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TO MY LONG SUFFERING WIFE AND FAMILY



SUMMARY

A survey has been made of the developments of welding processes and 

the literature concerned with the fatigue resistance of butt welded 

joints. Evident from the literature survey was the fact that a 

mass of experimental data was available on the fatigue properties 

of welds yet many fatigue failures were still being reported.

It appears essential therefore that the design data derived from 

experimental results should be presented in a meaningful way to 

aid the safe design of welded connections.

Fatigue tests were conducted on specimens cut from iin. thick 

plate of medium carbon steel, over a range of alternating and mean 

stress levels. The welds were produced using manual metal arc, 

gas metal arc and electron beam welding processes and manufactured 

in industry by accepted production methods. A non destructive 

examination together with static tests were carried out on both 

the parent material and the welded joints. The results obtained 

have enabled a comparison to be made between the data obtained 

from static, dynamic and non destructive tests. The analysis 

shows some evidence of correlation between the information 

derived from the static and non destructive tests with that of 

fatigue performance.

A method of analysing fatigue data, based on the method of least 

squares, has been developed. This provides good fits to data when 

used in conjunction with modified versions by Goodman and Gerber 

of the basic Jefferson empirical fatigue equation. The fatigue



curves generated by this method can be described by two equation 

constants which can subsequently be used to generate a family of 

fatigue curves over a range of mean loads. The method of analysis 

is also capable of calculating confidence limits on experimental 

data for both stress and fatigue life for the predicted fatigue 

curve.
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1.1

CHAPTER 1. INTRODUCTION

Welding offers unlimited scope to the designer in the fabrication 

of welded details. A large number of processes, at the present 

time in excess of fifty, are available by which metals can be 

joined. In many instances there would be a number of processes 

by which a particular detail could be fabricated to give the same 

static strength to the component. This would not, however, be 

true for other mechanical properties, and in particular the 

fatigue resistance offered by the component under conditions of 

fluctuating stress. Care must therefore be exercised in selecting 

the welding method and also in specifying the load pattern.

Because of the versitility and flexibility provided by these 

methods of joining metals, the majority of structures today use 

welding as the method of joining component parts.

The welded structures fabricated using these methods of joining 

are by no means free of defects. The welding process itself is 

one in which there is a high probability that the weld metal 

deposit will contain defects which give rise to stress concentrations 

from which fatigue cracks may initiate. The low resistance to 

crack propagation through welds is well recognized and therefore 

the combination of the possibility of crack initiation points 

within the weld and its low crack arrest properties could result 

in catastrophe.

In order to assess the quality of the weld many non destructive 

methods of testing have been developed. Unfortunately it cannot 

be said that any are completely satisfactory either from an
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economic or assessment point of view when applied in a practical 

situation. All methods provide quantative assessments in some 

form, of the level of defects contained in the weld metal,but 

the application of this information in terms of a sound design 

still leaves much to be desired.

Difficulties also arise because of the sensitivity of different 

materials to the welding process. Some metals are difficult to 

weld without cracking whilst other are more sensitive to the size 

and location of defects within the weld material. Distortion 

of joined members is yet another possibility with its accompanying 

increase in levels of stress within the joined component.

The picture is, however, not one entirely of disadvantage. The 

welded joint certainly has a weight advantage when compared to 

other forms of structural connections. It does not suffer the 

corrosion problems that accompany bolted or riveted joints because 

it provides an air and water tight connection. If the weld is one 

of sound quality it can achieve a joint efficiency of 100%.

Many of the structural failures that have occurred in welded 

structures have been as a result of ignorance of the facts and 

the lack of practical applications of much of the data that is 

available on the fatigue properties of welded joints. To some 

extent some blame can be laid on the bodies that provide the data 

for application to design. Generally this is presented in a form 

which is meaningless to many engineers who are required to use the 

information to achieve sound designs.
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To achieve safe structural designs it becomes clear that it 

is essential to provide fatigue information in a form which can 

be applied in a practical sense, good quality workmanship, an 

intelligent quality control and an awareness, to practicing 

engineers, of the effects of dynamic loads when associated with 

welded connections.

This investigation is concerned with providing fatigue information 

and in extending the existing knowledge of the fatigue phenomenon 

with regard to welded butt joints. It is proposed that the best 

way to provide information in a manner which can easily be applied 

in practice is by the use of an empirical equation which relates 

the applied stress, to the cycles to failure.

This equation can be supplied in a very compact form as only two 

constants, which have been experimentally determined, are required 

to cover a full range of mean and alternating applied stresses.

The data for any particular welded joint can therefore be defined 

by the equation and these two constants. Alternatively,as many 

engineers can more conveniently work from a graphical presentation, 

the equation can be readily plotted to cover any form of constant 

amplitude loading.

It is with this as a basis that the research work was undertaken.
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CHAPTER 2. Review of Literature and Welding Process 
Development

2.1 Historical Review of the Development of Modern Welding 
Processes

Welding in its broadest sense, as an art of successfully 

joining metals together, has been practiced since prehistoric 

times. It has been suggested (P2.1) that its origins date 

back to around 5000 BC. Primitive man practiced this art to 

overcome the acute problems of joining together small pieces, 

firstly of precious metals and later, iron, to make artifacts 

for his use. Within the space of a few centuries the 

requirement to join together larger pieces of metal into 

larger structures saw the development of crude forms of welding 

using forging techniques. Examples of the application of the 

use of the forging technique is found in Prehistoric bracelets 

that were made by hammering a nugget of precious metal into 

the form of a rod, bending this rod into a circular shape and 

forge welding the ends of the rod together. During the Bronze 

Age artifacts with more intricate shapes were used and in order 

to facilitate their manufacture the casting process of the 

artifact to the final shape was developed. Generally wrought 

metals were used in the production of these objects because 

they provided a tough, durable material, although the welds 

made with such materials were of doubtful quality. With this 

lack of reliability of the joining process, the practice of 

casting large odd shapes rather than building up the shape 

using wrought welds, became prevalent. Because casting became 

the general practice, much greater developments occurred during
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this period in foundary techniques rather than forge welding.

It was with the advent of the machine age and the initial 

dependence it had on the dimensional stability required in 

structures, that developments of fabrication methods other 

than welding took place. One such development was riveting, 

although riveted joints have been reported being used in a 

copper vessel as early as 2500 B C .

The discovery of the carbon arc by Davey in 1800 AD, the 

further development of the properties of the arc to melt 

metals by Moisson in 1881 and the joining of metal wires by 

Bernardos in 1885 laid the foundations for the basis of 

development of the modern welding processes.

The early part of the nineteenth century saw developments of 

the forge welding process, where it was used to manufacture 

firearms and continuous butt welded tubes. Before 1877 there 

were only three basic welding processes in use, these were cold 

pressure welding, forge and flow welding. It is interesting 

to note that üp until this time the weld was considered to be 

a defect in the structure and that very little was known about 

its metallurgical or strength properties.

The development of electrical methods of welding were dependent 

on the provision of suitable electrical equipment being made 

available. In 1871 the Gramme Ring dynamo was introduced, 

which provided a satisfactory power source both from the point 

of view of maintaining a high voltage arc and its reasonable
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cost of construction. The first patent issued for a resistance 

welding process was to Professor Elihu Thomson in 1885.

Nicholas de Bernardos developed further the work started by 

Davey, showing how the arc could be used for joining ferrous 

metals, and in 1887 obtained a patent for a carbon arc welding 

process. In 1888 a base metal electrode welding process was 

conceived by N.G. Slavianoff and to him goes the distinction 

of introducing the first metal arc welding process. The year 

following Slavianoffs invention, Arthur Percy Strohmeyer 

introduced the first covered electrodes. He found that a wash 

coating of either clay or lime improved the performance of the 

base wire electrodes that had been used up to that time. Arc 

cutting and welding began to be used on a commercial basis, 

mainly for repair work. It was not evident at that time, the 

advantages to be gained by the use of covered electrodes so 

that both methods of welding progressed independently of each 

other.

The nineteenth century saw major developments in the production 

of oxygen, first by the Brins process introduced in 1880 and 

later, on a commercial basis, by Carl von Linde in 1893. 

Advantage was taken of this commercial supply of oxygen by 

Thomas Fletcher who in 1887 developed a blowtorch using a 

mixture of hydrogen or coal gas with oxygen to provide 

sufficient heat to melt and cut steel. Later in 1903 a low 

pressure oxy-acetlyene torch was developed by Fouche and Picard,

Even with the advances that had taken place in these two major
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welding processes there was still no evidence of the 

realization of the potential of the welding process as a 

method of fabrication. Both the old and new welding processes 

were still being used for repair work, and in fact because of 

the greater control offered by the oxy-acetylene welding 

process the development of arc welding lost some of its 

momentum.

In 1907 Kjellberg introduced covered electrodes that did more 

than simply sustain the arc. Also with the use of Hadfields 

silicon steel advances had been made in transformer design. 

These developments provided the impetus for further advances 

in the arc welding processes.

The improved transformer design gave the capability of using 

alternating current for welding and with the introduction of 

ferro alloys in electrode coatings by Kjellberg in 1912, the 

basis was laid for the welding processes which are familiar 

to us at the present time. In 1917 the first electrode was 

produced with'hh extruded coating. The process was developed 

by Jones in the United States and the main benefit that it 

gave was in the uniformity of the coating compared to that 

obtained by the previous method of dip coating.

Another process known as "thermit welding" was introduced 

during these early years of the nineteenth century. Previous 

work on the study of the reactions between metal oxides and
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aluminium powder by Vartin in 1895 was developed by 

Goldschmidt. He showed how the temperature of reaction 

attained during Vartins studies, around 5000°F, could be used 

for welding.

In 1902 he patented his invention and demonstrated its 

capabilities as a welding process. In 1903 the first thermit 

welding process was successfully used for the repair of large 

castings and for the joining of large cast components.

It was during the early days of the First World War that arc 

welding began to emerge as a major method of repair and a 

possible competitor to rivetted construction. With this 

ascendance of arc welding in the early twentieth century it 

was necessary that more quantative information was required 

about the performance of this type of joining process with 

regard to the strength of the resulting joint. To this end 

tests were conducted in both this country and the United 

States of America which were mainly concerned with the 

determination^of the tensile strength of welded joints. 

Further,more comprehensive tests were conducted examining the 

effects of type of loading i.e. tensile, bending, alternating 

and impact, on the strength characteristics of various joint 

configurations. The conclusions drawn from these tests were 

that the butt joint was superior to any other form that was 

tested.

In 1918 the first major step was taken in the application of
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welding for structural connections when the first all welded 

ship was constructed. Kjillberg was responsible for the 

construction of the first seagoing all welded ship which was 

built in 1920 to Lloyds approval. The ship was regarded as 

a full scale experiment in welded construction under specially 

arduous conditions, and came through the test as an unqualified 

success. It was generally agreed that her structural 

behaviour was greatly superior to that to be expected of a 

comparable riveted ship under similar conditions. The resulting 

stimulus to welding was enormous and the use of the process 

for structural connections was greatly accelerated. Alongside 

this greater awareness of welding as a structural connection, 

the requirement of qualatative information on the performance 

of the joint and the development of testing methods,came an 

attempt to control the welding process with the introduction 

of specifications and inspection techniques. An indication 

of this greater control is shown by the fact that Lloyds 

in 1922 approved six welding processes and in 1931 the list 

of approvals had increased to thirteen.

Many other welding processes saw developments during this 

period. Improvements in current interrupting devices together 

with the introduction of the copper-tungsten alloy electrodes 

(1920) gave greater control and extended electrode life for 

resistance welding techniques.

The development of the submerged arc welding process started in
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1934. It was found to be easily adaptable to automatic 

process welding and was granted an initial patent in the United 

States in 1935. Hobart and Devers were also, at that time, 

experimenting with the types of atmospheres that could 

surround the electrode during the welding process and their 

work provided the basis for the development of the inert gas 

tungsten arc method of welding. This particular process was 

to make, at a later date, the joining of magnesium alloys, 

aluminium alloys, stainless steels and copper alloys possible, 

which up to that time had proved to be extremely difficult.

The development of all welding processes continued with 

evidence of increased complexity and a move to the automation 

of the processes wherever possible. Arc welding achieved a 

growing recognition in applications for construction and 

fabrication. The Second World War capitalized on all the 

welding processes that were available, particularly in 

resistance and spot welding which were used for the production 

of parts for aircraft construction. Both of these methods of 

fabrication lend themselves to applications for mass 

production and automation, an essential ingredient for the 

production of arms for the war machine. The arc welding and 

cutting processes were also used to advantage in the 

construction of ships and submarines. The first all welded 

submarine was designed and manufactured in Sweden in 1942.

The early 1950's saw the introduction of a new method of
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structural design which relied on rigid joints in order that 

the plastic design stresses would be achieved. This method 

of design was important from a cost effective point of view 

for the construction industry but its application would not 

have been possible with joining methods other than welding.

It was significant that the first steel framed building erected, 

using plastic design methods, was the Fatigue Laboratory of 

the British Welding Research Association in 1952.

Electron beam welding first became available in the United 

Kingdom in 1959. The initial work on the development of this 

process was undertaken by Stohr in France for the welding of 

nuclear fuel elements in 1954. Initially the machines were 

expensive, but had advantages in the mass production context 

in that the equipment can be fully automated, requiring only 

semi skilled labour and gives very little distortion of the 

joined components together with a capability for high welding 

speeds. Generally the early machines used high power to 

generate the beam energy but recent advances in design now 

utilize low pc5wer sources which has considerably reduced the 

commercial cost of electron beam welding machines. An 

alternative heat source capable of achiev^ing the same power 

intensity as the electron beam was developed in 1970, this 

being the continuous laser. Early lasers were solid state 

devices with pulsed outputs, they were not ideal for welding 

and achieved only limited use. With the introduction in 1970 

of the continuous laser with variable energy output, lasers 

offered greater scope without the need to provide a vacuum
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environment. The machines currently being manufactured for 

laser welding are very expensive but are destined to have 

significant impact in the near future.

Many other processes have been introduced over the past twenty 

years such as electroslag welding, explosive welding developed 

in the United States of America, friction and gravity welding. 

Each of these processes have their own specified applications. 

A comparatively new metal joining process is thermo magnetic 

solid state welding, which both heats and welds the whole 

joint electronically at the same time.

Over the past two hundred years welding process technology 

has changed from being a "black art" to one which requires 

the application of sound technological principles. The trend 

in nearly all the welding processes available, up to the 

present time is towards greater reliability with an emphasis 

on mechanisation wherever possible. It has been reported 

(P2.2) that 70-80% of welding in all industrialised countries 

is by arc welding. This, at first glance, seems a surprising 

statistic when the number of welding processes that have been 

developed over the past forty years are considered. The fact 

of the matter is that only rarely has a new process replaced 

an existing one, each new development having its own 

characteristics related to specific applications. There are 

at present over fifty distinct welding processes available 

for selection, each process being applicable to a number of 

specific fabrication requirements. In recent years the choice
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of process has been influenced by economic considerations, 

consequently the increased interest in the development of 

mechanised processes. This does not mean that the manual 

welding skills will be dispensed with. It is evident that 

the requirement for manual welding skills will still be 

necessary for many applications and will be so for the 

foreseeable future, in spite of the drive towards 

mechanisation. With the advent of robot and microprocessor 

based systems it can be expected that a further degree of 

sophistication will be reached in the control of the welding 

process. The cost effectiveness of the method and the degree 

of reliability of the joining process will become the 

paramount aims of further developments within the next ten 

years. Microelectronic and robotics are most likely to have 

the biggest impact on the welding scene rather than 

development of new welding processes.

Table 2.1 gives a chronological list of events leading to the 

development of modern welding methods.
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2,2 Review of Literature on the Fatigue Properties of Welded Joints

A considerable volume of the literature on the fatigue 

properties of welded joints relates to the determination of the 

fatigue strength of the particular joint configuration. The 

major portion of the research work being conducted in particular 

with butt joints. It has also been customary to attempt to 

assess the fatigue strength of the welded joint on the basis 

of the fatigue strength of the parent material, determined from 

tests on small well polished or notched specimens ever since 

the early work of Wohler (P2.3). The fatigue strength of the 

parent material has been considered an intrinsic mechanical 

property of the material. In recent years it has become 

obvious that this approach is unsatisfactory and, because the 

incidence of fatigue failures still account for a large 

proportion of material fractures, these methods constitute a 

dangerous practice to use for prediction of fatigue behaviour.

In the assessment of the fatigue strength of a welded 

component this approach becomes meaningless because the 

fracure is not in one material, but as shown in fig. 2.1, with 

several acting as a continum.

The weld, which essentially is a cast material will undergo 

certain metallurgical changes, its mechanical properties are 

non homogeneous and will depend upon a number of parameters 

which are inherent in the welding process. Secondly, there is 

the heat affected zone, which again is non homogeneous with 

regard to mechanical properties caused by the variations in 

the heating and cooling cycles suffered by the material
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situated adjacent to the weld pool for each successive layer 

of weld metal deposited. Finally there is the parent material 

whose original mechanical properties may have changed during 

the welding process.

It can therefore be seen that the fatigue strength of a welded 

component cannot be assessed from the fatigue strength 

determined for the parent material. It must in fact be assessed 

on the basis of tests conducted on typical components or at 

least on typical types of joints. The necessity for 

investigations into the fatigue behaviour of welded joints 

arises out of the fact that there are many additional 

considerations when compared to riveted or bolted joints. The

welding process is not only more complex in terms of 

metallurgical changes of the connected parts, but also more 

versatile in respect to the number of configurations and 

processes available for making the joint. Whilst this 

versitility can be considered an advantage from the point of 

view of the designer, from the point of view of fatigue many 

different strength values may be obtained depending on the 

choice of joint configuration, any of which may be considered 

as interchangeable when viewed from design criteria.

There are only two basic types of welds, apart from resistance 

welds, these are butt welds and fillet welds. Both types can 

be made from a large choice of joint geometries and differing 

welding processes. Fig. 2.4 shows four possible ways by which 

a structural joint can be assembled using the two basic types
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of weld. The illustration shows one joint using a transverse 

butt weld and three joints using the fillet weld. The figure 

also shows the effect of joint configuration on the stress flow 

patterns between the connected members. It is obvious from 

these patterns that the butt weld causes the "least resistance 

to flow" of the stress lines and in fact it can be seen that 

by removal of the weld reinforcement the connected members act 

as a continuous joint.

Because of the large number of variables associated with the 

welded joint that affect fatigue performance and the variations 

that have been used in the experimental procedures over the years, 

it is extremely hazardous to try and attempt to draw generalised 

conclusions from the vast amount of research data that is 

available on this subject. By far the greatest amount of work 

that has been done in studying the fatigue behaviour of welded 

butt joints has involved the direct stress loading of flat 

plates with varying size specimens. The specimen size has 

been dictated by the available capacity of the testing machine. 

Conventionally, fatigue tests have been conducted under 

conditions of constant stress amplitude and then for a given 

size specimen an S/N curve has been determined. Most of the 

published data for the fatigue tests on welded joints in mild 

steel refer to two types of loading, that of pulsating tension 

and the other of alternating stress about zero mean stress.

In making a review of published work, the point made earlier 

of the variations in test procedure become immediately obvious.
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Commission XIII of the International Institute of Welding 

(P2.4) also gave recognition to this fact when they called 

for an enquiry in 1956 into methods of testing. Whilst not 

attempting to compile a complete catalogue of all published 

work on the subject, the amount and diversity of the available 

material is far too vast for this, it is proposed to consider 

the main factors that have been shown to affect the fatigue 

behaviour of butt welded joints in mild steel.

2.2.1. Effect of Joint Geometry on Fatigue Behaviour.

The majority of structural steels used in industry for 

construction, because of the methods of construction, have a 

surface finish which makes structural steel components 

susceptible to the initiation of surface cracks. This surface 

condition is known as "millscale". Early research work on 

fatigue used highly polished specimens in the determination of 

the fatigue strength of materials, thus eliminating the stress 

concentration effects of the rough surface or millscale which 

is present in most practical situations. Extracting information 

for design from this early work could therefore be misleading, 

particularly if this information is used to determine the 

fatigue strength of a material for a practical design. Since 

the majority of fatigue failures originate from the surface of 

components, then surface conditions of structural members will 

have an important influence on their fatigue behaviour.

Research work from the late 1950’s recognised this fact and 

the majority of investigations from that time onwards used
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specimens prepared from plate in the "as rolled" condition.

In the series of comprehensive tests conducted by 

Newman & Gurney (P2.5) and that of Munse (P2.19) showed that the 

effect of millscale on fatigue strength increases with increase 

in life of the member, an important fact for design 

consideration. It has also been shown by an analysis of many 

investigations, the results of which are shown in fig. 2.5, 

that the ratio fatigue strength/tensile strength decreases by 

around 30% for specimens tested in the "as received" condition 

compared to those tested where the millscale has been removed 

by machining.

Standard edge preparation for butt welds are shown in fig 2.6. 

There are two basic methods by which the parent plate material 

is prepared to conform to these standard profiles, these are 

manual or automatic flame cutting or by machining. Early work 

on the effect of these methods of edge preparations on fatigue 

strength were conducted by Koenigsberger(P2.6, 2.7), and showed 

that the methods of, preparation had little effect upon the 

fatigue characteristics of the plate material. Later work 

by Newman & Gurney (P2.5) showed that specimens prepared by 

oxygen flame cutting gave about a 13% reduction in fatigue 

strength compared to machine prepared specimens. The results 

of this investigation are reproduced in the form of a Wohler 

diagram in fig. 2.3. Both investigations reported multi crack 

initiation sites on the upper edge of the cut surface when 

flame cutting was used to prepare the joints. Further work 

by Goldberg (P2.8) in 1973 and Pleci, Yeske, Altstetter
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and Lawrence (P2.9) in 1977 confirmed that multi-crack 

initiation sites did arise on the edge adjacent to the cutting 

flame as reported by Koenigsberger and Newman. Goldberg 

suggested that if the edge containing the crack sites was not 

removed, a zone of ferrite microstructure decarburized by the 

cutting flame remains. This would provide an answer to the 

cracking in this portion of the prepared edge, but subsequent 

testing with this portion of the edge removed showed that 

fatigue cracks still were initiated at this edge but that the 

fatigue strength of the material increased by approximately 

15%. Similar crack sites were reported when specimens were 

cut using a plasma arc. The investigation also showed that 

there was a near linear relationship between surface roughness 

of the cut surface and the resulting fatigue strength and that 

the plasma cut surfaces had a fatigue strength comparable

to that of the surfaces prepared by machining. The research
>

work of Pleci confirmed the major conclusions of Goldbergs 

work. It also showed that at the multi-crack initiation sites 

there were deposits of resolidified metal and that from a 

fatigue strength point of view, high strength steels were less 

susceptible than mild steel to methods of edge preparation at 

low life cycles and give approximately the same values at 

higher life cycles.

The effect of the overall geometry of the welded joint has 

been found to be more significant in determining the fatigue 

strength than any other consideration. One of the geometrical 

features that has been found to be very influential is that of

X
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the shape of the weld reinforcement, see fig. 2.2 The profile 

of the reinforcement and its surface finish will differ with 

the welding process and even with the filler metal or type of 

electrode used. A qualatative assessment of weld reinforcement 

profile related to fatigue performance of welded butt joints 

was conducted by Wilson (P2.10). The re-entrant angle 0, 

see fig 2.2, was seen from the results of the tests to correlate 

reasonably well with the respective fatigue strengths.

Becker & Reiger (P2.ll) concluded from their investigation that 

the re-entrant angle 6 depended upon the method of weld metal 

transfer that was operative during the particular welding process 

being used. Spray transfer giving large values of 6 and hence /  

a lower stress concentration effect at the change in section, 

globular transfer resulting in a much more abrupt change in 

section and hence a higher stress concentration factor. The 

general conclusions of their work supported the evidence 

provided by the investigation conducted by Wilson.

Harris, Nordmark & Newmark (P2.12) found that the removal of 

the weld reinforcement by grinding generally increased the 

strength of butt welds.

The results of tests to show the effect of reinforcement angle 

are shown in fig 2.2. Both Harris and Newman reported that 

when specimens were tested with the reinforcement left intact 

the fracture propagated in the parent plate at the point of 

change in section, with the reinforcement removed the fracture 

originates within the weld metal from an internal defect
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originating during the welding process.

It is not practical to consider developing a relationship 

between 0 and fatigue strength because of the tremendous 

variation that occurs in reinforcement profile along a weld. 

However graphical representation does show the significance 

of this parameter and help to define good and bad profile shapes, 

Tests have been conducted where a variety of weld reinforcement 

shapes were machined from solid metal where definite 

relationships were derived between fatigue strength and 

reinforcement angle. Takahashi (P2.14) and Saunders (P2.15) 

conducted such tests which also showed that the toe radius of 

the weld was also a parameter which contributed to the reduction 

in fatigue strength. These facts taken in conjunction with the 

variation in profile which is found along a weld gives an 

explanation for the high degree of scatter which is inherent 

in the fatigue life of welded joints.

2.2.2. Effect of Type of Welding Process on Fatigue Behaviour

Each type of welding process has associated with it a range of 

characteristics particular to that process that affect the 

fatigue performance. Early tests conducted to compare manual 

with automatic welding process by Harris, Nordmark and Newmark 

(P2.12) reported that automatic welds gave lower fatigue 

strengths than those prepared by manual welding processes.

The investigation also considered the effect of various types 

of electrodes on the fatigue strength and concluded from the
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results that the low hydrogen electrode gave higher fatigue 

strengths than those produced with other electrodes. Tests 

conducted by Wilson & Wilder (P2.16) showed that automatic 

welds gave a slightly higher fatigue strength than those 

manufactured by manual welding. Evidence to substantiate 

the poor performance of automatic welds compared to those 

obtained in a manual process was obtained by Newman & Gurney 

(P2.5) where this phenomonen was attributed entirely to the 

poor shape of reinforcement achieved in the automatic welding 

processes.

With the development in modern automatic welding processes 

such as electron beam, laser and electroslag processes the 

fatigue strengths for the butt joints are considerably greater 

than that for joints achieved by manual means. Harrison 

(P2.18) in his survey of literature on fatigue strength of 

electroslag welded joints concluded that in general unmachined 

electroslag welds gave fatigue strengths as high or higher than 

those obtainable for butt welds made by other processes.

Modern automatic welding processes are capable of producing 

welds with fewer internal defects and also a smoother weld 

profile than is possible with manual welding and hence a 

better resistance to fatigue. It has been known for many years 

that the lack of control of the welding process introduces 

both surface and internal defects in and around the welded 

joint that affects its fatigue performance. The introduction 

of these defects can be attributed to the possible lack of 

skill of the operator, the type of electrode used or choice 

of welding process and also the welding position. In general
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the introduction of these defects have less effect on the 

static strength of the joint than on its cyclic life.

Munse (P2.19) found that a small reduction in the effective 

area of the weld metal had a far greater effect on the fatigue 

properties than on the tensile strength, and that the 

sensitivity of the joint to weld defects increases with 

increasing tensile strength of the parent material. The control 

of quality in fabrication therefore becomes increasingly 

important when designing welded joints using high strength 

steels. This reduction in the static and dynamic strength of 

welded butt joints has been substantiated by many other workers. 

Lindh & Peshak (P2.20) investigated the affect of individual 

pore defects of various geometries and locations within the 

weld. They concluded from their studies that if the porosity 

was scattered, the static properties were affected in high 

strength steels when the effective cross sectional area had 

been considerably reduced, but would significantly affect the 

fatigue properties regardless of pore size. At the Second 

Conference on the Significance of Defects in Welds held in 

1969, a paper was presented by Harrison, Burdekin & Young 

(P2.21) in which a basis for an acceptability standard to 

ensure service capability of welded joints containing defects 

was suggested. The criteria of the acceptance or rejection 

of a weld for service was, up until this point in time, a 

purely arbitrary decision. The proposed acceptance standard 

was developed whereby defect sizes could be specified in order 

to comply with the expected service conditions r provided that the
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designer made initial decisions on the quality requirements 

of his materials, joining methods and the necessary quality 

control procedures required. This design specification 

requirement on the part of the designer marked a major shift 

in emphasis from "quality at any cost" to a "fitness for 

purpose" criteria. Harrison (P2.22) proposed further 

acceptance standards for porosity in welds and Boulton 

(P2.23) extended the work to form the basis of a BSI draft 

standard for the Derivation of Acceptance Levels for Defects 

in Fusion Welded Joints (P2.24).

Slag inclusions are another internal defect that cause a 

reduction in static and fatigue strengths. Because of the 

ease with which controlled slag inclusions can be placed 

within a weld and the fact that they occur more frequently 

than any other defects, their effect on fatigue have been 

exhaustively researched. Difficulties were experienced in 

assessing, with accuracy, the severity of these defects and 

early attempts defined the severity by descriptions of the 

forms in which they appeared on the radiographic analysis 

of the weld. Warren (P2.25) attempted to correlate the 

effect of severe slag inclusions with fatigue strength

using this method of assessing the severity of defects. The
)

interesting feature of Warrens tests is that the apparent X

severity of the defects studied, judged from the radiographs, 

did not vary greatly within each classification.
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The problem of judging acceptable levels of quality is 

obviously much more difficult when the defects occur as small 

inclusions dispersed throughout the weld metal. Harrison 

(P2.26) developed methods whereby slag inclusions of known 

dimensions at known locations could be implanted in a weld.

From the tests conducted on such specimens a reasonable 

correlation was found to exist between length of defect and 

fatigue strength at long endurances for butt joints loaded 

transverse to the weld. These tests did show an apparent 

anomoly, namely, that the joint containing the longest defect 

gave the highest fatigue strength value. Also undertaken 

during this study was the effect of different electrodes on 

fatigue strength and the results showed that for a given size 

defect the welds made with the low hydrogen electrode were 

significantly better than those made with rutile electrodes. 

Latter tests by Harrison (P2.27) attributed the anomoly 

recorded in the first series of tests to the effect of residual 

compressive stress in the weld. Specimens were stress relieved 

after welding and on subsequent testing showed that the 

larger defect gave a lower fatigue strength. Slag inclusions 

near the weld surface reduced fatigue strength by approximately 

40 per cent relative to specimens with inclusions in the centre 

of the weld.

From the series of investigations conducted by Harrison at the 

Welding Institute on the effects of welding defects with regard 

to strength it is evident that an important parameter in 

limiting fatigue life is the length of the defect. For manual
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metal arc welding the depth of the defect is usually small 

compared to its length because it is contained within one 

weld run. Fracture mechanics analysis indicates that when the 

length-to"depth ratio is around ten, then the characteristic 

parameter becomes the depth of the defect. In some welding 

processes, particularly electroslag welding, slag inclusions 

show a considerable variation in their depth. Under these 

conditions, depending on the length to depth ratio, it is 

conceivable that a more realistic assessment would be obtained 

by considering the defect as a crack.

With the availability of a large amount of data on defects 

in welds, the methods by which defects are assessed in industry 

and the application of Fracture Mechanics, Harrison (P2.28) 

proposed a basis for the acceptance standards for slag 

inclusions in welded ferritic steels. Further tests were 

conducted during this investigation as to the effect of stress 

relief heat treatment on fatigue strength. It was concluded 

that the improved fatigue performance was not due to the relief 

of residual compressive stress as reported in earlier published 

work, but because of the removal of hydrogen from the weld 

defects by the heat treatment. Current design practice for 

structural elements has undergone a complete reappraisal 

in philisophy, from one based on working load to one now based 

on the principles of limit state design, which is achieving 

an acceptable probability that a structure or structural 

element will not become unservicable in its lifetime.

Harrison & Doherty (P2.29) reanalysed the results of tests
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relating to the influence of slag inclusions on fatigue 

performance, with respect to the limit state philisophy.

The conclusions of their analysis agreed conclusively with 

the design recommendations of B.S. 5400, (P8.1) .

Lack of fusion between the weld metal and the surface to be 

joined is one other form of internal defect. It is a condition 

which has been found extremely difficult to achieve for test 

purposes. Newman (P2.30) found that oxyacetylene welding was 

required to lay the defect run in a manual metal arc welded 

joint. The final results of the test gave no indication that 

lack of fusion had any significant influence on fatigue 

performance.

Another common internal defect in butt welds is that of lack 

of penetration. This is caused by the failure of the weld 

metal to penetrate and fuse fully into the root of the joint. 

The main causes of this defect are unsuitable selection of edge 

preparations for particular welding processes, inaccuracies in 

joint alignment, or welds runs not being cleaned before 

depositing subsequent runs. It is one of the easiest joint 

defects to reproduce for test purposes, either as an internal 

defect when plates are welded from both sides or a surface 

defect when welding from one side. An "area" can be used to 

assess its severity and since it is a planar defect is capable 

of analysis by applying the principles of Fracture Mechanics. 

Some joints are specifically designed where full penetration 

is not required, these are described as partial penetration
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joints and are generally used where the maximum principal 

stress is parallel to the thickness of the defect. These 

unwelded zones therefore only become defects in joints which 

require full thickness welds in their design specification.

Tests on transverse butt welds made using the submerged arc 

welding process have been reported by Warren (P2.25). The 

lack of precise documentation with regard to control data and 

the severity of the defect have left the results of this 

investigation open to interpretation. Wilson, Munse & Snyder 

(P2.31) studied the effect of partial penetration in manually 

welded joints. The degree of severity in the specimens tested 

was of the order of 50% and showed large reductions of fatigue 

strength. The removal of the weld reinforcement showed a 

further small reduction in fatigue performance.

For defects of up to 50% of the welded area, Newman & Dawes 

(P2.3 2) reported that the reduction in fatigue strength was 

approximately equal to twice the present reduction of area by 

the defect. Burdekin, Harrison & Young (P2.3 3) reviewed, for 

the International Conference on Non Destructive Testing in 1967, 

the work to date that had been conducted on weld defects. They 

noted that the experimental results that had been obtained 

for test specimens could not be extrapolated on a percentage 

area basis to large structures and suggested that a Fracture 

Mechanics approach be adopted to assess the significance of 

these defects. It was on this basis, of the defect being 

treated as a crack, that the majority of subsequent 

investigations proceeded.
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2.2.3. Effect of Residual Stress and Surface Treatments 
on Fatigue Behaviour.

Residual stresses arise in weldments owing to the thermal 

expansions and contractions that occur throughout the welding 

cycle and the plastic deformations that result from these 

thermal strains. The residual stress patterns, parallel and 

transverse to the weld, for a single vee butt weld are shown in 

fig. 2.7. The longitudinal tensile stress may be of yield 

strength magnitude whilst the transverse stress may be of equal 

or lower magnitude depending on the joint geometry, the welding 

process and the sequence of weld runs. Another factor that 

will affect the magnitude of the residual stresses is the degree 

of restraint imposed upon the joined parts.

In the early reported work there were many conflicting views 

expressed with regard to the effect of residual stresses on 

fatigue strength, (P2. 34,35,36). To some extent the

conflicting evidence can be explained by the fact that the 

many tests were based on a comparison with fatigue data obtained 

for welds in which residual stresses had been relieved or 

modified by thermal or mechanical means. Accompanying this 

stress relief would have been a change in microstructure, of 

varying degree, depending upon the temperature and the time 

period of the thermal heating process. The variable 

microstructures, together with the redistribution of the 

residual stress system that would occur on removal of the 

test specimen from the welded plate, could possibly account 

for the significant differences in fatigue strength. The
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magnitudes of the residual stresses in weldments depend 

upon the size of the specimen. Lower magnitudes of stress 

result from decreasing thickness because of the reduced 

temperature difference that would exist between the outer 

surfaces and also the reduced stiffness of the member. It 

would therefore be expected in a welded structure, because of 

the size of the member compared to test specimen size that 

there would inevitably be much higher magnitude residual stress 

systems than those experienced during test conditions. Even 

until as recently as 1959 the indecision with regard to the 

effect of residual stresses was evident in the work of 

Newman & Gurney (P2.5) . In a summary published in 1964,

Munse (P2.3 7) noted that views expressed in the literature 

regarding residual stresses and their effect on fatigue 

performance differed markedly. There continues to be some 

disagreement on this subject although many later 

investigations have reported that residual stresses do affect 

fatigue strength. Kelsey & Nordmark (P2.38) investigated, 

for aluminium alloy butt joints, the effect of residual stresses 

on the fatigue crack initiation and growth rates. Although 

for transverse loading the weld geometry was still seen to be 

the dominant factor, with this removed surface residual tensile 

stresses were seen to reduce fatigue life. From their results 

they concluded that the reduction in surface tensile residual 

stresses by mechanical means would improve fatigue performance.

Many methods are available for inducing compressive residual 

stresses in the surface layer, such as "peening", "local



2.28

compression" and "spot heating". The only effective surface 

treatment that can be applied to butt welds is that of 

"peening". Both "local compression" and "spot heating" 

provide localised compressive residual stresses and therefore 

are only effective where the notch effect is localised e.g. 

the ends of a longitudinal butt weld.

Nacher (P2. 39,40) conducted a systematic investigation 

into the effects of peening on butt welds and found major 

improvements in fatigue strengths. Also evident from his 

results was the fact that the improved fatigue performance 

was not significantly affected by the application of either 

pulsating tension or alternating loading.

Compressive residual stresses can also be introduced at the 

edge of a weld reinforcement by the application of a tensile 

load prior to fatigue testing. The resulting permanent plastic 

deformation at the discontinuity has been shown to be beneficial 

from the point of view of increased fatigue strength. A 

theoretical analysis of the residual stress pattern in the 

region of discontinuity when subjected to a tensile overload 

has been given by Gurney (B2.1)., From this analysis 

it might be expected the application of a tensile overload 

would be more beneficial, with regard to fatigue life, if the 

applied fatigue load contained a compressive component i.e. an 

alternating load.

This method of improving performance by the application of a



2.29

prior overload relies on the overload reaching yield point 

magnitude at the location of the discontinuity. This implies 

that greater benefits would accrue if this treatment was 

applied to high yield strength steels. Evidence supporting 

these views is given in the work of Harrison (P2.41) in tests 

on transverse fillet welds subjected to pulsating tension and 

alternating fatigue loading. The technique of overload has 

also been successfully applied to intersecting butt welds by 

Trufyakov & Mikeeve (P2.42) for which increases in fatigue 

limit of 50% were obtained under the application of both 

pulsating and alternating loading.

During the International Conference on Fatigue of Metals held 

in 1956, contributions on the effects of residual stresses 

on fatigue strengths were given by a number of authors.

Whilst they all agreed that they could be of yield point 

magnitude, differences of opinion with regard to their effect 

on fatigue performance was expressed. In the light of the 

inconclusive evidence provided by research up to that time. 

Week (P2.43) suggested that they would have no influence on 

the resulting fatigue strength. Sigwart (P2.44) and 

Mattson (P2.45) on the other hand suggested that the residual 

stresses would act as a static prestress and therefore be 

additive to subsequent loading. Gurney (B2.1) in a recent 

publication agreed with the views of Sigwart and Mattson, 

stating that the level of the mean stress would change 

because of their additive nature, resulting in a decrease in 

the allowable stress range of the applied fatigue loading.
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Generally the effect of residual stress upon the fatigue 

strength is relatively small when the applied fatigue stress 

is completely tensile in nature. However, when subjected to 

alternating stress cycles in which there is a compressive 

component, they do exert an influence on cycles to failure.

Very little research has been conducted solely on the effect 

of residual stresses in simple butt welds, the majority of 

test programmes have had stress relief associated with them. 

The significance of the application of alternating stress in 

the presence of residual stress has already been mentioned.

It would therefore be expected that if the residual stresses 

could be reduced by thermal stress relief an improved fatigue 

strength would result. Baren & Hurlebaus (P2.4 5) reported an 

increase in fatigue strength of about 25% when butt welded 

joints were stress relieved at 560®C and subjected to bending 

fatigue tests. When stress relieved at 630®C a fall of 16% in 

fatigue strength was recorded. The unexpected reduction in 

fatigue strength was attributed to overaging of the metal in 

the heat affected zone. Trufyakou & Mikeev (P2.4 2) likewise 

found stress relief to reduce the fatigue limit by 14% for 

pulsating tension. The reduction in fatigue strength was 

attributed to decarburization during the stress relief anneal, 

although other metallurgical changes could not be ruled out.
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2.2,4. Fracture Mechanics applied to Fatigue of Welded Joints

Since the early 1950's a new dimension has entered into the 

investigation of the fatigue performance of welded joints, 

that of analysis of crack growth by the application of the 

principles of fracture mechanics. Prior to this, the method 

of analysis of fatigue behaviour was based entirely on the

results of determining an S-N diagram for the element under

test. This, in effect, was adopting a philosophy which in a 

sense represents a "safe life" design criterion. The 

fracture mechanics approach is one of a "fail safe" philisophy, 

which in essence requires a redundant structure. The benefits 

which accrue from such a philisophy, can in certain

circumstances, be both practical and economic.

The applications of the principles of fracture mechanics

depend upon the assumption that pre-existing flaws or cracks

are contained in the material at or adjacent to discontinuity

or weld. Also that the application of cyclic stress during

the fatigue cycle is spent in propagating an existing crack -

like defect, rather than in initiating that crack. Because

of the lack of control of the welding process, referred to

earlier, there is a high probability that such initiation

sites in the form of slag inclusions, porosity, lack of

penetration and lack of fusion may occur within the weld.

The accompanying metallurgical changes may also result in

fine cracks occurring in the weld pool itself or in the

adjacent heat affected zone. The region in the vacinity of 'Çyj
f

(
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a weld certainly provides an environment in which cracks 

can occur and pre-existing cracks, prior to the application 

of load, could exist.

The main pre-occupation of modern fracture mechanics is in 

describing the stress field that exists at a crack front.

Much of the early work upon which the present day fracture 

mechanic's principles are based was that due to Griffith and 

Irwin. Two methods of approach to fracture mechanics developed 

from their work, the "energy release rate" from the work of 

Griffith and the "stress intensity" approach proposed by 

Irwin. Both methods of analysis are based upon principles 

of elasticity and are valid for a range of materials including 

high strength, low toughness materials. The stress intensity 

approach has been based on the determination and use of the 

plane strain fracture toughness, where G /fr.a .a

which has a minimum value for thick materials.

The fatigue life of a weld can be classified into two phases, 

that of the initiation of a crack followed by subsequent 

propagation of that crack. The initiation period has proved 

to be the most difficult to investigate both from a point of 

view of measurement and description.

Very little evidence is available with regard to the fraction 

of the fatigue life spent in initiation of the crack. It is 

assumed in the application of fracture mechanics principles that 

this phase is non existent. In an investigation on butt welds
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containing joint penetration defects Lawrence & Munse 

(P2.47) thought that the initiation period occupied 

approximately one half of the total fatigue life. This 

significant fraction of the life spent in initiating the 

crack was attributed to the number of cycles necessary to 

"shake down" the high residual stresses in the vacinity of 

such a defect and to form the defect into an active fatigue 

crack.

Extensive published work is available on the propagation 

of fatigue cracks. Paris proposed that the rate of crack 

growth per cycle was proportional to a power of the stress 

intensity factor range,A K, of the propagating crack giving 

the simple mathematical term:

i = C(AK)"'-   2.1
where "C" and "m" are material constants and A k  a function 

of applied stress range, crack size and geometry. From 

equation 2.1 the crack propagation period of the fatigue life 

can be estimated.

N
^ o (A K)™ ^
o

1 a ---------- 2.2

If equation 2.2 cannot be obtained in a closed form then finite 

difference techniques can be applied to evaluate the integral

N ^ = I® ---    Aa.   2.3
%  c (A K)™



.34

where N is the crack propagation life, a^ the half crack pc f

length at failure, a^ the initial half crack length and "a" 

a finite advance of the crack.

Under certain conditions equation 2.2 can be shown to reduce

to the equation of an S-N curve. This indicates that the

negative inverse slope of the S-N curve plotted on logarithmic

co-ordinates equals the exponent "m" in equation 2.1. Harrison

(P2.21) in his proposed acceptance standards for defects in

welds assumed m = 4 in the Paris crack propagation equation.

The S-N curve was then divided, using straight lines of slope

- —  into five areas. Each area represented a required quality 
u

based on the design stress and the required life. The proposed 

quality based system was based on ambient air test results and 

these were later modified by Boulton (P2.23) to accommodate 

the accelerated crack growth thought to occur in aggressive 

environments. Whilst good correlation was shown with 

experimental results using the Paris equation and the exponent 

m = 4, many other workers have claimed equal levels of 

correlation with a considerable variation in the value of "m".

Many semi empirical and theoretical equations have been proposed 

to predict crack propagation equations which involve the mean 

stress level as a variable- One that is increasingly being 

used is that due to Forman, Kearney & Engle

A C ( A  K)” ,
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The equation attempts to take into account the influence 

of R, the stress ratio depending on the mean stress, and the 

acceleration in growth rate as A K approaches

2.2.5. General Comment

A vast amount of information has been gathered over the past 

150 years with regard to the fatigue properties of structural 

materials and various types of joint configurations. With all 

this available data we still see that many engineering failures 

can still be attributed to the phenomenon of fatigue. This 

would suggest that perhaps the body of information has not been 

presented in a digestable form to the people responsible for 

design. Also because of the scatter that is inherent in fatigue 

testing, failures will inevitably occur, even when due account 

is taken of fatigue loads below that considered to be safe.

Over the years there has been a change in emphasis in the 

philosophy of conventional fatigue testing from one of 

prediction of fatigue life from smooth specimens to that of 

testing of actual components. Considerable advances have been 

made in using empirical equations to predict fatigue lives of 

structural connections from such tests. The S-N curve derived 

from these tests is valuable in that it can be assumed that 

variables such as material geometric stress concentrations and 

defects remain approximately constant. The one main variable 

being the applied stress. Variations in the constants give 

rise to scatter in the test results and reduce the confidence
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with which lives can be predicted. The benefits of such tests 

when combined with probability of failure analysis does 

therefore allow the assignment of meaning to occasional low 

test results. It also helps in the identification of areas 

where improvements can be made, either in weld geometry or 

welding procedure. Examples of such improvements to give 

increased fatigue lives are TIG dressing, plasma dressing, 

grinder dressing and the use of special electrodes designed 

to give a smooth profile.

Over the past decade, the attitude towards flaws in welded 

structures have changed. In the past the automatic reaction 

was to repair all regions within a weld that contained flaws. 

The modern tendency is to adopt the philosophy of "fitness 

of purpose", whereby flaws which would not give premature 

failure are ignored. The reasons for this change in attitude 

spring from a number of considerations. Firstly the 

recognition that all welded joints contain defects of some kind 

and secondly that repair is expensive and not always necessary. 

The development of more sophisticated equipment and quality 

control systems in locating and measuring sizes of defects 

have also helped in the adoption of this philosophy.

Fracture mechanics has become widely used to attempt to 

determine the significance of defects in welds with regard 

to their susceptibility to fracture. It has met most success 

when applied to high strength materials. Its application to 

low strength materials is economically doubtful since there are
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empirical relationships that provide alternatives in the 

control of fracture. This is because their mechanical 

properties provide a high margin of tolerance with regard 

to fracture risk. Many equations to predict fatigue crack 

propagation rates have been proposed, but the majority of them 

lack generality with regard to the fatigue crack rate versus 

stress intensity curve. The application of fracture mechanics 

to the fatigue of welded joints in low strength steels must be 

treated with caution. In a welded joint there is considerable 

variation in reinforcement profile which affects the stress 

concentration at the toe of the weld. Consequently it is not 

clear in the real component just where or how the crack will 

start and subsequently grow. Prior stress history is yet 

one other unknown which could affect considerably any 

calculation to determine the number of cycles to fracture.

There are many equations for stress intensity factors for 

standard cases, but it is still a major problem to determine 

them for shapes of real components.

The culmination of all the research work that has been conducted 

on fatigue of weldments has hopefully been embodied in B.S. 5400, 

(P8.1). The various welded joints are assigned'to 8 classes 

and S-N curves have been derived from an analysis of all 

available data. The slopes of the majority of the curves have 

been made m = -3.0, derived from a fracture mechanics analysis, 

with the exception of classes B and C which are 4.0 and 3.5 

respectively. The standard design curves which are presented 

are based on two standard deviations below the mean line with
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a probability of failure of 2.3%. It has been recognised in 

the standard that the fatigue behaviour of a welded joint in 

a real structure depends upon stress range and to this end 

design curves are plotted for each class of joint as stress 

range versus cycles to failure.

The basis upon which the information for this standard was 

devised is shown in the work of Gurney & Maddox (P2.48) 

Statistically it has many shortcomings from the point of view 

of the sources of information used in the analysis, and also 

from the imposition of fracture mechanics theory to the slopes 

of the design curves. This certainly underlines the fact that 

a greater coherence is required in testing methods if data 

collection is to be used as the bases for standards and codes 

of practice.

A considerable amount of effort is still needed both in the 

promotion of an understanding of the work that has been 

completed to date and a more meaningful correlation between 

test results and real structures.
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2.3 Review of the Theory of Fatigue

Many attempts have been made to determine the relationships 

between the parameters believed to contribute to fatigue 

failure. The simplest of these relationships which relate 

the applied stress to cycles to failure is:-

S (N)™ = C   2.5.

where S = applied stress, N = number of cycles to failure,

C and m are constants determined from the experimental d^ta.

When the applied stress and failure cycles are plotted on 

log-log axes the equation may be expressed to represent the 

resulting straight line as:-

log S + m log N = log C .   2.6.

where m = inverse slope of the resulting line and log C the 

intercept on the log N axis.

The fatigue equation as represented in equation 2.5 has severe 

limitations in its adoption as a model representing fatigue 

behaviour. The main objections being that it is only 

representative of the S/N curve over its middle life range and 

also that it does not include the mean stress as one of its 

parameters. The influence of mean stress on the fatigue limit 

has been recognised since the time of Wohler, who noted that 

fatigue limit stress decreased with increasing mean stress. 

Therefore any model realistically representing fatigue 

behaviour must include a parameter representing the effect of
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mean stress.

Early workers in fatigue presented three such basic models. 

These resulted from the work of Soderberg, Goodman and Gerber, 

The equations representing their models are:-

Soderberg S = Sa ao

Goodman S = S a ao

1 -

1 -

m

m

2.7.

2.8

Gerber S = S a ao 1 -
m
t J

2.9

where S = alternating stress for a mean stress S a m

S = alternating stress at zero mean stress, ao

= yield stress and = tensile strength.

Equations 2.7, 2.8 and 2.9 can be represented on a graph, 

fig. 2.8, with axes of alternating stress (S^) and mean stress

(S^). Many variations in the presentation of this diagram are

in use, one such variation is shown in fig. 2.9. Unless a 

finite life is stated for the diagrams in fig. 2.8 and 2.9 it 

is asssumed that they relate to the fatigue limit.

In his early work, Goodman assumed in constructing his original 

diagram that for infinite life the fatigue limit for completely 

reversed stress was one third of the value of the tensile
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strength. This was later modified so that no assumption was 

required for the value of the fatigue limit and that the 

diagram applied over both finite and infinite life ranges. 

This was known as the "modified" Goodman relationship and is 

the one represented in fig. 2.8 and 2.9. The modified 

Goodman line is generally used as the basis of fatigue design 

calculations, with the Soderberg line being used if yielding 

is considered to be undesirable. It is generally felt that 

the relationship proposed by Gerber has yet to be proved^

Over many years many other emperical equations have been 

proposed which have been found to fit experimental fatigue 

data quite w e l l . One such equation was that proposed by 

Weibull (P6.1) to predict fatigue life for life cycle range 

of N = 1 to N = °o.

S - = A (N + B) ™   2.10,

where S = applied alternating stesss, N = fatigue life.

= endurance limit. A, B and m are parameters to be

established from experimental data.

By appropriate transformation it is possible to represent 

Equation 2.10 by a straight line, but the evaluation of the 

constants can be difficult.
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2.4 Review of the distribution of Fatigue life and Strength 
functions.

2.4.1. The log normal distribution of Fatigue life.

It has been suggested by many research workers that the 

distribution of life in fatigue testing is of the log normal 

form. British Standard 3518: Part 5: 1965 also accepts, 

with certain reservations, this as a valid distribution for 

the analysis of fatigue data. In order to justify this model 

of life distribution a considerable number of specimens need 

to be tested.

The form of scatter about a mean in the life distribution can 

also be approximated to a Gaussian distribution presented on 

a logarithmic scale. The equation which then represents 

this type of distribution is given by:-

•Probability function f (x) — ^2 ^ 2 . 11

where x is the logarithm of fatigue life with a mean value p. 

and standard deviation a.

This distribution curve, together with some of its basic 

features is shown in fig. 2.10. It is symmetrical about the 

true mean |i and assymptotic to the x axis on either side of 

the mean i.e. at y = o, x = ± In the context of fatigue

testing the equation may be written in terms of the
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independent variable, cycles to failure (N), in the form,

f (log N) = Gv/J exD (log N - p) 
2 G^ -2.12

The results of fatigue tests show that the deviation in 

fatigue life is small at low life cycles and increases 

gradually to give quite large scatter at high life cycles, 

where the S-N curve tends to go horizontally to infinity. 

This follows from the shape of the curve and a diagrammatic 

representation of these life distributions along the S-N 

curve are shown in fig. 2.11.

2.4.2. The Weibull Distribution.

A more complex distribution model which has been found to 

fit experimental data was proposed by Weibull (P6.4 ).

f (N) = N - N a o

b-1
exp -(

N - N, vb]

N - N a o
—  2.13

where f (N) is a life frequency distribution function, 

N = fatigue cycle life

N^ = minimum life parameter > 0

N^ = characteristic life parameter at 63.2% failure

point for population.

b = Weibull shape parameter.
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The function can be seen, fig. 2.12, to represent an 

exponential distribution when b = 1, the Rayleigh 

distribution when b = 2 and a good approximation to 

the normal distribution when b = 3.57.

Equation 2.13 can be written in terms of a cumulative 

distribution function for the fraction of population failed 

prior to N life cycles:

F (N) = 1 - exp - 'N - Nq
N - NI a o.

-2.14

which by appropriate transformation can be represented by a 

straight line in order to facilitate fitting the 

distribution to experimental data. The model can claim to 

have more of a theoretical justification than the log normal 

distribution in that, in its simplest form, it describes 

a "weakest link" model. The "weakest link" theory of failure 

being one of several theories of fatigue fracture based on 

statistical distribution functions, leading to the analysis of 

fatigue by the theory of extreme values. The model is also 

capable of accommodating unbroken specimen data obtained 

during fatigue tests.

2.4.3. Strength distribution functions.

The scatter in fatigue life at a prescribed stress level, 

described by the previous distribution models, is studied as 

the relation between (N) the cycles to failure and the
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proportion of failed specimens prior to the N cycles. In 

these models the applied stress (S^) is considered the

independent variable and the number of cycles to failure, 

(N), the dependent variable.

Another concept for the scatter in fatigue is the 

investigation of the percentage of failed specimens at 

various stress levels for a prescribed number of cycles to 

failure. The stress level is then considered as the 

dependent variable and may be regarded as the strength of 

the specimen.

For such a distribution, at the low cycle end of the S-N 

curve the alternating stress ordinate becomes the tensile 

strength when N 0. The scatter associated with the derived 

values of tensile strength for a material is known to 

approximate to a normal distribution. The question of 

interest then becomes whether or not this strength 

distribution shows similarities at different life levels 

along the S-N curve. Fig. 2.13 shows diagrammatically the 

normal distribution of strength at various life levels for a 

typical S-N curve. Some recent (P2.49) work has been 

conducted which shows similarities in the distributions at 

different life levels and that the fatigue strength followed 

a normal distribution.

Another aspect of the distribution of strength, which is of
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extreme importance in our understanding of the scatter in 

fatigue life at high cycles, is whether or not the standard 

deviation of the distribution remains constant along the 

fatigue curve. If there is less scatter at high life this 

would prove that long life scatter was only due to the 

shape of the S-N curve i.e. going horizontal.

The Weibull distribution has also been used to model the 

distributions of strength for ductile materials. Since ^this 

distribution is based on the extreme value theory it is 

difficult to conceive how ductile fracture is caused by a 

single weakest link, independent of other structural elements. 

One could conceive, however, that the distribution could 

apply for brittle materials. Because of the possible 

variations within the Weibull model, fig. 2.12, reasonable 

fits to strength data could be obtained. Unless a large 

number of specimens are tested, significant differences in 

the application of either the normal or Weibull model will 

not become evident.

2.4.4. General Comment on scatter distributions.

Many investigations have shown the log normal distribution 

to be a reasonably good fit to experimental data for fatigue 

life. A recent study at Bath University (PS.2) on the Fatigue 

of Bolts in Tension showed that both the log normal and 

Weibull distributions fitted the experimental data equally 

well when applied to a limited number of test data points on
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the S-N curve.

On the basis of the above statement and the greater 

difficulty in fitting the Weibull model compared to that of 

the Gaussian distribution to data, the method of analysing 

results adopted throughout this investigation is based on 

the log normal distribution of fatigue life and the normal 

distribution of fatigue strength.
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CHAPTER 3 . Selected Welding Processes and Experimental Design

3.1 Choice of Welding Process

The significance of testing welded joints that are of actual 

size and prepared by industrial processes has already been 

outlined in Chapter 2. Therefore with due regard to the 

relevance of the test results obtained by testing such joints 

a survey was made of the welding processes used for butt 

welded joints in local industries. By far the most common 

process, as was expected, was that of manual metal arc welding, 

This was followed closely by the gas tungsten arc (GTAW) and 

the gas metal arc (GMAW) welding processes. The aircraft 

and structural engineering industries on Severnside also used 

for specialised requirements the submerged arc (S.A.W.) and 

electron beam (E.B.) processes.

To undertake the testing of butt welds produced by all the 

available processes in local industry was not viable. Both 

from the point of view of specimen preparation time and also 

laboratory testing time. Three processes were therefore 

selected to cover the manual, semi automatic and fully 

automatic industrial welding processes.

Butt welds were made from the parent material plate with 

equipment, personnel and procedures that were normally 

followed for the production of such welds at selected firms 

in the locality. General notes on the selected processes, 

to provide a background for meaningful discussion in later
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chapters, are now given.

3.1.1. Manual Metal Arc Welding (M.M.A.W.)

This welding process achieves the joining of parent plates 

by the generation of an electric arc between a metallic 

electrode, held manually by the operator, and the workpiece 

Typical welding circuits for this process are shown in 

fig. 3.1. The heat produced by the arc melts the parent 

plate metal which mixes with the molten deposit of the 

electrode.

Power Sources

Direct or alternating current can be used to provide the 

energy to generate the arc. If direct current is used as the 

energy source then an open circuit or arc voltage of between 

60-80 volts is required. With alternating current this 

voltage may be in the order of 100 volts, the peak voltage 

being 1.41 times as great as this stated value.

The magnitude of the current directly affects the melting 

rate and would depend upon the type of electrode used, the 

value of the current usually being specified by the 

manufacturer. The diameter of the electrode determines 

the welding current capacity. Excessive current could lead 

to the breakdown of the electrode coating which would cause 

the quality of the weld to be impaired.
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Each type of power source, whether it be an a-c, d-c or 

ac/dc source, has a particular volt ampere characteristic 

curve. For manual metal arc welding the source providing 

a constant currènt characteristic is preferred. The reason 

for this is that in manual welding, where the length of the 

arc is controlled by the operator, it is difficult to maintain 

a constant arc length. The change in arc length causes 

changes in arc voltage which consequently gives variations 

in welding current.

Fig. 3.2 shows typical volt-ampere characteristic curves for 

a power source with a capability for varying the open circuit 

voltage, of a constant current welding machine. The open 

circuit voltage is that generated by the machine under no 

load conditions. The arc voltage is the voltage between the 

electrode and the workpiece during the welding process. As 

soon as the arc is struck the open circuit voltage falls to 

the arc voltage as the machine comes under load. The two 

curves shown are the minimum and maximum variations in 

voltage for each current setting as the load current is 

increased from zero to the short circuit value. The arc 

voltage is a function of the load conditions imposed during 

the welding process, such as arc length, current density, 

electrode feed rate and arc atmosphere. The variation in 

current with voltage is governed by the slope of the 

characteristic curve. Because of the shape of the curves 

for the constant current power source it is sometimes called 

the "drooping characteristic". The relationships between 

voltage and current given in fig. 3.2 are derived under
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steady state or static conditions. In no way do they give 

information with regard to the dynamic condition appertaining 

during the welding process.

The variations in arc length that could occur during a manual 

welding process are illustrated in fig. 3.2 It can be seen 

that if the power source is operating under the conditions 

shown by the characteristic curve 1 , that very little variation 

in welding current occurs. This would accommodate the 

inability of any welder to maintain a steady arc length, and 

therefore keep the melting rate and heat input reasonably 

constant during the process. If this voltage/current curve 

is used during an automatic process, then the weld profile 

and depth of penetration would remain constant under the 

constant welding current situation.

Operating under conditions governed by curve 2, it can be 

seen that any variation in arc length gives a greater 

variation in welding current. This does allow, to some 

extent, a degree of control on the amount of weld metal 

deposited to be exercised by the welder. The particular form 

of control over weld metal deposit is found to be most useful 

in "out of position" welding.

Electrode Potential

The use of a d.c. power source allows the choice of setting 

the polarity of the electrode. Fig. 3.1 shows the welding
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circuits for negative and positive electrode potentials.

These are sometimes called "straight" and "reversed" 

polarity respectively. The choice of electrode polarity 

has a marked effect upon the shape of the resulting weld. 

Polarity has a direct relationship to the location of the 

liberated heat and by changing the polarity the heat can be 

located where it is most needed.

If large deposits of weld metal are required it is preferable 

to have the workpiece at a higher temperature than the 

electrode (straight polarity). Better fusion is achieved 

within the weld under these conditions and a deep narrow 

weld profile is obtained. In welding applications such as 

horizontal, vertical or overhead positions, where it is 

required that the weld metal deposited needs to be held 

against gravity, reversed polarity is preferred. A greater 

holding power is achieved by making the workpiece cooler .than 

the electrode. As soon as the weld metal is deposited on 

the workpiece "freezing" of the deposit takes place giving 

a greater holding capacity. The result is a shallow, wide 

weld profile and the capability that the filler metal can be 

applied rapidly.

It is evident therefore that depending on the weld profile 

required and the conditions under which the weld metal 

is deposited the choice of polarity is of paramount 

importance.
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Welding Arc

The electric arc is an incandescent stream of metallic 

vapours which carry an electric current. It is formed when 

two conductors forming a circuit are slowly separated and 

there is sufficient voltage available to maintain the flow of 

current across the gap.

Variations in arc voltage take place by varying the length 

of the arc. The welding voltage may be regarded as a factor 

which is automatically controlled by the type of electrode 

used, and will vary between 20 to 40 volts. The variation 

in welding current for various arc lengths can be seen from 

fig. 3.2. It will be seen that depending upon which 

characteristic curve ds operative, the variation in welding 

current will have a minimum value when the voltage/current 

curve is steepest i.e. curve 1.

The arc produced using a d.c. supply is inherently more stable, 

smooth and unidirectional than that of an a.c. source. It 

also provides a better wetting action and metal transfer at 

low currents. Because of this where smaller diameter 

electrodes are used, i.e. in the case of welding sheet metal, 

a current supplied from a d.c. source is preferred. This is 

also true for some electrodes that require a stable arc for 

maximum performance e.g. stainless steel and hard surfacing 

electrodes also low hydrogen and non ferrous electrodes. The 

d.c. arc also shows less tendency to "short" as globules of 

metal bridge the arc.
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The use of the d.c. source for welding does, however, present 

some difficulties with a phenomonem known as "arc blow".

This occurs as a result of the flow of welding current along 

the electrode and through the workpiece, away from the weldpool 

This generates a magnetic field which is continually building 

up and as a result deflects or "blows" the arc from its 

intended path. The net result of this action is to scatter 

molten metal from the electrode over a wider area in the form 

of spatter.

When an a.c. power source is used for welding this can cause 

problems with regard to the stability of the arc. This is 

particularly so when during the change in direction of the 

current it reduces to a zero value with an accompanying change 

in polarity from straight to reversed. It can however be 

overcome by additions in the electrode covering which remain 

ionized during this crucial change in polarity. This same 

reversal of polarity, on the other hand, minimises the 

possibility of arc blow. The magnetic field generated around 

the electrode is continuously collapsing and does not 

generate the strength required to deflect the arc.

Types and Selection of Electrodes

Welding electrodes can be classified into five main categories. 

There are electrodes suitable for the welding of mild steel, 

high carbon steel, special alloy steels, cast iron and 

non ferrous materials. By far the greatest number of
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industrial welds produced use electrodes in the mild steel 

category. Since this investigation is concerned with the 

welding of mild steel, then only the electrodes suitable for 

this purpose will be discussed.

The parameters governing the selection of such electrodes 

are the required quality of weld, welding position, joint 

design, available power source and welding speed. Electrodes 

are manufactured to operate with either straight or reversed 

d.c. welding circuits or with an a.c. supply. Some can work 

equally well with either a.c. or d.c. supplies.

The coatings for the electrodes are produced either by 

extrusion, dipping or wrapping. The electrodes for mild 

steel are divided into classes depending on the type of 

covering. The covering has to perform several functions 

during the welding process. These are arc stabilisation, 

protection of arc and weld metal deposit, alloying additions 

and control of the weld metal reactions. By far the most 

important ingredients in the coatings of electrodes for 

welding mild steel are cellulose in the form of wood pulp,

titanium oxide in the form of rutile, mineral Silicates, 

iron oxides and basic carbonates.

The specifications for covered electrodes suitable for manual 

metal arc welding of carbon and carbon manganese steels are 

given in BS. 639:1976, (P3.1) . Table 3.1 summarizes these 

specifications for the six classes of coverings identified
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in the British Standard Specification.

3.1.2. Gas Metal Arc Welding (G.M.A.W.)

The process utilizes the heating effect of an arc maintained 

between a continuous consumable metal electrode and the 

workpiece, to join together metal elements. The deposited 

weld pool is protected by a gas supplied from an external 

source. In the early stages of its development it used a 

small diameter base wire electrode with high current density 

and shielded by an inert gas. It was used exclusively 

for the welding of aluminium.

Modern developments to the process, such as the use of both 

inert and reactive gas shields, together with the capability 

of using low current densities have increased the range of 

materials that can be welded by this method. By a suitable 

choice of shielding gas and electrode the joining of ferrous 

and non ferrous materials can be accomplished in all welding 

positions.

The G.M.A.W. process can be operated in either" a semi 

automatic or fully automatic mode. Fig. 3.3 shows a typical 

circuit arrangement for a semi automatic gas metal arc 

industrial welding system. Generally a d.c. reversed polarity 

(electrode positive) circuit is used to ensure good welding 

characteristics. This gives a stable arc, low spatter and 

a good weld profile. Direct current straight polarity
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(electrode negative) can be used when weld metal transfer 

is undertaken with a "buried arc" or under short circuit 

conditions. Under these conditions metal is only transferred 

to the workpiece when the electrode is in contact with the 

weld pool. The heat input is low for this circuit and 

therefore deposits a small, fast freezing weld pool. This 

low heat input makes the process ideal for the welding of thin 

sheet because of the resulting low distortion of the joined 

metal. The magnetic fields developed at the electrode tip 

and the entrained gas does however cause some spatter.

Because the metal is transferred only when the electrode is 

in contact with the weld pool, the shielding gas has little 

effect on the type of transfer.

Alternating current, because of the zero current condition, 

has not been used for the G.M.A.W. welding process. Unlike 

the electrode coating available in the manual metal arc 

process to provide ionized particles that ensure the arc is 

not extinguished, this is not possible with the electrode 

used in the G.M.A.W. process.

Power Source

The process requires a direct current source, which is supplied 

by either a transformer-rectifier or a motor-generator set.

The welding current may vary, depending upon the application, 

from 15a  to 1200 A.
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Generally, for the welding of most materials, a constant 

voltage power supply is preferred. A typical characteristic 

curve for a constant voltage power source is shown in fig. 3.4 

Because of the large variation in welding current that occurs 

for a slight drop in voltage or arc length, it provides a 

means by which the arc length can be self correcting. For 

example, if the welding gun is moved away from the workpiece, 

the arc length increases giving a momentary increase in 

voltage and therefore decrease in current. This decrease 

in current reduces the "burn off" rate of the electrode. The 

automatic feed rate of the electrode, within the gun, is then 

adjusted until a balance is reached between the "burn off" 

rate and the electrode feed rate. The initial conditions of 

welding voltage and current will then have been restored.

These events are completely reversible for conditions when 

the welding gun is moved nearer the workpiece.

For automatic welding, using large diameter wires, a constant 

current power supply is preferred. Arc length or voltage is 

controlled by the automatic adjustment of electrode feed rate. 

For the welding of thin sections, a pulsed d.c. supply is used.

Arc Characteristics

The method by which the weld metal is transferred within the 

arc is dependant upon many factors. The more important of 

these are the magnitude of the welding current, electrode 

composition and extension, the shielding gas and the type
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of power supply.

When low welding currents and small diameter electrodes are 

used metal transfer takes place only when the electrode is in 

contact with the weld pool. This is known as "short circuit 

transfer" and no metal is transported across the arc gap.

The shielding gas therefore has little effect on this transfer 

mechanism. If, however, the gas becomes entrained within 

the metal at the molten tip of the electrode it can cause 

spatter of the weld deposit. Because of the low welding heat 

generated, this particular metal transfer process is suitable 

for the welding of thin sheet material.

Where the weld metal droplet leaving the electrode is greater 

than the diameter of the electrode, the weld metal is said 

to be deposited by globular transfer. If the shielding gas 

is inert the droplets move in an axial direction, for a 

reactive gas shield non axial globular transfer occurs. This

difference in shielding gas, and hence transfer process, does

affect the properties of the resulting weld. The axial 

transfer process results in lack of fusion, poor penetration, 

excessive reinforcement and a weld that is likely to be

unacceptable. With non axial transfer the weld is prone to

spatter.

For higher welding currents, globular transfer changes to one 

of spray transfer. This transition takes place at known
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values of welding current. Table 3.2 gives the globular 

to spray transition current for various combinations of 

electrode and shielding gas.

Spray transfer deposits the weld metal in fine droplets, 

equal to or less than the diameter of the electrode, in an 

axial direction. If the shielding gas used is carbon 

dioxide this change in transfer method within the arc does 

not occur. Carbon dioxide always gives a non axial globular 

transfer of weld metal. This method of weld metal transfer 

is used for welding thick material, because of the high 

values of welding current.

Electrodes and Shielding Gases

The composition of the bare wire electrode is made as

similar as practicable to the parent material commensurate with

good welding properties. Generally deoxidisers and other

elements are added to minimise porosity and provide good

mechanical properties to the resulting weld. Because of

the high welding currents and small diameter electrodes

used in G.M.A.W. the electrode must be supplied in continuous

form. Electrode diameter vary from diameters as small as

0.5 mm to ones as large as 3.18 mm. Because of its high ratio

of surface area to volume, the G.M.A.W. electrode is

particularly sensitive to contaminants on its surface.

Therefore in order to ensure that defects such as porosity 

and cracking do not appear in the weld, it is essential that
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they are kept clean and free of contaminants.

The importance of the shielding gas is to ensure that 

contamination from the electrode and surrounding atmosphere 

does not affect the weld deposit. The choice of shielding

gas will depend upon the type of metal transfer which is 

required during welding together with speed of welding and the 

required characteristics of the weld profile.

Table 3.3 gives a selection of the shielding gas which are 

generally used for the joining of particular materials.

The inert gas shields are used for the welding of the non 

ferrous materials. Mixtures of these gases can be used so 

that the required welding characteristics, such as metal 

transfer mechanisms, weld profiles and necessary depth of 

penetrations can be achieved. Very few reactive gases have 

successfully been used alone, carbon dioxide being the 

exception. It is used almost exclusively for the welding of 

mild steels resulting in welds of high quality. Welds of 

similar quality in mild steel can also be obtained by using 

electrodes containing deoxidisers in a shielding gas of 

Argon with additions of oxygen or carbon dioxide.

The choice of the shielding gas for a particular welding 

application will depend upon the parent material, required 

weld profile and the expected quality of the completed joint. 

Table 3.3 gives a selection of commonly used shielding gases
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together with the metals for which they are used in the 

gas metal arc welding process.

3.1.3. Electron Beam Welding (E.B.W.)

This is a process by which the heat required to produce 

fusion of the joined materials is supplied by the impact of 

a high velocity, high density stream of electrons. Upon 

impact with the workpiece the kinetic energy of the electrons 

is converted to thermal energy causing vapourisation and 

melting. The electron beam is focused, by electrostatic or 

electromagnetic fields, to narrow dimensions to provide the 

heating source.

Commercial electron beam welding equipment is designed to 

operate within one of two voltage ranges and with either 

high, partial or non vacuum environments.

Welding in a vacuum environment offers certain advantages 

over other types of fusion welding processes. In particular 

the highly concentrated beam provides a low energy input to 

the material, thus reducing distortion and thermal effects 

within the joint. The vacuum environment also minimises 

contamination and therefore allows the welding of reactive 

type materials.
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The Electron Gun

The electron gun is in effect the equivalent of the welding 

torch in manual metal arc welding. It is required to produce 

a focused electron beam and can be either fixed or moveable, 

relative to the vacuum chamber, depending upon the voltage 

range and chamber environment.

There are a number of types of electron gun used for 

Electron beam welding. Within the gun electrons are 

produced by a heated filament or cathode and these are given 

direction and acceleration by a high potential between the 

cathode and an anode. The type of gun known as "work 

accelerated" uses the workpiece as the anode. This system 

imposes limitations as far as welding is concerned with 

regard to beam focussing, distance between the gun and 

workpiece and the requirement that the workpiece material 

must be electrically conducting. In the "self accelerating" 

type gun, the anode is in the form of a perforated plate 

located within the gun. The focussing of the electron beam 

on the workpiece is then achieved by means of an electromagnet, 

with fine adjustment for beam location being made by 

deflector coils.

In practice only the "self accelerating" type gun is used 

because of its superiority in focusing and that the workpiece 

can be placed at the same potential as the gun anode (earth). 

Two popular type guns used for Electron beam welding using 

vacuum chambers and low accelerating voltages are shown



3.17

diagrammatically in fig. 3.5 (a) and (b). They generally 

operate on voltages up to 60 kV and are known as the 

Pierce type, fig. 3.5 (a) and the modified Pierce type gun, 

fig. 3.5 (b).

High voltage electron beam guns, operating in the range of 

100 kV to 200 kV, are of the Steigerwald type shown in 

fig 3.5 (c). The main difference in characteristics 

between low and high voltage guns are in the methods by which 

the electrons are generated and subsequently focussed on 

the workpiece.

Welding Environment

The environment in which the workpiece is situated can vary
-4 -5from high vacuum conditions (10 to 10 t o n )  to welding 

under atmospheric pressure. An intermediary stage is also 

used where the workpiece is situated in a partial vacuum 

chamber (0.05 to 0.3 torr) in order to overcome the 

shortcomings of the high vacuum process.

Partial vacuum welding equipment uses two vacuum chambers.

A high vacuum chamber to house the gun, thus reducing 

oxidation of the electron emitter, and a low vacuum chamber 

to accommodate the workpiece. Because of the reduced pumping 

requirements necessary for partial vacuum conditions compared 

with those for high vacuum the speed of the welding process 

is increased. Electron beam welding machines that have the
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workpiece situated in an atmospheric environment still 

maintain the electron source at high vacuum. Each chamber 

of the machine is maintained at progressively lower vacuum 

until atmospheric pressure is reached at the beam outlet. 

Because it is not necessary to evacuate the work chamber 

with this machine "pump down" time is eliminated and 

production rates are high. The main disadvantage is that 

beam penetration is limited. The high, partial and non 

vacuum electron beam welding machine environments are shown 

diagrammatically in fig. 3.6.

Process Variables

Control of the electron beam welding process can be achieved 

by the variation of five parameters.

Increasing the accelerating voltage of beam current increases 

depth of penetration. The product of these two variables, 

known as the beam power, determines the amount of metal melted, 

Increasing welding speed without changing other process 

variables reduces depth of penetration and also weld width.

If the beam spot size is increased, welding speed remaining 

unchanged, then depth of penetration is reduced.

Beam deflection, by means of the deflector coils, can be 

used to advantage to greatly improve the weld integrity, and 

reduce movement of the workpiece. It can also produce 

controlled patterns of beam oscillation to give wider welds,



3.19

slower cooling rates and a more uniform weld shape. With 

the no vacuum welding machine, the basic control variable 

is beam current. All other variables are preset during 

this particular welding process.

3.2 Statistical Methods of Selection.

A considerable amount of testing, over many years, has been 

conducted to obtain the parameters that are effective in 

leading to fatigue failure. Because much of this work was not 

statistically based, it is extremely difficult to draw 

conclusions, with confidence, on the effect of the various 

parameters which affect the fatigue life. There are reasons 

for this lack of statistical validity of the testing 

procedures adopted, the main one being cost, since the 

statistical approach requires considerably more test specimens 

than conventional methods of fatigue testing and consequently 

a greater testing time.

In the initial stages of the design of this investigation, the 

concept of random sampling was seen to be an essential 

requirement. This was to include the random selection of test 

specimens, random test order and assignment of selected stress 

levels, as demanded by a sound statistical approach. Fig. 3.7 

shows diagrammatically how the parent plate was subdivided 

into test plates. The coupon or control plates A l , A2 and A3, 

were used to determine the fatigue and mechanical properties 

of the parent plate. Test specimens were cut from these 

plates, both in the longitudinal and transverse directions
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to that of rolling. The remaining test plates, indicated 

by B1 through to B12, were subsequently paired by random 

selection for preparation of the welded test specimens. Each 

pair of test plates was then assigned one of the three selected 

welding process under test, making available six welded test 

plates, WJl to WJ6. Fig. 3.8 gives the magnitudes of the 

assigned mean and alternating loads used during the test 

programme. The order of testing and assigned level of mean 

and alternating load to which the specimen was subjected was 

decided by random selection.

The analysis and application of the information derived from 

the fatigue tests and the resulting S-N curves are complicated 

because of the degree of scatter associated with the test 

results. This scatter is attributed to many causes. Amongst 

the many contributing factors are the metallurgical defects in 

the material and associated welded joint, the geometry of the 

test specimen and any variations that occur in the test method.

Before deciding on the method of analysis to be adopted during 

this investigation a review of the major proposals on the 

distribution functions of both fatigue life and strength 

was undertaken.

3.3 Selection' of the Statistical method of testing.

There are a number of generally accepted methods of conducting 

laboratory fatigue tests. Each method having certain advantages 

and being designed to generate specific fatigue data. These
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test methods fall into two categories, those used for 

investigating the distribution to produce the S-N curve and 

the others for determining the general fatigue characteristics 

of materials, including scatter.

When the objective of fatigue testing becomes the generation 

of fatigue curves to show material characteristics, then there 

are two test methods which have gained acceptance. The first 

is to test single specimens at stress levels selected to cover 

the fatigue life. It has however, because of the known 

susceptibility of fatigue test results to scatter, an 

inherent disadvantage in that no indication of material 

variability can be shown. The second, is where several 

specimens are tested at each of a number of different stress 

levels. This method will give evidence of material variability, 

but whether the fatigue curve predicted from such test data is 

representative of all test data is questionable.

One of the main objectives of this research was to obtain 

fatigue test data to enable, by a suitable method of analysis, 

families of S/N curves to be determined for butt welded joints 

prepared by different welding processes. The basis of the 

determination of these curves was on the assumption, as 

described in Chapter 2, that fatigue life approximated to the 

log normal distribution. As an aid, therefore, in making the 

decision on a suitable testing method exploratory fatigue tests 

were conducted, at zero mean stress, on butt welded specimens 

cut from test plate WJl, shown in fig. 3.7.
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The first series of tests consisted of testing a number of 

specimens at three randomly selected stress levels. The 

recorded results of these test programmes are shown, plotted 

on a S-log N graph, in fig. 3.9. Fatigue curves were then 

generated from the model empirical fatigue equation:

 ̂ _ =eo - ‘V  >_____________
a (E: ) - ( (S^) ̂  - S (S^ + S ) ) log B (B + N)eo t m

by the method of iteration proposed by Vogwell (P3.2). The 

input data used for the iteration process were firstly the 

three median values and secondly the three mean values of the 

cycles to failure at the test stress levels. Fatigue curves 

were predicted for the three possible combinations of each of 

the mean and median values. The three curves predicted using 

median values are shown in fig. 3.9 and those for the mean 

values in fig. 3.10.

An analysis of the quality of fit of the resulting six fatigue 

curves was then undertaken. The criteria used for assessing 

the fit of the curves to the experimental data was the 

resulting residual sum of the squares of the differences of 

the log of cycles to failure between the experimental data 

points and the model fatigue curves.

The second series of test consisted of testing specimens, a 

maximum of two, at stress levels selected to extend the range
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covered by the initital tests. The fit of the fatigue curves 

generated from the data of the first series of tests was then 

computed for all data.

Computer programmes were written to facilitate the calculation, 

by iteration, of the constants B and fatigue limit from

the model equation and also the subsequent evaluation of 

ordinates for the fatigue curves. Another programme was 

written to calculate the residual sum of squares between 'the 

generated fatigue curves and the recorded experimental points. 

Both these computer programmes are discussed in Chapter 6.

The results of the calculation of the model equation parameters 

and residual sum of squares for the S/N curves using 

combinations of the available six data points are tabulated in 

Table 3.4.

3.3.1. General Conclusions.

It is evident both from Table 3.4 and figs. 3.9 and 3.10 that

the method of iteration proposed by Vogwell is very dependent

on the selected location of input data points used to predict

the values of B and S . The best fit obtained on theeo

experimental data for the three stress level tests, was when 

the median values of cycles to failure were used as input data 

to the model fatigue equation. It is also evident from both 

Fig. 3.9 and the tabulated values in Table 3.4 that using 

median values gave a wide variation in predicted values of
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parameters and fatigue curves. The more consistent values 

although marginally a worse fit, when using extreme stress 

level values, were obtained when the calculated mean values 

of cycles to failure were used to predict the fatigue curves 

to fit experimental data. This is indicated by the close 

proximity of the fatigue curves shown in fig 3.10.

The best fit predicted fatigue curve is seen to be the one 

generated by input data derived from an estimated curve drawn 

by eye through all the data points. This curve in relation to 

all data is shown in fig. 3.11.

Perhaps the most startling fact that emerged from the analysis 

was the dependency of the accuracy of prediction of the 

constants in the model equation on the subjective choice of 

the location of data for input to the computer programme. To 

overcome this subjective element in the accuracy of prediction 

a computer programme was developed, discussed further in 

Chapter 6, that was independent of the location of the data 

input to the computer programme. The basis of the analysis is 

such that the residual sum of squares between the predicted 

fatigue curve and the experimental data points are a minimum. 

The results of using the input data for generating the six 

initial fatigue curves, when used in in this new programme are 

shown in Table 3.4. The accuracy of prediction for values of 

model equation parameters B and are seen to be constant

irrespective of the location of input data and the method also
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provides the best fit to experimental data. '

The general conclusion reached from the analysis was that 

testing at a number of stress levels did not give a 

satisfactory fatigue curve prediction for all data. Unless 

the distribution of fatigue parameters was the main 

objective of testing then a better fatigue curve prediction 

would be given by using computer input data derived from all 

experimental points. Thus it was decided that the test method 

would consist of fatigue tests on single specimens at a 

number of stress levels with some degree of replication at 

randomly chosen levels to give some indication of material 

variability. The resulting experimental data may be analysed 

using the computer programme developed on the basis of curve 

fitting by "least squares".
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CHAPTER 4 . Details of Test Material and Specimens.

4.1 Material Specification.

The mild steel parent plate used in the present tests was 

selected for its weldability and its high level of general 

use for industrial manufacture. The average chemical 

composition of the plate material was obtained by analysis 

on a mass spectrometer and its mechanical properties 

determined from tensile tests. The results of these tests 

are summarized in Table 4.1. An extract from B.S. 4360: 1979, 

"Weldable Structural Steels", (P4.1), is given in Table 4.2. By 

comparison with the properties shown in Table 4.1 it is seen 

that the parent plate material conforms closely to that of a 

40E grade steel for plates up to a thickness of 15 mm. The 

steel selected for the present programme of tests is therefore 

seen to be a general grade low carbon steel used extensively 

in industrial applications.

The parent plate was supplied from stock and measured 

4in. wide x iin. thick. No attempt was made to remove 

millscale, other than that removed during the welding process.

A typical example of the microstructure of the steel is shown, 

at two magnifications, in fig. 4.1. It it seen to be a fine 

grained structure typical of that obtained as a result of 

normalising and consisting of pearlite in a matrix of equiaxed 

grains of ferrite. The structure is typical of that of a low 

carbon steel plate in the "as rolled" condition.
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4.2 Specimen Preparation and Properties.

Three types of specimens were used during the tests. Reduced 

section tensile specimens, rectangular specimens containing a 

stress concentration for plate fatigue tests and also butt 

welded specimens manufactured from the same plates.

4.2.1. Parent Plate Specimens.

Specimens were cut from the plates, A l , A2 and A3 in fig,. 3.7, in 

directions parallel and transverse to the direction of rolling 

of the parent plate. The parallel or longitudinal specimens 

were nominally 6 in. long x ?  in. wide x i in. thick, and the 

transverse specimens measured 4 in. long x -r in. wide x & in. 

thick. All the specimens cut from the test plates were 

ground on the faces which had been in contact with the 

slitting saw to ensure that they were free from any stress 

raisers due to the process of manufacture.

A random selection from these specimens was prepared with a

reduced test section for tensile testing and used to determine

the mechanical properties of the parent plate. The average

values calculated from these tests are given in Table 4.1.

The remaining specimens were drilled with a in diameter
1 6

hole, which was not deburred, in the centre of the i in. 

thick face to act as a stress raiser. These specimens formed 

the sample from which random selections were made for tensile 

and fatigue tests.
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The maximum and minimum values of the tensile strength and 

yield stress determined from the tensile tests on these 

specimens containing the stress raiser are given in Table

4.3. Typical examples of the load-extension graphs obtained 

during the tensile testing of both the longitudinal and 

transverse specimens are shown in fig. 4.2.

4.2.2. Butt welded test plates and specimens.

Six test plates were prepared, as shown in fig. 3.7, using 

three welding processes. The welding of the test plates, with 

the exception of welded joint 1, was undertaken by local 

industries in which they were given freedom of choice with 

regard to the welding parameter, only the welding process 

being specified. It was expected therefore that the 

manufacture of the welded plates would be undertaken according 

to the "best practice" operative in the particular industry.

4.2.2.1. Manual Metal Arc Butt Welds.

The butt welded test plates WJl, 2 and 3, used the manual 

metal arc welding process as the joining method. Test plate 

WJl was produced in an educational establishment and the 

details of the welding procedures used are given in Table 4.4, 

The manufacture of test plates WJ2 and WJ3 were undertaken by 

two local industries. Details of the welding procedures 

adopted for these two test plates are given in Table 4.5 

and Table 4.6 respectively. All these test plates were 

welded in the down hand position (IG) and the welding circuit
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chosen by the three independent manufactures is seen to be 

that of "reversed polarity", described in Chapter 3 and

illustrated in fig. 3.1. The choice of electrode, welding

current and voltage are consistent, the only variation

occurring in the geometry of the end preparation. This

affected the number of "runs" and size of electrode required

to deposit the volume of weld metal necessary to "make" the

joint. Distortion of test plate WJ3 was evident after welding

Each test plate was then cut, using a slitting saw, transverse 

to its length, into specimens of nominally in. wide 

containing the weld under test at the centre of its length.

The specimens were milled on the faces that had been in 

contact with the saw to eliminate stress raisers caused by 

the method of manufacture. The method of obtaining the 

specimens from the welded joint test plates is illustrated by 

the transparent overlay fig. 4.3a to fig. 4.3.

4.2.2.2. Electron Beam Butt Welds.

The test plate WJ4, see fig. 3.7, was produced using the fully 

automatic electron beam welding process. The,plates were 

blasted in an air stream containing AlgO^ grit to remove 

millscale and the abutting edges and faces hand dressed with 

aloxite paper. In this condition, the method of preparation 

being standard in this particular industry for steel parts, 

they were electron beam welded on a 50 kW Sciaky-Vickers 

machine. Welding parameters of voltage, current and speed
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first being established by using a Bead on plate (B.O.P.) 

test across the width of the plates. The details of the 

welding procedures are given in Table 4.7.

The method of producing butt weld specimens from the electron 

beam welded test plates was the same as that described for 

production of specimens from the manual metal arc welded 

test plates.

4.2.2.3. Gas Metal Arc Butt Welds.

Two test plates WJ5 and WJ5 were prepared using the semi 

automatic gas metal arc welding process.

The test plate WJ5 was welded using a Agamig 200 compact 

semi-automatic welding unit designed for continuous or spot 

welding, using a copper free continuous electrode. The 

power source was of the constant voltage type, the welding 

current being automatically regulated as a function of the 

set rate of filler wire feed.

Test plate WJ6 was prepared using the same welding method but 

by another industrial firm. The same end geometry as WJ5 was 

used but a different end preparation method. The welding 

machine used was an E. SAB, M.I.G. CO^ welder, with a

general purpose mild steel, copper coated Wire electrode.

Both WJ5 and WJ6 were welded in the downhand position with an
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Argon rich gas shield to reduce spatter and give a good weld 

appearance. The weld metal being deposited by spray transfer, 

(See Chapter 3). Tables 4.8 and 4.9 summarize the details 

appertaining to the production of WJ5 and WJ6 respectively.

The method of obtaining gas metal arc welded test specimens 

is the same as that outlined for the production of specimens 

from the manual metal arc and electron beam test plates. All 

the specimens cut from the six butt welded test plates, , 

including the end of plate specimens were used in this 

investigation.

4.3 Non destructive Examination of Test Plate Welds.

Each of the six welded test plates were examined by the x-ray 

method for defects. Not all the industries participating in 

the production of the welded test plates had the facilities 

to undertake the x-ray examination of the finished weld. The 

two industries out of the six that did have the facility 

completed the non destructive examination of all the test 

plates.

The examination of WJl did not reveal any defects in the main 

body of the weld metal deposited. A small amount of porosity 

was limited in location to the sealing run. Reference to 

fig. 4.8 shows this clearly in test specimen WJl 59. The 

report submitted by the industry, with the x-ray examination, 

considered that the weld was of good commercial standard.
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This assessment of the soundness of the weld was entirely 

based on a visual examination of the x-ray plates. The 

radiograph for test plate W J 2 , showed that total penetration 

had not been achieved at all points along the length of the 

weld and also gave evidence of some degree of porosity, 

whilst that for WJ3 showed a complete lack of penetration 

along the length of the weld. Test plate WJ3 was therefore 

not considered to be of commercial standard, but the situation 

could have been retrieved by performing a capping run on the 

underhead side of the test plate. Radiographs of the x-ray 

examinations of WJ2 and WJ3 are given in figs. 4.3 and 4.4 

respectively. Reference to figs. 4.9 and 4.10 confirm the 

comments derived from a visual inspection of the x-ray plates 

of the welded joints.

With regard to the examination of the electron beam welded 

test plate, WJ4, because no machined filler lip was used on the 

end preparation of the plates, full weld penetration was not 

achieved. The radiograph of the weld, fig. 4.5, clearly 

indicates this lack of penetration along the centre line of 

the weld. Evidently^from the report submitted with the 

x-ray examination, this is not an unusual defect for electrode 

beam welded joints in steel components. The inclusions in 

the steel and lack of cleanliness in the edge preparation, 

causes breakdown in the molten weld pool and this is usually 

manifested in the form of porosity or cavities. Evidence of 

the cavitation which occurred during the welding of this 

test plate can be seen in the macrostructure for specimen
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WJ4.22, fig. 4.11.

By far the worst joint prepared for testing, both in terms of 

weld profile and quality of weld, was test plate WJ5. The 

radiograph showed that lack of penetration had occurred over 

the major portion of the length of weld. The joint was 

considered unacceptable as a load carrying member. Test plate 

WJ6 showed very little evidence of weld defects and was 

considered acceptable. The microstructures for selected, 

specimens from W J 5 , fig. 4.12, confirm the poor quality of 

the test weld.

The conclusions drawn from the x-ray examinations of each of 

the test plates are summarized in Table 4.10. It is rather 

disquieting to realize that only two of the industries had the 

facility to examine the production welds which they had 

produced and that acceptability of the weld in the both cases, 

where the facility existed, was by visual inspection of the 

radiographs only.

4.4 Macrostructures of Butt Welded Test Specimens.

Three sample specimens were randomly selected from the test 

specimens prepared from each test plate. The section 

containing the weld was cut to a convenient size for 

mounting, from each test specimen. Each mounted specimen was 

prepared for examination by first rough grinding on a 

finishing machine and then polishing with silicon carbide



4.9

paper. The finish polish was done using a diamond paste.

The completed photographs of the macrostructures for the 

eighteen specimens, three per test plate, are shown in figs.

4.8 to 4.13 inclusive. Generally they show the extent of the 

heat affected zone for each welding method and the zones within 

the weld metal which have been modified by subsequent welding 

runs. The last weld run that is laid is seen to be of a 

coarse culumnar structure. The photographs also allow weld 

profile to be investigated together with the identification 

of defects which arise during the welding process. The 

defects that have occurred in these specimens have already been 

related to the nondestructive test results discussed in the 

earlier section.

4.5 Hardness Surveys

The transverse sections, previously prepared for investigation 

of the macrostructure of the welded joints, exhibit all the 

metallurgical structures of interest in a butt joint. 

Measurements of hardness across these transverse sections 

would provide an index of the variations in strength between 

the various metallurgical structures observed in the weld and 

parent plate. Hardness surveys were therefore carried out 

on all the welded joint sections selected for macro 

examination.

The surveys were conducted on a Vickers Pyramid Hardness
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testing machine, with the procedures described in Chapter 5. 

Specimens of the parent plate, both longitudinal and 

transverse to the direction of rolling, were polished and 

etched and the results of the hardness survey, together with 

photographs of the specimens, are summarized in fig. 4.14.

The average Vickers Pyramid hardness number for the parent 

plate was 127. It is interesting to note that a good degree 

of correlation is obtained between the experimentally 

determined tensile strength and that predicted from the 

empirical equation:

Tensile strength = K x Brinell Hardness No.

For steel, K varies between 3.4 and 3.9 and the Brinell 

Number approximates to the Vickers Pyramid Hardness Number, 

giving

Tensile strength = (3.4 - 3.9) x 127

= 431.8N/mm^ to 495.3N/mm^.

A selection of the Hardness surveys for the joints prepared 

by the three selected welding processes are given in figs. 

4.15, 4.16 and 4.17. The plots of the hardness values for 

the three traverses taken across each prepared surface of the 

joints shows clearly how the variation in hardness depends 

upon the welding process and the geometry of the end 

preparation. The maximum hardness values were found on the 

joint welded using the electron beam, WJ4, which can be 

attributed to the high temperature achieved during the process
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and the large heat sink available in the parent plate.

The three hardness surveys displayed, are typical of the 

variations in hardness that were measured for each of the 

welding processes used in the investigation. Table 4.11 

gives the average value of the Vickers Pyramid Hardness 

number for the parent plate adjacent to the joint, the heat 

affected zone (H.A.Z.) and the weld metal of all 18 joints 

for which hardness surveys were conducted.

4.6 Microstructures for Butt Welded Test Specimens.

Figures. 4.18, 19 and 20 show the-mfcrostructures of the joints 

welded by the three selected welding processes and the 

positions of the points within the crossection for which the 

examinations were undertaken.

In general the microstructural examination of both butt 

joints prepared by manual metal are fig. 4.18/1 to 4.18/9, 

and gas metal arc, fig. 4.20/1 to 4.20/6, welding processes 

showed similar types of structures. The columnar structure 

of the as deposited weld metal can be seen in, both 

fig. 4.18/1 and fig. 4.20/6. Some pro-eutectoid ferrite is 

evident, in both microstructures, at the grain boundaries. The 

grains themselves consist largely of acicular bainitic 

ferrite. The effects of reheated weld runs are shown in 

fig. 4.18/2 to fig. 4.18/6 and fig. 4.20/3 to 4.20/5. The 

photographs show that for the weld metal that has been
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reaustenitised by subsequent weld runs a fine equiaxed 

structure results which has then been coarsened in some 

regions by the reheating effects.

Figure 4.18/8 and figure 4.20/2 shows the intercritical 

spheroidised regions of the heat affected zone (H.A.Z.). 

Typical structures of the parent plate are shown in 

fig. 4.18/9 and 4.20/1 .

The major difference in the electron beam welding process 

compared to both that of manual metal arc and gas metal arc 

welding is evident when the microstructures of the materials 

constituting the joints are examined. Figures 4.19/2/4/6 

show clearly the cast nature of weld formed by cooling of the 

parent metal weld pool. The heat affected zone is smaller 

than that obtained in the other two processes. Intercritical 

and spheroidised regions are shown in fig. 4.20/3/5. Typical 

parent plate structure is shown in fig. 4.20/1.

4.7 Conclusions on Test Specimens.

Table 4.3 shows that the effect of the welding process was to 

reduce both the yield and tensile strength of the specimens. 

The quality of the welds, with the exceptions of the reject

weld WJ3, did not seriously affect either the yield or tensile 

strength of the welded specimens. The static properties of 

the reject weld WJ3 was, however,- significantly reduced.
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The results of the hardness surveys, table 4.11, show that 

the butt joints prepared by the Electron Beam welding process 

resulted in specimens with the highest average hardness value, 

followed by those manufactured by Gas Metal arc and Manual 

Metal arc processes, respectively. All welded joints showed 

an increase in hardness with respect to that of the parent 

material.

Specimens selected from each of the six test plates WJl to WJ6 

were subjected to fatigue tests at selected levels of mean 

load and the point of interest is in relating the changes in 

mechanical properties which have occurred during the 

preparation of the specimens by the three welding processes 

to the resulting fatigue properties exhibited in their 

resulting S-N curves.
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CHAPTER 5. Testing Equipment and Methods.

Static tests were conducted on both parent material and the 

welded joints to determine the material properties, using 

a 100 kN Avery Universal testing machine. A random 

selection of test specimens were prepared for micro and 

macro examination together with an investigation of hardness 

distribution over the weld and parent material cross 

sections. The photomicrograph examination was conducted 

using a Vickers projection microscope and the hardness 

surveys using a Vickers Pyramid hardness tester.

The fatigue tests were carried out on the Avery Schenck, 

Amsler Vibraphone and Instron fatigue testing machines under 

conditions of both varying levels of alternating load and 

mean load.

5.1 Description of Test Equipment

5.1.1. Avery Universal Testing Machine

The machine is capable of operating over five load ranges 

varying from 10 kN to a maximum load of 100 kN. The 

required loading range for testing is obtained by manual 

selection of the necessary pivot points on a loading arm.

The load on the test specimen is transmitted hydraulically 

to a proportional ram which applies load to a pendulum 

unit through an intermediate lever system. A schematic 

diagram of the machine is shown in fig. 5.1.
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An automatic recording of specimen load and extension can 

be obtained on a drum recorder. The extension of the 

specimen is obtained by driving the drum through a pulley 

system connected to the ends of magnifying levers of a 

specially designed extensomer. Alternatively standard 

extensometer of the Hounsfield type can be used to give 

direct readings of extension over a known gauge length.

The machine is regularly calibrated and is rated with a 

Grade A test certificate which complies with B.S. 1610:

1964. The machine is shown in fig. 5.2.

5.1.2. Vickers Projection Microscope

The microscope is of the inverted type where the specimen 

is placed above the objective lens. Illumination of the 

specimen is either by a clockwork fed arc lamp or a Pointolite 

lamp. For metallurgical work the carbon arc!lamp is 

considered the most suitable because of the high intensity 

and evenly illuminated source of light.

When the illuminating beam is correctly focused, it is 

reflected normally at the surface of the specimen and an 

image is formed in a field lens positioned at a fixed 

distance from the objective lens. This image is then 

transmitted via a projection mirror to the projection screen.

A line diagram of the image forming system of the microscope 

is shown in fig. 5.3.
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Magnification of the surface image is achieved by changing 

either or both the objective and eyepiece lenses.

The machine is shown in fig. 5.4.

5.1.3. Vickers Pyramid Hardness Testing Machine

Standard loads, whose magnitudes depend upon the material 

under test, are applied through a simple lever system to a 

diamond indenter. The diamond is in the form of a square 

pyramid with an included angle between opposite faces of 

136°.

The application and removal of the indenter from the test 

surface is controlled by a cam and dashpot mechanism. This 

eliminates any human error in non uniformity of loading and 

variation in test time. The diagonals of the indentation 

on the test surface are measured to within 0.001 mm using a 

microscope fitted with digital read out micrometer.

Ease of location of indentation after the test with the 

microscope are facilitated by use of a sliding table. The 

machine is shown in fig. 5.5. Recent calibration tests 

ensure that the machine complies with B.S. 427 : 1962.

5.1.4. Avery Schenck Fatigue Testing Machine

The machine is shown in fig. 5.6. It has a mean load
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capacity of 30 kN and is capable of applying alternating 

loads of ± 30 kN. The mean and alternating loads are 

applied through two concentric springs each of which are 

fixed at one end to the specimen holder. The other end 

of the inner spring, which is used for the application of 

the mean load, is connected through a driving screw to an 

electric motor. The outer spring which applies the 

alternating load is attached at its other end to an out of 

balance mass driven by a motor through a flexible drive.

The specimen is located at one end in the holder fixed to 

the spring system, and at the other to a holder fixed to 

an elastic ring dynamometer. The complete assembly of 

springs, specimen and dynamometer are in series. The 

dynamometer is fixed to a cross member which, after 

accommodating the specimen in the holders, can be fixed to 

the bed of the machine. A screw attached to the cross member 

and passing through a boss in the machine bed, in line with 

the spring system, allows adjustment of specimen holder 

separation to accommodate various size specimens.

The machine is designed to operate just below*the resonant 

frequency of the oscillating system which occurs at 35 Hz.

This requires precise speed control which is provided by 

an electronic feed back system, which in turn responds to 

load measurement by the dynamometer Wheatstone bridge.

The number of cycles to failure of the specimen is recorded 

by a mechanical counter driven by a flexible drive from
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the motor during the out of balance mass. Cut out switches 

are provided to switch the machine off when the specimen 

fractures.

5.1.5. Amsler Vibraphone Fatigue Testing Machine.

The machine is shown in fig. 5.7. It is driven 

electromagnetically and operates near to the resonant 

frequency of the vibrating parts. These parts consist of a 

main moving mass connected to the upper end of the test 

specimen and a dynamometer connected to the lower end of 

the specimen. The system is connected in series with the 

dynamometer anchored to a large mass which constitutes the 

base of the machine. The natural frequency of the system 

can be varied over the range of 100 to 300 Hz by altering

the magnitude of the moving mass and about 120 Hz was

found to be a suitable test frequency. A static preload 

spring allows the application of mean load to the test 

specimen.

Control over the resonating system is provided by a power 

amplifier providing a constant sinusoidal signal. Push 

button facilities allows instant display of maximum tensile 

and maximum compressive loads, mean load and testing 

frequency at any point within the test programme. A 

counter is provided to log the number of cycles to failure.
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5.1.6. Instron bi-directional testing Machine.

The machine is of the modern servo hydraulic design and it 

is shown in fig. 5.8. It is an assembly of three units 

which can be individually chosen to meet the particular 

laboratory requirements. The power pack supplies a 

continuous flow of hydraulic oil at a pressure of 240 bar 

and is positioned to shield some of the noise produced by 

the pump. It is connected by hydraulic hoses to the second 

unit, which is the straining frame where the main flow 

powers the servo hydraulic jack fixed below the lower 

crosshead. Hydraulic oil is also used to move the upper 

crosshead to accommodate test specimens up to 1.6m long 

and also unlock the upper crosshead to enable it to slide 

on the vertical columns. In this machine the specimen 

grips are hydraulically powered and the whole system enables 

rapid changing of specimens. The hydraulic jack provides 

a maximum static force of 240 kN but the frcune is rated for 

200 kN and ± 100 kN cyclic loading.

The testing machine is operated from the control cabinet 

shown in fig. 5.8. Three separate modules can be selected 

in turn to control the ram position, the ram force o.r the 

extensometer strain and a selector module arranges display 

of each of the parameters on either the D.V.M. display or 

an external x/y plotter. The cyclic mode is controlled 

by a function generator which feeds a selected wave form 

amplitude and frequency signal to the chosen control m o d e .
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In this programme of tests the sinusoidal wave form was 

used superimposed on a mean load level fed through the load 

control module. As the power pack has a maximum flow rate of 

12 litres/min (the smallest of the range), the maximum 

frequency is limited by specimen stiffness controlling ram 

stroke at the chosen load range. This gave 20 Hz as a

reasonable test frequency. Although the machine has limits 

to the frequency it is little affected by damping due to 

slack in a joint specimen or the grips and can therefore 

be used where resonant machines loose their effectiveness. 

This machine was particularly useful for high load range 

fatigue tests which proved difficult to run on the 

Vibraphone and had the advantage that the frequency can be 

reduced for low numbers of cycles to fatigue failure.

The number of cycles to failure are counted on the control 

consol, and the machine can be preset to shut down when 

the number of cycles, load, deflection or strain exceed 

predetermined limits. The machine moves to a "hold" or 

shut down condition following activation of any of the 

safety limits.



5.2 Testing Methods.

The tests conducted during this investigation can be 

categorised into three groups, those of static, dynamic 

and non destructive tests. It must be emphasized that the 

specimens for each group were randomly selected as described 

in Chapter 3 and that the test order within each gorup was 

randomly chosen.

5.2.1. static Tests.

Tensile tests were conducted using the Avery Universal 

Testing machine. Three types of specimens were tested

a) Parent plate material. The specimens were 

manufactured with a reduced test section of 

35mm^ cross sectional area.

b) Parent plate material specimens containing a

in diameter centrally placed hole. The
16
specimens were selected at random from those 

prepared for fatigue testing from the plates 

A], A2 and A3, as shown in fig. 3.7, with 

specimens being cut longitudinal and transverse 

to the direction of rolling.

c) A random selection of specimens for each welded 

joint, typical of those subjected to fatigue 

testing.
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The minimum number of tensile tests conducted for each 

category of specimens was three with the majority having 

the maximum number of six. A total of 43 tensile tests 

were carried out for all categories of specimens.

Prior to testing care was taken in the vertical alignment 

of the specimen in the test machine grips to ensure that 

no bending stress was imposed during the test. For welded 

joints 3 and 6, distortion had occurred during the welding 

process and some imposed bending stress during these tests 

was unavoidable.

The material properties determined from the tensile tests 

were yield stress, tensile strength and percentage elongation 

The stress and strength calculations were based on net area 

of cross section. With the welded specimens this was 

taken as the area of the connected members. Extension of 

the specimens was measured either with a clip on direct 

reading extensometer or the drum recorder, depending upon 

the available testing length of the specimen. A check on 

all values obtained was made by direct measurement from a 

grid marked on each specimens test length.

A summary of the materials properties determined from these 

tests are given in Table 4.3.
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5.2.2. Dynamic Tests.

The fatigue tests were conducted mainly on the Amsler 

Vibraphone fatigue testing machine. The Avery Schenck 

fatigue machine was also used in conjunction with the 

Vibraphone during the early test programme. It was evident 

during this period when both machines were being used to 

generate fatigue data that the Vibraphone gave longer fatigue 

lives to nominally identical specimens when tested at the 

same stress levels.

In setting up the specimens prior to testing particular care 

was taken to reduce, as far as possible, bending about the 

longitudinal axis of the specimen. However, extreme 

difficulty in early tests was experienced by specimens 

fracturing in, or near, the serrated grips of the testing 

machines. This was overcome in later tests by lining the 

grips with emery cloth, which provided a better gripping 

surface.

The testing sequences of all specimens were randomized to 

remove possible biases due to changes in machine, operator 

or environment. The criterion for fatigue life, was in all 

cases, by the failure of the specimen. On the basis of 

Miner law, selected specimens that survived the fatigue 

tests were re-tested to failure at a higher alternating load.

The fatigue tests were conducted to establish the S/N curve
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for a range of life cycles from approximately 10^ cycles 

to a maximum of 2 x 10^ cycles.

5.2.3. Non Destructive Tests.

It is essential that the metallurgical changes that take 

place during the welding process are taken into account 

when assessing the fatigue performance of welded joints.

In this investigation X ray examinations were obtained of 

the six welded test plates prepared by three different 

welding processes to assess the soundness of the test welds. 

The X ray plates were obtained, wherever possible, in the 

quality control section of the industrial company where the 

test plate was prepared. Photographs of the X ray 

examination for each of the three welding methods used in 

this investigation are shown in Figs. 4.3. to 4.7.

Fatigue specimens were then cut from the six butt welded 

test plates. The number of specimens obtained depending 

upon the length of the plate, the thickness of the specimen 

remaining constant. Three fatigue specimens were then 

randomly chosen, from each of the six groups of specimens 

available for testing, and suitably polished and etched.

The hardness survey tests were conducted on the Vickers 

Pyramid Hardness Testing machine using a diamond indentor 

and a 30 kg mass. Three parallel traverses were made along 

the prepared surfaces of each of the selected welded joints.
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hardness values being taken at —  inch intervals along each
1 6

traverse. Examples of the hardness surveys for the parent 

plate, W J 2 , WJ4, and WJ6 are shown in Figs. 4.14, 4.15,

4.15 and 4.17.

Macro and Microstructure of Welds

After completion of the hardness tests the specimens 

surfaces were repolished and etched in preparation for macro 

and micro examinations of the zones surrounding the welded 

joint. This was undertaken using the Vickers Projection 

Microscope, with the arc lamp providing the light source.

Examples of the macrostructures of all the welded joints are 

shown in Fig. 4.8 to 4.13 inclusive. Microstructures of 

welded joints W J l , WJ4 and WJ6, prepared by the three 

selected welding methods, are shown in Figs 4.18, 4.19 

and 4.20.
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CHAPTER 6. GENERAL THEORY OF FATIGUE.

6. 1 Jeffersons Empirical Fatigue Equation.

The fatigue equation developed by Jefferson (P5.3) from tests 

conducted at Bath University is as follows

S
=  S---------      6 . 1 .

[1 - (1 - log B/log (B + N))
t m

where is the alternating stress, the endurance limit 

at N = 00 , the tensile strength of the material, the

applied mean stress, N the number of cycles to failure and 

B an equation constant.

When the mean stress is zero i.e. = 0 equation 6.1 gives

S =  g----- — ------------    6.2.
^ _ 1 - (1 - — ^  ) log B/log (B + N)m —u

For a quarter cycle, which is static loading

log B/log (B + N) = 1  and Eq. 6.1 becomes

S = - S   6.3a t m

which is a basic relationship of strength.
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The fatigue curves for various arbitrarily chosen values of 

mean stress and the equation constants, predicted from 

equation 6.1, are shown in fig. 6.1. From the family of 

derived curves, it can be seen that a characteristic of the 

Jefferson equation is that the lines of constant mean stress 

converge to a common endurance stress. The effect of 

variations in the value of the equation constant B on the 

resulting fatigue curves for a constant mean stress is shown 

in fig. 6.2. An increase in the value of B is seen to move 

the curve towards the high cycle end of the S/N diagram by 

an amount approximately equal to the value of the increase in 

B. Variations in the value of B are seen to be of the 

greatest significance over the middle range life cycle values, 

with little effect upon high cycle fatigue life.

If the endurance stress changes' with mean stress then the 

response of this equation is shown in fig. 6.3. It is 

evident that variations in endurance stress affect the high 

cycle fatigue life range diminishing to zero effect at short 

life.

6.2 Proposed Modifications to the Jefferson Equation.

The Jefferson empirical fatigue equation has an underlying 

principle that the endurance or fatigue limit is unaffected 

by mean stress. Implicit in this assumption is that 

endurance stress is a constant property for any one material 

which is correct of certain types of bolted joints.
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Considerable evidence has now been published, including the 

work in this investigation, to show that endurance stress for

materials and welded joints is dependent on the magnitude of

of the mean stress. Two possible modifications to Jeffersons 

equation, according to Goodman and Gerber, to allow for the 

effect of mean stress are now proposed.

6.2.1. Modification to incorporate the Goodman Equation.

This equation assumes that the endurance stress varies

linearly with mean stress according to:-

= (^eo -(i^j ®m) ----

where S = endurance stress at zero mean load. Re-writing eo

Jeffersons equation in terms of this relationship we get:-

s =
'=eo

r  (i . ..̂ o , , log_B____ 1L I (S^ - S ) / log (B + N)Jt m

which reduces to:-

S (SI - S )
S - ------- — £------ S--------    6.5

eo log (B + N)
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when the mean stress is zero i.e. S = 0  then equation 6.5m

becomes

S
s t

'  B t  -  -  S e e '

s =------------- -— — ---        6.6.
"■”=0 B -  - s T ’ log YB + N,]

which is the basic Jefferson equation.

As N 0,   ^ 1 and therefore equation 6.5log (B + N)

reduces to :

S = - S   6.7a t m

when N ->■ 00, log B/log (B + N) 0 and therefore ^ e o '

equation 6.5 becomes
S

Therefore as the mean stress approaches the tensile strength

the alternating stress about the mean must reduce to zero

i.e. S 0. Also evident from Equation 6.8 is that as the â .

mean stress approaches zero i.e. 0, the alternating

stress becomes the value of the tensile strength. Equation

6.5 can also be written in the form:-

S =      g g
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A family of fatigue curves, for arbitrarily chosen constants, 

derived from equation 6.9 are shown in fig. 6.4. The curves 

are seen to have the characteristic shape of the S-N curve, 

and by rearranging equation 6.9 it can be shown that at any 

constant fatigue life a Goodman relationship exists between 

alternating and mean stress.

6.2.2. Modification to incorporate the Gerber Equation. 

Consider now the endurance stress varying according to the 

square of the mean stress as given by:-

S = S (1 - (|“ )^)   6.10.e eo

substituting this relationship for endurance stress into the 

Jefferson equation gives

" e o  ' 1  -S = ----------------------:----- ^-----------------

L \ SI - S / log (B + N) Jt m

which reduces to:-

when N oo,  ------- ^ 0 and therefore Equation 6.11log (B + N)

reduces to:-

a eo ' S
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when N ^ 0,  ---^— r- 1 and equation 5.11 giveslog (B + N)

S = - S   6.13.a t m

The family of fatigue curves given by Equation 6.11, for 

arbitrarily chosen values of equation constants are shown in 

fig. 6.5.

From equations 6.3, 6.7 and 6.13, it can be seen that for 

the boundary condition when N ^  0, the case of the simple 

tensile pull, both the Jefferson equation and the two 

modifications to the equation reduces to the same 

relationship between tensile strength, alternating stress and 

mean stress.

At infinite life i.e. when N the alternating stress S^,

from equations 6.8 and 6.12 varies from a linear relationship 

(Goodman) to one of a square relationship (Gerber) 

respectively, or the original form in which the endurance 

stress is constant with mean stress.

Fig. 6.6 shows, for three levels of mean stress, the

comparisons between the fatigue curves predicted from

Equations 6.1, 6.5 and 6.11. Table 6.1 summarizes the three

empirical equations and the reduced equations for the

boundary conditions when S = 0, N -»■ 0 and N At zerom
mean load, both fig. 6.6 and Table 6.1 show that the resulting 

fatigue curve is the same for the three empirical equations
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considered. For fatigue curves representing mean loads, the 

equation modified by the Gerber relationship is seen to give 

an endurance limit which lies between that predicted by 

Jefferson and the Goodman modification. At the low life 

cycle end of the diagram the effect of the predictions from 

the three equations, with regard to alternating stress, is 

not significant.

6.3 Methods of Analysis of Results.

The basis upon which the analysis of the results were 

undertaken was that cycle life followed a log normal 

distribution. Evidence to support this claim has been 

presented in Chapter 3. The experimental data has been 

analysed in two parts:

a) the derivation of the normal equations for each 

test using the method of linear regression and also 

the application of the Analysis of Variance to 

determine the significance levels of correlation 

between test data.

b) developing a method, based on the principles of 

least squares, to fit predicted fatigue curves from 

the proposed empirical equations to experimental 

data and testing for quality of fit.

The procedures adopted during the application of both the 

methods of analysis outlined above will now be given in 

detail.
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6.3.1 Application of linear Regression and Analysis of 
Variance

The statistical analysis adopted throughout this investigation 

of the experimental data was as follows.

i) The logarithms were taken of both the values of 

the applied alternating stress and their 

associated recorded fatigue life cycle values for 

each fatigue test.

ii) A linear regression analysis was then undertaken 

for the dependant variable X (log alternating 

stress) and the dependent variable Y (log 

cycles to failure) for all test data. The 

equation of the sample regression line of Y on X 

is

Y = a + b X

where Y = log cycles to failure and X = 

alternating stress.

The constants "a" and "b" being determined from:

. . Z(X - XI(Y - Y) = n Z(XY) - Z X E Y 
Z(x - X)2 n E(X)Z _ (Z x)2
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where X = mean value of log alternating stress,

Ÿ = mean value of log cycles to failure and "n" 

= number of test specimens.

iii) An estimate of the scatter of test data about 

the regression line was then calculated. The 

estimators used were.the standard error of 

estimate and the sample correlation

coefficient, (r).

- Y) ̂Standard Error of Estimate = ^ y / x

■/

where

and

n Z Y^ - (Z Y)Z 
n (n - 1)

n Z X% - (Z X)2 
n (n - 1)

Correlation Coefficient "r"

___________ n Z X Y - E X Z Y ___________
/[(n Z X% - (E X)2) (n. Z Y^- (Z Y>^>J

iv) The 95% confidence limits on both the mean values 

of log N predicted by the regression line and also 

those for individual values of experimental data 

were calculated. A value of "t", for the equal 

tails "t" test, was selected from Table 6.2 at 

the relevant significance level of 0.025 and at 

(n - 2) degrees of freedom.
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for 95% confidence limits on regression line

, 1 . (X - X) ̂  
Y - a + b X ± tg 025(n-2) ^ Y / x J  n "(n-1)

for 95% confidence limits on experimental data:

/ m  ^  ̂ a. (X -  X)^Y - a + b X ± tg_Q25(n-2) ^ Y / x J  n (n-1) sj

v) The statistical technique of Analysis of Variance 

was then applied to the experimental data to test 

whether there was any significant differences 

between treatments. The treatments in this 

investigation were directional variations for the 

fatigue tests on parent material, application of 

mean loads for all tests and difference in 

welding method for the welded butt joint specimens

The statistic used to test the hypothesis that 

there is no difference between treatments is the 

"F" distribution. Table 6.3 tabulates values of 

the statistic F and is entered at the degrees of 

freedom of the mean sums of squares due to 

regression (V^) and those of the residual mean sum

of squares (V^) at the relevant significance level, 

The statistic F is then calculated from

p _ mean sum of squares due to regression 
Residual mean sum of squares
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To illustrate the procedure outlined from (i) to (v) the 

method is shown applied to the fatigue data for tests 

conducted on the 6 in. and 4 in. parent plate material 

specimens containing a stress concentration. The tests were 

carried out at two levels of mean load, zero and 14 kN.

The experimental data for each of the four separate fatigue 

tests were analysed using the procedures outlined in (i) to 

(iv). The resulting regression lines and 95% confidence 

limits for both line and data are shown plotted for each test 

in figs. 6.7 to 6.10 inclusive. The same statistical 

procedure was then applied to all test data, irrespective of 

specimen size, at each of the two levels of mean stress.

Fig. 6.11 shows the data derived from the fatigue tests of 

both the 6 in. and 4 in. specimens at zero mean load, together 

with the resulting regression line and confidence limits. 

Similarly, fig. 6.12, gives the plotted data and statistical 

results for both specimens tested at 14 kN mean load.

The resulting six regression lines derived from the analysis 

are shown plotted in fig. 6.13 and the calculated values of 

the statistical parameters for each line and group of test 

data tabulated in Table 6.4.

An analysis of variance was then conducted on the data for 

each test and also between tests. The "F" statistic was 

calculated for each analysis and the level of significance 

determined for each test and between tests. The calculated
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/

results from the analysis of variance are tabulated in 

Table 6.5.

The calculations for both the regression and variance 

analysis were facilitated by the use of computer programmes 

specifically written to calculate the necessary statistical 

data. These are programmes 1 and 2 given in Appendix B .

6.3.2. Fitting of Proposed Model Fatigue Equations to , 
Experimental Data.

A number of methods have been proposed for the calculation

of the fatigue constant B in the model fatigue equations.

Jefferson (P6.3) proposed that for his fatigue equation a

solution for B could be derived from a plot of versusSa

 ---- -----—  * However, in order to calculate B using thislog (B + N)

method the value of the fatigue limit is required to be known, 

This does limit the application of this method since 

generally this value is not readily available.

The method of solution proposed by Vogwell (P6.4) for the 

Goodman type modification to the Jefferson e<^ation treats 

both the fatigue limit and fatigue constant B as

unknown quantities. Two boundary conditions are selected,

either from an estimated curve drawn through the experimental

data or two conveniently selected experimental data points.

The solution for (S ) and B is then completed using aneo
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iterative process. A feature of this method is that the 

predicted fatigue curve will always pass through the two 

selected boundary values. An attempt to improve on the 

accuracy of the calculated values of B and was made by

Erim (P6.2) by selecting the boundary conditions as the mean 

value of cycles to failure of a number of specimens tested 

at a number of alternating stress levels.

Both Vogwell and Erim's method of solution have been shdwn, 

Chapter 3 Section 3.3, to be very sensitive to the location 

of the two boundary conditions within the experimental data. 

This subjective nature of selection has been overcome by the 

development of a method of curve fitting based on the method 

of least squares.

The following procedure was used in analysing the recorded 

experimental data for each single fatigue test and the 

combined results for similar specimens and the same level 

of mean stress.

1) the recorded values of alternating stress and the 

associated number of cycles to failure for each 

specimen tested at zero mean load was plotted on a 

graph with ordinates of alternating stress (S^) and

log cycles to failure (log N ) .

2) Two suitable experimental data points were then 

selected from the test data. The co-ordinates of
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each of these points, in terms of alternating stress 

and number of cycles to failure, were used as 

boundary conditions for the calculation of the 

fatigue constant B and fatigue limit . The

method used for the calculation was one of iteration 

as proposed by Vogwell.

3) The predicted zero mean load fatigue curve was then 

obtained by refining both the previous calculated 

values of B and using a method of least squares.

It should be noted that any of the model fatigue 

equations could be used to derive this fatigue 

curve, since at zero mean stress they all reduce to 

the same equation.

4) The residual sum of squares of log cycles to failure 

of the recorded experimental data about the zero 

mean stress fatigue curve was then calculated. This 

was the indicator used to give a quantitative value 

to the quality of fit of the predicted fatigue 

curve with regard to the experimental data.

5) The calculated value of the fatigue limit (S ) waseo

then used to derive the fatigue curves for the tests 

conducted at levels of mean stress other than zero. 

Three such fatigue curves were derived, one for each 

proposed fatigue equation. The value of the constant
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B in each of the equations being calculated by the 

method of least squares.

6) Each of the three predicted fatigue curves were 

then checked for quality of fit to the experimental 

data. Calculations of the residual sum of squares 

of the logarithms of cycles to failure of each of 

the fatigue curves with respect to recorded data 

gave an indication of the fit and also facilitated 

the calculation of the 95% confidence limits on the 

data.

7) The procedure outlined from (1) to (6) was then 

applied to the combined fatigue data for tests 

conducted on similar specimens at the same mean 

stress levels.

8) The fatigue curves could also be fitted to 

experimental data, using the method of least squares, 

by considering all the recorded data,at each of the 

test levels of mean stress, at one time. A computer 

programme was devised to calculate the following 

combinations of fatigue model equation constants for 

all data such that the residual sum of squares of 

the data about the resulting curves was a minimum:

a) One value of constant B to encompass all test 

levels of mean stress and the single best
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value of fatigue limit (S^)

b) Individual values of constant B for each 

mean stress level and the single best value 

of fatigue limit (S^).

c) Individual values of constant B for each

mean stress level and the value of the

fatigue limit derived from the zero mean

stress test data (S ).eo

d) One value of the fatigue constant B to

encompass all test levels of mean stress and

the value of the fatigue limit derived from

the zero mean stress level (S ).eo

The computer programmes for the three model fatigue 

equations to undertake these analyses for all data 

given in Appendix B numbers 12, 13 and 14. These 

programmes also calculate the 95% confidence limits 

on experimental data for the predicted fatigue 

curves from the analysis of all recorded data for 

each of the combinations stated in (a) to (d).

To illustrate this method of curve fitting a detailed example 

is given of its application to the same fatigue test data 

used in section 6.3.1.
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Fig. 6.14 shows the presentation of the recorded experimental 

data, on a graph of ordinates alternating stress (S^) versus

log cycles to failure (log N ) , for the fatigue tests

conducted at zero mean stress on the 6 in. longitudinal parent

material specimens. Also indicated on the graph are the

two experimental data points that were selected as boundary

conditions for the calculation of the constant B and fatigue

limit (S ). The two ordinates of each of the selected points eo
were used as input data for either computer programme 3,' 4 or

5 Appendix B, to make an initial estimate of the value of B

and S by the method of iteration. A further refinement eo

of both calculated values was then achieved by the use of

programmes 6, 7 or 8, Appendix B. The initial estimates were

used as input data and by a method of least squares new

values of B and S were calculated such that the residual eo
sum of squares between the predicted fatigue curve and data 

was minimised. The output from the computer programme also 

included the calculated ordinates of the fitted fatigue 

curve and the 95% confidence limits on the experimental data. 

The resulting fatigue curve and confidence limits are shown 

plotted in fig. 6.14.

The results of a similar analysis on the data obtained from 

fatigue tests on the 4 in. transverse parent material 

specimens conducted at zero mean stress are shown in fig. 6.15.
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The calculated value of the fatigue limit (S ) obtainedeo

from the analysis of the data tested at zero mean stress was

then used to predict the fatigue curves for the tests

conducted at a mean stress of 190 N/mm^ (14 kN mean load).

Each of the proposed fatigue equations would now, because of

the imposed mean stress, generate its own individual fatigue

curve. The constraint imposed is that the curves are

generated from the fatigue limit derived from the tests

conducted at zero mean load. Programmes 9, 10 and 11, '

Appendix B were written to maintain S at its input leveleo

and by the method of least squares, to calculate a value 

of the fatigue constant B to minimise the residual sum of 

squares between test data and the predicted fatigue curve. 

Thus three values of the constant B were calculated and 

three fatigue curves, one for each model equation, generated. 

The programmes also calculate the 95% confidence limits on 

the experimental data and the residual sums of squares. The 

resulting fatigue curves are shown plotted on figs 6.16 and 

6.17 for both the tests conducted on the 6 in. longitudinal 

and 4 in. transverse parent material specimens, respectively.

The same procedure was repeated for the combined experimental 

results of the 6 in. and 4in. specimens at a mean stress of 

190 N/mm^. The three fatigue curves generated for each model 

equation for the combined results are shown in fig. 6.18.

For each separate test and the combined series of results the 

quality of fit of the three predicted curves were determined.
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The resulting values of the equation constants and 

statistics are tabulated in Table 6.6,

An analysis was then conducted where the values of the 

fatigue constants were calculated to fit all the recorded 

experimental data for the tests on the parent material 

specimens. The previous analysis fitted data recorded 

during each separate test and at each level of mean load.

The only combined data being that available at the same 

level of mean load.

First the fatigue equation constants were calculated for 

the combined experimental data from the fatigue tests 

conducted on the 6 in. parent material specimens. The 

entire fatigue data, with their respective mean loads was 

used as input data to computer programmes No. 12, 13 and 14. 

The programme searched for the stated combinations of 

constants, given in 6.3.2 section 8(a) to (d) , such that the 

residual sum of squares between the predicted fatigue curves 

and the experimental data was a minimum. A similar 

calculation, for all three model fatigue equations, was 

undertaken on the combined fatigue data for the 4 in. 

parent material specimens.

A third analysis was conducted, calculating the same 

combinations of fatigue constants, on the combined data 

recorded for both the 6in. and 4 in. parent material 

specimens. The resulting calculated values of the fatigue



6.20

constants derived from the three analyses, together with 

the residual sum of squares for each model fatigue equation 

is given in Table 6.7 and 6.8.

6.3.3. Computer Programmes.

Because of the nature of the fatigue phenomenon, it is seen 

as a necessity to employ the use of a computer to undertake 

the analysis of test data.

Programmes No. 1 and 2, Appendix B were devised to apply 

the statistical techniques of linear regression and analysis 

of variance to the recorded experimental data. They are 

simple computerized statements of the equations given in 

(i) to (v) of Section 6.3.1.

Before computer programmes could be written to conduct the 

curve fitting analysis it was necessary to rearrange the 

proposed three emperical equations in a form ameniable 

to computer application. In order to conduct the iterative 

calculations necessary to determine an initial value of 

the fatigue constant B it requires that the other unknown.
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the fatigue limit (S^^), be eliminated from the proposed

empirical relationships. The rearrangement of the fatigue 

equations to achieve an equality statement from which B 

can be calculated by iteration, is shown in Appendix A.

The derived equations 6.7e, 6.lie and 6.17e were used as 

the basis to write the computer programmes for the proposed 

fatigue equations. Once B has been calculated, simple 

substitution evolves the magnitude of the fatigue limit. 

These computer programmes are No. 3, 4 and 5, Appendix\B, 

which have also been extended to print out the ordinates 

of alternating stress and number of cycles to failure of 

the fitted curve.

This initial calculated value of B and S is refinedeo

further using programmes No. 6, 7 and 8. The programmes

search for the values of B and S which minimises theeo

residual sum of squares between experimental data recorded 

at zero mean stress and the predicted fatigue curve. The 

output from the programmes also include the ordinates of 

the confidence limits and the residual sum of squares.

Programmes 9, 10 and 11 can only be used for the analysis

of data tested at other than zero mean stress. The only

search facility, to minimise residual sums of squares, is

with regard to the value of the constant B . The value of

S remaining constant, eo
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Programmes 6 to 11 inclusive have been devised to use the 

method of least squares to achieve the best fit fatigue 

curve for any one of the three proposed model fatigue 

equation for single test data at any one value of mean 

stress.

To ensure that the minimum value of residual sum of squares 

is attained the "method of steepest descent" has been 

incorporated into the search procedures within these computer 

programmes.

Programmes 12 to 14 inclusive use the same principles as the 

above programmes but search for the combinations of fatigue 

equation parameters specified in 6.3.2. section 8(a) to (d). 

The output from the programmes, written for the three model 

equations, include ordinates of the predicted curves 

together with the ordinates of the 95% confidence limits for 

test data with regard to cycles to failure and strength along 

the S-N curve.

6.4 Conclusions on the methods of analysis of the fatigue tests.

Two basic methods of analysis have been used for the fatigue 

test data. The first is based on finding the best fit 

straight lines on a log stress/log cycles plot of the results 

The second was a linear stress/log cycles relation with a 

fitted curve taken as the basic Jefferson equation and also 

two variables to allow for the mean stress, see table 6.1.
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The results concerning the quality of fit are given in 

tables 6.4 to 6.8. These will be considered separately.

6.4.1. The linear log stress/log cycles method.

The results of analysing the test data of the 4 in. and 6 in. 

parent material specimens are given in table 6.4. The 

standard deviation and the correlation coefficient show that 

an acceptable standard of fit is achieved for the four 

individual groups of tests, although the 6 in. specimens 

prove to give a better fit than the 4 in. specimens. It 

further appears to be reasonable to combine the 4 in. and 

6 in. specimen test data at a particular mean load as the 

result would be adequate for design purposes.

The two mean loads give, distinct.and separate lines. This 

is shown by the constants in the equations for the lines and 

also the reduced correlation when all results are combined. 

The results are effectively compared in fig. 6.13, showing 

the effect of the mean load and also the shorter life for 

the 4 in. transverse specimens.

Table 6.5 gives further statistical analysis of this method 

of fitting the straight line to the log/log presentation.

The level of significance is acceptable at 5% and the table 

shows that all combinations of the results meet this criteria
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6.4.2. The curve fitting technique (Variable B ) .

Table 6.6. gives the comparison of the results after fitting

the three equations, the basic and the two modifications, for

the two specimen lenghts at zero and 14 kN mean loads. For

lines one to three, the computer programme finds the values

of both B and the endurance stress S for each set ofeo

results. It is seen that the quality of fit is good as two 

standard deviations of the log cycles is quite low and 

likewise the residual sum of squares is low. As the curves 

are at zero mean stress the two modifications have no effect 

and identical results are given.

The 14 kN mean load is included in lines four to six and 

these show the effect of the modifications. The Jefferson 

equation uses the value for fatigue limit at 14 kN, that is 

equal to and although new values of B are calculated

the fit of the curve is seen to be considerably reduced. The 

Goodman and Gerber modifications to the equation provide new 

calculated values of fatigue limit for 14 kN mean load,

and from these corresponding values of B are obtained to 

give the best fit curve. It is seen that the results are good 

with the Goodman fit being the better of the two.

It appears from table 6.6 that acceptable results can be

obtained using the Goodman modification to provide one value

of S and then finding values of B for each mean load level, eo
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The result of this table 6.6 is to show that changing mean 

stress does have an important effect on fatigue life through 

the high cycle range to the fatigue limit at infinite life.

The Goodman modification can be used to represent this in an 

equation which includes variation for the mean load. It is 

however a disadvantage to have to redefine the constant B 

for each value of mean load as no generalized design data is 

produced.

6.4.3. The curve fitting technique (Single Value of B ) .

The technique described in 6.4.2. can be further developed 

to provide a single value of B for both mean,loads. In each 

line of table 6.7 both mean loads are included with the three 

equations fitted to the test data. In lines four to six the 

values of the fatigue limit at zero mean load, are taken

from table 6.6 and the value of B has been calculated by the 

programme to give the best fit to data for both mean loads 

simultaneously. This result has the advantage that full 

design data can be presented from one value of and one

value of the constant B. It is also noted that this value of 

B always lies between the two values of table 6.6 calculated 

for the separate sets of data for zero and 14 kN mean loads.

As would be expected the residual sum of squares is increased 

but is still quite acceptable for the Gerber modification 

which now appears to be the best equation. It is noticeable 

that combining the 4 in. and 6 in. specimens is as significant 

regarding scatter of results as combining the two mean load
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levels. The Goodman results are still considered acceptable 

even though the.residual sum of squares for the combined 

results (line 6) is rather large.

A  further improvement can be achieved by using all the test 

data simultaneously in the programme to find the best fit 

curves. The results are demonstrated in lines one to three 

of table 6.7 and in this case the fatigue limit for the zero 

mean load and the 14 kN mean load are related by the relevant 

equation and simultaneously fitted to the two sets of fatigue 

data (zero and 14 k N ) . A single value of B is also calculated 

to correspond to all test data. The residual sum of squares 

shows an improvement and this is clearly the best method of 

providing design data. This is to be expected as the computer 

programme has used all data simultaneously to provide the 

best fit to a single equation which is shown to be the Gerber 

modification of the Jefferson equation.

6.4.4. Choice of Method of Analysis.

The fit of the regression analysis on the log stress/log cycle 

basis of table 6.4 and that of the individual Jefferson curves, 

table 6.6, to the experimental data is seen to be of a 

comparable order of magnitude. The comparison is based on 

the value of two standard deviations (2a). When it is 

desired to cover the two levels of mean load with one equation 

the Goodman and Gerber modifications are essential. The best 

fit curves on this basis can be provided by choosing 

individual values of the constant B (at the appropriate mean
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load) and fatigue limit, as shown in tables 6.6 and 6.8, 

but this is not helpful for the objective of producing 

design data as too much experimental value is required to 

cover every condition.

The results (table 6.7) make it quite clear that the complex

programme used to find the optimum single value of the

constant B and zero mean load fatigue limit S for all testeo

data simultaneously using the Jefferson Gerber equation is 

the optimum method of analysis. The degree of fit is also of 

the required standard for fatigue design work.
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CHAPTER 7. THE FATIGUE TESTS ON WELDED JOINTS.

The method used to produce the welded joint specimens has been 

fully described in Chapter 3 including details of the particular 

welding processes. The joint specimens were cut from reasonable 

length welded plates and then a random selection method was used 

to provide the individual specimens for test. This statistical 

method described in Chapter 3 ensures that the selection of 

specimens has a minimum effect on the fatigue data. Comprehensive 

details of the specimens are given in Chapter 4 and these include 

the hardness surveys, x-ray examination and microstructure 

of selected samples. The joints tested in fatigue are defined 

in tables 4.3 to 4.10 and it is necessary to refer to these tables 

for the detail description of each joint, referred to as Welded,. 

Joints WJl to WJ6f and also tlieir strengths and quality.

The general theory of fatigue has been developed in Chapter 6 

and by analysis of the fatigue data for the parent steel a 

choice was made regarding the best method for data presentation.

In fact the choice lies between using the basic Jefferson equation 

with either the Goodman or the Gerber modification and so the 

results are compared with both of these forms. As the fatigue 

tests for each joint design have been done at 3 mean load levels 

it was decided to use the computer program which analyses 

simultaneously all the test data recorded for all three mean load 

levels. Thus single values of the fatigue constant B and the 

fatigue limit are found such that the Residual Sum of Squares

(R.S.S.) were a minimum. These three constants along with two
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standard deviations (2a) are tabulated in tables 7.1 and 7.2 and

will be discussed later.

7.1 Fatigue results of welded joints prepared using the Manual 
Metal Arc Welding Process. (WJl, 2 and 3).

The details of the welds under test together with the welding 

procedures used in their manufacture are given in Tables 4.4 

to 4.6. It can be seen from these tables that the specimens 

were prepared using different end preparations and differing 

number of welding runs for each joint.

The non destructive tests conducted on each of the welded 

test plates WJl, WJ2 and WJ3 showed that WJl had a'low level 

of porosity in the sealing run, WJ2 and WJ3 showed varying 

levels of porosity and lack of penetration. Test plate WJ3 

was not recommended as a load bearing member because of the 

unacceptable standard of welding used in its manufacture.

Specimens cut from each of the three test plates were 

subjected to fatigue loading at three levels of mean stress, 

namely, zero, 95N/mm^ (7kN mean load), 190 N/mm^ (14 kN mean 

load) . A total of 143 specimens were tested during the 

fatigue test programme on specimens from the three test 

plates. The majority of the specimens that failed had 

fatigue fractures originating at either the weld reinforcement 

or the sealing run. Some specimens failed from fractures 

initiated from within the parent material itself and a 

number of specimens from test plate WJ3 failed from cracks 

originating at the notch effect caused by the lack of



7.3

penetration.

Fig. 7.1 and 7.3(a) show photographs of fatigue cracks 

in specimens from this series of tests illustrating the 

modes of failure described above. Photographs of fracture 

surfaces are presented in fig. 7.2 for the two specimens 

shown in fig. 7.1 in which complete fracture occurred. In 

fig 7.2 (a) the reason for the failure in the parent material 

is evident. Due to the rolling process, dirt has been 

trapped in layers below the surface of the material giving 

defects which have obviously caused stress concentrations 

of greater magnitude than that due to the change in 

section at the weld reinforcement.or sealing run. Fig. 7.2(b) 

shows the concentric circles, typical of a fatigue fracture, 

with their centres at the point of crack initiation. The 

fibrous region below the portion'of the fracture surface 

showing progressive movement of the crack front, indicates

that the area of parent material remaining was not sufficient 

to withstand the applied load and that final failure occurred 

by ductile fracture.

The recorded fatigue test results for the specimens from 

each of the test plates at each mean stress level are shown 

in fig. 7.5 to 7.7. Also included on the figures are the 

fatigue curves for the three mean stress levels predicted 

by the Goodman modification to the basic fatigue equation.

The fatigue curves generated for fig. 7.5 to 7.7 were found 

by analysing simultaneously all the test data as described
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in the introductory statement to this Chapter. Figs. 7.8 to 

7.10 show the fatigue curves predicted for the same series 

of fatigue tests using the Gerber modified Jefferson equation

The calculated values of the constants in both model fatigue 

equations, together with the indicators for quality of fit, 

for the fatigue tests on W J l , WJ2 and WJ3 are given in lines 

1 to 3 of Table 7.1. In order to obtain a family of curves 

that was representative of the test data obtained over this 

series of three test programmes, combinations of experimental 

results were analysed by the method described earlier. The 

calculated values of the fatigue equation constants and 

quality of fit for curves predicted by both the Goodman 

and Gerber modified equations for two such combinations are 

given in lines 4 and 5 of Table 7.1. A  family of fatigue 

curves, predicted by the Goodman modification, resulting from 

an analysis of the combined test data of specimens from 

plates WJl and WJ2 are shown plotted in fig. 7.11.

7.2 Fatigue results of welded joints prepared using the Electron 
Beam Welding Process (WJ4).

During this single test programme a total of 36 specimens were 

tested over a range of three mean loads, zero, 7 kN and 14kN. 

The analysis of the experimental data followed the same method 

as described for data recorded for the specimens prepared by 

the manual metal arc welding process.
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The fatigue curves predicted by both the Goodman and Gerber 

modification to the basic fatigue equation together with the 

recorded experimental results are shown in figs. 7.12 and 

7.13 respectively. The calculated value of the fatigue 

constant B and the best value of the fatigue limit (S^) for

each of the families of fatigue curves, together with their 

quality of fit are given in lines 6 of table 7.1.

From the x-ray examination of this test plate, WJ4,- it was 

seen that full weld penetration had not been achieved along 

the length of the test plate. It was this lack of penetration 

that provided the crack initiation points for the majority of 

fatigue failures. A typical example of such a fracture 

originating from a surface defect due to the lack of 

penetration is shown in fig. 7.3 (b), and one caused by 

"lumpiness" of the weld underbead shown in fig. 7.3 (c). The 

fracture surface photograph, fig. 7.4 (a) shows the typical 

clamshell markings of a fatigue failure with their centre 

originating at the crack initiation point in the weld underbead.

7.3 Fatigue results of welded joints prepared using the Gas Metal 
Arc Welding Process. (WJ5 and 6).

The test plates comprising of this series of tests are WJ5 

and W J 6 . The test weld deposited in plate WJ5 was the lowest 

quality weld (see table 4.5), both from the number of defects 

in the deposited weld metal and visually because of its 

excessive weld reinforcement, of the whole series of six test 

plates. The first weld joining the two plates which 

constituted test plate WJ5 had to be "cut out" because it was
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not the type required. Consequently when joined by the 

correct process, the specimens cut from WJ5 were shorter 

than others used throughout the six test programme. Because 

of this it was found in early fatigue tests that difficulty 

was experienced in maintaining a mean load of 14 kN. It was 

therefore decided to conduct the tests at mean load values of 

zero, 5 kN and 7 kN.

The recorded data at these three mean stress levels 

together with the fatigue curves predicted by considering 

all data simultaneously according to both the Goodman and 

Gerber modified Jefferson equations are shown in figs. 7.14 

and 7.15 respectively.

Tests on specimens cut from test plate WJ6 were conducted at 

mean load levels of zero, 7 kN and 14 kN. The resulting 

data and predicted fatigue curves from both modifications 

to the Jefferson equation are given in figs. 7.16 and 7.17.

The resulting calculations for fatigue equation constants and 

quality of fit of the predicted fatigue curves are given in 

lines 7 and 8 of Table 7.1. Because WJ5 was not considered 

to be suitable as a load carrying member,,the-more- 

representative fatigue curves for this class of joint were 

those predicted from the test results derived from the data 

from plate WJ6. Line 9 of Table 7.1 are the calculated values 

for the combined results of WJ5 and WJ6 for data from the four 

values of mean load whilst those presented in line 10 are for 

the combined data for the levels of mean loads used in the
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other series of tests i.e. zero, 7 kN and 14 kN.

All the fractures that occurred during the fatigue testing of 

specimens from test plate WJ5 failed from defects within the 

weld deposit. Typical examples of such fractures are shown 

in fig. 7.3 (c), 7.3 (d) and 7.3 (e) with the cracks 

initiating within the weld and propagating through the weld, 

in some instances along lines of lack of fusion. The surface 

fracture photograph in Fig 7.4 (b) showing the lack of fusion 

along the edge preparation face and the inclusions within the 

weld metal.

7.4 Alternative Methods of Analysing the Fatigue Data.

An analysis was also conducted of the individual test data 

recorded for tests at each mean stress on the basis of 

log stress/log cycles to failure. The resulting linear graphs 

for the tests conducted on specimens from plate WJl to WJ6 are 

presented in Appendix C, figs. Cl to C 7 . For purposes of 

comparison the regression lines for the tests conducted at 

zero mean load for the three classes of welded joints are 

shown in fig. C8, those for tests at 7 kN in fig. C9 and for 

14 kN in fig. CIO. The calculated regression equations and 

quality of fit to experimental data for this analysis are 

tabulated in Table Cl and C 2 , Appendix C.

Fatigue curves were also fitted to individual test data at 

each mean load. From the six tests conducted at zero mean 

load, values of both the fatigue constant B and fatigue limit
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(S ) were calculated. These six values of S were then used eo eo

in the three model fatigue equations to predict fatigue

curves to fit experimental data for tests conducted at mean

stress other than zero. The calculated values of the fatigue

constants and quality of fit for the thirty six predicted

fatigue curves predicted at 7 kN and 14 kN mean loads together

with those calculated for zero mean load tests are given in

Table D1 of Appendix D. The separate fatigue curves predicted

from each of the three model equations at each mean stress

level are displayed in fig. D1 to D18. The 95% confidence

limits on experimental data are indicated only for the tests

conducted at zero mean load since all three model equations

predict the same fatigue curve.

7.5 Strength Distribution.

The standard deviation of tensile strength was calculated 

from the recorded results, for each group of specimens tested, 

of static strength tests. Table 7.2. It was of interest to 

see if the calculated deviation of tensile strength correlated 

with the calculated fatigue strength deviation about the 

predicted fatigue curves. Since all three model fatigue 

equations give the same fatigue curve at zero mean load, to 

reduce the amount of calculation, it was decided to make 

comparisons of deviation in strength with regard to this 

particular fatigue curve.

Table 7.2 summarizes the results of the calculated strength
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deviations from both static and dynamic tests for parent 

material and all the welded joints.

7.5 General Comment on the Fatigue Test Data.

The results of over 250 carefully planned fatigue tests on 

welded joints are recorded in this chapter. For a graphical 

presentation such as figure 7.5, which includes some 65 tests 

done at three mean loads and over the range of alternating 

loads, it would not be reasonable to draw the best mean line 

fatigue curves by eye. The use of the equations and the 

related computer program has made it possible for every test 

point to have its effect on the choice of each of the three 

fatigue curves presented. Additionally the confidence level 

that can be associated with curves is given a numerical value 

which is quoted in table 7.1. It is therefore, useful to 

refer to this table to understand the relative accuracies of 

the various results and then to table 7.2 which gives some 

meaning to the absolute level of accuracy.

Table 7.1 covers the six welded joints described as WJl to 

WJ6 (see table 4.3 and following tables) and a single value 

of the constant B and the fatigue limit at zero mean stress 

is quoted for the family of fatigue curves,that is,

providing a fatigue life at any mean and alternating stress. 

The two alternative modifications of the basic equation, the 

Goodman and Gerber, are presented. The quality of fit is 

indicated by the value of two standard deviations on the life 

(log N) and the Residual Sum of Squares.
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The difference in merit between the Goodman and Gerber 

modifications is quite small but it is considered that 

evidence is in favour of the Goodman variation, particularly 

for the joints WJl to 3, which were better quality specimens 

and preferred evidence. It is also seen that these three 

types can be combined into one set with little loss of 

accuracy and this will be very valuable in the presentation 

of data for design work.

The relative merits of the six methods of welding the joints

can be assessed by considering the values of the fatigue

limit stress at zero mean stress S and the constant B. Bothe

values should be high and the fatigue limit is usually more 

important than the constant B which affects the short to 

middle life fatigue cycles directly. The value of puts

the order of merit from the best weld as WJl followed by 

2, 3, 4, 6 and the worst as WJ5. This is an interesting 

order which will be discussed in Chapter 8 in relation to the 

investigation of weld qualities in Chapter 5. The order of 

merit for the value of the constant B is quite different, 

being WJ4 followed by 6, 1, 2, 5 and 3. This^ can be related 

more naturally to the static strength of the joint and will 

be discussed in Chapter 8.

The variation of tensile strength is compared in table 7.2 

by considering the stress value of 2 standard deviations

i.e. 2a. This is done for static tests on the parent
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material, the 6 inch and 4 inch specimens with a hole and 

the six welded joints. The same deviation is also produced 

from the fatigue test data with two alternative groupings, 

the tests done at zero mean stress alone, and combined data 

at all the mean stresses. It is seen that combining all the 

test results through the equation (data analysed simultaneously) 

considerably increases the scatter in fatigue strength and this 

is disappointing. However considering the first and second 

columns it is seen that the scatter in strength ge%erally lies 

within the scatter obtained for static tests on the parent 

plate material.
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CHAPTER 8. DISCUSSION.

8.1 A survey of the history of welding serves to emphasise the 

very large number of methods which have developed during the 

long history of engineering. Some of these are now 

predominant enabling a selection to be made for comparative 

research but the problem is again complicated by the number 

of possibilities in preparation of the parent metal and the 

setting used for the welding process. Fortunately the design 

of the joint geometry can be limited quite effectively to 

the butt weld and the fillet weld for the majority of 

structures. The butt weld is the most important for fully 

stressed joints and has also been the subject of the majority 

of testing programmes. As the butt joint is most suitable for 

providing specimens to fit existing testing machines this 

geometry became the subject of the research,as listing the 

possible permutations gave an impossible number of tests for

a full research programme.

8.2 A study of the available literature soon showed the enormous 

background of research. A selection of references are quoted 

in Chapter 10 and discussed in Chapter 2. It could be 

assessed from this background that no more test programmes

or theories of joint strength are required but discussion 

with the committee for B.S. 5400 (P8.1) on welded joint 

properties shows that data which can be correlated into 

design data sheets is still required. It was therefore 

decided to plan the programme of research with this 

objective.
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Many authors have produced theories or developed existing 

ones and these are essential if the data is to be presented 

in a compact and comprehensive manner. Some of them are 

good over chosen parts of the fatigue problem and 

additionally meet the essential requirements of being 

adaptable to statistical analysis. However, they 

individually solve part of the problem. The main factors 

that are separately dealt with are long life fatigue (fatigue 

limit), low cycle fatigue and the effect of mean stress on the 

alternating stress. No published theory appears to have 

included static strength of the joint as an integral part 

of the fatigue characteristics. Previous research at the 

University of Bath has shown that for joints using welded 

aluminium and also various bolted configurations they can be 

correlated by one theory covering the whole life of the 

joint. This theory, developed-by Dr. A. Jefferson (P6.3), 

has been found to be generally the most frequently used 

basis for theoretical analysis.

8.3 From the survey of possible joints that could be tested it 

was decided to select three welding processes which were 

in regular use in local industries, manual metal arc, gas 

metal arc and electron beam welding. The effect of joint 

manufacture was included by using three alternative 

preparations for the first method of welding and two 

alternative industries for the second giving a total of six 

joints for testing. The specimens were prepared in a 

realistic manner by cutting one long parent plate into
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lengths which allowed them to be welded together in pairs 

with practical length weld runs. Specimens were then cut 

from these joints and used for static and fatigue testing 

together with detailed weld inspection. Joint WJl was 

prepared, welded and inspected in the welding department of 

an educational establishment but the remaining five joints 

were manufactured in local industries using all their 

facilities in a production manner. The design data produced 

can therefore be used for realistic design as the joints did 

include typical workmanship and inspection showed that this 

was far from the quality obtained with laboratory prepared 

specimens (see table 4.10).

8.4 In accepting design data for the strength and fatigue life 

of welded joints it is proved in this work that welding 

quality is of paramount importance. The circumstances in 

which the welding was done in the various industries has 

therefore been carefully recorded. The joints were made in 

reasonable lengths before cutting specimens,which made it 

possible to undertake a careful inspection of the resulting 

weld. The quality has been established by industrial 

methods, particularly visual examination and x-ray photographs, 

of which examples are included in the report. The tensile 

strengths of the joints have also been determined by selecting 

specimens in a statistical manner from each of the joints. 

Finally a laboratory level of inspection has been conducted 

giving micro and macro section photographs of the welds 

associated with detail hardness surveys.
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8.5 A variety of testing machines and instruments were used for 

the work but the only point of significance is that three 

quite different fatigue testing machines were used. It was 

possible to show,using the analysis of variance, that there was 

some significance in the difference of fatigue lives produced 

by the machines. It is considered that these differences

are inherent in the machine because of variations in the 

accuracy of load control and the associated wave form. As 

the testing frequencies were low enough to avoid heating,it 

is not believed that the variations had any effect on fatigue 

data. The fatigue life differences were small enough to be 

neglected in the main analysis of results.

8.5 In the early part of the research fatigue tests were made to 

enable the main programme of tests to be planned such that 

results could be effectively analysed and presented. Several 

theories were considered and these are discussed in Chapter 3 

along with procedures for specimen selection. Two methods 

were selected and these were thoroughly examined for the 

analysis of the large number of specimens recorded in 

Chapter 6. These specimens are simple parent material with a 

small hole.

The log stress/log cycles method,in which the best straight 

line is chosen by linear regression, seems to be the most 

popular method in current use, particularly as the results in 

B.S. 5400 conform to this presentation. It is relatively 

easy to use, amenable to small computer programmes and gives
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a good result which can be given a realistic confidence 

level. It has, however, the disadvantage of only covering 

the middle life range and must be cut off at both the 

fatigue limit and the short life, high stress portion of 

the fatigue curve. The lines for varying mean stress are 

separately determined although these can be cross related 

at the fatigue limit by equations of the Goodman or Gerber 

form. It was decided that the advantages of the modified 

Jefferson equation was sufficient to warrant its choice.

Both the above methods are presented for the parent material 

specimens but it was decided to avoid duplication of all the 

welded joint data by only presenting the modified Jefferson 

method. Nevertheless since the graphs and tables were 

available for the analysis by the other methods they have 

been included in the Appendices.

8.7 The six different welded joints, labelled WJl to WJ6 and 

described in Chapter 4 were cut into a large number of 

specimens which could then be used for both static strength 

and fatigue life tests. An organised specimen selection 

procedure was adopted to avoid any influence from testing 

method and specimen variations. The results are described 

in Chapter 7 together with the statistical analysis in 

relation to both Goodman and Gerber modifications to the 

Jefferson equation. The Goodman modification is marginally 

preferred and this closeness between the two suggests that 

there could be an intermediate relationship, that is a power
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index between 1 and 2, which could provide better fits to 

data than either of the modifications. This is a subject 

for future study as there are difficulties in introducing 

this into the basic Jefferson equation.

8.8 The basic fatigue equation has been previously established 

for several types of joints and also computer programmes 

produced for fitting a line to results at a given mean stress, 

The first suggested method of solution is simply to draw a 

line by eye through the test data,choose two points on it, 

and the computer programme using these as data gives the 

values of the equation constants (B and S^) and the ordinates

of the resulting fatigue curve. A second method was used in 

which up to seven tests were made at each stress level and 

the line fitted to both the mean and median points at each 

level. In this work a considerable improvement has been 

effected by developing a third stage computer programme which 

will fit the best curve in relation to all the test points 

entered into the programme. This works on the principle of 

choosing a starting point by the first method and then the 

programme progressively modifies from this starting curve to 

a curve in which the residual sum of squares (R.S.S.) is a 

minimum for all points. This method has been applied by 

minimising the individual distances between the test points 

and the curve in a horizontal (that is cycles) direction 

and alternatively in the vertical (that is stress) direction. 

Thus every point is used even though they are randomly 

distributed along the stress/life curve. It has been found
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that the starting curve must be reasonably well chosen 

otherwise the programme on a microcomputer can run its 

iterative process for a very long time and indeed never 

arrive. This has been overcome by the use of a mini 

computer and in limiting the number of iterative processes.

8.9 A final fourth stage of programme development has allowed all 

test data produced at the three mean stress levels to be 

analysed simultaneously to provide a single family of curves 

based on only two constants (B and S ^ ) . The two constants

actually apply to the zero mean stress line of the Jefferson 

equation but the Goodman (or Gerber) modifications allow 

lines for any mean stress to be produced. The quality of 

fit of this fourth stage must of necessity be reduced 

relative to single line fits,but the confidence is greatly 

increased as a greater number pf test points are included.

The value to the designer is enhanced as the final output 

in the form of a single equation or its graphical presentation 

provide totally comprehensive data.

8.10 The programme includes the ability to print out the residual 

sum of squares and the generally more meaningful standard 

deviation in terms of either log cycles or stress. It is 

therefore possible to present the design data at a chosen 

confidence level which for welded joints (as B.S. 5400) is 

usually the mean life minus two standard deviations. A 

direct comparison can therefore be made between the 250 test 

results of this work and other published data.



A comparison was made between the recorded fatigue test 

results of specimens from plates WJl, WJ2 and WJ3 with 

the recommended design lines, for their respective class 

of joint, given in B.S. 5400 (P8.1). The comparisons are 

shown in figs. 8.1 and 8.2. It will be seen that 

generally, for both classes of joint, the test data is 

accommodated by the recommendations of B.S. 5400 with the 

exception of those for WJ2. at 14 kN mean load.

8.11 Apart from developing a method of analysing fatigue data

this work had the objective of finding the relative merits 

of the chosen welding processes. The results are presented 

in the graphs of Chapter 7 which are so similar that no 

significant differences are apparent. In fact this leads 

to the main conclusion that at least for an easily weldable 

steel there is little to choose between correctly executed 

processes. The second main point is that quality is 

important but even then not quite so important as may be 

expected. This can be seen in principle from table 7.1 

with relevant points reproduced in table 8.1. As 

discussed in section 7.6 the long life fatigue properties 

are summarised by the fatigue limit and these values

can be put in order of merit from the highest value 

corresponding to WJl. Table 8.1 then compares this merit 

order with the results of visual and X ray inspection and 

also the hardness value which should have minimal increase 

relative to the parent metal. This comparison shows the 

correct trend, although leaving room for the above remark.
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that quality in a ductile steel is not all important. 

However it is clear that WJl is definitely the best 

joint and WJ5 is the worst. The joint WJ5 gave a lower 

fatigue limit than would be expected but the other 

joints conform quite well. The low placing of WJ3 by 

inspection appears more significant for the constant B 

as seen in table 8.2.

8.12 The short to middle fatigue life is indicated by the 

constant B and this can also be given an order of merit 

as shown in table 8.2. The order is completely 

different to the long life order and should be compared 

with static tensile properties. The table 4.3 gives 

maximum and minimum tensile failure and yield strengths 

and however these are compared WJ4 (electron beam) and 

WJ3 (poor quality M.M.A.) are respectively best and worst. 

Various comparisons can be made between these strengths 

and the B values for the other 4 joints. The variations 

of strength have some order but they are generally quite 

small and well within the scatter band. A general 

statement can be made that the tensile strength is 

important to the fatigue strength in the low life end of 

the curve.

8.13 The important result of all this evidence is that 

inspection, tensile tests and hardness tests can give a

 ̂ broad indication of the quality of a welded joint. This 

quality appears to have more importance that the choice of 

welding method and preparation among the six methods
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that were tested.

8.14 It has been possible to compare the scatter in fatigue 

life based on the standard deviation from the mean with 

that for the parent metal. If this is done on the basis 

of tensile strength it is shown that the degree of scatter 

both in static strength and in fatigue strength is of the 

same order as the scatter in strength of the parent • 

metal as found from a number of tensile tests. It is 

quite clear that if different batches of parent metal 

are being obtained then scatter in metal properties will 

indicate the degree of scatter in the fatigue properties 

of both the plate itself and the welded joints which 

are of good quality.
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CHAPTER 9. CONCLUSIONS.

1. The review of the developments in welding processes have 

shown the need for an awareness when selecting the process 

to be used for joining structural members. The literature 

survey gave evidence of a vast body of information on fatigue 

properties of welded joints but little evidence of the 

practical application of this information. The methods 

developed during this research gives a method of presentation 

of fatigue design data which is useful to practicing designers

2. The Jefferson empirical fatigue equation has been extended to 

include modifications according to the Goodman and Gerber 

relationships. Both modifications to the basic fatigue 

equation have successfully been fitted to fatigue test data 

for both the parent material and the welded joints for tests 

conducted over a range of mean.load values.

3. Methods of analysing fatigue data was successfully developed 

based on the method of least squares and using a microcomputer, 

The programmes were written for each of the three model 

fatigue equations and were capable of fitting the best

log stress/log cycles line or alternating stress/log cycles 

fatigue curve to data and producing confidence limits of 

fatigue life and strength.

4. It was shown that fatigue curves were best predicted from all 

data rather than mean or median values of fatigue life at 

chosen levels of alternating stress.
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5. No definite conclusion has been reached on the relationship 

between the fatigue life and the types of welded joints 

tested, mainly because the effect of the welding method 

was less important than the quality of welding.

6. Both the modified fatigue equations gave reasonable fits to 

data with perhaps the curves predicted using the Goodman 

modification being overall marginally better.

7. The effects of welding on the static properties of the parent

material have been shown to affect the yield and tensile 

strength, together with increasing the local hardness.

8. Some degree of correlation was exhibited between the properties

determined from static and non destructive tests and the 

resulting fatigue behaviour of the welded joints.

9. For welds produced in ductile materials the effect of the choice

of welding process has little effect on the fatigue 

characteristics of the resulting joint.

10. The quality of weld was seen to be an important factor in the

fatigue performance of the welded joint. It is a feature 

which is deserving of a more detailed investigation and a 

greater recognition of its importance with regard to the 

application of the measurement of quality in the practical 

situation.

11. The effect of mean stress was seen to be an important factor

on the fatigue performance of specimens from both the parent 

plate and welded joints.
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12. A testing machine characteristic was observed, with the 

recorded fatigue lives of similar specimens being slightly 

greater when tested on the Amsler Vibraphore than those 

recorded when tested on the Avery Schenck testing machine.

13. No effect of the frequency of loading was observed for tests 

conducted at 30 Hz and 132 Hz.
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5000 BC Cold Pressure Welding of Precious Metals

3000 BC Smelting and Brazing Process Developed

2500 BC Joining of Wrought Metals by Riveting

lOOO BC Flow Welding used for Addition and Repair of Cast Artifacts

1774 AD Discovery of Oxygen (Priestly and Scheele)

1800 Discovery of Carbon Arc and Acetylene (H. Davy)

1808 Forge Welding Process for Production of Welded Tube

Granted Patent (B. Cooke)

1812 Introduction of Forge Welding Process for Production of

Firearms (Osborn)

1821 Forge Welding Process for Butt Welding of Tubes (J. Russell)

1825 Further Developments in Forge Welding for Butt Welds

(C. Whitehouse)

1837 Development of Riveting Machine (Sir W. Fairbairn)

1849 Patent Issued for Welding by Electric Arc (W.E. Staite)

1856 Welding of Wires Accomplished by Electrical Arc and

Forging (Joule)

1870 Flow Welding used to Place Steel Tyres on Railroad Stock

1871 Gramme Ring Dynamo

1880 Brins Process for Production of Oxygen

1881 Development of Carbon Arc (Moissan)

1884 Liquifaction of Air (Z. Wroblewski and K.S. Olszewski)

1885 Patent Issued for Resistance Welding Process (Prof. E.

Thomson)

Machine Developed for Carbon Arc Welding using Two Carbon 

Electrodes: Proved Impractical (Zerner)

TABLE 2.1 CHRONOLOGICAL TABLE OF EVENTS LEADING TO THE 
DEVELOPMENT OF THE MODE R N  WELDING PROCESSES.



1887 Joining of Metals Using Carbon Arc (N. Benardos)

Development of Blowpipe Burning Coal Gas with Oxygen

(T. Fletcher)

1888 Metal Arc Welding Process Using Bare Wire Electrodes

(N.G. Slavianoff)

1889 Patent Issued for Flash Butt Welding Process (Coffin)

Introduction of Coated Metal Electrodes (P. Strohmeyer)

1890 Patent Issued for Spot Welding Process (Coffin)

Patent Issued for Seam Welding Process (Prof. E. Thomson) 

1895 High Rates of Reaction and High Temperatures obtained with

Studies on Reactions between Metal Oxides and Aluminium 

Powder (C. Vautin)

1897 Patent Issued for Projection Welding Process (Robinson)

1898 Copper Electrodes used for Welding (Kleinschmidt)

Vautin Process used for Welding (H. Goldschmidt) (Thermit

Process)

1902 Patent Issued for Thermit Welding Process

1903 Patent Issued for Duplex Copper Electrodes used in Spot

Welding (Bouchayer)

1905 Invention of Percussive Welding

1907 Patent Issued for Electrode Coatings (Kjellberg)

1912 Spot Welding used for Car Production in United States

Patent Issued for Electrode Coatings: Powdered Ferro-Alloys

in Coating (Kjellberg)

1916 Invention for Safe Handling of Acetylene (T.G. Allen)

TABLE 2.1 CCONTJ



1917 Production of First Extruded Coatings in United States (Jones) 

Admiralty, Lloyds and United States Conducted Strength Tests

on Welded Joints 

Tentative Regulations for the Application of Electric Arc 

Welding to Ship Construction (Lloyds)

1918 First All Welded Ship

1919 Tests Conducted on Gas Shielding of Arc (Roberts & Van Nuys)

1920 First All Weld Ship to Lloyds Approval

Effect of Various Gases on Electric Arc (Hobart & Devers) 

Copper-Tungsten Alloy Electrodes used for First Time in 

Spot Welding

Introduction of A.C. Welding Transformer (Wortmann)

1922 Lloyds Approved Six Welding Processes

Automatic Version of Oxy-Acetylene Welding & Cutting 

1930 Thyraton Tubes used for Pulse Control in Spot Welding

Patent for Refractory Electrode (Hobart & Devers)

A.C. Welding Transformer (Wortmann)

1934 Ignition Control for Pulse in Spot Welding

First Use of Submerged Arc Welding Process

1935 Symposium on the Welding of Iron & Steel

1939 Stored Energy Machines used to Control Pulse

1948 Inert Gas Metal Arc Welding

1951 Electro Slag Welding (used for Production in Russia)

1953 Symposium on Welding of Iron & Steel (Iron & Steel Institute)

C o 2 used for Shielding in Automatic and Semi-automatic 

Processes

Inert Gas Welding Plant used in U.K.

TABLE 2.1 CC0NT.3



1954 Electron Beam Welding Machine Developed in France (Stohr)

1955 Wide Plate Tests for Welds Developed to Investigate Brittle

Fracture (A.A. Wells)

Development of Constricted Arc (Linde)

1956 Friction Welding Introduced in Russia

1957 Electro Gas Welding developed in Russia

1959 Electro Slag Welding First Demonstrated in U.K.

1960 Explosive Welding Developed in U.S.A.

Conference on "The Fatigue of Welded Structures" (Welding 

Institute)

1961 Friction Welding Demonstrated in U.K.

Introduction of High Voltage Electron Beam Welding to U.K. 

(Zeiss)

1962 BS153 "Steel Girder Bridges" Includes a Clause Governing

Allowable Stresses for Fatigue of Welded Connections.

1967 Gravity Welding Introduced to U.K.

1968 General Standards for Weld Quality Based on Significance

of Weld Defects Introduced by Welding Institute 

1970 Development of Continuous Laser Welding

TABLE 2.1 CCONT.)
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ELECTRODE TYPE ELECTRODE 
SIZE (mm)

SHIELDING GAS MINIMUM CURRENT 
(SPRAY)

(A)

Mild steel 0.76 98% Ar, 2% O 2 150
II 1 0.89 1 # II 165
II 1 1.14 1 k k 220
II 1 1.59 1 1 « 275
Aluminium 0.76 Argon 95

k 1.14 II 135
li 1.59 II 180

Stainless Steel 0.89 99% Ar, 1% Oa 170
II ; 1.14 II ii 1 ' 225
u 1 1.59 II II k 285

T A B L E  3.2 T R A N S I T I O N  C U R R E N T S  F O R  G L O B U L A R  

T O  S P R A Y  T R A N S F E R  C Reference : B32 D

Shielding Gas
Chemical
Behaviour Applications

Argon Inert All metals except steel

Heliun Inert AluminiLm, Magnesium and Copper Alloys.

Nitrogen Copper

Carbon Dioxide Oxidising Carbon and some low alloy steels.

Argon Helium Inert Aluminium, Magnesium and Copper Alloys.
Argon Nitrogen CopperXBetter arc than 100% Nitrogen)

Argon Oxygen Slightly Oxidising Stainless and alloy Steels

T A B L E  3.3 S H I E L D I N G  G A S E S  U S E D  F O R  G.M.A.W.
C Reference : 03.2 )
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TEST SPECIMEN
TENSILE STRENGTH (N/mmI I YIELD STEESS C N/mrrf 3
Minimum Maximum il Minimum Maximum

0 I 470 476

Transverse

O 462

Longitudinal

489

313

317

323

332

WJ 1 

Manual Metal Arc

WJ 2 
Manual Metal Arc

431

420

437 266

428 262

288

272

WJ 3 

Manual Metal Arc

348 436 247 266

WJ 4 

Electron Beam

WJ 5 

Gas Metal Arc

436

422

443 277

430 266

285

276

WJ 6

Gas Metal Arc

400 443 250 276

T E N S I L E  P R O P E R T I E S  O F  F A T IGUE S P E C I M E N S .  

T A B L E  4.3
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Test
Plate

Welding
Process Examination Comments Grade

WJ.1 M.M.A Very small amount of porosity in sealing run Good

WJ.2 M.M.A
Total penetration not achieved over short
lengths of total weld. Some evidence of 
porosity in joint.

Accept

WJ.3 M.M.A
Complete lack of penetration along whole 
length of weld. Reject

WJ.4 E.B
Full weld penetration not acieved. 'Lumpiness' 
in weld, underbead and spatter, (Typical for 
E.B.W of steel)

Accept

WJ.5 G.M.A
Lack of penetration over major portion of weld 
length, together with lack of fusion between 
weld metal and parent plate.

Reject

WJ.6 G.M.A Small amounts of porosity Good

NOTE: Welds graded according to the following criteria:
GOOD: Small amount of defects, acceptable 

commercial welding.
ACCEPT: Weld being capable of being 

upgraded to next, category.
REJECT: Excessive amounts of defects due 

to welding.

TABLE 4,10 SUMMARY OF X RAY EXAMINATIONS 

OF WELDED TEST PLATES.



Specimen Parent Plate 
Adjacent to HAZ

Heat Affected 
Zone Weld Metal

Parent Plate 127

WJ.1 CM.M.A) 
Single Vee, 
90 Inc. Angle

146 162 173

WJ.2 CM.M.A) 
Double Vee, 
60 Inc. Angle

144 170 170

WJ.3 CM.M.A) 
Single Vee, 
60 Inc. Angle

148 157 163

WJ.4 CE.B) 170 203 204

WJ.5 CG.M.A) 
Double Vee, 
60 Inc. Angle

145 181 212

WJ.6 CG.M.A)
Double Vee, 1 157 
60 Inc. Angle 1

177 189

TABLE 4.11 AVERAGE HARDNESS VALUES FOR 

PARENT MATERIAL AND WELDED 

JOINTS.
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p(/) =

1
.40 .30 .25 .20 .15 .10 .05 .025 .01 .005 .0005

1 .325 .727 1.000 1.376 1 963 3.078 6.314 12.706 31.821 63.6.57 636.619
2 .289 .617 .816 1.061 1.386 1.886 2.920 4.303 6.965 9.925 31.598
3 .277 .584 .765 .978 1.250 1.638 2.353 3.182 4.54 1 5.841 12.924
4 .271 .569 .741 .941 1.190 1.533 2.132 2.776 3.747 4.604 8.610
5 .267 .559 .727 .920 1.156 1.476 2.01.5 2.571 3.365 4.032 6.869
6 .265 .553 .718 .906 1.134 1.440 1.943 2.447 3.143 3.707 5.959
7 1 .263 .549 .711 .896 1.119 1.415 1.895 2.365 2.998 3.499 5.408
8 .262 .546 .706 .889 1.108 1.397 1.860 2.306 2.896 3.355 5.041
9 .261 .543 .703 .883 1.100 1.383 1.833 2.262 2.821 3.250 4.781

10 .260 542 .700 .879 1.093 1.372 1.812 2.228 2.764 3.169 4 587

11 .260 540 .697 .876 1.088 1.363 1.796 2.201 2.718 3.106 4.437
12 .259 .539 .695 873 1.083 1.356 1.782 2.179 2.681 3.055 4.318
13 I .259 .538 .694 .870 1.079 1.350 1.771 2.160 2.6.50 3.012 4.221
14 ' .258 .537 .692 .868 1.076 1.345 1.761 2.145 2.624 2.977 4.140
15 .258 .536 .691 .866 1.074 1.341 1.753 2.131 2.602 2.947 4.073
16 1 .258 .535 .690 .863 1.071 1.337 1.746 2.120 2.583 2.921 4.015
17 .257 .534 .689 .863 1.069 1.333 1.740 2.110 2.567 2.898 3.965
18 .257 .534 .688 .862 1.067 1.330 1.734 2.101 2.552 2.878 3.922
19 .257 .533 .688 .861 1.066 1.328 1.729 2.093 2.539 2.861 3.883
20 .257 .533 .687 .860 1.064 1.325 1.725 2.086 2.528 2.845 3.850

21 .257 .532 .686 .859 1.063 1.323 1.721 2.080 2.518 2.831 3.819
22 .256 .532 .686 .858 1.061 1.321 1.717 2.074 2.508 2.819 3.792
23 .256 ..532 .685 .858 1.060 1.319 1.714 2.069 2.500 2.807 3.767
24 .256 ..531 .685 .857 1.059 1.318 1.711 2.064 2.492 2.797 3.745
25 .256 .531 .684 .856 1.058 1.316 1.708 2.060 2.485 2.787 3.725
26 .256 .531 .684 .856 1.058 1.315 1.706 2.056 2.479 2.779 3.707
27 .256 .531 .684 .855 1.037 1.314 1.703 2.052 2.473 2.771 3.690
28 .256 .530 .683 .855 1.056 1.313 1.701 2.048 2.467 2.763 3.674
29 ; .256 .530 .683 .854 1.055 1.311 1.699 2.045 2.462 2.756 3.659
30 1 .256 .530 .683 .854 1.055 1.310 1.697 2.042 2.457 2.750 3.646

40 .255 .529 .681 .851 1050 1.303 1.684 2.021 2.423 2.704 3.551
60 I .254 .527 .679 .848 1.046 1.296 1.671 2.000 2.390 2.660 3.460

120 : .254 .526 .677 .845 1.041 1.289 1.658 1.980 2.358 2.617 3.373
00 .253 .524 .674 842 1.036 1.282 1.645 1.960 2.326 2.576 3.291

° Use explained in Sec. 2.2.2. For a two-sided ( equal-tails ) test the significance levels are twice 
the above column headings. The reciprocals of the numbers of degrees of freedom, rather than 
the numbers themselves, should be used for linear interpolation. To calculate the upper 0.5% point 
for /  — 34, use

2.704 4- (1 /3 4 1  - (1 /4 0 )
( 1 / 3 0 )  — (1 ,4 0 ) (0 .0 4 6 ) =  2,728

which is correct to 3 decimal places, whereas ordinary linear interpolation would give 2.732. This 
table was adapted, with the permission of the authors and the publishers, from R. A. Fisher and 
F. Yates, StatUtical Tables, 4th rev. ed., Edinburgh, Oliver & Boyd, Ltd., 1953, p. 40. (The original 
table is given in terms of the two-sided test probabilities.)

TABLE 6.2 UPPER PERCENTAGE POINTS OF 
THE ‘t’ DISTRIBUTION
[ Reproduced from ' Statistics Manual ’ Reference P6,6 3
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SPECIMEN
MEAN
LOAD
(kN)

Cn-2] "t* 2<r V ' Regression Equation

6 In. Longitudinal Zero 8 2.306 0 .1 8 -0.99 Y= 21.895-7.39 X

4 in. Transverse Zero 7 2.365 0 .5 -0.95 Y - 22.72-7.9 X

6 in. Longitudinal 14 9 2.262 0 .3 0 -0.98 Y= 17.16-5.65 X

4 in. Transverse 14 9 2262 0 .4 8 -0.95 Y« 16.99-5.69 X

Combined 6 in. 

and 4 in. Test 
Results.

Zero 17 2.110 0 .4 8 -0.94 Y -22 .55  -7.75 X

Combined 6 in. 

and 4 in. Test 

Results.

14 20 2.086 0 .4 6 -0.95 Y = 17.36 - 5.80 X

AD Specimens 

Irrespective of 

Mean Stress

39 2.042 1 .00 -0.69 - Y«14.56 - 4 3  X

NOTE n-number of test specimens; Cr>-2)-degrees of freedom,- t»value selected from
Tatte 62 for Cn-2) degees of freedom and 95% confidence; :a*s standard deviation 
r* correlation coefficient

TABLE 6.4, ACCURACY OF LINEAR LOG STRESS / LOG CYCLES ANALYSIS.
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TEST

SPECIMEN

2 <T

DERIVED FROM 

TENSILE TESTS 

C N/m rrf 3

2cr
DERIVED FROM 
DATA AT ZERO 

MEAN LOAD LEVEL 
C N/mrrf 3

2(T
DERIVED FROM 
SIMULTANEOUS 

ANALYSIS OF DATA 
C N/mnf 3

PARENT

PLATE
30.94

6 In. LONG. 19.92 16.72 66.95

4 in. TRANS. 4.74 16.45 97.46

WJ.1 15.1 49.87

WJ.2 48.12 , 25.1 96.18

WJ.3 19.44 48.18

WJ.4 10.24 53.06 58.56

WJ.5

30.76

52.3 125.24

WJ.6 32.0 82.26

S’ = Stanatd Deviation

TABLE 7.2 STRENGTH DISTRIBUTIONS FROM 

STATIC AND FATIGUE TESTS..



FATIGUE UMIT C Se 3 
TABLE 7.1

N/mnT

WJ.1 C255)

WJ2 C221 3

WJ.3 C 19.5 3

WJ.4 ( 17.1 3

WJ.6 C 15.7 3

WJ.5 Cl 24 3

B X 10

TABLE
7.1

139

133

104

458

230

113

GFIADEOF JOim 
FROM X RAY 
ANALYSIS
TABLE 4.10

ACCEPT 
WJ.1 and WJ.6

WJ.2 and WJ.4

]\WJ.3 and WJ.5
REJECT

HARDNESS

TABLEAU

WJ.1. WJ.2
and WJ.3 g  

Q

WJ.6
X
si

WJ.4 and WJ.5

TABLE 8.1 RELATIVE MERITS OF PROPERTES FROM FATIGLE 

AND NON DESTRUCTIVE TESTS C WJ.1 TO  WJ.6 3

FATIGUE CONST. B 
TABLE 7.1
B X 10̂

TENSILE STRENGTH 
( N/mrrf 3 TABLE 4.3

YIELD STRESS (N/mrrf 3 
T/\BLE4.3

MIN. MAX. MIN. MAJ(.

WJ.4 C 458 3 WJ.4 WJ.4 WJ.4 WJ.1

WJ.6 C230 3 WJ.1 WJ.6 WJ.1 WJ.4

WJ.1 (139 3 WJ.5 WJ.1 WJ.5 WJ.5

WJ2 (133 3 WJ.2 WJ.3 WJ2 WJ.6

WJ.5 (113 3 WJ.6 WJ5 WJ.6 WJ2

WJ.3 (104 3 WJ.3 WJ.2 WJ8 WJ.3

TABLE 8.2 RELATIVE MERITS OF FATIGUE CONSTANT B AND 

STATIC PROPERTIES OF WELDED JOINTS WJ.1 TO WJ.6.



Weld Reinforcement

Weld Metal

Heat Affected Zone

Parent Metal

FIG. 2.1
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FIG. 2 .2  FATIGUE STRENGTH AS A FUNCTION OF  

REINFORCEMENT ANGLE FOR BUTT W ELDS.

(REPRODUCED FROM FATIGUE OF STEEL WELDMEISTTS’ 
POLLARD & COVER (REFERENCE P. 2.13]



o -  MNI b u ll weld, machined 
preparation

Û - M NG l-butt weld,machine ® 
qas-cut preparation 

- 91 - MNHl -b u tt weld .hand
qas-cut preparation 

PN2 -  plain plate w ith 
m ill scale

CYCLES

FIG. 2.3 FATIGUE TEST RESULTS SHOWING EFFECT OF VARIOUS 

EDGE PREPARATIONS FOR BUTT WELDED JOINTS.

(BEPRODCED FROM NEWMAN & GURNEY. REF. P Z5)

800 I

600 r

X 400

200 -

0 200 400 600 800 1000
U llifn a le  UMisile s treng tli (N /m t ir )

FIG. 2.5 EFFECT OF TENSILE STRENGTH ON FATIGUE 

STRENGTH OF STEEL SPECIMENS W ITH  

MILLSCALE SURFACES.(PULSATING TENSIO N)

(REPRODUCED FROM 'FATIGUE OF WELDED STRUCTURES' 

T.R.GURNEY. REFERENCE B2.U



Single Vee Butt Weld With Reinforcement

Single Vee Butt Weld Reinforcement Removed

Butt Weld With Fillet Welded Straps

Filet Welded Cruciform Joint

Fiet Welded Overlap Joint

FIG. 2.4 MFLUENCE OF JOINT CONFIGURATION ON STRESS 

FLOW BETWEEN CONNECTED MEMBERS
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mrn 'n n i

jü R L r P os i t ion
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Uvm SO  20 ' 5 6 5 A ll W e ld e d ,fro m
htjih Sides

Ov^2U 20' 5 5 5 A ll W e ld e d  Irom
f)o th  sides

Over 40 20 ' — 5 5 5 A ll W e ld e d  fro m  
b o th  s ides

5 12 3 4b"
O ver 12 3 45"

A ll W e ld e d  from  
fro th  Sides

Over 40  20' 5 A ll W e ld e d  fro m  
b o th  s ides

FIG. 2.6 STANDARD EDGE PREPARATIONS FOR BUTT WELDED JOINTS.



L o n g itu d in a l 
res idua l stress Tension

C o m press ion

Transverse 
res idua l stress

FIG. 2.7 LONGITUDINAL AND TRANSVERSE RESIDUAL

STRESS PATTERNS IN SINGLE VEE BUTT JOINTS.
REPRODUCED FROM "FATIGUE STRENGTH OF WELDED 

STRUCTURES’ K.G.RICHARDS. REFERENCE P. 2.17)

Fatigue or endurance limit
Gerber parabolaSao

Modified Goodman line

Soderberg line

Sy St MEAN STRESS (Sm)

FIG 2.8 GRAPHICAL REPRESENTATION OF THE EMPIRICAL 

FATIGUE EQUATIONS OF SODERBERG. GOODMAN

AND GERBER.



STATIC YIELDING

Sao

Sm

Sao

FIG 2.9 ALTERNATIVE REPRESENTATION OF 

EMPIRICAL FATIGUE EQUATIONS

68.37% of all observations

95.45% of all observations

3<r cr /J~ <r

99.73% of all observations

FIG 2.10 PROBABILITY DENSITY FUNCTION OF 
NORMAL DISTRIBUTION.



50% Confidence S-N Curve
CO

LOG CYCLES TO FAILURE

FIG 2.11 LOG NORMAL DISTRIBUTION OF FATIGUE LIFE 

ALONG THE S-N CURVE.

fC
b=3.57CApprox. normal distribution)

b-2.0(Rayleigh distribution)

b»1.0CExponential distribution)

N-No/Na-No

FIG 2.12 TYPICAL PROBABILITY DENSITY CURVES  

FOR WEIBULL DISTRIBUTION.



(/)
ÎS

Oz
<
zce
LU

<

LOG CYCLES TO FAILURE

FIG 2.13 NORMAL DISTRBUTION OF FATIGUE STRENGTH  

ALONG THE S-N CURVE.



POWER SOURCE

ELECTRODE HOLDER

 [ZZZ
ELECTRODE

WORKPECE

STRAIGHT (ELECTRODE NEGATIVO POLARITY

POWER SOURCE
aBCTRODE HOLDER

— c = i t >
ELECTRODE

WORKPECE

REVERSED (ELECTRODE POSITIVE] POLARITY

WELDING CIRCUITS USING D.C. SUPPLY

FIG 3.1



CHARACTERISTIC POWER SOURCE CURVES FOR CONSTANT 

CURRENT-VOLTAGE PERFORMANCE C Reference B3 1 )

§
MAXIMUM OPEN CIRCUIT VOLTAGELLIO

§o>

MINIMUM OPEN CIRCUIT VOLTAGE

Minimum change in welding currentLong Arc
Variation ^ 
in Arc 
length ̂

Normal Arc
Short Arc

SHORT CIRCUIT CURRENT

CURRENT CAMPS)Variation in Arc Voltage with
change in Arc length

FIG 3 .2



Controls for governing 
vyire drive, current, gas 
flow and cooling water

Wire Reel

Electrode
Wire Drive

Gas
Supply

Welding Gun

Welding Machine

V Shielding Gas

FIG. 3.3 SCHEMATIC DIAGRAM OF GAS METAL 

ARC WELDING EQUIPMENT. C Reference B3.2 )



LU SmaB change h voltage

Large change in 
weldrg current

500 600100 400300200
CURRENT Camps)

FIG. 3.4 TYPICAL VOLT AMPERE CURVES FOR

CONSTANT VOLTAGE POWER SOURCES.
( Reference B3.1 )



a.c.
filament supply

Filament

Field electrode
60 kV d.c.

Anode

Focus coil 12 V d.c.

To vacuum system
Electron beam —

Work

(a) Pierce -type electron beam gun

IkV

60 kV d.c.

12 V d.c.

(b) Modified Pierce-type electron beam gun.

FIG. 3.5



Control electrode 

Anode 

Alignment coilsC43

Telescope
eyepiece
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a "

V77777-À

Work

3kV 
 1

150kV

-f

Column valve

Magnetic focusing lens
Beam deflection coils(4).

—  To vacuum system

(c) High voltage Steigerwald type electron gun

FIG. 3.5 (cont.)
C Reference 83.3 ]
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FIG. 3.6
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FIG 3.9 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT, 90°r)CLUŒ D 

ANGLE CWJ.11 TESTED AT THREE STRESS LEVELS.

ZERO MEAN LOAD.
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FIG. 3.10 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT, 90°1NCLUDED 

ANGLE [WJ.11 TESTED AT THREE STRESS LEVELS.

ZERO MEAN LOAD.
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MAGNIFICATION X 100

MAGNIFICATION X500

MICROSTRUCTURE OF "AS RECIEVED" PARENT PLATE MATERIAL

FIG 4.1



TYPICAL LOAD EXTENSION GRAPHS FOR PARENT

m a t e r i a l  (4 in . transverse &6in. longitudinal specimens 

containing a 1 /1 6  In. dia hole.)

6in.longi:udinal.4in.transvers30

4 in. Transverse specimens.20
Average test area-62.74 m m  
Average Tensile Strength=472.45 N/mrn

6 in. Longitudinal specimens

Average test area» 62.7003 m m  
Average Tensile Strength = 475.2 N/mrn

5 EXTENSION

FIG 4.2



X RAY EXAMINATION OF WELDED JOINT WJ. 2

' FIG. 4.3 Ca)

FIG. 4.3



X RAY EXAMINATION OF WELDED JOINT WJ. 2

FIG. 4.3



X RAY EXAMINATION OF WELDED JOINT WJ. 3

FIG. 4.4



X RAY EXAMINATION OF WELDED JOINT WJ. 4

FIG. 4.5



H

X RAY EXAMINATION OF WELDED JOINT WJ. 5

FIG. 4.6



X RAY EXAMINATION OF WELDED JOINT WJ. 6

(J3uJ
^ ü :

o H -
o

FIG. 4.7



WJ.1 9

WJ.1 59

WJ.1 73

%

MACROSTRUCTURES OF SINGLE VEE BUTT WELD,90 INCLUDED ANGLE. (WJ.1)

FIG 4.8



WJ.2 18

WJ.2 29

WJ.2 44

MACROSTRUCTURES OF DOUBLE VEE BUTT WELD,60  INCLUDED ANGLE. (WJ.2)

FIG 4.9



WJ.3 9

WJ.3 11

WJ.3 34

MACROSTRUCTJURES OF SINGLE VEE BUTT WELD,60 INCLUDED ANGLE.(WJ.3)

FIG 4.10



WJ.4 10

WJ.4 13

WJ.4 22

MACROSTRUCTURES OF ELECTRON BEAM BUTT WELD.(WJ.4)

FIG 4.11



WJ.5 3

WJ.5 15

WJ.5 38

' m »

MVCROSTRUCTURES OF GAS METAL ARC WELDED JOINT (WJ.5)

FIG. 4.12



WJ.6 4

WJ.6 15

WJ.6 26

MACROSTRUCTURES OF GAS METAL ARC WELDED JOINT (WJ.6)

FIG. 4.13



HARDNESS SURVEY Specimen Number PAFENIT MATERIAL
(As Received)

1

LONGITUDINAL 
127 131

-t
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f

m i
m

TRANSVERSE
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■+ 4- 4-
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+ -f 4-

t
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--Traverse 1
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120 120

Horizontal LocationHorizontal Location

FIG. 4.14



HARDNESS SURVEY Specimen Number WJ.2 44
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E
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Horizontal Location

FIG. 4.15



HARDNESS SURVEY Specimen Number WJ.4 22

t
I
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FIG. 4.16



H A R DNESS SURVEY Specimen Number WJ.6 26

!
T in

f
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RG. 4.17



MICROSTRUCTURES OF 90° INC. ANGLE. M.M.A.W BUTT JOINT.

SPECIMEN NUMBER WJ.1 9

0*6

0'4O 9

Location of microstructLres

FIG. 4.18
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FIG. 4.18 [Cont.3
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FIG. 4.18 CConO



MICROSTRUCTURES OF ELECTRON BEAM WELDED BUTT JOINT.

SPECIMEN NUMBER WJ.4 22

04
06

Location of microstructures

FIG. 4.19
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FIG. 4.19 (Cont.3
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FIG. 4.19 COont.)



MICROSTRUCTURES OF 60"lNC. ANGLE, G.MAW BUTT JOINT.

SPECIMEN NUMBER WJ.6 26

Location of microstructures

FIG. 4.20



FIG. 4.20 (Cont.)



FIG. 4.20 CCont.3
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Lever

Dashpoi
T enjion
Space Q

Zero _f Adjujtnient

Overload Trip

Load Pointer

PendulumAdjustable
Crosshead
Compression
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Change Wheel
Unloading Valve 
Push Buttons

Setting
Control
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Ram

Loading Valve
Shear
Pin Motor

Main
Ram Control Panel

Pump Unit

^ Isolator

FIG. 5.1 LINE DIAGRAM OF AVER Y UN IVER SAL  
TESTING  MACHINE.

F

FIG. 5.2 AVERY UNIVERSAL TESTING MACHINE.



VIRTU AL IMAGE 
FIELD LENS FIELD IRIS'

FIG. 5.3 LINE DIAGRAM OF IMAGE FORM ING  S Y S TE M  IN 
VIC K ER S PRO JECTIO N M IC RO SCO PE

FIG. 5.4 VICKERS PROJECTION MICROSCOPE



FIG. 5.5 V ICK ER S P Y R A M ID  HA R D N ESS TE S T IN G  M ACHINE

FIG. 5.6 AVERY SCHENCK FATIGUE TESTING MACHINE.



FIG. 5.7 A M SLER  VIBRAPHORE FATIGUE TESTING  MACHINE.



FIG. 5.8 INSTRON FATIGUE TESTING MACHINE.
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FIG. 6.1 FAMILY OF FATIGUE CURVES PREDICTED FROM THE JEFFERSON 

EMPIRICAL FATIGUE ECUATICN.
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FIG. 6.2 EFFECT OF CONSTANT B ON FATIGUE CURVES PREDICTED FROM 

THE JEFFERSON EMPIRICAL EOUATION.
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FIG. 6.3 EFFECT OF ENDURANOE STRESS ( S e )  ON FATIGUE OURVES 

PREDICTED FROM THE JEFFERSON EMPRICAL FATIGUE 

EQUATION.
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FIG. 6.4 FAMILY OF FATIGUE CURVES WITH VARYMG MEAN STRESS,

PREDICTED FROM THE M ODFED ( GOODMAN ) JEFFERSON'

EMPRICAL FATIGUE EOUATION.
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FIG. 6,5 FAMLY OF FATIGUE CURVES WITH VARYING MEAN STRESS, 

PREDICTED FROM THE MODIRED C GERBER ) JEFFERSON 

EMPIRICAL FATIGUE EOUATDN.
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FIG. 6.6 COMPARISON OF FATIGUE CURVES WITH VARYING MEAN STRESS, 

PREDICTED FROM THE JEFFERSON AND THE MODIFED C GOODMAN

AND GERBER ) JEFFERSON EMPRICAL FATIGUE EQUATIONS.



95% Confidence limits for experimental data 
95% Confidence limits for regression line TZC

7.0

5.0

REGRESSION EQUATIONI
Correlation Coefficient :

Y= 21.895 - 7.39 X
I--“0.99 ' - " -

4.0

rh Amsler Vibraphore C 132 Hz )

3.0
2.3 X LOG S2.1 2.22.01.9

FIG. 6.7 REGRESSION LINE AND 95% CONFIDENCE LIMITS 

FOR PARENT MATERIAL. 6 in. LONGITUDINAL 

SPECIMENS WITH STRESS CONCENTRATION. 

ZERO MEAN LOAD.



95% Confidence limits for experimental data ,
Confidence limits for regression line* 

 -

-.1. REGRESSION EQUATION : Y= 22.72 - 7.9 X • - - -y-r
::: Correlation Coefficient : "r- -0.95 TICT:c:::

'O Amsler Vibraphore C 132 Hz 
Q  ' Avery Schenck C 30 Hz )

2.0 2.1 2.2 2.3 X LOGS

FIG. 6.8 REGRESSION LINE AND 95% CONFIDENCE LIMITS 

FOR PARENT MATERIAL. 4 in. TRANSVERSE 

SPECIMENS WITH STRESS CONCENTRATION.

ZERO MEAN LOAD.



95% Confidence limits for experimental data •
95% Confidence limits for regression line

REGRESSION EQUATION : Y- 17.16 - 5.65 X -
Correlation Coefficient : -0.98 • — ■— * —

Amsler Vibraphore C 132 Hz )
. . Avery Schenck ( 30 Hz ^

 ,T /—  —  .

2.0 2.1 2.2 2X3 X LOG S

FIG. 6.9 REGRESSION LINE AND 95% CONFIDENCE LIMITS 

FOR PARENT MATERIAL. 6 in. LONGITUDINAL 

SPECIMENS WITH STRESS CONCENTRATION.

14 kN MEAN LOAD.



::.r;Tr.T.t95% Confidence limits for experimental data j ; ,:
95% Confidence limits or regression line

: REGRESSION EQUATION : Y» 16.99 - 5.69 X
T   ' 'T ’ - T ' ■ • I....._

Correlation Coefficient : 'r"= -0.95

k Avery Schenck C 30 Hz }

T9 2J9 2.1 2^ 2X3 X LOGS

FIG. 6.10 REGRESSION LINE AND 95% CONFIDENCE LIMITS 

FOR PARENT MATERIAL, 4 in. TRANSVERSE 

SPECIMENS WITH STRESS CONCENTRATION.

14 kN MEAN LOAD.



95% Confidence limits for experimental data 
95% Confidence limits for regression line %

- -,

6.0

\

5.0
V t

REGRESSION EQUATION : Y 22.55 - 7.75 X
Correlation Coefficient : "r" -0.94

V
X^ . Sjn. Long. Spec. Amsler Vibraphore ( 132 Hz 3
J , -- ! • ' I , - - ,
O  4 in. Trans. Spec. Amsler Vibraphore (132 Hz 3; 
;d- 4 in. Trans. Spec. Avery Schenck C 30 Hz 3; j   _r ,  ̂ 1 ' Î/—

3.0
2.3 X LOG S2.11.9 2.0 2.2

FIG. 6.11 REGRESSION LINE AND 95% CONFIDENCE LIMITS FOR 

PARENT MATERIAL, COMBINED FATIGUE RESULTS OF 

4 in. TRANSVERSE AND 6 in. LONGITUDINAL SPECIMENS 

WITH STRESS CONCENTRATION.

ZERO MEAN LOAD.



8.0

' - —  95% Confidence limits for experimental data
: 1:C— — Z 95% Confidence limits for regression line

REGRESSION EQUATION : Y= 17.36 - 5.8 X

Correlation Coefficient ; Y= - 0.95 -  * *  i —

* V■ X 6 in. Long. Spec. Amsler Vibraphore C 132 Hz ) i :  
— - 6  in. Long. Spec. Avery Schenck ( 30 Hz

■ - 4 in. Trans. Spec. Avery Schenck (3 0  H z ]

X - T ---
X -7$-

3.0
1.9

FIG. 6.12

2.0 2.1 2.2 2.3 X LC)G 13

REGRESSION LINE AND 95% CONFIDENCE LIMITS FOR 

PARENT MATERIAL. COMBINED FATIGUE RESULTS OF 

4 in. TRANSVERSE AND 6 in. LONGITUDINAL SPECIMENS 

WITH STRESS CONCENTRATION.

14 kN MEAN LOAD.



n. Long. Spec. Zero Mean Load Z

Combined experimental data. Zero Mean Load C

4 in. Trans. Spec. Zero Mean Load

6 in. Long. Spec.
- '  14 kN Mean Load ■ »

4 in. Trans. Spec. 
14 kN Mean Load :

Combined experimental data
14 kN Mean Load

Z REGRESSION EQUATIONS

4.0

6 in. tong^pec. Zero mean load 

4 in. trails, spec. Zero mean 

Combined exp. data. Zero mean load Y= 22.55 - 7.75 X L

6 in. long. spec. 14 kN mean load Y =  17.16 - 5.65 X 

4 in. trans. spec. 14 kN mean load Y = 16.99 - 5.69 X ZZZ 
Combined exp. data. 14 kN mean load Y =  17.36 - 5.80 X :

T9 2.0 2.1 2 ^  2.3 X LOGS

FIG. 6.13 REGRESSION LINES FOR SINGLE AND COMBINED 

FATIGUE TEST DATA FOR PARENT MATERIAL. 4 in. 

TRANSVERSE AND 6 in. LONGITUDINAL SPECIMENS 

WITH STRESS CONCENTRATION.

ZERO AND 14 kN MEAN LOAD.
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FIG 6.14 FATIGUE RESULTS FOR PARENT PLATE. 
Bln. LONGITUDINAL SPECIMENS.
ZERO MEAN LOAD.
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FIG. 6.15 FATIGUE RESULTS FOR PARENT PLATE.
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FIG. 6.16 FATIGUE RESULTS FOR PARENT PLATE.
6 in.LONGITUDINAL SPECIMENS.
14 kN MEAN LOAD.
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FIG. 6.17 FATIGUE RESULTS FOR PARENT PLATE.
4 in TRANSVERSE SPECIMENS.
14 kN MEAN LOAD.
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FIG. 6 .1 9  BEST FIT FATIGUE CURVES PREDICTED BY S IM ULTANEO US  

FITTING OF PARENT MATERIAL DATA BY TH E GERBER  

MODIFIED JEFFERSON EQUATION.



specimen : WJ.1 13 
Alt. Stress : 177 N/mm

Mean Stress : 190 N/mm 
Cycles to failure : 67322

Specimen WJ.1 7 

Mean Stress : 190 N/mnrf 

Alt. Stress : 94 N/mm 
Cycles to failure : 8367806

Specimen : WJ.1 66 

Mean Stress : Zero 

Alt. Stress : 109 N/rmf 

Cycles to failure : 3052100

FIG. 7.1 TYPICAL FRACTURES FROM FATIGUE TESTS  

ON SPECIMENS FROM WELDED PLATE W J.1



C a ) SPECIMEN WJ.1. 13

( b )  SPECIMEN WJ.1.7

FIG. 7.2



( a ) Y

C b } ZÉ

Ce)

C d )

C e  3

M
■ m .

Specimen : WJ. 3 2 
Mean Stress : 190 N/mm'
Alt. Stress : 82 N/mrr?
Cycles to failure : 93300

Specimen ; WJ.4 3 
Mean Stress : 95 N/mrn"
Alt. Stress : 109 N/nrn̂  

Cycles to failure ; 325700

Specimen : WJ.4 19 
Mean Stress ; 95 N/mrrf 
Alt. Stress : 136 N/rrn? 
Cycles to failure : 856300

Specimen : WJ.5 46 
Mean Stress : 95 N/mm’’ 
Alt. Stress : 68 N/mm’’ 
Cycles to failure : 190400

Specimen : WJ.5 2 
Mean Stress : 68 N/mmf 
Alt. Stress : 109 N/mrn 
Cycles to failure : 19100

FIG. 7.3 TYPICAL FFiACTUFES FROM FATIGUE TESTS ON

SPECIMENS FROM WELDED PLATES WJ.3, WJ.4 

AND WJ.5.
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(a) SPECIMEN WJ.4 19

Cb) SPECIMEN WJ.5 2

FIG. 7.4
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FIG 7.5 COMBINED FATIGUE RESULTS FOR SINGLE VEE

BUTT JOINT 90° INCLUDED ANGLE (M.M.A.WJ. 1)

ZERO. 7 kN AND 14 kN MEAN LOADS.
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FIG. 7.6 COMBINED FATIGUE RESULTS FOR DOUBLE VEE

BUTT JOMT, 6CTINGLUDED ANGLE (MJVI.A. WJ 2)

ZERO, 7kN AND 14kN MEAN LOADS.
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FIG. 7.7 COMBINED FATIGUE RESULTS FOR SINGLE VEE 

BUTT JOINT, 60° INCLUDED ANGLE (M.M.A. WJ 3) 

ZERO, 7 kN AND 14 kN MEAN LOADS.
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FIG 7.8 COMBINED FATIGUE RESULTS FOR SINGLE VEE 

BUTT JOINT 90°1NCLUDED ANGLE (M.M.A. WJ. 1) 

ZERO, 7 kN AND 14 kN MEAN LOADS.



I—k  (T) T - {t ~  CO { : ; -

8 8

(^UJ/N) 
ss0Jis Bu!1BUJ01iv

FIG. 7.9 COMBINED FATIGUE RESULTS FOR DOUBLE VEE

BLTTT JOlsrT, eCflNCLUDED ANGLE (M.M.A. WJ 2)

ZERO, 7kN AND 14kN MEAN LOADS.
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FIG. 7.10 COMBINED FATIGUE RESULTS FOR SINGLE VEE 

BUTT JOINT. 60° INCLUDED ANGLE (M.M.A. WJ 3) 

ZERO. 7 kN AND 14 kN MEAN LOADS.
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FIG. 7.11 PREDICTED FATIGUE C U R VES USING THE G O O DM AN  

MODIFIED JEFFERSO N EQUATION FOR M.M.A.W . BUTT  

JOINTS. ( T E S T  R ESU LTS FO R WJ.1 AND W J.2 COM BINED ) 

ZERO , 7 kN AND 14 kN MEAN LOAD.
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FIG. 7.12 COMBINED FATIGUE RESULTS FOR ELECTRON
BEAM WELDED JOINT (E.B. WJ 4)

ZERO, 7kN AND 14kN MEAN LOADS.
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FIG. 7.13 COMBINED FATIGUE RESULTS FOR ELECTRON

BEAM WELDED JOINT (E.B. WJ 4)

ZERO, 7kN AND 14kN MEAN LOADS.
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FIG. 7.14 COMBINED FATIGUE RESULTS FOR DOUBLE VEE 

BUTT JOINT, 60°INCLUDED ANGLE (G.M.A.W. WJ 5)

ZERO, 5 kN AND 7 kN MEAN LOAD.
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FIG. 7.15 COMBINED FATIGUE RESULTS FOR DOUBLE VEE 

BUTT JOINT, 60°INCLUDED ANGLE (G.M.A.W. WJ 5)

ZERO, 5 kN AND 7 kN MEAN LOAD.
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FIG. 7.16 COMBINED FATIGUE RESULTS FOR SINGLE VEE

BUTT JOINT, 60°INCLUDED ANGLE (G.M.A.W. WJ 6) 

ZERO, 7kN AND 14kN MEAN LOADS.
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BUTT JOINT, 60°INCLUDED ANGLE (G.M.A.W. WJ 6) 

ZERO, 7kN AND 14kN MEAN LOADS.
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APPENDIX A.

Rearrangement of model fatigue equations in forms suitable for 
computerized solution.

1. Jefferson Empirical Fatigue Equation.

S
S = ------------------     6.7aa S .

1 -  ( 1  Ë---------------------- ___________(S^ - S^) log (B + N)

rearranging equation for S^.

S
"e = T o i l ': y -N )' :t m

S . S , log B S .log B
s - ^ a., ^  = s -  ^e log (B + N) (S. - S ) a log (B + N)t m

S (S. - S ) [log (B + N) - log B]q _ a t m___________________________    _
e log (B + N) (S^ — S^) — log B

Let data from two boundary conditions within fatigue data
be represented by S N and S / N , thenai, 1 a 2 2

S (S^ - S ) [log (B + N ) - log B]
S ' =  Ë_____ E__________________ 1______________    6  7 ce log (B + N ) (SI - S ) - S log B 1 t m a%

and
S (S - S ) [log (B + N ) — log B] c = ^2___ t____ m_______________ 2____________    f

e log (B + N ) (S -, S ) - S log B 
2 t m a 2

The fatigue limit can now be eliminated, to arrive at an

equation which can be used to calculate the value of the 
constant B.



A2

L e t  S = Ai; S = A 2 ; log B = X ; log (B + n) = X ) al a2 1 2

log (B + N 2 ) = X3 a nd (S^ - S^) = C .

Then dividing Equation 6.7c by Equation 6.7d gives

A  . C. [X - X ]
1_________ 2 1
X . C - A  X 2 1 1

=  1A  . C. {X - X ] 
2 3 1
X . C. - A  X 
3 2 1

r e a r r a n g i n g

[Al C (X2 - Xi)][X3 C - A 2 Xil = [X2 C - Al Xi] 

[A2 C (X3 - Xi)] which reduces to:

Ai.C^ X2.X3 - A2. C^. X2.X3 - Ai.C^ X1.X3 + A2.C^. X1.X2

- A 1.A2.C.X1.X2 + A 1.A2.C.X1.X3 + Ai.A2.C.Xi^

- A i.A2.C.Xi  ̂ = 0.

on further reduction gives

(Al - A2) C.X2.X3 + A2.X1.X2 (C - Al) - A1.X1.X3 (C - A2) = 0 .

  6.7e

This equation was used to calculate the values of the constant 
B and fatigue limit (S^) by iteration.

To.facilitate the calculations of the ordinates of the 
fatigue curve predicted from Equation 6.7a, it is best 
written in the form N = f (S^).
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Rewriting Equation

S , S
1 - ( 1  !  ___ ̂ (SI - s ) log (B + N) St m cL

which reduces to:

(1 - (S ! s ) ) B
log (B + N) = ------------— — -------

(1 - 1^)

-  Ts: s j )  ®________ t____ m_________
(1 - 1^)

so that
S

(1 -  ®

(1 - | a >
a

N = B - B.   6.7f

2. Jefferson Empirical Fatigue Equation (Goodman Modification).

S (S^ - S )
S = ---------- — ---   — ----     6.11a.
" '"t - <"t - ®eo> log (I . N) ]

Rewriting equation for

we get

S [(SI log (B + N) - (S^ - S ) log B: a t  t eo

= S (SI - S ) log (B + N) . eo t m



A4

. S^.log (B + N) - S^. S^. log B =

S (S^ - S ) log (B + N) - S . S . log B eo t m a eo

S . S . log (B + N) — S . S . log B.
g = ^___ ^_____________________—_____________  ___  g J
eo (S^ - S^) log (B + N) - 3^. log B

Let data from two points form fatigue data be represented 
by S j N and S N .

a i  1 3-2 2

Then
S . S . log ( B + N )  — S . S . log B

S _ ai t_____________L _____ËL1___ Ë________  — 6.11ceo (S. - S ) log (B + N ) - S . log Bt m 1 a 1

and
S . SI . log (B + N ) - S . SI . log B

S =_________ _t_____________ 2____ az__ t_________ __  6.lid.
eo (S - S ) log (B + N ) - S log B .t m  2 az

Eliminating the fatigue limit S and letting S = A ;eo ai 1
S = A ; log B = X ; log (B + N ) = X , log (B + N ) = X az 2 1 1 2  2 :

and (s. - S ) = C. t m

dividing Equation 6.11c by Equation 6.lid. 
we get:

A , S .X  ~ A . S . X 1 t 2 1 t 1
c.Xz - Ai. Xi

A . SI .X - A . S^.X2 t 3 2 t 1
C.X - A . X

3 2 1

= 1.
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rearranging gives:

( A . S . X  - A .S^.X )(X - A .X ) = (C.X - A . X )
1 t  2 2 t i 3  2 1  2 1 1

which reduces to:

:a - a ) sr.C.X .X - A . SI .X .X (c - a )1 2 h 2 3  1 h 1 3 2

+ A . S .X .X (C - A ) = 0._______________________________ 6 . lie
2 L. 1 2 1

This equation was used to determine the value of the 
constant B by iteration.

Rewriting Equation 6.11a in the form N = f (S^)

we get:
S (SL - S ) ,_ eo t m ^ _ _ ■ log B

t S  ̂ t ec/ log (B + N)

Therefore
(S - S ) log B 

log (B + N) = —
St - (St -a

which gives :
<®t - Seo'

-  î f  (St. - S.)
N = B - B. ----- 6.Ilf

3. Jefferson Empirical Fatigue Equation (Gerber Modification).

S (S 2 - S 2
S = ------------------------       - 6 . 1 7 a

St" - (St" - Sg^ (St + S J )  tog °B + N)
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Rearranging for gives:

S , St^ (log B + N )  - log B) = [(S^^ - S^^) log (B + N)

- S (S + S ) log B] a t  m

Sg - (B + N) - log B) 6.17b
’eo (S;  ̂ - S log ( B + N )  - S (S^ + S ) log B t m a t m

Let coordinates of two points from experimental data be 
represented by S , N and S , N .ai 1 2

Then :
S . [log (B + n 3

t_______________ 1______________________ 6.17c
eo (S  ̂ - S ^) log (B + N ) - S (S + S ) log B t m  1 a% t m

and
S . [log (B + N ) - log B]a? t _2______________________  6.17d,

eo (S — S ) log (B + N ) — S (S + S ) log t m 9 a? t m

Eliminating fatigue limit S and letting S = A ; S = Aeo ai 1 a 2 ;
log B = X ; log (B + N ) = X ; log (B + N ) = X 

1 1 2  2 3

dividing Equation 6.17c by Equation 6.17d 
we get

A .  SI 2 [X - X ']
____________ i t  2 1___________

{ S j  - S 2) X - A (S^ + S ) X t m 2 1 t m 1
= 1

A SI 2 [X - X ]2 t_____3_____1
(SI 2 - S 2) X - A (SL + s ) X,t m 3 2 t m 1
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rearranging gives

A (X - X )((Ŝ  ̂ - S 2) X - A (SI + S ) x) =1 2  i t m 3 2 t m 1

A (X - X )((Ŝ  ̂ - S 2) X - A (SI + S ) X ))2 3  i t  m 2 i t  m i

which reduces to:

(A - A ) (S^ - S ) X . X + A . X . X (A - + S )1 2 t m 2 3 1 1 3 2  t m
- A .X .X (A - S., + S ) = 0   6.17e

2 1 2  1 t m

This equation was used to determine the value of the 
constant B by iteration.

Rewriting Equation 6.17a in the form N = f (S^) we get

t t eo t m log (B + N)

which gives:

St" - s^^ (St + S^)

<St' - s.')a
N = B - B. ---  6.17f.
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20 
30 
40 
50 
60 
70 
80 
90 
100 
1 10 
120 
130 
140 
150 
160 
170 
180 
190 
200 
21 0  
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500

TO N2 - (N)

PROGRAM M E 1. ÛETERMNATTON OF REGRESSION EOUAHON ,

CONFIDENCE UMiïS ON REGRESSION UNE AND EXPERBVlBsJTAL DATA
REM STAT CALCS FOR FATIGUE ANALYSIS 
DIM X (200),Y (200)
INPUT " T C " ;TC
INPUT "ENTER START NUMBER";N
INPUT "ENTER END NUMBER":N2
INPUT "NUMBER OF LINES TO BE MISSED";K: DIM N3(K)
IF K = 0 THEN 120
FOR I = 1 TO K:FL = 1
INPUT "LINE N U M B E R " ;N 3 (I )
NEXT I
IF N = 1 THEN 180
FOR J = 1 TO N - 1
READ X(I)
READ Y (I )

CO = CO + 1 
NEXT J 

N = N - 1
FOR I = 1

CO = CO + 1
READ X (I )
READ Y (I)
NEXT I

NS = N 
PRINT " CLEAR "

N = N2 - (N)
A = O 
FOR I = 1 TO N 
IF FL = O THEN 350 

F2 = O 
FOR II = 1 TO K 
IF I + NS = N3(II)
NEXT II
IF F2 = 1 THEN 360 

A = A 4 X ( I )
NEXT I
PRINT "SUM X = " ; A 

B = A / (M - K.)
PRINT "MEAN X = " ;B 

C = 0 
FOR I = 1 TO N 
IF FL = 0 THEN 480 

F2 = O 
FOR 1 1 = 1  TO K 
IF I + NS = N3(II)
NEXT II
IF F 2 = 1 THEN 490 

C = C + Y (I)
NEXT I
PRINT "SUM Y = " ;C

THEN F2 = 1

THEN F2 = 1
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PROGRAMME 1. [CONTINUED ]
510 D = c / (N - K)
520 PRINT "MEAN Y=";D 
530 E = 0
540 FOR I = 1 TO N 
550 IF FL = 0 THEN 610 
560 F2 = 0
570 FOR 1 1 = 1  TO K
580 IF I + NS = N3(II) THEN F2 = 1
590 NEXT II
600 IF F2 = 1 THEN 620
610 E = E +• X (I ) * X ( I )
620 NEXT I
630 PRINT "SUM OF SQUARES X=";E 
640 F = O
650 FOR 1 = 1  TO N
660 IF FL = 0 THEN 720 
670 F2 = O
680 FOR 1 1 = 1  TO K
690 IF I + NS = N3(II) THEN F2 = 1
700 NEXT II
710 IF F2 = 1 THEN 730
720 F = F + Y (I) * Y (I)
730 NEXT I
740 PRINT "SUM OF SQUARES Y=";F 
750 G = O
760 FOR 1 = 1  TO N
770 IF FL = 0 THEN 830 
780 F2 = O
790 FOR 1 1 = 1  TO K
800 IF I + NS = N3(II) THEN F2 = 1
810 NEXT II
820 IF F2 = 1 THEN 840
830 G = G + X(I) * Y (I)
840 NEXT I
850 PRINT "SUM OF X*Y="; G
860 N = N - K
870 H = G * N
880 I = A C
890 J = H - I
900 K = E * N
910 L = A * A
920 M = K - L
930 B1 = J / M
940 PRINT "SLOPE C0EFFICIENT=";B1
950 N1 = B1 * A
960 P = C - Ml
970 AI = P / N
980 PRINT " INTERCEPT=";AI
990 PRINT "REGRESSION EQUATI0N=";A1;"+";B1"X"
1000 Cl = N - 1
1010 D1 = N * Cl
1020 TX = M / D1
1030 PRINT "S2X=";T X .
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PROGRAMME 1.C CONTINUED ]
1040
1050

El = F 
FI = C

N
* C

1060 R = El - FI
1070 TV = R / D1
1 080 PRINT "S2Y=";TY
1 090 G1 = N
1 100 PRINT "Gl=";G 1 ,
1110 HI = Cl / G1
1 1 20 PRINT "Hl = "; HI
1 130 J1 = B1 * 81
1 140 PRINT "J1=";J1,
1 150 K 1 = J 1 * TX
1 1 60 PRINT " K 1 = " ; K 1
1 170 LI = TY - K1
1 1 SO PRINT "L1=";L1
1 190 YX = HI * LI
1 200 PRINT "S2YX=";YX
1210 SP = SQR (YX)
1 220 PRINT "STANDARD ERROR=
1230 
1240 
1250 
1 260 
1270 
1280 
1290 
1 300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1 390 
1400 
1410 
1420 
1430 
1440 
1 450 
1460 
1470 
1480 
1490 
1 500 
1510 
1520 
1530 
1540 
1550

Ml = M * R 
P 1 = SQR (Ml) 
RI = J / PI
PRINT "CORRELATION C0EF=";R1
PRINT "95% CONFIDENCE LIMITS
PRINT "TC=";TC
INPUT "U" ; U
FOR I = 1 TO U
PRINT "U("; I ;")
INPUT U ( I )
NEXT I
FOR I = 1 TO u

Q ( I ) = U ( I ) - B
R ( I ) = Q ( I ) * Q ( I )
8(1) = Cl * TX 
T(I) = R(I) / S(I)
V ( I ) = 1 / N
W(I) = T(I) + V(I)
Z(l) = SQR (W(D)
A d )  = 1 + W(I)
B ( I ) = SQR (A (I) )
C (I) = TC * SP 
D ( I ) = C ( I ) -X Z ( I )
E ( I ) = C ( I ) «- 8(1)
PRINT "E ("I")=":E (I)

F ( I ) = Al + B 1 * U ( I )
8(1) = F (I) - D(I)
H(I) = F(I) + D(I)
PRINT "LIMITS LINE="; G (I); "OR"; H (I) 

J(I) = F(I) - E(I)
K. ( I ) • = F ( I ) 4- E ( I )
PRINT "LIMITS PÜINTS=";J (I);"OR";K (I) 
NEXT I
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PROGRAMME 2. mA-YSB OF VARIANCE

10 REM ANOVA
15 INPUT "SUM OF
20 INPUT "SUM OF
25 INPUT "SUM OF
30 INPUT "SUM OF
35 INPUT "SUM OF
40 INPUT "NUMBER
45 H = X ' 2
50 J = Y 2
55 K = J / N
60 G = B - K
65 PRINT "TOTAL
70 PR I NT G
75 L = X * Y
80 M = L / N
85 P = C - M
90 Q = P 2
1 00 R = X ... 2
105 S = R / N
1 10 T = A - S
1 15 V = Q / T
120 PRINT "SUM OF SQUARES REGRESSION" 
125 PRINT V 
130 D = G - V
135 PRINT "RESIDUAL VARIANCE"
140 PRINT D 
145 Z = N - 2 
150 W = D / Z
155 PRINT "RESIDUAL MEAN SQUARE"
160 PRINT W 
165 F = V / W
170 PRINT "F TEST STATISTIC"
175 PRINT F
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PROGRAMME 3. CALCULATION OF FATIGUE CONSTANT B, 

FATIGUE LIMIT AND FATIGUE CURVE CO ORDINATES FOR THE 

JEFFERSON EMPIRICAL FATIGUE EQUATION.

20 DIM B (210).Z (210),S(10) 
30 AT = "TENSILE STRENGTH = 
40 B$ = "MEAN STRESS ="

C(10)

50 Cf = "ALTERNATING STRESS 1 ="
60 D$ = "FAILURE CYCLES 1 ="
70 ET = "ALTERNATING STRESS
80 FT = "FAILURE CYCLES
90 GT = "FATIGUE CONSTANT B ="
1 00 HT = "ENDURANCE STRESS
125 PRINT
1 35 PRINT AT;: INPUT TS
140 PRINT BT;: INPUT SM
145 PRINT CT;: INPUT Al
150 PRINT DT;: INPUT NI
155 PRINT ET;: INPUT A2
160 PRINT FT;: INPUT N2
1 70 PRINT
180 INPUT "TYPE IN ESTIMATED VALUE OF
185 REM OPEN 1,4:CMD1
190 PRINT "ITERATIONS FOR CONSTANT B"
200 I = 1
210 PP’INT B ( I - 1)
220 IF B (I) < = 0 THEN B ( I ) = 100
230 XI = LOG (B(D)
240 X2 = LOG (N1 + B (I))
250 X3 = LOG (N2 + B (I))
260 X4 = (AI - A2) * (TS - SM) * X2 * X
270 X5 = A2 * (TS - SM - AI) * X2 * XI
280 X6 = AI * (TS - SM - A2 ) * X3 * XI
290 Z ( I )- = X4 + X5 - X6
300 IF I > 1 THEN 335
310 IF Z (I) > 0 THEN B (2) = B ( 1 ) + :
320 IF Z (I) < 0 THEN B (2) = B ( 1 ) _ 1
330 GOTO 360
335 IP ABS (B(I) - B (I - 1 ) ) < .001
340 B ( I + 1) = B(I - 1) - Z(I - 1 ) * (B
/ (Z ( 1 - 1 ) - Z ( I ) ) ■

B";B(1)

2000
5000

THEN 380 
I - 1 ) - B ( I ) )

SM) * ( LOG 
' LOG (N1 +

350 D = B (I + 1 )
360 I ••= I + 1 
3 70 GOTO 210
380 X7 = AI * (TS 
390 X8 = (TS - SM)
400 E = X7 / X8
410 PRINT G$;D
420 PRINT "ENDURANCE STRESS 1
427 B = B(I)
430 FOR KI = 1 TO 6
440 READ NI
445 NI = NI

(NI + D) -
D) - Al *

LOG (D) 
LOG (D)
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PROGRAMME 3.( CONTINUED 3
450 NO = E * (TS - SM) * LOG (B + NI) / <(TS - SM)
* i LOG (B + NI) - LOG (B)) + E * LOG (B))
460 PRINT NO,NI
470 NEXT Kl
480 DATA 1000,10000,100000,1OOOOOO,10000000,100000000
500 PRINT Af;TS: PRINT PRINT D$;N1: PRINT C$;A1
510 PRINT F$;N2: PRINT E$;A2
520 J = 10000
525 INPUT "VALUE TO BE CALCULATED";VI
530 FOR Kl = 1000 TO 100000000 STEP J
545 NI = KI
550 NO = E * (TS - SM) * LOG (B + NI) / ((TS - SM)
* ( LOG (B + NI) - LOG (B)) + E * LOG (B))

555 IF NO < VI AND NX > VI THEN 600
560 NX = NO
570 NEXT KI
600 PFMNT KI
610 GOTO 525

PROGRAMME 4. CALCULATION OF FATIGUE CONSTANT B. 

FATIGUE LIMIT AND FATIGUE CURVE CO ORDINATES FOR THE 

GOODMAN MODIFIED JEFFERSON FATIGUE EQUATION.

The Goodman modification can be accomodated by replacing 
the following lines in programme 3

260 X4 = (A1 - A2) * (TS ̂  SM) * TS * X2 * X3
270 X5 = A2 * TS * (TS - SM - Al) * XI * X2
280 X6 = Al * TS * (TS - SM - A2) * XI * X3
380 X7 = Al * TS * ( LOG (NI + D) - LOG (D))

450 NO = E * (TS - SM) * LOG (B + NI) / (TS *
LOG (B I- NI) - (TS - E) * LOG (6))

550 NO = E * (TS - SM) * LOG (B + NI) / (TS  *
LOG (B + NI) - (TS - E) * LOG (&))
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PROGRAMME 5 . CALCULATION OF FATIGUE CONSTANT B, 

FATIGUE LIMIT AND FATIGUE CURVE CO ORDINATES FOR THE 

GERBER MODFIED JEFFERSON FATIGUE EQUATION.

The Gerber modification can be accomodated by replacing 

the following lines in programme 3

260 X4 = (Al - A2) * (TS - SM) * X2 * X3
270 X5 = •Al * (A2 - TS f SM) * XI * X3
280 X6 = A2 * (Al - TS + SM) * XI * X2

380 X7 Al * TS * TS * ( LOG (NI + D) - LOG (D) )
390 X8 = (TS * TS - SM * SM) * LOG (NI + D) - Al
* (TS + SM) * LOG (D)

425 T2 TS * TS

450 NO = E * (T2 - SM * SM) * LOG (B + NI) / ( T2
* LOG (B + NI) - (T2 - E * ( TS + SM)) * LOG (B) )

550 NO = E * (T2 - SM * SM) * LOG (B + NI) / ( T2
* LOG (B + NI) - (T2 - E * ( TS + SM)) * LOG (B) :



PROGRAMME 6. CURVE RTnNG OF EXPERIMENTAL DATA 

BY THE METHOD OF LEAST SQUARES USING THE JEFFERSON 

EMPIRICAL FATIGUE EQUATION.
30 DIM X (200),Y (200),A (200).N(200)
32 INPUT "TENSILE STRENGTH ";U 
34 INPUT "MEAN STRESS ";M 
36 INPUT "B ESTIMATE ";B 
38 INPUT "F ESTIMATE ";F 
45 INPUT "ENTER START NUMBER ":N 
50 INPUT "ENTER END NUMBER ";N2 
55 DIM T(30)
60 FOR R = 6 t o ’30 
70 READ T(R)
80 NEXT R
90 DATA 2.447,2.365,2.306,2.262,2.228 
95 DATA 2.201,2.179,2.160,2.145,2.131 
100 DATA 2.120,2.110,2.101,2.093,2.086 
110 DATA 2.080,2.074,2.069,2.064,2.060 
115 DATA 2.056,2.052,2.048,2.045,2.042 
120 IF N = 1 THEN 180 
130 FOR J = 1 TO N - 1 
140 READ X (I)
150 READ Y d )
160 CO = CO + 1 
170 NEXT J 
180 N = N - 1
190 FOR I = 1 TO N2 - (N)
200 CO = CO + 1 
210 READ A d )
2 1 5  A d )  = 10 A d )
220 READ N(I)
225 N d )  = 10 •• N d )
230 NEXT I 
240 NS = N
250 PRINT " CLEAR "
260 N = N2 - (N)
270 B1 = B / 100
280 FI = F / 100
285 GOTO 1010 
290 A = U - M
300 R = A - F
310 C = F * A
340 M2 = O 
350 FOR I = 1 TO N 
360 G = C / A ( I )
370 G = A - G
380 G = R / G
390 G = B G - B
395 IF L = 1 THEN PRINT A (I),G
400 G = LOG (G) - LOG (Nd))
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PROGRAMME 6,C CONTINUED ]
410 G G * G 
420 M2 = M2 + ( 
430 NEXT I 
435 H = M2 / 5 
440 RETURN 
445 GOSUB 290
447 SZ = H:SS = H H
450 BZ = 0:UZ = 0
455 B2 = B:F2 = F
460 FOR K = - 1 TO 1 STEP 2
470 FOR J = - 1 TO 1 STEP 2
480 
490 
495 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
645 
650 
660 
670 
680 
682 
684 
686 
700 
7 10 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
820 
830

B = B2 + K *
F =  F2 + J  *  

GOSUB 290 
SZ = SZ + H
SS = SS + H *
BZ = BZ + K *
UZ = UZ + J *
NEXT J 
NEXT K 

B = B - B1 
F = F - FI 
GOSUB 290 

Al = BZ / 4 
A2 = UZ / 4 
TS = SS - SZ 
OS = TS - Al 
RETURN 

B = B - B1 
NEXT J 

B1 = B1 / 10 
FI = FI / 10
NEXT K 
PRINT B,F,H 

L — 1 
GOSUB 290 
END
IF ABS (Al) 

B2 = B1 * Al 
F2 = FI * A2 
G O T O  760

B1
FI

SZ / 
BZ -

u
A2 * UZ

B2 = B1 
F2 = FI 
H1 = H 
B = B - 
F = F - 
GOSUB : 
IF H < 

B = B + 
F = F +

K-
*

B2 
F2 
:90 
H1 
B2 
F 2

Al 
A 2

ABS (A2) 
ABS (A2)
ABS (A2)

THEN 740

ABS
ABS

(Al) 
(Al )

THEN 1090

GOTO 1410
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PROGRAMME 6.C CONTINUED 3
1010 GOSUB 445 
1020 IF TS / OS 20 THEN 1160
1030 IF ABS (Al) ABS (A2
1040 B2 = 81 * Al / ABS (A2)
1 050 F2 = FI * A2 / ABS (A2)
1060 GOTO 1090
1070 B2 = B1 * Al / ABS (Al )
1 080 F2 = FI * A2 / ABS (Al )
1 090 HI = H
1 095 B = B - B2
1 1 00 F = F - F2

THEN 1070

1 1 1 0 
1 1 20 
1 1 30 
1 1 40 
1 150 
1 160 
1 170 
1 180 
1 190 
1200 
1210 
1220 
1225 
1227 
1230 
1240 
1250 
1260 
1270 
1 280 
1290 
1 300 
1310 
1312 
1315 
1317 
1320 
1330 
1 340 
1350 
1 360 
1370 
1 380 
1390 
1 400 
1 4 1 0 
1420 
1430 
1440

GOSUB 290
IF H < HI THEN 1090 

B = B + B2 
F = F + F 2 
GOTO 1010

SZ
UZ
B2
B3 
F3 = F 
FOR J 
FOR K 

B = B3 
F = F3

O: BZ 
0:BU 
O: U2 
B

1 TO
* B1
* FI

TO 1 
1

GOSUB 290
SZ
BZ
UZ
BU
B2
U2

SZ
BZ

+ 
+

= UZ +
BU +
B2 +
U2 + 

NEXT K 
NEXT J 

B = B - B 1 : F 
GOSUB 290 

HI = H 
AO = 5 * SZ 

B2 / 2 
U2 / 2 
4 * A4 
(UZ 
(BZ 
ABS 
ABS

FI

(U2 + B2> / 3
A4 
A5 
F 3 
B3 
F 3 
IF 
IF

*
* BU 
(B3)
<F3) >

B = B + B3 * B 1 :
IF L = 2 THEN 1520 

L = 2
B1 = B / 1000:FI = F 
GOTO 1010

7 9 -
- SZ / 3
- SZ / 3
* A5 - BU * BU

BU / 24 - BZ *
/ 24 - UZ * A4

1 THEN 1490 
> 1 THEN 1490 
F = F + F3 *

/ 16
A5 / 3) 

/ 3)

FI

/ F3 
/ F 3

/  1000
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PROGRAMME 6.C CONTINUED ]
1450 L = 1 
1455 PRINT " X 
1460 GOSUB 290 
1462 R = N - 2 
1464 SD = SQR (H / 
1466 Q = T(R) * SD

R)

1468 Q = 10 ••• Q
1470 PRINT "B=";B
1472 PRINT "F="; F
1475 PRINT "RSS=";H
1476 TS = U: E = F :SM M:T2 = U * ü
1477
1478
1479
* (
1 480
1481
1482 
1489 
1 490 
1500 
1510 
1520 
1 530 
1540 
1 550 
1 560

NI = 1000 
IF NI > 100000000 THEN 

NO = E * (TS - SM) * LOG
LOG (B + NI) 
PRINT NOiNI 

NI = NI * 10 
GOTO 1478 
END 

Al =
A2 =
GOTO 
IF P 

P = 1
B1 = B / 10000
FI = F / 10000 
GOTO 1010

- LOG (B) ) 
(NI / Q ) ,(NI

END 
(B +

* E *
* Q)

NI ) / ( (TS - SM)
LOG (B))

- B3
- F 3 
700
= 1 THEN 1450

PROGRAMME 7. CURVE FITTING OF EXPERIMENTAL DATA 

BY THE METHOD OF LEAST SQUARES USING THE GOODMAN 

MODFED JEFFERSON FATIGUE EQUATION.

The Goodman modification can be acconnodated by replacing 
the folbwing lines in programme 6.

290 A = U - 
300 R = F * 
310 C = U - 
340 M2 = O 
350 FOR I = 
360 G = R / 
370 G = U - 
380 G = C / 

1479 N O  =  E * 
(TS «• LOG (B

M
A
F

1 TO N 
A ( I )
G
G
(TS - SM) ♦
i- MI) - ( rs

LOG (B f NI) /
E) * LOG (B))
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PROGRAMME 8. CURVE FITTING OF EXPERIMENTAL DATA 

BY THE METHOD OF LEAST SQUARES FOR THE USING THE 

GERBER MODIFIED JEFFERSON FATIGUE EQUATION.

The Gerber modification can be accomodated by replacing 

tfie following lines in programme 6

290 A = U * U - M * M
300 R = U * U
310 C = U + M
320 D = R - F * C
330 E = F * A
340 M2 = O
350 FOR 1 = 1 TO N
360 G = E / A (I)
370 G = R - G
380 G = D / G

1479 NO = E * (T2 - SM * SM) * LOG (B + NI)
/ (T2 * LOG (B + NI) - (T2 - E * ( TS + SM))
* LOG (B))
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PROGRAMME 9. CALCULATION OF FATIGUE CONSTANT B FOR 

BEST FT CURVE USING FATIGUE LIMIT Seo AS CONSTANT VALUE, TO 

EXPERIMENTAL DATA FOR JEFFERSON EMPIRICAL FATIGUE EQUATION.

30 DIM X (200) , V (200) ., A ( 200) . N (200)

34 
36 
38 
45 
50 
55 
60 
70 
80 
90 
1 00 
1 10 
115 
120 
130 
140 
150 
160 
170 
180 
190 
200 
2 1 0  
215 
220

230
240
250
260
270
280
285
290
300
310
340
350
360
370
380
390
395
400

INPUT "TENSILE STRENGTH ";U
INPUT "MEAN STRESS ";M
INPUT "B ESTIMATE ":B
INPUT "F ESTIMATE ";F
INPUT "ENTER START NUMBER ";N 
INPUT "ENTER END NUMBER ";N2 
DIM T(30)
FOR R = 6 TO 30 
READ T(R)
NEXT R
DATA 2.447,2.365,2.306,2.262,2.228,2.201,2.179 
DATA 2.160,2.145,2.131,2.120,2.110,2.101,2.093,2.086 
DATA 2.080,2.074,2.069,2.064,2.060 
DATA 2.056,2.052,2.048,2.045,2.042 
IF N = 1 THEN 180
FOR 
READ 
READ 

CO = CO f 
NEXT J 

N = N - 1 
FOR I = 

CO = CO + 
READ A(I) 

A (I ) = 10
READ Nil)

J = 1 
X ( I) 
Y (I) 

1

TO N - 1

TO N2 - (N)

A ( I)

Nil)
NEXT 

NS = N 
PRINT " 

N = N2 - 
B1 = B /

10
I

Nil)

CLEAR
(N)
100

FI = F / 100 
GOTO 450 

A = U - M
R = A - F
C = F * A
M2 = 0 
FOR I = 1 TO N 

G = C / Ail)
G = A - G
G = R / G
G = B - G - B
IF L = 1 THEN

G = LOG (G) -
PRINT Ail),G 
LOG (Nil))
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PROGRAMME 9 C CONTINUED }

10

410 G = G * G 
420 M2 = M2 + G 
430 NEXT I 
435 H = M2 / 5.3 
440 RETURN 
445 GOSUB 290 
447 SZ = H:SS = H * H 
450 GOSUB 290 
460 H1 = H 
4 70 B = B + B1 
480 GOSUB 290 
490 IF H < H1 THEN 
500 B1 = - B1
510 H1 = H 
515 B = B + B1 
520 GOSUB 290 
530 IF H < H1 
540 IF P > =
550 P = 1
560 B1 = B / 1000
570 GOTO 450
580 IF P = 2 THEN 1450
590 P = 2
600 B1 = B / 10000
610 GOTO 450 

GOSUB 290 
RETURN

THEN 510 
1 THEN 580

620 
630
640 B = B - B1 
645 NEXT J 
650 B1 = B1 / 10 
660 FI = FI / 10 
670 NEXT K

PRINT B,F,H 
L — 1 
GOSUB 290 
END 
GOSUB 445 
IF TS / es

630 
682 
684 
686 
101 0 
1020 20 THEN 1160
1030 IF ABS (Al) > ABS (A2
1 040 B2 = B1 * Al / ABS (A2)
1050 F2 = FI * A2 / ABS (A2)
1 060 GOTO 1090
1070 B2 = B1 * Al / ABS (Al)
1 080 F2 = FI * A2 ABS (Al )
1 090 H1 = H
1095 B = B - B2
1 1 00 F = F - F2

THEN 1070

1110 GOSUB 290
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PROGRAMME 9 C CONTINUED ]
1120 IF- H < HI THEN 1090
1130 B = B + B2
1140 F = F + F2
1150 GOTO 1010
1 160 SZ = 0: BZ - 0
1 170 UZ = 0: BU 0
1 1 80 B2 -- 0 :U2 0
1 190 B3 = B
1 200 F
1210 FOR J = - 1 TO 1
1220 FOR K = - 1 TO 1
1225 B = B13 + K * B1
1227 F = F3 + J FI
1 230 GOSUB 290>
1240 SZ = SZ -1- H
1 250 BZ = BZ +■ K H
1260 UZ = UZ 4- J H
1270 BU = BU + J * K * H
1280 B2 = B2 + K * K * H
1 290 U2 = U2 + J * J * H
1300 NEXT K
1310 NEXT J

1315
B = B - B1: F == F - FI
GOSUB 290

H1 = H
AO = 5 * SZ / 9 - (U2 + B2) /
A4 = B2 / 2 - SZ / 3
A5 = U2 / 2 - SZ /
F 3 = 4 * A4 * A5 - BU * SU / 16
B3 = (UZ * BU / 24 - BZ * A5 / 3) / F 3
F3 = (BZ * BU / 24 - UZ * A4 / 3) / F 3
IF ABS (B3) :> 1 THEN 1490
IF ABS (F3) ) 1 THEN 1490

1 330 
1390
1400 B = B + B3 * B1:F = F + F3 * FI
1410 IF L = 2 THEN 1520
1420 L = 2
1430 B1 = B / 1000:FI = F / 1000
1440 GOTO 1010 
1450 L = 1
1455 PRINT " X Y"
1460 GOSUB 290
1462 R = N - 2
1464 SD = SQR (H / R)
1466 Q = T(R) 3D
1468 Q = 10 •• Q
1470 PRINT " B = " ;B 
1472 PRINT "F = " ; F 
14 75 PRINT " R S S = " ; H
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PROGRAMME 9 C CONTINUED ]

1476 TS = U:E = F ;SM = M:T2 = U * U
1477 NI = 1 (TOO
1478 IF NI ; 1OOOOCTO00 THEM END
1479 NO = E * (TS - SM) * LOG ( B  +

( LOG ( B + NI ) - LOG (B)) + E *
1480 PRINT NO , 141 , ( 1NI / Q),(NI Q)
1481 NI = N 1 * 10
1482 GOTO 1478
1489 END
1490 Al = - B3
1500 A2 = - F 3
1510 GOTO 1030
1520 IF P = 1 THEN 1450
1530 P = 1
1540 B1 = B / 10000
1 550 FI = F / 10000
1560 GOTO 1010

I) / ((TS - SM) 
LOS (B))

PROGRAMME 10. CALCULATION OF FATIGUE CON STANT B FOR 

BEST Frr CURVE USING FATIGUE LIMT Seo AS CONSTANT VALUE, TO 

EXPERIMENTAL DATA FOR GOODMAN MODFED JEFFERSON FATIGUE 

EQUATION.

The Goodman modification can be accomodated by replacing 
the following lines in programme 9

290 A = u - M
300 R = F * A
310 C = U - F
360 G = R / A ( I )
370 G = U - G
380 G = C / G

1479 NO = EI )i ( TS
(TS ¥r LOG (B + N

LOG (B + NI) / 
- E) * LOG(&))
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PROGRAMME 11. CALCULATION OF FATIGUE CONSTANT B FOR 

BEST FIT CURVE USING FATIGUE LIMIT Seo AS CONSTANT VALUE, TO 

EXPERIMENTAL DATA FOR GERBER MODIFIED JEFFERSON FATIGUE 

EQUATION.

The Gerber modification can be accommodated by replacing 

the following lines in programme 9

290 A = LI ¥r LI - M *
300 R = U * IJ
310 C = U 4- M
320 D = R - F * C
330 E = F * A
350 FOR I = 1 TO N
360 G = E A (I )
370 G = R - G
380 G = D / G

1.479 NO = E * (T2 - SM SM) * LOG^(B + .NI)
/ (T2 LOG (B 4- NI) - (T2 - E î<-. ( TS + SM)) 
-X LOG (B) )
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PROGRAMME 12. COMBINATIONS OF FATIGUE PARAMETERS 

USING JEFFERSON FATIGUE EQUATION.

20
25
30
32
36
38
40
45
50
53
54
55 
57 
60 
70 
80 
82 
85
87
88
89
90 
95
100 
1 10 
1 15 
1 16 
1 17 
122 
124 
126 
1 30 
140 
150 
170 
180 
190 
2 10 
215 
220 
225 
230 
235 
270 
280 
285

REM 8 TAT CALCS FOR FATIGUE ANALYSIS 
INPUT "NO. OF GROUPS ";J2 
DIM A (30,9),N(30,9)
INPUT "TENSILE STRENGTH ";U 

"B ESTIMATE ";B
"F ESTIMATE ";F
= 1 TO J2
"ENTER START NUMBER ";L(1,J) 
"ENTER END NUMBER ";L(2,J) 
"MEAN STRESS ";M (J )

INPUT 
INPUT 
FOR J 
INPUT 
I NPUT 
INPUT 
NEXT J 
DIM T(30)
PR£ 1
FOR R = 6 TO 30 
READ T(R)
NEXT R 

P ( 1 ) = 1 
FOR J = 2 TO J2 

P(J) = L(2,J - 1) + 1 
NEXT J
PRINT "JEFFERSON" PRINT : PRINT

2.447,2.365,2.306,2.262,2DATA 
DATA 
DATA 
DATA 
DATA 
PRINT 
FOR J 
PRINT 
PRINT 
IF L (1,J)

228
.201,2.179,2.160,2.145,2.131 
2.120,2.110,2.101,2.093,2.086
2.080,2.074,2.069,2.064,2.060 
2.056,2.052,2.048,2.045,2.042 
"TENSILE STRENGTH ";U 
= 1 TO J2
"GROUP ";J ,"FROM ";L (1,J ) 
"MEAN STRESS ";M(J)

= P(J> THEN ISO

TO "L(2,J)

FOR I = P(J) TO L(1,J) - 1 
READ X 
READ Y 
NEXT I 

N = N - 1 
FOR I = 1 TO 
READ A(I,J)

L (2,J) - L (1 , J ) + 1

A ( I , J ) = 10 • 
READ N (I,J ) 

r4 ( I, J ) = 10 
NEXT I 
NEXT J 

B1 = B / 100 
FI = F / 100 
GOTO 1000

A( I , J)

N(I,J)
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PROGRAMME 12 ( CONTINUED 3
290 M2 = O
291 M3 - 0
292 FOR J 1 = 1 TO J2
293 IF J4 = 1 AND M(J1) < ) 0 THEN 432
294 A = U - M (J 1)
300 R = A - F
310 C = F * A
320 D = R - F * C
330 E = F * A
340 N = L ( 2 , J 1 ) - L ( 1 , J 1 > -t 1
345 IF L = 1 THEN PRINT 
350 FOR I = 1 TO N 
360 G = C / A (I,J 1)
370 G = A - G
380 G = R / G
390 G = B G - B
392 IF L < > 1 THEN 400
394 PRINT A (I , J 1 ) ,G
395 A2 = E / (R - (D * LOG (B)) / LOG (B + N(I,J1)))
396 A2 = A2 - A(I,J 1 )
398 M3 = M3 + A2 * A2
400 G = LOG (G) - LOG (N(I,J1))
410 G = G * G
420 M2 = M2 + G
430 NEXT I
432 NEXT J 1
435 H = M2 / 5.3
440 RETURN
445 GOSUB 290
447 SZ = H:SS = H * H
450 BZ = 0:UZ = 0
455 B2 = B:F2 = F
460 FOR K = - 1 TO 1 STEP 2
470 FOR J = - 1 TO 1 STEP 2
480 B = B2 + K * B1
490 F = F2 + J * FI
495 GOSUB 290
500 SZ = SZ + H
510 SS = SS + H * H
520 BZ = BZ + K * H
530 UZ = UZ + J * H
540 NEXT J
550 NEXT K
560 B = B - B1
570 F = F - FI
580 GOSUB 290
590 Al = BZ / 4
600 A2 = UZ / 4
610 TS = SS - SZ * SZ / 5
620 es = TS - Al * BZ - A2 * UZ
630 RETURN
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PROGRAMME 12 C CONTINUED ]

640 IF PI 
650 PI = 1
660 Bi = B / 10000
670 FI = F / 10000
680 GOTO 1010 
1000 J4 = 0 
1010 GOSUB 445 
1020 IF TS / OS ( 
1030 IF 
1040 B2 =
1050 F2 =
1060 GOTO 
1070 B2 =

1 THEN 5180

20 THEN 1160
ABS (Al) ABS (A2
Bl * Al / ABS (A2)
FI * A2 / ABS (A2)
1090

Bl * Al / ABS (Al )
FI * A2 / ABS (Al )

1090 HI = H
1 095 
1 1 0 0  
1110 
1 120 
1 130 
1 140 
1 150 
1160 SZ 
1170 UZ 
1180 B2 
1 1 90

B2 
F 2

B = B - 
F = F - 
GOSUB 290 
IF H < HI 

B = B + B2 
F = F + F2 
GOTO 1010 

O: BZ

:4o SZ 
150 BZ

B3 = 
1200 F 3 = 
1210 FOR 
1220 
1225 
1227 
1 230 
1 
1
1260 UZ 
1270 BU 
1280 B2 
1290 U2
1 300 
1 3 10 
1312 
1315 
1317 
1 320 
1330

O: BU 
0 : U2
B 
F
J = 

FOR K =
B = B3 +
F = F 3 +

THEN 1090

TO
TO

Bl
FI

GOSUB 290
SZ 
BZ 
UZ 
BU 
B2 
U2 

NEXT K 
NEXT J 

B = B - Bl : F
GOSUB 290

HI
AO
A4

/

1340 A5
1350
1 360 
1370

F 3 
B3 
F 3

H
5 * SZ
B2 / 2 - 
U2 / 2 - 
4 * A4 * 
(UZ * BU 
(BZ * BU

9 - 
SZ / 
SZ / 
A5 - 
/ 24 
/ 24

FI

(U2 +
3
3
BU *
- BZ
- UZ

B2) /

BU /
* A5
* A4

16
/ 3) 
/ 3)

F 3 
F 3
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PROGRAMME 12 C CONTINUED }
1 380 
1 390 
1 400 
1 4 1 0 
1 420 
1 430 
1440 
1450 
1455 
1457
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1472
1473
1474
1475
1476
1477
1478
1479

ABS <B3) ••• 1 THEN 1490 
ABS (F3> > 1 THEN 1490 

B + B3 * B1:F = F + F3 * 
L = 2 THEN 1520

IF 
IF 

B =
IF 

L = 2
Bl = B / 100:FI = F / 100
GOTO 1010 

L = 1 
PRINT " X 
GOSUB 290 

R = J5 
FOR J  = 1 TO J2 

R = R + L (2, J) -- L (1 , J) + 
NEXT J
IF R > 30 THEM 4500 

Q = T(R)
Q1 = Q * SQR (M3 / R)
Q = Q * SQR (H / R)
Q = 10 • •• Q 
IF L = 4 THEN 1474

FI

Y"

PRINT 
PRINT 
PRINT 
PRINT 
FOR J

"B=";B 
"F="; F 
"RSS=";H 
: PRINT 
= 1 TO J2 

TS = U;E = F:SM = M(J):T2 = U * U 
NI = 1000 
IF NI > 100000000 THEN 1484 

NO = E * (TS - SM) * LOG (B(J)
((TS - SM *
LOG (B(J ))

1480 PRINT NO,(NI
1481 NI = NI * 10
1482 GOTO 1478 

PRINT 
NEXT J 
RETURN

9 LOG (B(J) + NI) (TS

/ Q ),(NI * Q ),NO

+ NI) /
- SM) - E) *

- Q1,N0 + Q1

1484
1485
1489
1490 Al = 
1500 A2 =

B3
F 3

1510 GOTO 1030
1520 IF P = 1 THEN 640
1530 P = 1
1540 Bl = B / 1000
1550 FI = F / 1000
1560 GOTO 1010
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PROGRAMME 13. COMBINATIONS OF FATIGUE PARAMETERS 

USING GOODMAN MODIFIED JEFFERSON FATIGUE EQUATION.

The Goodman modification can be accomodated by replacing 

the following lines in programme 12.

294 A = U - M(J1)
300 R = F * A
310 C = U - F
320 E = F * (U - M(JD)
340 N = L ( 2 , j 1 ) - L ( 1 , J 1 ) 4- 1
345 IF L = 1 THEN PRIN 1
350 FOR I = 1 TO N 
360 G = R / A(I,J 1)
370 G = U - G
380 G = C / G

1479 NO = E * (TS - SM) * LOG (B(J) + NI) /
(TS * LOG (B(J) f NI) - (TS - E) * LOG (B(J)>)

PROGRAMME 14. COMBINATIONS OF FATIGUE PARAMETERS 

USING GERBER MODIFIED JEFFERSON EQUATION.

The Gerber modification can be accommodated by replacing 

the following lines in programme 12.

294 A = U * U - M
300 R = U * U
3 10 C = IJ + M ( J 1 )
320 D = R - F * C
330 E = F * A
340 N = L(2 ,J1) -
345 IF L = 1 THEI
350 FOR I := 1 TO
360 G = E / A ( I . J
370 G =r R  - G
380 G = D ./ G
1479 NO = E (T2
( T2 * LOG ( B (J > 4
LOG (B(J) )

P R  I N  T

SM # SM) *
NI) - (12 -

LOG (B(J) + NI) /
E * (TS + SM)) ^



SPECIMEN
MEAN
LOAD
(kN)

(n-2) t 20 It j,ti
REGRESSION
EQUATION

<
S
s
iH
s

<

s
(N
g

ZERO 24 2.064 0.46 -0.88 Y = 16.11 - 4.77X

7 13 2.16 0 .54 -0.88 Y = 13.9 - 3.94 X

14 20 2.086 0.62 -0.87 Y = 15.88 - 4.95X

ZERO 7 2.365 0.62 -0.71 Y = 14.52 - 4.02X

7 17 2.110 0.92 -0.71 Y = 14.42 - 4.28X

14 13 2.16 0.56 -0.85 Y = 12.95 - 3.63X

<

2
S
CO

ZERO 6 2.447 0.36 -0.90 Y = 12.47 - 3.24X

7 8 2.306 0.52 -0.88 Y = 12.42 - 3.42X

14 8 2.306 0.74 -0.68 Y = 10.58 - 2.65X

CO 
CO l-D H ^iM (N
w -Z rH M *-3
O ku o

ZERO 41 2.021 0.58 -0.75 Y = 12.98 - 3.34X

7 42 2.021 0.78 -0.76 Y = 13.12 - 3.67X

14 45 2.021 0.75 -0.72 Y = 12.07 - 3.21X

TABLE C.1 RESULTS OF REGRESSION ANALYSIS OF M.MAW. 

BUTT JOINTS WJ.1, WJ.2 AND WJ.3.



SPECIMEN
MEAN
LOAD
(kN)

(n-2) t 20 !l ̂tî REGRESSION
EQUATION

mw

ZERO 6 2.44 0.44 -0.76 Y = 12.58 - 3.1 X

7 11 2.201 0,6 -0.7 Y = 12.12 - 3.0 X

14 8 2.306 1.10 -0.45 Y = 12.5 - 3.16X

<
s ’
Ü

lO»-3

ZERO 10 2.228 1.06 -0.57 Y = 11.97 - 3.23X

5 11 2.201 0.84 -0.3 Y = 7.8 - 1.25X

7 10 2 .228 0.82 -0.69 Y = 11.94 - 3.3 X

SS
<
S
Ü

CO

ZERO 8 2 .306 0.50 -0.67 Y = 9.7 - 1.9 X

7 14 2 .145 0.82 -0.88 Y = 15.4 - 4.7 X

14 10 2 .228 0.4 -0.79 Y = 12.98 - 3.6 X

TABLE C.2 RESULTS OF REGRESSION ANALYSIS OF E.B. 

AND G.M.A.W. BUTT JOINTS WJ.4, WJ.5 AND WJ.6.



7.0

Zero Mean Load
7 kN Mean Load

14 kN Mean Load

5.0

REGRESSION EQUATIONS
Zero Mean Load
7 kN Mean Load

4.0 14 kN Mean Load 15.88 - 4.95 X

2^ X U%3S2.1 2.22.01.9

FIG. C.1 REGRESSION LINES FOR SINGLE VEE

BUTT JOINT, 90°INCLUDED ANGLE (WJ. 1  )

ZERO, 7 kN AND 14 kN MEAN LOAD.
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Zero Mean Load : Y =  14.52 - 4.02 X
4 ♦ -f -* t 4  t * ♦ t 4— f 4-4 -4-4- -r4 + t**4r-f4--4i 4- *—*—4— ^ ̂  f

i 7 kN Mean Load : Y =» 14.42 - 4.28 X ttt 4 t4::
; 14 kN Mean Load : Y =  12.95 - 3.63 X

t ♦ • t I ; ! I M  H* t ■( -i-j- t 4'-'
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FIG. C.2 REGRESSION LINES FOR DOUBLE VEE 

BUTT JOINT, 60°INCLUDED ANGLE ( W J .2 )  

ZERO 7kN AND 14kN MEAN LOAD.
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FIG. 0 .3  REGRESSION LINES FOR SINGLE VEE 

BUTT JOINT, 60°INCLUDED ANGLE ( W J.3 )

ZERO, 7 kN AND 14 kN MEAN LOAD.
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FIG. 0 .4  REGRESSION LINES FOR THE COMBINED  

FATIGUE TEST RESULTS OF BUTT JOINTS W J.1, WJ.2 

AND WJ.3. ZERO, 7 kN AND 14KN MEAN LOAD.
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FIG. 0.5 REGRESSION LINES FOR ELECTRON

BEAM WELDED BUTT JOINT (WJ.4 )

ZERO, 7 kN AND 14 KN MEAN LOAD.
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FIG. C.6 REGRESSION LINES FOR DOUBLE VEE
BUTT JOINT, 60°INCLUDED ANGLE ( WJ.5 )

ZERO, 5 kN AND 7 kN MEAN LOAD.
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FIG. C.7 REGRESSION LINES FOR DOUBLE VEE

BUTT JOINT, 60°INCLUDED ANGLE ( WJ.6 )

ZERO, 7 kN AND 14 kN MEAN LOAD.
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FIG. 0.8 REGRESSION LINES FOR BUTT WELDED 

JOINTS WJ.1 TO WJ.6 FATIGUE TESTED 

AT ZERO MEAN LOAD.
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FIG. 0.9 REGRESSION LINES FOR BUTT WELDED 

JOINTS WJ.1 TO WJ.6 FATIGUE TESTED

AT 7 kN MEAN LOAD.
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FIG. C.10 REGRESSION LINES FOR BUTT WELDED

JOINTS WJ.1 TO WJ.4 AND WJ.6 FATIGUE

TESTED AT 14 kN MEAN LOAD.
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FIG .01 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT,
90° INCLUDED ANGLE (M.M.A. WJ .1 ).
ZERO MEAN LOAD.
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Fia D2 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT,
90“INCLUDED ANGLE ( M.M.A. WJ. 1 ).
7 kN MEAN LOAD.
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FIG. D3 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT,
90°INCLUDED ANGLE (M.M.A. WJ. 1 )
14 kN MEAN LOAD.
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FIG. D4 FATIGUE RESULTS FOR DOUBLE VEE BUTT JOINT, 

60°INGLUDED ANGLE (M.M.A. WJ 2)

ZERO MEAN LOAD.
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FIG. D5 FATIGUE RESULTS FOR DOUBLE VEE BUTT JOINT,

eoJNCLUDED ANGLE (M.MA WJ 2)

7kN MEAN LOAD.
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FIG. D6 FATIGUE RESULTS FOR DOUBLE VEE BUTT JOINT, 

60“INCLUDED ANGLE (M.M.A. WJ 2)

14kN MEAN LOAD.
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FIG. D7 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT,
60° INCLUDED ANGLE (M.M.A. WJ 3)
ZERO MEAN LOAD.
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FIG. D8 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT,

60° INCLUDED ANGLE (M.M.A. WJ 3)
7kN MEAN LOAD.
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FIG. D9 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT,

6CTINCLUDED ANGLE (M.M.A. WJ 3)

14 kN MEAN LOAD.



M  .

m m m

g  ( ï ^ H i / N )  g

^ SS0JJS Buhbuj01|v ^

FIG. D10 FATIGUE RESULTS FOR ELECTRON BEAM

WELDED JOINT (E.B. WJ 4)

ZERO MEAN LOAD
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FIG. D.11 FATIGUE RESULTS FOR ELECTRON BEAM

WELDED JOINT (E.B. WJ.4)

7kN MEAN LOAD.
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FIG. D.12 FATIGUE RESULTS FOR ELECTRON BEAM

WELDED JOINT. (E.B. WJ 4)

14kN MEAN LOAD.
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FIG. D.13 FATIGUE RESULTS FOR DOUBLE VEE BUTT JOINT,

60°INCLUDED ANGLE (G.M.A.W. WJ 5)

ZERO MEAN LOAD
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FIG. D.14 FATIGUE RESULTS FOR DOUBLE VEE BUTT JOINTS,
60° INCLUDED ANGLE (G.M.A.W. WJ 5)

5 kN MEAN LOAD.
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FIG.D.15 FATIGUE RESULTS FOR DOUBLE VEE BUTT JOINT,

60°INCLUDED ANGLE (G.M.A.W. WJ 5)

7kN MEAN LOAD
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FIG. D.16 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT,

60°INCLUDED ANGLE (G.M.A.W. WJ.6)

ZERO MEAN LOAD.
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FIG. D.17 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT,

60°INCLUDED ANGLE (G.M.A.W. WJ.6)

7 kN MEAN LOAD.
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FIG.D.18 FATIGUE RESULTS FOR SINGLE VEE BUTT JOINT,

60°INCLUDED ANGLE (G.M.A.W. WJ 6)

14kN MEAN LOAD.


