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SUMMARY 

Low pressure steam turbine shafts and other rotating machinery invariably 

contain design stress concentration features, such as notches, grooves and slits. 

These shafts are subject to selfweight bending and steady state torque during 

operation. Some of these manufacturing features could initiate fatigue cracks 

which may cause failure if left to propagate. 

In this research, fatigue crack growth of 3.5%NiCrMoV steel was studied on 

specimens taken from a low pressure steam turbine shaft. Three point bend 

specimens were used to establish the threshold for fatigue crack growth of this 

material under slit and precracked conditions. Circumferentially slit round spec

imens have been used to study the mode III fatigue threshold and crack growth 

behaviour. Angled slit rectangular specimens were used to study and investigate 

the failure conditions in mixed mode I & III loadings. 

Three different stress ratios were used to determine the effect of R ratio on 

the threshold and fatigue crack growth in mode I, mode III and mixed mode I & 

III loadings. Two slit angles 450 & 600 were used to investigate the effect of the 

Ki;' ratio on the threshold and crack growth rates in mixed mode I & III. 

The results of these tests were analysed to achieve the previously stated aims 

of this study and lead to the conclusion that crack propagation in mixed mode I 

& III occurred by a mode I mechanism when the mode I threshold stress intensity 

factor has been exceeded. A new procedure to analyse the mode I crack growth 

in the mixed mode I & III tests was established by, first, finding equations to 

calculate the value of the changing crack angle with respect to the crack length 

and, second, to use these values in calculating the local mode I stress intensity 
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factor to establish the threshold conditions and to achieve equations to represent 

the whole crack growth rate. Finally the threshold stress intensity factor was 
. 

linked to crack growth behaviour to devise empirical equations that represent 

crack growth under mixed mode I & III conditions. 

A new model to predict the crack path from the crack length was developed, 

and the effect of the slit angle on the crack initiation and growth rate in mixed 

mode I & III was established. 
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Chapter 1 

Introduction 

Rotating shafts such as turbo-generator rotors are very complex and heavy equip

ment. They are used to drive large pumps to push oil in main transfer lines, which 

travels for several thousands of miles through many stages. They are also utilized 

for electrical power generation and transmission shafts for automotive use. 

Each large gas or steam turbine set with its attached pump or generator 

set may be up to 60 metres long and rotate at more than 6000 rpm to produce a 

high pressure inside the oil main pipelines, or a 50 Hz electrical current supply. 

A typical gas or steam turbine would consist of several rotors and stators. The 

rotors are attached to the main shaft which has to support its own weight as well 

as the weight of the rotors. The shaft itself is supported by two journal bearings 

and kept in place by thrust bearings. Each turbine consists of a high pressure 

(HP), an intermediate pressure (IP) and several low pressure (LP) turbines, see 

Fig.(1.1). These machines are often subjected to transient high amplitude tor

sional oscillations which may severely limit the useful life of the equipment. 
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Metal fatigue, which could be defined as fracture by progressive growth 

of a crack under variable cyclic loads, is one of the main concerns of the turbine 

designer, manufacturer and operator. It is considered as one of the main causes of 

failure of components during operational life, and can determine the life of many 

components. Cracks will be initiated and developed when the fatigue threshold 

conditions have been exceeded. 

In the oil pumping and the electricity generating industries there is a 

great demand for a better understanding of the possible fatigue failure of the 

turbine shaft or other rotating parts; it is also a very costly business. The cost of 

the failure can run into millions of dollars. During normal operation, the shaft is 
-

subjected to self-weight bending and a steady state torque. However immediate 

high speed closure after an electrical fault may cause large transient torques in 

the shaft. Also the shaft will have to supports its own and other rotating disc 

weights which are attached to it during shut down periods. 

1.1 Objectives of this research 

The aim of this research is to have a better understanding of fatigue failure in 

rotating machinery due to the effects of cyclic torsion and bending load. The 

material used in these tests was 3.5%NiCrMoV steel taken from an actual LP 

rotor shaft steel provided by NEI Parsons Ltd. of Newcastle upon Tyne. 

A series of tests were conducted to provide and establish in order to 

determine the following objectives: 

• The threshold conditions of the material used. 
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• The effect of stress ratio (R) on the thresholds of mode I, mode III and 

mixed mode I & III. 

• A method and/or a procedure capable of studying the crack growth rate in 

mixed mode (I & III). 

• The effect of the slit angle on the initiation and growth of a crack in mixed 

mode (I & III). 

• The changes in crack growth angle with respect to crack extension or length. 

A rectangular cross section specimen with a central slit was used for 

pure mode I tests. A cylindrical specimen with a slit in the centre was used for 

mode I II tests. A rectangular cross-section specimen with an angled slit was used 

to determine the failure conditions in mixed mode (I & III) loading. 

1.2 Thesis layout 

Previous work and a literature review of theories of fatigue failure conditions 

concerned with this research, such as the threshold conditions, crack growth rate 

and the effect of stress ratio on the threshold reported by other researchers are 

discussed in Chapter Two. Failure criteria are also reported in Chapter Two. 

The present authors research programme is described in Chapter Three. 

The experimental equipment and test rigs, used for this research, are described in 

Chapter Four. The material, specimen geometry and experimental procedure are 

also reported in that chapter. Results and observations are given in Chapter Five 

which also include some of the fractographic studies of the broken specimens. 
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The results are analysed in Chapter Six and discussed fully in Chapter 

Seven. Previous research results were compared to the data obtained from this 
. 

study and different failure criteria were considered. 

Chapter Eight contains the summary of the conclusions drawn from 

this research while Chapter Nine describes proposals for further work. 
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Chapter 2 

Literature Review 

2.1 Historical background 

Ever since the beginning of the industrial revolution, which transferred Britain 

from an agricultural nation to a mainly industrial one, mechanical failure was 

considered to be one of the main obstacles in running and maintaining the ma

chinery. Some engines could run smoothly for long periods with hardly any 

problem, and suddenly fail for no apparent reason, due to fracture in one of its 

components. It was first reported to be caused by ageing or tiredness, and since 

then, the word fatigue was used to describe a metal that fails due to repeated or 

cyclic load which causes the material to change gradually till failure takes place 

resulting in losses financially as well as in human terms. 

Research in the topic of failure due to fatigue started as early as 1820s 

and still going on with some drastic failures still occurring such as the Comet 

aircraft in 1950s, the D.C 10 airliner in 1979 and the twin engine transport heli-
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copter in Scotland in the late 1980s. 

2.2 Crack initiation and propagation 

Two of the most likely areas where a crack might initiate are the surface and 

region with mechanical and metallurgical defects. The surface grains are the 

only grains which are not supported by neighbouring grains and also they are 

more susceptible to the environmental attack than any other group of grains. So 

it is clear that any area that combines the above two weak ~oints could be the 

starting point for a crack to initiate, such as a notch at the surface. 

Metallurgical defects in a metal could cause initiation which leads to 

failure of the component. During cyclic stressing fatigue tests, crack initiation is 

generally preceded by localization of plastic strain (Brown and Miller 1973). This 

gives rise to the slip planes which form within surface grains and whose weakest 

slip planes are favourably oriented with respect to the applied stress system. As 

cycling continues, these slip lines widen and form slip bands, which were first no

ticed by Ewing and Humphrey (1903). Microscopic discontinuities or slip steps 

on the surface are created as a result of the presence of these slips bands. Lynch 

(1978) observed that in the case of uniaxial loading, if these planes intersect the 

free surface at 45°, intrusion and extrusion may occur. 

As the test proceeds, some slip bands become more important than 

others due to their persistent occurrence and that is where a fatigue crack may 
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eventually initiate Fig.(2.1} (Wood 1958). 

Although slip bands are not the ()nly source of crack initiation, other 

metallurgical defects could be more favourable such as non-metallic inclusions 

which could cause the crack to initiate due to either the inclusion itself suffering 

fatigue before the actual grains of the metal or it may cause a debonding of the 

inclusion from the surrounding grains (Broek 1978). 

Cracks may also initiate at grain boundaries where they are likely to be 

more susceptible to environmental effects, also they could be the weakest point 

where the grain boundaries are defected due to their incompatibility (Guiu et al 

1982). 

Finally, most of the cracks are formed due to more than one active 

defect, but this defect is dependent on the microstructure of the metal and the 

amount of local plastic strain to which the grain or inclusions are subjected to. 

For a crack to initiate and propagate due to fatigue damage, cyclic 

plastic deformation is essential. Since elastic deformation is fully reversible and 

therefore can cause no damage, only plastic deformation can cause irreversible 

damage to the material which is essential for a fatigue crack. 

Normally a fatigue process consists of three stages a) cyclic softening b) 

crack initiation and finally c) crack propagation till failure of the material takes 

place. It is normal to divide fatigue life time into the following stages: 

1) Initiation or birth of fatigue crack. 

2) Stage 1 crack growth, where the cracks lie along the active slip planes, 
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which generally coincide with the maximum shear plane which lies at 45° to the 

loading direction. 

3) Stage II crack propagation which takes place after the crack extends 

across two or three grains and it is normally accompanied by a change of direction 

from the initial 45° to a direction perpendicular to the maximum tensile stress 

Fig.(2.2) (Brown 1988). 

4) The final failure or rupture which takes place after the crack has 

extended so much that the material can not take the load any more which causes 

it to fail suddenly causing drastic losses if not detected earlier. 

2.3 Linear Elastic Fracture Mechanics (LEFM) 

Propagating cracks are divided into two types, short and long cracks. In this 

research our concern is mainly with long cracks which are defined to be of length 

which is more than 0.5 mm long and therefore LEFM can be applied in the 

assessment of the crack growth (Miller 1982). For LEFM it is important that 

elasticity conditions in the crack tip zone dominate, i.e. the plastic zone does not 

greatly perturb the crack tip elastic stress field. 

The conditions of LEFM must be satisfied and its limitations must be 

avoided. It is a well known practice that LEFM can not be applied to cracks initi

ated at notch roots and on physically short (micro and macroscopic) cracks. An

other limitation to the LEFM application is that it can not model situations where 

plasticity is appreciable. Therefore the main requirements for a valid LEFM -

type test is the plastic zone which is created by the singularity condition at the 
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crack tip must be very small in relation to the elastic state Fig.(2.3 ) 

I.e rp < 5
a
O' ~, to 

where 

rp is the plastic zone depth. 

a is the crack length.' 

w is the width of the specimen. 

B is the thickness of the specimen. 

This condition may be satisfied by the limitations imposed on the slit 

depth of the specimen compared to the diameter of the mode III specimen and 

the width of the three point bend specimen. 

The application of the LEFM has provided an empirical basis for de

scribing the phenomenon of fatigue crack propagation. In a situation, above the 

threshold, when a load is applied to a sharp precracked or slit specimen ( crack 

tip radius is zero ), the crack will open and a plastic zone is created at the crack 

tip causing the crack to blunt and claiming a new surface at the tip of the crack. 

When the load is removed, the crack will close and the new claimed surface will 

be the new extension of the crack. 

LEFM analysis of the crack growth permits a direct and advantageous 

comparison between small laboratory specimens and large structures when the 

stress intensity factor terms (which incorporates the geometry factor and the 

loading factor) are identical in both cases. If two cracked bodies with different 

loads have the same stress intensity factors then the crack tip stress fields are 

identical. 
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2.4 Stress intensity factor 

There are three basic modes of relative displacement of the cracked surface, which 

can occur, these are shown in Fig.{2.4). The preferred mode of crack growth 

depends on the type of loading. These modes were identified by Irwin (1957) as: 

Mode I which is called the opening mode in which the crack surfaces 

move directly apart and loads are applied perpendicular to both the crack front 

and faces. It is related to stage II of the fatigue crack extension. 

Mode II which is a shear loading, which relates to stage I of fatigue 

crack extension and it is produced when the load is applied perpendicular to the 

crack front in the plane of the crack. 

Mode III is the anti plane shear loading in which crack surfaces remain 

in the crack plane, but move parallel to the crack front. 

For each crack surface displacement mode there is a particular elastic 

stress field associated with the crack in the vicinity of its tip. This stress field 

is best explained by a term known as the stress intensity factor (K) which was 

first introduced by Irwin (1957). The suffix 1,11,111 represent the modes of the 

stress intensity factor. In mode I, when a remote stress (o-) is applied to a crack of 

length (2a) located in the centre of an infinite body, will cause the stress intensity 

factor J(I to rise to a value given by the relationship 

(2.1) 

where F( ~) is a correction factor depending on the geometry of the specimen. 

This relationship is only approximate as it is only the first term of a long expres-
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slOn. 

Investigation of the crack growth in an elastic field was started in 1953 

by Head and then by Frost and Dugdale (1958) and continued by McEvily and 

Illg (1958) and then by Liu (1963). It was Paris and Erdogan (1963) who brought 

their works together and concluded that the stress intensity factor which provides 

a complete description of the stress field around a crack tip, should control the 

rate of fatigue crack propagation. This relationship was expressed in the equation 

known as the Paris Law, which confirms that the crack growth increment per cycle 

(;;;) is principally a function of the alternating stress intensity factor Ll/( 

(2.2) 

where fl./( = Kmax - Kmin and A and m are constants dependent on the 

material, temperature, microstructure and stress ratio. The value of m is usually 

2 ::; m ::; 5. This relationship is widely used since it exposes the most impor-

tant fact of the self similarity of the fatigue crack growth process. However it is 

only valid in the linear part of the fatigue kinetic diagram Fig.{2.5) (Ritchie 1979). 

In Fig (2.5), the curve is divided into three regions. In region C, there 

is a large effect of microstructure which explains the deviation of the curve from 

linearity and by the time the component reached this stage of crack growth, its 

life is nearly at the end, while in region B, the straight line could be adequately 

described by the Paris Law. In the first stage, stage A the crack extension rate 

falls to around one atomic distance per cycle ( i.e 10-7 mm/cycle). Due to 

the low level of the applied stress, crack growth in this region is reported to be 

intermittent ( Stanzl and Tschegg 1980) which gives support to the Hornbogen 

& Gatz (1976) theory that cracks are subject to the microstructural variation. 
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Other workers did not agree that the stress intensity factor is the best 

parameter to describe the stress field around the crack or to be used as a pa-
. 

rameter to monitor the initiation and the growth of the crack at different states. 

Hay and Brown (1986) in their work on the initiation and early growth of fatigue 

cracks from a circumferential notch loaded in torsion, claimed that the mode III 

stress intensity factor can not provide a unifying parameter for crack propaga-

tion at different temperatures and reasonable correlation was obtained by using 

an elasto-plastic strain intensity factor that characterizes mode III deformation 

close to the crack tip. 

2.5 Fatigue threshold behaviour 

In simple terms we can define the fatigue threshold as the boundary between no 

crack growth and crack growth. In practice the threshold is determined from 

the highest stress intensity factor at which the detectable crack growth rate is 

less than 10-10 m/cycle i.e less than one atom spacing per cycle (Ritchie 1979). 

Pook (1985c) defined the fatigue crack growth threshold as 'the minimum value 

of 6.](] needed for continued stage II of fatigue crack growth under steady state 

conditions'. The steady state conditions means that the crack must have grown 

for some distance, this will restrict the definition to long cracks. A better defini

tion was given by Pook (19S5c) as 'the value of 6.](] corresponding to a steady 

- state crack growth rate of 10-11 m/cycle' which is slightly less than one lattice 

spacing per cycle. 

Little is known from a mechanistic or metallurgical point of view about 

the micro-mechanisim of the crack propagation at near threshold growth rates, 
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and furthermore there is still a substantial lack of reliable engineering data. This 

information is extremely important for design purposes when determining the life 
. 

time of a component which can withstand an extremely high frequency with low 

amplitude loading for a life time of 1010 cycles over 20 years. In a high speed rotor 

of a steam turbine operating at 3000 r.p.m, a crack growth rate of the seemingly 

insignificant near threshold growth rate of 3 X 10-12 m/cycle could produce 

a crack length of 30 mm during the life time of the rotor, which could clearly 

result in catastrophic failure. In fact knowledge of low growth rate fatigue crack 

propagation data and in particular, information regarding the existence of the 

threshold stress intensity factor, has been shown to be essential in the analysis 

of such problems as cracking in turbine blades, turbine shafts and alternator 

rotors(Tschegg 1982). 

2.5.1 Fatigue threshold under mode I 

Lindley (1981) and Ritchie (1979) stated that threshold may be defined as the 

value of mode I stress intensity factor range (6.I<th) below which fatigue crack 

remains dormant or grows very slowly at an experimentally undetectable speed. 

Mode I fatigue thresholds are usually approached using a load shedding 

technique as recommended by ASTM standard E647. This procedure involves 

successive load reductions of not more than 10%. Larger reductions in load are 

liable to give premature crack arrest from retardation effects owing to residual 

plastic deformation. The crack is allowed to grow a distance equal to several 

times the plastic zone generated at the previous (higher) load level to minimise 

these retardation effects caused by changes in load. 
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Ritchie (1979) stated that the threshold intensity (flI<th) should rep-

resent the alternating stress intensity where the growth rate is infinitesimal and 
. 

went on to review the factors that could influence the near threshold growth 

rate such as mean stress which does not influence the midrange growth rate 

(growth rate which follows Paris Law ) while near threshold propagation is gen

erally extremely sensitive to load ratio R or mean stress. He concluded that near 

threshold behaviour is particularly sensitive to microstructural factors such as 

cyclic strength grain size, grain boundary composition and structure. 

2.5.2 Fatigue threshold under mode III 

Experimental studies on fatigue crack threshold and propagation in mode III 

(antiplane shear) are rather rare in the literature especially if they are to be 

compared to the vast amount of research published for fatigue crack growth under 

mode I (tensile opening) conditions. 

Most research on mode III fatigue is carried out using circumferentially 

notched round bar specimen under torsional loading (Hourlier et al 1978 and 

1982). Although this specimen is simple in geometry, it is extremely prone to mis

alignment problems which induce undesired bending moments and hence cause 

asymmetrical crack growth. Ritchie et al (1985) avoided this problem through a 

specially designed torsional Woods metal grip in their study of mode III fatigue 

crack growth in various metals. It was concluded that mode III crack growth 

rates are related to the cyclic crack tip displacement (flCT Dll1 ) or plastic strain 

intensity range (flflll) provided friction abrasion and interlocking between slid

ing fracture surfaces was minimised by the application of small superimposed 

tensile mean loads. 
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The crack front in a pure mode II I loading is a closed curve and 

this means that the crack front can not rotate and remains continuous. In a . 
macroscopic sense the crack remains confined (Tschegg 1982) to its initial plane 

Fig.(2.6). Pook (1985a) stated that for pure mode III a 'twist' fracture surface 

is sometimes observed, at zero mean load ( R = -1 ) this consists of intersecting 

mode I facets on a complementary planes at (±45°) to the macroscopic crack 

plane Fig.(2.7) .. True mode III crack growth in which the fracture surfaces have 

a rubbed, featureless appearance is otherwise observed. It is not clear whether 

mode I facets do not form, or they form and then destroyed by rubbing; the 

former is assumed in Ritchie et al (1982), Hurd and Irving (1982) and Tschegg 

(1982). 

For a given applied loading, the growth rates of both types of crack 

diminish rather than increase with increasing crack length due to interference 

between the crack faces, and a transition commonly occurs from a microscopically 

flat to factory roof type of fracture surface. This transition has been taken to 

define false mode III threshold for macroscopically flat fatigue crack growth, the 

value of which is in general considerably higher than the fatigue threshold which 

corresponds to the factory roof cracking. Hellier et al (1985), Pook and Sharples 

(1979) suggested that from consideration of mode I branching at a mode III crack 

the ratio of this latter mode III threshold to the mode I threshold for a given 

material should be 1.35 theoretically. 

Hay and Brown (1985) applied a 3.0 M Parm mode I stress intensity 

factor to reduce the crack flank interference and to achieve the maximum crack 

growth for the applied load. In their constant angular deflection condition tests, 

they found that cracks were initiated in the form of a 'factory roof' by a mode 
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I mechanism at approximately 45° to the plane of the notch. The factory roof 

cracks propagated radially in these 45° planes until the applied stress intensity 
. 

factor increased to a value where the mode of cracking changed to a mode III type, 

which gave a fiat fracture surface. If the initial applied load was high enough, a 

flat fractured surface would have been produced across the entire cross section. 

The application of the axial load did not affect the major features of the fracture 

surfaces, but reduced the amount of surface rubbing. 

The same results were obtained in their tests of constant stress intensity 

factor conditions, where the applied torque was reduced as the cracks propagate. 

The fractured surfaces were flat when the stress intensity factor was high and 
. 

it was a factory roof facet shape when the stress intensity factor was low. The 

change from flat to a factory roof was accompanied by a reduction in crack growth 

rate, which gives the indication of a crack face rubbing preventing the full effect 

of the applied load being felt at the tip of the long crack. A similar procedure was 

used by Ritchie et al. (1985) in their mode III tests on AISI 4340, 4140, ASTM 

A469,and A470 Fig.(2.8). It was found that in pure mode III tests, the sliding 

crack surfaces remain in contact to such an extent that the broken ligament of 

the specimen is still able to carry torque and that is why they superimposed 

small static axial loads onto the cyclic torsional loads to separate the sliding 

crack surfaces. It was found that no interpretation was obtained from the results 

of a mode III test on annealed 4140 steel using the stress intensity factor as a 

parameter versus the fatigue crack growth rate as shown in Fig (2.9a), while 

the same test when repeated with the use of the small axial loading and using 

a plastic strain intensity range(.D.flII ) as a replacement to the stress intensity 

factor, a better interpretation was obtained that falls within a certain range as 

shown in Fig (2.9b). A unique relationship between mode III propagation rates 
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and (~r II I) was found with minimum scatter over a wide range of growth rates 

when the same tests were performed on A469 and A470. A relationship was also 
. 

found between crack tip displacement CTDIII and the plastic strain energy flIl 

for small scale yielding and is given as 

CTD/I1 = 2f/II (2.3) 

At high crack fatigue growth rates and short crack lengths, the fatigue 

surfaces were observed to be microscopically flat (pure mode III) and as the 

cracks grow, the crack growth rate is reduced and a transition takes place from 

the microscopically flat surface to the factory roof surface. This transition process 

is claimed by Ritchie et al (1985) to be irreversible, as the torque is increased to 

the previous levels, the factory roof mode does not revert to the microscopically 

flat mode. They concluded that if the crack tip displacement is taken as a base 

for comparison, mode I cracks were propagating at higher rate than the mode III. 

Crack extension was considered to occur via the coalescence of voids initiated at 

inclusions in the immediate vicinity of the mode III crack tip by mode II shear 

parallel to the crack front. Hourlier et al (1985) used notched round bar at load 

ratio equal to zero resulted in fatigue crack inclined in one direction at an angle 

(0:) joined by regions of ductile fracture surfaces and concluded that fatigue crack 

propagates in a direction in which the crack growth rate is maximum. 

Although determination of mode I fatigue threshold is widely accepted, 

mode III threshold condition determination is not as readily defined as mode I. 

Tschegg (1982) considered the true mode III threshold to be the lowest stress 

intensity factor range at which mode III flat crack growth occurred. At lower 

applied ~f{IJI value crack propagation occur by mode I facets. Hellier et al 
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(1985) defined the mode III threshold as the boundary between no crack growth 

and facetted crack growth. 

2.5.3 Fatigue threshold under mixed modes I and III 

There is no generally accepted definition of fatigue threshold under mixed mode 

loading. The investigation of fatigue threshold under mixed modes has been 

carried out under four different methods, Pook (1979) investigated it using a 

three point bend specimen with an angle slit. The angle was varied in order 

to obtain different ratios of AAKKI • Yoshioka et al (1984) used a centre cracked 
... 111 

plate specimen having an inclined crack (f3 = 0, i,~) as shown in Fig.(2.10), 

while Yates and Miller (1988) used a circumferentially slit round bar with a 

special loading frame Fig. {2.11} that allows specimens to be loaded in four point 

bending with two outer loading points displaced either side of the specimen axis. 

The distance of the outer loading points from the specimen centre line governs 

the applied torque and the separation of the two centre supports governs the ratio 

of torque to bending moment. Full details of the frame is given in Yates {1987}. 

Nayeb-Hashimi et al (1982) investigated fatigue thresholds under mixed modes I 

and III using circumferentially notched cylindrical specimens subjected to cyclic 

torsion with a superimposed static loading. They claimed that the superimposed 

K/ values did not influence crack growth rates of mode III as long as the super 

imposed K/ does not exceed 70% of the KIth' 

Hourlier and Pineau {1981} in their work on mixed modes I and III used 

a notched round bar with a cyclic mode and steady mode III loading on fatigue 

precracked specimens. They stated that ridges were observed running radially 

towards the centre of the specimen. These features correspond to the formation 
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of fairly regular sets of inclined facets connected by longitudinal radial planes. 

The inclined facets fractographic features are similar to those observed in mode I 
. 

loading, while the longitudinal radial planes exhibit the features associated with 

ductile rupture and rubbing. Also a decrease in the fatigue crack growth rate 

in mixed mode I and III was reported compared to mode I growth rate and 

this decrease can reach two orders of magnitude. This decrease was associated 

with the crack closure phenomenon. They concluded that under complex mode 

loading a fatigue crack propagates in the direction in which the crack growth is 

maximum and that the crack growth rate is assumed to be controlled only by the 

local mode I component. 

. 
Hay (1983) used a notched bar specimen in his constant angular dis-

placement test at high torque and reported the transition from the small factory 

roof facet to the flat mode III fractured surfaces which gives reason to believe 

that flat fractured surfaces are formed by pure mode III mechanism rather than 

rubbed mode I facets due to interface friction in the facet surfaces. 

It is a known fact that the cracks in a mixed mode loading tend to 

grow in mode I. This observation can not be proved in the strict sense of the 

word. Pook (1985a) confirmed this tendency for proportional loading at both 

macroscopic (1 mm) scale and a smaller ( 0.1 mm ) scale. At the macroscopic 

scale the tendency appears to be suppressed if the crack front is a closed curve. 

The results of these methods did not coincide with each other as the 

crack in a circumferentially slit round bar would tend to be confined to the plane 

of the slit which means that the crack can not rotate and remains continuous, 

while the crack in the angle slit specimen can easily twist to the preferred mode 

I orientation. The path of this last orientation has not been predicted firmly yet. 
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Po ok (1985a) concluded that the fracture surfaces of the mixed mode 

I and III test specimen showed that the initial crack growth was achieved by the 
. 

formation of small mode I branch cracks which developed into a 'twist fracture'. 

This consisted of narrow mode I facets connected by irregular cliffs of predom

inantly mode III as crack growth proceeds. These facets tend to merge as the 

cracks grow. Pook (1985a) also stated that the event which controls the failure 

of the specimen is the propagation of mode I branch cracks. 

Yoshioka et al (1984) who used several types of specimen to find D..I<Ith 

concluded that the same value of D..I<lth was achieved for compact tension spec

imen with a fine saw cut as that of the electrical discharge machined slit as well 

as that of specimens with long fatigue cracks. They also found that the value 

of D..I<Ith was approximately the same as the threshold value for mode III for a 

stress ratio of R ~ O. 

Yates and Miller (1987) used the crack opening displacement of the 

inclined branch cracks to describe the mixed mode I and III fatigue threshold 

and concluded that the magnitude of the crack opening displacement in mode I 

direction governs the mode I crack growth in mixed mode I and III fatigue and 

that this failure criterion is independent of the specimen geometry. 

So far, no single fracture mechanics parameter can describe the ex-

perimental mixed mode I and III threshold conditions satisfactorily on its own. 

However, ways of combining mode I and mode III fracture mechanics parameters 

might give a better understanding. 
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2.6 The effect of stress ratio on threshold fa-

tigue 

The effect of mean stress is often expressed in terms of the stress or load ratio 

( R ). Stress ratio is defined as the minimum stress divided by maximum stress 

during the stress cycle (R= ~. ) 
UmllX 

The effect of R ratio on crack growth is explained in terms of LEFM. 

Two categories could be used to explain the effect of mean stress on the threshold 

and crack growth. First is that if the amplitude of stress intensity factor is kept 

constant during the test and the mean tensile stress is increased, it will cause 

the maximum stress level to increase causing an increase in the crack growth. In 

terms of stress intensity factor a high stress ratio will lead to a high maximum 

stress intensity factor which means that the crack is more likely to propagate 

under the high value of the maximum stress intensity factor than a lower value. 

The second category is the crack closure effect on the crack growth, and 

this is explained in the fact that it was noticed that some cracks remain closed 

even at stress intensity factors which are higher than the minimum value, causing 

the actual effective range of stress intensity factor to be reduced. If the effective 

range of stress intensity factor is to be considered as the only factor that controls 

the initiation and propagation of the fatigue crack growth, this will mean that 

the mean stress intensity factor level has nothing to do with the crack growth 

behaviour as long as the effective stress intensity factor range is kept constant 

through out the test. But experimental results have shown that the level of crack 
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closure is related to the level of the mean stress intensity factor, i.e 

/:).[{eff = [{max - [{cl = function of (I{max, [{mean) 

where [{cl is the stress intensity factor at which the crack starts to open. This 

means that the mean stress or R plays an important influence in the changing of 

the level of crack closure level. This subject will be taken in detail in the next 

section. 

Numerous investigations of the influence of mean stress on the fatigue 

threshold and long life fatigue strength have been made. Ritchie (1979) indicated 

that although little influence can be seen for the midrange of growth rates, near 

threshold propagation is generally extremely sensitive to the load ratio. Studies 

in a wide range of steels and non ferrous alloys, tested in ambient temperature 

air, indicated that the value of /:).[{th is markedly decreased, and that propagation 

rates are increased, as the load ratio is raised within a range of R from 0 to 0.9. 

Ibrahim (1989) in his work on 2024 -T3 aluminium alloy concluded 

that the threshold stress intensity range, /:).[{th decreases linearly as the positive 

stress ratio increases and as the magnitude of compressive peak stress decreases 

and that the intermediate crack growth rate, for a given value of /:).[{, increases 

as the stress ratio increases and as the magnitude of the compressive peak stress 

decreases. He introduced a new formula for the crack opening stress level as a 

function of stress ratio, the R ratio values he used were 0, 0.2, 0.5, although his 

results did not coincide with similar equations proposed earlier by Schijve (1988) 

or Elber (1970) he managed to normalize the crack growth curves for various R 

to a single curve which made him believe that 2024-T3 aluminium alloy has a 

• da 1\ T.' umque dN VS U11eff curve. 
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The inft.uence of grain size and stress ratio combined together were stud-

ied by Cadman and Brook (1983) and Priddle (1978). Cadman during his tests 
. 

on the effects of grain orientation and stress ratio R on L:::..Kth in low alloy steel 

stated that the threshold decreased as the ratio increased, for both transverse 

and longitudinal cracks along the rolling direction. The threshold value for the 

transverse crack at values of R between 0.1 and 0.6 was lower than for the longi-

tudinal crack. This was due to roughness induced closure while at higher R ratio, 

the longitudinal crack showed a lower threshold value than the transverse crack. 

This was caused by manganese sulphide stringers, because stringers represented 

an easy path for crack growth compared with the metal matrix. Priddle in his 

study on the inft.uence of grain size on L:::..Kth in 316 stainless steel at different R 

ratio found that L:::..Kth was dependent on R ratio and grain size. When the same 

R ratios were used for coarse and fine grain materials it was found that L:::..Kth 

was higher in the coarse grain than the fine grain material. 

Yoshioka et al (1984) stated that L:::..Kth under mode III is not affected by 

stress ratio R and is approximately constant, and can be regarded approximately 

equal to L:::..Kth under mode I of the same material at stress ratio R ~ O. Their 

work on mixed mode I and III brought them to the conclusion that the value of 

L:::..Kth is greatly affected by the mixed mode conditions. 

Tschegg (1983) stated that in cylindrical circumferentiallynotched AISI 

1018 steel specimens the fatigue crack growth rates based on effective mode III 

strain intensity values are not inft.uenced by changing R values in the range from 

(-1) to (-0.02). However, the sliding crack closure inft.uence increases, if the R 

ratios exceeds (-0.2). Nayeb-Hashemi et al (1983) in their study of torsionally 

loaded circumferencially notched cylindrical bars of A469 and A470 commercial 
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rotor steel stated that mode III fatigue crack growth rates were observed to be 

independent of R ratio at R = -1 and -0.5. 

The relationship between tl[(th and R could be represented as in Fig.(2.12). 

It is seen by many researchers that tl[(th can not be a material constant. Schmidt 

and Paris (1973) explained the R dependence of tl[(th by the mechanism of crack 

closure (see fig.2.13); they proposed to subtract from tl[(th that part which is 

needed to open the crack. The stress intensity factor which just opens a crack 

during the loading part of the cycle [(el, is taken as the transition point between 

excursions of compressive stresses and strains and excursions of tensile stresses 

and strains in the region near the crack front. 

In recent years several methods were established to measure the crack 

closure, the most common method is the measurement of specimen compliance 

(Fleck 1990) using either a crack mouth gauge or back face strain gauge. This 

method assumes that crack closure actually takes place at certain stress intensity 

factor called [(el. Taylor (1992) states that it is now well established that the 

crack closes gradually over a range of K during unloading. He goes on to say that 

the use of tlKe!! which is defined as 

b.[(eJ! = Kmax - Kel 

is in fact equivalent to a simplified use of the energy balance method. He uses 

b.Ktr1J.e parameter which is calculated directly from the energy change with the 

load. It was concluded that b.Ktr1J.e remains constant with R ratio and appears 

to be the 'intrinsic' value of the threshold. 

The crack closure was not measured in this research as it is impossible 
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to measure it in mode III tests and it is very hard to measure it accurately in 

mixed mode I & III. Also mode I tests were performed mainly on slit specimens, in 
. 

order to establish mode I thresholds conditions essential for comparison purposes. 

Schmidt and Paris (1973) proposed two equations to describe the rela

tion between stress ratio and threshold value of stress intensity factor, one for a 

high value of R and the other for a low value. In general it was observed that 

~I<th decreases linearly as R increases, till R reaches a certain critical value, 

after which the threshold remains constant. Schmidt and Paris attributed this 

to the crack closure effect. If the stress intensity needed to open a crack D..I<cl is 

assumed constant, then one might expect that there must be a certain portion 
. 

of the stress intensity range above ~I<c/ called ~I<o, necessary to produce crack 

growth at the threshold. If !1J{o is assumed constant with changes in load ratio 

two distinct situation arise [see Fig.{2.14)]. 

For low load ratio - if I<min ~ I<cz, then 

[{max = [{c/ + J{o 

Since R = fi.mm. 
Kma:JI 

then ~[{th = [{max - [{min = [{max(1 - R) = (I(c/ + D..I<o)(l - R) 

I.e !1[{th = ~I<tho(1 - R) 

where ~I<tho is the threshold stress intensity at R = 0 

For high load ratio, if I<min 2:: I<c/ then 

I<th = ~I<o =constant 

d }'I" tlKt h..!i9.. an \max = l-R = l-R 

therefore ~J{th = J{o 

These two relations would predict forms of ~I<th versus Rand I<max versus R as 

shown in Fig.(2.14). 
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Other empirical equations describing the effect of R on f:j.I<max have 

been proposed by other researchers such as Klensil and Lukas (1972) which is 

widely used for steels 

where f:j.I<tho is the threshold stress intensity at R - 0 and I is a 

material constant its value ranges 0 - 1. 

A relationship similar to Schmidt and Paris previous equation was sug

gested by Beevers (1981). 

where 

f:j.I<ith is essentially f:j.I<o for f:j.I<min :::; f:j.I<cl 

and for I<min ~ f{cl 

Xiaopeng (1990) derived a relationship different to the previous one in 

value of f:j.I<th but similar in the expression. This general expression, for the 

variation of f:j.I<th with R is given as : 

The values of f:j.I<th obtained from this equation were compared to the 
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results obtained via a practical experiment, it was found that a good agreement 

exists between the two values for metal such as EN3A, En24 and D6C while a 

slight difference was shown for Ti-6AI-4V ·plate as shown in Fig(2.15 a & b). 

This equation coincides with Klensil and Lucas if the value of"Y was taken to be 

0.5. Lindley (1981) gave the values of"Y for several types of steel in his research 

on threshold. Another equation was derived by McEvily and Gregor (1977) and 

gIven as : 

The effect of stress ratio R on the crack growth was_considered by the 

Japanese Welding Engineering Society (JWES) and are given in their standard 

2805 which offers a formula to substitute for the Paris law ( Allen 1980) 

.1:!!:.. = C(!±E)(~J()m dN l-R 

= ~J(mean{~J()m-l 

This formula indicates that the crack growth depends on the mean stress value. 

As much as some workers insist that R has a great effect on the thresh-

old of fatigue cracks, others such as Maddox (1975) concluded that crack propa-

gation in steel are not greatly affected by changes in mean stress provided that 

stresses are always tensile. Others showed a J(lma:r: dependency at R ratios. This 

dependency is not universal, Beevers et al (1975) results showed a clear depen

dencyon J(lma:r: at R ratios for medium carbon - manganese steel as long as R 

ratio is below 0.5, also Suresh and Ritchie (1983) and Ritchie et al (1980) found 

that for a pressure vessel steel, the fatigue crack growth threshold changes with 

mean stress depended on the environment such as oxide induced crack closure. 
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It is clear from most of the published data and work on the effect of 

load ratio on the crack growth that there is no clear criterion of any load ratio 
. 

as most the data are not sufficient to determine this criterion. 

2.7 Effect of crack closure 

The concept of crack closure was first described by Elber (1970) who proposed 

that premature contact between the crack faces can occur even during the tensile 

portion of the fatigue cycle because of the permanent residual displacements, 

arising from prior plastic zones left in the wake of growing fatigue crack. Since 
. . 

the crack can not propagate while it remains closed, the net effect of closure is 

to reduce the applied t:1[( value to some lower effective value (t:1[(eJJ) actually 

experienced at the crack tip. 

Therefore 

Where [(cl is the stress intensity factor at which the two fractured surfaces first 

come into contact during the unloading portion of the fatigue cycle. 

The stress intensity factor range is given by 

t:1[( = [(max - [(min 

Elber (1971) postulated that fatigue crack propagation rate is governed 

by the effective value of the stress intensity factor range t:1[(eJ J such that 

= C(U t:1K)m 

where U AKeU Kmax-Kcr 
- AK Kmax-Kmin 
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which is the fraction of the cycle during which the crack is fully open. 

Elber suggested the following relationship to determine the value of U. 

U = 0.5 + OAR for -0.1 < R ~ 0.7 

Smith, Watson and Topper (1970) proposed their so called SWT pa-

rameter which describes the relationship between the effective stress intensity 

factor range and the stress ratio, based on Walker's parameter (1970), and it is 

gIven as 

~J{ 

llKeJJ = [2(1-R)]' 

. 
If the value of ilK is kept constant, and the value of stress ratio R is 

changed from R = 0 to R = -1, the value of llI<eJJ for R = 0 is greater than 

that of R = -1 by a factor of ( vi2). It also follows that the crack growth rate for 

R=O is twice that of R = -1. This result is in agreement with some experimental 

results by Qingzhi (1984) and some finite element analyses by Newman (1976). 

Suresh and Ritchie (1983) discussed the factors that introduce crack 

closure among them are, as shown in Fig.(2.16), the following factors: 

2.7.1 Oxide induced crack closure 

The concept of oxide induced crack closure, according to Ritchie et al (1980), 

Stewart (1980) and Suresh et al (1982), is based on the phenomenon that at 

low load ratios, near threshold growth rates are significantly reduced in moist 

environments compared to dry environments, due to the presence of corrosion 

deposits on crack faces. Such oxide debris provides a mechanism for enhanced 
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closure by resulting in an earlier contact between the fractured surfaces through 

an increased closure stress intensity ([{c/). The formation of corrosion deposits 

and its process is promoted by: 

a) Small crack tip opening displacements (CTOD) (Suresh and Ritchie 1982). 

b) Highly oxidizing media, such as water (Suresh and Ritchie 1983) 

c) Low load ratio, which facilitate repeated contact between the fractured sur-

faces through small CTOD values (Suresh and Ritchie 1982). 

d) Rough fracture surfaces, which at low ilK values, promote relative sliding and 

rubbing between mating crack surfaces (Suresh and Ritchie 1982). 

e) Lower strength material (Ritchie et al 1980) 

Ignoring any other effect, such as plasticity and hysteresis losses, Suresh 

and Ritchie (1983) developed an expression to evaluate the crack closure stress in

tensity [{c/ at the crack tip for plane strain conditions as shown in Fig (2.17) to be 

where do is the maximum excess oxide thickness, 21 the location behind the tip 

corresponding to the oxide formation and 1!v2 is Young's modulus in plane 

strain. However this expression is capable of providing a crude description of the 

extent of oxide - induced closure. 

2.7.2 Roughness induced crack closure 

The roughness of a crack is caused by the extension of the crack through several 

grains. Near threshold crack growth proceeds by propagation along slip bands 
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on active slip planes ( Venables, Hicks and King 1983). The sharp changes in the 

crack path which this necessitates on reaching grain boundaries produces rough 
. 

fracture surfaces, the roughness depends on the grain size. The mode of growth 

involves both tensile (mode I) and shear displacement (mode II) components in 

the slip band in which the crack is propagating. As seen in Fig.(2.18), when the 

cycle is at Kmin the crack is wedged open by non mating fracture facets. Large 

compressive stresses are generated across regions in contact, leading to fracture 

surface damage. When the forces applied are just above t:.Kcl the fracture sur

faces have separated and the crack propagates in the slip band by a mixture of 

mode I and mode II opening. By Kma:c some irreversible deformation will have 

taken place in the slip band. When the load is reduced to just below Kcl, the 

crack is again wedged open with compressive stresses across the mating regions 

just starting to build up, preventing the surfaces from sliding over each other. 

The crack tip remains in the same state for the part of the cycle from Kcl through 

Kmin and back to Kcl so it experiences only a reduced t:.K = ](ma:c - K cl . 

Suresh and Ritchie (1982) d.eveloped a simple, two dimensional geomet

ric model in order to estimate the influence of mode II displacement and fracture 

surface roughness on closure stress intensity level. 

(.Ji.cL) - J ~ Kma:c - 1+2rx 

where 'Y is a non dimensional surface roughness parameter taken as the height, 

h, to the width, w, of the asperities and x is the ratio of mode II to mode I 

crack tip displacements. The value of this expression, as claimed by Suresh and 

Ritchie is that it shows a reasonably good agreement with experimental results 

derived from data on a 1018 mild steel and fully pearlitic rail steel (Minakawa 
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and McEvilyet al (1981) and Gray et al (1983)). 

2.7.3 Plasticity induced crack closure 

Plasticity - induced crack closure takes place due to the elastic constraint in the 

wake of the crack tip of material elements permanently stretched within prior 

elastic zones which leads to interference between mating crack surfaces (Elber 

1970). 

Elber proposed an empirical relationship between the load ratio and 

the ratio ~ which was stated as. 
J(ma:s: 

j !{c/ = 0.5 + 0.1R + 0.4R2 
'-ma:s: 

This was modified later by Schijve (1976) to account for load ratio effect 

at the higher flI< values by incorporating higher order terms of R such that 

l{d = 0.45 + 0.2R + 0.25R2 + 0.1R3 
mel:!' 

Schmidt and Paris (1973) used a crack closure concept to account for 

the dependence of flI<th on R where (flI<th = I<max - I<min). If the following 

two assumptions were made [Fig.{2.13)] 

a) I<cl which is the closure stress intensity, at the threshold is indepen

dent of R ratio. 

b) flI<o, i.e the effective threshold stress intensity range necessary to 

produce fatigue crack growth is constant. 

At low R ratios, where Kmin :5 Kcl 
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I<ma:c = I<c/ + D..I<o. for 

while at high R ratio where 

for 

It can be seen from these equations that a critical value of load ratio 

exists (Rcl) above which the crack closure has no effect. This value of R is 

obtained when I<min = I<c/ such that I<th = I<o. 

Finally to conclude the discussion about R ratio and crack closure effect, 

some researchers have utilised the closure concept to explain the load ratio effect 

on the assumption that as the mean load is raised, the crack will remain open 

for a longer period of the cycle, thereby increasing D..I<eff and hence the crack 

growth rate. This argument has been applied to the threshold conditions on 

steel, titanium and aluminium alloys with little or no experimental evidence. This 

argument does not stand for the intermediate crack growth rate in the linear part 

of the :l:J versus D..I< curve in which the load ratio has no effect and yet closure 

is equally likely to occur, other researchers have observed that the level of crack 

closure effect in inert environments is greater than the level in air (Buck et al 

1975, Irving et aI1973). If the effect of load ratio is due to crack closure, this will 

mean that near threshold growth rates would be more sensitive to the load ratio 

in inert atmospheres which is in contradiction to all experimental observation by 

Priddle et al (1978), McEvilyand Greger (1977) and many others. From all these 

it can be concluded that models based on this concept to explain crack-growth 
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behaviour patterns at near threshold levels must be regarded as questionable. 

2.8 Failure criteria for fracture 

2.8.1 Strain energy release rate 

Generally speaking there are two approaches to the study of fracture mechanics, 

the energetic treatment and the stress parameter approach. The stress parameter 

in the form of stress intensity factor was discussed earlier. In the Griffith theory 

(1921 and 1924), the crack system is treated as a whole by ass.uming that cracks 

will propagate if the elastic energy release by their growth is greater than the 

energy required to create a new fracture surfaces. Therefore the crack will extend 

in a direction in which the strain energy release rate is at its maximum value. 

Lawn and Wilshaw ( 1975 ) showed that the mechanical energy released 

during incremental crack extension is independent of loading configuration, i.e no 

difference was noticed between constant force (dead weight loading) and a con

stant displacement (fixed grip loading). Even though this conclusion is considered 

only for two specific loading geometries, vigorous analysis showed this conclusion 

to be quite general. They defined the strain energy release rate (G) as the deriva

tive of the mechanical energy release with respect to crack length and is given 

by 

(2.4) 

where dUE is the strain potential energy and da is the crack increment. 

Broek (1978) showed that the strain energy release rate (G) for mode 

34 



I is given by the equation 

where v is the Poisson's ratio and E is Young's modulus. 

and 

The same was applied to mode II and III such that 

1(2 III 
GIll = (1 + v)-e 

(2.5) 

(2.6) 

(2.7) 

He also stated that the total energy release rate in a combined mode 

cracking can easily be obtained by adding the energies from the different modes, 

I.e 

1 - v
2 (2 2 1(2 III) 

G = GI + GIl + GIll = E I( I + I( II + 1 _ v (2.8) 

Lawn and Wilshaw (1975) considered the strain energy release rate in 

a combined mode cracking with tilt and twist configuration and stated that 

where () is tilt angle and </J is the twist angle of the crack extension as shown in 

Fig (2.19). For pure mode I loading the functions G(()) and G( </J), are plotted in 

Fig.(2.20) for v = ~ which shows that the maximum values of the maximum strain 

energy release rate for G( ()) and G( </J) occur at the value of () = 0 and </J = 0 
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respectively. It is then concluded that the crack is favoured to continue in its 

original plane. Thus the plane crack in mode I loading may be said to have 
. 

directional stability and that the predicted orientation of the crack growth is 

directly ahead of and in the plane of the initial crack. 

For a mixed mode I and III, the mode III component will tend to twist 

the crack out of its original plane. A consideration of Fig (2.19) shows that while a 

() - rotation of the crack plane can be accommodated by a continuous adjustment 

of the front, a <p -rotation can not. In the later case the crack overcomes the 

accommodation problem by segmenting into 'partial fronts' separated by cleavage 

steps. A plot of the normalised strain energy release rate in mixed mode I and III 

is given in Fig.(2.21) (Lawn and Wilshaw 1975) which indicates that the preferred 

orientation of the crack is that which minimises the shear loading on the crack, 

i.e in the direction of pure mode I. The plot also shows that as the ratio of the 

KJ;l increases from the value of ( 0 ) to ( 4 ) the maximum value of the curve of 

the strain energy release rate is not defined sharply which means that the crack 

path is not defined closely. 

Now, if we consider the fatigue crack extension in respect of the strain 

energy release rate, it can be stated that crack extension can occur when the 

strain energy release rate (G) is equal to the energy required for the crack growth 

. (Broek 1978). 

(2.10) 

Lawn and Wilshaw (1975) showed that for mixed mode I and III, the 

maximum strain energy release rate takes place when () = 0 
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I.e 

(2.11) 

From the combination of the equations ( 2.10 ) and ( 2.11 ) we can deduct that 

the general condition for failure is 

(2.12) 

Other workers such as Nuismer (1975), Hussain (1974), Wang (1977) 

discussed in their work the strain energy release rate and reached the same results 

as Lawn and Wilshaw except they did not consider the variation of the strain 

energy release rate with the twist angle. 

2.8.2 The strain-energy density concept 

The search for a quantity that provides a more realistic description of material 

and structure failure has led Sih (1974,1973) to a consideration of the energy 

concentrated in the crack tip region where fracture takes place for an elastic 

material, the criterion is expressed in terms of the strain energy density factor 

(S) where S is given by the equation 

(2.13) 

Where aij(i,j = 1,2) describes the angular variation of (S) around the crack tip 

and they are given by the following expressions: 

1 
all = (-)(3 - 4v - cos 0)(1 + cos 0) 

16/1 
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al2 = (_1_)(2 sin O)(cos 0 - (1 - 2v)) 
16/1 

1 
a22 = (-)(4(1 - v)(l- cosO) + E1 + cosO)(3cosO -1)) 

16/1 

(2.15) 

(2.16) 

Where /1 and v are the shear modulus and Poisson ratio respectively, 0 

is the angle of the initial direction of the crack. 

The application of the (S) factor to predict crack propagation is based 

on two hypotheses which can be stated as follows: 

1) Crack initiation occurs when the strain energy density factor reaches 

a critical value, i.e 

S = Scr for o = 00 

Where 00 marks the angle of crack extension. Fig (2.22). 

2) The initial crack growth takes place in the direction along which the strain 

energy factor is minimised i.e 

ds 0 
dB = at which () = 00 

Maiti and Smith (1984 a and b) claimed that the strain energy den-

sity criteria could not predict the crack path and that some difficulties are found 

on applying this criteria to some situations. They used the criteria of maximum 

tangential stress (MTS), maximum tangential principal stress (MTPS) and maxi

mum tangential strain (MTSN). They compared their results with those obtained 

from the strain energy density criteria (SED) and they claimed that the unstable 

crack paths based on SED criteria are different from those based on other three 

in many cases. While the critical loads given by the four criteria can be made 

very close provided the loads are calculated on the same basis. 
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2.8.3 Maximum normal crack tip stress 

Lawn and Wilshaw (1975) discussed the crack tip stresses of a sharp slit and gave 

the expressions to evaluate the components of stress and displacement directly 

from the stress function for different modes I, II and III. The relevant functions 

are stated below in terms of co-ordinate system of Fig(2.23) 

Mode I 

(2.17) 

(2.18) 

(2.19) 

(2.20) 

Mode III 

(KIIl)( . ()) U xz = --1 - sm( -) 
21l"Tl 2 

(2.21) 

(KIll) ( ()) u yz = --1 cos( -) 
21l"r2 2 

(2.22) 
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Where v is Poisson's ratio. 

Erdogan and Sih (1963) indicated that in ideal brittle materials, the 

so called 'sliding' and 'tearing' modes of crack extension do not take place. The 

mode of fracture seems to be always a crack opening. They proposed that a 

mixed mode I and II fracture takes place when the maximum normal crack tip 

stress exceeds its critical value for mode I and the crack does not grow till the 

mode I fatigue threshold stress intensity factor is exceeded. 

Yates (1987) extended the above work of Lawn and Wilshaw further to 

include the mixed mode I and III fatigue by considering both tilt and twist crack 

configuration and gave failure conditions for stresses to be 

A 2' 2 • 0 ~J(Ith 
I...l'(7yy = ~Ucrit = ~UyyCOs <P + ~uzzsm <P + ~Uyz sm 2 = .J2ir 

21l'r 

where <p is the twist angle. 

(2.23) 

Combining the equations evaluating the stresses in mode I and III given 

by Lawn and Wilshaw with the previous Yates failure conditions for e = 0 will 

gIve us 

~J{I (2 .) ~J{I1I. 
~J( cos <p + 2v sm2 e + ~J( sm 2<p = 1 

Ith Ith 
(2.24) 

Yates (1987) concluded that the maximum occurs when 

(2.25) 

and finally failure is expected to take place in the direction which minimises the 

mode II (shear) component of the stress field. 
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The same results were reached by Pook (1985c) through using a branch 

crack analysis, in which he assumed that the crack starts to propagate when the . 
stress intensity factor of the branch crack exceeds that of mode I threshold value. 

Yates (1987) gave an approximate solution for the stress intensity factors of a 

twisted branch crack at an angle (</» in a mixed mode I and III loading to be 

(2.26) 

I<III(</» = I<l- (2V; 1) sin2</> + I<IIlcos2</> (2.27) 

and later stated that the failure locus is given by the equation (2.24) 

Yoshioka et al (1984) used the theory which assumes that the crack 

branches in a three-dimensional direction and does not continuously grow along 

the extension of the main crack, which is the same analysis as that used by Pook. 

The failure envelope proposed by Yoshioka et al is the same as that of Pook and 

is given by the equation 

(2.28) 

Other investigators such as Hourlier and Pineau (1981) used the facet 

stress intensity factor in their work to predict crack path under cyclic mode I 

loading with superimposed steady mode III loading. It was shown that under 

complex mode loading a fatigue crack propagates in the direction in which the 

crack growth is maximum. The crack growth rate was assumed to be controlled 

by the local mode I component. The rate of fatigue crack growth of a facet in

clined at an angle (a) was calculated using the mode I cyclic and the maximum 

value of the stress intensity factors. 
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(2.29) 

where (C) is constant and (13 and ,) are given for each material. It was observed 

that the fatigue crack growth rate in the superimposition of the constant torque 

(mode III loading) to the alternating tensile load (mode I loading) was decreased 

compared to that of the mode I loading only. This is believed to be associated 

with the closure phenomenon which was discussed earlier. A good agreement 

was found between the calculated facet angle and the measured ones for the 

three materials used by Hourlier and Pineau. 

2.8.4 Maximum normal crack tip strain 

A theory of strain failure criteria similar to the stress failure criteria was proposed 

by Wu (1974) and developed by Chang (1981) which depends on the principal 

that in brittle fracture, the cleavage fracture would take place when the maximum 

tensile strain around a crack tip exceeds a critical value. 

Yates (1987) took this theory further by assuming that fatigue crack 

growth is controlled by mode I maximum tensile strain around the crack tip and 

that the crack will grow when the value of the maximum tensile crack tip strain 

exceeds that of mode I threshold value. He developed a fatigue failure locus for 

mixed mode I and III and it is given by 

tlKI 2 A-. tlKlll sin2¢ 1 
--,-cos 'f' + = 
tlR 1th tlK1th (1 - 2v) 

(2.30) 
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The maximum will occur when 

.J.. 1 -1 ( 2 tl,KIII) 
'fJ = -tan 

2 1 - ~v tl,K1 
(2.31) 

which will give the value of the threshold stress intensity factor. 
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Chapter 3 

Research Programme 

A study has been made of fatigue crack threshold and propagation in mode I, 

mode III and mixed mode I and III; i.e under cyclic and bending loads, for 

different stress ratios R, to provide a basis for estimating fatigue life in large 

rotating generator shafts subject to transient oscillation. Most of the previous 

work has been conducted for mode I loading, but only recently studies for non

mode I have been taken up and most of these researches were conducted for fixed 

stress ratio R. The research programme was divided into three stages: 

3.1 Mode I tests 

Three point bend specimens were used to establish the near threshold growth 

characteristics and threshold stress intensity factor. Twenty two tests were car

ried out to establish the threshold value of t:::.J( under mode I loading for different 

values of load ratio R equal to 0.06 (for R=O), 0.17, 0.37 and 0.5. 
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3.2 Mode III tests 

Fifteen tests were performed on the pure mode III loading situation using a 

straight circumferentially slit round bar in torsion. Four different load ratios R 

were used, the usual (-1) ratio as well as (0), (0.17) and (0.5). These tests were 

performed to establish the behaviour of the material near or at the threshold 

condition for mode III loading. 

3.3 Mixed mode I & III tests 

Once the threshold values of the stress intensity factors for mode I and mode 

III were established, three point bending specimens with slit angle of (45° &60°) 

til{ I . 
were used to get two ratios of til{ II I equal to 1 and 1.73 respectIvely. Tests at 

different R ratio (0.06, 0.17 and 0.5) were carried out to investigate the effect of 

R ratio on the fatigue crack growth and to establish the mixed mode behaviour 

of the crack, the fatigue crack direction and path and finally the crack growth 

rate and its correlation with that of pure mode I tests. The material, specimen 

geometry and experimental procedure are discussed in detail in Chapter 4. In all 

tests a constant current potential drop system was used to detect and monitor 

the initiation and extension of the crack in all the three stages of this research. 

Fracture surfaces were broken open using liquid nitrogen then examined under 

an optical microscope and photographed in a scanning electron microscope. The 

experimental results and analyses are reported and discussed in Chapters 5, 6 & 

7. 
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Chapter 4 

Material, test machines and 

experimental procedure 

4.1 Introduction 

In this research a single material was used throughout all the tests. The chem

ical and mechanical properties, specimens geometry, test rigs, crack measuring 

techniques, crack calibration equations, stress intensity factor calibrations and 

experimental procedure are discussed in this chapter. 

4.2 Material specification 

The material used for this research was supplied by NEI Parsons Ltd., Newcastle 

upon Tyne, and was taken from an 8 inch thick section of an L.P. rotor of turbine 

used in the electricity generating power plant as shown in Fig.1.1 and Fig.4.1. 
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The material is a 3.5 %NiCrMoV steel, the thermo-mechanical treat-

ment of the steel consists of heat treatment of the rotor forging by the forgemaster . 
. 

In the final treatment the rotor had been austenitized at 825°C, mist quenched 

to 200°C, tempered at 625°C for 32 hours and then furnace cooled. This final 

process is designed to stress relieve and ensure vanadium carbide precipitation. 

No other heat treatment was given to the raw material or the specimen. 

The composition of the material used in this research consist of the 

elements given in Table 1. 

Fig.( 4.2) shows the microstructure which is lower bainite with small 

complex carbide precipitates. The average austenite grain size was 150 pm 

±30pm {Yates 1987}. Tensile strength impact toughness data from various posi

tions in the forging were supplied. The mean value of the 0.2% proof stress was 

682 MPa (±4M Pa) and the mean value of the ultimate tensile stress was 832 

MPa (±6M Pa). The mechanical properties are given in Table 2. 

4.3 Specimen geometry 

Several types of specimens have been used by different investigators to study mode 

I, mode III and mixed modes I & III. The geometry of the specimen used in these 

tests are governed by the capacity of the existing chucks and the dimension of 

the raw materials. 
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4.3.1 Mode I test specimen 

Three point bending specimens were used to ·carry out tests to determine the mode 

I fatigue threshold condition. The geometry of the specimen is shown in Fig.( 4.3). 

Its design was based on several considerations, it should be a standard fracture 

mechanics specimen so that accurate stress intensity factors would be available 

and it should be suitable for the development of baseline mode I threshold data. 

It should be thick so that the transition to slant (450
) crack growth, sometimes 

observed in thin sheets, would not occur. 

A spark machined slit was used to avoid difficulties associated with 

machining. In pure mode I tests the angle of slit was 900
• A 0.1 mm wire was 

used to slit the specimen on the electric discharge machine to a depth of 5mm in 

the centre of the specimen and a width of less than 0.2 mm. 

The spark eroded slit was introduced to the original specimens which 

were machined to size without the slit by the supplier NEI Parson Ltd. The 6mm 

tapped holes at the end of the specimen were used to connect the leads from the 

D.C. supply for the p.d. required to monitor the crack. All dimensions such as 

slit depth, width were measured on a co-ordinate measuring machine. 

Some precracked specimens were used to determine the crack growth 

threshold conditions and to compare the results with those from slit specimens. 

4.3.2 Torsion test specimen 

For torsion tests, a round specimen with a spark eroded slit was used. As the 

chucks could only accept a maximum specimen diameter of 7/8 inch, the diameter 

48 



of the specimen was chosen to be 19 mm, the length was limited by the thickness 

of the disc cut from the rotor and therefore the length was chosen to be 85 mm. 

Fig.( 4.4) shows the dimension of the specimens used in torsion, the 

specimens were machined to the dimensions given, the ends of the specimens 

were flattened at 90° to each other to accommodate the cotter pins which hold 

the specimen in place. 

The slitting was carried out using a spark eroding machine, firstly using 

0.2 mm diameter wire and then 0.1 mm diameter wire for the last 1.5 mm of the 

slit to reach a depth of 3.5 mm. A special geared rotation assembly was used to 

turn the specimen during the spark machining process in ordet: to ensure an even 

slit. All measurement of the depth and width of the slit and the diameter of the 

specimen were taken using a coordinate measuring machine. 

4.3.3 Mode I & III test specimen 

For the mixed mode I & III tests, a rectangular three point bending specimen, 

similar to those used for mode I tests, with an angled slit were used. The speci

mens were supplied by NEI Parsons Ltd. 

The dimensions and geometry of the specimen are shown in Fig (4.5). 

The working section of the surface was hand polished using 800, 1000 and 1200 

grit silicon carbide paper to get a good surface finish for study of the crack 

extension under the microscope. 

Two series of tests were carried out using the same batch of 3.5%NiCr

Mo V steel with slit angle (0) values of 45° and 60° giving the mixed mode ratio 
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of ~~~~I to be 1.00 and 1.73 respectively. 

4.4 Test Rigs 

Two rigs were used in this research, a displacement controlled torsion machine 

was used for mode III tests and a Mayes ESHE 100 servo-hydraulic test machine 

was used for mode I and mode I & III tests. 

4.4.1 Mode III test machine 

A simple displacement controlled torsion fatigue testing machine, which was orig

inally designed by Zachariah (1973) was used to carry out mode III tests. 

The general layout and arrangement of the rig is given in Fig.( 4.6) and 

(4.7) which consists of three sub-assemblies, the specimen load cell assembly, the 

high speed drive unit and the low speed drive unit, which was not used in this 

work. The full description of the rig is given by Zachariah (1973). The crack 

initiation and extension inside the specimen were monitored by measuring p.d. 

The machine which consists of a variable speed d.c motor with an ad

justable disc throw crank and an adjustable length conrod which is connected to 

another adjustable disc throw crank fitted on the headstock chuck. The conrod 

length and disc throw could be adjusted for a wide range of mean and cyclic 

angular displacements that could be applied to the specimen. 

The specimen was held in place using tapered cotters, the other side of 

the specimen is connected in series with the load cell which is calibrated to give 
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the required torque. 

4.4.2 Mode I and mixed mode I and III tests machines 

All tests were carried out using the Mayes ESHE 100 servo-hydraulic fatigue 

machine. Three point bending specimens were used, two supports were provided 

by the two rollers fixed at a distance of 12 cm apart in the existing loading frame. 

The third point was provided by the roller attached to the machine cross head. 

The machine was operated under the control of a load cell with a sinu

soidal wave form in the frequency of 40 Hz over a 0-10 KN load range. This load 

cell was calibrated by Mayes engineer regularly. The layout of the rig is shown 

in Fig.( 4.8). 

The crack was monitored by two methods. The first was two travelling 

microscopes to monitor the surface crack length from both sides of the specimen. 

This was compared to the second method which used a d.c. current supply to 

provide a potential drop across the slit. Three p.d readings were taken, two 

positions across the crack and one as a reference potential drop. These three 

reading with maximum and minimum loads were collected at different intervals 

on a Solartron data logger which had the accuracy of IJ.l V and then printed on 

an attached telex type printer. 
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4.5 Crack measuring techniques 

. 
One single method was used to monitor crack initiation and extension in mode 

III tests while two methods were used in the mode I and mixed modes I & III 

tests. 

4.5.1 Direct current potential drop technique 

This technique employs the fact that any discontinuity in a current carrying con

ductor will cause a disturbance in the electrical potential field in that conductor. 

In this method, a constant current is supplied through the specimen from a direct 

current (D. C) power supply. As the crack length increases, the cross section of 

the specimen is reduced which causes the p.d. to be increased across the speci-

men. The change in this p.d. is of the order of a few micro-volts, which could be 

detected by a sensitive voltmeter. A constant current of 20 Amps was supplied 

from a constant current source to the leads on the end of the specimen. This 

current was sensitive enough to register any changes and small enough not to 

heat the specimen. 

Four pairs of p.d leads were spot welded at the shoulder of the slit 

in the mode III specimen while two pairs were spot welded for the three point 

bending test with an extra pair of leads for the reference point in both cases,which 

were further apart. The leads for measuring the p.d. were made of pure ferrous 

material to minimise thermo-electric effects. These leads were attached, in the 

case of the three points bending tests, to copper wires which were placed in 

a temperature controlled chamber to minimise any thermal e.mJ. interference 
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which would arise from a temperature difference between a pair of junctions. 

The p.d. was measured using a Solartron data logger which was at

tached to a telex type printer to record the data at preset intervals. 

4.5.2 The optical travelling microscope 

The other method which was used to monitor the crack initiation and extension 

was using two travelling microscopes at either side of the three point bending 

specimen. This method is not suitable for the round specimen, as the cracks 

were internal. The handicap of this method is that only the surface cracks of a 

plane specimen can be monitored and there is evidence that the crack does not 

always grow uniformly across the whole crack front through the thickness of the 

specimen. Therefore an optical method is not able to monitor crack growth in 

the centre of the specimen and that is where the D.C. potential drop technique 

can be used in conjuction. 

4.6 P.d. crack calibration equations 

Two equations were used to calibrate the crack length, one for the round specimen 

of mode III tests and the other one was for the three point bending test specimens. 
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4.6.1 P.d. calibration for round specimen 

To find an expression which could express ·the relationship between the voltage 

reading and the crack length, an equation of the form given below was derived: 

a (0/(6V)f3) D = 0.35 1 - e v,.-

where: 

a is the fatigue crack length 

D is the initial uncracked diameter. 

fl V is the difference of voltage reading at two successive readings. 

v;. is the reference voltage reading. 

As t~ => 0.3 l5 => 0.35 

since a => 6.0 mm (maximum value of crack) 

also as !l v=>O .!!. => 0 
Vr D 

( 4.1) 

The values of a and (J were found by changing the above equation to 

the form 

{ a} flV In -In(l - .) = In a + (J In-v. 
O.35D r 

(4.2) 

A graph of In {-In (1 - o.:sv)} versus In t~ was plotted and the values 

of a and f3 were found to be a = -30.557 f3 = 1.553 as shown in Fig.(4.9), 

correlation coefficient was found to be 0.994. A calibration curve was plotted as 

shown in Fig.( 4.10) 

The verification of this curve was assured by comparison of the mea-

sured final crack length of the specimens after breaking open and the calculated 

length, and they were found to be in good agreement. 
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4.6.2 P.d. calibration for the three point bending spec-

. 
1m en 

Gilbey and Pearson (1966) developed an equation that is used widely for the 

measurement of crack length in a cracked three point bending specimen and it is 

expressed as : 

'lrh 'Ira 
cosh(J(V) = cosh - sec-

2 2w w 
(4.3) 

This equation was developed later by Brown (Private communication) and used 

for contact points across the slit and reference points Fig (4.1 ~) and given as: 

dividing (4.4) by (4.5) 

where 

'lrhl 'Ira 
cosh(I<Vi) = cosh - sec-

2 2w . W 

'lrh2 'Ira 
cosh(J(~) = cosh - sec-

2w 2w 

lJ' cosh -I (cosh ili sec 'Ira) 
YI 2w 2w 

\t2 = cosh -I (cosh ili sec~) 
2w 2w 

Vi = p.d. across the crack 

~ = reference point p.d. 

2hl = distance separating the leads across the crack 

2h2 = distance separating the leads across the reference points 

a = crack length, w = width of the specimen 

Since hI and h2 are fixed and could be considered as constants 

therefore cosh ili = A and cosh ill = B 
2w 2w 
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leading us to 

Vi cosh -1 (A sec ~ ) 

V2 = cosh-1 (Bsec ;:) 
(4.7) 

A simplified version of the equations (4.4 ) and (4.5) could be obtained by as-

suming a = 0 

From equation (4.5) 

cosh(I(V2) = cosh ¥.; 
therefore 

From ( 4.8) into (4.4) 

leading to 

therefore 

J( = 7rh2 
2wl12 

7r h2 Vi 7r hI 7ra 
cosh -- = cosh - sec -

2wV2 2w 2w 

7rh2 Vi 7rh1 1 
cosh -2 T! = cosh -2 7ra 

WY2 W cos 2w 

7ra cosh ~ 
cos- = w 

2w cosh 7rh2 V1 

2WV2 

a 2 ( cosh ili ) _ - -cos-I 2w 
W - 7r cosh 7rh2 VI 

2WV2 

This last equation was used to calculate the length of the crack as 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

the p.d. 

mcreases. A ratio of ~ was used rather than the individual values of Vi and 

56 



V2 to accommodate any long term drift in the constant supply of the current. 

The accuracy of the above equation could be verified using an alu

minium foil model cut to 4 times the size of the specimen with the slit. Three 

pairs of leads were then connected to the model at distances four times those in 

the specimen and a current is then passed through the specimen. The results of 

the two readings were then compared and found within a good agreement and 

also checked against microscope readings [see Fig(4.12)]. 

4.7 The stress intensity factor calibration 

Values of the stress intensity factors for mode III, mode I and mixed modes I 

& III were calculated using different formulae in LEFM. The slit used in all 

the specimens was achieved using a 0.1 mm diameter wire on an spark erosion 

machine. The radius of the slit is 3.5 mm in torsion specimens and 5 mm in 

three point bending specimens. The argument of whether this slit is a crack or a 

notch could be settled using Taylor's argument (Taylor 1992). Taylor's method is 

based on the concept that relatively sharp notches can be considered to be crack 

like and therefore analysed by LEFM approach and that the notch concentration 

factor K t indicates the degree to which the local stress is raised, implying an 

equal decrease in the applied fatigue limit. K t was calculated for the torsion and 

three point bending specimens and found to be 16.3 and 19.3 respectively. Taylor 

stated that "in practice this prediction is resonably accurate in high cycle fatigue 

for blunt notches (e.g. if Kt = 1.5) but gives a very great underestimate of the 

behaviour of sharper notches". Since the notch used in this research has a stress 

concetration factor K t = 16 - 19, it can be stated clearly that the slit used in 
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this research should be treated as a crack and not as a notch. 

4.7.1 Mode III specimen 

The calculation of stress intensity factor for a round specimen used in mode III 

test with a circumferential slit was taken from Tada, Paris and Irwin(1985). 

( 4.13) 

where 

a a ~ F(-) = G(-) X -
b b b 

and 

a 3 ( 1 a 3 a 2 5 a 3 35 a 4 a 5) G( -) = - 1 + -- + -( -) + -( -) + -( -) + O.208( -) 
b 8 2 b 8 b 16 b 128 b b 

where 2b is the specimen diameter, b - a is the slit depth and 2a is the diameter 

of the non-slit part of the specimen as shown in Fig.( 4.4) 

T = torque 

TN = net section shear stress 

This calibration was given by Benthem and Koiter (1972) to an accu

racy better than 1% according to Tada, Paris and Irwin (1973). Method used is 

Asymptotic Approximation. 

58 



4.7.2 Mode I specimen 

The three point specimen used in this test is of rectangular shape with thickness 

(b) and a slit (a) in the centre. The stress intensity factor was calibrated using 

the equation given by Tada, Paris and Irwin (1985) 

a 
LlI<r = F( b )(JViO. 

where F( ~) is given by the equation 

and 

where M is given by : 

where I = support span 

LlP= the applied load 

(J= stress 

6M 2 

(J=-
b 

M = LlPI 
4 

( 4.14) 

The calibration was given by Brown and Srawley (1966). The accuracy 

given by Tada et al. (1985) as 1% while the same calibration given by Rooke 

and Cartwright (1976) suggested an overall accuracy to be better than 1% for 

~ ~ 0.6. 
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4.7.3 Mixed mode I &. III specimen 

The specimen used for mixed mode I & III is the same as that of pure mode I 

except for the angle of slit (()) where it is 90° for mode I and variable for mixed 

mode I & III depending on the ratio of 1<If 1<111' In this research, the angles 

were limited to 45° and 60° only. 

For () '# 90, the apparent values of 1<1 (1<A) were first calculated using 

equation (4.14) and 1<1 and 1<111 values were then calculated using the expres

sions (Pook 1985a): 

1<1 = 1<A sin2 
() 

1<[[ = 0 

1<111 = 1<A sin () cos () 

Giving the ratio of 1<If 1<111 = tan () 

4.8 Experimental procedure 

All tests were conducted in air at room temperature (average 21°C). Two differ

ent test procedures were adopted. The first one was for mode III tests while the 

other one was for mode I and mixed mode I & III tests. 
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4.8.1 Mode III tests 

The first thing to be done before installing the specimen was to calibrate the load 

cell. This was achieved by attaching dead weight loads to pair of arms bolted to 

the tail stock chuck and recording the voltmeter reading for each load. This was 

repeated for the other side of the test rig. A relationship between the torque and 

voltage readings was established as given in Fig.( 4.13) and the equation of this 

relationship is expressed as : 

v = OA036T + 0.0036 (4.15) 

where V is the voltage in mY, and T is the torque in Nm. 

The test procedure in mode III depended on using several specimens 

with one tested for each load. The load reduction method was used to determine 

the threshold stress intensity factor for the specific stress ratio (R). Starting with 

a chosen value of AI<111, a crack growth rate in mode III was found. The load 

was then reduced and applied on another specimen until a threshold value of 

AI<111 was obtained for which the crack growth rate was below 10-8 mm/cycle. 

4.8.2 Mode I and mixed mode I & III tests 

All tests were conducted at frequency of 40 Hz. In most cases a load was imple

mented on the specimen which initiates a crack that extends beyond the growth 

rate of 10-8 mm/cycle. A stress intensity factor higher than that of the thresh

old, was applied to produce the required fatigue crack. This was followed by 

periodically decreasing the load range by not more than 10%. At each step the 
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crack was allowed to grow a distance of several times the previous plastic zone 

size to minimise any possible effect of residual stress resulting from the unloading 
. 

sequence. This process was carried out till the crack rate of growth was less than 

10-8 mm/cycle. In some tests (mode I ) the load was increased by 10% after 

the crack stopped propagating in order to find b..I< Ith for a precracked specimen 

which was found to be different from that of a pre-slit specimen. 

The loading arrangement as shown in Fig.(4.14) is very simple. It in

cludes placing the specimen in the centre of the 120 mm span between two circular 

fixed support attached to the servo-hydraulic actuator with the slit being aligned 

with the centre line of the loading frame. The load was applied through a single 

roller attached to the machine cross head. A pair of current leads were connected 

to the specimen ends to supply the d.c. constant current with two mobile travel

ing microscopes, one at each side of the specimen to monitor the crack initiation 

and extension visually, p.d. leads were spot welded in the appropriate positions 

to monitor the crack electrically. 
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Chapter 5 

Results and observations 

5.1 Introduction 

In this chapter the experimental results of all tests are presented. The tests are 

divided into three main categories, mode I, mode III and mixed mode I & III 

tests. 

The stress ratio was changed in order to find its effect on the fatigue 

threshold value of the stress intensity factor. The values of R were taken to be 

0.06, 0.17 and 0.5. The results will be considered into two categories, failed and 

unfailed specimens. The data readings of unfailed specimens will not be given, 

as no change in any reading was recorded. 

The experimental details were given earlier in Chapter Four. The crack 

growth rate under mode I, mode III and mixed mode I & III will be discussed 

in sections {5.2.2,5.3.1 & 5.4.2} respectively, fractography will be dealt with in 
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sections (5.2.4,5.3.2 & 5.4.3). 

5.2 Mode III tests 

All mode III tests were performed on the displacement controlled torsion machine 

which was described earlier in Chapter Four. The first tests to be carried out 

were for" stress ratio (R) = -1, and then for R = 0.06 and 0.17. Tests for R = 0.5 

could not be carried out on this rig as it was beyond the capacity of the machine 

and it could not take the load. The slit was extended beyond the 3.5 mm depth 

and to the limit of the LEFM condition of ~ < 5
1
0 ' but st.ill the torque was 

above the limit of the machine. Another similar modern rig was used to carry 

out the tests at R = 0.5 and it was successful (see Table 5). 

The results of 6./{lII for R = -1 are not to be used for comparison with 

those of mode I and mixed mode I & III since the specimen used for mode I 

and mixed mode I & III is a three point bending specimen and the stress ratio 

implemented on it can not be less than zero, i.e in the negative value. 

The fracture surfaces in mode III tests were all factory roof type, as 

some of them can be seen in the fractography section. Higher stress intensity 

factors were not implemented as the threshold value of the mode III tests is 

considered to be the initiation of mode I cracks in the form of a factory roof 

fractured surface. 
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5.2.1 P.d. calibrations 

To monitor the initiation and extension of "the crack in the cylindrical mode III 

specimen, the p.d. system across the slit was used. No equation was available 

to express the relationship between the crack length and the p.d. readings. An 

equation had to be derived to define this relationship. As the crack extended due 

to fatigue a record of the p.d. across four contact points was kept throughout the 

test. When the crack had extended a sufficient distance, the test was stopped 

and the specimen removed, cooled in liquid nitrogen and broken open. The crack 

depth was then measured at the four monitoring contact points using a travelling 

microscope and an enlarged photograph of the cracked surfa~e. Ten specimens 

were used to plot a graph of p.d versus actual crack length in mm. 

A calibration curve of t~ versus f; was plotted as shown in Fig.(4.10). 

To verify this equation six specimens were used to compare between the calculated 

crack length and the actual measured one. They were found to be in good 

agreement with each other. It is a known fact that as the crack extended further, 

the error in measurement was greater due to the fact that no axial load was used 

to separate any contact points of the factory roof surfaces that might cause a 

shorting in the electrical p.d readings. 

The values of lI,. were of the order of 0.7 - 0.8 m V, therefore any change 

in p.d. reading = 7 JL V will represent a change of 1 % in ~ and a change in l5 of 

approximately 0.01 %. 

The major problem experienced in implementing this method of mea

suring the crack length is the sliding contact imposed by pure cyclic torsional 

loading giving rise to marked crack surface interaction effect. This is evident 
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from sign of heating, abrasion and fretting oxidation on mode III surfaces caus

ing the electrical potential measurements of crack length to suffer from severe 

shorting problems (Ritchie et al 1985). 

5.2.2 Initiation and propagation of cracks in mode III 

In some of the tests, initiation of cracks started within the first few cycles as in the 

test for specimen RD 1 when the range of the applied stress intensity factor was 

15 M Pavrn for R = -1. The initiation of the crack occurred within a few hundred 

cycles from the start of the test. Initiation of the crack took place simultaneously 

all round the specimen. Some deviations in crack length were evident and that 

was clear from the p.d. reading, which will only be recording local events in the 

vicinity of the spot welded probes. 

From the first 1 mm of the crack growth, deviation out of the mode 

III plane took place and the crack extended in a plane inclined by 45° to the slit 

plane forming the factory roof crack. When R was = -1, the crack was extended 

in ±45° planes, but when R is changed to 0 or 0.06 the crack planes were single 

set and inclined at 450 only. This is due to the fact that the maximum stress in 

the first case was ±~CT, ie ~CT in tension and - ~CT in compression while 

in the second case where R ~ 0 it is given as !:::.U if the same !:::.f{III values were 

used. 

Since the nature of the crack is the factory roof type, the crack growth 

under pure cyclic torsion is strongly influenced by torsional crack closure, espe

cially as the crack increases in length, where the effective torque on the unbroken 

ligament is severely reduced from the nominal applied value by rubbing and in-
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terlocking between adjacent crack surfaces. 

5.2.2.1 Crack growth rates 

Crack growth rates in mode III specimens were calculated from the crack ext en-

sion as the number of cycles increases. 

Fig.{5.1} shows a graph of the potential drop readings with respect to 

the number of cycles elapsed. These potential drop readings were later converted 

to actual crack length in mm versus number of cycles and were plotted as shown 

in Fig.(5.2}. 

It can be seen from the above two graphs, the p.d. readings and the 

corresponding crack lengths that some fluctuations exist in these graphs and it 

looks as if the crack length has dropped down instead of extending, this is mainly 

due to the nature of the crack which is a factory roof, and shorting takes place 

between the two sliding surfaces of the factory roof crack. 

From the graph of crack length versus numbers of cycles, the crack 

growth was calculated using a tangent method, where two points could be taken 

and crack growth rate is given as: 

da 

dN 
increase in crack length 

number of cycles between the two points 
a2 - at 

N2 -N1 

As the crack increases in length, the crack growth rate is reduced due 
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to the frictional forces. The fluctuation was quite high and the crack growth rate 

did not show consistent behaviour, some cracks continue to accelerate, but others 

could show a constant or decreasing growth rate. In general the crack growth 

increase at first and then decreases. In the actual calculation of the crack growth 

rate a seven point method was used as recommended by ASTM E647 (E647 -

88a). 

5.2.2.2 Undetected crack length 

The potential drop method for measuring the crack length can not detect very 

small cracks. This is due to the fluctuation of the instrumentation used and the 

error introduced by such instruments can lead to some cracks being undetected. 

When the test starts, no crack could be detected and the p.d. readings seems to 

be set to a certain value with a small fluctuation. This fluctuation is what decides 

the length of the undetected cracks. If the maximum and minimum values of the 

p.d. readings are taken over a range of number of cycles = Nc, it is converted to 

crack length using equation 4.1. We can use the following expression to measure 

the undetected crack length. 

da maximum undetectable crack length - minimum undetectable crack length 
dN - Nc 

(5.1) 

For example in specimen RD8 test the minimum detectable crack growth 

rate was 

da 
dN = 3 X lO-smm/cycle. 

This method is shown in Fig.(5.3). 

Another method to measure the undetectable crack length is to calculate the 
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crack length (al) for a corresponding value of ~ using equation (4.1). Then ap

plying the same formula to calculate (a2) for a corresponding (li + ~(.!i)) V,. V,. 

as shown in Fig.(5.4) where!:J. tt is the fluctuation in the p.d. readings, then 

5.2.3 Effect of mean stress on mode III threshold 

Fig.(5.5) shows the effect of stress ratio (R) on the value of !:J.I<l/Ith. Several 

tests were carried out to decide the value of !:J.I<IIlth for the 3.5%NiCrMoV at 

different values of R = -1, 0.06, 0.17 and 0.5. The method- used depends on 

the use of several specimens. Each specimen was used for a specific value of 

!:J.I<l/I. A decreasing value of !:J.I<III was reached that just initiated a crack and 

this was regarded as the !:J.I<Il/th. It can be seen from the above figure that 

the effect of (R) on the threshold of !:J.I<th under mode III is seen as R = -1, 

!:J.I<th = 7.5 M Pavm, R = 0.06 gives !:J.I<l/Ith = 6.8 M Pavm, R = 0.17 gives 

!:J.I<l/lth = 6.6M Pavm and for R = 0.5, !:J.I<l1Ith = 6.35M Pavm 

The difference in the value of !:J.I< 11 Ith for R = -1 and R = 0.5 is 

1.25M Pa...fiii which is 16% of the value of t:J.I<llIth for R = -1. The expected 

experimental error is 5%, so it can be decided that for 3.5%NiCrMoV the effect 

of the stress ratio (R) on the value of !:J.I<th under mode III loading is not all 

that significant, even though it follows the general rule that tlI<th decreases as 

R increases. 
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5.2.4 Fractography 

All fractured specimens under mode III tests were broken open after cooling 

in liquid nitrogen. Some specimens were prepared for fractographic analysis. 

The scanning electron microscope (SEM) was used for the examination of the 

fatigue fracture surface. The surfaces were prepared by cutting them using a 

slow diamond electric saw with coolant so that it did not damage the fractured 

surface. The surface was then cleaned using detergent followed by ultrasonic 

cleaning in methanol. 

Examination of the fatigue fractured surfaces showed similar features. 

For pure mode III tests obtained using a slit round specimen in· torsion, the crack 

front formed is a closed curve. Mode I facets emerged on complementary planes 

from the root of the slit and continue inwards towards the centre of the specimen. 

At zero mean load (R = -1), the facets were inclined at approximately ±45°to the 

mode III crack plane as shown in Fig.(5.6). Some rubbing in parts of the cracked 

surfaces were noticed where some spots of featureless cracked surfaces exist. The 

direction of the crack growth is shown by studying the flow lines (striation) on 

the whole of the fatigue crack surface. 

No microscopically flat surfaces were noticed for t:l/{1I1 ~ 15M PaVm 

in all the specimens tested, only factory roof type were observed. These facets 

grew parallel to the crack front and they tended to merge as the crack grew while 

in some specimens these facets were separated and they did not merge as the 

crack grew further as shown in Fig.(5.7). 

As t:l/{1I1 was reduced from 15 to 6 M PaVm, in order to find the 

threshold value of t:lKIII, these facets were noticed to get smaller as t:lKIIr 
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decreases until they disappear in the unfailed specimens where no facets were 

formed. 

5.3 Mode I Tests 

All mode I tests were carried out on rectangular three point bending specimens 

with a slit at the middle of the specimen at an angle = 90° to the axis of the 

specimen. 

Tests in mode I were undertaken for four different stress ratios ( R = 
0.06, 0.17,0.37 and 0.5 ) in order to find the threshold valueS' of !:l.J(I for these 

R ratios. Five tests on precracked specimens were completed for the above four 

values of stress ratios (see Tables 3 & 4). It was found that there is a significant 

difference in the values of t!:.J(Ith between precracked and slit specimens for the 

same R ratios. This will be discussed in Chapter Six. No stress relief process was 

carried out after the slitting of the specimens as the high temperature attained 

in melting and vaporizing metal from the specimen during spark erosion process 

affect a shallow layer (0.0001 - 0.005 in.) of the surface machined (Metal Hand

book Vol.3, 8th edition) and the plastic zone depth at the crack tip is found to 

be much higher than the residual stresses layer depth. The SIRIUS workshop en

sured that the lowest current is used in the spark erosion process and the cooling 

of the material was very efficient. 
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5.3.1 Mode I crack growth 

The crack growth was detected and monitofed using a d.c potential drop system 

as well as two travelling microscopes. The measurements of crack length were 

taken on both sides and according to ASTM method E647 ( ASTM E647-88a). 

These two measurements are invalid if the reading at the front varies by more 

than 0.025w or by more than 0.25B whichever is less from the reading at the back. 

Through out the test these readings were within the ASTM standard limit. 

The value of the stress intensity factor for pure mode I was calculated 

using the equation (4.14) given by Tada et al (1985). The mode I threshold results 

for different (R) ratios are given in Table (3) and fig. 5.8. The 'results show some 

effect of R ratio on the threshold, but they do not show that as R increases !:1I<lth 

decreases. !:1I<lth for R = 0.06 was equal to 8.1M Pavm while when R increases 

to 0.17 !:1I<lth increases to 8.4M Pavm, but it starts to decrease and reaches a 

value of 7.14M PaVffi as R increases to 0.37. It then increases to 8.25M Pay'rii 

when R = 0.5. For precracked specimens (see Table 4) the results are clearer. 

For R = 0.06, !:1I<lth = 7.1 and decreases to 6.7 for R = 0.17. It is then increased 

to 7.1M Pavm for R = 0.37 and decreased to the value of 5.7 M Pavm for R = 
0.5. 

All the results obtained from mode I and mixed mode I & III were pro

cessed using a Fortran 77 program on Sheffield University Prime 9950 computer. 

The raw data was taken from the data logger in addition to some of the specimen 

dimensions. The data logger recorded five readings, these were, the minimum 

and maximum load applied to the specimen at that moment and the specimen 

front and back p.d. readings as well as that of the p.d. reference point. The 
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number of cycles were calculated from the time elapsed and the frequency given 

by the Mayes servohydraulic test machine. These readings were recorded at cer

tain intervals such as every five or ten minutes depending on the test. Additional 

data supplied to the program were the test number, the width and thickness of 

the specimen, the distance between the reference p.d. probes and the number of 

readings put into the data file. 

The program calculated the crack length using equation (4.12) taking VI 

as the average between front and back sides of the specimen p.d. readings. Once 

the crack length was calculated, the stress intensity factor could be calculated 

using equation (4.14) making use of the minimum and maximum load readings 

to calculate the applied load range. A graph of crack length versus the number of 

cycles was then plotted and from the information on this graph, the fatigue crack 

growth was then calculated using a seven point fit routine given in ASTM E647. 

A graph of crack growth rate versus stress intensity factor was then plotted which 

shows the threshold value of t1I<Ith for that particular test. 

5.3.1.1 Crack initiation and crack growth in regime A or near thresh

old 

Two types of tests were performed, one on slit specimens while the other was 

performed on fatigue precracked specimens. For R = 0.17, the starting stress 

intensity factor for the threshold tests was 7.0M Pay'm after more than 5 X 

106 cycles, no crack was detected. The load was increased on HRE 26 to 7.76 

M Pavm and no crack was detected after more than 107 cycles. A higher load 

was applied on HRE25 specimen so that t1I<I was calculated to be 8.24 M Pa.fiii 

and still no crack could be detected after more than 7 x 106 cycles. The lowest 
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undetectable crack length was calculated in all these tests and was found to be 

1 x 10-11 m/cycle. The threshold value of b./{[ for R = 0.17 was found to 
. 

be 8.3M Parm as the specimen HRE28 failed when b./{[ = 8.44M Parm was 

applied and the crack was initiated after less than 106 cycles. The same test was 

repeated on HRE27 with the value of b./{[ = 804M Parm a crack was initiated 

and extended to failure. 

For R = 0.5 the tests started with a value of b./{[ = 5M Parm and kept 

on increasing it by an average of 10% to obtain a value of b./{[ = 5.5, 6.0, 6.6, 7.2 

and 8.0 M Parm, but no crack was d'etected in all these tests till b./{r was 

increased to the value of 8.8M Parm, then a crack was detected after 0.5 x 106 

cycles. These tests were later repeated with different values of b./{r starting with 

b./{r = 6.25M Parm and increased to 6.8 and 7.5 M Parm and after 107 number 

of cycles, no crack could be detected till b./{r was increased to 8.25M Parm and 

the crack was initiated and extended to ".2 mm when the number of cycles were 

just less than 2 x 106 • 

It is noticeable that when the value of b./{r is less than the threshold 

value, the crack can not be detected even after 107 cycles, while when the value of 

b./{[ is above the threshold, the crack was initiated and extended to a reasonable 

length in less than 106 cycles. 

As the cracks were initiated in those slit specimen tests, the test was 

stopped in each case and the crack length was measured on both sides of the 

specimen using the travelling microscope and the p.d. calibration to reach an 

accurate value of crack length. The load was then reduced by steps of 10% till 

the crack did not extend any further, even though the number of cycles elapsed 

from the last reduction of load was more than 107 cycles. The value of b./{[th for 
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a fatigue precracked specimen was found to be much lower than the slit specimen. 

In HRE25 specimen for R = 0.17, this ~I<Ith was found to be 6.7 M Parm, while 

for HRE76 precracked specimen ~I<Ith was ~qual to 5.7 M Parm for R = 0.5 and 

for the same R value in HRE80 specimen it was found to be equal to 6M Parm. 

The difference between the stress intensity factor for a slit specimen 

and a fatigue precracked specimen was found to be quite large and it was within 

20% of the threshold value of the slit specimen, i.e. the precracked specimen 

threshold value of ~I<I is less than the slit specimen by an average of 20% . 

5.3.1.2 Crack growth in the linear region of regime B 

In this region, fatigue crack growth, could be described by Paris law. The crack 

length in this regime was calculated by the Fortran computer program based on 

a program given in ASTM E647. 

In this region the effect of R is diminished and it can be seen from the 

crack growth rate for different R values tests that R effect is hardly noticeable. 

This will be dealt with in Chapter Six in figures (6.2 & 6.3). 

The relationship between fatigue crack growth rate (;~) and the mode 

I stress intensity factor for this linear region could be described by this following 

equation: 

da -11 ,3 
dN = 0.45 X 10 ~l\ I (5.2) 

Where growth rate in m/cycle and stress intensity factor in M Parm 
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If these results are to be compared with the previously published results 

of Lindley & Richards (1982), they will be found in good agreement. Also Lindley 

& Richards found the threshold stress intensity factor of the 3.5%N iCr M 0 V rotor 

forging steel to be 8.6 M Pavrn for R = 0.1 which is in good agreement with the 

8.3 M Pavrn found in this research for R = 0.17. 

5.3.2 Fractography 

Two mode I specimens were broken open and examined under the scanning elec

tron microscope, HRE28 (R = 0.06) and HRE80 (R = 0.5). The first one was 

tested under constant load till the final fracture took place. In the second spec

imen a crack was initiated and extended by 8 mm from the bottom of the slit, 

the load was then reduced by 10% and the process was repeated until the crack 

stopped extending and after 107 cycles no crack extension was recorded. The 

load was then increased by 10% and the crack started extending again. The 

stress intensity factor (llI<r) for HRE28 was equal to 8.44 M Pavrn at R = 0.06. 

The fracture surface had no identity except for the appearance of crystallographic 

facets and they existed in high density and they kept on increasing as llI<] was 

increased due to the extension of the crack. 

Fig.(5.9) shows the fracture surface of HRE80 with R = 0.5 at constant 

load just above threshold value when the crack extended to a length of 3mm and 

the plastic zone was small. Failure takes place in one of the slips planes causing 

the facets to appear in different places in the fracture surfaces. The surface is 

featureless and does not show any particular pattern or striations and shows a 

typical mode I fracture surface. The crack was allowed to extend to a length of 

9 mm before the test was stopped and the load reduced by 10%. The nature of 
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the fracture surface is of crystallographic facets. As the load is reduced further 

till the crack stops extending, the surface changes from crystallographic facet 
. 

nature to a flat plane fracture due to the very low crack growth rate, where 

the crack changes direction in step wise pattern inside the layers of one grain, 

and the same things happen when the crack extends from one grain to another 

neighbouring one leading to the illumination of the crystallographic facets and 

to the existence of a predominantly flat fracture surface as shown in Fig.{5.10) 

where stress intensity factor (fl./{I) and crack growth rates (;~) are both low. 

5.4 Mixed mode I and III tests 

Several tests were carried out for different At:.xIf 1 ratios in order to determine 
... III 

the threshold value of the stress intensity factor under mixed mode I & III. The 

load shedding technique which was used for mode I tests can not be used in the 

mixed mode I & III conditions due to the increasing load dissipation as the crack 

extends since the crack is a factory roof type. Also the crack path is not defined 

since the crack angle will change with the crack extension causing the ratio At:.KKJ 
... III 

to change, and there is no reliable method to calculate these changes as they 

take place. It was found that the method using several specimens was the most 

practical one in determining the threshold value of fl./{ for these conditions. The 

problems associated with the slit specimens could be avoided in the future if the 

conclusions of this research were to be used in calculating the value of the crack 

angle as the crack extends. 

The results of mixed mode I & III of fatigue tests for different R ratios 

are shown in Fig.{5.11) and given in Tables 6 & 7. The results are divided into two 
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parts, one for failed specimens and the other for unfailed specimens, where cracks 

could not be detected with the equipment used in these tests. These figures also 

include pure mode I and mode III tests resuits. The results were then normalised 

by mode I threshold stress intensity factor which was determined earlier from the 

slit three points tests at e = 90° for each R value as shown earlier in Table 3. 

5.4.1 Fatigue crack growth rate in mixed mode I & III 

As the crack is initiated when the conditions stated above are met, the crack will 

start extending till it reaches the steady state. The branch crack growth rate is 

governed by the Paris equation and the crack keeps on extending till the fracture 

point where the specimen is broken open. 

The crack length was measured using the two travelling microscopes 

and the p.d. system using equation (4.12). The crack growth rate was calculated 

using the seven point curve fitting as proposed by ASTM E647. As it was not 

possible to use any precracked specimen due to the load dissipation process, all 

tests carried out were for slit specimens. 

Three stress ratios (R) were used, these were R = 0.06, 0.17 and 0.5, 

two slit angles were used 45° and 60° only which gives a value of AAK~l = 1 and 
111 

1. 73 respectively. 

Readings of p.d. across the crack and the applied load were taken every 

five or ten minutes depending on the test conditions which gathered hundreds of 

readings in order to have a good source of data to be used at later stages. 

The graphs of fatigue crack growth rates versus the crack length will be 
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produced and discussed in Chapters Six and Seven. In general the crack growth 

was slow or discontinuous at the beginning of the test and increased with the 

number of cycles. 

5.4.2 Fractography of mixed mode I & III 

All mixed modes specimens were broken open and seven specimens were pre

pared for fractographic analysis and were analysed using the scanning electron 

microscope (SEM). These specimens had different slit angles (45°&60°) and their 

R ratios were 0.06, 0.17 and 0.5. The other specimens which were broken open 

were not analysed under the SEM as they kept to the same pattern of the fatigue 

fractured surfaces as those used in this section of the study. 

5.4.2.1 Specimens with slit angles of 45° 

Three specimens HRE29, HRE31 and HRE78 were used in this analysis, they 

had R ratios of 0.06, 0.17 and 0.5 respectively and stress intensity factor ranges 

were 11.55, 12.16 and 9.9 M Pavfni. 

The facets started to appear at the slit root once the threshold value 

of D..K1 was exceeded. These facets were all along the slit root. A difference in 

the length existed and that depended on the facet initiation place. The longest 

of these facets were found to be at the centre of the fracture surface and they get 

shorter nearer the edges of the specimen. 

For R = 0.5, a unique pattern of the cracked surface was observed in 

all the test specimens used for this ratio. A border facet was initiated at spots 
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very close to the edges of the cracked surfaces, these two facets extended in a 

parabolic shape curve until they met each other at the centre of the lower part 
. 

of the fracture surface where ~J(1 and the crack growth rate are very high as 

shown in Fig.{5.12). 

In HRE78 the crack direction seems to vary from one spot to another. 

On different sides of the slit cliff the direction of the crack growth seems to be 

1800 to one another. As the crack extended beyond the facet area it seemed to 

have a well defined crack front and in the area outside the meeting point of the 

two parabolic border facets, the crack seemed to extend so fast that what used 

to be striations are now small cracks themselves. 

Fig.{5.13) shows a mixed mode fatigue crack surface where some rub

bing is clearly shown causing the surface to be fiat while next to it a striation 

can be seen which shows the existence of mode I fatigue. As the crack grows, the 

mode changes from mixed mode to practically mode I only. The rubbing effect 

of mode III is clearly shown in Fig.{5.14) where the top of what could have been 

a factory roof facet is made fiat and featureless due to the rubbing between the 

two faces. 

For R = 0.06 and 0.17 the pattern of the crack surfaces changes from 

that of R=0.5, the factory roof facets start at the slit root just as before and the 

facet in the middle of the fatigue crack face is longer than any other facet. Facets 

become shorter nearer the sides of the specimen, but there is no border facet 

surrounding the facetted area as existed for R=0.5. Those facets are initiated at 

a certain angle to the slit and along the whole slit length. When the crack has 

extended so much, the centre part in between the two facets has not grown at 

the same rate and as the crack extends even further, the centre part is broken 

80 



open showing that the fracture is brittle and not a fatigue one where the fracture 

surface is very coarse. 

As the crack front advances further the mode changes towards mode I, 

where the crystallographic facets are dominant. 

5.4.2.2 Specimens with slit angle of 60 0 

Four specimens HRE24, HRE73, HRE83 and HRE74 with stress intensity factor 

ranges equal to 10.8,10.48,9.8 and 9.6 M Pa.;m respectively were prepared for 

inspection using the SEM. Their R ratios were 0.06 for the first two specimens and 
-

0.17 and 0.5 for the other two specimens respectively. The general appearance of 

the fracture surface is similar for all of them. For HRE24 and 73 where R=0.06, 

it was noticed that as llJ(A was reduced from 10.8 to 10.48 M PaVm, the length 

of the factory roof facets was reduced too, almost to half the length as shown in 

Fig.{5.15). 

Considering any mode I graph of fatigue crack growth rate versus the 

stress intensity factor, e.g Fig.{2.5), the part of the curve from the threshold till 

it reaches the steady growth rate is called the structure sensitive area, and this is 

where most of the facets start. In all these specimens facets grew together due to 

fatigue. These facets are either joined together by plastic deformation and ductile 

tearing of the intervening ligaments or they stay independent or separated. The 

thickness of these facets increases with the crack depth and then decreases till it 

reaches a continuous crack front where all the facets had disappeared. A lot of 

rubbing takes place at the facets stage as was shown earlier. 

As the crack extends and the facets disappear, the fatigue cracked sur-
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face becomes coarse and crystallographic facets start to appear. As the crack 

extends further and the stress intensity increases, some striations appear express

ing the steady state crack growth of mode -I. As the crack extends even further 

with the increases of the stress intensity factor (AKA), voids or dimples start 

to appear due to plastic deformation of the material showing that the fracture 

surface is over loaded as shown in Fig.(5.16). These dimples or voids coalesce 

with each other causing the material to break open. 

5.4.3 The effect of mean stress on threshold behaviour 

in mixed mode I & III 

The effect of R on the threshold value of AKA could be studied from the figures 

(5.17) and (5.18). In the case of the 60° slit, it can be said that as R increases 

AI<th decreases, but the effect is not noticeable as R increases further towards 

the 0.5 value, since the difference between the threshold value for R=0.06 and 

0.17 is 2.7% of the higher value while the difference between AI<th for R=O.17 

and 0.5 is only 1.6% of the threshold value of AI( for R= 0.17. 

In the case of the 45° slit, the effect of the load ratio (R) is not very 

well defined, since AKAth is equal to 11.5 M Parm for R=0.06 while it increased 

to 12.1 M Parm when the load ratio increased to 0.17 and it started to decrease 

rather quickly to 9.1 M Pavm for R=0.5. 

It can be concluded that on the whole, increasing R ratio will result in 

a decrease in the apparent threshold value of stress intensity factor (AI<Ath) 

82 



Chapter 6 

Analysis 

6.1 Mode I tests 

6.1.1 Precracked and slit specimens 

In the mode I tests three point bend slit specimens were used to determine the 

fatigue stress intensity. threshold. The crack was allowed to grow to a length 

of 5 - 6 mm beyond the slit length, the test was then stopped and the crack 

length was measured. A 10% load reduction process was started to estimate the 

threshold value of the stress intensity factor of the fatigue precracked specimen. 

This test was repeated ·with different R ratios of 0.06, 0.17, 0.37 and 0.5 in order 

to consider its effect on the threshold. 

For R = 0.17 ~f{lth for the slit specimen was 8.4 M Parm, while 

the crack stopped extending when the applied ~f{1 was 7.00 M Parm for the 

precracked specimen. Fig. (6.1) shows the fatigue crack growth rate versus fj,f{ I 
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for HRE 25 specimen where it was used as a slit specimen and then as a fatigue 

precracked specimen. 

For both precracked and slit specimens tests, the fatigue crack growth 

rate at the threshold was 10-7 mm/cycle. This rate was increasing till it reaches 

2.5 x 10-6 mm/cycle, while the stress intensity factor hardly changes its value. 

The two graphs cross one another at 2.5 X 10-6 mm/cycle. After this value the 

slit specimen fatigue crack growth rate was higher than that of the precracked 

specimen until it reached 4 X 10-6 mm/ cycle. After that the crack growth rate 

seems to be the same till the specimen reaches its fracture point where the value 

of the crack growth rate reaches a value much higher than 8 x 10-6 mm/cycle. 

Figures (6.2) and (6.3) show the fatigue crack growth rates versus ~J(1 

for the slit specimens and the precracked ones for different R ratios. 

A general comparison of the threshold values between the slit specimens 

and the fatigue precracked ones could be found from the data given in Tables (3) 

and (4), where it is clear that the threshold value of ~J(1 for the precracked 

specimens is lower than the slit specimens. 

6.1.2 Crack growth rates in the linear region of mode I 

tests 

It is previously reported that the fatigue crack growth in the mid regime or 

in the linear region of the (:N) against (~J(I) graph, where striation formation 

predominates and growth rates of 10-8 - 10-6 mm/cycle typically occur, has been 

found by many workers to obey the Paris - Erdogan law. Lindley and Richards 
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(1982) claim that fatigue crack growth rate in the region is relatively insensitive 

to microstructure and mean stress. 

It can be seen from Fig.(6.1) that the fatigue crack growth rate in this 

region can be described by the following equation 

da 11 3 
dN = 0.45 X 10- AI<l (6.1) 

where :~ is in m/cycle and stress intensity factor (AI<I) in MPaVrn. 

To compare this result with other previously published ones, Lindley 

and Richards (1982) gave the following equation as an upper bound growth rate 

for many steels in the mid AI<l regime 

:~ = 1 X 10-11 AI</ (6.2) 

Other workers such as Yates and Miller (1989) expressed the fatigue crack growth 

rates in the linear region for the steel used in these tests, as 

(6.3) 

Elsender (1982) gave an average fatigue crack growth rate for tests performed on 

the HRE steel at normal room temperature to be 

da -12 3 
dN = 3.1 x 10 AI<l (6.4) 

with the same upper bound equation as that given by Lindley and Richards. 
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6.1.3 Effect of stress ratio on the crack growth rate in 

the linear region 

Lindley and Richards, as stated earlier, believe that the crack growth rate in this 

linear region is relatively insensitive to the R ratio effect. In this study the Paris 

equation for the linear part of the crack growth rate was deduced for several 

specimens each with different R ratio. These equations are given as follows: 

For R = 0.06 

da 11' 3 dN = 0.45 x 10- ~A[ (6.5) 

Where da/dN is in m/cycle and 1:::..1<[ is in M Parm. 

For R =0.17 

da 11 3 
dN = 0.87 X 10- ~1<[ (6.6) 

and for R = 0.5 

da 11 3 
dN = 1.0 x 10- ~1<[ (6.7) 

All these tests were performed on slit specimens. 

Figures (6.4) to (6. 6) show the actual derivations of these equations. 

Many workers such as Maddox (1975), Pearson (1972), James (1973), 

Frost, Marsh and Pook (1977) and Nishioka and many others generally indicated 

an increase in growth rates as R increases positively. In general, the reported 

increase in growth rates are factors of 3 or less (for R increasing from 0 to 0.7), 

86 



unless yielding or transition to plane stress conditions occurs at the crack tip in 

which case more significant increase in growth rate (x 10) have been reported. 

The fatigue crack growth at the linear region of the crack growth for dif-

ferent R ratios could be represented by the equation with respect to that for R = 0 

For positive R ratio 

(6.8) 

This equation seems to agree with the previous reported fatigue crack growth for 

R = 0.17 and 0.5. In order to verify this equation further fatigue crack growth 

tests are required. 

6.1.4 Effect of R on mode I threshold prediction 

It is convenient for comparative purposes to present previously published data 

showing ~J(th as a function of stress ratio (R). It was reported earlier in Chapter 

Two that there are several prediction theories for the effect of R ratio on the 

mode I fatigue threshold. These relations were stated as empirical equations. 

The values of the threshold stress intensity factors achieved in this study are 

imposed on these empirical equations as shown in Figures (6.7) to (6.9). 

The first prediction theory is proposed by Schmidt and Paris (1973) 

which describes the relationship between stress ratio and threshold value of the 

stress intensity factor for two different R ratios, one for high value of (R) and 

the other for low value. This theory depends on the crack closure argument as 

explained earlier in the literature review chapter and it is given as: 
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!::.I< Ith = !::.I<tho (1 - R) (6.9) 

For low R ratio, if I<min ::; I<cz, where I<c/ is the stress intensity factor which just 

opens the crack during the loading part of the cycle. 

and as 

!::.I<Ith = !::.I<o = constant (6.10) 

For high load ratio, if I<min ~ I<c/, where !::.I<o is the effective threshold stress 

intensity range. 

which leads to 

!::.I<o = I<max (1 - R) (6.11) 

Figure (6.7a) shows the experimental threshold stress intensity factor for both the 

slit and the precracked specimens. Yates and Miller results (1987) are plotted in 

figure (6. 7b). It can be seen that the threshold stress intensity factor for the slit 

specimens is above the predicted failure line of the previously stated relationship, 

while those of the precracked specimens are closer to the failure lines predicted 

in this theory. The same can be said about Yates and Miller's results. 

The second theory to describe the effect of R ratio on !::.I<Ith was pro

posed by Klensil and Lukas (1972) which is widely used in analysing threshold 

data and it is given as: 

!::.I<th = !::.I<tho (1 - RYV (6.12) 
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where 'Y is a material constant and could be determined experimentally. Its 

value for the 3.5%NiCrMoV is estimated by Paris and Erdogan (1963) and also 

reported by Lindley (1982) to be 0.6 for p~sitive R ratios. Fig.(6.8a & b) show 

the threshold values of the stress intensity factor obtained in this study as well 

as those of Yates and Miller with respect to equation 6.12. The fatigue cracked 

specimens are in good agreement with this theory while slit specimens results are 

considerably higher than the predicted failure line .. 

The third expression to describe the relationship between stress ratios 

and l1Klth is given by McEvily and Gregor (1977) and it is stated as 
1 

(
1- R)2 

l1Kth = 1 + R l1Ko (6.13) 

The same relationship is given by Kaisand and Mowbray (1979) for positive R 

values, while for negative R values 

1-R 
l1Kth = ~ l1Ko 

1- -3 

(6.14) 

The explanation for the negative value in the above equation is based upon the 

assumption that one third of the compressive part of the applied cycle is effective 

in propagating cracks. Figures (6.9a & b) show the experimental data obtained 

in this research and Yates & Miller (1987) results in comparison with equation 

(6.14). 

6.1.5 Prediction of threshold for fatigue precracked spec-

• Imens 

All the previously discussed predictions were for slit specimens in respect to the 

stated empirical relationship. It is noticed that the threshold stress intensity 
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factor for all the failed slit specimens in this study are higher than the predicted 

failure equations. A comparison might be made between the failure of the slit 

specimens and the fatigue precracked ones in the light of the stated failure loci. 

It is a result of this study that the value of the ~f{Ith of the fatigue precracked 

specimens is lower than that of the slit ones and it is closer to the failure lines 

stated earlier. 

6.2 Mode III tests 

In this section, the threshold stress intensity factor under mode III loading is 

investigated. Also the effect of the stress ratio on the threshold and the crack 

growth rate has been studied. 

Fig.(6.10) shows a graph similar to the S-N curve with the S being 

replaced by ~f{III. It can be seen from this graph that the threshold stress 

intensity factor (~f{IIIth) for R = -1 is 7.4 M Pavrn. 

The method used to determine ~f{IlIth is that proposed by Pook (1975) 

which has the advantage of being used on very simple test equipment, using simple 

testing routines, but expensive on specimens as it requires many specimens for 

each set of tests. 

In pure mode III tests, where round slit specimens were used, stress 

intensity factors for pure mode III tests were calculated using a formula given by 

Tada, Paris and Irwin as stated in Chapter Four equation (4.13). 

Four R ratios were considered, R=-I, 0, 0.17 and 0.5. The failure mode 

considered in these tests is of the factory roof type and not the macroscopically 
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flat structure mode, which is normally of a higher threshold value than the pre

viously mentioned failure. The fractured surface of the failed specimens showed 

the characteristic facets, indicating that th~ failure was that of a mode I nature. 

This suggest that low ranges of f:1KIIl favour 45° cracking over shear cracking. 

Table (5) gives the threshold stress intensity factor for the mode III 

tests for different R ratios. The threshold stress intensity factor recorded for the 

four investigated stress ratios were as stated below 

R =-1 ~I<lI1th - 7.4 M Payfm 

f:1I<lI1th - 7.2 M Payfm 

R = 0.17 f:1I<I11th - 6.8 M Payfm 

R = 0.5 f:1K111th - 6.35 M Parm 

It can be seen from the above results that as the stress ratio (R) in

creases ~I<I11th decreases. 

For specimen RD 1 a torque range of 49 N m was applied for R = -1. 

Deviation out of the mode III plane occurred in the form of fatigue cracks which 

were initiated at the slit root. This generally occurred within a few hundred 

cycles from the start of the test. Initiation took place simultaneously, to a certain 
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extend, all round the specimen cross section. Very little crack asymmetry was 

evident, as can be seen from Fig.{5.6). Therefore the potential drop given by the 

four poles, which will only be recording local events in the vicinity of the spot 

welded probes, could be taken as representative of the whole of the crack front. 

6.3 Crack growth in mode III 

The main features which are considered in this section are: 

The relation between the crack growth rates and the crack length. 

The relation between crack growth rates and the stress intensity factor. 

The effect of stress ratio (R) on the crack growth rates. 

Fig.(6.11} shows the crack length versus the crack growth rates da 
dN 

for R = -1. It can be seen that the growth rate starts at 10-7 mm/cycle, it then 

increases to 1.74 X 10-6 , where it reaches the peak. When crack length is less than 

0.5 mm the growth rate starts to decrease. As the crack extends even further, 

the growth rate decreases even further. A close study of the crack growth rates 

shows that the rate does not decrease or increase continuously. The shape of the 

graph is a zigzag, which is due to fluctuation in the effective applied force. This 

is the result of the interlocking of mode I facets on complementary planes and the 

friction between the opposite crack surfaces as well as the shorting in the crack 

detection circuit. Both of these effects are difficult to quantify. It can be deduced 

from Fig. (6.11) that for R = -1 the crack growth rate decreases with increasing 

crack depth. 
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The crack growth rate under different loads for the same R ratio is 

shown in Fig.{6.12). It can be deduced from this graph that increasing the ap

plied load causes an increase in mode I fatig~e crack growth rate. In both of these 

specimens the maximum growth rates recorded were when the crack lengths were 

less than 0.5 mm long. One might argue that the maximum growth rate recorded 

is due to the crack being a short crack. This is not true as plotting the Kitagawa 

- Takaheshi diagram for the material under research showed that the length of 

short crack for this material is less than .14 mm. The fluctuation in the crack 

growth rates seems to increase as the crack increases in depth. This is due to 

reasons explained earlier. 

The effect of R ratio on the crack growth rate is considered in Fig.{6.13). 

It can be seen that the average crack growth rate increases as R increases. The 

average crack growth rate for R = -1 is less than 1 x 10-6 mm/cycle, while it 

increases to 2 X 10-6 mm/cycle when R = o. The average value of the crack 

growth rate is further increased to 3 X 10-6 mm/cycle when R is 0.17. Therefore 

. tests at R = -1 could be conducted at lower growth rates, involving larger number 

of cycles than those tests for R = 0 or R = 0.17. The crack growth rate increases 

for R = 0.06 to 0.5 while it decreases for R = -1. 
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6.3.1 Crack growth rates with respect to stress intensity 

factor 

Figs.(6.14), (6.15) and Fig.{6.16) show the crack growth rates in three specimens 

for three different R ratios (-1, 0 and 0.17) respectively. In all three graphs, 

the fluctuation in the crack growth rate is very clear. The fluctuation is high. 

This is mainly due to shorting in the crack detecting circuit, as a result of the 

contacts between points on the opposite faces of the crack in the initial stages of 

its extension, and due to the interlocking and frictional effects between the crack 

facets which reduces the stress intensity factor. Measurements of the effective 

stress intensity factor is hard to achieve. 

For R = 0, 0.17 and 0.5 it is clear that the average crack growth rate 

increases as the stress intensity factor increases, while it decreases as the stress 

intensity factor increases for R = -1. This could be due to the crack profile dif

ference for R = -1 and when R> o. 

The average crack growth rate for R = -1 is less than 1 X 10-6 mm/ cycle. 

It increases to 1.5 X 10-6 for R = 0 and it is 3 X 10-6 mm/cycle for R = 0.17. 

These results shows that as R increases from -1 to 0.17 the average crack growth 

rate is increased too. 

The reason for this could be due to the fact that for R = 0 or above, the 

torsional cycling with a cyclic minimum of 0 {for R = O)or above will result in a 

single set of 45 deg. tension planes being subjected to a tensile stress amplitude 

of !1a. For R = -1, the mean cycling effect is zero, with the same torque range as 
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before, the shear planes will experience the stress as previously, but the 45-deg 

planes will individually only experience t:.t in tension and t:.2r1 in compression . 
. 

Hence the tensile stress on any particular 45-deg planes has been halved, causing 

the crack growth in this mode to be reduced . 

.Fig.(6.17) shows a comparison between mode I and mode III for crack 

growth rate. It can be seen that the mode I II crack growth rate is much slower 

than the mode I. The mode I crack growth rate is almost 10 times higher than 

that of mode III for the same value of A/{II/' 

6.4 Mixed mode I and III 

6.4.1 Mixed mode threshold prediction theories 

6.4.1.1 Pook's theory 

In an angled slit specimen, similar to those used in this research, Pook (1980) 

predicted that fatigue crack threshold takes place when the stress intensity factor 

of the mode I facets (Ak/), formed at the tip of the initial crack or slit exceeds 

that of the threshold. 

I.e 

(6.15) 

For slit angle () =f 900
, the apparent values of the /{/, known as (l<A) , 
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is the stress intensity factor of a conventional three point bending specimen cal

culated using Tada, Paris and Irwin (1985) method. 

KI and KIll were calculated using the approximate expression pro

posed by Pook (1985A) 

The mode I facet stress intensity factor was then calculated using Pook's expres

SIOn 

(6.16) 

where KI and KIll are the macroscopic stress intensIty factors in mode 

I and III respectively and v is taken as G). 

6.4.1.2 Mixed mode (I & III) model 

This model was proposed by Yates (1991) is a combination of Pook's and Yates 

and Miller (1989) models. It depends on the calculation of t::..K/&t::..KIl/ of an 

angled slit specimen given earlier by Pook's theory (1985) 

KIll = KA sin () cos () 

where () is the angle of inclination of the original slit. 

It also uses the crack opening displacement proposed by Yates & Miller (1989) 

as the parameter to describe the field at the tip of the crack. It was considered 
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(Yates 1991) that in an angled slit specimen the mode I direction for crack growth 

is perpendicular to the specimen long axis, such that ~ = 90 - O. The Tresca 

yield criterion is used to derive the condition for growth of fatigue cracks to reach 

the proposed locus of failure of 

( 
!:lKl )2 . (!:lKIll)

2 
!:lKlth sm 0 + 2.6 !:lKlth cos 0 = 1 (6.17) 

which leads to the result that the stress intensity factor of the crack in 

the mode I direction may be calculated using the equation 

( 
2 2 )0.5 kl = Kl sin 0 + 2.6 KIll cos 0 (6.18) 

The present research results and other relative data will be compared 

to the above failure prediction theories and other failure loci in Chapter Seven. 

6.4.2 Threshold in mixed mode I & III loading 

Tables 6 and 7 show the mixed mode I & III results which were performed using 

two different slit angles: 45 0 and 60 0
• 

For 450 slit specimens the apparent threshold stress intensity factor 

(KA) calculated using Tada, Paris and Irwin method (1985), where KA is the 

stress intensity factor for a similar specimen with the same slit depth, but with 

900 slit angle. It is found that the threshold stress intensity factor when R = 0.06 

is 11.5 M Parm. Kl&KIll , calculated using Pook's method were 5.78 M Parm 
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each. For R = 0.17, it was found that the crack started to grow when f)./{A = 

12.16M Parm, i.e f)./{I&f)./{III were equal to 6.08 M Parm each. When R in

creases to 0.5, /{A at which fatigue threshoid will take place was 9.1 M Parm. 

f)./{I&f)./{III were 4.55 M Parm each. 

For 60° slit specimens, f)./{A threshold for R = 0.06 was 10.05 M Pavrn 

and f)./{I & f)./{III were 7.54 and 4.35 M Pavrn respectively. When R increases 

to 0.17, f)./{A threshold decreases to 9.8 M Pavrn giving the values of 7.34 & 

4.236 M Parm to f)./{I & f)./{III resp. As R increases to 0.5, /{A threshold de

creases slightly to 9.5 M Parm, giving 7.2 and 4.1 M Parm as f)./{I & f)./{III 

resp. 

It can be argued that as R increases from 0 to 0.5 , for the 60 deg. slit 

angle specimens, the apparent stress intensity factor decreases from 10.05 to 9.5 

M Parm. This decrease is not all that significant but the specimen does follow 

the pattern that as R increases f).[(Ath. decreases. 

The same can not be said about the 45° slit specimens. f)./{Ath. seems 

to increase first from 11.55 to 12.16 M Parm as R increases to 0.17. It then 

decreases drastically to 9.9 M Pavrn when R reaches 0.5 value. 
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6.4.3 Mixed mode I & III fatigue crack growth rates 

From the figures concerned with this section, it is clear that the growth rate in 

general fluctuates. This is mainly due to the nature of the crack surfaces which 

causes shorting in the circuit used for detecting the crack length. It is noticeable 

that the fluctuation in the crack growth rate diminishes as the crack grows. This 

is due to the fact that the crack opening is larger at higher stress intensity factors 

and the mode of the loading changes towards mode I as the crack grows to failure 

point. 

A comparison between mode I and mixed mode (I & III) for different 

R ratios and different slit angles will be discussed in Chapter Seven. It can be 

stated that the crack growth in mode I is higher than that in mixed mode I and 

III for the same stress intensity factor. Also as the crack grows, the mode of the 

loading changes from the mixed mode I & I I I to mode I, and at the last few 

millimetres of crack extension before the specimen is broken open, the mode of 

the crack growth is pure mode I, as it was shown earlier in Chapter Four, where 

fractography supported this fact. The slit angle also changes from 45° or 60° to 

90° to the long axis of the specimen. The crack growth rate increases as the crack 

increases in length and the curve of the mixed mode grows nearer and nearer to

wards the mode I growth rate represented by the Paris equation, for each R ratio. 

6.4.4 The effect of R ratio on crack growth 

It can be seen from figure (6.18) that, for positive R ratios, as R increases, the 

crack growth rate increases too. The average crack growth rate for R = 0.06 
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increases from 0 to 4 X 10-6 mm/ cycle, as the crack increases from 5mm (its 

original slit value) to 10 mm approximately, while for R = 0.17 the growth rate 

is increased from 0 to 6 X 10-6 mm/cycle f~r the same increase in crack growth. 

For R = 0.5, it is between 0 - 9 X 10-6 mm/ cycle. It is also clear that as the 

crack increases in length the crack growth rate increases too and the fluctuation 

in growth rate is reduced. 

It can be said that as R increases from 0 to 0.5 the range of fatigue 

crack growth rates increases too from 0 - 4 X 10-6 to 0 - 9 X 10-6 mm/ cycle. 

6.4.5 The effect of slit angle on the crack growth rate 

Fig.(6.19) shows a comparison in crack growth rate in mixed mode (I & III) load

ing for two different slit angles. The stress intensity factors have been normalised 

using mode I stress intensity threshold value. It can be seen that for the same 

value of stress intensity rate, the growth rate of the crack in the specimen with 

a 60° slit angle is higher than that with slit angle of 45° by 1 x 10-6 mm/cycle. 

This is due to the fact that according to Pook's model the stress inten

sity factor in the 60° slit angle specimen is equivalent to 0.75I<A' and the mode 

III stress intensity factor is equal to 0.433I<A. In the 45° slit angle specimen, I<J 

is equal to I<lIJ and it is 0.5I<A. 

It was established that mode I crack growth rate is much higher than 

that of mode III for the same value of stress intensity factor. It follows that the 
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crack growth rate in the specimen with slit angle of 60° must be higher than that 

in the specimen with the 45°, since I<[ in the 60° specimen is higher than that 

in the 45° specimen. 
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Chapter 7 

Discussion 

In this chapter the previously analysed results of mode I, mode III and mixed 

mode I & III will be discussed and compared to the previously mentioned fatigue 

threshold failure criteria. New equations to represent the whole crack growth 

behaviour in mode I and mixed mode I & III will be deduced. The crack growth 

in mixed mode I & III will be analysed according to a proposed new method 

which is based upon the change in the crack growth angle as the crack extends. 

Also a new model to predict the crack path using the crack length will be devised. 

7.1 Mode I fatigue crack growth thresholds 

Fatigue crack growth threshold stress intensity factors for the slit and precracked 

specimens (mode I) are presented in Tables (3) and (4). The results show that for 

the same material under the same stress ratio, the fatigue crack growth thresholds 

of the fatigue precracked specimens are lower than those of the slit specimens 

102 



under the same circumstances, even though if the crack closure mechanism is 

considered, the slit specimens should have lower threshold stress intensity factor 
. 

due to the fact there is no crack closure in the slit specimen while in the precracked 

specimen the crack has extended few millimetres before the reduction in load 

process begins, in order to find the threshold stress intensity factor. 

The reasons behind this could be due to stress distribution where slit 

specimens have compressive residual stresses caused by the spark eroding of the 

slit, while the precracked ones do not have any of these residual stresses, since 

the crack was allowed to grow for a distance at least ten times the maximum 

plastic zone of the previous load. It is also due to the fact that the slit specimens 
. 

threshold was achieved by increasing the load till a crack was initiated, while for 

the precracked case it is done by load shedding method. 

The other reason could be that in the slit specimen a crack has to be 

initiated due to high load while in the fatigue cracked specimens, the crack is 

propagating and it takes a higher load to start a crack than to extend it. This 

could be explained in terms of the fact that to initiate a crack from a slit specimen 

is similar to a crack initiation in a notch, while to extend a crack in an already 

fatigue cracked specimen is a crack propagation mechanism. Consider the stress 

- crack length graph at the crack tip, it can be stated that the stress at the crack 

tip is higher at a sharp crack tip compared to that in a notch or blunt crack tip. 

Also the above reasoning could be explained in terms of the stress concentration 

factor which is roughly calculated using the equation 

(7.1) 
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where 

J(T is the stress concentration factor 

D is the depth of the notch 

p is the radius of the notch 

Even though the factor is normally applied to notch specimens, the slit 

could be considered as a very small radius notch or as a blunt crack with root 

radius of 0.06 mm. This factor is larger for precracked specimen than slit one due 

to the fact that p is smaller by a factor of at least 10 for the pr~cracked specimen 

than the slit ones (Taylor 1990). 

7.2 Mode I fatigue crack growth equation 

It was reported earlier in Chapter Six that the Paris equation for the linear region 

of mode I loading is given by the equation 

(7.2) 

Fig.(6.1) shows a graph of this equation for a slit and precracked specimens. In 

this section, the whole curve of the crack growth rate versus stress intensity factor 

will be considered. 

The minimum crack growth rate that was considered as the crack 

started to grow was 1 X 10-7 mm/cycle. Also the linear region in figure (6.1) and 
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other figures representing similar equations starts when the value of crack growth 

IS 

da/dN - 2 x 1O-6mm/ cycle 

The linear region of the crack growth rate continues beyond the value 

of 

da/dN - 1 X 10-4 mm/cycle 

The minimum crack growth rate considered was 10-7 mm/cycle. The linear re

gion growth rate starts at a growth rate of 2 X 10-6 mm/ cycle, 'giving a difference 

of 1.9 x 10-6 below the linear region. 

An equation of the type 

da = C1D.K]ml _ D 
dN 

(7.3) 

was considered to represent the whole curve of the crack growth. In this case D 

was equal to 1.9 X 10-6 mm/ cycle. 

If the maximum crack growth rate was taken to be 1 x 10-4 it will be 

found that 

1 X 10-4 - 1.9 X 10-6 - 98.1 X 10-6 mm/cycle 

which is nearly 100 times greater that the lowest crack growth rate in the linear 

region. The value of 1.9 x 10-6 mm/cycle was then added to the crack growth 
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rate and new values of C1 and ml were found from the log - log graph to give the 

final crack growth rate equation. 

da 
dN - 4.6 x 10-9 tl.I<; - 1.9 X 1O-6mm/cycie (7.4) 

Fig.(7.1) shows the above equation with respect to the experimental 

results. The equation is in a reasonable fit to the experimental data. 

This crack growth rate equation is a development of the Paris equation 

which represent the linear part of the crack growth. It represents the crack growth 

for a certain specimen with a known threshold. Further development of this 

equation is shown in Chapter 7.8 by linking the value of D to the threshold stress 

intensity factor, by taking into consideration the effect of R ratio on threshold. 

This equation could describe the whole crack growth rate due to the fact that 

the effect of stress ratio on the crack growth in the linear region is small and the 

difference between the maximum and minimum crack growth rate is nearly 100 

times the minimum value, where the effect of R ratio on the threshold might be 

considered. 

7.3 Fatigue under mode III loading 

Under pure cyclic torsion, the crack growth is strongly influenced by torsional 

crack closure. The effective torque on the unbroken ligament is severely reduced 

from the nominal applied value by rubbing and interlocking between adjacent 

crack surfaces. The fractured surface abrasion effect is critically dependent upon 
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the mode of the applied loading and the nature of the fractured surface. It is 

increased with increasing crack length and decreasing torque level. 

In torsion, the crack will remain closed and confined to its own plane 

where the two sliding surfaces will then move parallel to one another. Whether the 

crack is a factory roof type or a macroscopically flat (at higher stress intensity 

factors), the two sliding surfaces will slide against each other causing friction, 

abrasion, smearing and fretting oxide formation. This will lead to reduction 

in the nominal value of the external stress to a lower value at the crack tip. 

This situation was similarly experienced by Tschegg et al (1991) and was called 

'roughness - induced crack closure' or 'sliding mode crack closure'. This is the 

analogue to the mode I fatigue crack closure, where the stress intensity factor 

is reduced to some lower effective value at the crack tip by contact of mating 

surfaces under positive load. 

In figure (6.11), the crack growth rate versus crack length for mode III 

was plotted. No sliding mode crack closure effect was considered in the calculation 

of these results. The crack growth rates observed in these experiments were lower 

than mode I crack growth rates by a factor of 10 at comparable stress intensity 

values, see figure (6.17). It is clear from figure (6.11) that for R = -1, the crack 

growth decreases with increasing crack length. This is due to the influence of the 

sliding crack closure on crack propagation, indicating the presence of some energy 

dissipating process that upset the theoretically expected scale with respect to the 

stress intensity factor. 

The effect can be minimised by the application of an axial load, as in 

the case of Nayeb-Hashemi et al (1982) who showed that the sliding mode crack 

closure effect was reduced by opening the crack due to super imposing of a static 
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load to the specimen under torsion. However this method introduces a mixture 

of cyclic mode III and static mode I. It is uncertain to what extent friction can . 
be eliminated using this method, since the roughness of the crack surface could 

exceed the static crack tip opening displacement. 

It can be stated that the effective value of stress intensity factor at 

the crack tip is physically responsible for crack propagation, and not the normal 

external value which is partly dissipated by friction. It seems to be of great 

importance to attain more knowledge about the reduction in the applied torque 

which is effective at the crack tip. For this it does not make any difference whether 

the crack growth is considered as a function of b.I</IJ (Hurd and Irving (1982), 

Suresh et al (1981), Tschegg (1983) and many others), the crack tip displacement 

b.CTDII1 (Suresh et al 1981) or the plastic strain intensity (McClintock et al 

1981); only the effective value acting at the crack tip determines the resulting 

crack propagation. It can be further stated that as the diameter increases the 

sliding mode crack closure is increased. Also the roughness induced crack closure 

is obviously more effective at R = -1 than, say, at R = O. 

Closer examination of mode III loading test data showed that when 

the crack has extended a few millimetres in length, the uncracked cross section of 

the specimen could withstand a torque level higher than it would do normally if 

sliding mode crack closure does not exist, which means that the effective torque 

at the crack tip is less than the applied value. 
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7.4 A new method to analyse the crack growth 

in mixed mode I & III 

It was discussed earlier that the actual growth of the crack in mixed mode (I & 

III) loading close to the fatigue threshold takes place in mode I. All previously 

reported methods were used to analyse the crack growth in the mixed mode con

ditions. The results did not satisfy the fact that the crack was growing in mode. 

I and did not coincide with the mode I crack growth. 

A comparison of pure mode I crack growth to the usage of 6/(1 in the 

mixed mode (I & III) as indicated by Pook's method which gave the value of 

6I<1 as follows: 

(7.5) 

Where () is the slit angle in the rectangular specimen and I<A is the apparent 

stress intensity factor of a similar mode I specimen. Figures (7.2) and (7.3) 

show graphs of crack growth rate versus stress intensity factor range (6/(1) as 

calculated above for two specimens under mixed mode (I & III) loading with 

different slit angles but the same R ratios compared to the mode I crack growth 

rate equation. It can be seen that the curve representing the crack growth in the 

mixed mode does not match that of pure mode I. The growth rate in the mixed 

mode condition seems much higher than the mode I for the same (6/(1) which 

gives the indication that the calculated mode I stress intensity factor is much 

lower than the real value. The same results were obtained for all other R ratios. 
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The second method of analysis was to use f:).J{A to try and analyse 

the crack growth of the mode I branch in the mixed mode (I & III) loading . 
. 

Figures (7.4) and (7.5) show the use of f:).I<A as a parameter to represent the 

stress intensity factor of the mode I branch in the mixed mode (I & III) loading 

for two slit specimens with the same R ratios, but different slit angles. It is clear 

that the curve representing the branch crack growth does not match the pure 

mode I crack growth rate equation in any of the tests performed at different slit 

angles or different R ratios. The growth rate in the mixed mode (I & III) seems 

lower than that of pure mode I. This could be explained by considering I<A as 

the upper limit and I</ as the lower limit of the experimental data. This is based 

upon the fact that J{A is equal to J{/ when the slit angle is 90° as given earlier 

in equation 7.5. This explains the two previous calculation methods for J{/ and 

A new approach was taken to analyse the growth rates in the mixed 

mode (I & III) loading. In all previous methods the slit angle was kept constant 

and the initial value was considered through out the advance of the crack front. 

It was made clear above that as the crack grows the slit angle changes till it 

reaches 90° and that is when the mode of the loading changes from the mixed 

mode (I & III) to the pure mode I loading. The change in value of the slit angle 

affects the local value of the mode I stress intensity factor. 

Fig.(7.6) shows the changes in the angle as the crack grows. Fig.(7.7) 

shows the changes in the co-ordinates of the slit angle as the crack grows. 

From Fig.(7.7) 

() (7.6) 
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As the crack extends the crack front moves a distance equal to (c) on the hori-

zontal axis in two opposite directions, as shown in fig.(7.7) 

The new crack angle is given by the equation 

-1 W ) 
Ol = tan ( b _ 2c (7.7) 

A series of measurements were taken of the value of (c) and its co

ordinate value of the crack extension (a). The value of 0 was calculated ac-

cordingly. This process was repeated several times for different specimens with 

different R ratios and slit angles. Graphs of the variable crac'k angle (0) versus 

crack extension, were carried out and a relationship was found. This relationship 

was found to be different for the 45° and the 60° slit angles and are given by the 

equations: 

For the 45° initial slit angle 

o = 0.0026 a3 
- 0.175 a 2 + 4.87 a + 45 (7.8) 

For the 60° initial slit angle 

() = 0.004 a3 
- 0.159 a2 + 3.17 a + 60 (7.9) 

where () is measured in degrees and a in mm. 

Figure (7.8) shows the graph of the experimental values of 0 versus 
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the measured crack extension (a) for different specimens with different R ratios 

and slit angles, using a Swiss SIP Universal measuring apparatus type mu-214B . 
. 

The relationships represented by the above two equations are super imposed on 

the experimental results curve. It is clear that the relationship represented by 

equations (7.8) and (7.9) are in good agreement with the experimental data. 

,., ... 

The above two equations could be represented in the non dime~sional 

form using the thickness of the specimen (w) by substituting;; instead of a. 
For equation 7.8 

For equation 7.9 

() _ 0.004 (;-)3 x w3 - 0.159 (;-)2 X w 2 + 3.17 (;-) X w + 60 

substituting w = 30 mm will lead to the following two equations 

For equation 7.8 

() = 70.2 (;;)3 - 157.5 (;-)2 + 149.1 (;;) + 45 

and for equation 7.9 
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where a in all these equations is the crack extension measured from the bottom 

of the slit. 

Once a relationship was established between the slit angle and the crack 

length, it could be used in calculating the actual mode I stress intensity factor of 

crack using the actual slit angle at that point. 

Ie. 

~I<l - ~I<A X f'(a) 

~I<l - Y ~O'Fa.f'(a) 

where 

Y is a calculated constant 

0' is the applied stress 

The value of the stress intensity factor was calculated accordingly using 

a small programme. Fig. 7.9 and fig. 7.10 show a comparison between the new 

crack growth in mixed mode (I & III) loading, calculated according to the new 

method and the experimental crack growth of pure mode I with the representation 

of pure mode I crack growth rates. 

Figures (7.9) and (7.10) show that as the crack starts to extend, the 

growth rates moves immediately towards the pure mode I growth rates. As the 
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branch stress intensity range approaches that of the pure mode I, the growth 

rates coincide with that of mode I only. The two curves are very close to each 

other considering the error caused by the different stages of calculation and mea

surement. 

7.5 A model to predict the crack path using 

the crack length 

Fig.(7.7) shows a schematic crack path in mixed mode (I & III) test specimen. 

The crack growth angle (Q') can be predicted using the crack 1ength. The crack 

length considered in this model is the extension of the crack at the bottom of the 

initial slit. 

The slit angle changes as the crack extends till it reaches the value of 

90°, where the mode will be pure mode I only. In the 3.5 % NiCrMoV steel, 

mesurements showed that, in the slit type specimen, the initial crack growth 

angle is independent of the slit angles (i.e 45° and 60°). It was also noticed that 

it is not affected by the different R ratios. 

The crack growth angle was measured using the SIP universal measur

ing apparatus type mu-214B at different crack length till failure point and the 

values of a were plotted versus crack length. This process was repeated for sev

eral specimens with different slit angles and different R ratios. It was found that 

the following equation represents the relation between the crack length and the 

value of the crack growth angle (a) 
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0:' - clog (b(a + 0.1)) 

where 

a = crack extension measured in mm from the bottom of the initial 

slit. 

c and b are constants and given in this equation as: 

c = 17.64 

b = 3.142 X 103 

0:' is in degrees (see fig. 7.7) 

Percentage error in measuring the angle is 5%. 

(7.10) 

This relationship was applied to other broken specimens to find out 

how close it is to the practical results. Fig.(7.11) to fig.(7.14) show a comparison 

between the experimental values of the measured crack growth angle (0:') versus 

the actual crack length (a) and the empirical relationship between them repre

sented by equation (7.10). It can be seen that the empirical relationship is very 

close to the experimental results and the two results coincide with each other to a 

great extent. From this relationship it is easy to find out, from the crack length, 

for the metal under study, when the mixed mode (I & III) loading changes to 

pure mode I only. 
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7.6 Mixed mode I & III fatigue threshold fail

ure criteria 

In Chapter Two four failure criteria were discussed in the literature survey, two 

other failure criteria were reported in Chapter Six. In this section the failure 

locus of five of these criteria will be drawn and the stress intensity factors for all 

the failed and unfailed specimens will be compared to each criterion. Other pre

vious research results such as Pook (1985 b), Yoshioka (1984) and Yates (1989) 

will be compared to the results of this study. 

The stress intensity factor ranges were normalized by the threshold 

stress intensity factor range for mode I tests. Figure (7.15) shows all the mixed 

mode (I & III) res ults for different R ratios and different slit angles. Results 

are divided into those which led to failure and those which did not fail or show 

any sign of macroscopic cracking. The results also include those of pure mode I 

for the 90 degrees slit specimens and those of the mode III tests on circular slit 

specimens under torsion. 

7.6.1 Strain energy release rate 

Experimental fatigue results of this study are shown in fig. (7.15) in respect to 

the strain energy release rate failure locus predicted by equation 2.12. It can be 

seen that the failure results agree with the predicted failure locus for tests with 

slit angle of 45° while they differ for the tests with 60° slit angle. 
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Other research results are shown io figures (7.16) and (7.17). Fig.{7.16) 

shows the experimental results of this study with respect to equation 2.12 failure 

locus compared to Pook's (1985b) and Yoshioka et al (1984) results. Fig.{7.17) 

shows a comparison of the above results to those of Yates (1989). 

In general equation 2.12 which is stated as 

(7.11) 

where (if» is the twist angle of the branch crack and v = ~, is considered to be 

a good fit to the current research results. These data are closer to the predicted 

failure locus than Yates (1989) experimental results. The results of Pook (1985b) 

are in a similar fit to the data obtained in this research. Yoshioka's two results 

are close to the failure locus. 

7.6.2 The maximum normal crack tip stress 

Earlier in Chapter Two, section (2.8.3), it was reported that Erdogan and Sih 

(1963) stated that failure in mixed mode actually takes place only when the max

imum normal crack tip stress exceeded the mode I critical value of fracture and 

the crack does not grow until the mode I fatigue threshold stress intensity factor 

is exceeded. The failure locus of this condition was stated in equation 2.24 and 

it is as follows 
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~I<l ( 2 A.. • 2 A..) ~I<111(. 2A..) 1 
~I<lth cos If' + 2v sm If' + ~I<lth sm If' - (7.12) 

Fig.{7.18) shows the above failure locus in comparison to this study 

results. 

Pook (1980) reached to the same failure locus through assuming that 

fatigue failure takes place when the stress intensity factor of the small branch ex

ceeds that of the mode I threshold stress intensity factor and gave the following 

equation as the failure envelope 

1 

6..I<1l1 = (1 _ (I + 2v) 6..I<1 + 2v{ I<l )2) 2" 

~I<lth ~I<lth I<lth 
(7.13) 

Po ok later in (1985b) claimed that in deriving the previous equation, no 

account was taken of the effect of the intervening cliffs and other irregularities. He 

stated the following equation as the new failure locus with the correction factor Y 

1 

~I<1l1 = Y (1 I<I I<I 2) 2' ~I< - (1 + 2v)-}( + 2v{-}( ) 
Ith Ith Ith 

(7.14) 

Y was deduced to be = 0.74. 

Fig.{7.19) shows the failure locus discussed above with comparison to 

the data obtained in this study and to the results of Pook (1985b) and Yoshioka 

et al (1984). Fig.(7.20) shows the same failure criterion compared to Yates (1989) 

and the current data. 
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Looking at the above three graphs, it can be seen that the equation 

(7.13) is in good agreement with the pure mode III data of this study, while it is 

non conservative with Yates's (1989), Pook's (1985b) and Yoshioka et al (1984) 

results. On the contrary the modified equation (7.14) is in better agreement with 

the other three studies than with data obtained in this research as far as pure 

mode III is concerned. 

In mixed mode (I & III) tests, the modified equation (7.14) is a better 

match as a failure locus to the results of this study and to Ppok's (1985b) and 

Yoshioka et al (1984). It is also a closer failure locus to Yates (1989) data than 

the original equation (7.13). 

7.6.3 Maximum normal strain criterion 

The original idea was proposed by St. Venant (Timoshenko 1953) in the 19th 

century. This theory contend that 'failure will occur whenever a principal strain 

reaches a limiting value, as determined by the standard tensile test'. In studying 

fracture of concrete Wu (1974) recognized the importance of strain to cleavage 

fracture who remarked that 'a meaningful criterion for cleavage fracture must be 

based on strain' and introduced the strain failure criterion that states 'cleavage 

fracture takes place when the maximum tensile strain around a crack reaches 

a critical value', and he presented evidence to support its use. Chang (1981) 

applied this theory to study of angled crack problem. 
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As far as fatigue is concerned, it could be stated that the maximum 

normal strain criterion could assume that fatigue crack growth will occur when 
. 

the maximum tensile strain range exceeds that of mode I threshold. The fatigue 

failure locus for the mixed mode (I & III) for the above theory was given by 

equation 2.30 which states the following 

~[{l 2 + ~[{lll sin 2<p = 1 
~[{ Ith cos <p ~[{ 1 2 Ith - v 

(7.15) 

where <p is the twist angle of the branch crack and the threshold stress 

intensity factors are found when 

1 1 2 ~[{lll) 
<p = -2tan- (1 

2v ~[{lth 
(7.16) 

It is clear from the above that the above criterion reveals that fracture 

occurrence depends on Poisson's ratio. 

Fig.(7.21) shows the present research results with respect to the max

imum normal crack tip strain criterion. Fig.(7.22) shows the same results com

pared to Pook's (1985b) and Yoshioka et al (1984) results with respect to the 

above criterion, while Fig.(7.23) shows the results of Yates's (1989) compared to 

the present research data for the same criterion. 

It can be seen from the above three figures that the maximum normal 

strain criterion is not a very good representation for failure locus over the whole 
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range of stress intensity factor ratios obtained in this research and the other re

search fellows. 

7.6.4 Crack opening displacement model 

This model which was proposed by Yates (1991) was discussed earlier in Chapter 

Six. In this section the present research results will be compared to this failure 

prediction theory. 

Fig.(7.24) shows the present research data for different R ratios com

pared to Yates's failure locus. It can be seen that the crack opening displacement 

failure locus (Yates 1991) represent ~he failure for these research results more than 

the branch crack model proposed by Pook. Pook's model indicates lower thresh

old conditions than that observed in this research. The reason for this could be 

that Pook assumes the direction of growth of the facet branch crack is based on 

the local crack tip conditions, while in Yates's model the direction of growth is 

given by the macroscopic mode I direction. Pook's model is better at indicating 

the fatigue threshold of the branch crack rather than the specimen failure. 

Figures (7.25 & 7.26) show Yates's failure criteria compared to the 

present results, Pook's (1985b), Yoshioka's {1984} and Yates's (1989). A com

parison between the three results show that the present research results are closer 

to Yates's failure model than the other mentioned research results. It can be de

duced that the crack opening displacement failure criterion proposed by Yates 

(1991) is a close failure locus to present research results. The failure results 
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could be represented by this model, especially if the research data are compared 

separately in sets according to their R ratios. 

7.7 The effect of mean stress on mixed mode I 

& III threshold 

The effect of the mean stress of the mixed mode I & III fatigue threshold be

haviour was reported earlier in Chapter Six. It was shown in figures (6.18 & 6.19) 

that there is little effect of R ratio on the threshold fatigue of the mixed mode I & 

III failure in the range of R = 0 to 0.5 for the slit three point bending specimen. 

This could be due to the fact that in the sharply slit specimen, there is no effect 

of the crack closure on the fatigue threshold as there is no oxide formation or 

surface roughness which are the dominant mechanism in the mean stress effect 

observed in the fatigue precracked specimens. 

7.8 Mixed mode I & III fatigue crack growth 

equation 

It was shown earlier that a crack in mixed mode I & III loading actually grows 

in mode I at low stress ranges, close to the threshold conditions. Therefore the 

mixed mode I & III crack growth equation will be similar to the mode I equation. 

The difference will be in the threshold stress intensity factor. 
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The procedure followed to represent the fatigue crack growth in the 

mixed mode I & III loading is similar to that described in section 7.2 for mode I 

crack growth and based on the following steps: 

1. Pook's method (Pook 1985b) is used in analysing the crack growth in mixed 

mode I & III. Pook's method depended on the initial slit angle () given as 45° & 60° 

in the specimens used in this research and 90° for the pure mode I. The slit angle 

changes from its initial values of 45° & 60° to the pure mode I slit angle of 90° 

as the crack extends. 

2. The changes in the slit angle value with respect to the crack length is given 

by equations 7.8 & 7.9 for the 45° & 60° initial slit angles respectively which are 

stated as follows: 

For the 45° initial slit angle 

() = 0.0026 a3 
- 0.175 a2 + 4.87 a + 45 

For the 60° initial slit angle 

() = 0.004 a3 
- 0.159 a2 + 3.17 a + 60 

where () is measured in degrees and a in mm. 

3. Once this relationship is established, it is possible to calculate the 

mode I stress intensity factor at that crack length and slit angle using Pook's 

above method given by the following equation 
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Where J(A is the apparent stress intensity factor of a similar mode I specimen 

calculated using Tada et al method (1985) at different crack length and 0 is the 

calculated slit angle with respect to the crack length. 

4. Once the value of b..J([ is established, an attempt was made to link the 

threshold stress intensity factor and the crack growth rate equation. This was 

achieved by considering an equation of the type: 

(7.17) 

where :~ = C b..J(m is Paris equation of the linear region of the crack growth 

rate equation, D is the distance between the minimum growth rate considered in 

the linear region and the x- axis as explained previously in section 7.2. 

The values of C & m were found from the best fit curve on the computer. 

These values represent the linear part of the crack growth rate equation which is 

similar to that of mode I. The values of A and D were found to be: 

A = .968 

D = 4.69 

These values will give the following equation which define the crack growth rate 

at all stages. 

da 8 3 6 
dN = 0.62 x 10- b..J([ - (O.968b..I<Ith - 4.69) x 10- (7.18) 
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This equation gave a good representation of the crack growth rate for values of 

threshold stress intensity factor ~J{lth ~ 6. 

Figures (7.27) to (7.29) show the above equation compared to the mixed 

mode (I & III) crack growth for different R ratios and different slit angles using 

the pure mode I fatigue crack growth data. 

For ~J{1th < 6 the following equation was found to be the best to 

represent the crack growth equation: 

da 
dN = 0.62 x 10-8 ~J{l- (0.968(~J{lth + B) - 4.69) X 10-6 (7.19) 

where B is variable according to the value of ~J{Ith and is given by the equation: 

B = -0.5~J{ Ith + 3 . (7.20) 

i.e. for ~J{lth = 5, B is 0.5 

Fig.(7.30) shows the crack growth rate equation for ~J{lth < 6. It can 

be seen that the two equations which represent the crack growth rates fit well to 

the experimental data given in the above mentioned graphs. 

These equations are also, of course, suitable for mode I only loading, 

since the mixed mode I & III crack actually grows in mode I as it was shown 

earlier. 

It can be deduced from the above four graphs that the new crack growth 

equations are very good representations of the crack growth in mode I and mixed 
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mode I & III loading as long as the threshold stress intensity is known. They are 

also in good agreement with Paris equation for the same test, which is mainly 

concerned with the linear region of the fatigue crack growth. 

This method has combined the use of the changes in slit angle values 

with the threshold stress intensity factor. Once the threshold stress intensity 

factor is established, it is easy to predict the crack growth equation of an angled 

slit specimen under mixed mode I & III loading conditions. 

The tendency for a crack to grow in mode I is considered to be an 

observation which does not appear to be capable of proof in .the strict sense of 

the word (Pook 1985a). This method makes this observation more realistic and 

easier to prove. This method confirms that a crack in mixed mode I & III at low 

stress ranges, close to the threshold conditions, grows in mode I and its growth 

rate could be analysed using the above explained method. 
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Chapter 8 

Conclusions 

The fatigue crack threshold and crack growth behaviour in pure mode I, pure 

mode III and mixed mode (I & III) for a 3.5%NiCrMoV rotor shaft steel was 

studied. A 900 slit rectangular cross-section three point bend specimen for mode 

I, a circumferentially slit round specimen in torsion was used for pure mode III 

loading and an angled slit three point bend rectangular cross-section specimen 

for the mixed mode (I & III) tests. 

The effect of stress ratio (R) on the threshold was one of the main 

concerns of this research. Mode I and mode III tests were performed under 

different R ratios and the threshold stress intensity factor for each stress ratio 

(R) was found. Mixed mode (I & III) tests were carried out for two slit angles 

and three different R ratios. All tests were performed in laboratory air at room 

temperature. The main R ratios used for these tests were 0 (or 0.1 for mode 

I and mixed mode), 0.17 and 0.5. The mode I threshold stress intensity factor 

for the slit specimen condition was found by the load increasing method while 
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for the precracked specimen, the load shedding procedure was used. For mode 

III, several independent tests were performed until the threshold condition was 
. 

reached for each R ratio. From this research the following conclusions were drawn: 

8.1 Mode I tests 

• A new crack growth equation was derived to represent the crack growth in 

mode 1 tests 

:~ = 0.46 x 10-8 D.I<; - 1.9 x 10-6 

where ;;; is in mm/cycle and D.I<[ in M PaVffi. 

• The crack measurement technique used in this research is a good and suc-

cessful method for measuring the crack length in the 900 and the angled slit 

three point bend specimen for the mode 1 and the mixed mode (I & III) 

tests respectively. 

• Even though a different threshold stress intensity factor was found for each 

R ratio, it can not be said that its effect on the threshold is conclusive, 

but never-the-Iess it follows, in general, that the threshold stress intensity 

factor falls as R increases. 

• The crack growth rate equations in the paris linear region were found for 

each different R ratio and it was clear that as R increases, the crack growth 

rate increases too. These equations are: 
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For R = 0.06 

:~ = 0.45 X .10-11 t1I<l 

Where da/dN is in m/cycle and t1I<r is in M Pavm. 

For R = 0.17 

1~ = 0.87 X 10-
11 t1I<l 

and for R = 0.5 

• The threshold stress intensity factor for precracked specimens were lower 

than those for slit specimens, on the a~erage, by 15% - 25%. 

• Empirical equations proposed by Schmidt and Paris (1973), Klensil and 

Lukas (1972) and McEvily and Gregor (1977) to describe the threshold for 

mode I, failed to predict the threshold value of the stress intensity factor 

for different R ratios. In general, all previous predictions were closer to the 

precracked specimens data than the slit specimens data. 

8.2 Mode III tests 

• The d.c potential drop method was used to measure the crack length. An 

equation describing the calibration curve ralating the crack length to the 

d.c potential drop in a circumferentially slit round specimen under torsion 

129 



was determined and used successfully in this research. It is given as follows: 

where 

a is the fatigue crack length 

D is the initial uncracked diameter. 

Ll V is the difference of voltage reading at two successive readings. 

v,. is the reference voltage reading. 

• The crack growth rate under mode III loading is slower by a factor of 10 

than that for mode I, under the same conditions. 

• In the tests performed on the circumferentially slit round specimen under 

torsion, the effect of R ratio on the threshold stress intensity factor was 

more defined than that for pure mode I. It can be stated that for mode III, 

the threshold stress intensity factor decreases as R increases. 

• For R = -1, the crack growth rate increases as the detected crack length 

increases and reaches its maximum when the crack length reaches the value 

of 0.5 mm. After that it starts to decrease as the crack extends in length. 

• The crack growth rate increases as the stress ratio (R) increases. 
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• Crack surface interlocking and/or rubbing were identified as the main rea

son for the fact that the applied stress intensity factor is much higher than 
. 

the effective stress intensity factor, thereby reducing the crack growth rate. 

It is also the reason for the fluctuation in crack length measurement. This 

fluctuation decreases as the crack increases in length. 

• The crack surfaces interlocking or rubbing effect depends on the following: 

(a) The roughness of the crystallography of the precracked fract ured surface 

that exist at that point. 

(b) The amount of wear debris existing as a result of the rubbing effect 

between the two fractured surfaces. 

8.3 Mixed mode (I & III) 

• The crack growth in mode I is higher than that in mixed mode (I & III) 

for the same stress intensity factor. 

• The slit angle (0) changes from 45° or 60° to 90° as the crack extends in 

length, changing the mode of the loading from mixed mode (I & III) to 

pure mode I. 

• Some of the fatigue failure criteria discussed in this research such as Pook's 

(1984), Yates & Miller (1989), could not predict the mixed mode I & III 

threshold stress intensity factor. It was found that the crack opening dis-
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placement model proposed by Yates (1991) was the best model to predict 

the threshold failure of the mixed mode test specimens. 

• The actual growth of a crack in mixed mode (I & III) loading takes place in 

mode I and the fatigue threshold of the material is achieved when the stress 

intensity factor of the branch exceeds that of mode I for the same conditions 

• All the discussed crack growth prediction models could not describe the 

crack growth in mixed mode (I & III) tests. 

• A new method was derived to analyse crack growth in 'mixed mode (I & 

III) by calculating the crack angle as the crack extends. Once this crack 

angle is calculated for that particular length of crack, it can be used to 

calculate the mode I stress intensity factor using the method proposed by 

Pook (1984) for the angled slit rectangular specimen. 

• New equations were derived to calculate the value of the slit angle as it 

changes with the crack length. The two equations were for the 450 &600 slit 

angle specimens respectively. They were stated as: 

() = 70.2 (;;)3 - 157.5 (;;)2 + 149.1 (;;) + 45 

() = 3.6 ({;}3 - 143.1({;)2 + 95.1 ({;) + 60 

where w is the thickness of the specimen. 

132 



• A new equation was derived to calculate the crack growth angle (a) using 

the crack length which is independent of the original slit angle and the 

stress ratio (R),: 

a = 17.64 X 10310g(3.142 (a + 0.1)) 

where a is the crack growth angle in deg. and a is the crack length in mm . 

• New crack growth equations were found to express crack growth in mixed 

mode I & III for the material used in this research. 

The following equation gives a good representation of the crack growth rate 

for values of threshold stress intensity factor f).KIth ;::: 6 M Paym,. 

:~ = 0.62 X 10-8 tl.I</ - (O.968tl.I<rth - 4.69) X 10-6 

where da/dN in mm/cycle and tl.I<r and tl.I<rth in M Pa..fiTi 

For tl.Krth < 6 M Pa..fiTi the following equation was found to be the best 

da 
dN = 0.62 X 10-8 tl.I</ - (o.968(tl.I<rth + B) - 4.69) X 10-6 

where da/dN in mm/cycle and tl.Kr and tl.I<rth in M Pa.;m 

and B is variable given by 

B = -0.5I<lth + 3 M Pavrn 

The above equation could be simplified mathematically to read 

~ 836 dN = 0.62 X 10- f).Kr - (0.484tl.KIth - 1.786) X 10- mm/cycle 
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where da/dN in mm/cycle and D.]{l and D.]{lth in M PaVrn 
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Chapter 9 

Suggestion for further work 

The assumed value of the stress intensity factors in mixed mode I & III are not 

very accurate. More accurate values could be achieved using the finite element 

analyses method, which would provide better calculation of the fatigue crack 

growth rate and the threshold conditions. 

An equation representing the effect of R ratio on the fatigue crack 

growth rates could be achieved if more tests with several R ratios could be car

ried out to collect enough data to derive the required equation. 

Further experimental work on three point bend specimens with differ

ent slit angles will verify the effect of slit angle on the threshold and crack growth 

and may lead to a better understanding of mixed mode I & III crack growth. 

Trying to eliminate the p.d. shorting, sliding and interlocking effects in 
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the mode III tests with out the introduction of mode I, will lead to more accurate 

results of these tests. 

Changes in the design of torsion test rig to cater for higher values of 

R ratios, such as fitting bigger motor, will define, more precisely, the effect of R 

ratio on the threshold and crack growth rate in mode III tests. 

A comparison between the 'macroscopically flat' and the 'factory roof' 

types of mode III fatigue failure and the possibility to interchange between the 

two types of failure (if possible) depending on load reduction or increase will give 

a better understanding of the mode III fatigue threshold and crack growth rate. 
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Element C Si Mn S P Ni Cr Mo V Fe 

weight % 0.26 0.18 0.36 0.007 0.01 3.4 1.55 0.48 0.095 bal. 

Table 1: Composition of the material 

Test Position Test direction 0.2% UTS EI Reduction FATT Cv 

MPa MPa % of Area % (OC) ft.lb 

Top body (rim) Radial 687 845 23 65.5 -40 124 

Top body (rim) Tangential 697 845 24 67.5 

Top body (core) Longitudinal 697 865 22 58.5 +20 44 

Mid body (core) Tangential 680 834 20 50.5 +2 57 

Bottom body (rim) Radial 680 834 25 67.5 -40 124 

Bottom body (rim) Tangential 680 825 24 66.5 

Bottom body (core) Longi t udinal 676 814 23 66 -35 150 

Mid Radius (CAP) Tangential 669 808 19 68 -5 69 

Mid Radius (CAP) Radial 673 819 21 67 -20 82 

Table 2: Tensile data from rotor HRE supplied by NEI Parsons Ltd. 
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specimen number t::.I< 1 stress ratio Failure 

(MPaym,) R 

HRE27 6.8 0.06 No 

HRE28 7.5 0.06 No 

HRE27 8.1 0.06 Yes 

HRE26 7.76 0.17 No 

HRE25 8.24 0.17 No 

HRE25 8.4 0.17 No 

HRE28 8.44 0.17 Yes 

HRE25 8.65 0.17 Yes 

HRE26 6.08 0.376 No 

HRE80 6.62 0.37 No 

HRE26 7.14 0.37 Yes 

HRE80 5.0 0.5 No 

HRE76 5.5 0.5 No 

HRE80 6.0 0.5 No 

HRE76 6.6 0.5 No 

HRE80 7.2 0.5 No 

HRE80 8.0 0.5 No 

HRE76 8.8 0.5 Yes 

HRE80 6.25 0.5 No 

HRE80 6.8 0.5 No 

HRE80 7.5 0.5 No 

HRE80 8.25 0.5 Yes 

Table 3: Threshold stress intensity factors for mode I tests for slit specimens at 
different R ratios. 
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specimen number ~J(Ith stress ratio 

(MPa..foi) R 

HRE27 7.1 0.06 

HRE25 6.7 0.17 

HRE26 7.1 0.37 I 
HRE76 5.7 0.5 

II HRE80 6.0 0.5 

Table 4: Threshold stress intensity factors for fatigue precracked specimens in 
mode I tests at different R ratios. 
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specimen No. RDI RD2 RD3 RD4 RD5 RD6 RD6A RDll RD8A 

stress ratio -1 -1 -1 -1 -1 -1 -1 -1 -1 

tlI<III(M Pa..JTii) 15.0 13.8 12.6 11.6 10.8 9.6 8.0 7.4 6.8 

failed Yes Yes Yes Yes Yes Yes Yes Yes No 

specimen No. RD7 RD8 RD10 RD9 RD12 RD13 RD14 RD14A 

stress ratio 0 0 0 0 0.17 0.17 0.5 0.5 

tlI<IlI(M PaVrn) 6.0 6.6 6.9 7.2 6.5 6.8 5.6 6.35 

failed No No No Yes No Yes No Yes 

Table 5: Threshold stress intensity factors for mode III tests for different R ratios. 
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stress ratio {3 6.KA 6.[([ 6.KII[ 6.k[Pook 6.kr Yates Failure 

R deg (MPaVm) (MPaVrn) (MPaVrn) (MPaVm) (MPaVm) 

.06 45 8.8 404 404 8.128 60476 No 

.06 45 lOA 5.2 5.2 9.606 7.653 No 

.06 45 11.26 5.63 5.63 10040 8.286 No 

.06 45 11.55 5.78 5.78 10.668 8.499 Yes 

.06 45 12.86 6043 6043 11.869 90456 Yes 

.017 45 9.95 4.975 4.975 9.19 7.332 No 

.017 45 11.73 5.865 5.865 10.834 8.632 No 

.017 45 12.16 6.08 6.08 11.831 8.948 Yes 

.5 45 8.5 4.25 4.25 7.851 6.255 No 

.5 45 9.1 4.55 4.55 8.405 6.696 Yes 

.5 45 9.9 4.95 4.95 9.144 7.285 Yes 

Table 6: Threshold stress intensity factors values for mixed mode I and III tests for 45 D slit 
angle specimens at different R ratios. 
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stress ratio f3 tl.KA tl.K[ tl.KII 1 tl.k[ Pook tl.k[ Yates Failure 

R deg (MPa..;m) (MPa..;m) (MPa..;m) (MPaym) (MPaym) 

.06 60 9.01 6.75 3.90 9.963 7.703 No 

.06 60 9.2 6.90 3.98 9.897 7.865 No 

.06 60 9.8 7.35 4.24 10.543 8.08 No 

.06 60 10.05 7.54 4.352 10.812 8.592 Yes 

.06 60 10.4 7.80 4.50 11.188 8.891 Yes 

.06 60 10.8 8.1 4.676 11.619 9.233 Yes 

.17 60 9.08 6.817 3.93 9.768 7.763 No 

.17 60 9.783 7.34 4.236 10.524 8.364 Yes 

.5 60 8.8 6.6 3.810 9.467 7.523 No 

.5 60 9.00 6.75 3.897 9.682 7.694 No 

.5 60 9.1 6.825 3.94 9.79 7.780 No 

.5 60 9.5 7.20 4.157 10.328 8.207 Yes 

.5 60 9.8 7.35 4.243 10.543 8.378 Yes 

.5 60 10.1 7.575 4.373 10.865 8.635 Yes 

.5 60 10.5 7.875 4.547 11.296 8.976 Yes 

.5 60 10.8 8.10 4.675 11.619 9.233 Yes 

Table 7: Threshold stress intensity factor values for mixed mode I and III tests for 60 deg. slit 
angle specimens at different R ratios. 
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Fig.(2.6) Schematic illustration showing the plane of fatigue cracks in torsion 
with two types of failures (a) macroscopically-flat mode (pure radial mode III) 
(b) factory rooffracture (radial mode III with 450 mode I branch crack) . 
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Fig.( 4.2) Microstructure of 3.5%NiCrMo V steel as received a) X 70 b) x 700 
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Fig.( 4.11) Loading arrangement of the three point bend specim n. 
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Fig.(5 .6) Fracture surface of mode III test specimen . 
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Fig.(5.7) a) Separated mode I facets in mode III crack plane. b) Merger of 

fatigue facets in mode III fracture surfac . 
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Fig.(5.9) Crystallographic facets at low stress intensity factors in mode I tests. 

Fig.(5 .10) Mode I test specimen at low stress intensity factor. 



.I:: ....... 
~ 

~ 

~ 
<1 

1.0 

. 6 

.2 

: ..... ... .... : ... ......... : . .. ....... . ~ ...... ... ... ~ ... . , .. ... .. ... . · . . · . 

• • . . . . • . • .. .•• . .. • ... . j . . . .~. • • . • . .. ~ . . . .. . .. ! . . . . .. . .... : .. .... . t' ... :. 

o 
• 

unfailed 
failed 

. ... .... . : .. .. . 

1 .. · .. · .. · .... ·· .... ·t .............. · .. · .. t .. ·· .. ·· .. · .... · .. ··t .......... ·· ...... + .... · ...... · ........ f ............ · .. · .... i· .............. ··· .. ·, .. · ................ ·j .. j I ....................................... .. 

! .... : ........ .. ~ ........... ~ ......... + ...... .... 1 ........... 1 .. · .. · .. · .. · ....... ... ....... .. ...... .... ..... ..... ........ ... ................. . 
.. . . .. . . .. . . .. . . · . . · . . · . . 

• •• • • • • • •• f ••••• 

S· , 
: : 

i" . .. ... . .. ~. .. . ... . . . ...... ~ ..... ~ . .. . .!. .:. . .. ~ ... ..... . . , 

; 

J .............. .. 
i 

~ l.... .. .. ( ....... ... ~ .. ;. 
i : : 
I •• • 1" .... ...... ;. . ..... ;... . .. . ;. .. ·1· ··· .. ······!· ........ .. , ........ . j ...... . ... .. .. , .......... ' i'" 
! , i 
J. .... , .. -... ; ... , .. ...... : ... ..... .... : ...... .. .. . L ........ ... 1. ... .. ... ... : ......... .. . : .. .. ...... . .:. ........... ~ ...... ... .. j ••• •• ••• • ••• : • •••• • • •• • • .: ••••••••.•. ; •• ••• ••••••• 

l--~J~--=_]---~-=~+-=---r--"----T=~r=~=-:----T--
i : : : : i: : ; :: 
! : : : : i : : i :. 
I' • • I' • : • 

l .. ········ .. j····· .. ·····;······ .. ····~ · · · · · ······ j .. ···· ...... ! ............ ; .......... ·i····· .. ·· ··i ··o.olrm··a+ . .. ·. ··i .. · .. ··· .. · ·~ · .. ·· ······ j··· ....... .. 
o . 5 AK IIAKlth 1.0 

Fig.{5.11) Mixed mode I & III tests results for different R ratios and different slit angles. 



Fig.(5.12) Photograph showing the differenc betwe n a 45° and 60° sli t angl s 

fracture surface in mixed mode I & III for the same R ratio . 

Fig.(5 .13) Mixed mode I & III fatigue crack in a 45 0 slit specimen for R = 0.5. 



Fig.(5.14) The effect ofrubbing due to mode III in mixed mode J & n£ is shown 

on top of what used to be a mode I facet. 

Fig.(5.15) Cross-sections of two mixed mode I & III fatigue sp imens with 

the same slit angle (60 0
) but different stress int nsity factors. 



Fig.(5.16) The appearance of voids or dimpl es du to pl ast ic d formation just 

before the breakage of the specim n. 
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Slit 

Fig.(7.6) Schematic diagram of angled slit three point bend specimen showing crack 

path and facets. 



c 

Fig.(7.7) Drawing of fatigue crack path in a three point slit specimen under mix d 

mode I & III loading showing th changes in the slit angl as the crack ext nds. 
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Fig.(7.29) The new crack growth equation applied to a 60 deg. slit specimen 
with an R ratio = 0.5 under mixed mode I & III loading. 
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Fig.(7.30) The new crack growth equation applied to a 45 deg. slit specimen 
with an R ratio = 0.17 under mixed mode I & III loading where the threshold 
stress intensity factor = 5. MPami. 
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