157 .0381 .125 26.18 
B 	(MM) 25.0 
BN 	(MM) 12.7 120.0 4892.8 .157 .0231 .125 26.18 
TEST 	TIME(H) 600.0 

125.0 4892.8 .115 .0188 .125 26.18 

130.0 4892.8 .068 .0157 .125 26.18 

135.0 4892.8 .068 .0104 .125 26.18 

140.0 4892.8 .068 .0094 .125 26.18 

145.0 4892.8 .068 .0076 .125 26.18 

150.0 4892.8 .068 .0048 .125 26.18 

160.0 4892.8 .068 .0048 .125 26.18 



166. 

5( f) 

ALUMINIUM ALLOY 
RR5i 

CRACK 
LENGTH 
(0) 
(MM) 

APPLIED 
LOAD 

IP) 
NEWTONS 

CRACK 
RATE 
(&) 

()AM/H) 

TRANS. 
RATE 
(o) 
(MM/H) 

a 
.111.10we 

CL 

STRESS 
INTENS. 
(K) 	1/2 
MPa.4A 

SPLCImEN 054 105.0 1957.1 .010 .0010 .057 23.29 

GEOMETRY 
TEST TEMP 

DCB-C 
100 C 107.5 1957.1 .004 .0003 .057 23.29 

B 	(MM) 
BN 	(MM) 

9.5 
7.7 107.0 1957.1 .004 .0003 .057 23.29 

TEST TIME(H)1900.0 
110.0 2090.6 .008 .0004 .053 24.88 

112.5 2090.6 .008 .0004 .053 24.88 

115.0 2090.6 .008 .0004 .053 24.88 

117.5 2090.6 .008 .0004 .053 24.88 

SPECIMEN D58 100.0 1957.1 .019 .0020 .070 23.29 

GEOMETRY 
TEST TEMP 

DCB-C 
100 C 102.5 1957.1 .015 .0015 .070 23.29 

B 	(MM) 
BN 	(MM) 

9.5 
7.7 105.0 1957.1 .009 .0008 .070 23.29 

TEST TIME(H) 700.0 
106.0 1957.1 .006 .0003 .070 23.29 

107.5 2135.0 .042 .0025 .070 25.41 

110.0 2135.0 .042 .0025 .070 25.41 

111.0 2135.0 .042 .0025 .070 25.41 

SPECIMEN 059 105.0 2179.5 .008 .0004 .050 25.94 

GEOMETRY DCB-C 
TEST TEMP 100 	C 107.5 2179.5 .008 .0004  .050 25.94 

B 	(MM) 9.5 
BN 	(MM) 7.7 110.0 2179.5 .008 .0004 .050 25.94 

TEST TIME(H)1300.0 
112.5 2268.5 .008 .0004 .042 27.00 

115.0 2268.5 .008 .0004 .042 27.00 

117.5 2268.5 .008 .0004 .042 27.00 



167. 

5(g) 

ALUMINIUM ALLOY 
RR5b 

CRACK 
LENGTH 
(a) 
(MM) 

APPLIED 
LOAD 

(P) 
NEWTONS 

CRACK 
RATE 
(&) 
(MM/H) 

TRANS, 
RATE 
(A) 
(MM/H) 

A  
--- 

STRESS 
INTENS. 
(K) 	1/2 
MPa.(K 

a 

SPLCIMEN D43 100.0 2135.0 .111 .0062 .083 25.41 
GEOMETRY DCB-C 
TEST TEMP 150 C 105.0 2135.0 .054 .0029 .083 25.41 
B 	(MM) 9.5 
BN 	(MM) 7.7 110.0 2135.0 .036 .0018 .083 25.41 
TEST TIME(H)3300.0 

120.0 2135.0 .022 .0011 .083 25.41 

130.0 2135.0 .015 .0008 .083 25.41 

140.0 2135.0 .015 .0008 .083 25.41 

150.0 2135.0 .015 .0008 .083 25.41 

SPECIMEN D44 95.0 1948.2 .125 .0054 .049 23.19 
GEOMETRY DCB-C 
TEST TEMP 150 C 100.0 1948.2 .073 .0042 .049 23.19 
B 	(MM) 9.5 
BN 	(MM) 7.7 105.0 1948.2 .058 .0020 .049 23.19 
TEST TIME(H)3200.0 

107.5 1948.2 .038 .0013 .049 23.19 

110.0 1948.2 .018 .0008 .049 23.19 

120.0 1948.2 .014 .0005 .049 23.19 

127.5 1948.2 .012 .0005 .049 23.19 

130,0 2086.1 .018 .0009 .049 24.83 

140.0 2086.1 .022 .0011 .049 24.83 

150.0 2086.1 .026 .0018 .049 24.83 

SPLCIMEN 050 105.0 2023.8 .125 .0056 .047 24.09 
GEOMETRY DCB-C 
TEST TEMP 150 C 110.0 2023.8 ,073 .0033 .047 24.09 
B 	(mm) 9.5 
BN 	(MM) 7.7 115.0 2023.8 .047 .0024 .047 24.09 
TEST 	TIME(H)2700.0 

117.5 2023.8 .038 .0020 .047 24.09 

120.0 2023.8 .026 .0012 .047 24.09 

130.0 2023.8 .021 .0011 .047 24.09 

140.0 2023.8 .021 .0011 .047 24.09 

150.0 2023.8 .021 .0011 .047 24.09 



1.68. 

5 (g) Cont. 

ALUMINIUM ALLOY 
RR5d 

CRACK 
LENGTH 
(0) 
(MM) 

APPLIED 
LOAD 
(P) 

NEWTONS 

CRACK 
RATE 
(0.) 
(MM/H) 

TRANS. 
RATE 
(io 

(MM/H) 

A STRESS 
INTENS. 
(K) 	1/2 mpa.m a 

SPECIMEN 	D51 130.0 2046.1 .038 .0024 .047 24.35 
GEumETRY 	DC8-C 
TEST TEMP 	150 C 135.0 2046.1 .027 .0019 .076 24.35 
B 	(MM) 	9.5 
UN 	(MM) 	7.7 140.0 2046.1 .016 .0014 .076 24.35 
TEST 	TIME(H)1200.0 

140.0 2121.7 .019 .0017 .076 25.25 

145.0 2121.7 .019 .0017 .076 25.25 

147.5 2224.0 .025 .0020 .076 26.47 

150.0 2224.0 .058 .0034 ,076 26.47 

SPECIMEN 	D61 105.0 2112.8 .188 .0132 .063 25.15 
GEuMETRy 	DC8-C 
TEST TEMP 	150 C 110.0 2112.8 .105 .0060 .063 25.15 
8 	(MM) 	9.5 
BN 	(MM) 	7.7 115.0 2112.8 .058 .0031 .063 25.15 
TEST 	TIME(H)1030.0 

120.0 2112.8 .033 .0018 .063 25.15 

125.0 2112.8 .033 .0018 .063 25.15 

127.5 2224.0 .046 .0027 .063 26.47 

130.0 2224.0 .046 .0027 .063 26.47 

135.0 2224.0 .046 .0027 .063 26.47 

140.0 2224.0 .046 .0027 .063 26.47 

145.0 2313.0 .075 .0051 .063 27.53 

150.0 2313.0 .075 .0051 .063 27.53 

SPECIMEN 	D63 75.0 2090.6 .178 .0109 .056 24.88 
GEOMETRY 	DCB-C 
TEST TEMP 	150 C 80.0 2090.6 .115 .0089 .056 24.88 
B 	(MM) 	9.5 
BN 	(MM) 	7.7 85.0 2090.6 .094 .0079 .056 24.88 
TEST 	TIME(H)2100.0 

90.0 2090.6 .068 .0056 .056 24.88 

95.0 2090.6 .029 .0015 .056 24.88 

105.0 2046.1 .028 .0025 .066 24.35 

110.0 2046.1 .021 .0016 .066 24.35 

115.0 2046.1 .013 .0010 .066 24.35 

120.0 2046.1 .013 .0010 .066 24.35 

125.0 2135.0 .018 .0011 .066 25.41 

130,0 2135.0 .018 .0011 .066 25.41 



169. 

5(h) 

ALUMINIUM 
FRo 

ALLOY CRACK 
LENGTH 
(a) 

(MM) 

APPLIED 
LOAD 

(P) 
NEwTONS 

CRACK 
RATL 
(a) 
(mm/H) 

TRANS. 
RATE 
(C.) 

(MM/►() 

a 
--- 

STRESS 
INTENS. 
(K) 	1/2 
mPa.m 

M 

SPLCIMEN Ul 92.5 5337.6 .020 .0005 .012 19.51 
GEUmETRY DCB-P 
TEST %MP 150 C 95.0 5337.6 .020 .0005 .012 20.86 

(MM) 25.4 
BN 	(MM) 12.7 97.5 5337.6 .020 .0006 .014 21.50 
TEST 	TIME(H)1140.0 

100.0 5337.6 .020 .0007 .028 22.73 

110.0 5337.6 .035 .0016 .042 24.46 

.120.0 5337.6 .064 .0036 .051 26.07 

130.0 5337.6 .131 .0099 ,066 28.56 

140.0 5337.6 .220 .0174 .114 30.85 

SPECIMEN U2 132.5 3380.5 .016 .0003 .046 18.39 
GEOMETRY DCB-P 
TEST TEMP 150 C 135.0 3336.0 .009 .0003 .046 18.44 
B 	(MM) 25.0 
BN 	(MM) 12.7 137.5 3202.6 .006 .0003 .046 17.97 
TEST 	TIME(H)1900.0 

140.0 3113.6 .004  .0003 .046 17.99 

140.0 4003.2 .019 .0008 .031 23.14 

145.0 4003.2 .031 .0010 .038 24.42 

150.0 4003.2 .044 .0023 .057 25.64 

SPLCIMEN U4 67.5 8896.0 .030 .0013 .034 24.58 
GEOMETRY DCB-P 
TEST TEMP 150 C 70.0 8896.0 .030 .0013 .034 26.07 
B 	(MM) 25.0 
RN 	(MM) 12.7 70.0 6672.0 .006 .0002 .021 19.55 
TEST 	TIME(H)1500.0 

72.5 6672.0 .013 .0003 .021 20.61 

75.0 6672.0 .019 .0004 .021 21.62 

80.0 6672.0 .027 .0005 .021 22.58 

85.0 6672.0 .048 .0009 .021 24.39 

90.0 6672.0 .095 .0028 .028 25.24 



170. 

5 (h ) Cont. 

ALJmINTUI. ALLOY 
RR5d 

CRACK APPLIED [PACK TRANS. v STRESS 
LENGTH LOAD 	RATE RATE 	INTENS. 
(ik) 	(P) 	(6) 	tit) 	0. (K) 1/2 
(M'4) NEATONS (MM/H) (MM/H) 	MP4.111 

SPtCIMEN 	U5 
OEumETRT 	DCB-P 
TEST TEMP 	150 C 
B two 	25.0 
BN (MM) 	12,7 
TEST TIME(H)1100.0 

52.5 9340.8 .066 .0008 

55.0 9340.8 .066 .0009 

57.5 9340.8 .066 .0010 

60.0 9340.8 .066 .0011 

60.0 5782.4 .006 .0001 

62.5 5782.4 .007 .0001 

65.0 5782.4 .008 .0002 

65.0 7561.6 .125 .0017 

67.5 7561.6 .125 .0017 

70.0 7561.6 .125 .0018 

72.5 7561.6 .188 .0028 

75,0 7561.6 .261 .0046 

77.5 7561.6 .481 .0097 

80.0 7561.6 .941 .0254 

82.5 7561.6 1.202 .0508 

85.0 7561.6 2.196 .0711 

.025 20.40 

.025 22.35 

.025 22.35 

.025 24.14 

.022 14.95 

.022 14.95 

.022 15.98 

.006 20.89 

.009 20.89 

.012 22.16 

.016 23.36 

.019 24.50 

.022 24.50 

.028 25.59 

.035 26.63 

.047 27.64 



171. 

5(i) 

ALUMINIUM ALLOY 
RR5ts 

CRACK 
LENGTH 
(a) 
(MM) 

APPLIED 
LOAD 

(P) 
NEWTONS 

CRACK 
HATE 
(a) 

(MM/H) 

TRANS. 
RATE 
(ti) 
(MM/H) 

& 
--- 

STRESS 
INTENS. 
(K) 	1/2 
mii4x.nN 

Cl. 

SPECIMEN DT2 130.0 8273.3 .199 .0017 .010 20.76 
GEOMETRY DT 
TEST TEMP 150 C 140.0 8273.3 .199 .0017 .010 20.76 

B 	(MM) 9.5 
BN 	(MM) 7.7 150.0 8273.3 .199 .0017 .010 20.76 
TEST 	TIME(H) 205.0 

160.0 8273.3 .199 .0017 .010 20.76 

170.0 8273.3 .199 .0017 .010  20.76 

SPECIMEN DT4 60.0 8273.3 .031 .0007 .028 20.76 
GEUMETMT DT 
TEST TEMP 150 C 70.0 8807.0 .046 .0010 .028 22.10 

B 	(MM) 9.5 
BN 	(MM) 7.7 80.0 8807.0 .046 .0010 .028 22.10 
TEST 	TIME(H)1100.0 

90.0 9340.8 .071 .0010 .028 23.44 

100.0 9340.8 .071 .0010 .028 23.44 

110.0 9874.6 .088 .0010 .028 24.78 

120.0 9874.6 .088 .0010 .028 24.78 

130.0 9874.6 .088 .0010 .028 24.78 

SPECIMEN 0712 40.0 9607.7 .107 .0013 .012 24.11 
GEuMETKY DT 
TEST TEMP 150 C 50.0 9607.7 .107 .0013 .012 24.11 
B 	(MM) 9.5 
BN 	(MM) 7.7 60.0 9607.7 .107 .0013 .012 24.11 
TEST TIME(H)1850.0 

70.0 9607.7 .107 .0013 .012 24.11 

80.0 8273.3 .022 .0004 .011 20.76 

90.0 8273.3 .022 .0004 .011 20.76 

97.5 8273.3 .022 .0004 .011 20.76 

100.0 9607.7  .058 .0008 .011 24.31 

110.0 9607.7 .058 .0008 .011 24.11 

115.0 9607.7 .058 .0008 .011 24.11 

120.0 10942.1 .157 .0024 .015 27.46 

130.0 10942.1 .157 .0024 .015 27.46 



5(j) 	 172. 
1/2LR 1/2f.10 	1/4V 
STELLIUULNCHED 

CRACK 
LENGTH 
(a) 
(MM) 

APPLIED 
LOAD 
(P) 

NEhlUvis 

CRACK 
RATE 
(a) 
(MM/H) 

TRANS. 
RATE 
(il) 
(Mm/H) 

A 
--- 

STRESS 
INTENS. 
(K) 	1/2 
MPA.M 

O_ 

SPECIMEN 3F 2 52.5 3558.4 .014 .0003 .039 28.33 
GEOMETRY 
TENT 	Itm,P 565 C 52.5 4448.0 .141 .0013 .039 31.92 
B 	(MM) 25.4 
BN 	(MM) 6.5 60.0 4448.0 .141 .0013 .039 31.92 
TEST 	TIME(H) 300.0 

62.5 4448.0 .141 .0013 .031 31.92 

65.0 4892.8 .153 .0036 .031 35.12 

70.0 4892.8 .153 .0036 .031 35.12 

75.5 4892.8 .153 .0036 .031 35.12 

80.0 4892.8 .157 .0033 .031 35.12 

SPECIMEN 3F 3 80.0 4892.8 .199 .0127 .031 37.54 
GEOMETRY DCB-C 
TEST TEMP 565 C 90.0 4892.8 .173 .0046 .031 37.54 
(MM) 25.0 

BN OM) 7.0 105.0 4892.8 .125 .0033 .031 37.54 
TEST TIME(H) 950.0 

120.0 4892.8 .094 .0033 .031 37.54 

145.0 4892.8 .046 .0030 .031 37.54 

150.0 4892.8 .041 .0025 .031 37.54 

SPECIMEN 3F 4 80.0 5560.0 1.297 .0462 .038 46.08 
GEOMETRY DCB-C 
TEST TEMP 565 C 90.0 5560.0 .711 .0246 .038 46.08 
B 	(MM) 25.0 
BN 	(MM) 6.0 100.0 5560.0 .450 .0170 .038 46.08 
TEST TIME(H) 280.0 

110.0 5560.0 .356 .0099 .038 46.08 

120.0 5560.0 .202 .0066 .038 46.08 

130.0 5560.0 .202 .0066 .038 46.08 

140.0 5560.0 .202 .0066 .038 46.08 

SPECIMEN 3F 5 90.0 5782.4 .606 .0351 .046 46.04 
GEOMETRY DCB-C 
TEST TEMP 565 C 100.0 5782.4 .565 .0279 .046 47.92 
B 	(MM) 25.0 
ON 	(MM) 6.5 110.0 5782.4 .565 .0282 .046 47.92 
TEST TIME(H) 85.0 

115.0 5782.4 .606 .0213 .046 47.92 

120.0 5782.4 .627 .0213 .046 47.92 

130.0 5782.4 1.150 .0213 .046 47.92 

140.0 5782.4 1.464 .0381 .046 46.04 



173. 

5(j) Cont. 

1/2CK 1/2M0 1/4V 
STELLIOULNCHED 

CRACK 
LENGTH 
(61 ) 
(MM) 

APPLIED 
LOAD 
(P) 

NEWTONS 

CRACK 
RATE 
(a-) 
(uM/H) 

TRANS. 
RATE 
(A) 
(MM/H) 

A 
--- 

STRESS 
INTENS. 
(K) 	1/2 
',Was.% 

OL 

SPECIPEN 3F 6 90.0 6227.2 1.997 .0762 .035 56.53 
GEOMETRY OCB-C 
TEST TEMP 565 C 100.0 6227.2 1.746 .0533 .035 56.53 
B 	(MM) 25.0 
BN 	(MM) 5.0 110.0 6227.2 1.746 .0533 .035 56.53 
TEST TIME(H) 33.0 

120.0 6227.2 1.746 .0533 .035 56.53 

130.0 6227.2 2.405 .0533 .035 56.53 

140.0 6227.2 2.635 .0724 .035 56.53 

SPECIMEN 3F 7 90.0 5604.5 1.725 .0546 .049 46.45 
GEUmETRY DCB-C 
TEST TEMP 565 C 100.0 5782.4 1.746 .0533 .049 47.92 

8 	(MM) 25.0 
BN 	(MM) 6.0 110.0 5960.3 1.725 .0546 .049 49.39 
TEST TIME(H) 65.0 

120.0 6049.3 1.746 .0533 .049 50.13 

125.0 6138.2 1.725 .0546 .049 50.87 

135.0 6227.2 2.823 .1041 .046 49.58 



174. 

5(k), 

1/2CR 1/2mO 1/4v 
STEELIOULNMD 
AND TEMPERED 

CRACr< 
LENGTH 
(4) 
(MM) 

APPLIED 
LOAD 

(P) 
NEWTONS 

CPACK 
RATE 
(O.) 
(Vm/N) 

TRANS. 
RATE 
(L) 

(MM/N) 

Ca STRESS 
INTENS. 
(K) 	1/2 
mPo.oa 

0. 

SPECIMEN 8F 1 90.0 5337.6 .545 .0142 .033 42.50 
GEumETRY DCB-C 
TEST TEMP 565 C 100.0 5337.6 .545 .0142 .033 42.50 

B 	trim) 25.4 
BN 	(MM) 6.5 110.0 5337.6 .545 .0142 .033 42.50 
TEST 	TIME(N) 160.0 

120.0 5337.6 .545 .0142 .033 42.50 

130.0 5337.6 .545 .0142 .033 42.50 

140.0 5337.6 .545 .0142 .033 42.50 

SPECIMEN 8F 2 90.0 4892.8 .137 .0048 .043 38.96 
GEOMETRY DCB-C 
TEST TEMP 565 C 100.0 4892.8 .137 .0036 .043 38.96 
B 	(MM) 25.0 
BN 	(MM) 6.5 110.0 4892.8 ,137 .0036 .043 38.96 
TEST TIME(H)1750.0 

120.0 4892.8 .137 .0036 .043 38.96 

125.0 3780.8 .009 .0004 .043 30.10 

130.0 3780.8 .022 .0004 .043 30.10 

135.0 3780.8 .022 .0004 .043 30.10 

140.0 3780.8 .022 .0004 .043 30.10 

145.0 3780.8 .029 .0005 .043 30.10 

SPECIMEN 8F 3 90.0 4892.8 .326 .0147 .039 38.96 
GEOMETRY OCB-C 
TEST TEMP 565 C 100.0 5026.2 .326 .0148 .039 40.02 
B 	(MM) 25.0 
BN 	(mm) 6.5 110.0 5159.7 .326 .0147 .039 41.08 
TEST 	TIME(H) 156.0 

120.0 5293.1 .326 .0148 .039 42.14 

130.0 5426.6 .366 .0147 .039 43.21 

140.0 5515.5 .606 .0427 .039 43.92 

SPECIMEN 8F 4 90.0 4625.9 .162 .0053 .031 36.83 
GEOMETRY OCB-C 
TEST TEMP 565 C 100.0 4625.9 .162 .0053 .031 36.83 
B 	(MM) 25.0 
BN 	(MM) 6.5 110.0 4937.3 .162 .0053 .031 39.31 
TEST 	TIME(N) 635.0 

120.0 5026.2 .162 .0053 .031 40.02 

130.0 5204.2 .318 .0145 .031 41.44 

135.0 4003.2 .032 .0011 .028 31.87 

. 	145.0 4003.2 .050 .0013 .028 31.87 

.150.0 4003.2 .097 .0022 .028 31.87 



175. 
5(k) Cont. 

1/2CR 1/2M0 1/4V 
STELL.CJCicHED 
AND TEMPERED 

CRACK 
LENGTH 
(A) 
(MM) 

APPLIED 
LOAD 
(P) 

NEWTONS 

CRACK 
RATE 
(&) 
(MM/H) 

TRANS. 
RATE 
(il) 

()"M/H) 

A 
--- 

STRESS 
INTENS. 
(K) 	1/2 
MPa.nk 

Q 

SPLCIIEN 8F 5 90.0 4225.6 .235 .0069 .032 33.64 
GEUMEIKY OCB-C 
TEST TEMP 565 C 100.0 4270.1 .235 .0071 .032 34.00 
B 	(mm) 25.0 
BN 	(mm) 6.5 110.0 4448.0 .235 .0074 .032 35.42 
TEST TIME(H) 248.0 

120.0 4581.4 .235 .0076.  .032 36.48 

130.0 4714.9 .240 .0079 .032 37.54 

145.0 4937.3 .439 .0193 .032 39.31 

SPECIMEN 8F 6 90.0 4492.5 .199 .0074 .034 35.77 
GEOMETRY DCB-C 
TE'T TEMP 565 C 100.0 4537.0 .230 .0089 .034 36.12 
B 	(MM) 25.0 
BN 	(MM) 6.5 110.0 4714.9 .308 .0114 .034 37.54 
TEST 	TIME(H) 165.0 

120.0 4714.9 .314 .0114 .034 37.54 

130.0 4937.3 .324  .0114 .034 39.31 

140.0 5026.2 .774 .0307 .034 40.02 

SPECIMEN 8F 7 90.0 3736.3 .136 .0058 .029 29.75 
GEOMETRY DCB-C 
TEST TEMP 565 C 100.0 3914.2 .115 .0038 .029 31.17 
B 	(MM) 25.0 
BN 	(MM) 6.5 110.0 3914.2 .115 .0038 .029 31.17 
TEST 	TIME(H) 590.0 

125.0 4181.1 .115 .0038 .029 33.29 

125.0 3558.4 .038 .0014 .047 20.33 

130.0 3558.4 .038 .0014 .047 28.33 

135.0 3556.4 .038 .0014 .047 28.33 

135.0 6227.2 3.356 .0874 .038 49.58 

140.0 6227.2 3.356 .0874 .038 49.58 

145.0 6227.2 3.356 .0874 .038 49.58 

150.0 6227.2 3.869 .1143 .038 49.58 

155.0 6227.2 4.099 .1201 .038 49.58 

SPECIMEN 8F 8 90.0 4047.7 .199 .0061 .030 32.23 
GEUAETRY DCE3-C 
TEST TEMP 565 C 100.0 4092.2 .199 .0086 .030 32.58 
B 	(MM) 25.0 
BN 	(MM) 6.5 110.0 4537.0 .199 .0061 .030 36.12 
TEST 	TIME(H) 325.0 

120.0 4403.5 .199 .0061 .030 35.06 

130.0 4670.4 .199 .0061 .030 37.19 

140.0 4670.4 .261 .0089 .030 37.19 

145.0 4759.4 .324 .0145 .030 37.89 



176. 

5(k) Cont. 

1/2CR 1/2m0 1/4V 
STEEE,OuENcHED 
AND TEMPERED 

CRACK 
LENGTH 
(m) 
(MM) 

APPLIED 
LOAD 
(P) 

NEWTONS 

CRACK 
RATE 
(m) 
(mm/H) 

TRANS. 
RATE 
(A) 

(Mt-1/)I) 

STRESS 
INTENS. 
(K) 	1/2 
MPa" 

0 

SPECl/EN MF 9 90.0 3291.5 .012 .0007 .048 26.21 
GEomLTRy UCH-C 
TEST TEMP 565 95,0 3291.5 .008 .0005 .048 26.21 
B 	(MM) 25.0 
dN 	(M.4). b.5 100.0 3291.5 .008 .0005 .048 26.21 
TEST 	TIME(H)1110.0 

105.0 5826.9 1.704 .0615 .040 46.39 

110.0 5826.9 1.704 .0615 .040 46.39 

120.0 6093.0 1.704 .0615 .040 48.52 

5(1) 

1/2cR 1/2m0 1/4V 
STEEE.0uENcHED 
AND TEMPERED 

CRACK 
LENGTH 
(A) 
(MM) 

APPLIED 
LOAD 
(P) 

NEWTONS 

CRACK 
RATE 
(C) 
(MM/H) 

TRANS. 
RATE 
(4) 
(MM/H) 

a STRESS 
INTENS. 
(K) 	1/2 
MPASA 

Q 

SPECIMEN 7G2 100.0 3558.4 .115 .0056 .061 41.40 
GEOMETRY 
TEST TEMP 

DCB-C 
565 C 110.0 3558.4 .105 .0051 .061 41.40 

B 	(MM) 12.0 
BN 	(MM) 6.0 120.0 3558.4 .094 .0046 .061 41.40 
TEST 	TIME(H) 830.0 

132.5 4003.2 .523 .0457 .061 46.57 

145.0 4003.2 .523 .0406 .061 46.57 

SPECIMEN 8F10 80.0 2668.8 .038 .0026 .059 31.05 
GEOMETRY DCB-C 
TEST TEMP 565 C 85.0 2668.8 .038 .0026 .059 31.05 

B 	(MM) 12.0 
BN 	(MM) 6.0 90.0 2668.8 .038 .0026 .059 31.05 

TEST 	TIME(H) 800.0 
95.0 2668.8 .038 .0026 .059 31.05 

95.0 3113.6 .157 .0142 .090 36.22 

100.0 3113.6 .157 .0142 .090 36.22 

105.0 3113.6 .157 .0142 .090 36.22 

110.0 3113.6 .157 .0142 .090 36.22 

115.0 3336.0 .125 .0140 .127 38.81 

120.0 3336.0 .125 .0140 .127 38.81 

125.0 3336.0 .125 .0140 .127 38.81 

130.0 3336.0 .125 .0140 .127 38.81 



177. 

5(1) Cont 

1/2CR 1/2m0 1/4V 
STEEL.CoENcNED 
ANU 	TEI4pERED 

CRACK 
LENGTH 
(O.) 
(MM) 

APPLIED 
LOAD 

(P) 
NEWTONS 

CRACK 
RATE 
(a.) 

(MM/H) 

TRANS, 
RATE 

( 1) 
(MM/H) 

A 
--- 

STRESS 
/NTENS. 
(K) 	1/2 
MPw.nk 

0,_ 

SPECIMEN 7G1 50.0 2668.8 .016 .0014 .071 43.91 
GEOMETRY DCB-C 
TEST TEMP 565 C 55.0 2668,8 .015 .0012 .071 43.91 
B 	(MM) 12.0 
ON 	(MM) 3.0 60.0 2668.8 .012 .0010 .071 43.91 
TEST TIME(H)2060.0 

65.0 2668.8 .007 .0009 .071 43.91 

65,0 3113.6 .036 .0020 .071 51.23 

70.0 3113.6 .036 .0018 .071 51.23 

75.0 3113.6 .036 .0017 .071 51.23 

80.0 3113.6 .036 .0017 *071 51.23 

80.0 3558.4 .033 .0028 .132 58.54 

85.0 3558.4 .033 .0036 .132 58.54 

90.0 3558.4 .033 .0030 .132 58.54 

95.0 3558.4 .033 .0030 .132 58.54 

97.5 3558.4 .033 .0028 .132 58.54 

SPECIMEN 7G5 90.0 3780.8 .711 .0498 .071 62.20 
GEOMETRY DCB-C 
TEST TEMP 565 C 95.0 3780.8 .711 .0498 .071 62.20 
B 	(MM) 12.0 
BN 	(MM) 3.0 105.0 3780.8 .711 .0498 .071 62.20 
TEST 	TIME(H) 130.0 

115,0 3780.8 .711 .0493 .071 62.20 

120.0 3113.6 .157 .0152 .071 51.23 

125.0 3113.6 .157 .0152 .071 51.23 

SPECIMEN 7G6 85.0 4225.6 2.091 .1524 .069 76.16 
GEOMETRY DCB-C 
TEST TEMP 565 C 90,0 4225.6 2.091 .1524 .069 76.16 

(MM) 12.0 
BN 	(MM) 2.5 100.0 4225.6 2.091 .1524 .069 76.16 
TEST 	TIME(H) 28.0 

110.0 4225,6 2.091 .1524 .069 76.16 

120.0 4225.6 2.091 .1524 .069 76.16 

130,0 4225.6 2.091 .1524 .069 76.16 

140.0 4225.6 2.091 .1524 .069 76.16 



178. 

5(m) 

1/2CR 1/2M0 1/4V 
STELL.OUENCHED 
AND TEMPERED 

CRACK 
LENGTH 
IA) 
(MM) 

APPLIED 
LOAD 
(P) 

NEoTONS 

CRACK 
RATE 
(&) 
(MM/H) 

TRANS. 
RATE 
(&) 

(MM/Il) 

cs.  
--- 

STRESS 
INTENS. 
(K) 	1/2 
MPia.A‘ 

4 

SPECIMEN 	1OF 2 55.0 11564.8 .073 .0008.  .005 38.68 
GEOMETRY 	DCB-P 
TEST TEMP 	565 C 60.0 11564.8 .137 .0006 .006 47.64 
0 	(MM) 	25.4 
HU 	(MM) 	6.5 70.0 11564.8 .181 .0018 .006 54.02 
TEST 	TIME(FI) 	90.0 

80.0 11564.8 :252 .0028 .014 62.37 

90.0 11564.8 .408 .0067 .018 69.73 

100.0 11564.8 .727 .0189 .026 78.48 

110.0 11564.8 .795 .0223 .029 84.45 

120.0 11564.8 1.129 .0386 .044 90.03 

120.0 8896.0 .240 .0063 .025 69.25 

130.0 8896.0 .288 .0070 .035 75.86 

140.0 8896.0 .382 .0112 .040 81.94 

150.0 8896.0 1.171 .0401 .049 90.82 

160.0 8896.0 2.426 .0538 .054 100.83 

SPECIMEN 	1OF 3 55.0 10675.2 .094 .0018 .008 40.71 
GEOMETRY 	DCB-P 
TEST TEMP 	565 C 60.0 10675.2 .158 .0028 .008 43.97 
8 	(MM) 	25.0 
BN 	(MM) 	5.0 70.0 10675.2 .214 .0034 .016 49.36 
TEST 	TIME(H) 	270.0 

80.0 10675.2 .335 .0061 .026 57.57 

90.0 10675.2 .451 .0218 .039 64.37 

100.0 10675.2 .742 .0663 .072 72.45 

110.0 10675.2 1.851 .1031 .084 77.96 



179. 

CRACK APPLIED CRACK TRANS, A STRESS 
LENGTH LOAD 	RATE RATE 	INTENS. 
la) 	(P) 	(&) 	a (K) 1/2 
(M') NEaTONS (mM/H) (MM/H) 	)W0." 

5 (m) Cont • 

1/2CR 1/2M0 1/4V 
STEELIOUENCHEO 
AND TE.0.PERED 

SPECIMEN 	10F 4 
GEOMETRY 	DCB-P 
TEST TEMP 	565 C 
(MM) 	25.0 

BN (MM) 	6.5 
TEST TIME(H)2030.0 

.0001  ..007 30.56 50.0 10008.0 

55.0 10004.0 

60.0 10008.0 

65.0 10897.6 

70.0 10897.6 

80.0 10897.6 

90,0 10897.6 

100,0 10897,6 

1000 10008.0 

110.0 10008.0 

120.0 10008.0 

130.0 10008.0 

	

130.0 
	4670.4 

	

132.5 
	4670.4 

	

135.0 
	5782.4 

	

140.0 
	5782.4 

	

150.0 
	5782.4 

	

155.0 
	5782.4 

.007 

.007 

.015 

.029 

.056 

.107 

.171 

.185 

.130 

.293 

.878 

1,171 

.020 

.032 

.078 

.092 

.220 

.397 

.0001 

.0001. 

.0005 

.0008 

.0016 

.0030 

.0079 

.0025 

.0112 

.0340 

.0660 

.0003 

.0003 

.0007 

.0012 

.0079 

.0249 

.007 33.47 

.013 36.16 

.014 42.09 

.015 44.64 

.017 51.55 

.021 57.63 

.023 64.86 

.023 59.57 

.024 64.10 

.029 68.33 

.033 74.05 

.014 34.93 

.014 35.51 

.017 44.67 

.023 46.71 

.028 51.78 

.035 53.55 

SPECIMEN 	10F 5 
GEOMETRY 	DCB-P 
TEST TEMP 	565 C 
B (MM) 	25.0 
BN (MM) 	6.5 
TEST TIME(H) 515.0 

55.0 17792.0 

60.0 17792.0 

70,0 17792.0 

80.0 17792.0 

90.0 17792.0 

	

110.0 	8896.0 

	

120.0 
	

8896.0 

	

130.0 
	8896.0 

	

132,5 
	

6672.0 

	

140.0 
	6672.0 

	

150.0 
	6672.0 

.293 

1.202 

3.252 

4,062 

6,002 

.152 

.230 

.387 

.073 

.129 

.329 

.0063 

.0114 

.0317 

,1123 

.2123 

0009 

.0019 

.0039 

.0010 

,006 59.51 

.008 64.28 

.018 72.88 

.021 84.16 

.024 94.09 

.013 56.98 

.021 60.74 

.027 63.12 

.008 50.73 

.0027 ' .012 53.90 

.0137 .039 59.74 



180. 

5(n) 

1/2CH 1/2m0 1/4V 
STELL,QUENCHIO 
ANU TLmPLREG 

CRACK 
LENGTH 
(0) 
(m(1) 

APPLIED 
LOAD 

(P) 
NEWTONS 

CRACK 
RATE 
(ci) 
0"m/N) 

TRANS. 
RATE 

(Pm/H) 

A 
--- 

STRESS 
INTENS. 
(K) 	1/2 
mPa.„(K 

SPLCImLu 10F 7 55.0 8896.0 , 	.021 .0011 .043 32.85 

GEumLIRT DCB-P 34.63 
TEST TEMP 615 C 60.0 8896.0 .030 .0014 ,043 

6 	(MM) 25.0 
BN 	(MM) 8.0 70.0 8896.0 .094 .0025 .043 37.93  

TEST 	T114E(H)1025.0 
80.0. 8896.0 .136 .0030 .043 40.97 

90.0 8896.0 .188 .0035 .043 40.97 

100.0 8896.0 .230 .0046 .043 47.73 

110.0 8896.0 .303 .0076 .043 51.36 

5(0) • 

1/2LR 1/2M0 1/4V 
STELLINULNCHED 
AND 	IEMPLRED 

CRACK 
LENGTH 
.(0-) 

(MM) 
• 

APPLIED 
LOAD 

(P) 
NEWTONS 

CRACK 
RAIL 
(i.) 

(MM/H) 

TRANS. 
RATE 

(.;.) 
(MM/H) 

STRESS 
INTENS. 
(K) 	1/2 
MPa.m 

SPLCIMLN 7611 50.0 8896.0. .784 .0406 .051 66.90 
GEOMETRY DC(1-11  
TEST 	TEMP 565 C 60.0 8896.0 1.778 .1118 .051 75.86 
(MM) 12.0 

Fitt 	(MM) 	. 3.0 70.0 8896.0 6.346 .2007 .051 81.94 
TEST 	TIME(H) 204.5 

80.0 8896.0 5.123 .4064 .051 91.17 

90;0 8896.0 7.528 .5588 .061 99.56 

100.0 8896.0 10.979 .8690 .061 104.26 

110.0 8896.0 12.965 .9652 .071 115.88 

125.0. 4448.0 .627 .0122 .039 64.47 

130.0 4448.0 1.004 .0325 .034 68.09 

140.0 4448.0 1.568 .1626 .056 74.26 

150.0 4448.0 2.300 .2794 .066 83.87 

160.0 4446.0 3.137 .4801 .086 99.56 

SPLCImLN 7613 55.0 4448.0 .046 .0011 .021 64.63 
6EumLIKT UCL)-P 
TEST 	(IMP 565 C 60.0 4448.0 .097 .0019 .021 37.93 
13 	(MM) 12.0 
BN 	(Mm) 3.0 70.0 4440.0 .136 .0025 .021 40.97 
TEST 	TIME(H) 890.0 

80.0 4448.0 .282 .0036 .021 45.59 

85.0 3113.6 .U29 .0003 .012 33.70 

90.0 3113.6 .064 .0006 .012 34.04 

100.0 3113.6 .084 .0008 .012 36.49 

110.0 3113.6 .115 .0011 .012 40.56 



5(o) Cant 
	 181. 

1/2CM 1/2M0 1/4V 
STEEL,OULNCHED 
AND TEMPERED 

CRACK 
LENGTH 
( 0 ) 
(MM) 

APPLIED 
LOAD 

(P) 
NEWTONS 

CRACK 
RATE 
(aJ 

(MM/H) 

TRANS. 
RATE 

(MM/H) 

STRESS 
INTENS. 
(K) 	1/2 
MPA.m 

Q. 

SPECIMEN 	7G8 65.0 8896.0 .450 .0305 .066 55.11 
GEOMETRY 	OCB-P 
TEST TEMP 	565 C 70.0 8896.0 ,627 .0432 .066 57.94 
B 	(MM) 	12.0 
BN 	(MM) 	6.0 75.0 8896.0 .993 .0610 .066 61.94 
TEST 	TIME(H) 	31.0 

80.0 8896.0 1.778 .0940 .066 64.47 

85.0.  8896.0 2.719 .1118 .066 66.90 

90.0 8896.0 4.705 .2362 .066 70.40 

SPECIMEN 	7G9 85.0 6672.0 .105 .0061 .061 50.18 
GEOMETRY 	DCB-P 
TEST TEMP 	565 C 90.0 6672.0 .188 .0130 .071 52,80 
B 	(MM) 	12.0 
BN 	(MM) 	6.0 100.0 6672.0 .335 •0279 •091 55.29 
TEST TIME(H) 	750.0 

110.0 6672.0 .502 .0376 .101 61.45 

115.0 6672.0 .816 .0554 .112 62.90 

120.0 4448.0 .014 .0007 .032 42.88 

130.0 4448.0 .086 .0034 .062 43.00 

140.0 4448.0 .283 .0179 .096 52.51 

5(p ) 

1/2LR 	1/2'40 	1/4V CRACK APPLIED CRACK TRANS. A STRESS 
STEEL.NutlicHEU LENGTH LOAD PATE RATE --- INTENS. 

CL AND 	IEmPLRED (0.) (P) (ci) (:1) (K) 	1/2 
(MM) NEWTONS (MM/H) (mM/H) MP0..01 

SPLCImEN 	4F1 15.2 11342.4 '.398 .0025 .007 17.07 
GEumLTRY 	CT 

,TEST 	TLMP 	565 	C 
B 	(MM) 	25.4 

15.5 11342.4,  .531 .0038 .008 17.26 

BN 	(MM) 	13.1 
TEST 	TIME(H) 	35.0 

17.5, 11342.4 .797 .0043 .006 18.75 

19.0 11342.4 .930 .0051 .006 20.08 

19.8 11342.4 1.062 .0076 .007 20.87 

20.8 11342.4 1.328 .0089 .007 21.92 

21.8 11342.4 1.593 .0114 .008 23.06 

23.4 11342.4 1.859 .0127 .007 25.08 

.24.9 11342,4 ,2.257 .0191 .009 27.26 

.26,9 11342.4 2.921 .0635 .013 30.75 

SPLCImEN 	4F2 17.3 9785.6. .014 .0001 .005 16.04 
GEuMETRY 	CT 
TEST TEMP 	565 C 18.5 9785.6 .019 .0001 .005 16.93 
B 	(MM) 	25.4 
BN 	(MM) 	13.1 19.0 9785.6 .038 .0001 .003 17.33 
TEST 	TIME(H) 	420.0 

20.0 9785.6 .044 .0002 .005 18.18 

21.6 9785.6 .066 .0003 .004 19.69 

22.6 9785.6 .125 .0005 .004 20.74 

24.1 9785.6 .186 .0009 .005 22.48 

27.2 9785.6 .292 .0025 .009 27.04 



182. 
a 

I 

Figure (1): Infinite plate of crack length 2a 
subjected to a remote stress a 

Figure (2): Variation of Energy with crack length 
where ao  is the critical Griffith crack 
length 



183. 

u1 
	u2 

DISPLACEMENT u 

Figure (3): Elastic loading at constant load for a crack 
length of a and a + as 

Figure (4): Coordinate system of a cracked body. 
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184. 

Figure (5): The different modes of cracking 

2 

B > 2.5 ( IC a 

THICKNESS B 

Figure (6): Variation of fracture toughness with 
thickness. 	Minimum value is plane strain 
fracture toughness KIC 



185. 

Figure (7): Arbitary Contour over which J integral may be 
evaluated 

- AU 
(a)  

P 

(b)  

DISPLACE1•IENT u 	1 

Figure (8): Generalized load deflection diagrams (a) for 
constant load (b) for constant displacement 
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(a) 	 (b) 

0 
1-4 

• 

a, 

0 

   

DISPLACEMENT u 
	DISPLACEMENT u 

Figure (9): Loading and unloading of (a) a linear and 
non-linear elastic material (b) an elastic-
plastic material 

TIME 

Figure (10): An Idealized Uniaxial Creep curve showing 
the Primary (1), Secondary (2) and Tertiary 
(3), stages of Creep 
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Figure (11): Comparison of predictions of Time-
Hardening and Strain-Hardening theory 
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LOG (TIME TO RUPTURE) TR 
Figure (12): An Idealized representation of stress versus 

time to rupture for uniaxial creep specimens 
at three different temperatures 



\ BRITTLE 

188. 

LOG (TIME TO RUPTURE) TR 

Figure (13): An Idealized representation of a ductile-
brittle transition of the creep fracture mode 
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VOID 
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Figure (14): Nucleation of (a) a wedge-type crack at 
a grain corner by grain boundary sliding and 
(b) a crack near an inclusion 
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Figure (15): Dimensions of various specimen geometries used 
in creep crack growth studies 

P 



1.90. 

P 

0.255 W 
0.275W 10.392 W  
r 	 

- F-- - 
0.9 3 W 

THICKNESS, B = 0.392 W 

L 

5. WOL  

THICKNESS = B 
W/4 < B < W /2 

P/2 

 

S 	r.  P/2 

 

4 

P/2 I 

6. SEN—T  (4—Point Bend) 

S 

THICKNESS = B 
/4 < B < Yi/2 

1 a  
t 

• a2! 
I 	2 

6. SEN-T (Three point Bend) 

P 

P/2 P/2 

Figure (15): Continued 
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axis symmetry 

35 5mm 29 2mm 20 4mm 12 7mm dia. 
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Figure (15): Continued 



(17): ( 16 ) : Figure Figure Crack growth rate versus K for 
Cr- Mo - - V Quenched steel 

(From Neate (91)) 

Crack growth rate versus K for 
Cr - - Mo - i V normalized and 

tempered 	(From Neate (91)) 
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E DENOTES PLANE STRAIN 
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Figure (18): Notional stress intensities at general 
yield 	(from Haigh and Richards (124)) 

LOAD 

	 MACHINED PROFILE 
Figure (19): Plastic Hinge Points in WOL Specimens 

(from Haigh and Richards (124)) 
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Figure (20): Crack tip coordinate system and arbitary 
line integral contour 
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Step Three 	 Step Four 

Figure (21): Schematic illustration of the six steps involved 
in C* data reduction 	(from Landes and Begley (89 
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Figure (22): Variation of the analytical C• with crack length 
and creep index n for the DCB-C test-piece 
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Figure (23): Strain measuring circuit for creep tests 
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Figure (24): Set of three machines used for creep 
cracking tests 
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1 
Figure (25): View of the transducer set-up, below the 

furnace, used to measure the displacement 
at the loading line of specimens 



Figure (26): Front view of an open furnace showing a 
tested DCB-P, steel specimen. 

Figure (27): Front view of the machine used to test 
Double Torsion (DT) test-pieces 
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Figure (28): Experimental room temperature dC/da graph versus crack length for 
various DCB and DT, RR58 specimens 
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Figure (29): Experimental room temperature dc/da graph versus crack length for 
various thicknesses of DCB specimens of i Cr - Mo - i V steel 
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Figure (30): (a) The actual dimensions of the DCB-C 
test-pieces used. 
(b) An explanation of parameters used in 
the design of the DCB-C specimen 
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TIME (H) 
Figure (31): The effect of increase in•stress on the uniaxial creep curve of RR58 

tested at 100°C. • 
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Figure (32): The effect of increase in stress on the uniaxial creep curve of RR58 
tested at 150°C. 
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Figure (33): The effect of increase in'stress on the uniaxial creep curve of RR58 
tested at 200°C. - 
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Figure (34): The effect of overaging at 200°C on the uniaxial creep curve of RR58 tested 
at 150°C. 
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Figure (35): The effect of increase in stress on the uniaxial creep curve of the 
quenched steel tested at 565°C. 
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Figure (36): The effect of increase in stress on the uniaxial creep curve of the 
quenched and tempered steel tested at 565°C. 
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Figure (37): The effect of prior tempering at 680°C on the uniaxial creep curve of the 
teel tested at 565°C.* 
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Figure (38): Effect of temperature on log (stress) versus log (secondary creep rate) for RR58 
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Figure (39): The effect of temperature on log (stress) versus log (time to rupture) of RR58. 
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Figure (40): Graph of log (Secondary Creep rate) versus 
log (time to rupture) of RR58 for various 
temperature's 
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Figure (41): Effect of prior tempering at 680°C on the log (stress) versus log.(secondary creep rate) 
graph of the steel tested at 565°C. 
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Figure (42): The effect of prior tempering at 680°C on the log (stress) versus log (time to 
rupture) graph of the steel tested at 565°C. 
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Figure (43): The effect of prior tempering at 680°C on the 
log (secondary creep rate) versus log (time 
to rupture) graph of the steel tested at 565°C. 
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Figure (44): Decreasing C.C.G. and displacement versus time for a thin DCB-C specimen tested at 

150°C. 
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Figure (45): Decreasing C.C.G. and displacement versus time for a DCB-C quenched steel specimen 
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Figure (46): Decreasing C.C.G. and displacement versus time for a thick DCB-C RR58 specimen tested 
at 150°C. 
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Fiaure (47): Graph of C.C.G. and displacement for a short term test on a DCB-C quenched steel 
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Figure (48):. Graph of C.C.G. and displacement for a short term test on a DCB-C quenched and 
temnered steel 
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Figure (52):. Typical C.C.G. and displacement versus time for a DCB-P, steel tested at constant load 
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Figure (55): 	Graph of constant C. (Analytical) test for a DCB-C, RR58 tested at 150°C. 
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Figure (56): Graph of constant C* (Analytical) test for a DCB-C, steel tested at 565°C 
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Ficure (65): Typical C.C.G. and displacement versus time for DCB-C, RR58 tested at 200°C. 
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Figure (69): Comparison of elastic and transducer displacements with crack length for a thick 
DCB-C steel specimen 
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Figure (71): Comparison of elastic and transducer displacements with crack length for a thick 
DCB-P steel specimen 
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Figure (73): Effect of load increase on the transducer displacement versus crack length for a 
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Figure (74): Effect of load increase on the transducer displacement versus crack length for 
a thin DCB-C steel specimen with Bn  = 6 mm 
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Figure (76): Effect of load decrease on the transducer displacement versus crack length for 
a thin DCB-P steel specimen with Bn  = 3 mm 
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Figure (82): Creep displacement of the arms versus time for a thick DCB-C, RR58 specimen 
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Figure (83): Effect of load increase on the creep displacement of the arms of a DCB-C steel tested 
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Figure (84): Effect of Previous load and overaging history on the creep displacement of the 
DCB-C, RR58 
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Figure (86): Fracture surface of RR58 precracked at room temperature 
(A) Ductile tearing, (B) Large dimples, (C) Intermetallic 
particles, (D) Fine dimples, (F) Grain boundary fracture. 

(Nag x1100) 

Figure (87): Fracture surface of RR58 creep cracked at 150°C. 
(A) Ductile tearing, (B) Large dimples, (C) intermetallic 
particles, (D) Fine dimples, (F) Grain boundary fracture 

(Mag x1100) 



257. 

Figure (88): Fracture surface. of RR58 Creep cracked at 150°C showing 
the ductile grain boundary fracture 
(B) Large dimples, (C) Intermetallic particles, (D) Fine dimples, 
(E) Triple point, (F) Grain boundary fracture 	

(Mag x1800) 

Figure (89): Fracture Surface of the Quenched Steel Creep Cracked 
at 565°C in air 	 (Mag x14) 
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(b) Crack tip region 

Figure (90): Creep Crack of a 9.5 mm DCB, RR58 tested at 150°C, showing predominantly intergranular 
fracture and also disconnected cracking in the vicinity of the crack tip 
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(a) Further back along the crack 

(b) Crack tip region 

Fiaure (91): Creep Crack of a 25 mm thick DCE, Quenched steel tested at 565°C showing sharp 
intergranular fracture at the prior austenite grain boundaries (Mag x20) 
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(p) Crack tip region 

Figure (92)! Creep Crack of a 12 mm thick DC2 Quenched and tempered sEeel -Ees.Eed aE S650C 
showing a tempered matrix with disconnected cracking at the crack tip (Mag x150) 
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Figure (93): The side view of seven cracked ;JCS specimens 
(1) RR58, 25 mm thick, tested at 200007  (2) RR58, 9.5 mm thick tested at 175°C, (3) RR58, 25 mm 
thick tested at 150°C, (4) RR58, 25 mm thick tested at 150°C, (5) steel, 12 mm thick, tested at 
565cC, (6) steel, 2S mm thick,• tested at 565c0, (7) steel, 12 mm thick, tested at 565°C 
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Figure (121): Correlation of the C.C.G. rate of steel at 565°C with the 
theoretically evaluated K (In comparison to the experimental 
derivation of K shown in figure (119)) 



Figure (122): The Effect of test temperature on the experimental a-a- values 
for DCB-C 25 mm thick RR58 specimens 
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Figure (123): The effect of temperature on the correlation of C.C.G. rate with K 
for 25 mm thick DCE-C, PIR58 specimens 
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Figure (129): Correlation of C.C.G. rate with the experimental L for the DCB-C, 
RR58 specimens 
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Figure (131): Correlation of C.C.G. rate with the experimental A for the 
DCB-C quenched and tempered steel specimens 
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Figure (132): Correlation of C.C.G. rate with the experimental A for the DCB-P 
RR58 specimens 
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Figure (135): The effect of Geometry and Thickness on the correlation of C.C.G. 
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Figure (136): The effect of temperature on the correlation of the C.C.G. rate with 
the experimental A for DCB-C, RR58 specimens 
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Figure (142): The effect of temperature on the correlation of C.C.G. rate with ko 
C*T for DCB—C, RR58 specimens 
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Figure (143): Effect of temperature on C.C.G. rate for the DCB-P steel 
specimens tested at 565 and 615°C. 
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APPLICATION OF FRACTURE MECHANICS TO CRFFP CRACKING  

by 

K.M. Nikbin and G.A. Webster 

Department of Mechanical Engineering, 
Imperial College. 

It cannot be ensured that engineering components will not contain pre-

existing flaws or develop cracks during use. For those components operating 

at elevated temperatures it is possible that any cracks present may grow by 

creep. In order to produce a reliable design, therefore, it is necessary to 

know the factors affecting the rate of propagation of cracks by creep. 

Attempts have been made, with varying degrees of success, to apply 

fracture mechanics concepts to creep cracking. It has been shown in 

appropriate circumstances that crack growth rate, A can be correlated in 

terms of stress intensity factor, K, according to 

& a Kn 	 (1) 

where n is usually very close to the stress sensitivity of secondary creep 

rate or time to rupture, although in some cases better agreement is claimed 

with net section or a reference stress. In most instances cracks were only 

propagated over relatively short distances. Despite the applicability of 

equation (1), Kenyon et al [1] showed (using a contoured DCB test piece, 

Fig.1) for aluminium alloy RR58 that a constant crack growth rate was net 

obtained over long distances at constant K. Fig.2a shows apparent primary, 

secondary and tertiary stages of cracking. Results are presented here on a 

3%Cr 1%Mo 1/4%V steel which indicate that the observations are not peculiar 

to the aluminium alloy. 

The same test piece geometry was used as before [1] except that the 

depth of the side grooves was deepened to eliminate arm bending. All the 

specimens were heated to 1250
o
C for z  hour and oil quenched (to produce 
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a martensitic structure with grains approximately 300 pm in diameter prior 

to testing at 565°C. The side grooves were coated with a high temperature 

paint to prevent oxidation and enable crack growth to be monitored 

visually. 

Fig.2b shows a typical crack growth curve. Like the aluminium alloy 

primary, secondary and tertiary stages of cracking are observed. Fig.3 shows 

the dependence of secondary crack growth rate, as, against K. Over most of 

the range it can be described by equation (1) with n approximately 10 close 

to the stress dependence of time to rupture for this material [2]. 

Also shown on Fig.3 are the results of Pilkington et al [3] and Neate 

and Siverns [4] who tested the same steel but with different heat treatments 

and test-piece geometries. Pilkington et al's results are in complete agree-

ment with the present data although their specimens were tempered to a 

bain itic structure prior to testing. The results of Neate and Siverns 

straddle the present data and show &difference depending on heat-treatment. 

Some tempering of the quenched samples will be expected during testing and 

could be an explanation of the agreement of the present results with the-

tempered data at long times (i.e. slow cracking rates). 

The micrograph (Fig.4) shows a section through the tip of an advancing 

crack. The cracking is predominantly intercrystalline, following the prior 

austenite grain boundaries with considerable branching of the crack behind 

the crack tip. 

Although the present results reinforce the linear elastic fracture 

mechanics interpretation of creep cracking an explanation of the primary and 

tertiary regions is still required. The tertiary stage can be attributed to 

increasing K as the crack approached the end of the test piece. The decreasing 

crack growth rate in the primary region can be explained by introducing non-

linear fracture mechanics concepts [5,6]. 

- 2 - 



For a material obeying the secondary creep law 

k, 
a a

n 	 (2) 

where a is stress, it can be shown [6] that a contour integral J (equivalent 

to J for a work hardening material) can be defined which varies with crack 

length for a DCB test piece such that, 

J a  (aP)
114.1  

(h/2)2n+1  

At constant load, P, for a constant K geometry, J first decreases and 

then increases with increase in crack length and could therefore characterise 

the primary, secondary and tertiary regions of cracking. This possibility 

was examined by carrying out tests in which the load was adjusted to keep J 

constant. The results are shown in Figs.5 and 6. The primary region has 

virtually been eliminated indicating that J (rather than K) i5 the true 

characterising parameter. 

For a particular geometry J and K are related. Consequently expression 

(1) is consistent with the above interpretation over short crack growths. 

When n is large J is proportional to net section stress and correlation with 

this term would be expected in this case. 

Further experiments are required over a wider range of testing conditions 

to determine whether non-linear fracture mechanics concepts can be extended to 

predict creep crack growth in practical situations. 

(3) 

3 
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ABSTRACT: Creep crack growth tests, conducted on contoured double canti-
lever beam (DCB) specimens are described for aluminium alloy RR58 and a 
chromium-molybdenum-vanadium steel. The results are analyzed in terms of J, 
the rate equivalent of the J contour integral, which is a nonlinear fracture 
mechanics parameter. Direct proportionality is found between crack growth rate, 
d and J. The treatment is shown to reveal a unification of the linear elastic 
fracture mechanics and net section or reference stress descriptions of creep 
cracking. 
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It cannot be ensured that engineering components will not contain 
preexisting flaws or develop cracks during use. For those components 
operating at elevated temperatures, it is possible that any cracks present 
may grow by creep. In order to produce a reliable design. therefore, it is 
necessary to establish the factors controlling the rate of propagation of 
cracks by creep. 

Creep failure is predominantly intercrystalline [J—.3]2  amt. usually 
occurs by the linking up of many individual cracks [4-6] (rather than the 
propagation of one major crack), when the true stress in the material 
approaches its ultimate tensile strength [5] . Observations indicate that 
cavities and triple point cracks can be present from the early stages of 
creep [4-6] and that they continue to grow with deformation. 
Mechanisms for the growth of individual cavities and triple point cracks 
by grain boundary sliding and vacancy diffusion have been proposed by a 
number of authors [6-8]. However, difficulties arise in applying these 
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ing, Department of Mechanical Engineering, Imperial College, London, S. W. 7, Eng-
land. 

2  The italic numbers in brackets refer to the list of references appended to this paper. 
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46 	CRACKS AND FRACTURE 

theories to creep rupture when cracking is extensive and nucleation is 
occurring throughout creep. 

There is much evidence from conventional tensile creep tests carried out 
on round bars at constant stress (or load) to show that creep deformation 
and time to failure are related [1.2]. Because of this relation, attempts 
[9,10] have been made to explain tertiary creep and fracture by incor-
porating a damage factor into conventional secondary creep laws to allow 
for the progressive loss in area due to cracking. However it is not certain 
that theories which prediCt creep fracture where failure is by linking up of 
many cracks will be satisfactory where failure is by propagation from a 
single large preexisting, flaw. More recently a number of investigators 
[11-19] have attempted to establish the relevance of fracture mechanics to 
creep cracking in this situation. Their data where obtained over a range of 
specimen geometries and materials with creep ductilities from <2 percent 
to 75 percent. It was assumed that creep strain rate E could be described 
by the secondary creep law written in the form 

g = C o-n 	 (1) 
where 

a- = stress, 
n = indication of the stress sensitivity of creep, and 
C = function of temperature. 

In most instances crack growth rate, a, could be expressed in terms of 
stress intensity factory, K, by 

a.  a 10 	 (2) 
although some investigators claim better correlations with net-section 
stress [12] or with a reference stress [17]. Generally, the higher strength 
low ductility materials correlated better with K and the lower strength 
high ductility materials, with net-section stress. The values of /3 were 
found to lie between approximately 3 and 30, typical of the stress 
sensitivity, n, of secondary creep rate suggesting that the values of n for 
creep deformation and /3 for cracking are closely related. 

In most instances, Eq 2 was determined from results which were 
obtained under conditions of continuously rising K. One series of experi- 

FIG. 1 —Typical contoured DCB geomaty. 
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FIG. 2—Typical creep crack growth, a, at constant stress intensity factor, K. 

ments [18] was carried out on contoured double cantilever beam (DCB) 
specimens, Fig. 1, which gave K constant at constant load independent of 
crack length. The results showed that despite the correlation of Eq 2 a 
constant crack growth rate was not obtained for aluminium alloy RR 58 
(Fig. 2a). Apparent primary, secondary, and tertiary regions were ob-
served. The tertiary stage was attributed to increasing K as the crack 
approached the end of the specimen. The primary region was found to be 
reduced by increasing, the initial crack length and by soaking the specimen 
at the test temperature before loading, indicating both geometry and aging 
complications [19]. 

More recent results [20], Fig. 2b, on a 1/2Cr-1/2Mo-1/4 V steel which 
had been heat treated at 1250°C for '/2 h and oil quenched to simulate 
a heat affected zone (HAZ) structure have shown that the just mentioned 
effects are not peculiar to the aluminum alloy. Again primary, secondary, 
and tertiary cracking was observed. In spite of the change in crack growth 
rate at constant K, Fig. 3 shows that the crack growth rate in the secondary 
region, a,, when treated as constant, can still be expressed in terms of Eq 
2, with a value of /3 close to it for this material [21]. The results are 
also consistent with other published data [11,15] on the same material. 
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It is shown here that the decreasing crack growth rate in the primary 
region, and the linear elastic fracture mechanics and net section stress 
approaches to creep cracking, can be rationalized by introducing non-
linear fracture mechanics concepts as suggested by Turner and Webster 
[20,22]. The approach is consistent with that recently reported by Landes 
and Begley [23]. 

Application of Nonlinear Fracture Mechanics to Creep Cracking 
The viewpoint of the present paper is that the inadequacy of linear 

elastic concepts in correlating crack growth rate data under creep condi-
tions at constant stress intensity factor, K, may be due to the nonlinear 
nature of the constitutive laws for the highly deformed region around the 
crack tip. The J contour integral has been used to describe the singular 
terms of stress or strain for a nonlinear elastic material [24,25]. Possible 
application to the onset of cracking in materials obeying the laws of 
incremental plasticity has been implied by many workers recently study-
ing elastic-plastic fracture problems although a sure foundation to this 
approach has not been established. Essential steps in the argument are the 
retention of the property of path independence, to the extent demonstrated 
by finite element computation [26-29], and the apparent success of 
preliminary less to establish a critical value of the contour integral Jig , for 
the onset of cracking in pieces of different geometry [30,31]. If these 
demoristrations of the usefulness of J for plastic (as distinct from non-
lindar elastic) materials are taken to warrant further more extensive 
studies of the concept then it is here argued that for steady state creep, 
there should likewise be a relevance of J to creep crack growth. The 
authors are not aware of a proper energy rate balance for the time 
dependent processes of creep and creep crack growth. The use of J (in a 
modified form, J, for reasons of dimensional analysis) as proposed here 
rests on being able to carry over to steady state creep the characterizing 
role ofJ in describing the singular stress and strain rates at the crack tip. 
As creep rupture in conventional creep testing is related to secondary 
creep strain rate [1,2], it may be expected that crack growth rate will also 
depend on secondary creep rate. Following Hutchinson [24], McClintock 
[32] showed that for nonlinear elastic materials obeying power law 
hardening of the form 

E = A crn 
the stresses and strains around a crack tip are characterized by 

o• a (J/A) 11 " 

E a AWAY' + 
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For a material obeying the secondary creep rate law, Eq 1, it follows 
by analogy that the stress and strain rates around a crack tip in a material 
subjected to steady state creep are 

o- a (PC)" 	 (6) 

a C(i/C)"in 
	

(7) 
where is the characterizing parameter for creep. It has the dimensions 
of J divided by time in order to accommodate the different dimensions 
of C (Eq I) and A (Eq 3). 

For the case of nonlinear elasticity it has been shown, as reviewed by 
Rice [33], that for a crack of thickness, B „ , and length, a, the numerical 
value of J can be found from the expression 

J  = _ 1 dU 	 (8) 
B„ da 

where U is potential energy. 
In elasticity, this energy is available to grow the crack. With plasticity, 

Eq 8 remains a means of evaluating the crack tip parameter ) but J is no 
longer the energy potentially available to grow the crack. This method of 
evaluating J was used experimentally for plasticity by Begley and Landes 
[30]. For a nonlinear material obeying power law hardening, Eq 3, it is 
shown [20] that for a DCB specimen subjected to a constant load, P 

J =  P 	dA 

	

B„ (n + 1). da 
	 (9) 

where 	is deflection at the loading line (Fig. 1). 
Evaluation of dA/da as the crack propagates along the length of the 

specimen will therefore give J as a function of crack length. Provided the 
crack length is long enough, shear deflections can be neglected and dA/da 
obtained from nonlinear bending theory as shown in the Appendix. 
Substituting in Eq 9 gives 

J = 	2A 	[ (217  + 1)  y  (aP)" 	I 	 (10) 

	

B„ (n + 1) 	2nB 	(h12)2" 

This equation enables the instantaneous value ofJ to be calculated for a 
nonlinear material for any crack length, provided the geometry of the 
specimen is known. It applies to any DCB specimen contour for which it 
may be assumed that bending stresses dominate and shear deflections can 
be ignored. For linear elasticity, n =1, A = 11E, and J = G, the elastic 
strain energy release rate. For plane stress 



( ap) i + 1 

(11/2)2" + 
(13) 

NIKBIN ET AL ON CREEP CRACKING 	53 

G = KYE 	 (11) 
and for plane strain 

	

G = (1 — 	KYE 	 (12) 
where v is Poisson's ratio. 

Now consider a material obeying the secondary creep law, Eq 1. The 
above analysis can obviously be repeated with E replaced by e, A by C, 
and A by A. 

For creep, we can define a term with the dimensions of power, 
U, and by analogy with Eq 8 a term corresponding to potential power 
release rate, J 

1 da 
B„ da 
2C 	[ (2n + 1) ]" 

B„ (n + 1) 	2nB 

This equation is exactly the same as Eq 10 except that ) has:dimensions 
of power whereas ) has dimensions of energy. It is equivalent to replacing 
E by E in the experimental plasticity evaluation of J as discussed by 
Landes and Begley [23]. 

Comparison. with Experimental Data 

The profile of the contoured DCB specimen used by Kenyon et al [18] 
was chosen to give a constant K at constant load independent of crack 
length. This necessarily implies from Eq 13, however, that J will vary 
with crack length. Figure 4a shows the relationship between J and crack 
length for the geometry tested by Kenyon et al for values of n in the range 
I to 25. The ordinate has been normalized with respect toil  the value of 

at a crack length of 75 mm (the shortest initial crack length used) for 
ease of comparison. The graph indicates that from the present analysis 
with n = I , .1 is constant (as it should be for a constant K geometry) 
until a crack length of 155 mm, after which it rises. For all other values of 
n, J decreases with crack length until 155 mm when it rises again. The 
decrease is most marked the higher the value of n. Sufficient data have 
not been obtained yet to enable ) to be evaluated experimentally to check 
this trend. 

Figure 4b shows how crack growth rate decreases experimentally with 
crack length for the two tests shown in Fig. 2. No truly constant secon-
dary rate exists. The shapes compare very favorably with those shown in 
Fig. 4a, suggesting that the primary stage of cracking may be caused by 
the decrease in J with crack length. Both the experimental and calculated 
curves have a minimum at a crack length of 155 mm. For crack lengths 
longer than this, the elastic analysis for this geometry becomes invalid 
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FIG. 4—Comparison of the change in (a) potential power release rate and (b) creep 
crack growth rate with crack length. 

due to the effect of thd "remote" free end of the specimen. It is assumed 
that the same limitation applies to the analysis for J and J. 

Before it is possible to plot crack growth rate against ], it is necessary 
to know the value of n in Eq 1 for each material. A value of 10 for n 
has been estimated for the steel from the tensile creep data of Cummings 
and King [21] and 14 for the aluminum alloy from the results of 
Kenyon [19]. Figure 5 shows the dependence of crack growth rate in 
the primary and secondary regions on calculated using these values of 
n. Except in the very early stages of cracking, the results tend to suugest 
that crack growth rate is approximately proportional to J. The analysis 
neglects elastic strains and assumes that both materials exhibit only 
secondary creep deformation when in fact some primary creep was 
observed [19]. Consequently, some deviation would be anticipated in the 
early stages of cracking as the stress distribution changes from the initial 
elastic stress distribution to the settled steady state creep stress distribu-
tion. For both materials, this settling down period extended over a crack 
growth of approximately 5 mm. 
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FIG. 5—Change in crack growth rate with J during primary and secondary regions. 

Additional experiments have been carried out to establish more firmly 
the dependence of crack growth rate on J. The same experimental proce-
dure as reported by Kenyon et al was used except that fatigue pre-
cracking was adopted. All the specimens were 25 mm thick but the 
groove of the steel specimens was deepened to leave a net thickness of 
6.5 mm (compared with 12.6 mm for the aluminum alloy) to prevent 
breaking off of the specimen leg perpendicular to the crack path. The 
aluminum alloy was tested at 150°C and the steel, at 565°C. The surfaces 
of the side grooves in the steel were coated with an alumina-based 
paint resistant to high temperatures to prevent oxidation and enable crack 
growth to be monitored visually with the aid of a travelling telescope. 

Most of the tests were performed at constant K, but in some instances 
J the load was adjusted during the test to keep 	constant with crack 

growth. The results of 9 tests are summarized in Figs. 6 and 7. Figure 
6 confims the trend indicated in Fig. 5. It shows that all the results 
fall on one straight line with a slope of unity with comparatively 
little scatter (the points furthest from the line are usually those for the 
early stages of cracking before a settled state has been reached) indicating 
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FIG. 6—Crack growth rate as a function of potential power release rate 1 
for 112Cr-11211fo-114V steel at 565°C. 

that creep crack growth rate throughout the primary and secondary regions 
can be expressed by 	

a = F i 	 (14) 
where F is a proportionality factor which could be a function of temper-
ature, since in the creep law, Eq 1, C is, of course, a function of temperature. 

A similar observation can be made from the data of Landes and 
Begley [23] on a superalloy. The characterizing parameter, C*, used in 
their paper is equivalent to the f used here. Although they show a 
change in slope in some of their graphs, to a good approximation all 
their results can be described by Eq 14. 

In the present investigation, all the individual constant K tests exhibited 
primary, secondary, and tertiary regions of cracking whereas Eq 2 predicts 
a constant crack growth rate. If,/ (rather than K) is the true characterizing 
parameter, a constant crack growth rate would be expected throughout a 
test at constant J. Examples of crack growth curves obtained when load 
was altered to keep J constant are shown in Fig 7. This figure confirms 
that for both the aluminum alloy and the steel, after a slight curvature 
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during an initial settling down stage, the crack growth rate is constant 
until the test is no longer valid at long crack lengths. The initial K 
value for the constant J test of Fig. 7b was deliberately chosen to be 
the same as that of the constant K test of Fig. 2b for comparison 
purposes. The initial crack growth rate of the two tests is the same. How- 

, 

	

	ever, if after the same initial starting conditions the load is either 
maintained constant to keep K constant or alternatively increased to main-
tain J constant for a total crack growth of 50 mm, two quite different 
behaviors result. In the former case (constant K), the crack arov■ th rate 
decreases gradually (see Fig. 4b) by nearly an order of magnitude thus 
extending the test time to 300 h, whereas in the latter case (constant J) 
the growth rate remains constant (Fig. 7) over a crack growth of 50 mm and 
final fracture is reached in only 30 h. These observations, therefore, 
reinforce the interpretation of creep crack growth in terms off , the creep 
equivalent of the J contour integral. 

6.7 
Br. 25.4 mm 
Bn= 6-5 	• 
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Discussion 

It has been shown that nonlinear fracture mechanics can be used to 
explain creep crack growth quantitatively. It describes the apparent pri-
mary region of cracking which cannot be explained by linear mechanics 
arguments. No doubt, in some cases, as reported [19] for the aluminium 
alloy, metallurgical changes may also play a role and influence the 
so-called primary stage of cracking. 

Further insight into the cracking process can be obtained by comparing 
Eq 7 which characterizes the creep strain rates around a crack tip, with 
the experimental correlation shown in Eq 14. For the materials tested, 
n- was found to be 10 for the steel and 14 for the aluminum alloy. 
Thus, it is difficult in practice to the distinguish between the ratio 
n/n + 1 and 1. Consequently, although proportionality between crack 
growth rate and J is indicated by the data, it is also clear that a satis- 
factory correlation could be obtained with J"' " 	to give proportionality 
between secondary creep rate and creep crack growth at least for the 
values of n found here. 

The successful correlation of creep crack growth with K already re-
ported in the literature calls for comment. Using elastic fracture 
mechanics K a P. From Eq 13 

a  pn + 1 	 (15) 
therefore 

a K" + t 	 (16) 
Thus Eq 2 could be rewritten 

a a pin + 	 (17) 
Taking /3 as n gives the correlation with creep strain rate and .1"'" + 
or K'. Taking /3 = n + 1 gives direct correlation with J or K" 	As 
already discussed, the difference between these powers cannot be resolved 
with the present data. It must be noted, however, that the dependence of 
J on crack length, a, (Eq 13) is a function of n so that in general 
J and K will be different functions of crack length. The above discussion 
holds strictly only for a fixed crack length. It appears that experimental 
results so far published have been obtained over small changes in crack 
length and thus do not discriminate between the linear or nonlinear 
correlations. Another circumstance where K might be more relevant than 
J is where creep ductility is small. The present analysis ignores elastic 
strains and primary creep. It assumes that sufficient creep occurs to allow 
a secondary creep stress distribution to be established by redistribution of 
elastic stresses at the crack tip. For a material of very limited creep 
ductility this may not happen. 

The adoption of nonlinear fracture mechanics can also be used to 
explain the better agreement of crack growth with net section stress than 
with K reported by some authors [12,17]. It can be shown that the 
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maximum bending stress (neglecting the singularity) at the crack tip in 
each leg of the DCB specimen is 

(2n + 1)aP 
Crmar 	 (18) 

2nB X (1112)2  

Substituting n = 1 in this expression gives the net section stress [12], 
and n = 	the reference stress. Whichever definition of stress is used 
it will change with crack length in the same way. Comparison of this 
equation with the expression for .1 (Eq 13), reveals that when n >>1 

.1 a (crmaxr 
Hence, correlation with net section stress or with the reference stress 

for materials exhibiting high values of n are in agreement with nonlinear 
fracture mechanics. The value of n for cracking should be the same as that 
required to describe creep deformation behavior. 

Fracture mechanics also provides an explanation of extensive cracking 
in conventional uncracked creep specimens. By using the infinite plate 
solution 

K = crAtira 
an estimate can be made of the size of cracks that will be propagated in 
these specimens. The lowest value of K at which creep crack growth has 
been observed in steels and aluminium alloy RR58 is approximately 15 
MN/m312 . A typical creep stress for these materials is 300 MN/m2  giving 
a crack length 2a = 1.6 mm. This is far in excess of the sizes of cracks 
measured [4,5]. Even close to fracture, individual cracks seldom exceed a 
grain facet in length and in aluminium alloy RR58 are typically 30 p.m 
long [5]. These figures indicate why, in most materials, crack nucleation 
is easier than crack propagation and why final creep failure occurs by the 
linking up of many small cracks when the net section stress approaches 
the ultimate tensile strength of the material. For creep failure, if a grain 
facet can be regarded as an incipient flaw, it is likely that grain sizes as 
large as approximately 1 mm can be tolerated in conventional creep 
specimens before failure will be by the propagation of one dominant 
crack. Conversely where large defects exist, such as in weldments or at a 
major inclusion, good creep toughness  in conventional tensile creep tests 
may not guard against crack growth by creep from the preexisting defect. 

Conclusions 

Microstructural evidence of the development of voids and triple point 
cracks during creep deformation suggests that final failure occurs by 
ligament tearing when the ultimate tensile strength of the material is 
approached. The stress intensity factors required to propagate creep 
cracks are sufficiently high that the individual voids or triple point cracks 
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will not be propagated by creep until they reach a size of approximately 1 
mm. It is unlikely, therefore, that the failure of round bar creep specimens 
will be described by fracture mechanics. The creep fracture toughnesscs 
of most materials are too high in relation to their creep strengths for this to 
happen. 

It has been shown that initial flaws which are sufficiently large can be 
extended by creep. The resulting creep crack growth rate can, for a 
particular geometry, be correlated in terms of the crack tip characterizing 
parameter, j, which corresponds to the J contour integral as used in 
plasticity for a work-hardening material. Experimental results suggest that 
creep crack growth rate is approximately prop.ortional to J. Nonlinear 
fracture mechanics can describe the previously unexplained apparent 
primary region of cracking. It is also capable of unifying the linear elastic 
fracture mechanics and net section stress correlations of creep cracking 
reported previously. 
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APPENDIX 
Analysis of Deflection of DCB Specimen 

Consider a cross section of the DCB specimen to be a distance x <a from the 
loading line. Let the curvature at this section under load. P, be k. Then for plane 
sections to remain plane, the strain at any distance y from the neutral axis is 

e = ky 	 (19) 
For moment equilibrium 

h12 

M =—h12o-  B y dy 

Therefore, substituting from Eqs 3 and 19 

M = B 	kr" 
	ni t yl + ilndy  

\A/ 	—hl 2 
\ 2 + lin 

2) 

For small deflections 5, Eq 20 can be rearranged to give 

	

k = d 28 	+ 1)M  i n 	A  

	

dx2 	L 2nB 	(h12)2" + 1  

2nB  (kyl" 
(2n + 1) A 

(20) 



Integrating twice and using the boundary condition d8/dx = 0 and 8 = 0 at 
x = a, the crack tip, gives 

d 26  [(21 : 	1)Pin  A 	xn 
dx2 	2nB 	0/2)2'1 + 1  
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But M = Px, therefore 

 

8 = [2,1 + OP]  " A  
2nB 

1* = 

[
1.,.** — la** —1„*(x — a) 

x'' 	dx 

(21) 

where 

  

J (h /2)2H + 

and 	 /** 
=ff x"

dx 
012)2"+. 

and the subscripts x and a indicate the values of the integrals at x and a, 
respectively. For the contoured eeometry, It is a function of x. 

The loading pin displacement, LI, required for the evaluation of J, Eqs 4 and 5, 
is given by 

A = 28 

evaluated at x = 0; therefore 

[(2n + 1)P  1 " 2/1' [/„** — /„** + la* a] 
210 

where /:* is the value of /** at x = 0. Therefore 

dA 	(2,1  + 1)P " 	 a  di.]  2A — 	+ /„* + 
da 	2n13. 	 da 

[

(21t 1)P  1 , 	an+, 
210 

This expression can be substituted into Eq 9 to give J. 

(22) 
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A COMPARISON OF METHODS OF CORRELATING CREEP 
CRACK GROWTH 

K.M. Nikbin*, G.A. Webster*, C.E. Turner* 

INTRODUCTION 

With the use of materials under increasingly arduous conditions at ele-
vated temperatures increasing attention has been devoted recently to 
establishing the circumstances under which cracks 

that 	
be extended by 

creep. Some experimenters [1-5] have claimed that creep crack growth rate 
A, can be expressed in terms of stress intensity factor, K, in the form; 

.5.=DK13  

whereas others [6-8] claim better correlations with the nett section 
stress, 

cnett' -
remaining on the uncracked ligament or with a reference 

stress 	L9-10]. 

i.e. 	a = F e a  nett 

where D, F, a and 5 are coefficients which in general will depend on the 
Izaterial and test temperature. Values of a and 3 reported range from 3 to 
30 but for a particular material are usually close to the value of the 
stress sensitivity, n, of secondary creep strain rate, e, in the creep 
law, 	 n 	

( 3) = C 

where C is a temperature dependent material parameter. Generally, the 
data indicate that for relatively brittle materials creep crack growth 
rate correlates best with Fan(1) and where substantial creep deformation 
is possible with Eqn.(2). This is not surnrising as creep will cause re-
distribution of the elastic stresses at the crack tip and for sufficient 
creep ductility and high enough values of n the stresses at the crack tip 
will approach the nett section stress. 

It may be expected that because of the non-linear nature of the creep law 
non-linear mechanics should be more relevant than linear mechanics. Re-
cently a number of authors [11-151 have attempted to extend the J contour 
integral concept used to describe the stress and strain distributions 
around a crack tip in a non-linear elastic material to the creep circum-
stance. For a non-linear material the numerical value of J can be obtained 
from the expression 

• 1 	dU J 
	Bn  da 

where 13 n  is the thickness of the crack and U is potential energy. Al-
though pin the presence of plasticity J is no longer the energy potentially 
available to grow the crack its value can still be evaluated from Eqn.(4). 
For a non-linear material obeying the work hardening law, 

	

A o
n 	

(5) 

and for test pieces in which the primary mode of displacement is by bend-
ing it can he sho;:n [14] that for a constant load P, 

*Res.Stud,Sen.heet.,Prof., Dept.Moch.Eng., Imperial College, Lendon, 

(1)  

(2)  



P 	dA 
J 

B
n
(n 	1) da (6) 

where A is the deflection at the loading points. 

An analogy can be drawn between a material obeying the work-hardening law 
Eqn.(5) and one obeying the creep law Eqn.(3). It is possible to define a 
contour integral like J, in which e is replaced by E, A by C and A by the 
displacement rate A, which will describe the state of stress and strain 
rate around a crack tip in a creeping material. This creep equivalent of 
the J contour integral has been. called C* by LandeS and Begley L12] and J  
by others [13,14] because it has the dimensions of J divided by time. It 
is not, however, dJ/dt and to avoid any possible ambiguity it will be 
called C* here. It can be evaluated in the same way as J, except with U 
replaced by a term U which has the dimensions of power, 

• • 	1 i.e. 	C* = - — . 	 (7) B da 
n 

 

	 dA 
(8) B

n
(n + 1) da 

when bending displacements dominate. Some success has been achieved in 
characterising creep crack growth with this parameter. In most instances 
approximate proportionality between A and C* was observed [12-15. Since 
the state of strain rate around a crack tip varies according to 14j. 

a c(c*/c)
n/(n + 1) 

. 	(9) 

this suggests that creep crack growth may be directly proportional to the 
strain rate at the crack tip as for most materials n >> 1 and n/(n 	1) 
will be close to unity. An attraction of the C* approach is that it is 
consistent with the K approach for creep brittle circumstances and with 
the nett section stress description when creep strains dominate and n >> 1. 

In the previous investigation of C* by Nikbin et al [14] only one geometry 
of test piece was examined. In this paper, the work is extended to cover 
a range of aeometries and a critical assessment is made of the K and C* 
characterisations. 

EXPERIMENTS 

The materials investigated were aluminium alloy RR58 and a 1:%Cr, 1.1% Mo, 
1/4%V steel. Details of their composition and heat treatment, and of the 
experimental procedure have been given previously [2,5,14. In these' . 

x
o   series of experiments the aluminium alloy was tested at 1.  ()at and the _ 

steel•at 56a C. Displacements were measured automatically with-d trans-
ducer and crack growth measurements made visually with the aid of a 
telescope. The aeometries of test pieces used included the contoured DCB 
(C-DCB) geometry having a constant compliance with crack length used pre-
viously [2,5,14j,parallel edge DCB (P-DCB), compact tension (CT) and double 
torsion (DT) 1--;:laces. Each -nac1meTl was prDvi.:iod 	qroovcs to . 
control the direction of crack growth. Two thickr,c.zses 	of thr_,  
alloy and two thicknesseS of steel samples, each with different notch 
depth ratios were tested. Compliance calibration experiments were per-
formed on each geometry. Most of the creep cracking tests were carried 
out at constant load but in some cases lbad changes were made to investi-
gate history effects. 

2 
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" 7  RESULTS 

The following general observations can be made concerning the creep crack 
growth against time curves for both materials. In most instances at 
constant load, crack growth rate decreased progressively with time (and 
crack length) in the constant K contoured DCB test-pieces (as was re-
ported previously [2,5,14], decreased r.o: remained approximately constant 
in the double torsion samples and increased in the remaining geonetries. 
Comparisons of the data with K are shown in Figs.1 and 2. The symbols in 
brackets, which represent test-pieces with the same values of B and B 
but different shapes, show that although there is some correlation of 
the results within one geometry there is little agreement between the 
different geometries suggesting that K is not an adequate characterising 
parameter in these circumstances. This is emphasised by the observation 
that crack growth rate decreased and did not remain constant in the con- 
stant K tests 	although preyiously 15,14] this decelerating rate had 
been partially attributed to overageing. Comparisons of the results from 
specimens with the same geometry but different thicknesses and notch 
depth ratios indicate that at the same value of K crack growth rate in-
creases with increase in thickness and side groove ratio suggesting that 
increase in degree of constraint increases creep crack growth rate. 

Comparisons of the same data with analytical estimates (where these were 
possible) of C*, made in the same manner as reported by Nikbin et al [14] 
are shown in Figs.3 and 4. The values of n used to calculate C* were 
those which gave the best fit of Eqn.(3) to the creep data and were re-
spectively for the aluminium alloy and steel 10 and 5. Although there is 
better correlation of the data than there is with K for individual geo-
metries of the same thickness and notch derpths there is again lack of 
agreement between specimens of different geometries particularly for the 
aluminium alloy. For the same geometry crack growth rate again increases 
with degree of constraint at constant C. 

DISCUSSION 
• . 

Because of the satisfactory correlations of the cracking data for one 
geometry with C* shown in Figs.3 and 4, reasons for the discrepancies 
between geometries were sought. In making the analytical estimates of C* 
it was assumed that any elastic strains and displacements were small com-
pared to the corresponding creep values. Checks of the experimental 
displacements however showed that this was not the case. In some in-
stances the creep component of the deflection was found to be almost 
negligible and in no case was it appreciably greater than the elastic 
value. Consequently the assumption that creep strains were dominant is 
not valid. . 

An alternative approximate estimate of C* which avoids the necessity of 
making the above assumption and which enables values of C* to be obtained 
for a wider range of geometries than is possible analytically is as 
follows.' The prOblem.is one of estimating di/da in Eqn.(8). 

For any circumstance where bending displacements dominate it may be ex-
pected that A can be written as 

= 1+3  f(a)g(13) 	 (10)•. 

where f and g are functions. !Therefore at constant load 
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db, _ 1f(a) 
da B da . g (P) 	(11) 

Furthermore, if f(a) can be approximated over alimited range of crank 
lengths by a simple power law function f(a) = a

n 
 , Eqn.(11) becomes 

dAA 
da = n  (12) 

and 
n 

	

C* - 	
PA  

• aB
n
(11 + 1) 

Eqn.(12) provides an approximate method of estimating C* from the experi-
mental data. It is analagous to estimating J for plasticity by the well 
known formula J = 2U/B(W - a) for deep notch three point bend test pieces 
where U is work done in this instance. Provided n does not vary appreci-
ably (by more than a factor of about 2) for different geometries C* will 
be proportional approximately to PA/aB

n 

Comparisons of the cracking data with PA/aBn  are shown in Figs.5 and 6. 
These figures show satisfactory correlations for all test-piece geometries 
with the same values of B and B indicating that the lack of agreement on 
Figs.3 and 4 was probably caused by inadequate estimates of C. No effect 
of constraint is apparent on.Fig.5 for the aluminium alloy but Fig.6 shows 
that for the steel cracking rate is accelerated with increase in degree of 
constraint. The data on Figs.5 and 6 can be described satisfactorily by a 
straight line relationship giving 

a( 

. 
a  P 
	

a 
A) ° 	(n + 1)C* $ 

a(C*)$  
aB

n 
 _ 	n 

where 	= 0.86 for the aluminium alloy and 0.82 for the steel. Both these 
values are close to the respective n/(n + 1) values for each material 
adding weight to the possibility that creep crack growth rate may be 
directly proportional to the rate of straining at the crack tip, Eqn.(9), 

• suggested earlier [14]. 
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FIGURE CAPTIONS 

Fig.1 Correlation of creep crack growth with stress intensity factor K for 
aluminium alloy RR58 at 150°C. 

Fig.2 Correlation of creep crack growth with stress intensity factor K for 
21%Cr 11%Mo 1/4%V steel at 565 C. 

Fig.3 Dependence of creep crack growth rate on analytical estimate of 
• C* for aluminium alloy RR58 at 150°C. 

Fig.4 Dependence of creep crack growthrate on analytical estimate of C* 
for 12%Cr 	1/43,V steel at 565

o 
 C. 

Fig.5 Comparison of creep crack growth rate with experimental estimate of 
C* for aluminium alloy RR58.at 150

o
C. 

Fig.6 Comparison of creep crack growth rate with experimental estimate of 
C* for 15%Cr 12%Mo 1/4%V steel at 565

) 
 C. 
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aluminium alloy RR58 at 150 C. 
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