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SUMMARY

Two types of carbon-manganese cast steels (BS1456A and BS1458A) containing
0.07% and 0.28% of molybdenum respectively were tested in fatigue at five
different temperatures, room temperature, +50°C, +100%, -50°C and -100°C.
All fatigue tests were completed in bending. Notches machined in specimens
were of 0.127 mm, 12.7 mm and 25.4 mm root radii. :

A good correlation was found between the number of cycles to produce a
detectable fatigue crack and the range of stress intensity factor divided by
the square root of the notch root radius raised to the power of (-m) for both
materials |Nia(AK/p®) ™|. The results indicate that the mechanical properties
could be a good prediction to the crack initiation behaviour., Fatigue crack
propagation rates were also predicted and results showed that the rate is high
for the first 1.2 mm in length. Results also showed that the addition percent=
age of molybdenum made no significant effect on fatigue properties.

The acoustic emission technique was also used when notched specimens were tested
at room temperature. The results are encouraging for further work for a predict-
ion of a detectable fatigue crack. The total acoustic emission counts were

found to be higher for blunt notches and lower for sharper notches.

Fracture toughness tests were also carried out at five different temperatures
for both steels, and results showed that the K_ value for both steels was about

C
~3/2
146.0 MN m 3/ « This value increased by 20% at higher temperatures and dropped

to an average value of 40,0 Mn m-3/2 and 20.0 MN m-3 * at temperatures of -50°C
and -100"C respectively. Toughness, Ko values obtained by the linear elastic

fracture mechanics (L.E.F.M.) method, and by the J-integral method, were in
agreement at room temperature. Kc values at lower and higher temperatures

were cbtained using the L,E,.F.M. method only.

Both fatigue and fracture toughness results provided a useful engineering
measure for design against fatigue failure from a wide range of stresses.
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CHAPTER 1

INTRODUCTION

This work was planned to compare the fatigue and fracture properties
of two cast steel materials, BS 1458A and BS 1456A, at five different

temperatures, namely room temperature (= 20°C), +50°C, +100°C, -50°C and

-100°C.

In order to improve fracture and fatigue properties of steels at sub-
zero temperature, the composition is normally altered by the addition of
a small percentage of nickel. This adversely affects castability and
has not therefore been a practice with cast steels. There is evidence
that increasing molybdenum content from 0.05% to about 0.30% in cast
steels improves low temperature properties. The major difference between
the two specifications chosen is their molybdenum content. Even if the
extra molybdenum does not markedly change the fracture and fatigue resis-
tance the data of these properties should be valuable, since no information
at present exists for either of these steels on fatigue crack initiation
and fatigue crack propagation rates. The behaviour of both steels under
cyclic loading is particularly important due to the fact that fatigue may

account for about 80% of all service failurestao).



In addition to the fact that materials differing in composition
were used, the project covers a variation in geometry. Notches of
various root radii have been tested in order to simulate typical engineer-
ing stress concentrators. In all cases a three point bend test was

used for testing since this is the test recommended by both American and

British Standards.

The fatigue behaviour of most materials is expressed in the form of
S-N curves which are of a limited use., They do not indicate the fatigue
behaviour of defects, which in materials such as cast steels, may be
casting discontinuities or stress concentrations due to local machining.
Very few components or structural members of metallic materials are of
uniform cross-section. Most contain some form of change in cross-
section resulting from a discontinuity such as, for example, a fillet,
a hole, or an external groove or notch. For convenience, any of these
discontinuities is generally referred to as a notch irrespective of its
geometric shape. Examination of components which have failed in service
as a consequence of cyclic loadings reveals that, in many cases the cause
of failure has been the initiation of a fatigue crack at some point on
the boundary of a notch. A crack forms here because the cyclic stresses

at and near the notch boundary are higher than the nominal cyclic stresses

remote from the notch.

The crack growth rate of fatigue cracks has been shown to be a
function of the stress intensity factor range, Frost et al.(1974), and
for this approach to be useful, the calibration curve used to calculate

the stress intensity factor has to be known, for the particular component



defect geometry under investigation. This analysis ignores the initia-
tion of fatigue cracks, assumes that the growth of cracks can be described
by a simple equation which applies to the whole of the growth rate curve

and assumes that other effects are unimportant.

A major problem facing the designer is the selection of the right
materials from which to manufacture a particular design of component or
structure. The material properties must ensure that it carries out the
duties for which it was designed without breaking within a guaranteed
life, and yet must enable it to be sold at a price which a customer is

prepared to pay.

The acoustic emission and J-integral techniques were also planned
to be used in this work. Previous theories(70’157'163’71) defined the
acoustic emission as a stress wave generated in a material due to the
energy released by mechanisms that govern its deformation and fracture
behaviour. Audible sounds are produced due to energy conversion into
elastic waves in the material. In most materials, however, sufficient
energy is not released for the acoustic emission to be audible. In such
cases, the 10# intensity stress waves can be detected at the surface of
the material with high sensitivity transducers. This technique is a
dynamic one as opposed to the '"post mortem" type of static microscopic

(71)

observation of fracture , slip-line structure and dislocation density

and distribution by optical and electron metallography.

Theories of acoustic emission from metals were based on concepts of

small, sharp yield drops in the flow stress arising from dislocation motion.



Later work showed that the total emission was proportional to the extent

(123)

of plastic behaviour from the crack tip Though these and other

theories are concerning the relation between the acoustic emission from a

sharp notch preceding crack propagation from its tip(163)

, there is no
information on the acoustic emission from blunt notches under similar
conditions. There is a possibility that the acoustic emission is likely
to relate to the extent of yielding from the notch, and to the area of a
yielded zone at the notch tip. Acoustic emission is likely to arise due
to plastic enclave formation and to decrease as this plastic enclave
enlarges to a region of general yield across a net section, or as the
enclave initiates a macrocrack which rapidly crosses the net section.

It is therefore of importance to establish the pattern of acoustic emission
preceding failure from a blunt notch by the spread of plasticity or by the

initiation of a macrocrack.

Relating these concepts to the experimental work carried out on
fatigue it seems important to extend these concepts to failure by fatigue
from a notch. This will contain the problem of acoustic emission arising
before the initiation of a fatigue crack, and the pattern of acoustic
emission arising as the fatigue crack nucleus grows into an extensive

fatigue crack.

It was thought that a range of four notch root radii was sufficient
to establish acoustic emission patterns. The range should demonstrate
the major type of change in behaviour arising from change in notch geometry.
The most influential factor is likely to be the change in shape and size

of the initial plastic enclave emanating from the notch.



The material for such experiments is cast steel which conforms to
BS 1456B, pearlitic steel. This material is relatively brittle and
design information on events preceding fracturec are therefore particularly

valuable.

This project is based on using currently available techniques, namely
linear elastic fracture mechanics (LEFM) (7), acoustic emission(157’71).
and J-integral Techniques (8), all were used conjointly. In order to

detect crack initiation directly the potential drop technique was used(GO}.

A designer is continually endeavouring to achieve more economical
design, To obtain this, he must increase his allowable design stress;
metallurgists have responded nobly with increases in tensile strength of
all classes of materials. However, designers soon discovered that
factors of safety appropriate to a particular type of mild steel component
or structure when applied to the new stronger steels (or other materials)
did not necessarily lead to a satisfactory service performance. Success
in traditional design was due largely to the avoidance of past errors and

to the use of familiar materials in familiar situations.

However with the development of the steam engine and mechanical trans-
port and the more extensive use of mechanical devices, the failure of
moving parts that carried a repeatedly applied load were beginning to
become a common occurrence. Failures were found to occur at low nominal
stresses but in situations where the load was repcatedly changing and

were usually located at a change in section in the component or structure.



That these failures were starting to worry engineers over a hundred years
ago is illustrated by the fact that in 1830 Albert (%) repeatedly proof-
loaded welded nine hoist chains, continuing some tests up to 105 cycles.
Between 1850 and 1865 both Hodgkinson(7g) and Fairbairn(42] carried out
repeated bending tests on beams, Fairbairn using a mechanism actuated by

a water wheel to repeatedly apply a load to the centre of a 6.7 m long
wrought iron built-up girder; the beam broke statically under a central
load of 120 kN, but Fairbairn found repeated loads of only 30 kN would
eventually cause failure. The general opinion developed that the

material had tired of carrying the load or that the continual re-application
of a load had in some way exhausted the ability of the material to carry
the load because these failures occurred in a part that had functioned
satisfactorily for a certain time. Thus the word "fatigue" was coined to
describe such failure, and the name has survived to this day. With the
increasing demand for more efficient and economic components and structures
(for example, higher operating speeds and minimum weight design) the number
of failures by fatigue has continued to increase until today it is by far
the commonest cause of failure of load-carrying metallic parts operating

at or close to room temperaturc as well as at elevated and sub-zero

temperature,
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CHAPTER 2

LITERATURE SURVEY OF FATIGUE PROCESS

2.1 Early Work of Fatigue

The reasons for the failure of materials under the continued
application of a stress, which, if applied once would not cause failure,

have engaged the engineer and metallurgist for a long time. Accounts

of this early work have been given by Gough(ﬁz) (116)

(102)

, Moore and Kommers
and Mann It was of interest to note that it is now over a hundred
years since Wohler(174) published the results of his classical experiments
on fatigue, He constructed various types of fatigue testing machines and
carried out the first fatigue tests on metallic specimens in which strict
attention was paid to the magnitude of the applied loads. He concluded
from tests on iron and steel specimens that the range of applied stress
rather than the maximum tensile stress in the loading cycle determined

the life of a specimen, and that a limiting lower stress range existed
below whicﬁ a specimen did not break no matter how many times the stress
cycles were applied. Since Wohler's work, the fatigue properties of
different materials tested under various conditions of loading and environ-
ment have been studied intensively. In addition, fatigue tests have been
carried out on both components and structures, often subjecting them to

loading cycles comparable with those to which it is expected they will be

subjected in service. However, despite the fact that most engineers and



designers are aware of fatiguc, and that a vast body of experimental data
has been accumulated, many important breakdowns of plant and machinery still
occur today. All too often, plant or equipment whose overall functional
demands have been adequately met with break down in service because of

the fatigue failure of a detail apparently not immediately concerned with
the functional requirements of the complete unit. Thus, lack of attention
to some aspects of detail in design is a major factor responsible for
fatigue failures. There is nothing as effective as a failure in service
for making an engineering designer concerned about details in design.

When a failure in service does occur, whether it be of a dramatic or
spectacular nature such as the Comet aircraft or the Queen Elizabeth II
turbine blade, or on a more humble level such as a vehicle stub-axle,

there is usually no lack of expert opinion as to why it happened. Some
reasons for failure appear too obvious after failure has occurred that it

is difficult to appreciate why it was not so before the event happened(44).
There are three factors contributing to this state of affairs: Firstly,
exact information for a particular set of circumstances is not always
available and a designer must estimate fatigue performance from whatever
data is to hand: Secondly, only rarely do the fatigue properties of a
material bear any general relationship to component performance in service:
Thirdly, precise service loading is unknown either through ignorance or
accidental overloading or because the service requirements have been

altered after the part has been manufactured.

A further factor is that traditional design assumed a material to be
a flawless continuum, However, it is known. today that rational design

and material assessment need an understanding of the presence of cracks



in the continuum, Many materials, components and structures contain
either flaws or defects inherently, as part of the manufacturing procedure,
or develop them at some stage of their life. An understanding of how a
cracked body behaves under loading is essential to an understanding of

any fatigue problem.

Because much of the information on fatigue from both laboratory
tests and service behaviour was obtained and interpreted before the study
of cracked material behaviour was established, there was no underlying
central theme to correlate the data. Thus, isolated sets of data

became almost fatigue folkloTe, and their relationship to other sets of

data was not obvious.

Until recent years little effort had been devoted to the experimental
determination of the laws governing the growth of a fatigue crack. In
fact, no accurate quantitative experimental data had been published prior

to 1953, the year Head(72)

published his theoretically derived relation-
ship between crack length and number of stress cycles. This may have
been due to the fact that the assessment of design stresses, in those
cases where it was considered necessary to give due refiard to the fatigue
properties of a material, had been almost always based on the plain
fatigue limit or strength of the material, as obtained from smooth
laboratory specimens. Naturally the purpose of these design stresses was
to prevent the initiation of any cracks under the working loads by keeping

all cyclic stresses below some critical value. However, it is only

possible to do this when the components or structural members are of a
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relatively simple shape and the magnitude of the working loads precisely
known. The need to produce components or members of complex shape,

which are not uneconomic in their use of material, to operate under
service conditions which are not precisely defined, has led to the pos-
sibility of cracks forming even at relatively low nominal cyclic loads,
usually as a consequence of fretting or in the locally highly stressed
material around some discontinuity, This implies that some components
and structural members, particularly those designed to have a limited

life must operate successfully even though they do contain fatigue cracks.
It is worth mentioning that, to obtain a macrocrack in a specimen at a
stress level less than the plain fatigue limit of a material, some form
of notch must be introduced into the specimen so that the effective length
of a crack formed at the notch root is increased to a value sufficient to
grow directly as a macrocrack at the applied nominal stress level. In
some cases modern inspection procedures have enabled small cracks to be
detected in certain components at an early stage in their expected life.
However, it has been stated (?%) that a crack roughly 5.15 mm long is about
the smallest flaw that can be readily detected during routine service
inspection. In addition, the necessity to assume the existence of
cracked members in engineering structures despite the efforts of design-
ers to design fatigue resistant structures is now generally accepted.
Whether these cracks will grow and, if they do, the rate at which tkey
grow will depend on material and the values of the applied nominal mean
and alternating stresses. The selection of a material from those which
fulfil other necessary design considerations, giving the slowest rate

of crack growth for a given external loading will lead to an increased

margin of safety between routine inspections. Thus, a Knowledge of the
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growth rate characteristics of a material, together with regular inspect-
ions, may enable a cracked component to have a long useful life before
having to be replaced. A fail-safe designtﬁ?J (that is, a structure so
designed that, should cracks form, they will not cause catastrophic
failure under the working loads until one of them reaches a known length)
implies that a limiting crack length can be established which must be
detected by inspection if the crack is not to extend to cause failure
before the next inspection. Therefore, designers should use all possible
means to achieve the ideals of a low rate of crack propagation and a high
residual static strength in the presence of a crack. Probably the best
way of assessing the merits of a fail-safe design is by the length of

inspection periods which it allows in relation to the weight involved.

Numerous, apparently different "laws' of fatigue crack growth shall
be described in the coming literature(zs) and by making various plausible
assumptions spme of them can be derived theoretically. All the laws
can be regarded as valid in the sense that they describe a particular
set of fatigue crack growth data, and they can be used to predict crack
growth rates in situations similar to those used to collect the data.

It is sometimes possible to fit the same set of data to apparently contra-

dictory laws; in such cases it is not possible to decide which law is the

most 'correct!'.

Since the end of World War II, the problem of brittle fracture has
been studied extensively. It has been found that such low stress

(compared to the yield stress of the material) fractures always originate
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at flaws or cracks of various types. The fracture mechanics approach
to residual static strength in the presence of a crack makes use of the
stress intensity factor KI concept to describe the stress field at a
crack tip. When KI reaches a critical value KC the crack extends,
usually catastrophically. Values of KI are known for a wide range of

evack configurations(ls’ 18, 39, 40, 139, 149 § 144)

and the fracture
mechanics approach has proved useful in problems of material development,
design, and failure analysis. In view of its success in dealing with
static fracture problems, it is logical to use a similar general approach
to analyse fatigue crack growth data, The availability of a master curve
for a particular material relating fatigue crack growth rate and range of
stress intensity factor enables a designer to predict growth rates for

any cracked body configuration, and he is not limited to situations similar
to those pertaining to the cracked specimen geometry used to generate the

original data.
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2.2 Fatigue Crack Formation

A fatigue crack can form in a component or a structural member,
usually at a point of stress concentration or at a joint or in an area
of fretting, or from some inherent defect, at relatively low nominal
alternating stresses. If the magnitude of the nominal cyclic stress
is sufficient, the crack will grow until the cross-sectional area of the
component or member is so reduced that it can no longer support the
maximum tensile stress due to both the imposed static and cyclic loads
and catastrophic failure occurs. Catastrophic failure can occur either
before or after the average net area tensile stress reaches the yield
stress of the material. In the later case, fracture will occur in a
ductile manner; in the former case, the fracture will occur in a brittle

manner (that is, with no visible signs of gross plastic deformation).

Whether a metal fails in a ductile or brittle manner depends on
certain conditions such as chemical composition, metallurgical treatments,
shape of specimen (including notch configuration), the values of the
stresses around the notch, temperature, and the rate of deformation.
Factors which delay the onset of plasticity, for example, low temperature,
plane strain conditions, and increased rate of loading, make the material

more susceptible in brittle fracture,

Slip-line development on the surface of a fatigue specimen has been

studied by many workers since the turn of the century. As early as 1903,

(41)

Euring and Humphrey tested specimens of Swedish iron in rotating

bending at stress levels above their fatigue limit a test being stopped
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at frequent intervals and the specimen surface polished and etched,

They observed few slip lines initially, but as a test proceeded, new
slip lines formed close to existing ones producing bands of slip.
Although these bands grew wider and more dense, there were areas between
the bands where no slip was observed. Fatigue cracks formed eventually
in the broadened bands, but it was not possible to define precisely when
this happened.  Numerous slip bands were found to contain cracks at the

end of the test, especially when a specimen had a long life.

Successive workers using other ductile polycrystals and more sophi-
sticated metallographic techniques have added more detail which, in
general, has confirmed the sequence of events described by Ewing and
Humphrey. For example, some fifty years later Thompson, Wadsworth and
Louat(IGO) tested annealed electropolished, polycrystalline high-purity
copper specimens in reversed direct stress (zero mean load). A specimen
being removed from the fatigue machine periodically and examined metal-
lurgically. Slip bands appeared early in a test and became more numerous
as the test progressed. Electropolishing removed the roughness associated
with a slip band, and most of them became invisible. A few, however,
became accentuated and were termed 'persistent slip bands', fatigue cracks
grew eventually from these bands. If the electropolishing was continued
until the persistent bands were removed, it was found that, on retesting,
the slip band reformed and again became persistent. In many cases the
pattern of the new bands reproduced in some detail that which had been
removed, implying that slip was still active on the same planes. No new

markings were ever uncovered during the electropolishing, showing that the

origin of cracking was associated with the free surface. Persistent slip
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bands were observed in some tests after only 5 per cent of the total life,
but they did not in general extend far down into the metal; for ekample,
some were found to be more than 30 um deep after 24 per cent of life,
Similar observations were made in polycrystalline nickel specimens, the
main difference from the copper observations being the absence of slip

bands other than those directly associated with cracks.

As well as leading to the formation of crevices or intrusions,
intensive slip can give rise to the complementary process of extrusion.
This was first reported by Porsyth(so' 51) who studied the surface
characteristics of many pure metals and alloys, at various temperatures,
using specimens about 0.6 mm thick, tested in reversed plane bending at
relatively large strain amplitudes. He.found that, whereas cyclic
deformation in annealed aluminium consisted of coarse slip situated in
bands with fine slip markings spread widely across the grains between
the coarse bands, cracks appearing first in these coarse bands, in an
age-hardened 4%% Cu-Al alloy the coarse slip bands were absent;
instead a fine dispersion of slip-line markings was observed after cyclic
stressing, Some of these became accentuated and clearly defined on the
surface, cracks appearing from irregular markings associated with the
accentuated slip lines. These irregular markings were found, under

higher magnification, to be ribbon extrusions, not thicker than 0.1 um

and about 10 um long.

Many workers have observed both intrusions and extrusions occurring
at slip bands in polycrystalline ductile metals (for example, low carbon

steel alloy and alloy steels(97’ 24)), over a wide range of temperatures.



- 16 -

To study extrusion formation in more detail, Forsythcso)'tested trans-
parent single and polycrystal silver chloride specimens and found that
profuse slip and extrusions phenomena occurred, He observed that extru-
sions did not create internal voids, instead, complementary surface
crevices or intrusions, of about the same size as extrusions, formed.
Cottrell and Hulltzs) also found from reversed direct stress fatigue

tests on copper that both intrusions, and extrusions occurred in comparable
abundance and with similar dimensions along slip bands and that this was

so at temperatures down to -250°C,

Further work(as] showed that extrusions and intrusions could form in
slip bands even when the temperature of the specimen was lowered to that
of liquid helium, intrusions being detected on some specimens after only
1 per cent of their life. This suggested that their formation was by
purely mechanical movement of atoms and was not dependent on diffusion
processes. Intrusions have also been shown to act as crack nuclei on

specimens subjected to a wholly compressive loading cycle(24).

Slip-band cracking can occur in ductile metal polycrystals, which
does not necessarily lead to complete failure of the test-piece. For
example, (2T 0.09% C steel strip specimens tested in reversed plane
bending, cyclically stressed 33 per cent above the fatigue limit, showed
slip lines formed in a few grains after 1.0 per cent of the life, the
lines growing longer and broader as a test continued until they formed
bands.  Although slip-band cracking has been widely observed in many

ductile metals tested at room temperature and stress levels not too far

removed from the fatigue limit, altering the conditions of test or adding

certain alloying constituents can lead to grain boundary cracking.
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Raising the temperature is a technique which has been used by many
workers to change the mode of cracking from transcrystalline to inter-
crystalline. For example, reversed direct stress tests on 4 mm diameter
magnesium specimens were carried out at both room temperature and 250“0(106).
It was found that at room temperature, all cracks were transcrystalline,
being initiated in either slip bands or twin boundaries. On the other
hand, at 250°C all cracks were intergranular. It was suggested that
this was a consequence of grain boundary sliding. At sub-zero and room
temperature cracks in pure aluminium developed in persistent slip
-bands(68' 69) but at elevated temperatures they were initiated mainly at
grain boundaries. Both slip band and grain boundary cracking were found
to occur after less than 5 per cent of the expected life. Grain boundary
cracking occurred generally in those boundaries lying close to the maximum
shear stress direction and also in those boundaries separating grains
which had a large difference in orientation, so that the slip from one

grain could not be transmitted to the neighbouring one.

The behaviour of slip lines on the surface of both cold-worked and
annealed high-purity aluminium single crystals subjected to alternate
tensile and compressive loads has been studied(SSJ, the magnitude of the
applied loads being such that the strain during any half-cycle was less
than few tenths of a per cent. It was found that there was no obvious
relationship between the slip lines formed during tension and those
formed during the subsequent compression loading. A slip line was un-
affected, in general, by a reversal of load up to a value of twice the
initial load. This would seem to imply that fatigue cracking is due
to the geometric surface effects caused by extrusions and intrusions and

not due to some internal damage process along a particular slip plane.



In addition to the surface observations described, many workers
have studied the changes in mechanical properties and metallurgical
structure that occur in a cyclically loaded specimen, The measurements
taken generally recorded a change in strain range response to a given
stress range (after detected by a change in the shape of the hysteresis
loop generated), a hardening or softening of the material, a change in
temperature, enhanced diffusion characteristics, or a change in X-ray

diffraction pattern. All these results are grouped nicely by

Frost W,E. et al.(ss).
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2.3 Fatigue Crack Initiation

Early theories of fatigue generally fall into two categories; those
based on repeated slip leading to some form of damage along a preferred
slip plane and hence eventually to a crack (for example, the attrition
theory of Ewing and Humphrey(41)) and those based on the repeated work-
hardening of a soft element, surroun&ed by an elastic matrix ( or of a
grain surrounded by grains having different elastic limits and strain
hardening characteristics, the work-hardened element (or grain) either
reaching a stable state not leading to fracture or work-hardening until

. . 30
it reaches its fracture stress (for example, Afanasevcl), Dehlinger( ),
(121)

and Orowan Even as late as 1965, theories (for example,

Yoshikawa(175)) based on a critical amount of plastic strain being

accumulated were being postulated. It is worth emphasizing at the out-

set that

(1) fatigue failure is a consequence of the initiation of
a crack and the subsequent growth of this crack,

(2) in homogeneous metals cracks initiate at a free surface
and no damage is done to metal away from this surface by
the cyclic stressing,

(3) the initiation of a slip-band crack is only possible in
ductile metals,

(4) other materials may exhibit fatigue characteristics
but this is due to the propagation of a crack from

some initial defect or flaw.

In ductile metals cyclic stressing can be regarded as a very sensi-

tive technique for detecting the onset of plastic deformation or slip in
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a particular surface grain. It is not necessary for the bulk of the
grains in a piece of metal to deform plastically for it to fail by fatigue.
Continuing cyclic plastic deformation in one localized surface region is
sufficient. It is this fact that fatigue failure is a consequence of an
extremely localized surface occurrence that distinguishes it from other

modes of mechanical failure.

The general and basic features of fatigue failure are the initiation
of surface microcracks and their subsequent extension across and pene-
tration into the body of the metal. The increased life resulting from
the removal of a surface layer at frequent intervals throughout the test,

irrespective of whether the life is many millions or only a few thousand

135
cycles( ) demonstrates that crack initiation is confined to the surface

grains.  The direction of development of surface microcracks is initially
that of the operative slip planes. It remains so until a microcrack

is of such a size that the amount it opens and closes, under resolved
cyclic stresses acting normal to the'crack faces, is sufficient to affect
a large enough volume of material along its edge for it to grow as in a

continuum,

This is because the initiation and development of surface microcracks
are associated with localized surface regions of cyclic plastic strain,
For this reason, the initiation and development of microcracks by to-and-
fro slip along crystallographic planes will be influenced by local differ-
ences in microstructure (the more complex the microstructure, the more

pronounced the effect) and the time taken, at a given nominal stress
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level, for a microcrack to reach the macrocrack stage may therefore vary
in different specimens of nominally similar material. However, having
reached the macrocrack stage local changes in microstructure generally
have little effect on the growth rate ( as will be seen in the next
section) and thus the scatter in lines of nominally identical specimens
subjected to the same nominal stress level is associated with the effect

of microstructure on the initiation and rate of development of micro-

cracks.

Because slip-band intrusions (microcracks) have been found to occur
at liquid helium temperature it has been argued that their formation is
by a purely mechanical movement of atoms. Wood(173) suggested that
slip caused pronounced changes in local surface contours and the formation
of surface microcracks was primarily a simple geometric consequence of
to-and-fro slip movements within broad slip bands as shown in figure 1.
Cottrell and Hull(zs) proposed a model for forming extrusions and intru-
sions on the surface based purely on the mechanical movement of atoms by
supposing that two intersecting slip bands as shown in figure 2 operating

sequentially during both the tension and compression halves of the stress

cycle.

Other dislocation models leading to surface cracking have been

(58)

proposed, [for example, Fujita and Mott(117)] and these are summarized

by Kennedy(gﬁ). They essentially lead to a geometric cause of damage
or to damage on the slip plane itself(gﬁ’ 141). Damage on the slip

plane itself entails'slip occurring on the same plane and progressively
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unbonding atoms each cycle. If this were so it might be expected that
environment may affect crack initiation. For example, a film of oxide
or absorbed gas may form on the exposed slip step and be drawn down the

plane in successive cycles. Thus forming a surface microcrack.

The evidence would suggest that the major role played by slip is to
cause a geometric change to the surface profile rather than to cause
damage leading to a crack along the slip plane itself.

(106) considered

Assuming this geometric consequence as slip, May
that the disturbance of a surface by to-and-fro slip movements in the
slip bands might be due to dislocations in transit between limits of the
oscillatory trajectory along paths which were shifted in a random
fashion with respect to previous paths, the shifts being comparable to
the width of the slip bands. Such a random distribution of slip would
roughen the surface, leading to a redistribution of stress, so that in
later cycles slip would tend to be concentrated in the valleys already
formed. Subsequent surface movement would make some valleys less deep
but others would become deeper and in these more slip would be concentrated.
To see whether such a model led to cracks forming after a reasonable time,
he assumed that after t cycles, the fraction f of the valleys of width w
wvhich had depth between z and z+dz was

£ ~{Vz+w - YW}?/bet] (1)

=Fﬁp[

where F was a slowly varying function of z, w and t. The slip vector b

and the plastic strain range € in the slip band were assumed constant for
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a given test. He then assumed that at some large value of z (say Z) a
valley was deep enough to be considered a crack. Thus z/be was regarded
as a time constant T, controlling the rate at which valleys attained the
depth z.  When cracks reached this depth their subsequent growth rate
was considered to be rapid so that T could be regarded as the life of

the specimen. May assumed that a vdlley whose depth was ten times its
width was a true crack (macrocrack), that is Z = 10w which for w = 10" m
b=5x 10'6mm, and € = 10°° gave a value of T(=Z/be) of 2 x 10°
cycles, from this he concluded that his model could predict lines of the

right order.

The fatigue strength of many metals increases with decreasing grain
size although results have been reported on other metals (Zinc (43) and
Niobiumcss) whose fatigue strength was insensitive to grain size.
Generally a material's resistance to plastic deformation (yield stress
and hardness) increased as the grain size decreased, and thus the cyclic
stress to cause continuing slip might also be expected to increase in
qualitatively the same way. Whether or not this is so, for a particular
material, the grain size may also affect the cyclic stress necessary for
a microcrack to develop beyond the grain in which it is. formed. If this
were the case, then the fatigue strength would decrease with increasing
grain size, because with a small grain size, a microcrack may not be
able to penetrate to a sufficient depth for it to grow as a macrocrack
before encountering a grain boundary, whereas it may be able to do so in
a larger grain. If the metal is such that microcracks change into macro-
cracks at smaller size, any change in grain size above this has no

effect on the subsequent fatigue strength.



- s

It is worth emphasizing that, if a specimen is so loaded that it
eventually breaks, changes in surface topography occur from the first
stress cycle applied, and in this sense it is irrelevant to divide the
life into the number of cycles to initiate a crack and the number of
cycles to propagate it across the specimen. It is probably more correct
to consider the number of cycles spent in developing a microcrack to the
macrocrack stage and the number of cycles spent in propagating the macro-

cracktss).

The experimental data suggest that only those metals and alloys
which strain-age have their fatigue strength increased by coaxing pro-
cedures (39 ang rest periods, and exhibit S/N curves having sharp
knees and definite fatigue limit. ' There is also evidence that micro-
cracks are present in slip bands in strain-ageing metals at stress levels
corresponding to, or just below, their fatigue limit. This implies
that before a microcrack has reached the necessary size for it to be
able to grow as a macrocrack, strain ageing, by locally increasing the
flow stress, inhibits the to-and-fro slip process responsible for its
development. The fatigue limit thus corresponds to the maximum cyclic
stress that will just not cause the microcrack to continue developing
rather than that necessary to just initiate continuing to-and-fro
cyclic slip. These arguments are supported by the fact that, although
strain-ageing increases the fatigue limit of mild steel, the sharpness
of the knee of the §/N curve is dependent on grain size, and the smaller

(176).

the grain size the sharper the knee Thus, microcracks formed

in small grains will not have reached the necessary size to grow as
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macrocracks before they reach the grain boundaries. If their develop-
ment is held up by the grain boundary (because operative slip planes are
at different orientations in adjacent grains) the fatigue limit, that is
the stress level necessary to force the crack to pass the grain boundary
is greater the smaller the grain size.. If the grains are large, micro-
cracks can reach the macrocrack stage before they reach the boundaries;
the boundaries do not now retard the growth of a macrocrack, and the
knee in the S/N curve becomes less' definite. The fact that the stress
level at the fatigue limit of a strain-ageing material, such as mild
steel, is greater than that required to cause continuing plastic defor-
mation of the bulk of the material explains why it exhibits a hysteresis

loop at and just below the fatigue limit stress.

Although non-strain-ageing materials do not exhibit an S/N curve
having a sharp knee and a definité-fatigue 1limit, the slopes of their
S/N curves usually become very shallow at about 108 cycles, and provided
the specimen surface is not attacked chemically by the atmosphere, the
curve must ultimately become asymp;otic to the maximum shear level that
will be marginally below the level that causes continuous to-and-fro

slip. If the atmosphere does attack the surface, then the fatigue

strength decreases continuously with increasing endurance.

The assumption of a linear accumulation of damage, in the form of
plastic opening displacement, with the number of cycles, lead to a
theoretical prediction of the number of cycles No required to accumu-
(6),

late damage to the point of crack initiation. Theory predicts

N, «1/AK? _ (2)



2.4 Fatigue Crack Propagation (Growth)

It ﬁas been mentioned in Section 3 that, if the cyclic stress level
is sufficiently high, a surface microcrack will spread across the surface
and penetrate into the body of a material by continuing to-and-fro slip
processes until it has reached such a size that it is able to grow as a
macrocrack; that is, its growth behaviour will depend on the amount it
opens and closes under normal cyclic stress across its faces. To obtain
a macrocrack in a specimen at a stress level less than the plain fatigue
limit of a material, some form of notch must be introduced into the
specimen so that the effective length of a crack formed at the notch
root is increased to a value sufficient to grow directly as a macrocrack
at the applied nominal stress level. This section discusses the
speed at which a macrocrack grows and unless stated otherwise, it is
implicit in any reference to fatigue crack grawth that the crack has

reached the macrocrack stage.

Until recent years, little effort had been devoted to the experi-
mental determination of the laws governing the rate of growth of a
fatigue crack; in fact, no accurate quantitative experimental data had
been published prior to 1953, the year Head(72) published his theoreti-
cally derived relationship between crack length and number of stress
cycles. This may have been due to the fact that the assessment of
design stresses in those cases where it was considered necessary to
give due regard to the fatigue properties of a material, had been almost
always based on the plain fatigue limit or strength of the material as

obtained from smooth laboratory specimens., Naturally, the purpose of
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these design stresses was to prevent the initiation of any cracks under
the working loads by keeping all cyclic stresses below some critical
values. However, it is only possible to do this when the components

or structural members are of a relatively simple shape and the magnitude
of the working loads precisely known. The need to produce components

of members of complex shape, which are not uneconomic in their use of
material, to operate under service conditions which are not precisely
defined, has led to the possibility of cracks forming, even at relatively
low nominal cycled loads, usually as a consequence of fretting or in the
locally highly stressed material around some discontinuity. This implies
that some components and structural members, particularly those designed
to have a limit life, must operate successfully even though they do not

contain fatigue cracks.

In some cases, modern inspection procedures have enabled cracks to
be detected in certain components at an early stage in their expected
life. However, it has been stated(zz) that a crack roughly 5-15 mm
long is about the smallest flaw that can be readily detected during
routine service inspection. In addition, the necessity to assume the
existence members in engineering structures despite the efforts of
designers fo design fatigue-resistant structures is now generally accep-
ted. Whether these cracks will grow will depend on material and the
values of the applied nominal mean and alternating stresses. The
selection of a material, from those which fulfill other necessary design
considerations, giving the slowest rate of crack growth for a given
external loading will lead to an increased margin of safety between

routine inspections. Thus, a knowledge of the growth rate character-
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istics of a material, together with regular inspections, may enable a
cracked component to have a long useful life before having to be replaced.
A fail-safe design(67) (that is, a structure so designed that, should
cracks form, they will not cause catastrophic failure under the working
loads until one of them reaches a known length) implies that a limiting
crack length can be established which must be detected by inspection if
the crack is not to extend to cause failure before the next inspection.
Therefore, designers should use ali possible means to achieve the ideals
of a low rate of crack propagation and a high residual static strength
in the presence of a crack. Probably the best way of assessing the
merits of a fail-safe design is by the length of inspection periods

which it allows in relation to the weight involved.

Numerous, apparently different 'Laws' of fatigue crack growth have

been described in the Iiterature(23]

and by making various plausible
assumptions. Some of them can be derived theoretically. All the laws
can be regarded as valid in the sense that they describe a particular
set of fatigue crack growth data, and they can be used to predict crack
growth rates in situations similar to those used to collect the data.

It is sometimes possible to fit the same set of data to apparently

contradictory laws; in such cases it is not possible to decide which

law is the most 'Correct'.

Since the end of World War II, the problem of brittle fracture has
been studied extensively. It has been found that such low stress
(compared to the yield stress of the material) fractures always originates

at flaws or cracks of various types. The fracture mechanics approach to
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residual static strength in the presence of a crack makes use of the
stress intensity factor KI concept to describe the stress field at a

crack tip; when KI reached a critical value K. the crack extends,

C

usually catastrophically. Values of KI are known for a wide range of

crack configurations, (124, 18, 39, 139, 115, 170)

and the fracture
mechanics approach has proved useful in problems of material development
design, and failure analysis. In view of its success in dealing with
static fracture problems, it is loéical to use a similar general approach

to analyse fatigue crack growth da;a. The availability of a master curve
for a particular material relating fatigue crack growth rate and range

of stress intensity factor enables 'a designer to predict growth rates for
any cracked body configuration, and he is not limited to situations similar

to those pertaining to the cracked specimen geometry used to generate the

original data.,

2.4.1 Modes of fatigue crack growth

There are three basic modes of crack surface displacementclll)

which can cause crack growth; these are shown in Fig. 3.

s The opening mode, The crack surfaces move
directly apart.

LI The edge sliding mode. The crack surfaces
move normal to the crack front and remain
in the crack plane.

III. The shear mode. The crack surface moves
parallel to the crack front and remain

in the crack plane.
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Figure 3. Basic modes of crack surface displacement, coordinates
measured from the leading edge of a crack and the stress
components in the crack tip stress field (Frost).
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The superimposition of these three modes is sufficient to describe
the most general case of crack surface displacement. It is conventional
to add the Roman numbers I, II, III, as subscripts to various symbols to

indicate the mode.

In fracture mechanics only the macroscopic mode of crack growth is
considered.  Crack growth on 45° planes, often referred to as 'shear
fracture', is a combination of Modes I and III, but is usually treated

in calculations as if it were Mode 1I.

For strictly two-dimensional cases and thin-shell problems, only
Modes I and IIIcan exist. However, 'two-dimensional' is often taken to
include examples of plates of finite (constant) thickness. Mode II

displacements can only exist at internal or mathematically deep external

cracks,

2.4.2 Stress Intensity Factor

Crack surfaces are stress-free boundaries adjacent to the
crack tip and therefore dominate the distribution of stresses in that
(124)

area Remote boundaries and loading forces affect only the inten-

sity of the stress field at the crack tip. These fields can be divided
into three types corresponding to the three basic modes of crack surface
displacement, and are conveniently characterized by the stress intensity
factor K (with subscripts I, II, III, to denote the mode). K has the
dimension S (stress), X (length)%,.and is a function of the specimen

1

dimensions and loading conditions. In general, it is proportional to



(gross stress) X (crack length)a. Conventionally, K is expressed in

MN 153/2.

In general, the opening mode intensity factor is given by
K, = c(na]!’a (3)
I

where 0 is the gross tensile stress perpendicular to the crack (compres-
sive stresses simply close the crack), a is the crack length and a is a
factor, of the order of unity, which depends on geometry and loading
conditions; for engineering purposes a can often be taken as 1. The
value of X, for a crack at a sharp notch, in general is equal to that
for a crack of the same total length provided that the notch profile
lies within an envelope having an included angle of 30° drawn from the

crack tip (226) .

When K is known, stresses and displacements near the crack tip can

(124) .

be calculated using standard equations Thus, for example, in:

Mode I, referring to Fig. 3 for notation (where U, V, W are displacements
in the X, Y, Z directions, these can be given for plane strain as

i

0 0 «:. 30
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K
U=-—-(2)15C05--(1-2u+512.§.)
m z-
K
r.k% __ 29
V= 75-(2ﬂ) Sin = (2 - 2v -Cos E.)
W=20

where G is the shear modulus and v is Poisson's ratio.

Elastic stresses are inversely proportional to the square root of
the distance from the crack tip, and become infinite at the crack tip.
Provided that only one mode is present, the stress intensity factors due
to different loadings can be superimposed by algebraic additions if more
than one mode is pfesent, the individual stress components and displace-

ments can be similarly superimposed.

Small scale non-linear effects, such as those due to yielding, micro
structural irregularities, internal stress, local irregularities in the
crack surfaces, and 45° crack growth in thin sheets do not affect the
general character of the stress field and can be regarded as being
within the crack tip stress field(lls). Similarly, the actual fracture
process can be regarded as taking place within the stress field at the
crack tip. The concept of stress intensity factor therefore provides

a convenient mathematical framework for the study of fracture processes.

The representation of a crack tip stress field by a stress intensity
factor is a basic concept in fracture mechanics. The term should not be
confused with the stress concentration factor' or 'stress intensification

factor! which are terms used to describe the ratio between the maximum
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and nominal stress at a disconitnuity.

It is found that, under increasing load, a crack will start to grow
(provided that general yielding does not intervene) when KI reaches a

critical value (KC) and will continue to grow as long as the loading

conditions are such that KI > KC.

2.4.3 Crack direction

The expected direction of crack growth in a uniaxially loaded
sheet specimen is normal to the loading direction with the machine face
on a plane through the thickness of 90° to the plane of the specimen
(termed 90° growth: Mode I); in some materials, zinc and titanium, this
is what occurs. However, in other materials, such as steels, copper

alloys, and aluminium alloystzs' 126, 148)

, a transition to growth on a
plane through the thickness inclined at approximately 45° to the plane
of specimen (termed 45° growth; a combination of Modes I and I1I) usually
takes place after an initial period of 90° crack growth. As theoretical
and experimental results show that crack growth on a 45° plane is faster
than on 90° planes, 45° planes are therefore energetically more favour-
able(SG). However, rotation of the crack surfaces to 45° planes can
only take place if a suitable mechanism is available. Growth on 45°
plane only occurs in those materials in which the static tensile fracture
of a piece of material of the same thickness as the crack growth specimen
occurs on a 45° plane through the thickness. If the static fracture

occurs on a 90° plane (as it does with zinc and titanium), a fatigue

crack grows on a 90° plane throughout,
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2.4.4 Microscopic appearance of faiiggg crack

Since 1950(177)a great deal of effort has been devoted to
the microscopic examination of fatigue fracture surfaces, particularly

(37

since the advent of the electron microscope , and various collections

of electron micrographs showing the details of the fracture faces created

d(93, 37, 131, 108).

by a growing fatigue crack have been publishe The

*

most prominent features of fatigue fracture surfaces (paéticularly those
created by cracks growing on 90° p}anes) are distinct fine markings,
parallel to each other and normal to the direction of crack growth.

These are generally called striations; each striation corresponds to
one load cycle, In general, striations are more clearly defined in
ductile than brittle materials, for instance, in the stronger steels(lso),

striations are short and discontinuous and their successive positions

not clearly defined.

The presence of striations on a fracture surface is proof that
failure was caused by fatigue(sz); but they cannot always be found on
all fatigue fracture surfaces, often because the microscope used has
sufficient resolution. Striations varying in spacing from about 2.5 mm

to less than 7.5 x 10"5 mm have been observed on various materials.

On a microscopic scale, fatigue growth is often an irregular
process. Examination of the fracture surfaces of some particular
material using a stereoscan microscope showed that the main fracture
surface was irregular with numeroﬁs interconnected cracks intersecting .

(112

the main cracks . Some of these cracks were at nearly 90° to the

main fracture. Much earlier a study of the shape of the front of a



90° Forsyth Stage II

Figure 4.
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crack growing in a 3.2 mm thick mild steel sheet was made by examining
sections of planes normal to the direction of crack growth so as to
eventually intersect the crack front. This showed that the crack front
bows forward slightly so that a section can be made with the leading
part of the crack in the middle of the sheet thickness. In the region
of the crack front, numerous apparently independent cracks were found.

These cracks may be similar to those found in the aluminium alloy.

The other equipment which is a&ailable for use to study the fractured
surfaces is the scanning electron microscope (SENj. It is a combination
of electron-optical, vacuum, and electron control devices for impinging
a beam of electrons on a pinpointed spot on the surface of a target speci-
men and collecting and displaying the signals given off from that target.
The SEM was developed initially to obtain information about surface
topography and was thought of as complementing the capabilities of the

light microscope and the transmission electron microscope.

For each fractograph the crack depth, the overall direction of
crack propagation, and the overall shape of the crack front should be
determined.  Then, if the stress-intensity factor is known from a
fracture-mechanics test, the size of the plastic zone that existed at
the crack tip can be estimated. In all photographs, whether they are
of a cleavage fracture or of a ductile fracture, the size of the features
observed should be related to the dimension of the plastic zone to which:

they were associated during fracture.
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To simplify identification in the fractograph of crack-propagation
direction, it is usually convenient to orient a specimen so that propa-
gation is from the lower part to the upper part of the photograph and to
view the fracture at an angle of 30° to 45°. It is more important to
maintain the overall direction of crack propagation along the short
dimension of the photograph than to maintain a constant tilt angle.

Very often, to get better contrast of a given region on a rough fracture
surface, the tilt angle may have to be as much as 60°. Finally, it is
important that an SEM fractograph be viewed right side up., If the effect
of shadowing is inverted features can be quite misleading and the fracture
may thereby be completely misunderstood. The greatest change in
appearance when an SEM fractograph is inverted, is that dimples look

like projections rather than depressions.

2.4.5 Some Fatigue Crack Growth Theories

Although crack growth data can be presented simply as a
series of curves of crack length plotted against a number of cycles for
different mean tensile and alternating stresses, it is more convenient
to handle if presented as a mathematical relationship including crack
length, number of stress cycles, tensile mean stress, alternating stress,
and a material constant. Several attempts have been made to derive
such a relationship theoreticallylby treating the material as a continuum,
All relate crack length and number of cycles. Some offer a prediction
of the stress dependence of the growth rate but in general, do not pre-

dict the material constant, which must be determined experimentally.
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All the theories discussed assume that crack growth is in Mode I,
usually considering a central transverse crack length 2a, in an infinite
sheet subjected to a remotely applied uniaxial stress 0. Examination
of the fracture faces created by a moving crack shows that a fatigue
crack moves forward each stress cycle. In view of this, any theory of
crack growth based on the assumption that a crack remains stationary
for a certain number of cycles of stress, while the material ahead of

the tip is conditioned in some way prior to fracture, is invalid.

Head's theory

Head's(72] theory was developed before treatments of plasticity near
cracks were available and was based on various simplifying assumptions.
A cracked body was regarded as consisting of a composite array of three
types of continua, Taking infinitesimal elements of each three types,
material directly ahead of the crack was viewed as an array of indepen-
dent, rigid-plastic tensile bar, each hardening linearly from a yield
stress Oy to aMaximum tensile stress of at a modulus Ew’ but without any
Bauschinger effect072). The material above and below the crack and
rigid plastic bar array was regarded as an array of independent elastic
tensile bars of modulus E, each carrying the remotely applied stress,
which transmitted the load to the rigid plastic bars both directly and
through a third array of elements transmitting the load by shear. The
properties of the shear elements and lengths of the elastic bars were
selected so that the model gave the correct elastic opening at the centre
of the crack, He considered the history of a small volume of material
in line with the advancing crack and argued that as the crack tip approached
it would begin to deform plastically, work-hardening progressively, until

its ductility was exhausted, at which point it would fracture and become

part of the main crack.
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a) This model gave for an applied stress * o, when 0 < oY

i 2E o°a>/?
da _ w (s)
N 3E(o,. - 0)(0 - 0)2n*
f "y ty

where 2h is the height of the rigid plastic elements infront of the crack.

Because Uy > ¢ equation (5) is equivalent to

da 3
¢ K

b) For a remotely applied stress greater than the yield stress ¢ > Uy

this theory gave

3.3/2
da _ ,2Ew° a

dN 2  2.%
ch(cf - 09)h

dN (6)

Thus in a given test in which gross stresses are kept constant,
-%

a ° can be plotted linearly against the number of cycles; h must be

obtained from the experimental data.

The geometrical similarity hypothesis

This is hasedtsv) upon consideration of a small idealized transverse
slit, in a perfectly elastic sheet of infinite extract, subject to plane
stress and loaded in uniaxial tension. If a unit diagram is prepared in
which dimensions are scaled by taking the slit length as unity, elastic
theory shows that at any point defined by a vector drawn from the origin,
the stress or displacement is the same regardless of the actual slit
length, dimensional analysis of all the parameters that have a bearing on

the problem always gives the same result.
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The same argument can be applied to a finite sheet, provided that
the sheet width is large compared with the slit length, because stresses
in the vicinity of the crack will only be slightly affected. Briefly.‘

this theory thus leads to the growth law:

da _

d_N = Da (7)
that is,

In(>) = N (8)

o
where a is the initial crack length.

Thus, in a given crack growth test on a sheet of finite width, in
which the gross stresses are kept constant, &n(a) should vary linearly
with the corresponding number of cycles N, until the crack reached such
a length that it can no longer be regarded as growing in an infinitively
wide sheet. The coefficient D depends on both the mean and alteranting
stresses and on the material; it cannot be predicted, but must be obtained

from analysis of experimental data.

Net area stress theories

Weibull developed a theory(lﬁs’ 167) pased upon consideration of a
central transverse crack growing in a thin sheet of finite width subjected
to a zero to tensile loading cycle. He argued that, as the crack length/
sheet width ratio increased, the effective stress at the crack tip would
also increase so that the rate of growth at a given crack length/sheet
width ratio would depend only on the instantaneous value of the effective

stress at the crack tip, that is:
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d . 2a Fo B

v ) = Fo ©
where F and B are constants,
2a is the overall crack length
o is the effective crack tip stress
W is the sheet width

N is the number of cycles.

He assumed that the effective crack tip stress depended only on the
|
maximum nominal stress acting on the net uncracked area of the sheet.

His final equation after several steps of substitutions emerged as

d (2a) - n
xS CWo (10)
where
C= FAB and n = mB

If a crack growth test is carried out in which the external loads
are continually reduced as the crack grows so that the nominal net cyclic

stress o is maintained at a constant value throughout, equation (10)

can be iterpreted to give

2a = CWUNnN (11)

Thus, in a constant net area Stress crack propagatiom test on a
sheet of finite width, the crack length should vary linearly with the
number of cycles, irrespective on crack length, The material constant
and stress dependence are not predicted and must be obtained from experi-

mental data. However, for sheets of different width, the slope of the

a versus N plots, at a given UN should be directly propgrtional to the
width W,
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Weibull's net area stress relationship can be deduced using
(150)

fracture mechanics . . The stress intensity factor for a finite width
sheet under uniaxial tension can be written as(124]
2a ¥ W Ta, %
KI UN(I - jiﬂ(ﬂa) (na tan.jia (12)

McEvilly and I11g (111» 66)

also proposed a net area stress theory
based on the assumption that the effective stress at the tip of a crack

‘ . (]
was given by the expression KNUNa’ where o was the alternating stress

Na
on the net uncracked area and KN the effective stress concentration
factor for the crack. Provided K\Oya Was greater than the plain fatigue
limit of the material, they postulated that a crack would grow at a rate

which was a function of the current values of KNcNa' that is

-fl—g- = £(K 0, ) (12a)

The stress also could be written, after deriving KN from Neuber's

equation for zero flank angle which gives

Ky = 1+ 3K, - DD (13

where S is a material constant of the dimensions of length and KH is the
elastic stress concentration factor for a hole of radius C in a sheet of

the same width and KN in equation (13) is for a crack of length a equal

to c.
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Accumulated strain hypothesis

Various hypotheses based on an element of material ahead of the
crack tip fracturing when it has accumulated some critical amount of
plastic deformation have been put forward. As an exampietgl) consider
the case of a central crack transverse to the loading direction in a
thin sheet subjected to a zero to maximum loading cycle, and assume
that an elementary length of material € ahead of the crack fractures
as an entity when the average repeated tensile strain accumulated
by the element reaches some critical value., Assuming that the
average strain across the element is not appreciably different from

that obtained by considering the material as wholly elastic, the rate

of growth is given by

1-n/2 n
da _ € Ao n/2
N~ ¢ (g @ (24

where
€ is a strain,
C is a material constant,
E is Young's modulus, and
n is obtained from constant strain amplitude

data of plain specimens of the same material.

For a given test of particular material, the growth rate is.

therefore proportional to an/2. At different stress levels the

rate will be proportional to (o ak)n that is, proportional to some

function of the stress intensity factor.
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The functional relationship between growth rate and KNUNa and
incidentally, A, could only be obtained from analysis of experimental

data. This concept is equivalent to the use of stress intensity factor.

Dislocation theories

In the case of a crack loaded in anti-plane strain (Mode III), the
plastic zone and its tip can be conveniently represented by a continuously
distributed array of infinitesimal dislocations on the crack plane.
Theories based on dislocation arrays assume that crack growth will start
when the accumulated plastic strain distributed at a crack tip exceeds a
critical value, and the plastic strain continued at this value is exceeded
at successive points ahead of the original crack tip, At some point in a
theory, it is assumed that the behaviour in Mode I is similar to behaviour
(73)

in Mode III. In general , such theories predict that the rate of

crack growth is proportional to Kla, which could predict the Model in

the following form:

da 4

-d-ﬁ a KI , (15)

. k
where KI O ax (ma) %

Energy theories

The energy associated with the plastic zone at crack tip is propor-
tional to KI4, so that theories based on the energy required to operate
the fracture mechanism in general, will predict that the rate of crack

growth is proportional to KI4’ in agreement with dislocation theories.

For instance, a theory can be based(lsa) on a rigid plastic strip

model where the cracked body becomes two elastic half planes joined
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together along a strip of rigid plastic material, with a void in the strip
to simulate the crack. Tracing the deformation history of a particular
point ahead of the crack tip, from when the plastic zone first reaches it
to the time it is reached by the crack tip, it is assumed that the
separation occurs when the total absorbed hypothesis energy U per newly
created surface area equals a postulated critical value Uc' Letting

auy (x,0) be the plastic displacements of the discrete surface of tensile
yielding per load reversal when the crack tip is set at x = 0, and
assuming then that the growth rate is constant while crossing a zone W '
of reversed deformation, after several mathematical steps, the crack

|
growth rate is given by

g-g- a(ak) (16)

Frost and Dixon's theory
(56)

Frost and Dixon argued that the absence of evidence to support
internal cracking ahead of the crack tip in a homogeneous material
(internal cracking may occur in a material in which inclusions or other
non-homogeneities give rise to elements of part fracture occurring in the
growth process), together with the fact that crack growth cannot be
considered merely as a consequence of the slip process which lead to
the initiation of a surface microcrack, lead to the conclusion that a
crack grows because its tip profile is successively blunted and re-
sharpened each stress cycle. The unloading half of the stress cycle

is essential to the growth process for, unless the crack tip is re-

sharpened each cycle, fresh surfaces cannot be created during the process

of crack tip blunting when the load is re-applied. It is not necessary
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for the material to be unloaded to zero in order for the crack tip to
resharpen, because compressive residual stresses of the order of the
yield stress of the material will be induced at the crack tip as soon
as an increment of load is removed from the maximum load applied.

These compressive residual stresses will tend to sharpen the crack tip.
Thus the profile of a crack in a ductile material loaded from O to Oy

will be different from that loaded from O to 0., unless o, > 0, and

a2 2 1 |
then unloaded to O because in the former case the compressive residual

stresses induced during the unloading from ¢

to 0, will tend to sharpen

2 1
the crack tip. The next model was constructed for a crack growth,.

EH? or £ awan)’ (17)

=2lco

da
aN

Linear elastic fracture-mechanics crack growth theory

Frost and Dixon's theory can be re-expressed in fracture-mechanic
terms with equation (30) defined directly from the stress and displacement
fields around cracks and sharp notches. These predict that the crack
opens up into a parabola, Following the original theory, consider the
stress at the periphery of a parabolic notch having the same profile as
the parabola. Unlike the original theory for an elliptic shaped crack,
peripheral stresses fall to zero at infinity, Thus, to formulate a
growth law, a different fracture criterion is required. This is achieved
by assuming that the part of the crack profile subjected to a tensile
stress greater than the yield stress retains its length on unloading.

For typical values of E/gy this leads to

da_9 l12
dN T ‘E:
K. 2 (18)
da _ Z.(_Eg
dN 7 ‘E
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By assuming the von Mises yield criterion, the theory can be
extended to Mode III on a combination of Modes I and III, but cannot be
applied to Mode II. In Mode II, stresses and displacements are anti-
symmetrical about the crack plane, hence an increase in profile length
on one crack surface is balanced by a decrease on the opposite surface.
Crack growth on 45° planes can be treated by making some simplifying
assumptions leading to

d

& 13 K2
dN

which implies a faster rate of growth than equation (18).

As with Frost and Dixon's theory, the final equation (18) implies
that any value of AK, no matter how low, will result in a positive value
of da/dN. It has been shown experimentally that a minimum value of AKC
of AK is necessarylfor crack growth to occur, and that it appears to be
associated with the minimum possible fatigue crack growth rate of one
lattice spacing per cycle. Continuum mechanics provides only a rough
guide to behaviour at crack growth rates of this order. Nevertheless,
for the zero to tension loading case ﬁKC can be estimated by substituting
the lattice spacing into equation (18). The resulting values are

between one-forth and one half of those obtained experimentally.

Experimental assessment of the validity of a fatigue crack growth
theory is difficult, since data can usually be found in the literature
to either support or vitiate anyparticular theory. Thus, the fact that
experimental evidence is cited in support of a theory does not guarantee

its validity. In addition, the theories mostly relate to a zero to
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tensile strain loading cycle, whereas much data, especially on sheet '
specimens, are obtained under the stress cycle o, o, where O, > 9,0
None of the theories predict the effect of a mean tensile stress.

(6)

Barnby used the law of crack growth rate and agreed that it obeys the

following relationship

1
N(a] (v 'A“E_l- (20)

The latest model for fatigue crack propagation proposed(Mz) where they
assumed that the crack advanced £ unit in AN cycles according to Manson-

Coffin equation

- 1/8
4&N[ep/sf) =1 (21)

where € = average plastic strain range in process zone
€ = monotonic fracture strain
AN = cycles to propagate units

B = Coffin-Manson Exponent

The final expression for a fatigue crack growth rate was:

1/8
ey 0.7a 1 o capy (2+5)/8
U)’S Ef A

This last result is in agreement with Paris'sempirical equation

da _ P o .
el R(AK) (23)
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2.5 Factors Affecting Fatigue

2.5.1 Stress Concentrations around a Notch

The elastic stress distribution around a notch is determined
by the form of the notch, and the most important feature is the elevation
of stresses in the vicinity of the notch root. If the maximum elastic
boundary stress created by a given notch in a uniaxially longitudinally
loaded specimen is known, the ratio of the maximum longitudinal elastic
stress at the notch root cmax' to the nominal elastic sFress 0 applied
to the specimen, that is, Umaxfo’ is commonly denoted by Kt where Kt is
called the geometric elastic stress concentration factor. Similarly,
values of K, can be obtained for notched specimens loaded in torsion, Kt
now being the ratio of the maximum elastic shear stress at the nétch
root or boundary to the nominal shear stress applied to the specimen.
Values of Ky for a wide variety of notch profiles due to either tension,

bending or torsion loads are available (65, 20, 29)

the data usually
being presented in graphical form. The value of Kt depends on whether
the nominal stress is based either on the area of two minimum cross
sections of the specimen (that is, net area) or on the overall cross
section of the specimen, ignoring the presence of the notch (that is,
gross area). In practice, nominal stresses are usually based on net
area and consequently Kt is generally expressed in terms of net area.
Stress concentration factors provide a convenient single parameter
description of the stress condition at a notch root, but their utility
is limited because they do not give information on the stress distribu-
tion around the notch. The localised nature of the high stress in the
vicinity of a notch is illustrated by the elastic distribution araund a
circular hole in thin rectangular sheet whose boundaries are an infinite

distance away from the centre of the hole.
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In the case of a circumferentially notched cylindrical specimen
subjected to tension or bending, the stress distribution is dominated
by the notch root radius §. Provided that the notch depth is at least

equal to § and the minimum specimen diameter is at least 10.

The life of a broken notched specimen is the sum of the number of
stress cycles required to initiate a surface crack with those to develop
it through the highly stressed material at and around the notch rest,
and those required, to propagate this crack across the remainder of the
specimen cross-section which is subjected only to the applied cyclic
stresses. The ratio of the number of cycles in these two stages will
vary with the material, notch geometry, specimen size and stress level.
Cracks may form quickly at the root of sharp notches, even at low stress
levels, and their propagation across the specimen may occupy the major
part of the life. Indeed, if the notch is very sharp and the nominal
stress range sufficiently small (or if the loading cycle is wholly
compressive), cracks may form at the notch root which do not continue

to grow across the specimen cross-section.

2.5.2 Temperature Variations

In some practical applications, components are required to
operate at temperatures either above or below room temperature, the
former being the more common requirement. This is reflected in the
fact that there are much more experimental data available on the fatigue

strengths of materials at temperatures above room temperature than at

temperatures below it. A further reason for this may be that the fatigue
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strength of a material decreases as the temperature decreases, for
example, the ratio of the fatigue limit at liquid air temperature to
that at room temperature is in the range 1.5 - 2.5 for most metallic

alloys(47).

Softer materials generally give higher values of this ratio
than harder materials. Thus, a design based on room temperature fatigue
data will be safe for use at lower temperatures, although of course, any
increased susceptibility to brittle fracture under the applied loadings
must be taken into account. Materials for use at elevated temperatures,
in addition to possessing adequate static and fatigue properties, must
be resistant . to corrosive attack by the atmosphere at the operating
temperature. Special alloys possessing these properties have been
developed for components such as the blades and discs in a gas-turbine
engine., At elevated temperatures, factors which have no significant
effect at room (and lowein) temperatures become important, for example,
metallurgical changes in microstructures due to prolonged soaking at the
operative temperature and chemical attack of the specimen surface by the

atmosphere.

Because these effects become more pronounced the longer the specimen
is kept at the elevated temperature, surface damage may occur which is
not solely dependent on the amplitude of the stress cycle and the number
of times it is applied. The best way of seeing that, for the two
different temperatures, is to tabulate the early results by several

authors (Table 1),(Table 2) by Forrest(47) and (Table 3)(20).
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Fatigue strength (106.cycles).at given temperature

Alloys ' Ratio 3 .
Fatigue strength (10 cycles)at room temperature
-40°C -78°C -188°C
Carbon Steels 1.2 1.3 2.6
Alloy Steels 1.05 1.1 1.6
Stainless Steels 1,15 1.2 1.5
Aluminium Alloys 1415 1.2 s
Titanium Alloys - 1.4 1.4
TABLE 2
8 -2
Fatigue strength, 10  cycles (MNm °)
S 20°C 70°C 100°C
0.64C, 0.7/Mn +430 +370 -
0.24/C, 3.9/Ni, 1.0/Cr. 490 430 .
0.2/C, 4.7/Ni, 1.4]Cr, 0.6]Mo £570 - £450

TABLE 3
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2.5.3 Notch Configuration (Root radius affecting Fatigue Life)

Alleryts) has done some work considering the effect of notch
root radius on the fatigue crack initiation and propagation process.
The deleterious effect of notches and other stress raisers has been
appreciated from the time when fatigue was first recognized as a problem
associated with repeated loading. Other less obvious stress raisers
exist which may be classed as metalfurgical defects. There are features
such as cavities, blowholes, slag or oxide particles and defects due to
metallurgical processes such as casting, rolling or welding. In engin-
eering practice the,common notches or stress raisers are holes, screw
threads, splines, keyways and changes in section, and it is clear that
whilst such features cannot be eliminated, their effects can be minimised

with good design practice.

The strength reducing effects of notches are of obyious importance
in design and life prediction and a large amount of data exists which
compare the strength of notched fatigue specimens with that of plain
specimens, The ratio of the plain to notched fatigue strength is called
the strength reduction factor and is denoted Ke.  The presence of a notch
of small root radius does not reduce the fatigue strength to the extent
expected from a consideration of the magnitude of the theoretical stress

concentration factor Kt. The experimental fatigue sensibility, & , can

be expressed as:

TSNP (24)

The value of § is a function of both the material tested and the radius

of the notch root p. To account for the size effect, Neuber(lzl]
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proposed that the effective stress concentration factor, KN be expressed

in terms of the theoretical factor ﬁt modified in the following manner:

Kt -1

](N=1+—-—-—-—-- (25}
1+V/p'/p
where the material constant p', is across which is stress gradient can-

not exist (further called Neuber constant). As p approaches zero, K

approaches a constant value for a given material and notch depth. In

the analysis of notch fatigue results it has been assumed(gs) that Kf
can be similarly modified to give
Kt'- 1
Kf=1+ ———————— (253]
1+/p*/p

Allery's work was based on a single edge-notch specimen. Variations
in notch root, radius produced marked changes in the cycles required to
initiate fatigue crack at the root of a notch. It was also proved that

increasing notch root radius causes a marked increase in the number of

cycles to initiation.

The variation in the number of cycles to initiate a fatigue crack
with notch root radius is due to the progressively decreasing stress
cohcentration factor with increasing notch root radius., Hence, although
the net section stress conditions are identical in tests with varying
notch root radii, the notch tip stress will decrease as the notch root
radius increases. Assuming elastic conditions, the laternating stress

distribution under the notch is given by the expression

g, = KtoN (26)
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where o, is the effective alternating stress and Oy is the nominal

applied alternating stress. Another factor was also stated(s) that is

as the notch root radius increases, the extent of the zone under the

notch influence by the stress field of the notch will increase.
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2.6 Fatigue of Notched and Plain Specimens
1(12)

In genera , the results of short endurance constant nominal
stress amplitude tests on notched specimens give an S/N curve of similar
form to that for the plain specimen, except that it is displaced to the
left and can cross over that for plain specimens at very short endurance.
The fact that the nominal stress amplitude required to cause fracture

in a given short endurance may be higher for a notched than for plain
specimens in a consequence of the triaxial stress system generated across
the minimum section of the former specimen., This reduces the plastic
deformation and thé onset of neckinL in this region, thus leading to an
increased tensile strength (based on original net area) compared to

that obtained on a plain specimen of the same minimum cross-sectional
area. The initial flat portion of the S/N curve for notched specimens
may also be much shorter than for plain specimens, probably because the
material at the notch of the root is restrained by the bulk of the
specimen and tends to undergo constant strain amplitude cycling even
though the specimen as a whole is subjected to a nominal constant stress
amplitude loading cycle. Several users (169) have found that the constant

nominal stress amplitude S/N curves for notched specimens may cross that

for smooth specimens somewhere in the region of 100-1000 cycles,

In the case of sharp notches, cracks form quickly at high stress
levels and the life of a specimen is spent wholly in crack propagation;
the 1ife of a specimen or component therefore bears little relationship
to the Kt value of the notch. It depends on the distance the crack
must traverse to cause complete failure. The rate of growth of a crack

at these high stress (or strain) levels cannot be predicted using the
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crackgrowth relationship discussed earlier because they are applicable
only as long as the bulk of the specimen remote from the crack tip is
deforming elastically. A rough estimate can be made in the case of a
crack growing under a constant stra;n amplitude by converting the strain
to an equivalent elastic stress, and using one of the crack growth
relationships discussed earlier. (In the case of notched specimens,
the initial crack length must be taken as the notch depth and the crack
length subsequently measured from the free surface.) This approach is
equivalent to assuming that the stréin distribution is the same above
and below general yielding, and has been used to predict static
failure(;72). It is more likely to be successful when the crack length
is small compared with other dimensions. Fatigue crack growth data in
the fully plastic region has been successfully correlated using dis-
(28)

placements calculated from slip fields » and with measurements of

the crack opening displacement (C.0.D.) at the crack tip.

Morrow and his co-workerstlﬁz’ L) have developed an analysis of
notched fatigue behaviour in the low-endurance region by considering the
local stress-strain response at the notch, Changes in nominal stress
AS and nominal strain Ae are related to corresponding changes in local

stress Ao and local strain Ae by the relationship
Kt(QSAeE)% = (&CIAEE)!5 27

They claim that life predictions for notched members may be made by this
analysis from smooth specimen data, but this can presumably only apply
if the whole life of a specimen is spent in initiating and developing

a microcrack. When this is so, the Morrow approach would seem to be
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merely a quantitative alternative to obtaining the endurance from a
smooth specimen plastic strain endurance curve. Hence the life of a
mildly notched specimen (Kt = 2 or 3) can be obtained from this curve
using the appropriately factored plastic strain., It must be emphasized
that this approach applies only to specimens with smooth well prepared
surfaces. Although a component with an as-forged finish would display
the same stress strain response as a polished component, the life of the
as-forged component would be spent wholly in propagaiing a macrocrack

and therefore should be estimated by fracture mechanics methods.

The experimental results suggest that the life of a plain specimen
tested in low-endurance fatigue is given by eN" = c, where € is the
strain range and m and ¢ are constants for a particular material and
testing conditions. When € is expressed as the plastic strain range
ep and the number of cycles to failure N defined by the presence of
visible surface cracks, then we hav; a value of about % for all materials.
The value of N over which this relationship is valid depends on material,
and it should be argued that it corresponds to the number of cycles re-
quired to develop a surface crack to the stage where it can spread

rapidly. Indeed May (207)

showed that his model of surface cracking
when modified to apply to a specimen subjected to a constant plastic

strain amplitude tends to an epN" = c relationship.

On the other hand, the fracture faces of short endurances, high
strain amplitude specimens exhibit striations immediately adjacent to

the point of crack initiation , suggesting that a crack commences as a
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macrocrack at a very early stage in its life (133).

The general
relationship Ne = c, that would be expected if low endurance fatigue
failure under a given strain amplitude is essentially a crack propa-
gation problem. Since the growth rate of a crack is a function of its
length and the nominal strain range is the bulk of the material, this
could be taken as

da _ b c

- Aea (28)

If ¢ is considered to be equal to one, then ln(af/aoj = AabN,

where ag is the crack length at final fracture and a the length at

which a surface crack can be first considered a macrocrack. For a

given series of tests En(af/ao) will be sensibly constant and thus

sbN

Constant

(29)
or aNm

L}

Constant

The relationship would not be expected to hold below the plastic strain
range at which the number of cycles spent in developing a microcrack

to the macrocrack stage becomes a significant proportion of the total

life.

It has been suggested that a relationship of the form N%ep = C,
could be obtained(104) by equating the total plastic work at fracture
absorbed in a fatigue specimen to the plastic work absorbed by a
tensile specimen up to the point of fracture. However, any arguments
that a specimen subjected to a given plastic strain range fractures
when it has absorbed some critical amount of work in invalidated at

least for fatigue failure, by the fact that the life of a specimen is
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increased by machining a thin layer from the surface and in these
circumstances is determined only by its original size and the frequency
and depth of surface machining, irrespective of the work done in de-

forming it plastically each cycle.

It must be borne in mind that féw'engineering components behave
like plain polished specimens, so that data applicable only to such
specimens are of limited use. In finite life design ‘situations,
cracks will be present in notched components long before complete
failure occurs. For sharply notched components and constant amplitude
stress levels such that the net area maximum nominal stress is less
than 80 per cent of the yield stress, life should be calculated from
crack growth data. At higher stress levels estimates of expected life
may be made along the lines indicated at the beginning of this section.
For components containing less severe stress concentrations and for
variable amplitude loading conditions, the only certain way of deter-

mining the crack life is to carry out a fatigue test on the component

itself, simulating service loadings as closely as possible.
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2,7 Plasticity and Plastic¢ Zone Size

2,7.1 The Mathematical Theory of Plasticity

The need to understand and consider explicitly the behaviour
of structures and machines in the inelastic range is fully recognised
now in both the practice and the teaching of engineering analysis and
design. For quite some time, a philosophic objection was raised to
plastic analysis and design on the grounds that the computed stresses
and deformations of structures and machines at working loads at ordinary
temperat?res are essentially elastic. The permissible working load,
as realized now and in the earlier days of engineering, must be chosen
as a suitable fraction of the failure load. Therefore, it is the
behaviour at failure which governs, not the behaviour at the working
load. Excessive elastic deflection may constitute failure in some
problems of design, but, in the design for strength or load carrying
capacity, failure is defined as either excessive deformation in the
inelastic range, or fracture. Fracture in metallic structures most
often is preceded by large plastic deformation and almost always in-
volves appreciable local plastic flow, even when the appearance of the
fracture is brittle. The analysis of the response of a body to load
or imposed deformation is extremely simple in principle. All equations
or equilibrium or motion must be satisfied at all times. Familiar
examples are the force summation equations at joints of a truss, the
relation between moment and shear or moment and transverse loading in a
beam, or the more elaborate forms for plates, shells, or three-dimensional
continua. All conditions of geometric constraint and compatibility also

must be met, Included here are the relation between the change in length
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of a member of a truss and the end (panel point) displacement, the
expression for curvature of a beam im terms of its lateral deflection,
the relation between circumferential and radial strain in a thick-

walled sphere or cylinder under interior pressure, and the general
equations of compatibility in two or three dimensions. Neither Newton's
Law nor geometry depend upon the material of the body. Therefore, these

sets of equations hold for all bodies of all materials.

It is the stress-strain relation, or more generally the constitutive
relation, which distinguishes the theory of plasticity from the theory
of elasticity and from the many other specialized or idealized represen-
tations of the real world., Real materials are enormously complex in
their response to stress even under isothermal conditions.. No real
structural metal is exactly linear elastic over any stream range and no
metal is entirely free of some time dependence at ordinary rates of

loading and at ordinary temperatures.

The real behaviour of actual metals appears to be infinitely complex.
For this reason, models are therefore constructed which simplify or idea-
lize the behaviour of particular materials a little or a lot. The
model may be assumed to work harder, as real metals do, or to be perfectly
plastic and deform indefinitely at constant stress. Work hardening may
be of the isotropic stress-hardening type with a yield criterion of the
Mises form, or may be more complex with a Bauschinger effect. A work-
hardening assumption is much more realistic, but this realism is gained
at the expense of excessive effort in the solution of problems in more

than one dimension. Perfect plasticity leads to much simpler results
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and to more powerful general theorems. Much of the realism which is
lost by ignoring the work-hardening can be regained by selecting the
level of the flow stress in accord with the level of strain to be
expected, Often it is not necessary to determine this level in advance,
the solution can be obtained in general form and then can be used to

guide the choice of the flow stress.

Certainly, no maferial is perfectly plastic, but the idealization
does retain the essential characteristics of plastic behaviour, time
independence, a very low plastic modulus by comparison with the elastic,
and relatively little if any plastic deformation upon unloading the
perfect plasticity region constitutes a mode of classifying which is
still quite broad. One criterion of yield may be the simple maximum
shear stress criterion of Tresca, the octahedral shear stress of Maxwell,
Huber, Mises and Nadai or their extensions to anisotropic material. It
may, on the other hand, be a criterion as elaborate as that employed by
Chen for concrete, which combines a Coulomb-Mohr hypothesis with a non-
zero tension cut-off. Once again, the simplest of all idealizations
should be used in order to keep the essence of the physical behaviour

for the problem under control,

The limit theorems of Drucker et al.(sz) hold for all consistent
perfectly plastic idealizations from the simplest to the most complex.
When load carrying capacity is therefore sought, it is not necessary

to over-simplify the material to obtain an answer. The theorems state:
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Theorem I (lower bound). If any equilibrium distribution of
stress -can be found which is in balance with the applied load and is
everywhere below yield, the body, structure, or microstructure will not

undergo large plastic deformation on a gross scale. (Collapse).

Theorem II (upper bound). The body, structure, or microstructure
will collapse if there is any compatible pattern of plastic deformation
for which the rate at which the external forces do work equals or exceeds

the rate of internal dissipation.

The lower bound theorum T states that the body will adjust itself
to carry the imposed load, if there is any way in which it may. This
desirable attribute is characteristic of both a ductile structure on
the macroscale and a ductile metal alloy on the microscale. Slip occurs
on the microscale long before the working stress of the metal is reached,
just as plastic deformation occurs in local regions of a structure far
below the working load. However, until the limit (collapse) load is
reached, the plastic deformation is contained, and all strains are of

the order of gross elastic strains multiplied by elastic stress or strain

concentration factors.

When the limit load is reached, gross plastic deformation occurs,
and local strains are no longer limited by the small gross elastic strain
levels and so can become extremely large. Nevertheless, the resulting
displacements are not always as obvious to an observer as they are in

the bending of a beam or portal frame of structural steel or even in a
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simple tension specimen at yield. Sometimes the deformation is local-
ized to the vicinity of a single cross section, as in a deeply notched
circular bar under tension, a special brittle fracture specimen, or to

a sharply curved knuckle region of a thin-walled pressure vessel. Under
these circumstances, fracture often does occur in a real metal when

the limit load is exceeded. The fracture of a metal like steel is
likely to appear brittle, despite the reaching of fully plastic condi-
tions (limit load) and the consequence reduction in stress concentration
from the high elastic values associated with sharp discontinuities of

*

shape or material.

The upper and lower bound theorems of limit analysis also provide
the basis for most of the studies of extrusion and other processes of
metal deformation. At first this seems rather surprising, because
metals are far from time-independent at the temperatures of hot defor-
mation processes. Their flow stresses at near zone rates of strain
are extremely small when compared with the appreciable stress levels

reached in commercial processes with their attendant very high strain

rates.

2.7.2 Plastic Zone, Formation and size

All structural materials contain stress concentrations of
some types (e.g. fillets and sharp dimensional changes). Generally
these have little effect on the load at which elastic and plastic
failure of the entire member takes place, although they can induce pre-

mature fracture in brittle material. It is well defined that the



- 66 =

maximum stress concentration factor (Kmax) = 3 for the hole in a thin

wide plate, where local yielding can occur in its vicinity of a load

Py/S where Py is the yield load for a plate having the same gross cross
section but with hole absent. Py/S is called the elastic limit load

and it is that load which causes initial plastic deformation of the most
highly stressed volume element in the plate. When the load is increased
to P1 > Py/3 the plastic zone spreads further from the hole, but the
maximum tensile stress that exists in the plate is still o, since the
materialris non-strain hardening and plane-stress conditions exist. A
further increase in load from, say, P1 to PGY where PGY is the general
yield load causes the plastic zones to spread completely across the

plate, which then becomes completely plastic. This is why PGY is some-
times called a fully plastic load. Low values of yield stresses relative
to E/10 (E = elastic modulus) imply: (1) relatively large plastic zones
near the crack tip, (2) relatively large values of plastic Tp - 10575
where Y is the surface energy and (3) relatively large plastic strains
in regions adjacent to the crack tip. In fact, it is these localized
plastic strains which cause the crack to grow. Consequently, fracture
is plastically induced. All types of crack propagation, with the
exception of continuous cleavages, fall into this category. Normal
rupture and shear rupture which occur by void formation (at small
particles) and void coalescence require plastic deformation to cause

the void to join together,

Localized plastic deformation occurs when the appropriate yield
criterion is satisfied in the vicinity of the crack and a plastic zone

is created near the crack tip. In non-strain hardening materials the



- 67 =

shear stresses inside the plastic zone are equal to k, the yield stress
in pure shear, but outside the plastic zone the shear stresses are less
than k. The size and shape of the plastic zone depend on the node of
deformation that acts on the crack and on the criterion for yielding
(Tresca or Von Mises) that is applicable. The simplest method of
determining the plastic zone size is to treat the problem as one of
plane stress and to assume that yielding occurs in those regions where
the stresses at the crack tip are greater than the tensile yield stress.
The material is assumed to be non-strain-hardening unless otherwise

stated.

More than one model has been constructed to measure the plastic
zone size; firstly, the Dugdale model, secondly the linear elastic

fracture mechanics approach, and thirdly Smith's model,

The Dugdale Model

This model has a wedge shaped plastic zone ahead of the crack tip

as shown in figure 5.

The plastic zone may be replaced by an internal stress distribution
acting on the boundary of the plastic zone and this model is based on
the following assumptions.

1. The material in the plastic zone is under a uniform stress which

is equal to the yield stress of the material.
2. The material outside the extended crack 2C is elastic.

3. The plastic zone size S is such that no stress singularity appears

at the end of the extended crack.
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From these assumptions, Dugdale obtained the following solution
for the plastic zone size:

o

s = a(Sec 25y

- 1) (30)

It may be of interest to note that a mathematical method developed by
Muskhelishvili was used by Goodier and Fieldtss) to solve the crack
boundary displacements for the Dugdale model. The displacement at

the tip of the actual crack (x = a) in the model is

L4

- doya T0_
v, TE fn Sec 33y (31)

In cracked plate tests on steels Dugdalecss)

(130)

, Rosenfield, Dai
and Hahn and Fornan(*®) have observed a zone of plastically deformed
material consistant in shape and magnitude with the wedge shaped zone
assumed in the Dugdale model. On the other hand, Aulf and Soretnak(4)
with sharp notches in molybdenum, and Gerberich(60] with cracks in
several aluminium alloys have observed a plastic zone which differs
considerably from the wedge-shaped zone. However, the simplicity of
the Dugdale model allows a mathematical treatment of plastic yielding

at the crack tip. One of the assumptions of the Dugdale model is that
the internal stress distribution in the plastic zone is constant. In
actuality, this stress distribution is not constant and varies with the

material properties.

Linear Fracture Mechanics Model

Analysis from the point of view of fracture mechanics centres
attention upon the leading edge of a real crack. Figure 6 shows, schema-

tically a cross-section of such a region. The leading edge extends



indefinitely to the plane of the figure and is regarded as a line
disturbance zone. Striking similarities exist between fracture mechanics

and crystalline dislocation mechanics which also deals with line distur-

bance zones.

In both cases the strains close to the disturbance line are too
large to correspond to linear stress-strain behaviour and, in both cases,
the concept of a force driving the process is obtained from a linear

analysis in which the local non-linear strains are neglected.

From previous literature it will be recalled that crystalline dis-
locations were first introduced as a 'device' for explaining a mystery.
Straightforward estimates of the force necessary to slip one layer of
atoms rigidly across an adjacent layer suggested the yield strength
should be about E/10, where E is Young's modulus, and this was too high
by several orders of magnitude. In the 1930's Orowan, Taylor and

(121) showed how this mystery could be explained, if we imagined

Burgess
that crystalline imperfection lines (termed dislocations) already existed
on the slip planes. Then the large strains locked in at the dislocations
locally provided the equivalent of the E/10 stress level, and easy glide
of dislocations in sufficient numbers could produce macroscopic plastic
yielding at low stress levels. The resulting estimates of theoretical
strength then went from too high to too low. It was, in fact, necessary
to introduce realistic interferences to easy glide, such as grain

boundaries and interstitial atoms, before the explanation was satisfying

relative to the behaviour of structural metals.
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In the case of fracture, the mystery to be explained was brittle
fracture failures well below the limit load for failures by yielding.
Clearly, if every region of the section to be fractured is brought
simultaneously to a tensile strain large enough for fracture, then that
section must support an average tensile load high enough for general
plastic yielding, and a below-yield separation is impossible. However,
if one could imagine a prior crack is present, then a relatively small
tensile load may produce strain large enough for fracture adjacent to
the leadﬁng edge of the crack and progressive forward motion of such a
crack caﬁ completely sever the structural component. However, if one
regards the resistance of crack motion as provided by energy dissipation
from yielding within the crack border zone of plastic strains, then the
idea of explaining low stress fractures in terms of progressive crack
extension fits the experimental facts quite welltsé’ 88). The stress
analysis then says there is an inverse square root dependence of stress
which therefore goes to infinity at the leading edge of the crack model,
and close to the crack borders, the stress terms possessing this singu-
larity dominate. The figure shows, for example, the dominant term for

the stress oy on the plane of expected crack extension where 6 and T

are Zero,

The same stress intensity parameter K appears in the expression
for 9. and oxy and also in the equation for the parabolic shape of the
elastic crack opening displacements. All of the effects of loads,

crack size, and specimen shape are contained in the K valuecag).

AY
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Since the only energy reservoir of this model is the elastic
stress field, the rules of theoretical mechanics say that the 'force!
conjugate to a forward speed of the crack is the same stress field
energy loss rate which was employed in the Griffiths'(ﬁs) crack theory.
This quantity, represented in fracture mechanics by the symbol G is
the basic force concept. Because both stresses and opening displace-
ments are proportional to K one might expect to find G is proportional

2

to K°, the actual relationships are shown in figure 6 for plane-stress

and plane-strain. These are for the opening or tensile mode in which

the crack surfaces are pulled directly apart.

There are two principal two-dimensional models for the leading
edge of the crack. In one of these, the leading edge disturbance is
considered small relative to length of the zone perpendicular to the
figure. The disturbance zone is then held in a plane-strain elastic
stress field in which there would be a stress g, equal to Poisson's
ratio v times the sum, (0x + cy). For a plate containing a long
through crack the appropriate two dimensional analysis model is the
one corresponding to generalized plane-stress. In this model the
stress oz.is assumed to be zero and, since only averages through the
plate thickness aredsignificant, the leading edge of the model crack
then has no significant Z direction dimension. The behaviour of
material in which the plastic zone is relatively small and surrounding
stress field is primarily one of the plane-strain is corresponded to
brittle fracture conditions. The K values for onset and arrest of

rapid fracturing would be termed K;ic+ The Roman numeral subscript

designates the first or opening mode.
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In general, the tensile crack toughness depends upon the amount
of elastic constraint around the elastic zone and thus upon the plate
thickness. In early studies of critical values termed Gc (or Kc) for
onset of rapid fracture in high strength aluminium alloys, a trend for
these was found to decrease with increase of plate thickness. This
was expected as an influence of elastic constraint. However, it was
also found that a tendancy for the Gc values to increase when the crack
and plate size were increased. Most of this was due to improper
positioning of the leading edge of the analysis-model crack and the
dependency upon lateral dimensions was nearly eliminated when the

plasticity correction was added to the crack size. The amount added

at each crack end was(gol.

_ 1 K.2
1'y = -Z'F (-a—-) (32)

y
where for plane stress cy was taken to be the 0.2 per cent offset tensile

yield strength, Gys' This crack size adjustment can be derived from

the stress equation

g = K
y Y2nr
Simply be defining ry as the r value where cy = Uy. In other words

if the plastic zone is thought of as circular with the leading edge of

the model crack at its centre, then 2ry represents a guess at the diameter
of this circle. Studies of elastic-plastic models of cracks show that
the plastic zone of the crack is rarely circular and that it changes

shape with materials dimensions. Nevertheless, the procedure appears

to position the leading edge of the model crack about at the centre of
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the area of plastic yielding and seems satisfactory for its purpose.
Other than the crack size, the plastic zone size was the first new length
factor introduced by fracture mechanics. Equation 3 could be simplified
by substituting for the value of K which K = o/anC and o is a parameter

depending on specimen and crack geometry the following equation results:

2r = anc(d? (34)
y B

Smith's Model

In this model Smith refers to the recent years great advances
which have been made towards obtaining a clear understanding of the
brittle fracture characteristics of large engineering structures. This
subject was the topic for discussion at a recent Royal Society Discussion
(36)

Meeting Particular attention is now being given to the determination

of the safe operating stress level of a large structure when it contains
known defects which may arise as a consequence of welding procedures or
fracture of design. Alternatively, given the operating stresses, it is
required to know the maximum defect size that can be tolerated, this
critical then being related to appropriate inspection procedures. In
order that these procedures can be made sufficiently accurate, and the
behaviour of laboratory size test specimens related to that of large
structures, It is of paramount importance to understand the manner

in which plasticity spreads from a defect and how fracture propagates
from such a size, From the theoretical viewpoint it has been possible
to make appreciable progress by assuming that plastic deformation is
confined to infinitesimally thin regions(ss). Smith originally adopted

this approach for the case of an isolated defect in an infinite body.
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but since an anti-plane strain model of deformation was assumed here
this model was used to represent the behaviour of a semi-infinite body
containing a surface defect, Subsequent worktlz’lsJ has considered
the behaviour of defects in bodies of limited size and the effects of
various distributions of defects in an infinite body, interaction

effects between defects and free surfaces being taken into account.

One'of the basic assumptions in the preceding theories is that
the defects are infinitely sharp, enabling plastic deformation to proceed
at infinitesimally low applied stresses. Thus anomalies clearly arise
when the sharp crack theories are applied to notches where, of course,
there are no plastic deformation until the locsl stress at the notch
root exceeds the yield stress of the materia1(146]. Proceeding further
and assuming that the criterion for fracture initiation is the achievement
of a critical displacement at a defect tip, the predictions of the sharp
crack theories applied to notches can give fracture stresses lower than
that at which even local yield occurs. To remove these incompatibili-
ties, Smith(146) considered the spread of plasticity and the initiation
of fracture at an elliptical notch in the surface of a semi-infinite body
deforming under anti-plane strain conditions. Smith produced the
following model for anti-plane strain but one can assume that it is
approximately correct for plane strain, It is worth mentioning that
Smith's theory predicts that there is no yielding zhead of a blunt notch

of root radius R until the stress is greater than

X
R/C)
g =0 -_-ih'-?;— (34a)
Y [1+(R/Q)F)

for stresses greater than this the plastic zone size (S) is given as
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=
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T }(39)

where: o applied stress, cy = yleld stress, C = crack length
For large stresses the plastic zone sizes given in equation (35)

approach those given by equation (1) discussed earlier.

The latest development of plastic zone size influenced by the

stress state by Auriéh(s).

2
KI

2
(cy + ozz)

r = L
! 2

3
y (36)

where GY is the yaPld point and o, is the principal stress.

Vitek Model

This model was to study the situation of plane strain yielding
from an embedded crack with finite root-radius loaded in uniform tension.
Also the study of the anti-plane strain situation was carried out and

the application of these results to the study of crack initiation from a

blunt notch.

The Vitek model was based on the theory establisﬂed earlier by
Dugdale (1960) and Bilby, Cottrell and Swinden (1963) which was concerned
with the spread of plastic defo?mation from sharp cracks. This repre-
sented the yielded region ahead of the crack by coplanar array of dis-
locations and their solution is valid for both the situations and anti-
plane strain and of plane strain, i.e. cracks loaded in pure shear and

in uniform tension respectively. In his work (Vitek), he studied
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yielding from a crack of elliptical cross-section embedded in an infi-
nite isotropic body loaded in uniform tension. He represented the
plastic zone as in the model of Bilby et al. by a coplanar array of
edge dislocation with the Burgess vectors parallel to the tension axis.
Beside the equilibrium condition Vitek was talking about in his paper,
(the condition determining the dislocation in the plastic zone at every
point of the plastic zone) he made a comparison for the situation of
anti-plane strain when p/a = 0.5 (derived by Smith (1967) is shown as
the dotted curve. ' Vitek results are shown plotted in figure 6a and
6b. He showed that for a blunt crack of root radius p and length a,

a stress g > cl(p/a]%/[ZA-(p/a)k] is needed to initiate plastic deform-
ation. Hence for small stresses, both p and ¢ have values smaller
than those for a sharp crack. For higher stresses, the same is true
for ¢, which for a given applied stress is always the smaller, the
larger is p (figure 6b). However the size of the plastic zone may be
larger for a blunt crack than for a sharp one if a high enough stress

is applied (figure 6a).

This also reflected the fact that for the situation of plane strain
the stresses at a distance comparable with the crack length are higher
in the case of a blunt crack than in that of a sharp one (Vitek 1975).
This circumstance does not occur for the situation of anti-plane strain
and consequently the size of the plastic zone is always the largest for
the sharp crack. Figure 6a and 6b show a good comparison of the situ-
ations of plane strain and anti-plane strain where the plastic zone for

a given applied stress is always smaller for the latter.
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2.8 Micro- and Macro-scopic aspects of Fatigue Crack Nucleation

and Growth

2,.8.1 Microscopic Aspects:

Nucleation

Fatigue cracks can be initiated in a number of ways, but
the important fact is that they are usually nucleated at free surfaces.
Exceptions exist, as in rolling contact fatigue, in which shear stresses
are greatest beneath the surface(llz) but even so cracks are probably
nucleateé at an interface between a particle and the matrix(lﬁl). The
surface condition in fatigue is vitally important to increase fatigue
Iifetlls). In this example a high strength structural steel alloy in
the polished condition tested in pulsating tension has a fatigue strength
at high cyclic life twice that of the as-received material. The
stronger the material the greater the influence of surface condition,
because the sensitivity to surface flaws and notches generally increase
with tensile strength. The low fatigue strength of the as-received
alloy is due to the presence of millzscale which is easily cracked,
thereby creating stress concentrations. Decarburisation, especially
of forgings is another common cause of the reduction in fatigue strength.
Although some of this loss can be avoided by machining off, the decar-
"burised layer, even the method of machining is an important factor.
Recarburising, surface rolling, and shot peening can also improve

fatigue resistance, and it is significant that the benefits developed

in the shot peening of notched specimens are greater than in un-notched

specimens.,



- T8 -

In addition to cracks initiated at stress-raisers in millscale
coatings, cracks can appear at a variety of sites, at particles, either
surface or subsurface. In some other cases a soft zone eiisting along
a grain boundary can lead to crack initiation at a triple point. There
were other cases which are fundamentally more interesting, for they
represent examples of crack initiation at slip bands created during
cyclic loading. Each effect can lead to the localisation of plastic
strain by the creation of discontinuities on a previously featureless
surface.‘ It has been observed that regions beneath these fatigue slip
bands are softer than the adjacent matrix(n). It appears that this
recovery facilitates further dislocation motion within the regions.
Recent studies of the subsurface dislocation arrays have indicated a
(114)

correlation with the surface disturbance The soft zones have

been found to penetrate some distance beneath the surface in axially
loaded copper single crystals. Substructures have been observed within
such persistant slip bands, but their dimensions are an order of magni-
tude larger than those observed in the H region. The presence of the
substructure suggests that cross slip and climb are involved in the

(74)
TEecovery process :

In materials whose slip systems are such that cross slip dose not
occur easily, these surface defects are not developed. Ionic crystals
(e.g. LiF) which do not contain two glide planes with a common slip
(113)

direction, are of this type Another example is zinc tested at

low temperatures wherein slip occurs primarily on the basal plane. The
resistance to cyclic stressing of materials that cannot form surface
stress raisers is quite high, and in general, fatigue resistance in-

creases with decreasing stacking fault energy.
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The geometry developed i1f screw dislocations cross slip to cause

(117)

non-recurring plastic deformation, based on Mott mechanism, as

indicated in his simplified model.

Growth of a crack

Stage I growth., Once a crack is initiated at a surface slip band
in a single crystal it will continue to advance into the material along
the primary slip planes involved in the creation of the slip band before
veering onto a plane macroscopically at right angles to the principle
tensile stress. Crack growth before the transition is referred to as
Stage I growth, that after the transition as Stage II growth(ss). The
transition is governed by the magnitude of the tensile stress, and the
lower the magnitude of this stress, the larger the extent of the first
stage of growth. For this reason Stage I growth is favoured in torsion
testing, for the tensile component at right angles to the Stage I crack
is low. If the tensile stresses are high enough, Stage I may not be
observed at all, as in sharply notched specimens, and growth occurs

entirely in the second mode.

In polycrystalline metals Stage I growth usually terminates when
the slip band crack encounters a grain boundary. In polycrystalline
brass, for example, if the stress amplitude is high enough to nucleate
a Stage I crack in a large-grained specimen, that stress would also be
sufficient to cause the crack to propagate through the adjacent grains.
On the other hand, in fine-grained specimens cracks may be initiated at

a stress that is insufficient for propagation into the adjacent gains.
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In one case the event resulting in final failure is nucleation of a

crack, whereas in the other propagation is the important factor (49).

Relatively little is known about the mechanism of Stage I growth
largely because of the fine scale of the processes involved, It has
been proposed that inclusion, a type of reverse extrusion, may develop
and facilitate this mode of growth. If so, there would be no clear-

cut distinction between initiation and propagation(lls}.

It has also
been proposed that a component of tensile stress may assist in the
growth of Stage I cracks, in which case the mechanism would be similar

to that of Stage II growth to be discussed.

Stage III growth can be investigated under conditions of high strain
amplitude. As a consequence, the plastic deformation taking place at
the tip of a crack can be directly observed, a circumstance that contri-
butes greatly to the understanding of the process. One of the most
important characteristics is that the crack advances a finite increment

(54)

in each loading cycle Another is that a mark, referred to as a

striation, is created on the fracture surface in each load cycle and
provides a record of the passage of the fatigue crack front. These
two aspects are not unrelated as shown in the schematic diagram of the

(100)

growth process in figure 8 At the start of a loading cycle the

crack tip is sharp, but during extension, as the crack advances, it
simultaneously becomes much blunter, and the plastic zones at the tip
expand. Both effects are involved in establishing a balance between

the applied stress and the amunt of plastic deformation at the crack
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tip. It is during the loading stage that a new fracture surface is
created by this plastic shearing process. During the unloading portion
of the cycle as the sharp tip of the crack is re-established the extended
material at the tiplis heavily compressed and exerts a back stress which
causes the deformation marking or striation on the fracture surface as
the crack closes. There appears to be no correlation between the sub-
surface dislocation arrangements and these striations. The resharpened
crack is ‘then ready to advancé and blunted in the next cycle. The
repetition of this blunting and resharpening process is the basic aspect
of Stage II growth. The mechanism can be modified but not altered in
principal if the crack advance along only one of the two shear zones at

the crack tip, as it sometimes observed, at the surface.

Stage II growth continues until the crack becomes long enough to
trigger off final instability. 1In brittle materials the instability
criterion is simply that a critical displacement be achieved at the
crack tip, at which point the crack runs unstably, This implies that
the crack length reaches a critical value ZCF, for nominal stresses in
the elastic range. In ductile materials Stage II continues until the
remaining cross-sectional area can no longer support the applied load.
Fracture usually occurs by shear rupture, on shear planes inclined at
45° to the tensile axis. Thus, the extent of Stage II growth is also

governed by the materials toughness G., for this determines the critical

C!
sized crack that can exist before causing final instability at a given

peak stress.
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2.8,2 Macroscopic aspects

Net section stresses in the elastic range

Two factors that are important in determining the rate of
crack growth are the applied stress or strain amplitude and the length
of the crack itself, for they determine the stress intensity factor K.
To measure the rate of growth as a function of these parameters, one
can measure the spacing of adjacent striations on the fracture surface

and obtain directly the rate of growth per cycle(75).

Another method

is to test sheet specimens and observe the length of the crack as a
function of the number of cycles applied and then determine the rate of
growth by graphical analysis of a plot of crack length as a function of
the number of load cycles applied. These two techniques are equivalent,
but it is usually simpler to use the second, In this method cracks are
started at a.stress raiser in the central portion of the sheet specimen,
and their growth along the surface under pulsating loading is followed
with a low power microscope. Usually, the crack front beneath the
surface is in advance of that at the surface, but the difference in
actual length is small in sheet specimens. In notched sheet specimens
crack growth occurs initially in the Stage II mode, but after some
distance a gradual shift occurs to a plane containing the width direction
but inclined 45° to the sheet thickness. This transition region occurs
when the radius of the plastic zone at the tip of the crack equals one-

half of the sheet thickness.

A large number of tests with sheet specimens indicate that the
results can be correlated by means of the parameter o/C, where 0 is the

peak gross stress and C is one-half of the tip to tip length of a crack
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started at a stress raiser in the centre of the sheet. The parameter

o/C is related to K, the stress intensity factorl‘ls-a o/C for a small
41

crack in a wide sheet. With eiperimental scatter the rol® of crack
growth is a single values function of this parameter for net section
stresses in the elastic range. The trend of fatigue crack propagation
rates obtained for an aluminium alloy as a function of the parameter

(159) | por rates in excess of 107 - 10”4

o/C is shown in page 300
in/cycle the plane stress mode of propagation is dominant in sheet

specimens.  For this alloy the rate of crack growth under fully rever-
sed loading does not differ greatly compared with just pulsating tensile

loading, indicating that compression stresses do little to advance the

crack to an alloy of low strain hardening capability.

There is no simple relationship between the rate of crack growth
and the stress intensity factor that holds precisely over the entire
range, but a straight line approximation can be made. The slope of
this line is such that the rate of propagation is proportional to ovC
raised to the fourﬂlpower(753. At low values of o/C the rate is much
less than given by this relationship and in fact at very low stresses
crack growth may not be detected over a period of observation of more
than 108 cycles. At high values of the net section stress, approaching
or exceeding the yield strength, crack growth occurs at a higher rate
than predicted by the fourth power approximation. This approximation
holds for other alloys as well as aluminium(llz) but there is a wide
variation in the resistance to fatigue crack growth from alloy to alloy.

It is interesting to consider the factors that are responsible for this

difference.
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In contrast to the fatigue strength at 107 cycles for a material
such as copper (which is related simply to the yield strength), crack
propagation, involving as it does large strains at the crack tip in
each cycle, depends more on the total plastic response of the material.

The result of an analysis (163)

of crack growth in anielastic plastic
solid based on the continuum dislocation model of plastic yielding at a
notch is useful in determining the relative importance of the parameters

affecting resistance to crack propagation. The rate of growth given by

this analysis (165) is
dc gc/t]4
N @ 5 (37)
YGUy

where Y is a surface mark term, G is the shear modulus andcy is the
yield stress. Relation(37) has been empirically modified (12) to
incorporate the effects of strain-hardening by replacing Y with the
area under the stress-strain curve up to the point of necking instabi-
lity. This area is given approximately by (ay + ou)IZeu wheree " is
the strain at necking. Young's modulus is used in place of G, and
UUZ is used instead of dyz to include more strongly the effects of

strain hardening. The result is

d vC ¥
> )., (58
[(c:}r + ou)/Z]Ecu By

It seems that except for the aluminium alloy 7075-T6, which may be

metallurgically unstable under the test conditions, the results fall in
(38)

a fairly narrow band. From it appears that significant improvements

in resistance to crack growth by alternation of mechanical properties are

not likely,
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For cracks initiated at sharp notches Stage II growth occupies
most of the fatigue lifetime. Certain predictions about the dependence
of the lifetime can therefore be made in terms of the fourth power
relationship. For example, if

da 4.2
WG oC (39)

integration between the limits of Co’ the initial crack length, and CF’
the critical crack length, leads to
' wad (ke o
o o F
If CF is always much larger than Co, the slope of a log 0 - log N curve

should be equal to 1 - % in the range in which the fourth power approxi-

mation is applicable.

Net section stresses in the plastic range

In the low cycle range it has been shown that fatigue crack propa-
gation in the Stage II mode occupies most of the lifbtimecgg]. The
fatigue lifetime of a large number of un-notched ductile metals and
alloys is remarkably similar when tested under fully reversed strain
range €., This correlation serves to emphasize the importance of
plastic strain in the fatigue process, for its stresses rather than
strains had been used this correlation would be lacking. In addition

to the similarity in lifetime, it is noted that the slope is such that

the following relationship due to Mansion(los) and Coffin(75) holds:

N _ = C (41)

when n often has a value of %.
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It is thought that the similarity in lifetime of materials of

such dissimilar mechanical properties results from the similarity in
the deformation processes at the tip of the growing crack. By counting
the striations on the fracture surface it is possible to account for at
least 75% of the lifetime in this range. In addition, by measurement
of the spacing of the striations it is possible to determine the rate

of advance of the crack. This would be better seen if such results
were plofted in terms of a strain intensity factor, er/C where € is
the total strain range. This factor is similar in concept to the ovC
(stress intensity factor) parameter described eariier. The rate of

crack growth can be expressed empirically as

dc 2 2
N ¢ (ar/C) =€ C (42)

Assuming that Stage Il growth starts when the strain intensity
factor er/t at the base of a slip-created notch reaches a critical value
(sr/t)l and final fracture occurs when a second critical value (crfb]z
is reached, one can find the total number of cycles spent in Stage II

/

by integrating(sﬁ) between appropriate values of * for a constant value

€ -
of r

2
€ Nll =K 2&n =—= (43)

where Nl1 denotes the number of cycles spent in Stage II growth and K
and c! are (approximately) constants., It is known from experimental
determinations that for lines less than 10:S cycles almost the entire

lifetime N is spent in Stage II growth; therefore N can be substituted

for N,, to obtain the result that:

11
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N!ier = C (44)

which is the expression experimentally found to describe the behaviour

of ductile materials in the low cycle range.

At lower strain amplitudes, where the net section stresses remain
in the elastic range, the characteristics of the individual materials
become more important in crack propagation. As already discussed,
crack growth in this range can be given in terms of (sr/t)4 or its
equivalent (o/b)4. If one computes as above the position of total

lifetime spent in Stage II growth for an un-notched specimen, one could

find that

1 1
1 %3 °T g3 (45)

This result indicates that the number of cycles spent in Stage II
crack propagation in an un-notched specimen depends inversely only on
the second process of the stress-strain amplitude. However, the total
life may vary by as much as the tenth power on the stress (or strain)
level. Hence the life spent in crack growth (Stage II) at low stresses
is but a small portion of the total lifetime. Much of the lifetime
of un-notched specimens stressed at a level corresponding to a fatigue

lifetime of specimens stressed 10° cycles or more is spent in slip-band

formation and Stage I crack growth(gg].
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2.9 Fracture Toughness Tests and their Physical Meanings

In Part 8 of this survey the macroscopic aspects of fracture in
large structures containing sharp, deep notches as cracks were considered.
It was shown that plastically induced fracture begins at the notch root
(i.e. crack tip) when a critical plastic strain is produced over a
critical distance ahead of the tip. At low nominal stress levels
(o << Gy) the displacement of the crack faces near the tip Vcc is
proportiénal to the strain in the volume element directly ahead of the
tip so tﬁat fracture initiates when Vcc reaches a critical value dgb.

The work done in initiating a plane-strain fracture is

2Y8 = Gy = 20 V¥ (c) (46)

where Uy is (approximately) the uniaxial tensile yield stress. The

nominal fracture stress P is given by the relation

EG
g 1C
= fo———a— (0, << 0) (47)
J ﬂC(l-Uz) F Y
At higher nominal stress levels (GF > Uy)’ V*(c) may itself be a
function of geometry (110) and GIC is no longer a simple function of

02C so that the mechanics of the fracture process becomes considerably

more complicated.

The macroscopic aspects of fracture are primarily concerned with
events in one or two grains of a polycrystal where microcracks or voids
are formed by inhomogeneous plastic deformation. Cleavage fracture of
an un-notched tensile specimen occurs when the microcracks can spread

unstably, at a tensile stress oy that is influenced by intrinsic
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variables such as microstructures and extrinsic variables such as

temperature and strain rate. Tear fracture occurs when the voids

coalesce by localised plastic deformation, and this process is also

influenced by intrinsic and extrinsic variables. The choice between

these two modes of fracture depends on many factors and is very

involved.
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2.10 The Mechanics of Fracture

Fracture is a non-homogeneous process of deformation.that causes
regions of material to separate and load carrying capacity to decrease
to zero. It can be viewed on many levels, depending on the size of
the fractured region that is of interest. At the atomistic level
fracture occurs over regions whose dimensions are of the order of the
atomic spacing (25.4 x 10'8 mm), At the microscopic level fracture
occurs over regionslwhose dimensions are of the order of the frain size
(about 12.7 x 10-3 mm) ; and at the macroscopic level fracture occurs

over dimensions that are of the order of the size of flaws or notches.

(2.54 mm or greater).

At each level there are one or more criteria that describe the
conditions under which fracture occurs. For example, at the atomistic
level fracture occurs when bands between atoms are broken across a
fracture plane and new crack surface is created. This can occur by

breaking bonds perpendicular to the fracture plane (Fig. 7a), a process

called cleavage,

o = E/10
+
Q0
A 0 A
(a) -> cleavage
At 0 Al
0
+
g =
# T B G/10

(b) -+ shear

1
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or by shearing bonds across the fracture plane (Fig. 7b), a process
called shear, At this level the fracture criteria are simple;
fracture occurs when the local stresses build up either to the theore-
tical cohesion strength Op = E/10 or to the theoretical shear strength

Tc ® G/10 where E and G are the respective elastic and shear modulii.

The high stresses required to break atomic bonds are concentrated
at the edées of inhomogeneities that are called microcracks(cracks which
are one or two grain diameters in length) or macrocracks (flaws, notches,
cracks). At the microscopic and macroscopic levels fracture results
from the passage of a crack through a region of material. The type
of fracture that occurs is characterized by the type of crack responsible
for the fracture. Early work(lsg} showed that fracture occurs when the
product of the applied (nominal stress) and stress concentration factor
of a flaw reaches the cohesive stress, Oc-
Few structural materials are completely elastic; localized plastic
strain usﬁally precedes fracture, even when the gross fracture strength
is less than the gross yield strength. From the principles of fracture
mechanics it is possible to determine macroscopic fracture criteria in
terms of the nominal fracture strength, the flaw length, and the critical

amount of plastic work required to initiate unstable fracture (the

fracture toughness).

Since the role of dislocation in slip and yielding is partially
understood, it has been suggested by various authors that specific

combinations of dislocations may initiate cracking on the atomic scale,



o

which, in turn, may propagate throughout a specimen, Alternative
mechanisms for the initiation of cracking invoke grain boundary sliding,
twin-twin interactions and twin-grain boundary interactions. From the
theory by Griffith(62), the condition for crack propagation in very

brittle material, such as glass, was given by:

c:'>[B‘rG/'rr(l'--\))(‘.]!5 (48)

where G is the shear modulus, v Poisson's ratio, Yy the surface energy
per unit' area, C is the crack length, and ¢ the stress normal to the

crack. Orowan (122)

suggested that some plastic flow took place prior
to fracture in even the most brittle metals, and, therefore, an extra
term representing the energy associated with plastic flow around the

crack should be introduced. The Griffith energy criterion then became
U>[8(Y+P)G/H(I-U)C]% (49)

where P is the work per unit area required for plastic deformation.

In fact, (y + P) may be regarded as an effective surface energy in metals

and is rather difficult to evaluate.

Experimental evidence of plastic flow prior to fracture below the
ductile brittle transition temperature has appeared in the literature(lss).
This flow, however, may be due to dislocations which can themselves co-
operatively cause cracking in a number of ways. Several theories
involving dislocation pile-ups have been suggested to provide an under-
standing of how cracks large enough to satisfy the Griffith criterion
can be formed. Zener (178) suggested that edge dislocations forces

together would form an incipient crack. Stroh G5 considered ways
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in which dislocations piled up on a slip plane could cause cracking at

a grain boundary or some obstacle to slip. Cottre11(27) discussed
methods by which <111> dislocations on intersecting {110} slip planes
could cause {100} cracks in the BCC lattices. The ekperimental
evidence:for all these mechanisms is somewhat scant, and an alternative
but muchlless sophisticated eiplanation may evoke simply cracking around;
impurity inclusions in the metal matrix. From this point of view, it

is noteworthy that the very pure BCC metals usually fail by ductile

fracture at all temperatures.

Twins are very often observed around fracture surfaces both above
and below the ductile brittle transition temperature, and, therefore
it has been suggested that intersecting twins can cause cracks(84’ 81).
Absolute proof that failure in tension began at the site of intersecting
twins was not established and the suggestion was backed only by strong,
circumstantial evidence. It is quite possible that apparently inter-

secting twins may be produced by shock waves around a rapidly moving
al.(136)

crack. Reid et investigated brittle fracture in molybdenum

and found that twins were not connected with the initiation of fracture,

but were present elsewhere on the fracture surface. In compression,

on the other hand, cracks are so commonly observed at twin-grain boundary
and twin-twin intersections that is is almost certain that accommodation

stresses around the twins are responsible for them.

2.10.1 Fracture at Low-temperature (Atomistic Consideration)

SliE plane

It has been generally accepted that the principal slip
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direction in BCC metals is <111> , but there is no general agreement
concerning the slip plane. Various authors(loz) have concluded that
slip does not occur on a specific crystallographic plane in iron.
Others have observed straight slip lines and a definite preference for
{110}, {112}, and {123}. All investigators have found a definite
tendency toward {116} slip at lower temperatures. Probably, {123}
slip is a consequence of slip on {110} and {112} planes.

?

It Has been suggested that screw dislocations are not limited to
slip in specific crystallographic planes, since, theoretically, dis-
locations do not dissociate in BCC metals, and, hence, steps on the
surface of a crystal, due to their motion, will tend to be non-
crystallographic and will appear to follow the trace of the maximum
shear stress planes. Edge dislocating on the other hand, cannot move
out of the slip planes except by climb, and hence, these planes can be

deduced, provided their motion may be observed.

The mode of slip is determined largely by the crystal structure

and anisotropy of the elastic constants. Recently, it has been found
that slip can take place in the <100> direction, in special circumstan-
ces. Reid et al.(137] have found that crystals of Nb tested in tension
at 77°K = - 200°C underwent catastrophic plastic flow; the shear plane
being close to {110} and the shear direction <110> . They also con-
cluded that the slip on the {112} planes occurs at a lower stress in

the direction appropriate for twin formation than in the opposite sense.

Their results can be understood in terms of dislocation theory which
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takes the crystal anisotropy into account. From the work of Reidtls?),
it is suggested that the {110} <100> dislocation may be mobile in Nb,

Cr, Mo and V. However, the phenomenon has not yet been observed in

the latter three metals.

Twinning Modes

Early work in iron by Paxton(1?8) established that Neumann lamellae
or twins in o iron have a {112} twinning plane in a <111> shearing
direction, Since then, the twinning modes in all the BCC transition
metals and several BCC alloys have been established. All the un-
alloyed and most of the alloyed transition metals have been observed
to have the {112} composition plane, and so it is generally accepted
that they have the sam%)twinning elements .as iron., These elements
(94)

were predicted by Jaswan and Dove on the principle that they should

involve the smallest possible homogeneous shear capable of twinning the

lattice.

In addition to the above form of twinning, others have found alter-
native systems in the BCC alloy Fe-5Be with {013} habit planes and also

with {0, 4, 5} and £, 3, 10} planes.

2,10.2 Fracture at low-temperature (Macroscopic viewpoint)

In this section, the influence of major macroscopic para-
meters such as test procedures (strain, rate and stress system), micro-
structure, (grain size and prior cold work), and chemistry (alloy
additions and impurities) on fracture in the low temperature region
will be discussed. The relative differences or similarities between

these metals will be dealt with, This section will be concerned
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primarily with the influence of these parameters on the ductile-to-

brittle transition temperature and the stress at which fracture occurs
below the transition range. Several authors have completed a compre-
hensive review of the influence of structural and mechanical variables

on the ductile-to-brittle transition of particular alloys(lss).

Characterization of ‘a‘Material

Although there have been many studies of the ductile-to~brittle
transition, for eiample, in the refractory metals, there are few, if
any, well-documented studies characterizing the mechanical behaviour
of a material in the transition region. Most researchers have been
content merely to show the change in some ductility parameters with
temperature, composition or test conditions. The results of one
attempt to characterize the mechanical behaviour of molybdenum have

been showncloz’ P'377).

In that sample, the resistance to plastic
deformation increases below 100°C. Below about -75°C, brittle

fracture occurs without prior macroscopic plastic deformation, and the
stress at fracture is independent of temperature. (Microscopic yield
always precedes fracture and occurs at much lower stress than the
macroscopic yielding.) The manner in which ductility increases through
the transition reglon, and thus the width of the transition temperature
zone, is determined by the relative rates at which the resistance to
slip, and the resistance to fracture, change with strain. 1In the

experience of one of the authors, the latter is by far the most impor-

tant fracture parameter albeit the least studied in practice.
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It was shown experimentally that the resistance to brittle fracture
increases rapidly with strain. These results were plotted and indi-
cated by the "isostrain fracture" curves(loz), These curves were
determined by prestraining specimens in the transition range and
testing in the brittle range. Since the stress for brittle fracture
increases more sharply with strain than the flow stress, ductility
increases rapidly with temperature and the transition zone is narrow.

i

Unlike strain hardening, fracture resistance does not always
increase with strain, It can, in fact, decrease, in which case the
ductility will increase slowly with increased temperature and the
transition zone will be broadened. Not only will the transition zone
be broad and brittle fracture persist to higher temperatures, but the
influence of variables such as strain rate, notches and pre-existing
cracks will be much greater in material whose fracture resistance
decreases rather than increases with strain. At some temperatures,

the fracture mode changes from bright brittle intergranular or

cleavage fracture to a dull fibrous rupture.

It would be satisfying to discuss fracture as a function of
composition, microstructure and test method and derive information
about (a) the temperature dependence of yielding, (b) the stress at
which fracture- occurs without macroscopic yieldingclos), (c) the change
in flow stress with strain, and the change in fracture resistance with

strain., Unfortunately, this is impossible, as the data does not exist.



- 98 -

Test Parameters (Stress System and Strain Rate)

By stress system is meant that the manner in which the specimen
or part is loaded, i.e. Compression, Tortion, Uniaxial tension, Biaxial
strain, etc. Britfle fracture occurs only in the presence of tensile
stresses, and it will not occur under hydrostatic compression in iso-
tropic or polycrystalline metals. It does not occur under uniaxial
compression until barrelling of the specimen or other non-uniformatives
result iq local tensile stresses; thus, a compression specimen of, for
example, a refractory metal will be ductile at a much lower temperature
than a tensile specimen. Beckfold et al.(gJ did some work comparing
the properties of a sample of molybdenum tested in tension and uniaxial
compression. Above -100°C the yield strength was about the same in
tension and compression. Below -100°C, the tensile specimens fractured
at very low strains and at a stress essentially independent of temper-
ature. The compression specimen exhibited macroscopic ductility to
as low as was studied and the stress at yield continued to increase on
a smooth extrapolation of data from higher temperatures as long as the

strain rates were slow enough to ensure isothermal conditions.

The transition temperature determined from torsion tests is below
that determined from tensile tests. This is because the ratio of
tensile to shear stress is 1:1 rather than the 2:1 in the tensile tests.

(168)

Weinstein reported that a sample of molybdenum which, in the tensile

test, showed zero ductility at 25°C, still exhibited some ductility at

100°C when tested in torsion,
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Weinstein (1961) stated that the most studied, least understood,
and most important mechanical variables are biaxial and triaxial stresses
due to notches and crack-like defects. A special area of mechanical
properties behaviour, usually identified as fracture mechanics, has been
developed in recent years to treat this problem in steels. Fracture
mechanics approaches have not progressed far enough in all different
materials. It was also shown that ductile to brittle transition

temperature in molybdenum increases as the test severity increases from

a single tensile to an un-notched impact, and notched impact, specimen.

The properties of notched tensile specimens of molybdenum are
found to be a function of temperature, reduction in area and true stresses
increase as temperature increases. The stress at which macroscopic
yielding is observed is not greatly different from that of an un-notched
specimen if the pulling rate is adjusted so that the strain rate at the
root of the notch is the same as in the un-notched specimen. Well below
the transition range, the fracture stress is much reduced - approximately
by the elastic stress concentration factor. However, just below the
transition range, this is not true and the temperature of zero ductility
is not greatly different for notched and un-notched specimens. The
ductility in the transition zone increases more slowly with increased
temperature with notched specimens, and the transition zone is wider.
This is due to a higher ratio of normal to shear stress due to the
plastic constraint of the notch. Because of the plastic constraint at
the root of the notch once yielding occurs, the ratio of normal to shear
stress is greater than the 2:1 in the un-notched test, and the specimen
acts essentially as if it work-hardened more rapidly than an un-notched

specimen.  This spreads out the transition zone.
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The yield and flow strength in the transition region behaves as if
governed by an activation energy. Thus, these properties are functions
of time or strain rate, as well as temperature, Fracture therefore
depends on strain rate and because of the dependence of yielding
entering the strain rate. An increase in strain rate raises the
transition temperature because of its influence on the yield and flow
properties. The three decadesin change in strain rate, which, in most
more common metals, would not cause a change in strength much greater
than that due to normal scatter, triples the yield strength and changes
the fracture from a ductile shear with 50% reduction in area to a
brittle cleavage without macroscopic elongation. This is equivalent

to a 100°C change in the test temperatures.
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Electrical Potential Techniques

The basic idea of this technique is directly related to Ohm's law
when the resistance of the tested specimen is dependent completely on the
cross sectional area through which the chosen current is passing. On
this basis, if a constant current is passed through a specimen containing
an increasing crack in length, an increase in resistance will be expected
as a result of decreasing cross sectional area, this will lead to an
increase in the potential difference across the crack faces. Supplying
the constant current, which certainly will generate heat in the specimen,
this technique is continuous, cheap,reliable and claimed to have no dis-
advantage (Cooke § Robinson 1971 and lolder 1976).  Although many workers
(Sidey 1973, Smith R.A. 1974, Beevers & Halliday 1975) did not agree with
this method, they pointed out that to get accurate and reproducible
results great care must be taken to obtain voltage-crack length cali-
bration curves and carefully designed equipment is most important. ' Work
in this department showed that calibration curves may be obtained by

various experimental techniques or by theoretical treatment.

Although several theoretical treatments were performed (Holder 1976)
the more rigorous one was performed by Gilby and Pearson (1966) which
was based on both centre cracked and edge cracked panels. This consists
of centrally .notched sheet symmetrical about the cracking plane X-Y with
a crack of a certain length in this plane, the potential disfribution

in the specimen depends on the current application mode.

The equi potential lines will be parallel to the cracking plane in

the uncracked specimen if the current is introduced at a large distance
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from that cracking plane. If the current is introduced close to the
cracking plane, it will give a non-uniform current distribution and
equi potential lines may not be parallel to that plane in the uncracked

specimen.  The solution for Gilbey and Pearson model is given by

(Cooke and Robinson 1971):

V = Inaginary part of K cos™ ﬁgg: 82/%

where V is the potential between the potential probe and cracking plane.
tis x + i(y)
W 1s the specimen width,

a is the crack length,

K is proportionally constant, the magnitude of which depends on the
material, specimen geometry and electrical condition. Other attempts
to obtain a calibration curve were made by Smith (1974) and Clark § Knott
who used a resistive paper electrical analogue and conformal mapping
techniques respectively. All these techniques were different in detail
only from a simple analysis of the voltage change across a conductor of
steadily decreasing cross sectional area, Using the electrical poten-
tial method the following changes could result changes in potential
across a crack:

a) Crack growth reducing the cross sectional area of the specimen.

b) Increase in the resistivity of the material due to cold work
or plastic zone formation,

c) An apparent increase in the separation of the potential probes

due to specimen bending.
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The sensitivity of this technique will depend on the material,
specimen geometry, the position of the potential probes, the potential
measurement equipment and the electrical current magnitude and mode of
application. All these factors are well described by Holder (1976)
in his thesis. To use this technique one should obtain an accurate

experimental calibration before attempting any study of crack growth

or initiation.
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2.12 The J-Integral Technique

Recently the J-Integral has been adopted as a failure criterion
(Rice et al. 1968) and analytical estimation procedures have been
developed for its use. It was shown that the J-Integral can be
evaluated from a single load-displacement record (Broberg 1971) and

(Bucci 1972).

In.review, with the framewotrk of a total strain formulation of
elastic-plastic deformation, a path independent integral was defined

for two dimensional problems:

3=/ iy - 7. 3 g
T

.where: K & Y are rectangular co-ordinates normal to the work

point,Y belng perpendicular to the work surface.
ds is an increment of arc length along any contour, T,
.beginning along the bottom surface of the crack and

. ending along the top surface,

- T 1s the stress vector entered on the material
within the contour,

. U 1is the displacement

+ W 1is the integral of stress working density

! (or strain energy density)

Other alternate and equivalent of J was also given by

§ . p
= f (-2R = (9%
3 g (-2B), a5, or J i G 9
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these relate J to the rate of change with respect to crack size, a,
of the area under the load versus load-point-displacement, p versus

§, curves. Here p is the forceper unit length of crack front and the

curves are considered to be generated for different crack sizes, a, in
¥

virgin specimens subject to monotonic loading. It is interesting also

to note that for bodies loaded in the linear-elastic range
; o
elastic E

where J_1.c04c is the well known Griffith energy release rate, but

.only for this special case.

Rice considered the case where:

§

Total ~ 5no crack % 6crack

‘or alternatively as the elastic displacement, § » plus the dis-

elastic
:placement due to plasticity, Gplastic‘ Estimates of J from single
- points on load displacement records were made (Bucci § Pavis 1972) and

in.order to discuss elastic displacement they had to use the method

.'deyeloped by Paris 1957 relating energy principles to usual methods of

linear-elastic fracture mechanics analysis.,

Start by considering the strain-energy, U, of a cracked configur-

ation.as that with no crack present, Uno-crack’ plus that due to

introducing the crack, Ucrack' then:

Utotal = Uno-crack * Ucrack

without going through the complete derivation the final equation used by
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Rice 1968 and Barnby & Al Daimalaini1976 could be written as:

6crack

g iy
g = B(W-a) J P4 Gsc:r::u:k:l
o

where § is the load-point-displacement arising from the presence

crack
of the crack. B is the specimen thickness, W is the specimen width

and,a is the crack length.

The critical plane strain stress intensity factor could be concluded
I

then usiﬁg the following equation:
1
¢ Va-vh

where E - elastic modulus

and Vv - Poisson's ratio.
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CHAPTER 3

THE EXPERIMENTAL PROCEDURE

3.1 The Materials

The experimental programme was designed to provide design
informati&n which led to the requirement that the number of specimens
tested should be at least two for each condition. The two Cast Steel
materials to be compared were produced to the specifications listed in

Table 4.

Detailed chemical composition in weight percentage and mechanical
properties are listed in Tables 5 and 6. Heat treatment listed in Table
7 produced the mechanical properties listed in Table 6. Several pieces
0.25 inches thick each were cut from various parts of each material. A
repeated polish and etch technique was used prior to final etching in 2%
nital. The structure of both materials was found to be pearlitic as

shown in Figure 8.

Material 'A' was received in the form of blocks with dimensions
153 mm x 178 mm x 305 mm. These blocks were flame cut from an anchor
and given the heat treatment shown in Table 7. Material B was casted
in smaller size blocks at Steel Castings Research and Trade Association
(SCRATA), and received as cast without any heat treatment. It was

initially thought that material B was heat treated and based on that
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assumption fatigue test was carried out on material B at three different
temperatures namely, room temperature, +50°C and +100°C. During the
polishing, technique processes material A was found to be a cleaner steel
than B, Material A was produced using an arc-furnace, while Material

B was produced using an induction furnace. The mechanical properties
of both materials examined are shown in Table 6. The uniaxial tensile
properties were obtained using No.1ll Hounsfield tensile test pieces

tested in Hounsfield tensile test machine.

Steel Code General specification
A B.S. 14584  1.4% - Ni - Cr - Mo
B B.S. 1456A 0.1% Cr - 1.6% Mn - 0.09%Ni-
0.07% Mo

TABLE 4 - Materials General Specification

Material C Si S Mn P Ni Cr Mo \' Cu

A 0.24 0.41 0.023 1.4 0.035 0.11 0.1 0.28 0.01 0.12

B 0.25 0,37 0.029 1.6 0,022 0,09 0.1 0,07 0.00 0,13

TABLE 5 - Materials Chemical Composition
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* Average hardness(10.0 kilos)

. Ultimate Yield stress v Reduction
Haterdal onsite 0.2% proof P Elin LT of area
strength stress N* & %
(MNE2) NR2)
A 680 545.0 208 40.0
B 641 425.0 198 50.0

TABLE 6 - Materials Mechanical properties

Material Heat treatment
3 hours 935°C Furnace Cool
A
3 hours 900+C Air Cool
2 hours 885°C Air Cool
B
2 hours 650°C Water Quinch

TABLE 7 -~ Materials heat-treatment




(a) Specimen mounted in the machine before

the sub-zero tests provided

=

(b) Specimen mounted in the machine after

. the sub-zero tests provided

Figure 78
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Material B as cast

x 600
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Material

Figure 8.



Material B x 300

as after heat treatment provided

Figure 8 cont.
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3.2 Specimens preparation

Specimens of both materials were of single edge-notched type for
use in three point bending and were machined to the design shown in
Figure 9 with the following dimensions:

A=5,0 mm B = 20.0 mm W=25.0 mm L > 120 mm

and b = depends on the notch root radius.

From material'A blocksnumber 1, 2, 5 and 6 were cut, which can be
seen in Appendix 1 (directions and positions were shown with respect to
- the original casting) to small and large specimens, roughly finished as
can be seen in detail in Appendix 1. The location of any specimen in
the original cast block can be identified through the diagrams and code
number of Table 1 Appendix 1, fatigue test specimens designed to the
dimensions and specification mentioned to satisfy two criteria.
Firstly, the specimen should be tested under plain strain conditions.
This sets a lower limit on the specimen thickness such that the plastic
zone size at the crack tip should be less than 1% of the thickness.

The plastic zone size (which will be discussed later) in fatigue is
approximately on sixth of the monotomic plastic zone size and for most
of the materials the plastic zone size calculated from the equation
N WS 0%
p 2m (GY)

produced a minimum thickness of 10 mm,

The second criteria was that to avoid the possibility of single
crystal tests, the specimen thickness should be no less than six times

the cast grain size of the material.
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The minimum thickness for all specimens tested was therefore
20.0 mm. The specimen overhang requirements suggested in ASTME-79

for three point bend specimens dictated that the maximum specimen span

should be 100 mm.

The K-calibration curves available (Walker § May) are calculated
for a span/width ratio of 4 or 2. The former value gives a width of

25.0 mm and was selected for all test spieces except the large fracture

toughness test piece.

The final dimensions were attained by wet grinding and were within
a tolerance of *+ 0.01 mm. All the faces except the ends were parallel
and perpendicular to within 0.02 mm per 10 mm. The side faces were

ground in the length direction to facilitate the observation of growing

fatigue cracks.

Few specimens were stress relieved at 400°C for eight hours before
being prepared to establish the effects of the residual stresses. All
notches of all specimens were highly polished with silicon carbide
paper down to grade finish, The small amount of 'flash' was also
removed.  The machined notches with 0.127 mm root radius were then
scribed with three lines on opposing sides of the notch. The positions
of these lines is shown in figure 9. The first of these was positioned
at the specimen mid-point and was used to accurately position the speﬁimen
on the loading points of the fatigue machine, the other two were used

for the accurate location of the electrical potential probes. The
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first was 1 mm from the notch edge, and the other was 1 mm above the
notch root. An automatic centre punch fitted with a fine tip was
positioned at the intersection of these lines and a 'dimple" produced
in the metal surface. For specimens with 12.7 mm and 25.4 mm notch
root radii the location lines for the electrical potential probes were,

however, positioned 1 mm above the notch root and 1 mm from the notch

surface.

The potential probes shaped from 0.15 mm michrome wire were spot
welded into the dimples immediately before testing. The welding was

carried out using a converted battery charger.



3.3 Planning the work

3.3.1 The Equipment

A £50KN capacity electro-hydraulic test machine (Servotest
177-F8) was used to carry out all fatigue tests in three point bending.
A sinusoidal wave form at a frequency of 20 Hz was used. All thermal
and electrical stabilization was expected to be taken place, since
the machine was switched on at least forty minutes before the start

of any experimental work.

To follow the initiation and growth of fatigue cracks the
potential drop method was used. The constant source (Farnell F2111M
7/50 ST) was the only current supply for this technique. A woven heavy
current cable was used to introduce the current through to the specimen.
This type of input lead was flexible and had sufficient cross-sectional
area to reduce resistive heating to a negligible degree. These loads
were connected to the power supply output of the power supply from one,
end and the other end grilled with a 6 mm hole to fit the input clamps.
The clamps were toolmakers clamps with strips of electrical purity
copper braced to the surfaces which are in direct contact with the
specimen side. The clamps were positioned at either end of‘the
specimen and the adjusting screws tightened. The current supply was
then switched on and the output adjusted to twenty amperes. The voltage
between the potential probes was then measured using a D.C. chart recorder
(Tekman TE 200). The voltage across the sharp notch was about 0,085 mv
and about 0.15 mv across the blunt notch. This large potential was
opposed by a variable millivolt source (Time Electronics Type 2003
0.006%) enabling a 50 pv full scale deflection to be used on the chart

recorder.
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3.3.2 Fatigue tests at five different temperatures

Five different temperatures were chosen to carry out fatigue
tests atla frequency of 20 Hz for each material. A three point bending
was used on an electro-hydraulic machine. Test variables were five
temperatures, three different load amplitudes in fatigue, and three
different notch root radii. Each test was duplicated and further tests
were devised for each condition if the first two tests revealed signi-
ficant sgatter of material properties. The minimum number of specimens
required for these tests was 180 pieces from both materials, that is

each batch of 60 specimens contained a notch root radii of 0,127 mm,

12,70 mm and 25.4 mm respectively.

Temperatures selected were (-100°C), (-50°C), room temperature,
(+50°C) and (+100°C). The three values of the load amplitude assumed

were as follows for each notch root radius,

Notch root radius .M(/|D;i (BNm-ZJ Range
(mm) minimum average  max.
0.127 (0.005") 1000 1800 3000
12,70 (0.500") 300 470 550
20,40 (1.000") 130 300 400

Some of the fatigue tested specimens were planned to proceed up to
fracture, which gives the opportunity to cut a thin piece off the fractured
surface and using the scanning electron microscope to study these surfaces,
The fatigue crack, initiation propagation and direction was detected by
the electrical potential method. Part of this programme on fatigue crack
initiation was planned to carry on using the acoustic emission techniques

as well as the potential drop technique which is discussed in the next section
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3.3.3 Fatigue tests using acoustic emission application

Steel 'B used in the form of blanks 20 mm x 25 mm x 140 mm
for a fatigue test purpose. Total number of specimens used was 27,
these specimens were heat treated (Table 7). For a fatigue test
purpose three shapes of notches were used all 8.0 mm deep from the,
surface of a three point bend bar these notches are:
a) Zero flank angle 1.5 mm wide ending in nominal 60°
ingluded angle with a 0.127 mm root radius.

b) Circular profile with a 12.70 mm root radius.

c) Circular profile with a 25.40 mm root radius.

A fatigue test was planned to be provided in each case at a fixed
range of stress intensity factor. During fatigue tests two transducers
were coupled to the specimen with a thin layer (film) of high-vacuunm
grease and held in place with the help of an insulated tape. One
transducer was enabling to record the summed number of acoustic emission
counts, the other was to sample the form of signals by taking spot to
second recordings with a high speed tape recorder. These played back

on to an oscilloscope and the form of the acoustic emission was seen at

various stages of test.

In fatigue testing the summed number of acoustic counts was
measured against the number of fatigue cycles, N as well as against time.
The acoustic count rate was determmined and a plot of count rate (counts/
minute) against time (minutes) was concluded, The total number of

cycles to fatigue crack initiation Ni was identified by the potential
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drop technique. The potential drop trace and fatiguing was continued
until the fatigue crack is no less than 2.0 mm long. This would allow
recording of the summed emission counts during fatigue crack propagation
as well as initiation. A constant current of 20.0 amperes through the
'specimen was used providing the specimen electrically insulated from the
rig. Figure 10 indicates how the equipment was connected during
fatigue testing of specimen. All experimental fatigue results were
carefully collected, cross referenced and catalogued with specimen
reference number, All tests carried out at room temperature, frequency
used was 20 Hz and the M(/p1 levels were based on established values

of the report written to SCRATA by Professor J.T.Barnby and R.Holder,

these values are identical to the values given in the previous section.

The circuits used for detecting the emission is shown in figure
(10), the amplifier gain was 1000 and the frequency band was between
150-250 k Hz. The tape-recorder speed was 60 inches/sec. Each
transducer was coupled to the width face of the specimen placed about
cne inch from the edge. The play back speed of the tape recorder was
slowed down to 1% inches/second a frequency reduction of 32 could be
obtained. Due to a spurious low frequency signal superimposed on the
output signals from a fault in the tape recorder the output signals had
to be filtered from the tape recorder. The filtering was done between
4500 and 7800 Hz which is a reduction by a factor of 32 of the input
filtering frequency. Table 4 shows the details of specimens tested

as well as the type of test provided.
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In all fatigue crack initiation tests provided the initiation
criterion selected for all these tests was defined as the first deviation
from the 'study value of the potential across the notch. The initiation
criterion for all specimens tested using the acoustic emission appli-
cation was carefully defined as acoustic emission first starts to deviate

from the steady state recording and as the count rate (counts/total time)

starts to decrease in value.

3.3.4 Microstructure and mechanical properties

The microstructure, yield strength (0.2% proof stress),
ultimate tensile strength, hardness and the chemical composition of
each cast was checked to make sure of the values given in the sheet
received from SCRATA. For material B, part of which tested at sub-
zero temperature in both fatigue and fracture toughness test, the same
procedure was followed to detect any changes in microstructure and
mechanical properties. In both cases the results produced as shown
in Tables 5 and 6 as well as figure 8. The test showed that residual
stresses after machining have no significant effect on fatigue and
fracture toughness properties. Before going into details of how the
load was approximated the author would like to explain how the fracture

toughness test was provided through the next section.
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3.3.5 Fracture toughness tests at five different temperatures

a) Room Temperature Tests

Thirty specimens were required for the fracture toughness
testing of each mat;rial A and B. Half of the thirty specimens were the
same size as the fatigue test specimens. Material A was received, heat
treated while material B received as cast. Even though the information
at early stages was not clear about material B (Heat treatment infor-
mation), fracture toughness test was not provided specially for material
B until Heat treatment was provided by the author. Each batch of 30
specimens was divided into five groups, each group containing three large
specimens with a notch root radii of [0.127 mm (0.005"), 12.70 mm (0.500"),
and 25.40 mm (1.00")], plus three small size specimens with identical
root radii as in the large size specimens. Specimens quantity, size and
condition of the test could be seen in Table 8. For all these 60
specimens of both materials a crack was prefatigued at certain loads to
about half the width of each specimen. The load then dropped to propa-
gate the crack for the last 1.25 mm to half the width. During monotonic
loading the onset of cracking was independently detected using the
potential pick-up across the notch passing a constant current of 20.0
amperes through the small size specimens and 40.0 amperes through the
large size ones. A transducer was used to get a permanent record of
the load/load point deflection traces on the X-Y plotter, load/crack
opening displacement trace was also recorded using a clip gauge.

Together with a load/load point deflection characteristic curve for
single unnotched specimen the later information provided toughness

estimates so long as the fracture initiation point is clearly identified.



load (P) x 4.53 MN

This graph represents a monitoring test -
for a plain specimen dimensions of which
were (20.0 mm x 25.0 mm X 120 mm) in
order to be used in the J-integral method
to estimate the area

(e.g. Figure 1la below)

2.0 4.0 6.0 8.0
Load point deflection (mm)

/ Figure 1la

Point of crack initiation

Represents the area of the plain
specimen
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Final area = [ Pd(§ cracked)
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Using the J-integral method (138) to calculate KC from the load/load
point deflection the total area under the curve (I & II) figure lla,
taking from that area under the elastic straight line (II) using the
triangle method. To obtain the right temperature for a sub-zero and

above-zero temperature the following techniques were used.

b) +50°C and +100°C

An electrothermal heating tape (H.T.) type (HT 95506) which was
one inch'wide and about seventy-two inches long was coiled to the
specimen to heat it up to the required temperature. A thermocouple
was spot welded to the specimen in order to get the reading from a
millivoltmeter which coincides with the required temperature. The
British Standard Tables were the reference to this check, The tape was
also connected to a temperature controller to ensure the tape from
getting burned, the maximum temperature the tape could reach was 450°C.

Figure 12 shows the connection in a diagram form.

¢) -100°C and -50°C

The diagram in figure 13 shows how each specimen was coiled with
a plastic hose taped to the specimen and the vapour of the liquid nitrogen
was passed through it. The pressure build-up within the liquid nitrogen
container was due to the nitrogen gas passing from another container
through a rubber pipe. The millivolt reading from the recorder was
cross checked with the B.S, 1827:1952 tables for this purpose. The
millivoltage reading was recorded through a thermocouple spot welded

to the face of the specimen. The thermocouple was well insulated up
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to the welded point. When the temperature reached the desired value
the nitrogen gas container valves closed tight. It is worth mentioning
here that in both cases (higher and lower than zero temperature) the
thermocouple was calibrated using ice and boiled water and the room

temperature reading was determined to be equal to 1.06 mv which corres-

ponds to = 23°C.

3.3.6 Fracture toughness tests with acoustic emission

applications

A monotonically increasing load test at room temperature
was carried out to general yield and fracture, two batches of specimens
were used. Each batch contained eight specimens dimensions of each
was 20 mm x 25.0 mm x .20 mm. Batch 1 specimens were all prefatigued
and a crack length to width ratios (a/w) were: 0.2, 0.34, 0.5 and 0.6
and a notch root radii were 0.127 mm, 12.70 mm, 25.4 mm and 0.127 mm
respectively.  Alteration of such a ratio produced intentionally to
compare the total acoustic count for specimens of differently pre-
fatigued in depth. The difference in root radii was not expected to
affect the total acoustic counts produced. Since all specimens were
prefatigued and the crack tips are all sharp. The second batch of
0.127 mm, 0.250 mm, 0.5 mm and 1.5 mm notch root radii in pairs. The
depth of the notch in all eight specimens was 12.5 mm (that is %-= 0.5).
Also these specimens monotonically loaded to failure in experiments as
described earlier (Section 2.3.4a), the recommendation of BSI draft

for development (DD3) was followed with the J-integral method. The

block diagram in figure 14 shows the equipment connected and used during
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that test using a 50 tonne Instron machine available in the department..
A more magnified diﬁgram in figure 15 shows how the specimen with the
clip gauge one placed in the machine. One side of several specimens
were stress-coated. This was to enable photographing the plastic

enclave hefore, during and after the fracture point.

a) Monotonic loading at five different temperatures

Five specimens, dimensions of which are 20.0 mm x 25.0 mm x 120 mm
were electrically polished around the tip of a 0.127 nm root radius notch.
They were monotonically loaded to approximately half the KC value of
material A at temperatures (room temperature, +50°C, +100°C, -50°C and

-100°C) to enable photographing of the slip lines shape and orientation,

Unfortunately, the results of this test were not encouraging ones.
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Figure 15 - Bend Test Fixture Design
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3.4 Approximating the load range

All fatigue test specimens (for both materials) were arranged in
five groups, and each group was tested at one of the following temper-
atures (room temperature, +50°C, +100°C, -50°C and -100°C).

Each:of these five groups contained three sub-groups. Every sub-
group contained six specimens with the same notch root radii. This was
done in order to establish the effect of stress intensity, notch configur-
ation and temperature (for both materials) on the number of cycles
necessary to initiate a fatigue crack at the tip of the notch. It was
therefore decided to test at three different load amplitudes for each of
the different notch root radii. For p = 0.127 mm specimens the following

2

load amplitude (ﬁK/pi) were used (1000 MNm “, 1500 MNm“2 and 2500 MNm_z).

For specimens with a notch root radii equal 12.70 mm, the load amplitudes

were 350 MNm-Z, 450 Mm% and 550 Mm . Finally, for specimens of a
notch root radii equal to 25.4 mm the load amplitudes were 200 MNm-z,
250 MNm %, 250 Mm > and 350 MNm 2. The alteration of load ‘amplitudes

was made on account of the stress concentration variation at the bottom

of each notch. The sharper the notch the higher the nominal stress

concentration at the bottom of the notch and vice-versa.

The load was calculated by writing the moment expression for the

three point bending case.

(50)

=<|Q
"
==

where:
P
G

0 - is the stress applied
area

)
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M - is the moment %? = PW, (2L = 4W)

I - s the second moment of area
Bh>
Y - is half a distance SV from the centre

of beam rotation

from the specimen design it is also clear that:

W - is the specimen width
B - is the specimen thickness
a - is the crack length (notch depth)

P - is the applied load

2L equals 4W, that is 4:1 span ratio

Substituting these values in the expression for Y0 value taken from

BISRA technical report, where Y is a unitless polynomial function of a/W

which could be written as:

3/2
7/2 9/2 K.BW

} 5/2
Y =A@ - 3Y s cd

where A, B, C, D and E are constants

Kl is the stress intensity factor (material properties).

i
K,BW
K,BW let Y = R S

o 6PW P

Hence Kl = m or P = Kl ~ (51)
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The last expression is applied for the single edge notch bend specimen
loaded in three-poiﬁt bending, and all span to specimen width ratio = 4:1.
During load calculation the Y values were taken from BISRA Tables related
to the a/W values of specimens.

Test results from fatigue test specimens will provide design data
and will also be used to study the mechanism of fatigue crack initiation
and propagation from notches in relation to microstructural fractures

of the ailoys.

The depth of each notch for the fatigue specimens of dimensions
20 mm x 25 mm x 120 mm was 5.0 mm. The fatigue testing frequency was
20 Hz, although in testing very few specimens at lower load amplitude

the frequency was 80Hz.

The D.C. electric current passing through the specimen during each
test was 20,0 amperes. Photomicrographs of fracture surfaces of fatigue
tested specimens were taken to study the mechanism of the fatigue crack

during initiation and propagation,

To carry out high temperature fatigue tests an electrothermal
heating tape was secured to heat up the specimen to the required temper-
ature. The tape was wrapped around the central section of the specimen
in two places. This tape which could be seen in figure 12 is one inch
wide and seventy-two inches long. To maintain a constant tempefature

the specimen was surrounded by two half tube mild steel pieces and
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covered with insulating material., A calibration test provided to
indicate the tapes temperature which could produce a constant testing
temperature measured from the specimens surface via the spot welded
thermo-couple. This calibration indicated that
a) To obtain a +50°C the tapes temperature should be held

at 99°C for at least one hour before the test can be started.
b) To obtain a +100°C the tapes temperature should be held

at 175°C for at least one and a half hours before the test

can be started.

The sub-zero fatigue tests required a double-walled stainless steel
box insulated between the walls to give better control over the specimen
and to provide a stable temperature. The box was also wrapped all
round with a plasticising material to cut down the vibration as well
as to prevent any resonance from taking place which could break the
box during a fatigue test. The box was set flat on the cycling point
of the servo-test machine. The two point jig was fixed to the non-
moveable crosshead. The above box was provided with a fixed third
point inside it made especially for this purpose from a tool steel.

The -50°C temperature was obtained using a mixture of dry ice (Solid

C02) and acetone. This mixture was sufficient to keep the temperature

at the above mentioned value.

To obtain a -100°C new techniques have to be used, since several
different chemical mixtures did not give the temperature needed.
The new method of obtaining a -100°C was to pass the liquid nitrogen

vapour through a plastic hose coiled around the specimen covering the
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area in both sides of the notch Figure 13. The liquid nitrogen con-
tainer was connected to a nitrogen gas bottle from one side and to the
specimen 'from the other. When the nitrogen gas bottle was turned on
it built up pressure inside the liquid nitrogen container which
resulted at passing the liquid nitrogen vapour through the hose. .A
thermo-couple was spot welded to the specimen to record the millivolts
reading for the required testing temperature. All attachments to the
specimen as well as the specimen itself were insulated from the
atmosphere by means of plastic material to obtain a constant tempera-
ture figure (A ). The potential drop was also used here to detect
the initiation of a fatigue crack. It required up to 45 minutes to
cool the specimen to -100°C as well as for the potential drop to be
settled down. Several other tests were experimentally provided for
checking some aspects. Results of these tests will be shown in the
next chapter but the technical experimental work done should be shown
here in this section.

a) Three specimens of material B were chosen after heat treatment was
provided. The dimensions of each specimen were: 20.0 mm x 25.0 mm x
120.0 mm.  The notch was 5.0 mm deep and contained root radius of
0.127 mm. The same fatigue test condition at room temperature was
applied to these specimens. The test was aimed to these with identical
condition of material A.

b) Four specimens of material A with the same dimensions as in (a).
Two were containing a spark cut along the thickness B using a knife
of 0.127 mm thick and the cut was about 0.025 mm deep. The other two

specimens were tested as machined without a spark cut. All notch root
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radii were 12,70 mm and 5,0 mm deep. This experiment was to define the
fatigue life difference between spark cut and just machined and notched
specimens only.
¢) An experimental test was provided on 1 specimen of material B to
show the plastic damage which is believed to take place before a fatigue
crack initiates., This plastic damage could be slip lines, slip planes
or a mixture of both. A specimen of 20.0 mm x 25.0 mm x 120.0 mm was
chosen fo; this purpose. A sharp (namely 0.127 mm) notch root radius
was machined in it. The specimen was mechanically polished using
different grades of sand paper as well as a six and one micron diamond
wheels. A servo- test machine was used for this test. The total span
was 100.0 mm (2L = 4W). A direct current of a value of 20.0 amperes
was passed through the specimens to enable measuring the voltage across
the specimen using the potential drop techniques. The frequency used
was 20.0 Hz. A plastic replica was taken before the test started and
at six different stages of a fatigue test from both sides of the specimens
by stopping the test. These plastic replicas then enriched with carbon
in a vacuum chamber and they were examined and the results are shown in

the next chapter.

In all fatigue and fracture toughness tests the initiation criterion
selected for all these tests was defined as the first deviation from the

steady value of the potential across the notch.
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3.5 Fatigue crack propagation

Fatigue crack propagation date for both materials are to be obtained
)because they are to be useful for the characterisation of the fatigue
properties. This data should be obtained over a wide range of AK.

The value of the parameter AK was calculated from the published K-
calibration curves (Walker § May) assuming the notch to be a sharp crack,

thus:
YAP

AK=;§'

the crack propagation rates were determined using Holder R. techniques(u)

3.6 Fracture surface examination

A random selection of the fractured specimens at up to failure tests
were used for this purpose, this selection covered all five testing tem-
peratures, A slice of 10 mm x 10 mm and 3.0 mm thick was cut from, in
a parallel direction of the crack movement. These samples were then
connected to an SEM specimen stub ready for an examination. These
samples were then studied and photographed throughout both initiation

and propagation areas at several different magnifications.
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CHAPTER 4

RESULTS

4,1 Fatigue Test Results

Tables (9 - 13) show all the results of the fatigue crack initiation
tests for each specimen of both materials namely A and B. Tﬁese results
were arranged in such a way that in each table one can compare these
two materials tested at the same conditions. Different load amplitudes
applied for different notch configuration specimens as well as different
test temperatures. The number of cycles to initiate a fatigue crack
was detected. The results from these tables plotted in figures 16 - 20
on a 4 x 4 scale log-log papers which represents the number of cycles
required to initiate a fatigue crack against the load amplitude value
(AK/p}_MN m'z). All five figures (16 - 20) were plotted for five dif-
ferent temperatures (room temperature, +50°C, +100°C, -50°C and -100°C)
respectively, The material constant (M,B) are also represented in
Tables (9 - 13). Statistics of the log Ni (number of fatigue cycles

to initiate a fatigue crack) versus M(/p1 produced the following values.
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Test temperatures

Material m B

- - o
A : -4.84 106'941 Room temperature
B -4.81 106638 " "
A -5.79 104425 +50°C
'B -5.80 ,10%:991 +50°C
A -5.43 10°:974 +100°C
B -5.40 1037 +100°C
A -5.0 10440 -50°C
B -4,8 105'27 -50°C
A _3.98 1043 -100°C
B -3.67 10°+2° -100°C

Anyone looking through these statistical results should always
remember that Tables 9, 10 and 11 contain specimens of material B which
were not heat-treated, but machined as cast. In the same tables
material A was given the heat-treatment shown in Table 7. The last
two Tables 12 and 13 both materials were given the heat-treatment
shown in Table 7, with one exception and that is Material A heat-
treated in big blocks as shown in Appendix 1, while material B was given
the heat-treatment in smaller size specimens (22 mm x 22 mm X 120 mm) and

45 mm x 55 mm x 250 mm.
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Log 4 Cycles x 4 Cyclas

Graph Data Ref. 5344
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(Test provided at 'room temperature)
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Fatigue -crack initiation results of specimens

Tested at +50°C
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Graph Data Ref. 5344

Log 4 Cycles x 4 Cychs
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Fatigue Crack Initiation Results

(Test provided at +100°C)
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Log 4 Cycles x 4 Cycles

Graph Data Ref. 5344

log Ni (cycles)

Fatigue crack initiation- results

1. Test provided at (-50°C)

2) Both materiéls were heat treated.
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Log 4 Cycles x 4 Cycles

Graph Data Ref. 5944
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A fatigue test at room temperature was provided to predict the
plastic damage, which is believed to take place before a fatigue crack
initiates. A specimen of 20.0 mm x 25 mm x 120 mm was chosen for this
purpose. A sharp (namely 0.127 mm) notch root radius was machined in
it, so that the uncracked ligament cross section was 20 mm x 20 mm,

The specimen was mechanically polished using different grades of grinding
paper as well as six and one microns diamond wheels. A servo-test
machine 'used as well as a potential drop equipment to detect the crack.
All conditions were the same as during fatigue tests at room temperature.
Photographs of the surface in several stages of the tests will be shown
in the next Chapter. Figure 22 shows the type of specimen used for
this investigation, Figures 21, 23 and 24 show how the plastic zone
formed as a result of slip lines at low magnification in figure 23 right
and in detail in figure 23 left and 24. This replica was one out of

fourteen replicas which were taken at such an investigation.

The tests mentioned in Chapter 2 Section 4 concerning the effect
of a spark cut on a fatigue crack initiation showed that a fatigue crack
alwayé initiated earlier in a spark cut material to that without a cut.
In this par;iculaf test the number of cycles required to initiate a
fatigue crack, using identical conditions, was about 20% higher for

_those specimens not containing a spark cut than those with a spark cut,
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Fatigue Tested Specimen
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Dimensions of specimen used in this test.
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No. Condition of Test 6K/pi(MN m'z) mm. Ni(cycles)
1 with spark cut 450 12.70 143,700
2 } " " " it 145,170
3 without spark cut " 12.70 173,170
B " L " 450 ' 170,230

The last fatighe test was provided to material B after heat-
treatment was carried out using specimens FT1, FT2 and FT3. These
results showed that the number of cycles to initiate a fatigue crack
was about the same found out for material A under the same conditions.
These three specimens were tested at room temperature and produced the

following results: (a = 5.0 mm, B = 20,0 mm, W = 25,0 mm and

p = 0.127 mn)
Specimen AK/p} MN ™2 AK-3/2 MN m Ni
code
FT1 1200 13.52 1614@0
FT2 1750 19.72 52000

FT3 2500 28,17~ ' 6900
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Al()’p]i Total fatigue

. Specimen " Notch root Total
o code radius -2 cycles to acoustic dB
g mm MY m " initiation counts at
=z Ni initiation
1  AEIB 0.127 1000 1.35 x 10° 500 62.4
2 AE2B 0.127 1000 1.90 x 10° 570 62.4
3 AE3B 0.127 1750 6.3 x 10% 2380 62.4
4  AE4B 0.127 1750 5.0 x 10° 1700 62.4
5 AESB 0.127 2500 2.8 x 10° 2460 62.4
6 AE6B 0.127 2500 3.2 x 10° 2200 62.4
7 AE11B 12.70 400  4.11 x 10° 17200 62.4
8 AE12B 12.70 400 4.9 x 10° 17800 62.4
9  AE7B 12.70 450  2.33 x 10° 10000 63.0
10 AESB 12.70 450 2.64 x 10° 16200 62.4
11 AESB 12.70 500 1.5 x 10° 1700 62.4
12 AE10B 12.70 500 3.2 x 10° 500 62.4
13 AE1SB 25.40 300  5.76 x 10° 13000 62.4
14 AE16B 25.40 300  8.32 x 10° 18000 62.4
15  AE13B 25.40 350  11.64 x 10° 2020 64.0
16  AE14B 25. 40 350  14.15 x 10° 1650 63.6
17 AE17B 25.40 400  3.72 x 10° 1020 64.0
18 AE18B 25.40 400 1.8 x 10° 420 64.0
19 AE3 0.127 1200 5.918x 10° * 550 62.4
20 AE4 0.127 2000 2.38 x 10° *4.1 x10°  62.4
21 AEl 0.127 3000 2.4 x10° *7.8 x10°  62.4
22 AE7 12.70 400 1.63 x 10° *7.2 x 10°  62.4
23 AE9 12,70 450 0.52 x 10° *5.85 x 10°  62.4
24 AE10 12.70 500 1.14 x 10° *0.44 x 10°  62.4
25  AE13 25.40 300  17.6 x 10° *4.2 x10°  62.4
26  AE1S 25.40 350 34.32 x 10° 3.8 x 10°  62.4
27 AE17 25.40 400 4.7 x 105 * 3200 62.4

Table 14 - Test results of a fatigue crack initiation with acoustic
emission application.

* These values represent the count rate (counts/min),
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4.2 Fatigue Test Results using Acoustic Emission Application

Table 14 contains the fatigue test results of 27 specimens. This
table shéws how the total acoustic emission count varies with load
variation as well as for different values of notch root radii. The last
nine specimens of this table show how the count rate at initiation changes
by changing the value of the stress intensity factor as well as the notch
root radii.  For the first eighteen specimens in Table 14 the gain range
from the amplifier was between 62.4 dB to 64.0 dB, while for the last
nine specimens the gain was 75 dB, Table 14 was used to produce
figures 25 - 33 which give the value of the total counts to the count
or the count rate required for each specimen at certain loads to initiate
a fatigue crack for sharp and blunt notch root radii. Figure 34
represents the relation of the acoustic emission counts to the stress
intensity ofactor (4K) right from the initiation point of a fatigue
crack for sharp and blunt notched specimens, This figure gives also

the total counts for different values of (AK) where the total fatigue

cycles are known.

Statistics were run for these specimens to calculate the material

constants of the fatigue crack initiation law
m
)

Ni = B{M(/pi

and came out to be as follows:
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Notch root radii (mm) B m
0.127 10* -4.80
12.70 1029 -4.76
26. 40 102-87 -4.82

On the other hand these constants came out to be for all specimens,

regardless of the notch size B = 192‘898,

m = 14,80

The initiation point was carefully detected using the potential
drop technique which was coincided (the initiation point) with the
acoustic emission tracing. The voltage gain used through the acoustic

emission system was within the range of (62.4 - 64,0)dB. This means

20 log (voltage gain) = 62.4

... (output voltage, _ . 62.4
Voltage gain (input voltage ° Anti log [20.0
therefore: Voltage gain = 1318.3

Although the potential drop and the acoustic emiSsion techniques
were detected the same point of a fatigue crack initiation, it was useful
to provide the system with another element to check that. The
recorded sound waves picked up by the recorder were analysed béfore,
during and after the initiation took place. Permanent trécés wére
provided and samples of these are shown in figufe 35. Figure 35
indicates that there was no sign of acoﬁstic emission pulses with a

steady count rate before the fatigue crack has initiated, some pulses
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were detected just before initiation and continued as the crack
proceeded to grow, It was not possible to decide on a unique fixed

count rate since the gain was varying from one specimen to another.

Goi%g back to figure 34 which is again representative of the total
acoustic emission count variation against the stress intensity factor
in fatigue right after the initiation and through propagation for both
sharp and blunt notches. The best fit to these two figures as an
equation which was supposed to represent the crack propagation law

statistically was found to be as:

1. N, = 3.1 x 1072 (ax)z'g sharp notch

2
2, N, = 2.4 x 10° (ax) 1% blunt notch.

Results plotted in figure 25 show how the total number of acoustic
counts varies with (ﬁK/pi). So far the results are still not complete
in fatigue., Figures 36, 37 and 38 represent three specimens with a
notch root radii of 0.127 mm, 12.7 mm and 25.4 mm respectively. In all
these figures and before any plastic damage could take place the acoustic
emission recorder was plotting an equally spaced lines which represents
a full scale deflection reading in each case. These figures
indicate that the spread becomes wider after a period of time (during
plastic deformation). This indicates that as plastic damage takes place
it suddenly effects the elastic wave of the acoustic emission. The
results of these three tests produced the following results in total

counts.




Specimen

*

code

AE4

AE7

AE13

Notch Root

Radii (mm)

0.127

12,70

25.40
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Total acoustic Total of Figure
counts the onset* counts at corres-
of plastic defor- initiation ponding.
mation
2.34 x 106 2.811 x 106 36
6 6
96.0 x 10 109.82 x 10 37
6 6
105.0 x 10 175.65 x 10 38

The onset of plastic deformation was taken to be indicated by the

reduction in rate of acoustic emission counts as indicated by wider

spacings of the lines, for example, in figures 36, 37 and 38.
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4.3 'Fracture Toughness Tests$ Results at five different températures

It was shown earlier in Section 2.3.4 that two types of specimens

were treated for the fracture toughness tests namely 20 mm x 25 mm x 120 mm
and 40 mm x 50 mm x 240 mm. Tables 15 and 16 contain the results produced
from this work. The first seven columns of each figure show the details
of material A beginning from the number of specimens and ending with the
notch root radii. The other right hand side of these tables shows the
.results of material B produced from the test, The average KC(MN m'3/2)
value of each condition of each material at different temperatures could

be estimated from these tables. Although the K. value of each material

C
'was not the same at all temperatures, but the average value could be

. written as follows:

Average KC values derived from J-Integral technique

TEP: Room +50°C +100°C 50°C -100°C
Material temperature -
A 147.17 174.3 150.00 48.14 25.42
MN m-3/2
B 139.00 159.04 154.66 47.58 24,35

Valid K;c was as follows at room temperature:

Material A 165.2 MN m'3/2

Material B 154.0 M\ m>/2

Figures 39 and 40 represent the ductile and cleavage fractures of

both materials taken after the fracture toughness tests were provided.
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4.4 Results of fracture toughness tests using the acoustic emission

appiication tests enabled to obtain the following traces:

1. Load v.s. load point deflection.
2. Load v.s. crack opening displacement.
3. Load v.s. time.
4. Load v.s. voltage.
5. Time v.s. total acoustic counts.
1

To relate these to Table 17 one should keep in mind that the first
eight specimens in the left hand side of this table contain three differ-
ent notch root radii namely 0,127 mm, 12.70 mm and 25.40 mm. Although
these specimens contained both sharp and blunt notches, they werestill
considered as sharply notched, because a crack was prefatigued in each

one to the required depths shown in Table 17 (a/W).

Figures 41, 42 and 43 show how load varies with load point
deflection and indicates the values of the acoustic counts at any load
for all three notch root radii. Figure 44 represents the shape of the
plastic zone for specimens containing different notch geometry at the
fracture point during monotoning loading tests. Figure 45 produced
from Table 17 clearly indicates the change in total acoustic counts as
the ratio of crack length to width (%J changes for all Specimens con-
cerned, since there is no point in comparing the root radii with the
total acoustic counts. The average'value of K. for all these eight
specimens tested was found to be equal to 143.4 MN m'3/2 using the J-
integral method. The (LEFM) method was not reliable without the use of

the potential drop to detect the initiation period of fracture,
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Specimen M X2.0 P = 0,127 om Specimen AELB X2.0 P = 06127 mm

Specimen P X24,0 P = 127 m

- R o add ~ | M 4 = = .
Figure 4 Plastic Zone s ape at fractuepe point during. +)
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Total acoustic counts to initiation (eN) x 10

7.0,
6.0} Code Notch root radius (mm)
X 0.127 (0.005")
4 12,70 (0.500")
5.0 © 25.40 (1.000")
Total counts reading was taken at the
point where the crack initiated
4,00
3.0t
2.0}
1.0+
0. i + ] 1 Y

Pre-Fatigued Specimens ‘

From Table 2.

¥
a y 1

w

. { |

Fracture toughness test piece where total
acoustic counts varies as a/W changes. ‘

0.3 0.4 0.5 0.6
a/W

Figgre 45
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Load (Tones)

ra

-

1.94 (Tones)

1.78 (Tones)

Specimen FA4 from Table 17,

Notch root radii = 0,250 mm

1

=

See figf49 photograph
B where test stopped

'-f

1.51 (Tones
|, L o e el i e e = e T Point of crack initiation

1.5
hotograph B. Figure 49
before crack initiated

1.0

0-5 -

n * " + " A L L -+
0.017 0.034 0.051 0.068 0.085 0,102 0.119 0.136 0.153

Load point Deflection (mm) x 10

PIEETD 48
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Using the (LEFM) method and taking 5% secant produced an average
value of Ke for these specimens about 2% less than that found by the

J-Integral.

The J-Integral Equation used'(F):

9 Bcrack

B B(W-a) é pd (scrack)

)
The other eight specimens in the right hand side of Table 17

produced figures 46-and 47. These specimens were not prefatigued and
all notches were 12,5 mm deep (a/W = 0.5). Four of these were stress-
. coated to enable photographing the area at the tip of the notch before
crack initiates. Figure 48 represents specimen FA4 from Table 17
where the plastic deformation lines show clearly before the monotonicL
loading crack initiated. Figure 49 shows the shape of the plastic

. enclave when test stopped for coated specimens of four different

notch root radii.



A X3.6 9P=0,127 mm,
Specimen NO, 11 .
Photo taken when test s, oped
at P = 1,22 tones,

2

Deformation Area = 648 mme

C X 3.6
Specimen NC, 15

Photo taken when test stopped

at P =2,22 tones, 2

Deformation area = 49,0 mn,

B 0050 MM e

Flgure 49

B X3.,6 = 0,25 mm,
Specimen NO, 13
Photo taken when test stopped
at P =1 .ﬁr"

Deformation Area =331.,0 nm,

D X 3.6 S = 1.5 mn,
Specinen NO, 16
ken when test stopped

Photo
at P = 2,24 tones, 2
Deformation area = 1376 mm,
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Figure 51 Several macro-cracks for a 12,7 mm notch root
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igure 51a Several macro-Cracks for a 25.4 mm notch root radius
Specimen
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CHAPTER 5

FATIGUE CRACK INITIATION AT FIVE DIFFERENT TEMPERATURES

5.1 At Room Temperature (= 25°C)

1f one considers the fracture mechanics approach which was the basic
assumption of this work one should keep in mind that this approach requires
the discontinuity, which is a through thickness crack, growing in an elastic
continuum. Paris suggested earlier that this approach is applicable to
blunt cracks providing that one takes an account of the stress concentration
factor at the tip of the crack. If that was taken care of then the stress
intensity factor, calculated from a sharp crack K-calibration curve, was
modified by the square root of the notch root radius (p%). This work
confirms the results of R.Holder and Jack with a clear relationship between

Ni (number of cycles to initiate a detectable fatigue crack) and the parameter

AK/p%.,

This approach appears to be valid for both orders of magnitude of
sharp flow and blunt flow, (0.125 mm, 12,5 mm and 25.40 mm), The restriction
of this theory still stands which states that if the plastic zone size is

less than 1% of any specimen dimension then the plasticity effect at the

notch root radius can be ignored,
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Although material B had a larger grain size than material A in the
as cast and machined condition, the definition of Ni shows a good
dependenc; on the factor m{/p;5 with exponent of 4.8 - 5.8, these exponents
are slightly different to those obtained in Holder's experiments. The
growth rate in the initiation region is proportional to (-m) which can be

represented by this equation

da m
N - C (AK)

where m = -4,8 to -5.8.

The fatigue crack initiation is an important factor of fatigue life
particularly in a design situation, not only initiation, but also propaga-
tion must be taken into account. If one assumes Nc to represent the
number of fatigue cycles to accumulate sufficient fatigue damage to initiate
a fatigue crack, and Na as the number of fatigue cycles to grow the crack

to a certain length, a, then the fatigue nuclear could be written as

Ni = Na + Nc

this approach has been successfully used by Bluhm (14) .14 Holder(®® ang

Pearson(12g).

Although the range of the notches is very wide but results show that
they are capable of application to a wide range of practical situations

where the machined notch is in the form of a screﬁ thread or fillet.

For both materials A and B at room temperature the results of plotting

%

N; versus AK/p* generally indicate that the initiation lives for sharply
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notched specimens are higher than the. lives for blunt notched specimens

tested, applying the same value of &K/pg. It has been known earlier

that to achieve the same level of local stress the blunt notch specimen
|

will have to have a higher applied stress than that with a sharp notch

radius during fatigue tests.

Plots of Chapter 4 (figure 16) which represent Ni versus 1.'5](}';)!'i

in a }
log-log scale of this work suggest that for identical values of AK/p% i
comparing the two materials generally the number of cycles required to
initiate the detectable fatigue crack was always higher for material A by

a factor rénging from 3 - 9. This factor is not significant in fatigue
size since it is less than ten, which suggests that both materials have

the same fatigue properties providing they were given the same heat treat-
ment. It also appeared from tests that, although a fatigue crack initiates
at both surfaces, it penetrates through the thickness of the specimen, and
propagates with almost the same 'speed 6f both sides of the specimen. This
does not seem to be the case with blunt notched specimens of both materials.
Tests showed that the crack could grow as long as 16.0 mm in on ohe side

and was optical undetectable in the other side (Figure 50). The fatigue
damage right after the process of crack initiation indicates that a single
macro-crack does exist during the first stages of crack growth for sharp

flows which several macrocracks continue to propagate up to fracture after

all joints to form the possibility of fracture (Figure 51).

The results of this work at room temperature indicate that these fatigue
data of figure 16 is a negative result of what was expected but they are

still important from the design point of view.
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X

The initiation results plotted as log Ni versus log AK/p*, figure 16
shows a distinct banding on all levels of notch root radius levets tested.
This is the case for both materials A and B. This banding effect may be
reduced by annealing the specimens after the machining operation. This

k(92) and Price(133]

was shown by Jac who used mild steel specimens.
Although some scatter still exists in these results, comparatively it is a
much smaller scatter than those results tested at -100°C,which will be
discussed Eatef in this chapter. All notch root radii p mentioned here
are being the measured root radii for the notches after machining.
Material A of these room temperature tests reveals that at stress as low
as 1000 MN m“2 for sharp flow to detect a fatigue crack at initiation more
~than 3 x 10° cycles while 2,5 x 10° for material B, which is a factor of
more than 12, but this does not seem to be the case for the other values

of ﬁK/p%. This exceptional case, as tests show is due to differences in

microstructures and grain size, as figure 8 explains.

Frost et al,(1974) predicted that the resistance to fatigue crack
initiation increases as testing temperature increases and vice versa, The
latest results of this work seem to agree with this theory although the
temperature range is not as wide as Frost suggested. Fatigue life of
material A showed to be longer by a factor of 5 - 6 than for material B.
The reason' seems to be due to the grain size difference, since both
materials have almost the same chemical compositions. Section 4.1 shows
how material B has the same fatigue properties after providing the proper

heat-treatment as to material A. This convinced the author that the grain

size is the only factor for the fatigue properties not to be identical.
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5.2 Tests provided at +50°C and +100°C

The same conclusion could be drawn from the results of tested specimens
at both +50°C and +100°C temperatures for both materials as it was found
out for room temperature investigation. The only exception is that the
value of the exponent was found to be higher compared to room temperature
tests. On the other hand to compare the two materials A § B at those
temperatures they showed nearly the same fatigue properties. The number
of fatigue cycies required to initiate a fatigue crack for both materials
was nearly the same. The number of cycles to initiate a fatigue crack is

greater by a factor of 2 - 3 for tests provided at +100°C than those provided

at +50°C for both materials.

It seemed from the results of Tables 10 and 11, which were plotted in
figures 17 and 18, that the higher the temperature the more ductile is the
material and the higher would be the yield stress of the material. Results
concluded that figures 17 and 18 show a good evidence that the higher the
testing temperature the greater the resistance to fatigue which is by a
factor of 2 - 3 for sharp notches and nearly the same results for blunt

notches.  The band of these plotted points seem to be narrower for speci-

mens tested at +50°C than those tested at +100°C. This last result
seems to be valid for blunt notches rather than for the sharp ones. There
is no evidence throughout this work which might show if there is a change
in crack formation (whether it is transgranular or intergranular fracture),
since the variation in temperature is not so great. Results of this
investigation at these two temperatures would safeguard the designer by

using a factor of safety to provide a conservative line, below which he
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can be sure no initiation would take place at certain applied loads.
Fractured 'surface examinations showed that both room temperature , +50°C

|
and +100°C tested proved to be ductile surfaces.

5.3 ‘Tests at -50°C and -100°C

" Results of specimens tested at -50°C plotted in figure 19 suggests
that the number of fatigue cycle .required to initiate a fatigue crack
was nearly the same kor both materials (A & B) in.spite of the additional
percentage of molybdenum intentionally added to material A, This was found
to be alsé the case for other tests provided at -100°C. The scatter
resulted from bluntly notched specimens at -50°C seemed to be greater than
at -100°C.  For sharply notched specimens the case does not seem to be
so where the scatter is nearly identical for both. The exponent (m)
which is shown in Section 4.1 lower as for the higher testing temperature.

The author would like to mention here again that material B was given the

proper heat-treatment for all specimens before the sub-zero test was

provided.

5.4 Plastic damage evidence before a fatigue crack initiation

The plastic damage resulted during fatigue testing of the specimen
in figure 22 was recorded before the fatigue crack could be detected by
the electrical potential technique or optically, Figure 21 is simply
an approximate sketch which is represented in figure 23. A mass of
slip-lines were formed during the early stages of fatigue. The length
of these lines detected were between 0.010 mm and 1.0 mm. To compare

this plastic damage in size with that proposed by Smith(14?) and the_
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linear elastic fracture mechanics model Appendix III. The following

results could be concluded:

1. Using Smith's proposal the flastic zone size of this should
be equal to 11.43 mm,

2. Applying the linear elastic fracture mechanics approach one
gets a value of 9.6 mm,

3. Even applying Dugdale's model (Appendix III) concludes a

plastic zone size of 10.11 mm,

The resulting plastic zone concluded from this test comes out to be less

than half the value they have concluded theoretically, figure 21. The

| - -
‘applied stress in this case was 281.5 M\ m 2, the yield stress is 425 M\ m 2
o
therefore 33- = 0.662 which implied that the plastic zone size should
y

be equal to the values stated in 1, 2 or 3 above theoretically wﬁile

practical measurements of these results show that it is equal to 4.0 mm,

5.5 'Fatigue with A/E application

The acoustic emission reveals an agreeable approach of detecting a
fatigue crack initiated at certain number of fatigue cycles for both sharp
and blunt notches, therefore it is a quality control technique rather
than an experimental one. The results of this work are applicable for
this material since the properties of one material could differ from
another due to variation of casting procedure. Size and shape of casting
and the resulting cooling rates all these may well influence the fatigue
properties of the material. The fatigue test showed that at certain

voltage gain (e.g. 62.4 dB), the totalacoustic counts had to reach at
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least 500fcounts in order for a detectable fatigue crack to be initiated,
providing the value of ﬂK/p% should be 1000 MN m'z. This is only true
for specimens containing 0.127 mm notch root radius. The total number
of fatigue cycles Qas greater than 106 cycles (Table 14). As 1&1()';:1!5
values increase by 75% the total counts at the point of initiation in-
creases nearly four times and by a further 75% increase in ".\K/p;5 the

total acoustic counts do not increase in the same previous manner.

Tests showed that the blunt notched specimens (e.g. p = 12.70 mm)
behave somewhat different, that is as :‘.\K/p;s increases the total acoustic
counts decreases. The case was the same with the 25.4 mm notch root
radius except no acoustic counts could be detected at 62.4 dB values,

therefore higher voltage gain was used.

The last nine specimens of Table 14 where a gain of 75 dB was used,
the acoustic count rate was concluded, These results were plotted as
counts rate versus time as shown in figures (26 - 33). These resulting
plots suggest that for sharply notched specimens the count rate steadily
increases until it gets to the maximum value (peak) then the rate starts
to drop. The fatigue crack initiation always took place after the rate
had reached its maximum value then the rate started to drop. The fatigue
crack initiation always took place after the maximum count rate{;eached
its value then started to decline. For lower load values or at M/p;5 =
1200 MN o (using sharply notched specimens) fatigue crack initiation
did not take place unless the count rate was about 500 counts/minute.

%

For values of AK/p® = 2000 MN m"2 fatigue crack initiation had not taken
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place until the acoustic count rate was about 7.8 x 106 counts/minute.
Results of this work also showed that blunt notched specimens namely
(AE7 and AES of figure 12) showed that a fatigue crack did not initiate
approximately ten minutes after the acoustic count rate reached its
maximum value and this ten minutes corresponds to (12000) cycles when
one can draw from that a conservative line before a detectable crack
could initiate. Test number 10, figure 30, is excluded from the above
considera&ion. Onc.inch root radii notched specimens, figures 31, 32
and 33, could not give a clear warning to the operator when the fatigue
crack was likely to initiate, while the sharply notched specimens did

during tests.

An attempt was made to investigate the direction of the slip lines
at either surface of the monotoningly loaded specimens at five different
temperatures. All specimens were electro-polished and were tested to
about half the value of the load required to fracture the specimen.
Results were negative since the sub-zero test both fractured much earlier
than they were expected. The attempt was to show if there were any

changes in slip line direction from one temperature to another.
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5.6 Plastic zone size

Earlier work carried out by Smith(146), Dugdale(SSJ, Vitekclso) and

Tetelman § McEvily(lsg)

was concerned with the plastic zone size and the
shape of that plastic zone at the tip of the sharp crack during fatigue
tests. These results were studied at early stages of this work theore-
tically, the computer programme written for this comparison is shown in

Appendix III. Smith's work suggested that unless the applied stress

to the yield stress ratio is greater than a certain value (p/2)
2+(p/s)

where p is the measured root radius of the notch, and a is the notch depth,

the plastic zone does not exist. Vitek followed this work a stage further

g
and concluded that for the ratios of p/a = 0, 0.1, 0.5, 0.9, as E;i

Y
(the applied stress to the yield stress ratio)increases the plastic zone

increases exponentially, while fitting Smith's curve into Vitek's graph
for a p/a value of 0.5 it seems that it would follow the same pattern as
Vitek suggested than at a certain value of«j—E = 0.8 Smith's curve p in-
creases sharply and intersects with other p/a ratio curves (figure 63).
The plastic zone size seems to be fairly well established either by the
linear elastic fracture mechanics approach, the Dugdale proposal, the
Smith's results or finally by Vitek, but it is not quite agreeably establi-
shed for blunt notched specimens. Although Smith's model is for anti-
plane strain conditions Palmer(123) has used this model based on the
assumption that it is appropriate for tension compression fatigue using
a big sheet with a crack in its centre when the sheet is under uniaxial

tension. Vitek studied the same situation of plane strain yielding from

an embedded crack with finite root radius ané loaded in uniform tension
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and three point bending as well.- To apply Smith's model .recent experi-
mental work has shown that it cannot be applied to fatigue while using

single edge notched specimens, while the other three models (linear elastic

g
a

fracture mechanics and Dugdale) suggest that whenever 5 (ca = applied
stress and ay the yield stress) has a value, a plastic zone does not exist
even if it is very small (Appendix III). Smith's, Palmer's and Vitek's
models show a cut-off at some values of cafcy where the palstic zone size
is zero. This work confirms this cut-off for different values of p/a

but it indicates that the cut-off value (Ua/cy] is smaller than it was
suggested earlier. More than a dozen specimens which were tested through-
out this work namely (AZl, 4, 8, 26, 39, 22, 24, 27, BZ12, 15, 18, 26, 16,
19, and 6, 13, 4, 10, 22 and 23) from both materials containing three
different notch root radii (Tables 9, 10, 11, 12 and 13) were tested using
a stress ratio (Uafoy) less than that Smith proposed in his theory. In
all cases, a fatigue crack initiated at different numbers of cycles with

o
Tespect to the load used. Results of this work applying 3§-= 0.4, 0.5,

Y
0.6 and 0.8 using three different notch root radii suggests that a plastic

zone was existing before Smith's cut-off took place. One of these calcu-
lated evidences discussed in Section 5.4 where«g-E used was 0.662 and the
plastic zone size was less than half the value predicted from the above
models. This last case was detected before the fatigue crack was detect-
able, but slip lines defined the plastic zone shape and size. The gross

stress for this purpose was calculated using the bending eqhation:

Xla
=

wvhere, 0 - is the applied gross stress.
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M - Bending moment
I - Second moment of area
l
1!
Y - 5 (W-a)
W - specimen width, and
a - is the notch depth.

Substituting the values of M, I and Y the following equation can be
used to calculate the applied stress of any specimen fested throughout
this work. This applied stress is equivalent to Smith's applied stress
when using his model for anti-plane strain,

o, - 6sz
B(W-a)

o
Smith suggested that unless 33- reaches a specific value, no plastic
Y

deformation can take place providing the crack length to width ratio (%9

is equal to 0.20 as shown below:

g
p = 0.127 mm leads to 3&»2 0.29 as a condition for a plastic zone to exist.
Y
%
p=12,70 mm leads to T2 0.660 " " " " "
Y
o}
p = 25.40 mm leads to 39- 2 0,70 " " " " "
Y
%
For specimens of 12.70 mm notch root radii with a stress ratio [E-i
Y

in the range of 0.208 - 0.222, this work concluded that a fatigue crack
initiated. Taking Holder's conclusion as granted (before a crack could be

detected a plastic damage has to take place), proves that a plastic zone
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existed even before Smith's cut-off. At five different temperatures,

the case was the same for specimens of 25.4 mm notch root radii. Figure
where the plastic zone size was plotted against the log of'(%ﬂ (p - notch
root radius) shows the theoretical and critical root radius is equal to

0.510 mm based on Smith's assumption. This concludes that for a smaller

radius the plastic zone size does not change and it is about 12.60 mm.
As the radius increases up to one inch (25.4 mm) the plastic zone size

decreases and gives a value of S = 6.25 mm (0.25 inches).

5.7 Another evidence of plastic damage before a fatigue crack initiated

This work gave an evidence of a plastic damagé before the detectable
‘fatigue crack initiated. This evidence was concluded from the total
acoustic counts v.s. time for three different notch root radii. As figure
36 indicates that fatigue testing a specimen with a 0.127 mm notch ‘root
radius (the resulting chart with a full scale deflection of 106 acoustic
counts as an X axis).concluded that before a fatigue crack initiated and
even before any plastic damage took place, the acoustic emission recorder
was plotting equally spaced lines, which represents a full scale deflection
in each line. Once plastic damage initiated these equally spaced lines
in figure 36 were spaced wider (count rate decreased). In conjunction
with this evidence the recorded replayed elastic wave from the tape recorder
shows no pulses exist before any plastic damage took place, figure 35.

The theory behind this is because as the elastic acoustic wave travels
along the specimen it will reject backwards and forvards, As dislocation
starts to move (plastic deformation starts) the recorder begins to pick up
disrupted waves and shows some pulses. Theselﬁuiﬁes will incréase o

respectively as the plastic zone increases and finally the fatigue crack
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initiates. The result of this test indicates that the total acoustic

emission counts at the point when the fatigue crack initiated was found

to be 2.811 x 106 counts. This number of counts is much smaller than it

is for a blunt notched specimen tested under the same condition. The

last result confirms Palmer's result, Palmer suspected that larger

plastic zone should take place for blunt notches than it does for sharp

ones. Throughout this work the total counts v,s, times is also recorded

for specimens of 12.7 mm and 25.4 mm notch root radii (Figures 36, 37 and

38). The resulting number of total acoustic counts for all these

specimens are:

Specimen Notch root Total acoustic counts Total A/E counts when a
Code radius (mm) where deformation started <crack initiated
AE4 0.127 2.34 x 106 2.81 x 106
AE7 12.70 96.0 x 10° 109.82 x 10°
AE3 25.40 105.0 x 10° 175.7 x 10°

These results could give the operator an early warning even before

the fatigue crack starts to initiate by carefully watching these equally

spaced lines from the recording chart. Once these lines start to get

wide apart the plastic damage starts at the tip of the notch. The count

rate is a better measure as well as a better warning.

The above results

in the table give the information to the designer where to be careful once

these spacings of figures 36, 37 and 38 begin to be wider apart. The

final point from these results is that the total acoustic counts from the

start of plastic deformation to a point where the fatigue crack initiated

was found to be greater for blunter notched specimens than for the sharper

ones, Figures 36, 37 § 38 are an original copy reduced to A4 size. For

all these tests the electrical potential technique was used to detect the

fatigue crack initiation,
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5.8 Fatigue crack propagation

The fatigue crack growth have been plotted in figure (52) for both
materials at five different temperatures. All are equally valid in the
sense that their originator considered that they accurately represented
a set of fatigue crack growth data, although other data can often be found
to refute any particular theory. The following results concluded to

represent the crack growth equation for both materials. All temperatures

are statistically found.
|

Temperature Material A Material B
Room temp. %§-= 07%- 82y -7 %§-= 0666 (AK)
+50°C %ﬁ' - 10712:5 gy 3.92 %% . 10775 (axy 206
+100°C %§-= 10'?'28 {AK)I'gg %§-= 10'7'35(&K)2'05
-50°C j_;:: 107732 (pg)1-95 %ﬁ' v 10-7-30 () 191
-100°C %NE - 1077+32 (ppy1-8 g% - 10773218

These latest results are very close to crack propagation results
introduced by Frost and Dixon in their theory of propagation where they
found that m = 2.0. Excluding the test of material A at +50°C all the
results confirm the above theory and show no significance in this law at
various temperatures. All the experimental data in this work pertaining
to cracks of overall length of up to 5.0 mm were used in the fracture
mechanics analysis. Curves were fitted to the basic crack length versus

the number of cycles data for each specimen, and crack growth rates obtained
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from the appropriate slopes. As the crack growth does not take place
unless a critical value of AK, that is, AKC is exceeded by a theoretical
minimum crack growth rate can be calculated using the coefficients given

in the previous equations by substituting the appropriate value of AKC.

The resulting data was plotted in figure 52 where it indicated that at
some certain value of AKC (e.g. room temperature log AK = 1.5 - 1,7)

the crack growth rate is not dependént onAK. It seems to be the case
for all three first temperatures, which it (the crack growth rate) is
always significant of ﬁKC. There is not sufficient evidence throughout
this work to determine the element of cracking per cycle in these materials
by metallurgical and not even geometric consideration. The element of
macro-crack occurring per cycle could be some function of inclusion size,
spacing, or mean and alternating stresses. Large inclusions widely
dispersed could have the effect of making da/dN highly mean-stress dependent.
The difference in over-all growth rates during the first three temperatures
was due to the heat treatment difference and grain size difference was
resulted. Because fatigue crack growth is a strain in controlled process
the behaviour of different steels would be expected to be similar if
compared on the basis of strain instead of stress. Unfortunately, there

is not sufficient evidence throughout this work to prove this although

it was shown by Frost (1974).

These crack propagation data of both steels for five different temp-
eratures plotted in figure 52 represent valuable information for a designer
since no information of crack growth rate is available foreither steel under
such conditions. The expectation of improving the crack growth rate by an
addition percentage of molybdenum was negative as a result of this investi-

gation, but still valuable since it indicates how tough these materials are

even at sub-zero tests.



- 166 -

5.9 Fracture toughness tests at five different temperatures

For both materials using the linear elastic fracture mechanics
approach (LEFM) results showed that they are almost free of defects. For
both materials the basic specimen size gave valid assessments of KIC' The
KC values of these materials seem to confirm the general pattern (7) at
room temperature. The critical stress intensity factor (KC) of material
A seems to be 6% higher in value than that for material B at room temper-
ature, about 10% higher at +50°C, while 3% lower KC for material A than
it is for:material B at +100°C.  Results also indicate that K, values
are found to be greater for material A by an average of 11.5% than it is
for room temperature. Yielding seemed to take place before the crack
initiated, therefore using electrical potential techniques to detect the
point of crack initiation was very helpful to calculate KC for all
temperatures. For fracture toughness tests results at sub/zero temper-
atures namely - -50°C and -100°C the K. values calculated throughout this
survey seemed to be one third of the room temperature tests for material
A at -50°C and nearly one sixth of the room temperature value at -100°C.
The Kc values of both materials stated in Section 4.3 could be summarized

as percentage in relation to room temperature results.

Materials °50°C +100°C -50°C -100°C
A 118% 102% 32.7% 17.3%
B 114% 111% 34,2% 17.5%

This last conclusion shows that since -50°C and -100°C are far below
the transition temperature of both materials it is therefore expected to

find the KC value dropping to about 34% of that value at room temperature
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and to about 17% of that value at -100°C. The minimum specimen thick-
ness for a specimen which gave valid critical plane strain -

intensity (KIC) was found to be 40 mm. The resulting estimates of KIC
for material A described here was found to be equal to 135 MN 1113/2 and
132.5 MN m3/2, these seem to be tough materials. The results of surface
fractography of random selected areas of these fractured surfaces shows
that figures 39 and 40 are ductile and cleavage fracture respectively.

At all temﬁeratures the calculated results which depend on the 5% secant
of the load C.0.D. curve to correspond to plastic failure and not to
crack initiation. This was demonstrated by simultaneous use of the
potential technique to detect fracture initiations. Figures 39 and 40
show small shear lips which proves that these fractures are of a plane
strain character. To study the toughness of these two materials in
more detail several tests were carried out applying not only the L.E.F.M.
approach but also the J-integral and the acoustic emission techniques in

the next section. All sixty results of the five temperatures are

tabulated in Tables 15 and 16 in Section 4.3.
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5.10 Fracture toughness test using acoustic emission and J-intégral

applications

Results of Table 17 show higher values of KC for specimens half-way
prefatigued than those specimens tested as received (just notched). The
first part of Table 17 indicates that there is no point in comparing the
notch root radius with the total counts produced, since prefatiguing the
blunt crack more than 5.0 mm from the crack (notch) tip will produce a
sharp crack anyway. The point to state here from these results is that
the total acoustic count is lower for a/W value of 0.34., The value of
the acoustic emission increased sharply for a/W value of 0.26 which was
the maximum number of counts at crack initiation, figure 45. As a/W
increased the total acoustic counts increased by about 50% up to a/W =
0.6. Figure 44 the plastic zone shape formed on the surface of the
specimen at the times when the crack initiated during monotonic loading.
All these specimens were stress cooled to give clear view of the plastic
damage. The resulting value of KC calculated both ways, L.E.F.M. method
and the J-integral approach, the two results show a good agreement with
about 2% apart. One should always keep in mind that the crack initiation
was in both ways,detected using the electrical potential technique.
Figure 46 gave a conclusive result, that is, for sharp notches (0.127 mm
root radius) the total count at crack initiation was much higher than
for p = 0.250 mm, nearly the same for p = 0.50 mm and it is much lower
than for p = 1.5 mm. By duplicating the test (one specimen stress was
coated, the other was not) Table 17 and figure 46 showed that the stress
coating did not effect the number of total counts rate since it was found
to be higher and lower for both sharp and blunt specimens. Figure 47

concludes that the effective value of KC independent of the notch root
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radius increases. This was found out by the L.E.F.M. approach as well
as the J-integral approach providing the crack detection is by means of

electrical potential technique.

The plastic enclave formed before the crack initiated is shown
in Figure 48, The plastic zone size and shape before a monotonic
loading crack initiated is shown on the surface of the specimen in this
figure. The size of this plastic zone, at a load of 1.51 tonnes, was
found to be about forty times smaller than it is when the test was .
stopped at 1.94 tonnes as can be seen from figure 44 for three different
notch shapes. Load versus load point deflection (displacement) was

represented in figures 41, 42 and 43.

Although figure 48 gives evidence of surface plastic damage, the
test was carried out simply by loading the specimens to a point just
before the monotonically loaded specimen cracked. The resulting
internal examination of this test after sectioning the specimen indicated
that no sign of plastic damage could be traced, while the surface damage in
the form of slip lines and slip bands was found in the same pattern of
figure 48. These latest results suggest that the plastic damage is too

small to be detected inside the specimen or no damage could penetrate

through the whole thickness.
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5.11 Scanning electron microscope fractography

Random samples of scanning electron photographs were selected and
displayed for a fatigue crack initiation and propagation. Figures 20a,
b,...20h explain the initiation fractography of both materials. Figures
201,...20r gave details of propagation fractography of both materials.
The initial remark could be concluded from these fractographies that
material A shows more ductile fracture surface while material B shows
brittleness properties (Figures 20a, 20b, 20c, 20d, 20e and 20f) for
temperatures namely - room temperature, +50°C and +100°C.  Figure 20a
shows how the initiation of fatigue crack on the surface contains a
carbide inclusion which is about 80 pm in diameter. Separation of
inclusion from the matrix was indicated by an arrow. The initiation
fracture surfaces indicate that slip bands were present to contain cracks
at the end of a test, especially for a specimen which had a long life and
the origin of cracking is associated with the free surface (Figures 20a,
20b, 20c, 20d, 20e and 20f). The sub-zero temperature tests did not
give evidence to show that extrusion and intrusions could form in slip
bands throughout this work, While other workers showed that at even
lower testing temperatures the propagation fractography faces produced by
a continuously growing fatigue crack have a smooth matt appearance, free
from markings visible to the naked eye for all temperatures. Raising
the temperature to +50°C and +100°C did not seem to change the mode of ¢
cracking from transcrystalline to intercrystalline as previously showed
simply because the temperature was not high enough to produce such a
change. To change the mode a temperature of 250°C should at least be
used. All fractography displayed in Chapter 4 gives a clear picture for

both initiation and propagation mechanisms of both materials,
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CHAPTER 6

CONCLUSIONS

The following conclusions could be drawn from the results of this

investigation.

1. The results of this investigation indicate that the additional per-
centage of molybdenum did not produce a significant difference in fatigue
properties. The grain size difference produced a fatigue property
difference which confirms the early theories, which indicate that, the

finer the grain size the higher the number of cycles required to initiate

a detectable fatigue crack.

2, The use of the acoustic emission technique in conjunction with the
electrical potential technique provides a reasonable method to detect the
initiation of a fatigue crack providing factors are known (load, the

voltage gain (dB) and the specimen notch geometry).

3. Fatigue crack initiation and propagation can be observed by the

decreasing value of the count rate or the total accumulated counts during
the test. The detection of initiation by acoustic emission was in agree-
ment with the point of initiation indicated by an increase in the voltage

across the notch using the potential drop.
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4, Average KC value of both materials at all temperatures produced
showed no significant difference. These values are shown in Chapter S.

These values show high toughness at both materials.

5. The J-integral technique for toughness measurement using either the
_ Acoustic emission technique or the Electrical potential technique to detect
the point of fracture initiation gave results in agreement with L.E.F.M.

methods.,

6. The total accumulated number of acoustic emission counts to the
initiation of fracture in a J-integral test was found to vary with the
a/W ratio. The a/W ratio was itself varied by increasing the length

of the fatigue crack at the notch root.

7. Total number of acoustic counts required to give an early warning

before fracture was higher for specimens just notched without pre-fatiguing

by an average factor of 1.5 x 102 for sharp notches,(p = 0.005") and

increases to 2 x 10° for blunt notches, (p = 0.50" and p = 1.0").
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CHAP.TER 7

RECOMMENDATIONS FOR FURTHER WORK

The author would like to recommend the following proposals for

further wqu:

1. During this investigation the temperature band was between -100°C to
+100°C due to the economic situation, therefore expanding the range
of temperature say from -400°C ro +400°C would allow us to investigate
the extrusion and intrusion formation in more detail. High
temperature tests have also been used to investigate the mode change
of cracking from transcrystalline to intercrystalline which has been

shown for other materials but not for these types of steels.

2. Electro-polished' tests are recommended for all temperatures to
investigate the plastic damage before a fatigue crack initiates and

whether the slip line forms the same pattern and direction or not.

3. More intensive study of the plastic zone size and models is recommended

and to be compared with the existing models, e.g. Smith's, Dugdale's,
L.E.F.M. and Vitek,

4, It.would also be valuable to study the fatigue properties at all

temperatures applying lower frequencles (e.g. 1.0 Hz).
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The acoustic emission technique is a useful one, therefore the author
strongly recommends to apply this technique for both fatigue and
fracture toughness investigations. In order to define the total

counts necessary to initiate a fatigue crack or to initiate a fracture

an intensive study should be carried out.
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APPENDIX I

1

Because both materials A and B were received in the form of large
blocks effort was provided to use the Metallurgy Department facilities
to cut these blocks to the required size specimens allowing 2.0 to 3.0mm
for shaping and grounding,

This Appendix shows how these specimens locate with reference to
the original block. The position of the specimen could be affected

due to heat treatment and size of the cast,
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Flame cuts
!
\
L
No,4 No.1
I 915.0 mm’
[~
z No.5 No.2 ::::?“
} No. 6 No.3 \<
153,0 mm

Figure i - Represents the position of the blocks

relative to the Anchor piece
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/a1 /36 /25 /18 /10 /5 / f
' /0%9/24/17/9 4
BLOCK No.1' ég AB/ZS/M/ V 3 178.00 mm
/38/2:/2;/12/7/}
A?/zs/lg/u/s/l'

CZ5(19 (14| 9 | 4 /

; Czl 17 12 7 2 /
2¢ 16 | 11] 6| 1 /

[~ 305

Y

Figure (ii) - 1) Specimens were cut vertically (1-41)
are cooled as AZl, AZ2,....AZ41,

2) while specimens have been cut horizontally (1-26)

are cooled as BZ, BZ,.... BZ
3) Specimens marked with CZys CZ,.... are calibration
specimens

BLOCK No.5 ’iii//,r }
178.0 mm
FZ1 F74

o
/ FZ6
35| 42| 4844 | [0 v/ 153.0 mm
-t 305 mm o |

Figure (iii) 1) Specimens numbered 35,42,43...50 are loaded as
AZ35, AZ42, AZ43...up to AZS0

2) Other six specimens from this block were large
fracture toughness specimens 40 x 50 x 305 mm,
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,//‘25
s
BLOCK No.6 4/} L
és/%/y/ 153.0 mm
32| 39|F2 | F9 }5/ | 28
33| 40| F3 [F10 el L7135
- ss) 71 LT 177
33| 41 F4 [F11 g & /// 30
35| 42| F5 |F12 T 62 } |
55
36| 43| F6 [F13 /4/9//
§6| >~ 178.00 mn
37| 44| F7[F14
> 305.0 Mmm——
Figure (iv)

1) Specimens numbered 51,52,...61 represented by the following code:
AZ51, AZ52,...AZ61 (fatigue test specimens)

2) Specimens numbered 1 to 26 represented by the following code:
CZ5, to CZ30 (calibration specimens).

3) Specimens numbered and coded in brackets as shown:
26(A8), 28(A47), 29(A48), 30(A49), 31(A53), 32(AS54), 33(ASS),
34(AS59), 35(A60), 36(A61), 37(A66), 38(A68), 39(A76), 40(A77),
41(A82), 42(A98), 43(A99)," and 44(A100), Fatigue Test specimens

4) Specimens numbered F1 to F15 are fracture toughness test specimens
Small size (20 mm x 25 mm) coded by FAZ § FBZ in tables.



MATERIAL "'B'" (BS.1456A)

1C

. 1

2C ac |
|
|
' ,
! |
5C 1B ‘
_ - o
6C 2B |
A 3B
4B

Figure (v) - Blocked received as cast and sawn cut in the middle.

Dimensions: Blocks No.1,2,3,4,5 § 6C were: 30 mm x 115 mm x 300 mm

Blocks No.1,2,3 & 4B were:

BlockiA was 100 mm x 190 mm x 450 mm

65 mm x 132 mm x 250 mm




*7g4 seanjexadwal § yo ssauydnoj sanjoery JoF usa3Frd (o

*€1d pue Zld ‘Tld ‘Iuswiearl
jeay Syl YO9yd 03 135931 sndr3ey e x0y suswrdads saayl (q
*gvdtcfzvd ‘tvd ‘(*3°V)
*L°l°d 03 pasn saydjou junyq yitm susurdads 3ydrg (e
!SMOTTOJF se pasn pue (yoes suswridads [[eWS INOJF) SWOS
autydew 03 aIaMm susurdads ssauljdnojl sinjdexy 98xer uajolg

Q_C_.Qmo:u m#mm.--cqmmm -.Hmnm

U Qpz X W 0§ X Wl Qf :SBM 9ZTS ITOYyl ‘1s91

ssauysnol axnjdelJ 03 pasn suawrdads ZI 03 IND SEBM Y YOOI
84°Ld°9d°SApA CA ZA Td LTV ‘STAV

:sSe popod susurdads usl 03 IND SeBM )9

*gLavetcttfgsav ‘g9av
Se papod suawrdads Ajuomy 03 Ind SeM DS § Ot

*gSay B gpAVegeavegzaIvegIaIvesSIgED "t " fz19d ‘119D Se papod
ww g7 X una ON mEOEHum&m usl 03 Ind SsemMm Um_.

*suauroads UOTIBIQIIED SB QgD ***“Z9) ‘19D Se papod
Wy §Z X ww gz suawrdoads usl 03 Ind sem HZ

o1
i T ] 11 m 11 —
- N N NN QS e s =
foss (] 1 m [ ] 'e) ™ > S
- [ <]

(9

(s
(v
(s
(z

(1

av

LTIH| STIH|STIH [ITIH | 61H |LIH| SLH|€ILH | TIH| 96
9TIH| PTIH|ZTIH PTLIH | 81H |91H | vIH | ZLH | L6 S6
ge
v6 6 S8 |18 vL | ZL L9 | v9 29| 6S
€6 88 ¥8 | SL €L | TL 91 £9 09 wm\
- (4
LS | ¥S Ly | Sy v | oY 8¢ | €< I£ | 62
Ss | IS ov | v Iy | 6¢ e | &% og | L2
a1
Sc £C | T2 6T | LT | ST €T | OI 9 4
ve cc| o 8T | 91 | vI IT}] 6 % ¢

(va) sarra




I1.1

APPENDIX II

Crack length-voltage calibration specimens

Forty-five specimens were necessary for this calibration of both
materials, A and B, therewere thirty specimens each. Every batch of
material 'A' was tested at one of the following temperatures (room
temperature and -50°C). The remaining fifteen specimens were of
material 'B' which have been tested at room temperature only. All
specimens of both materials were the same size as the fatigue test
specimens (20 mm x 25.0 mm x 120 mm). Also all specimens contained
the same notch root radii (0.127 mm) with a notch depth of 5.0 mm,

All specimens were used for the empirical calibration by stopping the
fatigue crack growth at various stages, breaking the specimen open and
measuring the crack length, corresponding to a given voltage, optically.
A constant 20.0 amperes current has been passed through the specimen,

a 20.0 Hz frequency was used and the potential drop equipment shown in
the figure was used to record the A, & Vo readings as could be seen
in figures (i), (ii) & (iii). Tables 1, 2 and 3 of this Appendix show
the results of these calibration tests. These results were plotted in

figures (iv), (v) and (vi).

This method was first established by Gilbey and Pearson where
the ratio Va/VOW determines the effective values of Y. As crack length
increases measurement of crack length becomes less sensitive to error
in determining the effective value of Y where Y is the material constant,

and it is a polonomial function of a/W. As small values of a/W greater
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sensitivity to changes in a/W is obtained. The plots of these curves
for three different temperatures (figures iv, v, iv) are used to study
crack growth rate mechanism for different specimens and two different
stress values for all five temperatures to predict the crack propagation

law and compare it with other theories discussed through the literature
survey in Chapter 2.

r
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Reference Sugggg? Reference
? [+ °
o] [o) ?
— | SR |
Conatant Constant
bollast bollast
resistor resistor
Cutmut to testpiecs
cod
Figure (i) Paver circuit
ix 7 ?
3 4 !
. v
X X o
%2 !
Figure (i) Tousition of probes
Input tean
testndece

- Current
neasure
shunt

Va- potential drop across

the crack (1 - 2)

- potential drop across

the uncracked material
over a unit distance

Device to back off
=T valtage acrass notch

X-Y
Plaﬂ'ar

Figure (iii)\ndltage neasuring circuit
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ﬁJo:

Code a mm a/W V.o (v /) x 10° mei'
1 cz5 5.00 0.2 45.0 18.0
2 cz6 5.25 0.21 46.0 18.4
3 CzZ7 5.63 0.225 47.0 18.8
4 Cz8 6.06 0.242 48.5 19.4
s c29 6.40 0.256 55.0 22,0
6 cCz10 7.00 0.28 60.0 24.0
7 cz 7.50 0.30 78.0 31.2
8 CZ12 7.90 0.316 87.0 34.8
o  cu3 8.15 0.326 97.0 38.8
10 cz14 8.30 0.332 100.0 40.0
1 cus 8.45 0.338 120.0 48.0
12 Cz16 8.56 0.342 133.0 53.2
13 cu17 8.75 0.35 143.0 57.2
14 cz218 8.80 0.352 155,0 62.0
15 cz19 8.80 0.352 168.0 67.2

W(Specimen width) = 25.0 mm

Yo

= 100 pv

Material A tested at room temperature

TABLE 1
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a=0546,3V_-289YV 2 + 4.9V 3
a a a
70.122 Material "A" tested at room temperature
with Vo = 100 wv.
W= 25.0 mm
58.44
46.75 {
T 35.06 ;
g
L]
]
=
tad
wfZe
23.38
11.69 1
0.086 0.172 0.260 0.340 ..
a/w

Figure (iv)
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47.02

38,20 t

34.38

30.56 |

26.74

15.28 }

11.46

7.64

3.82

a=>59.23V_-10.2V
a a

I1.7

2 3
+ 10.2 Va

Material "A" tested at -50°C with Vo = 100.8 uv

1

W =25 mm

LY

'Y A i

Y

0.0346

0.1038

0.2472
a/W
Figure (v)

0.3114

0.346.
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No, Code a mm Vv a/W (v, /¥ H(mnyx 107
1 cBl 5.0 2.50 0.2 0.989
2 cB2 5.45 3.00 0.218 1.181
3 CB3 6.37 5.00 0.255 1,969
4 . cB4 6.76 12,50 0.270 4.921
s CBS 6.86 17.50 0.274 £63900
6  CB6 7.13 17.80 0.285 7.010
7 CB7 7.25 27.50 6.29 10.827
§  CBS 7.80 40.00 0.312 15.748
9 B 7.86 45.00 0.314 17.716
10 CBIO 7.93 52.50 0.317 20.670
11 CBll 8.15 60.0 0.326 23.622
12 CBI2 8.50 67.5 0.34 26.475
13 CB13 8.56 80.0 0.342 31.496
14 cB14 8.65 90.0 0.346 35,433
15 CBIS 8.65 100.0 0.346 39.370

Material B (R.T.)

v('."

= 101.6 uv

TABLE 3

Calibration Test Results




Electrical potential (uv)
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a=124.6V_ - 2512V 2+ 1.7V >
a a a
120l Material "B'" tested at room temperature with V, = 101.6 nv
!
1004
80+

60}

40 {

20 -

-

) 0.8 1.6 2.4 3.2
crack length (mm)

Figure !vi!
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APPENDIX III

Computer programmes were written as will be shown next for the

following equations, from which the plastic zone size could be compared.

1). Dugdale Model

o - applied stress

S=a (Sec'g-él-_ 1) 0,- yield stress

S - 2ry = plastic zone size

a - Crack length

Programme

FORTRAN .No . Name

MASTER

REAL C,Y,S

WRITE (2,3)

3 FORMAT (11X, 11H  C X, 11H Y 11X, 11IY S 11)
DO 10 I=200,560,60

DO 10 J=1,11

C=1%0.001

Y=J*0.1

X=(90.0%3.1415) /180. 0

S=C* ((1/C0S (X*Y))-1)

WRITE(2,180)C,Y,S

180 FORMAT(10X,F11,4,10X,F11.4,10X,F11.4,1)
10 CONTINUE

STOP

END

FINISH

* ok k ok
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2) Linear Elastic Fracture Mechanics Model

o k2 e Ry
Zry = E-G—a Substituting for K = Gy /R
CR
2 2.2 (o}
K-U}’T
C - Crack length
R0 - Critical notch root radius
R - Notch root radius
f
| Y - Constant § it is a function of o/W
W - Specimen width
Programme
Jos .. No  .Name ' yp(3T300,M220000)
UA FORTRAN EXIT
MASTER
DIMENSION Y (120),S(129),R(3)
R(1)=0.005
R(2)=0.500
R(3)=1.000
DO 10 I=1,3

DO 100 J=10,120,10

100 Y(J)=J*0.01

WRITE (2,180)R(I), (Y(J) ,J=10,120,10)

180 FORMAT(1H1,50X,2HR=,F613/50X6H  1152X,1HY/5X, 1HC,4X,14F6. 3)
200 C=0.145

210 DC=0.005

IF (C.GT.0.365)DC=0.01

C=C+DC

IF (C.GT.1.0)GOTO 10

DO 220 J=10,120,10

Y (J)=J*0.01
S(3)=(((5.340%*2.00)*0.01)/3,1416)*(C/R(I))*CY (J)**2.0)
220 CONTINUE

WRITE(2,230)C, (S(J),J= (0,120,10)

230 FORMAT(F9. 3,2K,14F6.3)

GOTO 210

10 CONTINUE

STOP

END

FINISH
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UAFORTRAN

MASTER

DIMENSION Y (800),KD(120),S(120)

READ KD

DO 100 I=10,20,10

DO 200J=534,739,17

KD(I)=I1*0.01

200 Y(J)=J*0.01

WRITE(2,190)KD(1), (Y(J),J=534,798,17)
10 190 FORMAT (1H1,50X,3HKD=,F6.3/50X,6H 1152X,2HKD/5X,1HC,4X,14F6.3/)
11 210 C=0.145

12 220 DC=0.005

13 IF(C.GT.0.365)DC=0.01

14 C=C+DC

15 IF(C.GT.1.0)GOTO 100

16 DO 250 J=534,789,17

17 Y(J)=J*0.01

18 S(J)=(((Y(S)**2.00)*0.01)/3,1416)*(C/0.005)*KD(I)**2.00)
19 250 CONTINUE

20 WRITE(2,300)C, (S/J),J=534,789,17)

21 300FORMAT (F9. 3,2X, 14F6. 3)

22 GOTO 220

23 100 CONTINUE

24 STOP

25 END

26 FINISH

27 REWRITE LINES 1 TO 26 AGAIN

REPEAT 27 AGAIN

*dkk

Weoo~NOU & -
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3) Smith's Model

o . _wo!
% [1+(R/C)I]
o . (R/C)i 2.0 - cos™! { 1}- R/C ~ i}
g
y 1+(R/C) m(1+(R/C) %] S R S R
1+ =-@ [Q+ Q) -(1- 3]
Programme

Jos o, ... Name;n 5T100,M2,30K)

UAFORTRANLINES 10000

MASTER

REAL R,G,S,Y

DIMENSIONS R(3)

WRITE(2,3)

3 FORMAT(10X,5H C, 10X,5H S ,10X,5H Y  11)

R(1)=0.005

R(2)=0.0500

DO 10 I=200,255,5

DO 10 J=1,105,5

C=1*0.001

S=J*0.0001

DO 10 K=1,2

RC=SQRT (R(K) /C)

Y=RC/ (1+RC)+ (2.0/3.1416* (1+RC) )) *ACOS (C1- (R(K) /C) )/ (C1+(S/C)-RC) *SQRT ((
((1+s/C)**2.0-(1-R(K)/C))))

WRITE(2,150)C,S,Y

160 FORMAT(10X,F11.4,10X,F11.4,10X,F11.4)

10 CONTINUES

R(1)=0.005

R(2)=0.500

R(3)=1.00

DO 30 I=250,550,25

DO 30 J=10,310,20

C=1*0.001

$=J*0.001

DO 30 K=1,3

Y=RC/ (1+RC)+ (2.0/3,1416* (1+RC))) *ACOS ( (1- (R(K)/C))/ ((1+(S/C) -RC) *SQRT
((1+5/C)**2,0-(1-R(K)/C))))

WRITE (2,170)C,S,Y

170 FORMAT(10X,F10.4,10X,F11.4,10X,F114)
30 CONTINUE
R(1)=0.005
R(2)=0.050
R(3)=0.240
DO 351=250,550,25
DO 35 J=300,1550,50
C=I*0,001
S=J*0.001
DO 35 K=1,3

Y=RC/ (1+RC)+(2.0/3. 1416*(1+RC))]*ACOS((1 - (R(K)/C))/((1+(S/C)-RC) *SQRT .
((1+5/C)**2.0-(1-R(K)C))))
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WRITE(2,180)C.S.Y

180 FORMAT(10X,F11.4,10X,F11.4,10X,F11.4)
35 CONTINUE

STOP

END

FINISH

*kok ok
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Plastic zone size x 25.4 (S) inches

S x 25.4 wmin
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Smith's Equation p = 0.005"
17.%
1
25. 01
C. = 0.515"
Ci = 0,135
s Cy = 0.320
12.51 = 0, 250"
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0.0 = —
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a /e
¥y Figure 4(a)
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Figure 4(b)
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