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SUMMARY

Ductile fracture occurs zs a result of the
nucleation, growth and coalescence of voids. The rate at
which these processes take place in mild steel has been
studied under various states of stress and strain. The
void spacings, as described by the parameter Averzge
Nearest Neighbour Distance (4.N.N.D.), and the void
sizes have been measured zt zpplied tlastic strains
ranging from zero to 0,3 true strein, The voids were
mroduced in uniaxially stressed peralilel tensile bers,
unizxially stressed single and multiple notched tensile
bars, and in three point bend specimens,

The void specing wes found to be a
linear function of strain. The varization of spacing -
with strain under conditions of uniaxial tensile testing
is in agreement with the observations made near notch tips
once corrections have been made for the differences in sirain
concentrations, The void growth increases exponentially with
the triaxizl stress component of the stress state, which is
in zgreement with the available theoretical predictions,
although these predictions were found to give an over=-
estimation of void growth rates.

It has been demonstrated that the occurence
of & ductile fracture is controlled more significantily by the
amount of plastic strain than the magnitude of the triaxial
component of the stress.

The implications of this conclusion have
been discussed in terms of the mechanisms of ductile fracture
and the methods used to design ageinst failure,
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1. INTRODUCTION

In modern engineering structures and components
the tendency to select tougher and more ductile materials has,
in general, led to z reduction in the number of catastrophic

failures by classical btrittle fracture.

As one might expect the use of such materizls
has not completely solved the problem of premature meterial
failures, e,g. metal separation due to accidental overstressing

or tearing along paths of maximum resolved shear stresses.

In these ductile modes of failure, the material
parts by internmal tearing io form holes, or cavities, When
these holes or cavities, have reached a large enough concentration
a new surface may easily be formed due to internzal rupture in

between these cavities, thus giving materizal separation.

These processes of intermal damage may start
at various stages of a components life. An example of this is
seen when there is a complex stress distribution such as occurs
beneath a right angle joint in a fabrication which is subjected
to applied stresses only just above its elastic limit., Because

of the presence of stress concentrations some of the Trocesses



that may lead to ultimate ductile failure of the component nay
begin at surprising low levels of applied stress, Ductile
failure may be iritiated during the fabrication of a component,
for instance in the bending or pressing of & plate or sheet of
material into its final form. In this case the applied stresses
are creating work hardening in the material, and z traditional
view is that this improves the sirength without any other

serious consequences, However materials, such as steels, contain
small particles that act as sources of stress concentration around
which the first signs of ductile failure may be initiated in the
creation of holes or cavities. Thus fabrication of 2 component
can induce regions of permanent damage on & microscopic scale
which can grow to a large scale if over a period of time stress

relaxation has not occurred.

In some instances fabrication practices call for
deliberate overstressing 'or plastic realignment' and although
it is the intention of the procedure to preserve the integrity
of the structure, the microscopical damage that is an inherent
rert of the eventual ductile failure can develop in a cumulative

fashion during these procedures,

The purpose of this thesis is to study ductile

fracture in such a way as to examine each of the microscopical

n



events that have to take place before metal separation occurs,
In particular emphasis will be placed upon studying the fine
details of the development of tiny cavities at applied stress
levels between the elastic limit and the U.T,S. of the material,
The aim is to provide evidence that can help to draw conclusions

about the safety of the manufacturing procedures,
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2, LITERATURE REVIEW

Zad Overview

This phenomenz, known as ductile fracture, is
now generally accepted as being the end result of a process

of nucleation, growth and coalescence of voids (1,2).

In generz]l it has been found that these voids
are nucleated at interfaces of various kinds, for example
between two ductile phases (3), although the most common type
of nucleation is between the matrix and & relatively hard

inclusion or second phase precipitate (1,4-10),

The concept that voids can be nucleated at
inclusions originated with the observations of Tipper (12),
although what she and Puttick (11,12) observed would mow be
called nucleation at macroinclusions, i.e, inclusions = 5um
diameter., Although these macroinclusions play an important role
in the fracture (13,14) they do not generally control the
details of the proceés (13), particularly the size and spacing
of the malesced voids or dimples which are observed on the
fracture surface, Rodgers (16) first recognised that the

voids formed at macroinclusions need not coalesce, but that

e



they are frequently linked by sheets of very small voids which
form in shear bands between the macroinclusiens., This process
has been demonstrated by Cox and Low (17 }-and others

(16,1¢€,19),

In its most general form then, ductile fracture

can occur as a two step process:=

Rucleation of voids at macroinclusions, followed
by the formation of shear bands (containing void sheets) linking
up the voids formed at macroinclusions. If there is a large
volume fraction of macroinclusions the voids nucleated at
them will coalesce (Fig.l) before the second process can occur.
If macroinclusions are substantially absent shear band localisation
with the associated void sheet formation will dominate the fracture

process (Fig.2).

The voids found in the shear bands may themselves
have caused the shear band, due to strain softening (20), or
the shear band may have formed due to local instabilities and

then the voids formed and coalesced within that band (21).
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Lol Homogeneous nucleation of voids

The most commonly proposed zlternative to void
nucleation at particles is that of vacancy condensation to
form voids (26). In a deformed metal the principle sinks for
vacancies are dislocations rather than other vacancies (29)
so vacancy aggregation will depend critically on experimental

variables, e.g. reduced temperature will increase net vacancy

mroduction rates primarily because migration to sinks is slower.

For this very reason of reduced mobility, the rates of vacancy

aggregation and void formation should be similarly slower

(29,30). Thus if vacancy nucleztion were to be found then it would

follow that:-

a) Increasing cleanliness and purity of metal

would cause increased ductility due to decreasing

particle nucleation up to the point at which
vacancy conﬁensation becomes dominant beyond
which fracture ductility from hole growth would
be roughly independent of purity.

or

b) In very pure metals a reduction in temperature should

reduce the incidence of vacancy nucleation of

cavities and may cause an increase in ductility

should vacancy growth and coalescence take place,

or



The mechaniczl anisotropy expressing prior
working history, familiar in engineering materials

(31) should be absent,

In practice none of these are found to be the case:=

2)

b)

Increased cleanliness leads directly to rupture
(by up to 100% R of A) with there being no
evidence (30,31) for any vacancy nucleated

voids,

Reduction in temperzture increases void
formation and decreases ductility in very pure
metals of low flow stress which exhibit rupture
at room temperature (30,32), this can be
explained by the increase in matrix flow stress
with decrease in temperature which overcomes
the particle-matrix interfacial bonding

energy.

Mechanical anisotropy is as well known in

pure metals as in engineering ones(31).

All these features are consistent with particle nucleation being

the sole process i.e, there is no homogeneous void nucleztion

from vacancy condensation.



2.3 Small particles in ductile fracture

When shear band localiszation and void sheet
formation play a major role in ductile fracture the behaviour
of the small inclusions or second phase particles (< lum)
must be considered. The first question to be posed is how
small can such a particle be and still nucleate voids. Voids
have been observed (19,22) on particles as small as 50 A,
which is in agreement with the analytical conlusion (4)
that particles in the 75 to 100 A range should be capeble of
forming voids. Thus void sheets could arise from only a
small volume fraction of about 10-6, which would be very difficult
to detect even by electron micfoscopy. If therefore one wishes
to demonstrate that in a relatively clean material that
inclusions have nucleated all the dimples on a fracture surface
the task would be a2 difficult one. Quantitative demonstrations
of this type have todaie only been performed for appreciable
values of volume fractions (13,23,24,25), also relatively
loose bonded particles often cannot be detected on the
fracture surface even when they are known to have nucleated

voids (2).

The converse is also true, the above comments
on purity and particle size indicate that it is unsuitable to
conclude either on the basis of purity (26), or on observations

at moderate magnification to determing the presence of

8



particles or their spacing (27,28), that particles are not
responsible for void nucleation., Evidence of the size and
size distribution of the entire inclusion and second phase
rerticle population and its spatial veriation (4) would be
required on an exhaustive scale ﬁefore such a conclusion

could be reached,

2.4 Quantitative analysis of ductile fracture

Probably the first quantitative investigation
into ductile fracture to be carried out was by Gurland and
Plateau in 1963 (5), where they found z relationship between
the volume fraction of inclusions (or second phase particles)

and the strain to final rupture:-

Er e Ea 4 %19_9[* +/zk;_(/_;f}]

where o = nucleation strain
&r = strain to rupture
# = volume fraction of inclusions
or second phase particles
R, and A

constants

i.e. the only varizble is volume fraction.
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This relationship is represented graphically in
Fig.3 together with the results obtained by Edelson and Baldwin

(14) from tensile tests on verious copper alloys.

Although this analysis is in good agreement
with the available practical results (14) it has generally been
recognised, as mentioned earlier, that there are three separate

events during the formation of a ductile fracture:=-

a) Nucleation of Voids
b) Growth of Voids
c) Coalescence of Voids

Each one of which requires its own quantitative
analysis and cannot easily be combined with any of the

others,
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2D Nucleation of Voids

For all practical purposes nucleation of
voids may be exclusively connected with hard rigid

inclusions or second phase particles (1, see section 2.2),

The distribution of particles which may
be considered to have formed the final fracture surface
(via void nucleation, growthand coalescence) is of
obvious interest in the study of ductile fracture., Several
recent investigations (51,92) on several different types
of materizl have yielded some interesting results.
Burghard (51) noted that in certain low strength zluminium
alloys with evenly distributed second phase mrecipitates
of uniform size, voids were initiated at only a few of the
precipitate sites, The final fracture then resulting from
the growth and coalescence of these few voids, Burghard
supported this by the fact that the void sizes on the
final fracture surface were well in excess of the particle
spacings, Widgery and Knott (92) in their investigations
into steel weld metals produced results which pointed to
the opposite effect to that observed by Burghard., In that
the dimples on the final fracture had closer spacings than

the voiding perticles in the original matrix. This they



explained by the volume over which a fracture acts i.e. the
particles (and their voids) at some considerable distance
either side of the fracture plane are involved in the

final frecture. .From their quantitetive observations

Widgery and Knott suggested that inclusions which originally
resided at a distance of up to six times their diameter from
the fracture plane could be directly involved in the formation

of the final fracture surface.

In considering these two conflicting pieces
of information the basic differences beiween the mzterials
used must be considered. On the one hand Burghard was
using a very ductile material with relatively well bonded
particles within it, whilst Widgery and Xnott used z material
with appreciably less ductility and very loosely bonded
void nucleating particles, If these factors are considered
together with the observations then the problem reduces more
to a question of void nucleation. If there are few voids
nucleated then only these few can take part in the fracture
but if many voids are nucleated they may be drawn into the
final fracture from some considerable distance away from

the fracture plane,



Both practical observations znd theoretical
models show a large amount of variation in their eventuzl
conclusions, perticularly with respect to whether or
not a2 particular perticle will nucleate a void after =

given amount of plastic deformation (i.e. strain).

Inoue and Kinoshita (25) observed void
nucleation on spheroidised carbides in steel and
concluded that veids were formed in the later stages
of deformation (i.e. at large strains), when the stresses
around particles would be large. They concluded that the
strain to nucleate these voids increased with increases
in interperticle spacing. This they explained on the
basis of stress relaxation around the carbide particles,
They assumed that voids were nucleated at a critical
dislocation density so that as the interparticle spacing
increased the dislocation density around each particle
decreased and thus larger strains would be required
to achieve the necessary dislocation density to cause

nucleation.

Brindley and Lindley (33) observed long

thin grain boundary carbide films in low carbon sieels

and concluded that there was z significant difference in

-



the carbide cracking, as a2 function of applied matrix strain,
depending upon the size of the carbides, Of the two size
populations examined they found that the thinner carbide
films cracked at a lower matrix strain than the larger or

thicker ones,

Lindley, Oates and Richards (8,47) studied
similar perticles to those considered above by Brindley and
Lindley (33) and came to virtually the same conclusions with
respect to size effects. They also noted that there was a
tendency for cracks to be preferentially nucleated in the
longer carbides which were oriented with their major axis
in the direction of tension. These cracks were also
predominantly found towards the centre of these long
carbides, Lindley et al. explained these effects by the
use of a fitre loading model, this model would give the
stress distribution along a particle which is shown in
Pig.4a. As the strain in the matrix increases the end
effects of the fibre loading model predominzte and the
stress in the centre of the plate increases until the
situation of Fig.4b is reached. This type of stress
distribution indicates that there must be an increased
chance of the carbides fracturing near the centre of its

length, by the mere fact that there is a greater stress



acting in that region, although changes in cross section and
internal defects must play a significant and obvious role,

They (Lindley et al.) use this model property and observation
agreement as the basic proof of their argument but also go on
to explain their other observations. The fibre loading mechanism
depends upon the macroscopic plastic strain and as the tensile
strain is 2 meximz along the direction of loading, the observed
tendency for carbides oriented along the tensile axis to crack
more readily is indicated by this model. High aspect ratio
perticles (i.e. those which are either long or thin) will
generate higher stress levels within themselves, Long ones
because the maximum stress will be cut off at a later stage
(i.e. higher stress level) by the increasing end effects
(Fig.4c) and thus have 2 higher stress acting on their central
regions. Thin ones because the fibre loading model is based
upon the load acting on the fibre, caused by the surface
shearing, which is proportional to the surface area, and as
thin films have large surface to cross section ratios the
stress acting will be much higher than for a comparatively

thick particle,

Thus 21l of their observations can be explained

by the fibre loading model which is put forward.
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It is interesting to note that this model gives
the apparently odd result that both 'small' (thin) perticles
and 'large' (long) perticles will both be cracked &t a

comparatively early stage in the deformation of the material.

Broek (34) observed in aluminium alloys that
voids initiated late in deformation but also noted that voids
were formed at isolated large particles at much lower strains,
although it must be noted that these large particles_were
inclusions and the smzll perticles which later formed voids
were Trecipitates i.e. like was not compared to like, In
fact this was probably an observation of initial void
nucleztion of macrovoids followed by void sheeting to connect

these large early formed macrovoids (see section 2.1).

Butcher (35) who looked at copper-oxygen alloys
observed that voids were formed both by cracking of the
particles and by interface decohesion. On measuring the
size distributions he found that the cracked particles had
a larger average size than the ones which had failed at the
interface and also that the particles that were still bonded
had an even smaller average size i.e, an observation of
large particles forming voids first. Butcher exrlained this

by considering the stress concentration around a particle

16



(on a macroscopic scale rather than as z dislocation model).
The assumptiors that he made were that the bond strength was
less than the particles fracture strength and this difference
was less than the difference between the tensile stresses at
the mid-point and at the ends (the tensile stresses at the
mid-point being enhanced by additional shear stresses at

the interface). He then plotted these as a function of
verticle size (Fig.5). As the stresses on the particle
increase the diverging lines move up the diagram so that
with a2 large particle the tensile stress of the mid-section
will reach the fracture before the end stress reaches the

debonding stress, the reverse being true for small particles,

One of the earliest quantitative theoretical
models was formulated by Gurland and Plateau (5) who
considered a rigid elastic spherical inclusion in an
infinite matrix. They used the obvious and simple energy
criterion that the stored elastic energy (U) should be
greater than the surface energy (s) of the void about to

be formed.

Thus they formulated the following relationship

for cavity mcleation:=-

=
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or

Gent = r/(szr)”i

where G evil = remote stress to nucleate a void
ﬁ = stress concentration factor
£ = weighted average of elastic moduli
a = diameter of particle

i.e, there is an inverse square root relationship between ease

of void formation and size - large perticles forming voids first.

This is only applicable to large particles

as it only considers a macroscopic stress concentration factor.

b
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Smith and Barnby (36) considered a model of
nucleation which involved the detailed consideration of
dislocation pile-ups acting on finite berrier of width ¢,
this analysis gave the effective shear stress ( T:¢ ) required

for the cracking of a particle as:=

[ [

where = surface energy

¥
}—k = matrix shear modulus
~ = Poissons' ratio

= length of pile-up

It is interesting to note that if the barrier
is large (i.e. d ->1) then this reduces to a relationship
similar to that derived by Stroh (37) for crack formation

from dislocation interactions in a2 homogeneous body.

Smith and Barnby's relationship is plotted out
in Fig.5 where it can be seen that this theory predicts the
cracking of small particles at lower values of shear stress

than that required to nucleate voids at larger particles,
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Thus this theory is in disagreement with the anzlysis of
Gurland and Plateau (5), although it must be noted that the
Smith and Barnby theory is involved with the cracking of thin
barriers (i.e, long thin particles) whilst the Gurland and
Plateau analysis is concerned with sphericeal particles

decohering from the mztrix to form voids,

This type of analysis, based on dislocation
pile~ups, may also be capable of explaining the effectis
observed by Lindley et al. (8,47) and explained by them
using a fibre loading model. The predominance of the observed
carbide plates to crack near to their centre could be due to
cross slip around the ends of these plates, to give siress
relief and thus sinilar effects to those described by

Lindley et al.

Ashby (38) during his work on the dislocation
theory of hardening due to second phase particles discussed
a model for the onset of cavitation by the punching out of
prismatic dislocation loops from the interface of the particle,
thus reducing the local shear stresses, these loops then form
reverse pile-ups (Fig.7) and build up increasing interfacial
tensile stresses until they overcome the interfacial bonding

energy between the particle and the matrix. This work

20



predicted the following relationship:-

Em

where G

.75

b RY.
Gx b

shear modulus
burgers vector
perticle size
interfacial energy

particle spacing

This relationship is plotted in Fig.8 from

which it can easily be seen that the strain to void nucleztion

from a perticle varies continuously with the size of that particle,

in such a way as larger particles will form voids first.

Tanaka et al, (39) used an energy criterion

similar to that of Gurland and Plateau (5) to predict void

nucleation at an elastic spherical particle in a plastically

deforming matrix under uniaxial tension. They employed

Eshelby's solution (40) for stresses and strains in an

embedded perticle and from this they derived an expression

for the critical applied strain to form a2 void at any one

particle.
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where < = ratio of Young's Modulus of the
particle to the matrix (o< ie>1.0)
@ = function containing the stored

elastic energy

Tanzka et al, then calculated a stress criterion,
using a similar methog to Ashby (38), which proved to be
independent of particle size. As both of these conditions
were considered to be necessary criteria for void formation
both must be met, thus when they are both plotted on one graph
(Fig.9) it can be seen that in the case of small particles
( < 30 nm) even though the tensile stresses on the interface
may exceed that stress which is nominally reguired to form
& void,the particle will not form & cavity as there is
insufficient stored elastic energy. However, for perticles
larger than these,stable voids will be formed when the
interfacial strength is reached. Thus, although this
approach appears to give an inverse dependency of nucleation

on particle size, any realistic precipitate or inclusion

22



( >30 nm) will not show any dependency on size as the upper
condition (stress criterion) must also.be met as well as the

lower condition (energy).

The major criticism of this work is that it

takes no account of plastic relaxation in the matrix,

Brown and Stobbs (41) also used an energy criteria
to predict veid nucleation, agein using Eshelby's solution (40)
to calculate the stressdistributionat the particle, but in
this case extending the analysis to include plastic relaxation

in the matrix. They started from the basic concept:-

* 4
4" ?qu_ T 3 é; = ; %v fr r“ a’
Stored elastic energy in - The interfacial energy of
the matrix - from Eshelby the particle - matrix bond
where L = vparticle radius
- = matrix shear modulus

Ep = net strain in the particle

¥ = particle matrix interfacial energy

4%
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Using these two bounds and includines plastic

relaxation in the mztrix they formulated +he following:~-

E / Ve
Cc ; STTX | 9'(‘6;'\")
ea("u,é \ 8ir b
where b = burgers vector

o = work hardening exponent

éf = strain in the matrix

¥hich on examination only a weak dependency

on size, in that smeller perticles will form voids first.

Brown and Stobbs, however, concluded that this
was against their own observations, Although this being only
an energy criteriz it is a necessary condition for nucleztion
and does not consider the exact physical process which will
nucleate the voids and which may play an important rocle in the
analysis, If the equation is included, although it réverses
the size dependency to agree with their observations that
large particles nucleate voids first, the question must be
asked whether a mechanistic theory such as that of Ashby (38) be
superimposed upon this energy bzlance to give an inverse

size dependency upon voiding.
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Kleverbring and Mahrs (42) used & fairly simple
dislocation model of highly organised secondary slip caused
by the punching out of dislocation loops from the interface
of a round particle, These loops form reverse prile-ups and build
up increasing interfacial tensile stresses until they reach the
interfacial bonding strength of the particle and thus a

cavity will be formed,

This analysis gave the following relationship:=

or

& = Ged)
Kr

where € = strain
K = constant

s = height of dislocation array
2 !

= mparticle radius

N
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This result is of course very similar to that
obtained by Ashby (38) as the analysis is almost identical,
again giving an inverse dependency of nucleation on applied

strain.

Masayuki Toya (43) considered a rigid inclusion
in an infinite elastic medium, based on Muskhishvilis complex
variable method (44). He derived z decohesion criterion which
depends upon the central angle subtended by the half length
of the crack (or nucleated void). This was a new concept as
all previous work was based on complete cavitation of the
interface rather than partial decohesion of a spherical
perticle. For a constant crack shape Toya derived a dependence
on particle size which is almost the same as Gurland's (5)

and Tanaka's (39) stress criteria.

Toya's criterion:=-

R‘r = 31“ (/')"K) ¥
TTK (1+45%) <@

where & = nparticle diameter

=« = angle of decohesion

/oer X /i
2
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Sundstorm (45), at about the same time as
Toya, also considered the concept of crack size, He used
& fracture-mechanics approach and derived the critical strain
energy release rate (the G of Irwin (46) ) for veid (or rather
crack) formation at the particle matrix interface. By this
method Sundstorm obtained an inverse square root relationship
between the strain to crack (or cavity) nucleation and the

size of the particle:=-

&l
T

where fer = strain to nucleate a2 void

7 = radius of the particle

This approach employed finite element analysis
and because of this is, of course, limited to particles which
are large enough for the application of continuum mechanics
to bewlid., Unlike some of the previous analyses Sundstorm's

treatment does not allow for plastic relaxation in the matrix,

o)
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These are only a selectiion of the theories,
models and observations available but they nevertheless
show the different approaches which have been taken in
attempting to quantify the order of nucleation events,

On first examination it is difficult to obtain a clear
picture of any trend or consistent observations which run
through the literature, however the following themes can

be extracted:=-

a) In long thin plate like particles, such as
those observed by Brindley and Lindley (33)
and others (8,36,47), the observations
indicate the preferential formation of
voids at the thinner perticles (and also
the longer ones i.e. plates with high
aspect ratios), with the nucleation of
voids happening in larger particles at
appreciably higher strains., These
observations can be adequately explained
by both the fibre loading mcdel of
Lindley et al, (8,47) and the dislocation
pile-up model of Smith and Barnby, this
latter theory being the more acceptable

of the two as it can explain all of the



b)

observed phenomenz (48) and relies on =
detailed microscale model rather than on
one involving the continuum mechznics of

fibre loading theory.

In the case of spheroidal particles the size
dependency observed appears to be the reverse
of the above, Brown and Stobbs (41) and others
(13,35,49) all observed a tendency for the
larger particles of the observed groups to form
voids first, the only observation against this
is by Easterling, Fishmeister and Navara (10)
who detected a weak trend of small particles
nucleating voids at lower strains. They also
observed that widely differing sizes of
voiding particles were apparent regardless

of the applied strain, So it appears that

the bulk of experimental evidence indicates
that there is a preference for large srpheroidal
particles to form voids at an earlier stage in
a materials deformation than smaller ones,

The theoretical models and predictions are
based on either an energy balance criteria

or on & 'stress to overcome the bonding energy’



criteria, or on 2 combination of the two. The
predictions of the results obtained in this

wey range from a weazk direct dependency of the
strain to nucleate 2 void on the particle size
(Brown and Stobbs (41) ) to virtually no size
dependency (Tanzka et al. (39) ) to the

nucleation strain being inversely proportional

to the nucleants size (Ashby (38), Kleverbring and

Mahrs (42), Toya (43), Gurland and Plateau (5) ).

2.6 Effect of interfacial bonding enersy

Compared to the effect of size on the order of
nucleation events.the effect of the interfacial bonding energy
(between a voiding particle and the matrix) is fairly clear cut
and the results fairly predictable. Throughout all of the
rreviously mentioned theories and models which involve
debonding of the particle-matrix interface all show that an
increase in the bond strength leads to an increase in the

deformation required to cause cavity nucleation.

The ease with which Rodgers (90) and Puttick (11)
observed voiding in Cu alloys may easily be explained by the

relatively weak interfacial bond between Cu and its oxide,



whilst in contrast the difficulty experienced by Chin et al,
(32) in forming voids in their zluminium alloys may be
explained by the good wetting between zluminium and its

oxide (91).

This definite effect of bonding energy upon
nucleation must always be remembered when considering the
nucleation rates from a2 mixed group of particles. If this
effect is not brought into the argument and the effect of more
than one group of particles is not removed from the results

than a very misleading picture of events may be given.

In considering 211 of these observations and
theories on nucleation it is worthwhile remembering that in
any material there will probably be more than one species of
perticle, and each species will have its own size distribution. 4n
example of this is seen in inclusions and carbides in commercizl steel.
The inclusions are likely to have a distribution of sizes around
a2 mean diameter in the region of 5 to 10 pm, whilst the carbides
will be distributed about a2 much smaller average diameter
( = 2 pm). As the majority of the larger inclusions can be
considered to be relatively loosely bonded to the matrix (50)
this will lead to relatively early decohesion, which may swamp

any real size effect and give the apparent result of larger

L)
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perticles nucleating first, This type of dual nucleant
effect has been noted in aluminium alloys by Broek (13) and by

Burghard (51).

One other effect which is also worth remembering
is the 1ikelyhood of 2 perticle having a2 surface defect which
will cause premature fracture of the particle (9). The
larger the perticle the greater the chance of it having
such & surface defect and thus the greater the chance of
it fracturing, i.e. this will again superimpose the effect of

large particles cavitating earlier in the process,

257 Growth of veids

Strong experimentzl evidence of the contribution
of void growth to ductile fracture comes from many recent
optical and electron metallographic studies (1,2,6,14,17,18,
52-62) where the necessity of some void growth from the
initial nuclei is required before finzl metal separation

takes place.

The growth of veids, in the context of ductile
fracture, has been considered to be z problem in continuum

plasticity, i.e. where homogeneity and texture effectis are
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ignored, as well as factors such as vacancy éiffusion and

dislocation effects.

The first major growth theory can be
attributed to McClintock who formulated a growth theory
(63,64), which he then used to predict the fracture of
a material by this mechanism (i.e. the voids growing to

touch one another),

He (McClintock (63,64) ) conmsidered a
cylindrical hole with an elliptical cross=section in a
material pulled in the direction of its axis,while at
the same time being subjected to transverse tensile stresses,
He assumed that failure of the material occurred when this
hole grew to a point where it toucheﬁ its neighbour, and
thus formed a continuous fracture surface., McClintock
assumed @ square network of pre-existing holes of
initial radius 4. and centre separation 2/,, so that the
necessary amount of hole growth to cause fracture is given
by the critical growth factor #’ = Ao/, . He then
defined a damage perameter 63 = A fyﬁész
where £ = ,é/o/ ol ( 4 and £ being the
instantaneous hole radii and specing respectively) and this
damage function as a function of imposed equivalent strain

( € ) he gave as:-



dy « skl Crn)isarsy)/26//3]  LE
(7-n) Sn FF

where 7 = work hardening exponent
o8
2
c - BiE-¢))
Ga and G4 = tiransverse stress components

This expression can be integrated to give the strain to failure

& = _(-7) ,ei:(/,'/,é,)
wink [ (-n) Ga+Sh) | 2&//3]

On examinztion these expressions show that void
growth leading to failure will be much more rapid under
conditions of high stress-triaxiality (i.e. as Ga and G4
increase in magnitude). Very approximately, then, the growth
rate will be exponentially dependent upon the triaxiality of

the acting stress state.



(The above interpretation of MeClintock's
analysis ignores the shape change factor which he introduced

but makes little difference to the finzl solution).

Rice and Tracy's (65) model for void growth is

based on the splitting up of an applied strain rate field into

two separate parts:-

a) A spherically symmetricel velocity field
corresponding to a change in volume of the

void, but with no change in shape,

b) A wlocity field which changes the void shape but

not the volume,

Again it was found that the shape change part of
the analysis was negligible in comparison to the volume change

and could be ignored without introducing any major errors.

An approximation for their general growth

relationship is:=-

V7, =_£§L : 0548 nink 636‘7126})
& Ro
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where 2 = void growth rate

Ro = average radial velocity of void
Ro = average radius of void

é = remote strain rate field

<z = remote tensile stress

o

2e = remote shear stress

This relationship is plotted out in Fig,l0
together with their detailed anzlysis of several flow fields
where it can be seen that there is no difference between this

simplified apmroximation and their detailed analysis,

Again this analysis points to 2 more rapid

rate of void growth under conditions of high triaxiality.

Tracy (66) using z similar analysis to Rice and
Tracy, except that he considered the interaction between neighbouring
voids using finite body analysis as an approximate method,

formulated the following rather cumbersome integral:=-

G-r(E) / [ HE x dx
1’. el /38 +quz(€)
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where Gr = radial stress

T = yeild stress
N = work hardening index
e = strain
H = £+ 20/
= £+ 2/a(7e)7)
= 1e/7

When solved for the case N = 0.0 the above

integrzl becomes:=-

-] i = : 4
6r . ek | 14361 - arlﬁ’f';//*g{ _éJ
G 4 He)* el \ %

Again concluding that an increase in the
triaxiality (represented by G&v/7 ) would give an

exponential increase in the void growth rate.

Both McClintock's (63,64) and Tracy's (66) results
can be used to predict failure by coalescence by estimating the

strain required, under a given stress system, for the voids to grow

)
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sufficiently to touch one another, If the initial veid
diameters and spacings are assumed to be that of the
inclusions or second phase particles which will be responsible
for void nucleation and this nucleztion is assumed to occur at

éﬁ = 0, then the strain to failure can be plotted against
the initial volume fraction of particles. As can be seen in Fig.1l,
where these results have been plotted, the void growth te failure
theories over estimate the ductility of Edelson and Baldwin's
(14) alloys by & considerable amount, If a realistic nucleation
criteria were also to be included into these analyses (i.e.
nucleation strain # 0,0) then the over estimztion would be
even greater, Although it is interesting to note that the

general shape of both of these theoretical curves is fairly close

to the shape of the envelope of available experimental data,

In using these theories in this way the gross
stresses are the only stresses used in the calculation.
Hancock and Mackenzie (67) suggested that the influence of
the voids on the local stress distribution should be considered
as well as the gross stresses, i.e, if there is a stress
amplification between two adjacent voids then this stress
should be used as the acting stress and there will be an

increase in the growth rates of these voids,



Using 2 stress analysis of the region around a
void which was derived by Orr and Brown (68), Hancock and
Mackenzie calculated the increase in growth rate of a
McClintock (63,64) type void. Fig.l12 shows the accelerated
void growth rate, which they calculated, as a function of
distance from the other void, This plot quite clearly shows
that the nearer the two volds become the faster they grow, for

& constant gross applied stress.

Although this acceleration can be quite high it
will only be of any appreciable amount in the very lasi stages
of void growth when the voids are quite close. As an increzse
in growth rate in excess of two is required (see Fig.ll)
this effect on its own cannot fully explain the shortfall of

these theories,

2.8 Cozlescence of voids

Tracy (66) in his discussion of his own growth
theory suggests that the process of growth by the effect of
an imposed hydrostatic tension is the appropriate mechanism

up to x/1 = 0.6 to 0.75*% but for larger values of x/1

* When x is the diesmeter of the void and 1 is the centre to centre
spacing between adjacent voids i.e, when x/1 = 1.0 the voids are

touching and the material has seperated.
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(ive. up to 1.0) the process is one of coalescence rather than

growth,

Berg (20) first considered the problem of
coalescence in the late 1960's when he considered the

mroblem of dilational plasticity.

He postulated a dilational band of material
which has surfaces of zero extension and a2 zero (or - ve)
rate of bulk strain hardening (Fig.13). This strain softening
being caused by a decrease in the load carrying capeacity of
the band, and being brought about by ithe decrease in net
section area due to the growth of voids, i.e. in the simplest
terms the ligaments in between voids become plastically
unstable in a similar way as a necking tensile bar becomes
unstable., Presumably this strzin softening will also be
increased by stress state softening as the stress system goes
from one of plane strain to plane stress, i,e. any constraint
forces in the intervoid ligaments will reduce as the width
of that ligament decreases thus decreasing the effective

flow stress of that section, causing further softening.

Berg represents this mathematically by

considering the yield locus of a material containing voids.



In this case the yield locus will not extend to
infinity along the axis of positi've triaxial stress (when
plotted in 3D stress space), as is normally expected under
constant velume, but will close at some point along that
axis. It is assumed that the cross section of this yield locus
(taken on a plane normal to the axis of pure triaxial stress,

the 77 plane) is a circle,

Using the stress deviator Sij , which is

related to the stress components G- i g%

Sff:G'an—,’/gG'kkcgg'

and the mean triaxial stresses given by:=-

p= Sk
3
* Using conventionzl Cartesian tensor notation é‘-_}

representis the Kronecker delta. Repeated indices indicate

- + 3
summations,



the yield locus can be written in the form

SySy +9(p) ~K*=0

where g, the function of mean triaxiality, also involves the

number and distribution of voids.

g(p) can be considered to remain at zero until
some finite value of p (pi) when the void population will

become significant,

i.e. the yield locus will Dbe

SijSy- K=o  p&pidpe

which 1s the conventional Von Kises cylinder of radius Sy, and

when dilation begins to dominate the system

L2



SLJ‘ S'LJ + k’z(E—Elf =R} pi SIP (‘Po

(p: = po)°

when i = triaxiality beneath which dilation
domination may be ignored.
Po = 1limit at which pure plastic dilstion

tazkes over

According to this last equation the cdlassical
Von Mises yield cylinder is terminated by an elliptical cap

(Fig.14).

This is only a rough approximation as the
character of the yield locus of a particle containing material
may change rather strongly when a larger number of these particles
are no longer attached to the matrix but are in the centre of

voids which have effectively replaced them,

Thus Berg derives a first model for dilational

plastic yielding.



Using a much simpler model of load instability
Thomason (69) considered the possivle instability of a square
array of cavities as shown in Fig. 15. This array he considered
to be subjected to stresses Gx and Gy with an all round

hydrostatic pressure P,

He described Gw , the stress to cause internal
necking, by considering z constant volume velocity field for
the configuration shown in Fig. 15, and applying lowest energy
criteria to givearelationship between Ga and 2/b (a2 function
of the cavity spacing). This relationship is shown in Fig.16
where it can be seen that Gn repidly droprs in value with the

initial increase in a/b and then levels off at about a/b = 1,0,

Thus the stress to cause internal necking between
cavities may be greater or smaller than the flow stress depending

upon the value of a/b:=

load to deform one element

f..u=G; tgx
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From Von Mises

Gz = 2K +6x

thus we have az criteria for instability

Gn (1-9%) +P < Gx + |

2K 2K 2K

When the above criteria for coalescence of cavities
is not met uniform flow will continue. The changing geomeiry of

the matrix between the cavities, for this particular model, is

given by:=-

2 - erch (2&)/'V(*'f\§)

The matrix will deform according to this relation-
ship until the wlue of Gn (as defined by a/b in Fig.16) falls
to a sufficient level for the above instability criteria to

become valid,



Thomason plotted the strain to instabllity in
the Z direction ( & ), as defined by producing & sufficient
value of a/b to satisfy the instability criteria viz Ga
(Fig.16), against the initial volume fraction of cavities,

His results for P = O are shown in Fig.l%. This plot also
shows the effect of transverse stresses where & marked Arop
in ductility can be seen as the hydrostatic tension increases

(i.e. G=x changes from -3K/4 to K/2).

Thus Thomason.comes to the same general
conlusion as Tracy (66) and Berg (20) in that the growth is
terminated at some wlue of cavity separation around
x/1 = .6 to .75, and the voids then cozlesce in a single

void sheet to give final failure,

Hancock (70) attempted to define flow
localisation by considering the problem ‘in reverse' i.,e.
he derived the required conditions for localisation by
imposing the required strain increments on & single
cylindrical void (Fig.18) and then calculated the ncessary

stress state to obtain these strains,



He derived the radial and axial stresses zs:=-

6+ =f_,g (co-&) & o faR
a3

Investigating these equations iteratively Hancock
derived the strains to reacha radial load maximz, This maxims
is plotted out in Fi.glQ as a function of volume fraction of
holes, Assuming that a radial load maxima corresponds to the
onset of flow localisation, this curve agzin shows that at
some finite stage in hole growth the process of flow localisation,
instability, dilational banding or whatever name is chosen,
becomes dominant and, on & macro scale, terminates the

ductility of the material,

The above theories are besed on the critical
applied load to cause localisation, which may be considered
fundamentzlly unsound zs this is only 2 necesszry condition

for localisation and not & criteria.

48



Thomason (71) rather than proving instability
devised a criteria for the limit of stability using Hills (72)
general theory of uniqueness and stability in rigid-plastic
solids, This stability Thomason represented by a three
dimensional principzl stress construction based on the
equivalence between virtual modes of void coalescence and
dilational plasticity. The element enclosing the incipient
ductile fracture surface is regarded as undergoing = dis-
continuous transformation from incompressible plastic to

dilational plastic yielding.

This differs fundamentally from Bergs (20)
analysis in that his (Bergs) analysis was concerned with
establishing a smooth development of the yield locus from
incompressible plastic to istropic dilational yielding within
defined bands. Whilst in contrast this work Thomason (71)
is concerned with the instantaneous development of an
isotropic mode of void coalescence which is not confined

to characteristic surfaces of the existing plastic field.

Thomason started from Hills besic stability
theorem in that, for any smzall displacement from the
existing equilibrium state, the internzl energy stored or
dissipated (I) should exceed the work done on the body by

the externzl loads (E).



I = E >0,0
The first order expression for I and E in &
. - » = ,1 * -
virtuzl mode of void cozlescence vl-c of time increment ot

are given by:=-

1c
where Fl

(see Fig.20)

is the traction to operate the virtual mode

Fl is the equilibrium traction and is completely

discordant with Fllc

Substituting the above into Hills basic equilibrium

equation we obtain for stability:-

lc

1 = 0.0

lc
(®,° =R )W

Although the virtual mode of veld coalescence
differed widely from the stable mode of plastic flow, this

stable flow can change the voids geometry and spacing (63,64,65,66)
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kO s H
so that fl reduces to the same magnitude as F. and stability

has broken down, giving way to fracture by void coalescence.

. o ic
To derive a workable value of F.~ Thomason

(73) considered the probeble slip line field in between two
ad jacent voids (Fig.Zl). By using the Rieman method of
integration he determined the mean tractions (Fllc) on the
element in a mode of void coalescence, thus obtaining
workable values of Fllc for various void geometries. These
results are shown in Fig.22 where they are plotted against

b/w (Fig.21) for verious values of a/b. This shows & rapid

lc
i

off of the curve when the value of F1

drop in F with an initial increase in b/w and then a levelling

1e is near the flow stress.

To clarify the model Thomason considered the
zbove criteria with respect to a simplified two dimensional

model when the stability criteria reduces to:=-

(e Q) £ sp.0
where G = stable maximum principle stress
{2 )
<y = dilational element of the principle
stress ( = F° )

51



£, = dilationzl element of the principsl

strain rate

i,e. for fracture to occur

This relationship may be eguated back to three dimensions as

(for fracture)

(i =1,2,3)

By the assumption that during dilation there

-1C
is only one non zero principzl strain rate component ( £, )
it is implied that the dilational yield surface at the point of

instability is in the form of a plane of the formi=

R

-
o



This plane having outward normals parallel to the @&

axis,

This plane, together with the Yield locus,
can be plotted in three dimensionzl principal stress space
to give a graphical representation of the stability/instability
discontinuity (Fig.23).

The effect of different void volume fractions
(or rather size, shapes and spacings) can easily be demonstrated

by considering the effect of different void geometry on Fllc

(Pig.22) ( = G;° ) on the position of the plane folc. As

the intervoid spacing reduces (increase in b/w) the wlue of

1o
5

the plane fo

( = &) reduces (for a given value of a/b) and thus
Y0 withdtax along the axis & of Fig.23
i.e. the state of stress to cause fracture will decrease in

severity,

Very little practical information .has been published about
coalescence as, by its very nature of instability, it is difficult

to observe the event.



Roberts, Lehtiness and Easterling (74) pulled
rieces of polished steel strip to failure in the chamber of =z
stereoscan electron microscope znd wetched voids develop around
surface inclusions and coalesce. The series of events they
observed are shown in a generalised form in Fig,24 which
shows a change over from smooth void growth to necking down

of the remaining ligaments leading to void cozlescence,

Although these observations are of voids on the
surface they nevertheless give a qualitative view of the

actual events of cozlescence.

Naguno (75) drilled ,30mm dia. holes into a
strip tensile specimen and observed the fracture of the
specimen across the section concluding that the holes grew
until some time when they were joined by shearing across the
ligament. Although Naguno considered this to be the act of
void coalescence it is, in fact, the growth of macrovoids
(in this case 300 pm dia.) followed by shear band loczlisation
(16=19). The mechanisms operating within the shear bands

being those involved with the unstable act of coalescence,



2.9 Mechanics of ductile fracture

Standard linear elastic fracture mechanics and
general yield fracture mechanics perameters can of course be
used to describe ductile fracture but conventional tests to
give these parameters are rather bulky, i.e. a conventional
compact tension test piece for some high toughness high
ductility steels may weigh several tonnes, and thus be

rather difficult and expensive to test.

Within the previously mentioned perameters of
stress states, particle distributions and sizes severzal
attempts have been made to describe suitable parameters which

may be linked with the conventionzl toughness measurements

@, r C.0.D., J.).

Hancock, Mackenzie and co-workers (67,76,77,78)
have considered the stress state dependence of a materials
ductility and from this estimated conventional fracture

mechanics parameters ( & 10 2nd KIC)'

These workers used round tensile test pieces
with pre-machined circumferentizal notches cut in them, the
notches having varying notch root radii (1.27mx to 3.8mm) thus

varying the stress state of each specimen. These specimens
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were pulled in tension to instability and the ductility

measured as:=-

Eeie @il (Q/Qo)

where - R. = radius of original ligament
R = finz]l radius of ligement at

instability/fracture

They found from metallographythat the failure
of these test pieces initizted in the centre of the specimen
and thus selected the stress anzlysis of Bridgman (53) (c¢f) to

estimate the effective stress state in the region of failure.

The stress state can be expressed as two

parameters:=-

- @]

n
(953



These two values can be combined into one

single stress state paremeter,

q

A

Which is a2 measure of the stress states
triaxiality (as Om/& increases the triaxiality of

the system increases).

This parameter was then plotted agzinst é}f
and gave the type of curve shown in Fig.25 where the

ductility can be seen to reduce with increasing triaxiality
( em /& 3.

As the micro-mechanisms observed in this
case do not operate at a point but over a finite volume
of material the necessary values of 6m/&  and &
must.be met over that volume of material. Hancock et al.
estimated this volume, or rather in two dimensions this
length, to be 200 pm, as this was the length associated

with most of the features of failure in their material.



Using the slip line field solution of Green
(79) for a2 3 point bend specimen with a key hole notch the
values of Gm/& and &p , together with an estimate of §
(the crack opening displacement) for values of &p
at the surface were calculated for the notch plane of such

a specimen (Figs. 26,27,28).

Bancock et &1, then used these in the

following way:-

The initial radius of the key hole in 1400 pm

(Ro). The 'characteristic material length' (from metallogrephy)

is 200 um,

Thus :=
R = 1400 + 200 s ik
Ru 400

Gm a.t R = 11k 2= 0-68

s Ko

O.ﬂi EE 3 O'?é

€ surface



Referring back to Fig.25

at Gm/& of 0.68 the value of & to cause
fracture ( & ) is
= 0.18

0.18

thus & surface = TI6 = 0,24

From Fig.28 & = 1.3mm &5 = 0.24

4s this value of ¢ does not include any elastic
displacements 0.2mm should be added to it to account for this

error.

Therefore é lc = 1,5mm

An actuzl test was carried out using a three
point bend key hole notched specimen of the above geomeiry
from which the C.0.D. was found to be 1,7mm which is in good

agreement with the theoretical prediction of 1.5mm.

Although this approach appears to yield good
results it does have several weaknesses, The major one of
which is the rather arbitary choice of the 'characteristic

material length', they chose 200 um because this is the

b



distance between Egclusion colonies in the steel they used, and
the critical event in the fracture appezred to be the linking
up of these colonies, Thus the choice of 200 um is more
subjective than objective, and alsoc leaves the gquestion of
what this distance would have been if the inclusions had been

randomly distributed rather than being found in colonies.

Rice and Johnson (80) considered the interaction
of a crack tip with the nearest voiding particle, Using a
modified slip line field for a blunmt creck tip (Fig.29), which
unlike the standard Pramitil field for a slit crack, shows an
area of intense strzin concentration in front of the tip in
area D (Fig. 29). If the crack tip blunts to a semi-circle
of diameter S+ , region D would have exponential spiral slip

lines and extend z distance,

(e%—l)ég& = |7 ¢

ahead of the crack tip.



Thus a very simple version of the model put
forward by Rice and Johnson is that the crack would open
up until region D is over a voiding particle which then
rapidly grows to coalesce with the crack tip. From this
over simplification of Rice and Johnson's work we might
assume that the ,0.D. ( df ) would be of the order of

the distance between voiding perticles (Xo).

In fact the detailed analysis which they
carried out gave results very near to this. Fig.30 shows
these results in a normalised form and &t/Xo does indeed
vary from 1.0 at high volume fractions of particles to 2.0 at

low volume fractions.

This model is valid for fracture from macro-
inclusions where the large particles do in fact join up, as
one might expect in dirty steels or weld-ments, and these
results do indeed fit quite well with practice (81) for
such materials, Unfortunately most materials fail by
void sheet localisation at some point before coalescence and

thus this model can only be an upper bound for 5 t.



2.0 Stresses under = notch tip

As indicated in sections 2.5, 2.7 and 2.8
the stresses and strains acting over an arez of material are
of great importance when considering either the likelyhood
of ductile fracture occurring in that arez or the stage

that the damage leading to such a fracture may have reach.

High levels of both stress and strain
concentrations are found in structures at points of sharp
dimensional change, such as right angle Joints, key ways or
notches, Thus if one wishes to investigete ductile fracture an
adequate analysis of the situation at one such discontinuity
would be of great value. As a sharp notch is the easiest of
these discontinuities to produce in a test piece a further
discussion of the stresses and strains acting beneath it

are approrrizte,

The mroblem of the stresses acting under the
tip of a notch have not yet been completely solved for the
situation of general yield, but the sclution under the elastic
regime on one hand and the solution for the stress distribution
under an unstable neck in z tensile bar have both been adequately

solved,



Elastic stresses under a2 sharp notch

Cne of the accepted analysis of this situation
is due to Neuber (82) whose treatment gives
the distribution of the three principal
stresses shown in Fig.3l, the distribution
shown here is for the specific case of the
stresses acting on the notch plane in a
circumferentizlly notched tensile specimen
but an almost identical distribution can

be oblained for all notches. The important
feature of this analysis is that the radial
stress rises rapidly under the notch to a
maximz at some finite distance under the
notch and then falls off with increasing

distance from the notch tip.
Neuber (83) further suggests that the elastic

solution can be extended into the plastic

regime by the following relationship:-

(e, ) Ry

O

L



b)

where Kr = elastic stress concentration

factor
K9= = plastic strain concentration
factor

Kep = plastic stress concentration

factor
Thus providing that the strein concentration is
known the elastic stress concentrztion can be

converted to plastic stress concentrations.

This relationship has been shown to work well

under several geometries by Gerewall and Weiss (84).

FPlastic stresses under the neck of & tensile

specimen

The analysis which is used in this situation can
be attributed to Bridgman (53) whose work led
him to the following relationships for radial

( 6+ ), hoop( &¢ ) and axial ( Ga )
stresses as a function of position across the

section.
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Ga = é:[; +/{n /dza‘-f'_&/ﬂ—fn |
\ 2R /

Gor il i xﬂ(om 242 _1,,.)
2 olR

where R = oprofile radius of the
neck
d = radius of minimum cross
section
r = position from the centre
line

%
G = effective stress = [ﬁ’i 2 (e éj]ﬂ

These relationships are plotted out in Fig.32
from which it can be seen that the stresses rise
rapidly from the edge of the material to reach a

maxima in the centre of the specimen.
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Although this analysis was originally performed
for a necked tensile specimen it can easily be
applied to the case of & pre-noiched specimen
after fully plastic conditions have been reached.
Earl and Brown (85) and Erown and McMeeking (86)
have both shown thét this analysis works well for

the central region of such a specimen,

2.3 Strain concentrations (plastic) under a notch or crack

Weiss (87) following on from Neuber's work analysed
the strain concentrations under z plastically deformed notch which
he related to the elastic stress concentration factor ( Kr )

as follows:=-

2 (-s"a-w)"|l tasi)!

(KTvqaz;) S

6%11

where €y = strain at point X under the notch
P = notch root radius
n = remote strain

n = work hardening index



- -
\_,?_(nrl;l ~(ri+1) :

& = é&n (Kt/p/zr) X

He found this relationship predicted the strain at

notches in round bers to a good degree of accuracy.

Lie et 21, (88) have also successfully used this

relationship to predict strzins in notched plates under tension.
They a1lso point out that this relationship is very similar to that

indicated by Rice and Rosengreen (89) for the strain singularity

ahead of anelastic/plastic erack:-

~n+)”!
£=F"(r)n)

_where F = Function of both applied
stress and geometry
r = Distance from the crack
tip

7 = Strain hardening exponent
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Summery of literature

In the next seven pages z brief summary of the
more important points of the literature are given in tebular form,
These tables are necessarily brief and only give the most generzl

points of each entry.
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e MATERIAL

The material used in this work fzlls into the

following categories,

g T 8 Mild steel bar stock

Mild steel bar stock corresponding to BS 870 =
22M07 was used for preliminary investigations, this steel having

first been given a2 spheroidising treatment of two hours at

650°C.
The specification of this material is:-
c Mn S
0.1% 1.0% 0.25% mex

3.2 1.2%: Mn steels

A series of 1.2%: Mn steels with carbon contents
ranging from 0.10 to 0.30% C were produced from electrolytic iron
melted in 5Kg batches (with the appropriate Mn and C additioms),

These steels were cast into blocks 25mm square and 200mm long,
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which after reheating to QOCOC were hot rolled to give a 50
reduction in thickness, (to dispose of the cast structure) before

being heat treated.

The three main steel produced in this way had the

following compositions:=-

Steel ¥n% C%

Hl 1.32 0.15
H2 1.26 0.23
H3 1.12 0.10

A similar steel to the above was produced which had

2 high sulphur content (0.75%), this steel was designated HSO.

These steels were given the following heat

treatment:=-

Austenitised at 900°C for two hours and then
water quenched to give a martensitic structure. This was
followed by tempering at 625°Cc for eight hours to give a

final structure of randomly distributed sphercidised carbides.
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3 Commercial steel

These above mentioned laboratory produced steels
fall very close to one commercizl steel BS 4560 grade 50D
(0.15 to 0.25% G, 0.1 to 0.5 Si. 1.5%Mn) which will probably
be one of the main structural steels to be used in the
construction of off-shore structures. 4 25mm thick plate
of which, in the as rolled condition, was acquired from

the British Steel Corporation Laboratories in Middlesborough.

3.4 Sheet aluminium

Commercial purity aluminium sheet specimens

were also produced from lmm thick annealed sheet,

~3
@8]



L, SPECIFENS

4.1 Parzllel tensile specimens

Six parallel sided, 12.5mm dia. tensile bars were
produced from the low carbon steel bar stock (BS 970 - 22M07),

which were fully annealed before testing.

4.2 Single circumferentially notched specimens

4 series of tensile specimens with & single
circumferentizl notch were produced from the high sulphur

steel (HSO) the dimensions of which were:=-

Dia IR RN ] lzosm
NOtCh Depth (R EE RN EE N R 2-5mm
Flm A.Dgle LU I B I RO 600

Notch Root Radii ...es0e.. 0.125mm

4.3 Multi notched tensile specimens

Tensile test pieces, each with six circumferential
notches, were produced from the mild steel bar stock and from

the 'H' series steels. The test piece dimensions are shown in
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Fig.33, and = photograth of one such specimen shown in
Plate 1, The multi notched specimens with the suffix
'30' have notch root radii of 0.75mm as opposed to the

standard radius of 0,125mm,

The basic concept of these test pieces is
thzt each notch is cut slightly deeper that the preceding one,
so that when these specimens are subjected tc ®nsile stresses
above the yield point each notch causes different plastic

strain concentrations along the plane of that notch.

All of these multi notch specimens were cut
from the longitudinal direction (i.e., the rolling direction)

of the material under sudy,

The main reason for choosing a specimen of
this design is to minimise any variations which
naturally exist in any material, In this case the two most
important ones being the possible compositional and heat
treatment variations which could occur across z comparatively

large amount of material,



.14 Hounsfield specimens

-

4.4 No

Several modified Hounsfield tensile test pieces
were produced from each steel so that uniaxial stress-strain datz
for the materials under study could be obtained. Again they
were cut from the longitudinal direction of the materizl. The
modification of test pieces was simply an increase in gauge length
from 23mm to 50mm so that z displacement measuring transducer could

be attached along the gauge length.

.5 Charpv test pieces

Several standard CharpyV notch specimens were

also produced from each steel.

L. 6 Single circumferentizl notched tensile bars with

varying notch profiles

A series of such specimens were produced from the

BS 4360 50D plate. The dimensions were as follows:=



(I e s I |

Notch ' Depth wiiess saie 2.5mm

Notch Root Radii ,.... 0.15mm
0., 20mm
0.25mm
0. 40mm
0. 55mm
1.00mm
1. 10mm
2, 50mm
3.25mm
5.70mm

Agzin all of these specimens were cut from the

longitudinal (rolling) direction of the plate.

b7 Three point bend specimens

Several three point bend specimens were crudely
prepared by sawing 2 notch into a 160mm length of 20mm dia.,
mild steel bar stock (BS 970 - 22M07). This materizl was in

the normzlised condition.



The notch dimensions were as follows:=-

BeDLh L s s v rviseasens LoAM

Root Radil .ieienesses ©.50mm

4.8 Sheet zluminium specimens

These specimens were prepared from lmm thick
sheets of commercially pure aluminium, The specimens were
25mm wide and 75mm long. An array of artificial voids were
produced in the entral region of the specimen using a small
punch with a tip diameter of 0.5mm. These artificial voids
were placed at random in an.attempt to simulate real voids

in a material,



5 MEASUREMENT OF STRESS AND STRAIN

[l o S e b | i a el

In all the above cases the gross stress and
strain acting on the test piece is of little specific interest as
the mechanisms under study occur only over a small region of the
test material, thus the true stresses and true strains over that

small arez are the only ones of any real interest.

Sal Strain

The strains in the notched bars were measured

as the change in dizmeter across the notch root:-

& « 2 dn((de/dl)
=

e e

where de = original diameter

d = diameter after straining



In cases of stirain gradients over a small region

of material the strain was taken as being the gradient of displacement:--

o
(O

o

»

5 = displacement

x = positioning

v Gpow fn(ﬁ +i)

or if the measurements are radizl

5.2

£ s 2 [g_(_c_s +1}

x

Stresses

The true stresses in the above bers were, wherever

possible, measured as the instantaneous load divided by the area

under the notch,

&5



é. VOIUME FRACTION MEASUREMENTS

Volume frzction mezsurements were carried out in

the following ways:=

2) By the use of an Image Analysing Computer at
magnifications of X1285 and X2570. This Image
Analysing Computer was calibreted using on
screen measurements to an estimated accuracy

of - 1%,

b) Extraction replicas taken from polished and
etched sections, The replicas being removed
from the sections by standard electrolytic
etching techniques (electrolytically etched at
4,5 volts in a solution of 10k HC1 in alcohol).
This technigue may be considered to 1ift 95
to 100% of all particles from steels., These
replicas were then examined under a Transmission
Electron Microscope (Joel JEM 100B) and these

images then used to give the required parameters,
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i ] Perallel tensile specimens

The silhouettes of the 'necks' of these test
pieces are shown in Fig.34 from which it can be seen that a
considerable amount of localised deformztion took place before

final fracture,

L metallographic examinzation of a section of the
final fracture was carried out and a typical area shown in plate 2,
where it can be seen that the fracture is one of void coalescence
with 2 final void size range of 4 to 20 pm, the voids that exist
slightly awzy from the fracture surface have a size range of

1 to 3 pm, but a similar spacing (and therefore concentration).
The mean void centre spacing is:=-

Fracture surface 14 um

Surrounding area 12.5 um

0]
=]



Plate 3 shows the egquivalent necked section of a2

specimen just prior to fracture, when the void spacing is:=-

Mean void centre spacing 25 pm

7 Single circumferentially notched tensile specimens

' The stress extension and potential drop curve
is shown in Fig.35 from which it can be seen that the extension to

failure is 1.5mm with a true stress of 5201 /mn?

and the potential
drop only showing a significant rise after instability was reached.
General views of the fracture surface, using an S.E.N, and taken
from the centre of the bar, are shown in plate 4, This shows
failure by void coalescence at a final void size of 16 to 80 nm
(Mean size = 30 um). The particles around which these largé voids
formed are clearly visible in the centres of most of the voids and
have themselves a size range of 10 to 50 pm, Also on this fracture
surface smaller colonies of voids can be seen whose coalescence

diameter is less than 5 ym (plate 4, arez A) and whose nucleating

particles are difficult, if not impossible, to see,



~J
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¥Multi notch tensile specimens

The stress and strein data obtained from the
shadow=graphs of the secimens, taken both before and after stressing,
is laid out in Tables la to lg. This datz is also represented
graphically in Figs.36z, b, ¢, 4, €, f and g. The line representing
the stress-strain history of the deepest notch was calculated from
the output from the clip gauge which was attached across that notch
during testing. From Fig.35 it can be seen that the various notches
cover most of the curves, except possibly for a gap Just before
final fracture, Changes in notch root radius are alsc laid out
in this table, these having been measured by overlaying replices

onto the shadow=-graphs of the specimens.

After straining the notches were broken open at
-196°C. These fracture surfaces were then examined under an S.E.M,
and found to have a topography of mainly cleavage with a few voids
visible on the cleavage facets, An example of which is shown in

plate 5 where many voids can be seen on the fracture surface,



A series of random photographs were then taken
of the central* azrea of each fracture at known magnifications and
known beam angles, so that accurate quantitative measurements
could later be made. (The magnifications were generally between
Y1000 and X2000, with beam angles between 3C° and 50°). A series
of consecutive photographs were also taken of the areas immediately
under the notches, again at known mzgnifications and beam angles.
The S.E.M. magnifications were calibrated .using a2 diffraction

grating of known line spacings.

Of the specimens which fractured during testing
2ll had a final fracture surface consisting of an outer ring of
ductile fracture (i.e., void coalescence) with an inner core of

cleavage,

As the S.E.M's, electron beam is not at right

angles to the specimen surface the image has different magnifications

* 'The central area' in this case means within the arez a
quarter of the distance between the centre and the edge of the

fracture surface.



along each axis, Thus to measure the true area over which
the above photographs were taken a correction factor is

necessary:=

If the beam angle is € (FPig.37) and the
image is Ymm wide by Ymm high then the zctual area undexr

examination is:-

1000% 1000Y Z
Actuzl area - A g (pm)
where M = MNMagnification

or if 6 = 45°

2
rotusl aves = SO00K 2(10303)

W (pm)

Two £ts of measurements were taken from these

sets of photographs of the central area:=

a) The voids vhich can be seen on the fracture
surfaces (plate 5) can quite simply be counted on
each photograph, and as the true arez of each
photograph is known an estimate of the number

of voids per unit area can be made for each
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b)

o

area of each fracture surface examined. This
measure can be expressed in many ways but
possibly the easiest is the average nearest

neighbour d istance which is:-

Average Nearest / Area

Neighbour Distance N0 of Events P

These resultis are listed in Teble 2a to 2g and
shown graphically as a function of applied
plastic strain in Figs.38a, b, ¢, 4, €, £ and g
which show good straight line relationships

with correlation coefficients of .97 to .90,

Each point on these graphs represents the average

of € to 10 separate observations.

The size of the above mentioned voids can also

be measured from these central arez photographs.
The size ranges found on each surface are given
in Tables 3a to 3f, and plotted in Figs. 39%a, b,
c, d, e and T, from which it can be seen that the
minimum observed void sizes remzin constant whilst

the maximum size increases with strain,



An anelysis of the void concentrations of the

area just beneath the mtches was made using 10um strips running

m

perzllel to the noich root (see plate 6). Examples of such an

analysis are shown in Pig.4Cz, b, ¢, &, e and f where the

m

Average Nearest Neighbour Distance (ANND) appears to run at
2 minimum for some distance under the notch tip before rapidly

increasing at some distance from the tip.

The polished sections were examined both
optically and under an S.E.M. with particular attention being
paid to the near notech area of the section., Examples of these
areas are shown in plate 7 where damage can be seen arocund the
notch tip area, the central region of these specimens was also

examined but no comparable damzge could be found.

7.4 No.l4 Hounsfield tensile tests

The uniaxial stress strain curves obtained from
these tensile specimens are shown, for steels Hl, H2, H3 a&nd
BS 4360 50D, in Figs.4la, b, ¢ and d. The relevant points of

which are laid out in Table &,



VA Charpv V notch specimens

Standard Charpy impect tests, carried out =zt
ZCOC. yielded the results laid out in Table 5 for steels Hl, K2,
H3 and BS 4360 and 50D. It is noticeable that 50D shows 2
dramatic change in impact resistance depending upon the
orientation of testing, and in fact the fracture surfzces

of the samples also show considerable differences (see plate &)

depending upon this orientation.

7.6 Single circumferentizl notched tensik bars with

varving notch profiles

The stress/strain measurements teken during the
testing of these specimens zre shown in Table 6 together with the
stress complexity factor ( Gm/& ) associated with each of these

notches,

Gm/& is taken as being the stress complexity
in the central region of the bar i,e. from Bridgman's (53) stress

analysis:=
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All of these specimens which were tested to
fracture failed by fully fibrous (i.e. ductile) fracture. It
was also noticed that these fracture faces zlso showed & high

degree of orientztion (plate 9 for a typical fracture),

Fig.45 shows the failure strazin of each of
the specimens rlotted agzinst the apmropriate value of G;ky/E’ i

calculzted as shown above,

Some of these test pieces were not tested
to fracture but stopped 2t instability, these specimens were
then sectioned along their centre lines and carefully polished

and etched., The near notch regions were then examined for

strzin concentrations.

Flate 10 shows one such region where it can be
seen that the steel has & structure of highly banded pearlite.
These bands, in the near notch region, are no longer straight,
as they are in the matrix, but are curved thus demonstrating

the strain concentrations under these notches.
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If the displacement of each one of these bends
is measured with respect tc its position benezth the noich z
graph of displacement against position can be constructed from
this, and as strain is the gradient of displacement (see section

5.1), a graph of strain ageinst position can be made (Fig.42).

The predicted strain concentrations, calculated

from Weisses (87) formulza are also plotted on these graphs.

i 3 point bend specimens

Plate 11 shows the surface of the fracture after
it has been broken open under liquid nitrogen (Fig.43 is a
diagramatic representation of this fracture surface), This shows
an area of voiding at a2 distance under the notch of about lmm, with
no detectable signs of equivalent voiding in the area leading up 1o

it.

Although the deformation of this sample was not
recorded the area under the notch to the opposite surface had
undergone considerable plastic straining (i.e. the bar was

left permanently deformed, with a bend of about 30°).



7.8
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heet aluminium specimens

These specimens were strzined until
instabtility and the resulting deformation is represented
where the imminent fracture can be seen running through some of

the artificial voids. The angles of these shears are shown in Fis

J
- - e

1) 2 - o] ~0 e :
4+ and have 2 spread from 32" to 72" from the normzl to the

direction of loading.

i Particle anzlysis
2) Inclusions

All of the H series steels were found to contain
a few inclusions but in 211 three (Hl, H2 and K3)
the average size was found toc be jusi over 1 um,
The average inclusion sizes and their spacings,

for all three steels, are as fcllows:=-

Steel Size A.N.N.D.
. 0 () =
Hl 1,37 26
H2 1.13 22
H3 1.43 23
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The above znalvsis was carried out using an

. =

image anzlysing computer,

These inclusion concentrztions represent z

volume fraction of approximately 0O,0015.

Carbides

Using transmission electron metallography on
extraction replicas from the H series steels
the sizes and distributions of the spheroidised

carbides were measured,

These measurements are laid out in Table 7,

Examples of the electron micrographs are shown

in plate 12,
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E. DISCUSSIOR
8.1 Parzllel tensile specimens

(8o
=

=

The stress system opsrating under the neck of
such specimens as these is, as zlready mentioned, best described

by the Bridgman anzlysis (53):=-

Gonts -5%(&2212—:—2)
24dR

where Gr = radial stress
Ges = hoop stress
G = flow stress
R = neck profile radius
df = radius of minimum cross section
-

= position from centre line

Considering the centre of the section (r = 0),
where the radial and hoop stresses are & maximz (see Fig.32).

As the neck forms:-

R will decrezse repidly (from infinity)

d will decrease comparatively slowly
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Therefore as the neck forms there is an increase
in the radial and hoop stresses under the neck, i,e. the hydrostatic

tension will increase zndéd continue to be & maximum in the centre,

8. 12 Effect of the stresses acting in the 'neck’

Assuming that voids have already been nucleated
during the stable plastic deformation they will start to gow rapidly
under the hydrostetic tension (63,64,65,66) and thus should grow faster
in the centre of this necked region until such time as they coalesce
to form the final fracture. As already stated (section 2.7) the
existing growth theories fall short sometime just before coalescence
and thus the voids 'growing' to cozlescence overestimate the strain
to fracture considerably, as shown in Fig, 11 where these theories

are compared to the results of Edelson and Baldwin (14).

Considering the above, the expected fracture would
be one of initiation and growth from the centre of the bar, which
compares well with the final fracture shown in Fig,34 which shows
a central region of fracture by void coalescence with shear lips
at the edge, i.e. the fracture started in the centre and grew

outwards.



It is interesting to note that in 2 cup ané cone
fracture, such as this, it is kinematically necessary that an arez
of pure dilation should occur in the centre of the ber (the flat
plateau in the centre of the final fracture) before the shearing
off of the edge occurs, This is reguired because it is geometrically
impossible for sliding to occur over clésed cenic surfaces of zero
extension whilst sliding over open conic surfaces is iﬁdeed possible,
It is therefore required that for flow localisation to occur along
these surfaces of zero extension an open region must develop at the
gxis of the bar, Since no sliding is allowed rrior to the development
of this region, it must develop purely by dilational flow localisation.
This can occur only on & plane perpendicular to the axis which by
symmetry does not require any sliding. An open surface, as such,
may not be necessary as the amount of porosity at the neck may
itself be large enough to allow sliding along the closed conic
surfaces. Whichever of these two is necessary it is obvious
that there must be z considerzble amount of void nucleztion,
growth and possible coalescence in the central region of the

bar before the final cup and cone fracture can develop.
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8.1.4 Comparison with metzlloerarphy

From the photomicrographs of this specimen shown
in plate 2 and the datz given in section 7.1 where the fracture
surface Is compared to 2 section just before fracture it can be
seen that the formation and growth of voids appears to be a
continuous process up to a certain point when some of the voids
suddenly grow to coalescence and form the fracture surface, These
voids did not gow at random but in 2 plane normzl to the applied

stress,

The reason for this sudden acceleraztion in
growth rate cannot be explained by the effect of the macrotriaxizl
stresses on the growth rates because these stresses are still
increasing at the same smooth rate (with the change in neck

dimensions) so other mechanisms must be mnsidered,

8.,1.5 Possible mechanisms of the finzl fracture

One possibility is an increase in the local
stress concentration cue to the rresence of the voids i.e. the P(Gb
velue associzted with the smzll voids may cause a stress interaction
between them, which would accelerate the growth in the radial direction

1o cause 2 coalescence, This concept has been investigeted by other
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workers (67,68) who calculated the likely growth zcceleration
czused by this type of interacticn(see Fig,12), wuich could be

as high as times two, but only when the voids have grown very

close together (in our case < 5um apart). This is much closer

than they are just before fracture (plate 2), when their spacing
was measured as 14pm. As this ideaz would rely on both the size and
spacing of individuzl veids other sites of void coalescence

might be expected besides that of the finzl fracture,

Another possibility is one of conventional
plastic instability in the ligaments between the voids, as
proposed by Berg (20) and Thomason (71), where the load bearing
capacity of the ligaments has decrezsed to such an extent by
void growth that there is necking between the voids znd thus
simple necking to failure, The materizl is after all, undergoing

exactly this in forming the unstable neck,

let us consider the known series of events
leading up to the fracture in the context of Thomason's three
dimensional principal stress construction (Fig.23). The neck
formation increases the ddegree of stress complexity acting under it,
thus ecausing the locus in Fig,23 to move out along the

surface of the yield cylinder, in the
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direction of positive triaxial stress, As the sme time, Dbecause
of this increased triaxial stress, the wids themselves are gowing
(63,64,65,66), thus reducing the surface tractions necessary

to cause instability in the remeining ligaments, i.e. the
dilationzl yield surface (folc = 0 in Fig.23) is being moved
back down the principzl stress axis ( G in FPig.23). Thus

we have & dynamic situation where the active stress-state

and the necessary stress state to cause instability (or
dilational yielding) are both moving towards each other and at
some point they will obviously meet and failure will occur

by the formztion of a2 dilationazl bend, within which there is
material instability and the voids will coalesce, As soon as

the dilational band begins to form the geometrical considerations
preventing the cone part of the fracture taking rlace are
removed and the shear lips associated with this type of

fracture may form,

This latter approach seems the more likely
as it goes quite some way to explain the sudden change from

stable void growth to coalescence 2as has been observed,



8.1.6 Summery of the events leading to fracture

The process appears to hzve been one of void
nucleation (possibly continuous, as there is an increase in
concentrations with strain, i.e, a spacing of 25pum in the
unfractured neck at a strain of 0.65 dropping to l4um near
the fracture surface at a strain of 0.70), followed by void
growth as the neck forms. This neck increases the triaxial
stresses in the centre of the ber (thus the void growth rate
becomes more rapid in the centre of the bar), As the voids
grow and the triaxial stresses increase the dilational yield
surface and the active stress system move towards each other
(in 3D stress space) until they meet and the intervoid ligaments
become unstable forming 2 dilational band, All the deformation
is concentrated into this dilationzl band in which the voids
coalesce to cause failure., As there is & difference in the
rate at which these events occur, depending upon the position
across the section (the centre will proceed at a much higher
rate for the reasons state above) a difference in fracture
across the section may be expected, At the start of the
final fracture the necessary conditions for failure will only
be met in the centre of the ber, as this materizl fails the -

stresses acting on the outer ring of material will be reduced
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in complexity moving this material further away from the state of
dilational banding. As the same time the geometrical constraints
preventing coniczl sliding from teking place are removed making

the formation of the shear lips possible, Thus it is not surprising

o

that classical cup and cone fractures occur (see Fig,32

8.2 Sinzle notch tensile specimen

Ba2.a The fracture surface

From the fracture surface of this specimen
(plate &) it is obvious that the final fracture was by void
cozlescence., The veoids having been formed on the lzrge. inclusions
which can be seen in the centre of some of these voids, these
voids having then grown and coazlesced. 1In this case the fracture
did not initiate in the centre of the bar, but at the notch root,

as observed during the test,

B2 Probable stress distribution

This situation does not coincide with the analysis
of stress used in the prévious case, assuming that the final fracture
is initizted in the region of highest hydrostatic tension, i.e. in

this case the region with the highest hydrostatic tension must be
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near the notch-root and thus the above mentioned siress analysis of

Bridgmans cannot be used. The elastic stress distribution due to

-

Neuber (82,83) is probebly nearest to this situation (this type of
stress distribution is shown in Fig.31).

B.2.3 Detection of the onset of cozlescence

In Fig,.35 the potential drop curve is shown
together with the stress-extension curve ané only shows 2
significant rise at instability (in this case the onset of
final fracture when the crack tip was seen toc start from the
notch root). As this type of equipment can detect a 0.5% change
in the length of a2 crack (93) this can be considered to signify
that no appreciable void coalescence had taken piace until this
point (assuming that internal cracking would show the same effect
as an external crack, which would be expected with this type of

D.C. potential drop equipment).

8.2.4 Formation of small voids and void sheets

In the fractograph of this specimen (plate &)
colonies of small voids ( < 5pm dia,) were found (area A). The
Iresence of these smaller voids is difficult to explain with

respect to the rest of the fracture except that they lie in

I_?
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relatively inclusion free areas. As the growth of the larger

voids can be explained in terms of their stress strain histories

an examination of the possitle stress strzin histories of ithese
smaller voids may be helpful. If it is assumed that both their
size and concentration indicate that hey were formed fairly late
in the process, when the growth of the larger voids was in a
fairly advanced stage then the interacting stress concentrations
of these larger voids may have reached such & level as to cause
small pre-existing voids to grow razrpidly, until they become =
significent factor in the imminent fracture, i.e. this is a

case when the stress concentrating effect of two neighbouring

voids is of significant effect,

8.2.5 Advance of the final fracture

As no detectable void, or crack, growth was
recorded on the potential drop equipment until a crack was seen
to form at the notch root, the final fracture cannot be considered
to be void coalescence by simple growth but by the advance of a
crack from the root of the notch and thus fracture from the
outside rather than from the centre, The advance of such a
crack being controlled by the stresses and strains in front of

the crack i.e. as the already growing voids come under the
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influence of the comparatively high triaxizl stresses generated
by the growing crack their growth will be accelerated until they

coalesce with the tip of the crack,

Thus the model we have for this fracture is one
of voids initially growing from the large inclusions until such
a time as the notch tip starts to propagate a crack which greatly
increases the triaxiality of stresses, thus exponentially
increasing the growth rates of the voids (63,64,65,66) which
themselves will interzct to czuse smaller voids to grow in

between them.

8.2.6 The micromechanisms operating

Let us return to Thomason's (71) 3D stress-
space construction (Fig,23) and consider these last events agein,
At some point just before the formation of these smzller voids the
materials active stress will plot at some point on the yield
cylinder below the dilationzl surface, the position of which
is governed by the void population, when these small voids are
formed in between the larger ones the position of the dilational
surface will be radically altered and jump some considerable distance

down the axis of maximum principal stress. Possibly to some point
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below the point of zctive stress such that the system will become
unstzble and fail by a dilational bend, thus propagating the
crack into the next region of materizl to repeat this action

and continue to propsgete the crack,

8. 207 ffect of these mechanisms on the mechanics

of failure

Here we have a possible explanation for the void
sheets which are frequently found on fracture surfaces (16,17,18,1¢9)
linking up larger macro-inclusions. The above observations are
aiso of great interest when considering the mechanics of failure,
especially from the point of view of the Rice and Johnson model

(80) where they proposed that:-

Qe
n

where C.0,D.

A = constant dependinz upon the spacing
of voiding particles (4 varies from
%6 2)

¥o = spacing of particles



But, as we discussed 1n section 2.9, this model is only aprropriate

for z system where the failure is by macro-vcoid coalescence

[
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the zbove mechanism of void sheeting is considered then thi

of Rice and Johnson's should be modified to:=-
§ = i(xo ~%s)

where Xs = ligament diameter zt which veid .

sheeting takes place.

This assumes that the void sheeting itself adds

nothing to the value of & , but if it were to, then:-
§ = AlXo - X&) + A'X'0

where X'o = the spacing associated with the void

sheet nucleants

The problem would, of course, be to formulate an
appropriate value of Xs, but if the strazin to form the voids from
the void sheet nucleants was known then a value of Xs could

possibly be estimated.



notched ten=sile bers with

X g . . 4 g
< b - - - - - 1
S Polished sections znd strain concentrztions

Fig.42 shows the strain concentraztions calculzted
from these sections along with the the theoretical curves chteined
from Weiss's relationship (87) (see section 2,11). It can be seen
from these plots that there is an exceptionally good agreement
between the predictions and the observations. Thus for any
future estimation of strzin concentration bensath z notch of
this type Veiss's analysis may be relied upon as being

reasonably accurate,

The other point of importance here is that the
total extira displacement caused by this strzin concentration is
so small that in measurements of total Bgament strzin no

correction for this extra displacement is necessary.

8.3.2 Strains to failure

Fig.45 shows the stress complexity factor for

each notch ( Gm/Z& ) rlotted against that notches strain to failure,
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From this plot it can be seen that the fzilure strain decreases
with an increase in the stress complexity factor, in 2 similax

way to that found by Mackenzie et al., (76) (see Fig.25).

8. Selection of 2 characteristic materizl length

If an atiempt is mzace to anzlyse this dats in
the same way as that employed by Mackenzie et zl., (see secion 2,9)
the first problem to be overcome is the chcice of a characteristic
material length. Referring to plate © where a typical fracture
surface of this material is shown, 2 highly orientated structure
can be seen with many lerge elongated voids, The semi major axis
of these elongated veoids are aligned in the materials long
transverse direction., If it is assumed that these large voids
play an important pert in the fracture, and the material between
them is the region over which the finzl fracture occurs, then
perhaps their spacing can be teken as being the 'characteristic
material length'., 4 rough average of these voids spacings,
measured in the short transverse direction (horizontally on

plate ©) is about 600um.
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Thus with a2 characteristic mzterial length of
600um an attempt can be made to follow the procedure described in

section 2,9:-

Agein using the key hole notch with an initial

radius of 1400um

From Fig.26

Gw/& at R/Ro of 1,42 = 1.1
From Fig,27

and ——%ﬁ—- TR 0.58

From the data in Fig.45, when G./€ has a value of 1.1 the necessary

value of &p to cause fracture ( é; ) is:=



Thus € surface = == = (.35
From Fig.28
é = 2.40mm when fs= 0.36

If the appropriate elastic displacement of O,2mm

is added this value of C.0.D. becomes 2,60mm,

It is interesting to note that if this procedure
is followed through using both 400um and 800pm as the 'characteristic
material length' the result is almost identical to the above (2.40 +
0.2mm elastic and 2.3 + 0.2mm elastic respectively). 4lso doubling
Hackenzie;s (76) value of 'critical material length' from 200um to
400pm for his material only causes & change of 134 in his value of

C.0.D,

Thus the value of the 'characteristic material
length' does not appear to be as sensitive as was first assumed
and can, in fact, be varied quite considerably without introducing
anything other than quite small errcrs into the calculated value
of ¢.0.D. Thus, if over quite az large range of values of
‘characteristic materizl length' the resulting C.0.D. is roughly
constant then the stress state to fzilure plots mzy be considered

= Y

to describe a materials toughness in the mme unique way as & C.0C.D.

value,
116



In many ways this type of curve may be of more
use than a conventional fracture toughness value for this type cf
ductile fracture., The main use made of a fracture toughness
- perameter is to construct a design curve for safe/non-safe working
conditions, but this type of stress stzte to failure plot is in itself
a safe/non-safe design curve which mey be used directly on any
structure - providing that a reliable stress-strzin analysis is
available for the particular structure or component. This does
not give this method a particular disadvantage over conventionzl
varameters as they too reguire good stress strain analysis of
components before they can be considered useful, The problem
of a2 characteristic materizl length zgain appears when considering
these curves in this way. In the C.0.D. anzlysis a wide range of
values resulied in the same C.0,D., value, although the 'characteristic
material length' can perhaps be given a lower bound i.e. the lowest
velue which does not introduce a large variation from the ‘plateau’
value, In the case of the CQD.anzlysis above, if the characteristic
material length is reduced below 400um there is a considerable
change in prediction from the platezu of 2.4 + 0.2mm elastic, Thus
if the lower bound of this plateau is used then we may have a
'eriticzl' characteristic material length. By choosing a2 critical

length in this way the problem of having to make z rather vague

M

choice of some 1likely physical length which the material may demonstrate

in some other way is avoided.
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e 3. 2.5 Comperison of this failure curve to the micro-

It may be useful to consider these siress state
to failure plots with respect to the mechanisms of ductile failure,
i.e. the nucleation, growth and coalescence of voids., Very simply,
an increase in strain will lead to an increased void population
whilst an increase in the stress state complexity ( ‘S;”/@f ) i
which in effect can be considered to be an increzse in the positive
hydrostatic stress, will lead to a greater void growth rate (see
sections 2.7 or 2.12), It will also lead to an 'earlier®
coalescence of these voids (see section 2,8 or 2.12). Since these
stress state to failure plots are, in the limit, concerned with
the final fracture, i.e. the coalescence of voids, let us look
at the situation from Thomason's (71) model of void coalescence,
The 3D stress space construction (Fig,23) requires the materials
acting stresses to plot at some point on the surface of the yield
locus, the higher value of &»/& the further out along this locus
in the direction of positive triaxial stress will the acting
stresses plot. The position of the failure plane (folc) -
the dilational yield surface - is governed by the void populations
size and spacing, the size of the voids being dominated Dby the
triaxiality of the stresses acting upon them (see section 2,12)

whilst their number (or specing) is mainly controlled by the
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strain the material has undergone. Thus for a material being
strained at a low value of Gm/E the acting stress point will
plot at 2 fairly low point on the yield locus and the failure
plane, which initislly would be at some distance away zlong the
approprizte stress axis, will start to move towards it as there
is an accumulation of damage (void nucleation and growth), this
damege being controlled by both the stress stzte znd the strain.
This plane will continue to move towards the acting stress states
position until it reaches it and failure by dilaztion occurs, If
the material is strzined at a higher value of G=/& the
acting stress will plot at a2 position some distance along the
yield locus from the position in the previous case. The failure
plane will start moving from the same initial position as above
but because of the increased rate of damage accumulation caused
by the higher value of &=/& this failure plane will move
towards the acting stress point at a comparatively high rate,
Thus in this second case the material will fail at a much lower
strain because &) the distance the failure plane is required

to move to cause failure is less and b) because the rate at
which it moves along this distance is greater. Thus the effect
of changing the value of Gm/& can be demonstrated, The
above arguments indicate that the effect of changing &m/&

will not be linear ageinst strain to failure but will show an



exponential decay type curve, as G;g//ff has two seperate
effects upon fzailure and also because the damage czused by void
growth will be exponentially dependent upon Gm=/& (see

section 2,12), From this, curves similar to those found in

practice would be expected (Figs. 25 and 45).

8.4 Fulti notch tensile specimens

1

As can be seen from the stress stirain grarphs of
these specimens (Fig.36z, b, ¢, ¢, e, £ and g) the varicus notches
cover virtuzlly the whole of the stress-strain hisiory of each
of the finzl fractures, and also each of the points falls very
close to the curve i,e, a high degree of confidence can be placed
upon the measurements as they agree with the history of the notch
neasured during testing. Thus each of the notches from z material

can be considered to represent various points in the life of

the finzl fracture of that material.

8.4.1 Effect of strzin on the average void spacing

Referring to Figs.382, b, ¢, 4, ¢, £ and g it
can be seen that the Averzge Nearest Neighbour Distance (A,N.N.D.)

-

between voids decreases continuously with strain, but at &
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different rate depending upon the materizl, The linear
relationships obtzined cross the zero strain axis st varying
values ranging from 10.5um to 32um, this was in facti checked by
taking samples at zero strain, these results were found to be
in good agreement with the relationships obtained, There zre
two possible reasons for this value a2) this is the damage
associzted with the testing procedure (i.e. during the cleavinz
cpen of the notches at =196°C) or b) this is the damage formed

during the history of the material (i.e. during manufacture).

When there is a higher density of carbides
present in the materisl, the value of the A,N,N.D. decreases
at a more mpid rate with increasing strain, This can be seen by
comparing the results of steel H1l (medium carbide content,
medium slope) with steel H2 (higher carbide content, steep
slope). The converse can also be seen by comparing steel Kl

with steel H3 (low carbide content, shallow slope).

Every time observations of voids are made
there is a size 1limit below which a void is undeiectable and
so one possible explanation of the above is that with increasing

strzin the growth of the wids under the action of hydrostatic
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stresses has caused 2 greater number to be within the detectable
size range. Hence the density of voids appears to increzse,
Alternatively, there could be additionzl void nucleation eventis
taking place with increzsing strain and that the increazse in

void density is due to more veids being present in the material.

However, because of the relationship between
carbide particle densities and the rate of change of the A.K.N.D.
velues of the voids, the latter explanation is the more likely.
The reason for this being that the size of z carbide particle
is large enough to be detected by the stereoscan technique and
that the size of a void nucleated by 2 particle is of the same

order of size as the particle itself.

Further support of this is found in the lack
of difference between the H and H 30 plots for each material
(Fig.38b, ¢, d and Fig.38e, f, g respectively). If the voids
were pre-existing at an undetectable size and then growing to
detection the H 30 plot would be expected to be appreciably
different to the K plots as the hydrostatic tension acting on
the central section of their notch planes is appreciably lower

(from a Bridgman (53) type stress analysis c.f, section 8.4.2).
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This lower value of hydrostztic tension would lead to z slower
growth to detection in the H 30 specimens than in their

equivalent E specimens thus giving 2 lower slope to their

4,K.NX.D. plots.

Thus the only way in which there could be
an increase in the A.N.N,.D, value is through a process of
continual nucleation of new voids at carbide particles with

increasing strain,

g.4.2 Effect of strain on the rance of void sizes

From Fig.3%, b, ¢, .4, € and f it can be seen
that at low strains the size range of voids varies from 0.3pm
to 0.7um, As the amount of plastic strain increases the size
range increases because of a gradual enlarging of the upper
1imit of void sizes, The lower limit remains constant with

increase in strain.

This is indicative of iwo processes occuring
together. The lack of change in the lower limit is consistent
with the concept of the continuous nucleation of voids with

strain at sources of stress concentrations (see section 8.4.1).
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It is believed that the principel sources of stress concentrations

are the carbide particles in the spherocidised steels which have
size ranges of C.#pp to 0.8mm for Hl, 0.3 to 0.65um for H2 and

0.3pm to 0.55pm for H3, which tie in well with both the constent

lower 1imit observed and with the initial size range.

Secondly the increase in the upper limit of
size ranges with strzin is thought to be a consequence of void
growth during straining. This growth being brought about by
plastic deformation of the metzl mder the action of combined

hydrostatic and shear stresses,

A1l the above measurements were carried out
on observations of voids in the centre of the fractured area
so that the stress and strain histories of all of the measurements
would be consistent., As can be seen from Fig.32, where the
Eridgman (53) stress analysis is plotted against position, any
area in the central gquarter of the specimen will have a virtually

identiczl stress history.

8.4,2.1 The upper limit of void sizes as & void growth curve

If the upper limit of these size ranges can

be considered to be rerresentative of the growth history of the
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upper limit line only, a set of curves for the growth of voids
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pplied plastic strains, and if z suitable stress
analysis of this region can be obtained these will be growth

curves under known stress and strain systems.

8.4.2,2 Stress analysis of the central recion of the

specimen

The appropriate stress anzlysis for this instance

is probably that the Bridgman (53) (see section 2.10).

From the above mentioned stiress analysis. an
estimate of the stress system in the central region of the ber

can be made:=-

Ge =67 = & U (0(21‘-2;{/’-?—7'2)
ZdR

where a{ = ligament radius
A = notch root radius

= position from centre line



at, or near, the centre of the bar we may consider

1o zero
therefore:
Ge =Gr= 6 f;(.gL - /)
2R
or
6-'\" = jﬂ(_i'f‘{)
g 2R
8.4.2.3 Prediction of void sizes

I to be equal

From ¥°Clintock's (64) analysis of hole growth

we have the following expression

% - wonh [(1-7) (Gu + 1) /2E//T |

(f-')'l) jh;‘f



f;f:f;afff
it
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void diameter

where

n

n

= void centre spacings

S R R

= +transverse stress components

Cress multiplying we have:=-

£ s 9’%{ de_oink [G=n) (65+sz)/z€//3']}
=

or

B A wﬂ{c{c’ ik [-m) (G;+Gz)/za=/[3_]}
L (-7

Assuming thzt, for our situation, Ga= Gi = &
= Ge and also assuming that & - & can be substituted for &

the expression becomes:-

g SRR Ry e 6—,/6——-//5]}
e a%{ (-n)
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Thus if the stress state for each smzll increment
£ -4 . 3 rad S 5 . k. 13 at el 113 Crmms i
of strain is known the vold size can be predicted using " Clintock's

void growth theory,

Before this expression can be used in this way

the following assumption concerning void centre spacings is required.

In the material being considered here, there
appears to be continual void nucleation during straining, thus
the value of / is changing for reasons other than the applied
plastic strain. Because of this artificizl values of L ang A
zre necessary. If we assume an initial value of L of 20pm which

will reduce with applied plastic strain & :-

bt
=5t (/%)

Therefore, with the use of this substitution
appropriate values of the centre spacings can be estimeated, which

are realistic for the model being used.



From.the information laid out in Tables 1d to 1g
it is possible, via the zbove mentioned Bridgmgp anzalysis, to
calculate the stresses in the centrzl section of each notch
at any point in time, Graphs of the notch root radius ( G )
ageinst the applied strain were plotted and from 'best fit'
curves drawn through these points the notch root radius could
be read off for any strain, These values were fed into a simple
computer programme at strain intervals of 0.01, this programme
embodied 21l the above .calculations and thus for any initial
void size it gives us predicted void sizes resulting from the
notch deformation data fed into it. The results of these
calculations are plotted out in Fig.4€. The most obvious
point of these plots is the fact that the two sets of specimens
fall into two distinct sections, the H series predictions all
show very similar curves but have z much higher growth rate than
the H 30 series, which themselves all show similar growth predictions.
These two sets of predictions quite simply demonstrate the expected
effect of varying the hydrostatic tension upon the growth rate
of the voids (see section 2.12), The difference within each of
these groups could quite easily be due to the different starting
points given to the computer programme, depending upon the amount

of information available for each =t of notches.



Iy oA . ———y ” - - - - ' = .
E{'-g"-"--ﬁ-u"’ Comparison of preglcied ant observea Volo sSl1Zes

The observed void growth curves* of Fig,30%z,

b, ¢, 4, € and f also show this grouping in that the curves of

i

FPiz.39%a, b, ¢ (the H series curves) show a markedly higher growth
rate than those of Mig.39d, e, £ (the H 30 series) i.e, these
results point to the fact that the higher the hydrostatic tension

the higher the void growth rate.

This particular cbservation agrees, in principle
at least, with all of the known theoreticel work carried out on
the growth of voids (63,64,65,66) (see sections 2.7 end 2.12),
where it is generzlly concluded thzat the void growth rate will
be markedly increased by an increase in the hydrostatic tension

acting on the material,

Although there is 2 qualitative agreement between
the predictions of Fig.46 and the observations shown in Fig.3% to f
there is a considerable discrepency between the actual predicted

sizes of the voids and these observations., If material HIl is

* Assuming that the upper limits of the void size envelopes can

be considered to represent void growth curves.
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considered at a strain of say 0.275 the actual void size is about
1pm whilst the void size predicted from N°Clintock's (64) znalysis
(Pig.46) is about 3pm, i.e. an overestimation of the voids size

by & factor of about three, Thie error is zbout the szme for z211
three of the H series specimens 2t this order of strain, and
increases with increase in strain. The predictions for the

H 3C specimens are again overestimations, but not by such a large
amount, Hl -~ 30 at a strain of (.275 had an actual void dze of
about 0,8pm whilst the prediction suggests & void size of 1.25pm,
i.e, only an overestimation of around 50%. All of the H 30
predictions overestimate the actuzl size by about the same amount,

and again the error increases with inerease in strain.

This discrepency between the predicted and
observed void sizes may not be entirely due to the growth theory
being used, but could to some extent be due to the stress analysis
being employed., Although recent (85,86) investigations of the
applicability of the Bridgman (53) analysis to the type of
rre-notched specimens used here have indicated that there is
little error in his (Bridgman's) analysis when it is used to
analyse the stresses at or near the centre of the bar, Therefore,
for the B series specimens the overestiimation of void sizes from

1°Clintock's analysis must be due to an oversensitivity of his

-
A
1=



analysis to the hydrostatic tension zcting on the materizl., In
the case of the H 30 series, where the hydrostatic tension is
lower, the error is much less and could perhaps be accounted for
in the accumulation of several small errors, including errors in
the stress analysis, although it does tend to again indicate an

oversensitivity of the predictions to hydrostatic tension.

This observation is of importance when considering
failure criteria based upon existing growth theories, i,e. in Fig.ll
where such theories overestimate the filure strain by about a factor
of two, but if the above observations were to be injected into this
a growth to coezlescence theory would overestimate the strain to
failure by a far greater amount, especially under conditions of
high triaxiality, thus underlining the importance cf void coalescence

as a separate and important mechanism,

8.4.2.5 The lower limit of void sizes. as & representation

of void nucleztion

The lower bound to these void size envelopes
(Fig.3% to f), as already briefly mentioned, is believed to represent

the continuzl nucleation of voids at the carbide particles, This



line annot be considered to represent all the voids being nucleated
as there could be voids larger than this minime nucleated
throughout the process, as there are at the start, i.e. when

ép = O there is a spread of void sizes., Nevertheless these
lines can be considered to represent the minimum size of void
nucleated at each increment of plastic strain (given that they

are not undetectable voids growing to detection, see section

8.4.1).

B.4.2.6. Comparison of this nucleation plot with the

aveilable theories

The available thecretical models of void
nucleation for the system being considered here (see section 2.5
and the first four pages of section 2.12) indicate that there
should be a size effect of void nucleation with respect to
strain (38, 5, 42, 43), in that larger particles should form voids
earlier in the process than smaller ones. From this it would be
expected that the lower bound to the void size envelopes of Fig.3%
to F would not be horizontal lines showing no size effect but should
show a slope such that the size detected decreases with increase
in strain. Although the lower lines of Fig.39 can only be
considered to be the minimum size of void nucleated during

straining this observation is in basic diszgreement with these
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theories. These observations, however, do agree with the predictions
of Tanzka et al. (39) who, for the range of particle sizes being
considered here, predicts no size dependency from a theory which
requires both an energy and a stress criteria to be met before
voiding can take place., Brown and Stobbs (41) in both their
observations and theoretical model come close to the observations
found here, in that they predict a weak dependency of nucleztion
strain on particle size (smaell perticles voiding first), but observed
a weak trend going the other way (large perticles voiding first).

The observations of Easterling, Fishmeister and Navara (10) may

also agree with those found here in that they detected only = weak
trend of small perticles voiding first but also observed that

widely differing sizes of voiding perticles were apparent

regardless of the applied strain. Thus a lower bound to Zasterling
et al's. observations could easily be very similar to that detected

here,

Thus the lower bound to the void size envelcpe,
which may be considered to be associated with the nucleation of
voids, can be explained by some of the published material, namely
the theoretical predictions of Tenaka et al, and the observations
of Easterling et al. Although the majority of the published
literature does not indicate this type of lower bound to the

size envelore.
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8.4.3 - Notch sections

Similar notches to those which were cleaved
open were sectioned and examined, These sections show small
cracks being propegated from the root of the noich {glate 7)
which, as is clear from the topograrhy, are the result of
void coalescence, The type of damage in the materizl from
which this crack forms can be seen in plate 7z and can be
seen to be 2ll zlong the front of the notch tip (as one might
expect from classical fracture mechanies theory where a blunt
notch could be expected to have a large plestic zcne). Damage,
or rather voids, of this type could not be found in the bulk of the
mzterial, indicating that the stress and strains associated with
the notch are controlling the fracture rather than those in
£he central region of the specimen i.e, this zgain suggests
that the controlling stress system is nearer to that of the

elastic situation than that of the necking tensile bar.

This notch damage, in general, being limited

to a region less than 250um in front of the notch tip.

Fig.47 shows the expected stress system operating

under a notch, such as the ones discussed above, based on Neuber's
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(82) elastic stress analysis which has been reduced to the plasti

case by using his (Neuber's) relationship (83):=-
£ J I /

RS e

and Weiss's (87) strain concentration analysis for notches (see

Appendix A for details).

This diagram indicates that as the notch blunts
(i.e. the notch root radius increases) the position of maximum
stress triaxiality changes. As the notch blunts the position of
maximum triaxiality moves further away from the notch tip. Thus
an area of accelerated damage would be expected to be found at some
distance under the notch., The damage observed in plate 7a is
plotted on this diagram (Fig.47) and it can be seen that there is
a reasonable agreement between the damaged area and the positions
traced out by the areas of high triaxiality during the straining

(change in notch root radius) of the notch.



8.4.4 Edge enalvsis of cleaved noiches

Fig. 40z, b, ¢, 4, € and f show the notch root
demage in terms of the A.N.N.D. value associated with 1Cum
sirips running parallel to the notch root. From these plots
it ®n be seen that there is a constant amount of damage running
for some distance in frontof the notch before there is a smooth

rise in the A,N.N.D. value i.e. the damzge decreases,

8.4.4.1 Prediction of edge damage

Using the strain concentration analysis of
Weiss and the damage rate equations formulated from the A,N.K.D,
V's &p graphs (Fig.38) an attempt can be made to predict this

damage concentration associated with the notch roots.

The strain concentration is

| “*'}'f -+ 3
PR R

where {} = stirzin at a distance » beneath the nctch
p = notch root radius
¢» = remote strain
n = work hardening index
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As the damage rate equations take the form:-

A,N,K.,D, = A -

o
Oy
'

where A and B are constants
{p is the applied strain

Substituting €y for &£ p the A.N.K.D. value

for any position X beneath the notch tip can be calculated,.

E.4.k.2 Comparison of predicted and observed damage

The results of these calculations for notches
Hl -5, HEl -4, Hl =3, H3 - 5, B3 - 3, H3 - 1 are shown in
graphical form in Figs.40z to f superimposed upon the actual

measured values obtained from micrographs of the appropriate areas.

As can be seen from these graphs the predictions
are in good agreement with the curved section of the results graph
but do not predict the horizontzl, or maximum dzmage, part of the
observations, Nevertheless these plots show that the linear damage
equations are capable of being extrapolated, without loss of accuracy,

to well beyond the limits of the original observations.
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g.4.4.3 The maximum damege level

The maximum damage levels demonstrated by these
observations do not appear to initially correlate to any of the
carbide distributions, i,e, one might expect the maximum value
of A.N.N.D. to be the same as the carbides planar specing in a
slice of materizl one carbide diameter deep (as found by Widgery
and Knott (92) with inclusions in 'dirty' weld metzls) but this .
would give & value of C.5 and 2.0pm which is an under estimation
of the minimum A,.N.K.D, value found by 2 factor of zbout 2.

Thus we are left with the conclusion that the damagelrate equations

are only applicable to some value of £.K.N.D. which is nect the

same as the minimum spacing of the nucleants,

This cut=off of void nucleation at a value of
A.N.N.D; above any expected level based on the sacing of available
nucleating particles is initially inexpliczble, From the previous
findings and published literature it would have been reasonable to
expect the nucleation to continue until either all possible
nucleation sites have voided or inter-void instability has
intervened causing metal separation, and hence an end to any
further deformation and nucleation. However most of the thecories
and models for void nucleation only .consider one voiding perticle
in an infinite matrix, if two neighbouring voiding perticles zre

considered then their reaction on each other must be considered,
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both before and after one of them voids; Before voiding there
will be a back strese or reaction between the two partic
This back stress may be considered to be represented in the
nucleation criteriz of Ashby (38) by the wlue of 'd', the

perticle spacing (see section 2.5 or 2.12). If one of these
particles voids then this back stress will be vastly reduced

(more than half perhaps) and the likelyhood of the second perticle
nucleating 2 void diminished., If this is in fact the case and

has reached such an extent in the situation mentioned above

that the forces acting on &1l the remaining cohesive particles
have been reduced in this wey then this would be a possible
explanation for this value of maximum damage (minimum A.N.KX.D,).
Under these circumstances the minimum value of A.N.K.D., would

not be the carbide planar spacing but very roughly twice this
value, In our case beiween 1,0 and H.Opm, which is in good

agreement with the values found,

8.4.5 Summary of the multi notch specimens

As a2 model for the events taking place in these

specimens we have the following:=-

a) Continuous nucleation of voids at carbides at
a rate linearly connected to the strain in that

area until such a time as the maximum damage is
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b)

achieved, this maximum damage being about equal

to twice the carbide planar spacing.

Exponential growth of voids with respsct to the
hydrostatic siress system, but at an appreciably
lower rate than that expected from the void growth

theory of M°Clintock (64).

A complicated system of stress related and strzin
related damage just under the notch tip., This
damage being nucleated by a strain concentration
which is moving out from the notch tip, and
growing under a stress triaxiality which is

also moving away from the notch tip with increasing
strain, or notch opening. As these two systems
start to interact the total damage for any one
arez will be rapidly accelerated until the size-
spacing-stress state relationships satisfy an
instability criteria (such as Thomasons (71) )
and void coalescence takes place to form a

crack which will both link back to the noteh

tip and grow further into the material by

repeating the above process.



2ll cases, is one of an outer ring of ductile fracture wit

ot

g

m
]

inner ring of clezvage, the reason for this could be 2) the

L=

crack velocity could have reached sufficient speed for the
material to be effectively below its ductile/brittle transition
temperature, although it has been reported by Smith (94) that

a ductile crack tends to slow down as its length increases
rather than accelerzte, but in this case the stored elastic
energy in the relatively large specimen may have been sufficient
toc cause acceleration. b) The materizl in the core may have
undergone enough strzain to work harden it tec such an extent

that insufficient ductility remains for veid growth and thus
failure by cleavage is the preferred system, btut the strains at
the notch tips have been far greater than in the core, thus phe

exhaustion of ductility czn be ignored and therefore the first

alternative is the more likely,

B.5 Charpy impect tests

Comparing the impact results obtained for
steels H1, H2 and H3 (teble 5) to the damage rate equations
obtained from the A.N.N.D. V's &p graphs (Fig.38 and teble 2)
it can be seen that there is & rough, not altogether unexpected,
relationship between the rate of damagelaccumulation and the
impact properties of the material, i.e. the material with the
highest rete of damage accumulation (E2, A.N.N.D. V's Ep

slope of 37) has the lowest impect resistance of 139 Joules
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whilst the material with the lowest damage rate (E3, A.N.NK.D, V's
€ of 10) has the highest impact resistence of 240 Joules,

These results demonstrate the effect that the damage rate has

upon the deformation reguired to cause fzilure i.e. there will

be no void coalescence until a sufficient void concentration has

been reached, 1In the context of material stability the position

of the dilational surface in Fig.23 will be controlled, partly

at least, by the number of voids in the material and for this

surface to move nearer to the active stress point there will

have to be more deformation to cause both further void nucleztion

and void growth until this surface is brought into contact with

the active stress point and thus causing the material to fail,

The impact values of the 50U steel are also
shown in table 5 a2nd these are of interest in so far as the
effect of orientation on these values is concerned, When these
values are compared to the macros of their fracture surfaces
(plate 8) and the highly orientated microstructure shown in
plate 10, the reason for the vast difference in impact resistance
becomes clear, large macro voids can be seen on the fracture
surface which are the result of nucleation and growth of voids
from large macro inclusions, these inclusions (and therefore
the voids) have different cross-sectionzl measurements, depending
upon their orientztion. As these voids grow they will eventually

. .

reach a point at which instebility is imminent by void sheeting
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between them, this point being controlled by the size and spacing
of the smaller sheet voids which will be growing under stress
systems in between the macro-voids, these stress systems being
dependent upon the size ané spacing of the macrovoids which

are controlled by orientation, thus, dependeni upon the initial

orientation of the macro-inclusions the final fracture by void

sheeting will be controlled,

8.6 Three point bend specimens

Plate 11 znd Fig, 43 show the surface of these
fractures after having been troken open under liquid nitrogen,
2 thumbnail of imminent ductile fracture can be seen about lmm
below the notch root, in the arez leading up to this thumbnail
no comparable voiding could be found. This is merely =z
demonstration of the stress distribution i.e. the triaxial
stresses build up to a maximum at some distance away from the
notch tip, that distance being roughly equal to the notch root

radius,

The practical implication of this test is
Trobably far more important than the theoretical one in that
an appreciable amount of subsurface cracking can take place before

it can be detected from the surface i.,e, in service such a2 bend



mey be discounted as merely that, & bend, when in fact &
craeck of considerable size hzs been formed which could nrove

cataestrophic at some time in the future.

B.7 Sheet aluminium specimens

Fig.44 shows the form of the imminent shear
failure, the direction of the shear having been considerably
influenced by the presence of the artificial voids (i.e. the
fracture would have been expected to form at &50 to the applied
stress axis). As both the stress system and the scale are
considerably different to the previous cases the applicability
of the test may be questionable but it nevertheless gives a
qualitative indication of the effect of voids on the local
stress system i,e. when voids become large with respect to
their spacing thay cannot be considered in that stress system

without their reaction to that system being considered,

8.8 Practical implications

As mentioned in section 8.6 & large amount
of sub-surface damage may take place before it can be detected
from the surface. Bends of the nzature described may be dis-

counted as just that, 2 bend, but should there be a change in
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environment then such damage could prove fatal to the integrity

of the structure.

Damage of this type may not necessarily be
caused by accidentzl overstressing of a component but could
easily be introduced during the fabrication process, or during

the assembly or repeir of a structure,

This type of damage may be introduced at
relatively low levels of applied strain, considerably lower
than has generally been realised; resulting in permanent
irreversible damage which over a period of repeated small

strainings could accumulate to such an extent to cause failure.

The rate, or the ease, with which a ductile
crack propagates must depend upon the amount of pre-existing
damage in the material, If a component has been heavily
deformed under the actions of a fairly high level of
hydrostatic tension then any ductile crack or tear will
pess through it fairly easily. If the material is relatively
undamaged then it will offer much more resistance to the
growth of any ductile crack, as the crack will have to generate

a1l its own damage required for the final meterial separation.



The various processes which cause a ductile
fracture are reasonably well understood, and in most cases
can be predicted by the existing theories to an accuracy
well within one order of megnitude, Providing that the designer
appreciates the effect of local stress complexities and local
strain concentrations, as well as the effect of macroestresses
acting on a component, then he should be able to safely
design against the possibility of failure by ductile fracture

without introducing unacceptably high safety fzctors.
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b)

CONCIUSICONS
bl B AR

In the meterizl considered here void nucleation
appears to be & function of strzin (if

measured as the A,N,N,D, value than as a

linear function). This function can be
extrapolated, with reasonable accuracy,

to levels of strain far above those of the
original observations; until a cut off 1is
reached at an A.N,.N,D, value zbout equal to

twice the planar spacing of the void nucleants,

The growth of voids under the action of
hydrostatic tension is of an exponential type,

in general agreement with the available theories,
but at a2 lower rate than these theories

predict - especially at high levels of

hydrostatic tension.

There does not appear to be any size dependency
of nucleztion with strain, at least not on the

minimum size of voids nucleated,



g)

—_—

There is no effect of varying the hydrostztic
stresses, over the range considereC here, on

-

the rate of void nucleztion.

The mechanics of ductile fracture can be
quantitatively explzained by the mechanisms

thought to operate,

There may be considerable subsurface damage
under notches in materizl which has been
plastically deformed, This damage, or crack,
will not be detectable from the surface of
the material and could easily be of such
size a2s to compromise the integrity of the

material,

L ductile fracture is more strain controlled
than was previously thought. The effect of
stresses has, in the past, been overestimated
j,e, its effect on void growth is less than
predicted, whilst strain centrols the void

nucleation events,

Designs cannot be based on nacro-stresses alone,
There must be considerations of both the internal

triaxizal stresses and the micro-strain concentrations.
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APPENDIY A

Adaptation of Neuber's (82) analysis

1. Co=ordinate System

Neuber defines a curvilinear co-ordinate system such that:-

X =ginhu cos v

¥y =coshu sin v

Yhere x and y are the equivalent linear co-ordinates (Fig.4l).

For z system considering the notch plane only:-

X = 0 e Binhin = g L, 0 = 0o

thus y = s8in v

150



Stress Systems for a2 Circumferentiall Notched Ber

Neuber gives the radizl stress as

r -~
Gvel J-A_cosv +(oX=1)CcosvVv| +cosv JA=5=Ccosv
5 el s —
h l+cosv h

where h = fsinhzu - coszv
but when x =o sinhu = o
s o h = .co8 ¥

« =(1=-" )2 N = Poissons Ratio

let vo be the curvilinear co=-ordinate describing the notch

surface,
A = (¢ = 1)1 + cos vo)C

B =4A =4 cosZVo

C»=~0D 1 + cos vo
2

o

1+ (2 =) cos vo + cos“vo



p = P remote siress zcting over the notched arez

(a = sin vo)

A
T
3
3 -

Z
s,

S (2]

4+ Z o o

in the same way the stress acting in the direction ¢f tension

becomes 1=

O ulm B ~fe (L e Yo B e o 8
Z 2 z° z2 z

and the hoop stress becomes:=

S we= A - B + C(eoC =2
23+ gt g7 27

In this analysis the actuzl dimensions are set by the notch

root radius ( )
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but 2 = gin vo

o) 2
e (= cos vo = cos Vo
tan vo sin vo

Thus a physical scale can be set and the elastic stresses
calculated for all three dimensions for any point zlong
the notch plane. For these to be converted into plastic

gtresses using Neuber's (52) relationship:-

(Ko . Ke) = K

A value for__fﬁp for each point along that plane must be derived,

Using Weiss's (60) analysis for strain concentration

2 (n+ [)-r -m+1)
)"“(f}o : £ = (Kr ./()/4-) bla

En
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where K+

]
mn
ct
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4]
wn
0
0
O
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0
61}
o |
o+
H
n
ot
i - |
(6]

o
L]
»
0
pars
O
H

x = position = sin vo = sin ¥

N = work hardening index
This value of K&, is parzllel to the direction of applied

stress, the strain in the other directions (v and u) will

be =

Kev = K&w=_%$%ﬂz

Thus we have all the necessary values to determine the
three principel plastic stresses acting at any one point
on the notch plane.

If for 2 value of the triaxizlity at any point we use the

-non=dimensional quantity

Cw/& S = éGe[' JLJ'

( ¢ (CL—GJ-)z/\}i

0)
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TAEBLE la

Stress strain datez for mild steel multi notch specimen

Notch
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0.172
0.108
0.100
0,091
0.077
0.070
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0.041
0.036
0.025

0.000



Stress strein data for H1 multi notich specimens,

Notch
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0.000

o

021
0.038
0,059
0.073
C.097
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Stress strain data for K2 multi notch specimens
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0.216
0.135
0.129
0.11¢
0.073
0.03¢
0.106
0.092
0.070
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0.029

0.000
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(mm)

0.370
0.275
0.255
0.230
0.200
0.185
0.240
0.220
0.195
0.180
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0.125
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873
827
795
765
706
817
797
748
713
678



TABIE 14

LADLE 10
—

Stress strain datz for H3 multi notch specimen

Notch
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0.329
0.124
0.160
0.090
0. 069
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iress strain date for H1 - 30 multi notch specimens

Notch
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€

2in(do/d)

0.342
0.135
0.120
C.104
0.104
0.097
0.081
0.072
0.056
0.048
0.031

0.000

1.010
0.743
0.697
0.668
0.653
0.642
0.628
0.601
0.565
0. 545
0.505
0.425



Stress strain datz for HZ2 = 30 multi
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Stress strain data for K3 - 30 multi notch specimens

Notch
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0.288
0.148
0,108
0.080
0.066
0,063
0.186
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0.117
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Marerial Mild steel

Notch Ep A.N.N,D,
21n(do/d) (jam)
1 0.171 4,96
2 0.108 14,3
3 0.100 15.50
4 0.091 12.37
5 0.077 19.16
6 0.070 18.60
7 0.050 22,0
8 0.045 23.80
9 0.0%1 26.23
10 0.036 28,62
11 0.025 29.50

12 0.000 30.20

AN.N.D, = 31.5 = 158.9 €p
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0. 000
0.021
0.038
0.059
0.073
0,097
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A.N.N.D. = 15.01 = 15.63€p
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Materizl - H2

Notch
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21n(do/d)

0.216
0.135
0.129
0.119
0.073
0.039
0.106
0.092
0.080
0.045
0.029

0. 000

A.N.N.D, = 16,04 = 37.22 ép
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TABLE

Material - H3

Notch Ep A.N.N.D.

21n(do/d) (pm)

1 0.329 7.04
2 0.124 9.15
3 0.160 8.99
o 0.090 0,48
5 0.069 9.84
6 0.055 10.26
7 0.118 .23
8 0.098 9.58
, 0.078 Q.64
10 0,048 9.87
11 0,027 10,34
12 0.000 10,61

A.N.N.D. = 10.5% = 10.66 {p



Material K1=-30

Notch Ep A.N.N,D,

21n(do/d) (pm)

1 0.349 9.99
2 0.135 12,24
3 0.120 12 b4
L 0.140 13023
5 0.140 13.27
6 0.097 13.36
7 0. 081 13.68
8 0.072 13.43
9 0.056 14,03
10 0,048 14,21
11 0.031 13.98
12 0.000 14,90

A.NuN.Do - 14062 o 13‘9? £p



TABLE 2f

Material H2=30

Notch € A.N.N.D.

21n(do/a) (pm)
1 0.080 12.89
2 0.088 32,55
3 0.088 12,50
b 0.105 12.05
5 0. 064 13.50
é 0.050 13.73
7 0.198 8.88
8 0.126 11,24
9 0.111 31,92
10 0.102 12.17
11 0. 084 12.91
12 0.072 13.66

A.N,N.D, = 15,64 = 34,16 £



Material H3-30

Notch Ep A.N.N.D.

21n(do/d) (um)

1 0.288 755
2 0.148 8.90
S 0.108 8.99
4 0.080 9. 54
& 0.566 9.62
6 0.063 9.83
¥ 0.186 8.65
8 0.156 8. 74
9 0.117 9.29
10 0.101 9.6k
b 0.074 8.70
12 0.052 9.88

A.N.K.D. = 10.36 - 9.78 €p



Materizl H1

Notch ép Void Dia. Range
21n(do/a) (pm)’
0 0,000 0.519 - 0.688
1 0.021 0.447 = 0.695
2 0.038 0.509 = 0.703
3 0.059 0.446 - 0.680
- 0.073 0.514 - 0.713
5 0.097 0.522 - 0.729
6 0.160 0.458 - 0.733
? 0.119 0.50% = 0.720
8 0.125 0.482 = 0.753
9 0. 14k 0.490 - 0,788
10 0.185  0.482 - 0.856
11 0.210 0.496 - 0.863
12 0.350 0.502 = 1.255



TABIE 3b

Material K2
Notch Ep - Viod Dia. Renge
21n(do/a) (un)

1 0.216 0.321 - 0.833
2 0.135 0.288 - 0,582
3 0.129 0.304 = 0.515
b 0.119 0.282 - 0.500
5 0,073 0.280 = 0.430
6 0.039 0.327 = 0,402
7 0.106 0.306 = 0,404
8 0.092 0.316 = 0,445
9 0.070 0.297 = 0.458
10 0.05%% 0.315 = 0.410
11 0.029 0.329 = 0.395

12 0. 000 0.315 = 0,390



Material H3
Notch $p Void Dia. Range
21n(do/d) (pm)
1 0.329 0.272 = 1,083
2 0.124 0.308 - 0.572
3 0.160 0.280 - 0.615
b 0. 090 0.293 = 0,515
5 0.069 0.327 = 0.505
é 0.055 0.307 = 0.510
7 0.118 0.307 = 0.557
8 0. 095 0.305 = 0.536
9 0.078 0.318 - 0,523
10 0. 048 0.271 = 0,501
11 0.027 0.298 = 0.491
12 0. 000 0.305 - 0.475



TABILE 34

Material K1l = 30

Notch p Void Dia, Range
21n(do/d) (pm)

1 0.349 0.503 = 1.033
2 0.135 0.515 - 0,725
3 0.120 0.482 = 0,708
L 0,104 0.513 = 0,702
5 0.104 0.429 - 0.675
6 0.097 0.510 - 0.691
7 0.081 0.527 = 0.675
8 0.072 - 0.588 = 0.700
9 0.056 0.503 = 0.666
10 0. 048 0.521 - 0.652
11 0.031 0.529 = 0.666

12 0. 000 0.482 - 0,665
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TABLE "Ze

Materizl H2 - 30

Notch £p Void Dia. Range
21n(do/d) ()
1 0.080 0.326 - 0,433
2 0,088 0.329 = 0,41
3 0.088 0,295 = 0,416
L 0.105 0.297 = 0.449
5 0. 054 0.286 - Q.416
6 0.050 0.311 - 0,400
7 0.198 0.292 - 0,610
8 0.126 0.322 - 0.503
9 0.111 0.271 = 0;458
10 0.102 0.301 = 0.449
ax 0.08% 0.302 = 0.424
12 0.072 0.328 = 0,441



TABIE 3f

Material H3 = 30

Notch ép Void Dia. Range
21n(do/d) (m)
1 0.288 0.322 = 0.758
2 0.148 0.313 - 0.558
3 0.108 0.280 = 0.533
4 0.080 0.274 = 0,501
5 0.066 0.323 - 0.516
6 0.063 0.278 = 0.491
7 0.186 0.302 = 0.603
8 0,156 0.317 = 0.575
9 0,117 0.292 = 0,525
10 0.101 0.293 = 0.520
11 0,074 0.321 = 0.502
12 0.052 0.289 - 0.4%6



Uniaxial Tensile Data
Material Yield Stress
(/mn)
H1 278
52 365
H3 . 326
BS 11360
39

57D

. T8,
(5/mn?)
Lé2
601

510

601

Strain to

Failure

1n(1/10)
0.28

0.22

0.214-

0.20






TABIE 5 (cont.)

Material Impact Hesistance

(Joules at 20°C)

BS 4360 50D
J* 256
2% 80
1% 43
1% 40
g 3%, 2%, 1* refer to the notch orientztions

with respect to the rolling direction of the original plate.

Notch 3 is in the short transverse direction
Notch 2 is in the long transverse direction
Notch 1 is in the longditudinal ditection

(see plate 8)



TABIE 6

Single circumferentizlly notched bar with varying notch profiles.

Notch P & T
(mm) 21n(do/d)
S 05 0.15 - o.e 2.92
8. 26 0.19 0,116 2.71
s 15 0.23 0.132 2.53
s 20 0.39 0.138 2.10
5 50 | T0.55 0.160 1.81
s 4o 1.02 0.200 )
s 50 1.10 0.206 1.32
S 100 2.50 0.292 1.25
S 150 3.25 0.376 1.11

S 250 5.70 0.482 0.84
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Multi- notch tensile specimen
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Parallel bar at fracture

Plafe 3
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Single nofch fracture surface
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“50 D" notched bar fracture

X5



Strain concentration beneath a notch
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3 point bend fracture surface
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