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SUMNARY 

Ductile fracture occurs a result of the 
nucleation, growth and cozlescence 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 Average 
Nearest Neighbour Distance (A.N.N.D.), and the void 
sizes have been measured et applied plastic strains 
ranging from zero to 0,3 true strain, The voids were 
Produced in uniaxially stressed perailel tensile bars, 
uniaxially stressed single and multiple notched tensile 
bars, and in three point bend specimens. 

     

The void spacing was found to be a 
linear function of strain. The variation 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 strain 
concentrations. The void growth increases exponentially with 
the triaxial stress component of the stress state, which is 
in agreement with the available theoretical predictions, 
ithough these predictions were found to give an over= 

estimation of void growth rates. 

It has been demonstrated that the occurence 
of a ductile fracture is controlled more significantly 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 against 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 a reduction in the number of catastrophic 

failures by classical brittle fracture. 

AS one might expect the use of such materials 

has not completely solved the problem of premature material 

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 

farts by internal tearing to form holes, or cavities. When 

these holes or cavities, have reached a large enough concentration 

@ new surface may easily be formed due to internal rupture in 

between these cavities, thus giving material separation, 

These processes of internal 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 Processes



that may lead to ultimate ductile failure of the component may 

begin at surprising low levels of applied stress, Ductile 

failure may be initiated during the fabrication of a component, 

for instance in the bending or pressing of e plate or sheet of 

material into its final form. In this case the applied stresses 

are creating work hardening in the material, and a traditional 

view is that this improves the strength 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 my be initiated in the 

creation of holes or cavities. Thus fabrication of a component 

can induce regions of permanent damage on a microscopic scale 

which can grow to @ 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 

Pert 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



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,



2s LITERATURE REVIEW 
  

eek Overview 

This phenomena, 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 general it has been found that these voids 

are nucleated at interfaces cof various kinds, for example 

between two ductile phases (3), although the most common type 

of nucleation is between the matrix and ea relatively hard 

inclusion or second phase precipitate (1,410). 

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 now be 

called nucleation at macroinclusions, i.e. inclusions > 5pm 

diameter, Although these macroinclusions play an important role 

in the fracture (13,14) they do not generally control the 

details of the process (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 

&



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 o 

  

(16,218,219). 

In its most general form then, ductile fracture 

can occur as a two step process:= 

Nucleation 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 macroinciusions 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). 

wu



Lon Homogeneous nucleation of void ecg eg ONE 

  

The most commonly proposed alternative 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 

Production 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 nucleation 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 agrcoreien 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 mechanical 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) 

d) 

c) 

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 temperature 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 nucleation 

from vacancy condensation.



fe Small particles in ductile fracture ae een ae 

When shear band localisation and void sheet 

formation play a major role in ductile fracture the behaviour 

of the small inclusions or second phase particles (<lun) 

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 k, 

which is in agreement with the analytical conlusion (4) 

that particles in the 75 to 100 A range should be capable of 

forming voids, Thus void sheets could arise from only a 

small volume fraction of about 107, which would be very difficult 

to detect even by electron microscopy. 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 a difficult one. Quantitative demonstrations 

of this type have todate 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 

particle population and its spatial variation (4) would be 

required on an exhaustive scale perore 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 Gurlend and 

Plateau in 1963 (5), where they found 4 relationship between 

the volume fraction of inclusions (or second phase particles) 

and the strain to final rupture:- 

Ene, + 6 oe | +1 4 (124)] 

where €o = nucleation strain 

ér = strain to rupture 

f = Volume fraction of inclusions 

or second phase particles 

kh, and he constants 

i.e. the only variable 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 various 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 

v) Growth of Voids 

3) 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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2.5 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 material have yielded some interesting results. 

Burghard (51) noted that in certain low strength aluminium 

alloys with evenly distributed second phase precipitates 

of uniform size, voids were initiated at only a few of the 

precipitate sites. The final fracture then resulting from 

the growth andcoalescence 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 particles 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 fracture. From their quantitative 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 between the materials 

used must be considered. On the one hand Burghard was 

using @ very ductile material with relatively well bonded 

Tarticles within it, whilst Widgery and Knott used a 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 theoretical 

  

models show a large amount of variation in their eventual 

conclusions, particularly with respect to whether or 

not a particular particle will nucleate a void after a 

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

Inoue and Kinoshita (25) observed void 

nucleation on spheroidised carbides in steel and 

concluded that voids 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 interparticle 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 steels 

and concluded that there was a significant difference in



the carbide cracking, as a 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 fibre loading model, this model would give the 

stress distribution along a particle which is shown in 

Fig.4e, As the strain in the matrix increases the end 

effects of the fitre loading model predominate 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 a maxima 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 

particles (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 a 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 all 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) particles 

and large’ (long) particles will both be cracked at 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 small particles which later formed voids 

were precipitates i.e. like was not compared to like, In 

fact this was probably an observation of initial void 

nucleation of macrovoids followed by void sheeting to connect 

these large early formed macrovoids (see section ea). 

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 explained this 

by considering the stress concentration around a particle 

16



(on a macroscopic scale rather than as 2 dislocation model). 

The assumption 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 

perticle size (Fig.5). As the stresses on the particle 

increase the diverging lines move up the diagram so that 

with a 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 

eriterion 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:= 

a NI



or 
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where Gevit = remote stress to nucleate a void 

¢ = stress concentration factor 

ie = 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. 
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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 barrier of width da, 

this analysis gave the effective shear stress (_T: ) required 

for the cracking of a particle as:- 

ba) ede 

where = surface energy 

matrix shear modulus 

= Poissons' ratio 

m
S
 FE 

XH 

n 

= 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 a 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 analysis 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 ané 

Plateau analysis is concerned with spherical particles 

Gecohering from the matrix to form voids. 

This type of analysis, based on dislocation 

pile-ups, may also be capable of explaining the effects 

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 

eross slip around the ends of these plates, to give stress 

relief and thus similar 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 
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predicted the following relationship:- 

Em «= AR 
Gxb 

where G = shear modulus 

= burgers vector 

x = particle size 

- % = interfacial energy 

k = particle spacing 

This relationship is plotted in Fig.8 from 

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

from a particle 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 particle and from this they derived an expression 

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

particle.



where x = ratio of Young's Modulus of the 

particle to the matrix (e¢ is >1.0) 

g = function containing the stored 

elastic energy 

Tanaka et al, then calculated a stress criterion, 

using a similar method to Ashby (38), which mroved 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 required to form 

@ void,the particle will not form a cavity as there is 

insufficient stored elastic energy. However, for particles 

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 
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( > 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 @nergy). 

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 void nucleation, again using Eshelby's solution (40) 

to calculate the stress distribution at the particle, but in 

this case extending the analysis to include plastic relaxation 

in the matrix, They started from the basic concept:= 

x4 
4 TT ie & is 2 & Wrt & 

Stored elastic energy in ss The interfacial energy of 

the matrix - from Eshelby the particle - matrix bond 

where a = particle radius 

B& = matrix shear modulus 

&p = net strain in the particle 

ve = particle matrix interfacial energy 
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Using these two bounds and incl:    
    relaxation in the matrix they formulated the = 

  

  

\% 
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where 4 = burgers vector 

o& = work hardening exponent 

€p = strain in the matrix 

Which on exemination only 2 weak Gependency 

on size, in that smaller particles will form voids first, 

Brown and Stobbs, however, concluded that this 

was against their own observations, Although this being only 

an energy criteria it is a necessary condition for nucleation 

and does not consider the exact physical process which will 

nucleate the voids and which may play an important role in the 

analysis, If the equation is included, although it Deyo 

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 balance to give an inverse 

size dependency upon voiding. 
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Kleverbring and Mahrs (42) used a 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 pile-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 

E« CS4NQ 

Hy 

where é = strain 

K = constant 

as = height of dislocation array 
a 

= particle radius



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 a 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 Toye derived a dependence 

on particle size which is almost the same es Gurland's (5) 

and Tanaka's (39) stress criteria. 

Toya's criterion:- 

Rr = |_&& (+K)¥ 
Tr (it4*) xa 

where a = particle diameter 

< = angle of decohesion 

Rr x i 

(a 
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Sundstorm (45), at about the same time as 

Toya, also considered the concept of crack size. He used 

a fracture-mechanics approach and derived the critical strain 

energy release rate (the G of Irwin (46) ) for void (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:- 

  

where &er = strain to nucleate a void 

Te = radius of the particle 

This approach employed finite element analysis 

and because of this is, of course, limited to particles which 

are large enough forthe application of continuum mechanics 

to bewlid. Unlike some of the previous analyses Sundstorm's 

treatment does not allow for plastic relaxation in the matrix, 
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These are only a selection 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 particles (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 model of 

Lindley et al. (8,47) and the dislocation 

pile-up model of Smith and Barnby, this 

letter theory being the more acceptable 

of the two as it can explain all of the



b) 

observed phenomena (48) and relies on a 

detailed microscale model rather than on 

one involving the continuum mechanics 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 spheroidal 

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 belance criteria 

or on @ ‘stress to overcome the bonding energy’



criteria, or on a combination of the two. The 

predictions of the results obtained in this 

way range from a weak direct dependency of the 

strain to nucleate a void on the particle size 

(Brown and Stobbs (41) ) to virtually no size 

dependency (Tanaka 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 energy 

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 

Previously 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 aluminium alloys may be 

explained by the good wetting between aluminium and its 

oxide (91) a 

This definite effect of bonding energy upon 

nucleation must always be remembered when considering the 

nucleation rates from a 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 all of these observations and 

theories on nucleation it is worthwhile remembering that in 

any material there will probably be more than one species of 

particle, and each species will have its own size distribution, An 

  

example of this is seen in inclusions and carbides in commerce steel. 

The inclusions are likely to have a distribution of sizes around 

@ mean diameter in the region of 5 to 10 pm, whilst the carbides 

will be distributed about e 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 
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particles 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 likelyhood of a particle having a surface defect which 

will cause premature fracture of the particle (9). The 

larger the particle the greater the chance of it having 

such a 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, 

at Growth of voids 

Strong experimental 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 

initiel nuclei is required before final metal separation 

takes place, 

The growth of voids, in the context of ductile 

fracture, has been considered to be a problem in continuum 

Plasticity, i.e. where homogeneity and texture effects are 
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ignored, as well as factors such as vacancy diffusion 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) ) considered a 

eylindrical 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 poner’ its neighbour, and 

thus formed a continuous fracture surface, McClintock 

assumed 2 square network of pre-existing holes of 

initial radius 4. and centre separation 2/0, so that the 

necessary amount of hole growth to cause fracture is given 

by the critical growth factor ** = 44/4.. He then 

defined a damage parameter dy = tn Af ls Fr 

where £ = bof bot ( 4 and L£ deing the 

instantaneous hole radii and spacing respectively) and this 

damage function as a function of imposed equivalent strain 

CO ae ) he gave asi- 
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ay . aink L Cr-n) (6. +64)/26//3] aE 

d-7) Ln FF 

where nr work hardening exponent 

a ” 

% 
(%éG-¢y) 

Ga aniG4 = transverse stress components 

This expression can be integrated to give the strain to failure 

& = O-n) Lr Ce/be) 
irk [ (-2) Ga+64)/ 26] 13, 

On examination 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 6% 

increase in magnitude). Very approximately, then, the growth 

rate will be exponentially dependent upon the triaxiality of 

the acting stress state.



(fhe above interpretation of McClintock's 

analysis ignores the shape change factor which he introduced 

but makes little difference to the final 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 symmetrical velocity field 

corresponding to a change in volume of the 

void, but with no change in shape. 

b) Awlocity 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:- 

De Re : 0-560 rink (36~/26)) 
€ Re 
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where 2 = void growth rate 

Re = average radial velocity of void 

Ro = average radius of void 

ie = remote strain rate field 

oo = remote tensile stress 
as 
ce = remote shear stress 

This relationship is plotted out in Fig.10 

together with their detailed analysis of several flow fields 

where it can be seen that there is no difference between this 

simplified approximation and their detailed analysis. 

Agein this analysis points to a more rapid 

rate of void growth under conditions of high triaxiality. 

Tracy (66) using 2 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:- 

  

So) « af [x] ede He) x dx 
Mee Yael V3é 138 +O 
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where Gr = radial stress 

om = yeild stress 

y = work herdening index 

é = strain 

= E+ 27e/r 

= £+2h(%/r) 

ater 

When solved for the case N = 0.0 the above 

integral becomes:- 

2 a 
Ge. woth fiesé? — pel I 36 a) 
T Hey Hel \ % 

Again concluding that an increase in the 

triaxiality (represented by 6+/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 

Ww x3



sufficiently to touch one another, If the initial void 

diameters and spacings are assumed to be that of the 

inclusions or second phase particles which will be responsible 

for void nucleation and this nucleation is assumed to occur at 

&p = 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 to failure 

theories over estimate the ductility of Edelson and Baldwin's 

(14) alloys by a considerable amount, If a realistic nucleation 

criteria were also to be included into these analyses (i.e. 

nucleation strain # 0,0) then the over estimation 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 Nackenzie (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 a stress analysis of the region around 4 

void which was derived by Orr and Brown (68), Hancock and 

Mackenzie calculated the increase in growth rete of a 

McClintock (63,64) type void. Fig.12 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 voids become the faster they grow, for 

a constant gross applied stress. 

Although this acceleration can be quite high it 

will only be of any appreciable amount in the very last stages 

of void growth when the voids are quite close. As an increase 

in growth rate in excess of two is required (see Fig.11) 

this effect on its own cannot fully explain the shortfall of 

these theories, 

2.8 Coalescence 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 diameter 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 then 

growth, 

Berg (20) first considered the problem of 

coalescence in the late 1960's when he considered the 

Problem of dilational plasticity. 

He postulated ae dilational bend of material 

which has surfaces of zero extension and a zero (or = ve) 

rate of bulk strain hardening (Fig.13). This strain softening 

being caused by a decrease in the load carrying capacity of 

the band, and being brought about by the 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 strain 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 positive triaxial stress (when 

plotted in 3D stress space), as is normally expected under 

constant volume, 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 Sufi y which is 

related to the stress components Cy t= * 

Si = 6y — % Ckk Sy 

and the mean triaxial stresses given by:- 

  

  

p= Skk 
3 

* Using conventional Cartesian tensor notation dij 

represents the Kronecker delta. Repeated indices indicate 

summations,



the yield locus can be written in the form 

Sy Sy +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 be 

SySy-K*s0 pp K pi Pro 

which is the conventional Yon Mises cylinder of radius Sy, and 

when dilation begins to dominate the system 
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Sy Sy + K'(p-pi) - K? z0 pi S pk pe 
(Pte). 

when pi = triaxiality beneath which dilation 

domination may be ignored. 

Po = limit at which pure plastic diletion 

takes over 

According to this last equation the dassical 

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 possible 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 Gn , the stress to cause internal 

necking, by considering e constant volume velocity field for 

the configuration shown in Fig. 15, and applying lowest energy 

criteria to givearelationship between Gn and a/b (a function 

of the cavity spacing). This relationship is shown in Fig.16 

where it can be seen that Gn rapidly drops in value with the 

initial increase in e/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 e/b:- 

Load to deform one element 

Luz Gz de



Load to cause necking in one row 
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From Von Mises 

Gz = 2K+G% 

thus we have a criteria for instability 

Ga (in) +P cc Ge +1 
LK ZK 2K 

When the above criteria for coalescence of cavities 

is not met uniform flow will continue. The changing geometry of 

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

given by:- 

= exp (28) G/ (9) es 
4 

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 instability in 

the Z direction ( & ), as defined by producing e sufficient 

value of a/b to setisfy the instability criteria vie Gn 

(Fig.16), against the initial volume fraction cf cavities. 

His results for P = 0 are shown in Fig.17. This plot also 

shows the effect of transverse stresses where a marked drop 

in ductility can be seen as the hydrostatic tension increases 

(i.e. Ge 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/l = .6 to .75, and the voids then coalesce 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 necessary 

stress state to obtain these strains.



He derived the radial and axial stresses as:- 

  

Investigating these equations iteratively Hancock 

derived the strains toreache radial load maxima, This maxima 

is plotted out in Fi.gl9 as a function of volume fraction of 

holes. Assuming that a radial load maxima corresponds to the 

onset of flow localisation, this curve again 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 a 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 

fundamentally unsound as this is only 2 necessary condition 

for localisation and not a criteria, 
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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 principal 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 a 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 basic stability 

theorem in that, for any small displacement from the 

existing equilibrium state, the internal energy stored or 

dissipated (I) should exceed the work done on the body by 

the external loads (E).



I-E >0.0 

The first order expression for I and E ina 

s > aA ae : . 
virtual mode of void coalescence Rr: of time increment St 

are given by:= 

icy de Pee vor, cet 

: ic BaP yx, . ét 

where Ra is the traction to operate the virtual mode 

(see Fig.20) 

F, is the equilibrium traction and is completely 

le 
ak 

1 

discordant with F. 

Substituting the above into Hills basic equilibrium 

equation we obtain for stability:- 

(eres = F,)v,"° > 0.0 

Although the virtual mode of void 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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so that Ee reduces to the same magnitude as F_ and stability 
1 

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

To derive a workable value of no Thomason 

(73) considered the probeble slip line field in between two 

adjacent voids (Fig.21). By using the Rieman method of 

integration he determined the mean tractions (F,**) on the 

element in a mode of void coalescence, thus obtaining 

workable values of ae for various void geometries. These 

results are shown in Fig.22 where they are plotted against 

b/w (Fig.21) for various values of a/b, This shows a rapid 

lc 
i 

off of the curve when the value of Fy 

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

le 

drop in F. 

is near the flow stress. 

To clarify the model Thomason considered the 

above criteria with respect to a simplified two dimensional 

model when the stability criteria reduces to:- 

.1c 
(5) =<) 4 Sc0 

where Go = stable maximum principle stress 

(=) F.2) 

GS = dilational element of the principle 

stress ( = Ff ) 
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, = dilational element of the princip2l 

strain rate 

i.e. for fracture to occur 

This relationship may be equated back to three dimensions as 

(for fracture) 

(i = 1,2,3) 

By the assumption that during dilation there 

21e 

is only one non zero principal strain rate component ( é} ) 

it is implied that the dilational yield surface at the point of 

instability is in the form of a plane of the formie- 

fi + (ct) =00 

to tn



This plane having outward normals parellel to the Ct 

axis. 

This plane, together with the yield locus, 

can be plotted in three dimensional 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 Ro 

(Fig.22) ( = 6 ) on the position of the plane fon. As 

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

a 

the plane fo 

F ( = 6") reduces (for e given value of a/b) and thus 

Je 41] withdraw along the axis Sof 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 

ry
 pieces of polished steel strip to failure in the chamber of a 

stereoscan electron microscope and watched 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 coalescence, 

Although these observations are of voids on the 

surface they nevertheless give a qualitative view of the 

actual events of coalescence, 

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 localisation 

(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 parameters 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 ecpensive to test. 

Within the previously mentioned parameters of 

stress states, perticle distributions and sizes several 

attempts have been made to describe suitable parameters which 

may be linked with the conventional toughness measurements 

fm, crore): 

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 ( to 2nd Ky,). 

These workers used round tensile test pieces 

with preemachined circumferential notches cut in them, the 

notches having varying notch root radii (1.27mm 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:< 

E¢ = 2 Ln (2/Re) 

where - R = radius of original ligament 

R «= fine) radius of ligament at 

instability/fracture 

They found from metallography thet the failure 

of these test pieces initiated in the centre of the specimen 

and thus selected the stress analysis of Bridgman (53) (cf) to 

estimate the effective stress state in the region of failure. 

The stress state can be expressed as two 

parameters := 

  

c= [% < @-<)]" 

rw
 On



These two values can be combined into one 

single stress state parameter. 

3 
  

| 

Which is a measure of the stress states 

triaxiality (es Om/e increases the iriaxiality of 

the system increases). 

This parameter was then plotted against & 

and gave the type of curve shown in Fig.25 where the 

ductility can be seen to reduce with increasing triaxiality 

( Sm JE ye 

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 a 3 point bend specimen with a key hole notch the 

values of Gmw/& and €p , together with en estimate of 6 

(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). 

Hancock et al, then used these in the 

following way:- 

The initial redius of the key hole in 1400 pm 

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

  

is 200 pn, 

Thus := 

R = hoo +200 = Ith 
Ro 1400 

Gm at Ro «= Mlb = 0-68 

Su Ro 

and é 2 O-F6 
surface



Referring back to Fig.25 

at Gm/E of 0.68 the value of &p to cause 

fracture ( éf ) is 

= 0,18 

0.18 _ thus € surface = Onin6 = (0-24 

From Fig.28 6 = 1.3mm & = 0.24 

As this value of does not include any elastic 

displacements 0.2mm should be added to it to account for this 

error, 

Therefore $e = 1.5mm 

An actual test was carried out using a three 

point bend key hole notched specimen of the above geometry 

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 pm because this is the 
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distance between inclusion colonies in the steel they used, and 

the critical event in the fracture appeared to be the linking 

up of these colonies. Thus the choice of 200 pm is more 

subjective than objective, and also leaves the question 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 blunt crack tip (Fig.29), which 

unlike the standard Praniil field for a slit crack, shows an 

area of intense strain concentration in front of the tip in 

area D (Fig. 29). If the crack tip blunts to a semi-circle 

of diameter 5; , region D would have exponential spiral slip 

lines and extend a distance. 

(e== ) bt/2 = 19 db 

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 C,.0.D. ( St ) would be of the order of 

the distance between voiding particles (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 bt/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 oes



2.10 Stresses under a notch tip 

As indicated in sections 2.5, 2.7 and 2.8 

the stresses and strains acting over an area of materiel are 

of great importance when considering either the likelyhood 

of ductile fracture occurring in that area 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 appropriate, 

The problem of the stresses acting under the 

tip of a notch have not yet been completely solved for the 

situation of general yield, but the solution under the elastic 

regime on one hand and the solution for the stress distribution 

under an unstable neck in a tensile bar have both been adequately 

solved.



Elastic stresses under a sherp notch 

One of the accepted enalysis of this situation 

is due to Neuber (82) whose treatment gives 

the distribution of the three principal 

stresses shown in Fig.31, the distribution 

shown here is for the specific case of the 

stresses acting on the notch plane ina 

cireumferentially notched tensile specimen 

but an almost identical distribution can 

be obtained for all notches. The important 

feature of this analysis is that the radial 

stress rises rapidly under the notch to a 

maxima 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:- 

(Ke, ; Neh - Kr 

Ov
 
w



b) 

where Kr = elastic stress concentration 

factor 

Ke = plastic strain concentration 

factor 

Kop = plastic stress concentration 

factor 

Thus providing that the strain concentration is 

known the elastic stress concentretion can be 

converted to plastic stress concentrations, 

This relationship has been shown to work well 

under several geometries by Gerewall and Weiss (84). 

Plastic stresses under the neck of a 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 

( Gr ), hoop ( Ge )andaxial ( Ga ) 

stresses as a function of position across the 

section, 
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\ 
Ga = e | + tn [dis 2dn-r* ) 

\ 2dAR / 

Ge he 3S dna + 2dR = 
2olR 

where R = profile radius of the 

neck 

d = radius of minimum cross 

section 

an = position from the centre 

line 

© = effective stress = [4 2 (Gi <i] 

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 e pre=notched specimen 

after fully plastic conditions have been reached, 

Earl and Brown (85) and Brown and McMeeking (86) 

have both shown that this analysis works well for 

the central region of such a specimen. 

2.15 Strain concentrations (plestic) under a noteh or crack 

Weiss (87) following on from Neuber's work analysed 

the strain concentrations under e plastically deformed notch which 

he related to the elastic stress concentration factor ( Kr ) 

as follows:- 

a(nsiy! . ay 

(ven) a ve 

where & = strain at point X under the notch 

eC = notch root redius 

én = remote strain 

n = work hardening index



  

\ 2 (nel) (net 
& +én (Ke Ap} x 

He found this relationship predicted the strain at 

notches in round bars to a good degree of accuracy. 

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

relationship to predict streins in notched plates under tension. 

They also 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:- 

~ne gy! 
ce P(r} 

where fF = Function of both applied 

stress and geometry 

7 = Distance from the crack 

tip 

n = Strain hardening exponent
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3. MATERIAL 

The material used in this work falls into the 

following categories, 

302 Mild steel bar stock 

Mild steel bar stock corresponding to BS 970 = 

22M07 was used for preliminary investigations, this steel having 

first been given a spheroidising treatment of two hours at 

650°C. 

The specification of this material is:- 

c Mn s 

0.1% 1% 0.25% mex 

S62 1.25 Wm steels 

A series of 1.25% 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 additions), 

These steels were cast into blocks 25mm square and 200mm long, 
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which after reheating to 900° were hot rolied 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 Yas oe 
H1 252 0.15 

H2 1.26 0.23 

H3 aeke 0.10 

A similar steel to the above was produced which had 

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

These steels were given the following heat 

treatment :- 

Austenitised at 900° for two hours and then 

water quenched to give a martensitic structure, This was 

followed by tempering at 625°C for eight hours to give a 

final structure of randomly distributed spheroidised carbides. 

ip



3.3 Commercial steel 

These above mentioned laboratory produced steels 

fall very close to one commercial steel BS 4360 grade 50D 

(0.15 to 0.25% C, 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. A 25mm thick plate 

of which, in the as rolled condition, was acquired from 

the British Steel Corporation Laboratories in Middlesborough. 

3.4 Sheet eluminiun 

Commercial purity aluminium sheet specimens 

were also produced from Imm thick annealed sheet, 

= a



  

4, SPECIMENS 

4 Parellel tensile specimens 

Six parallel sided, 12.5mm dia. tensile bers were 

produced from the low carbon steel bar stock (BS 970 = 22N07), 

which were fully annealed before testing. 

4,2 Single circumferentially notched specimens 

A series of tensile specimens with @ single 

circumferential notch were produced from the high sulphur 

steel (HSO) the dimensions of which were:- 

Dia sini cise ewe sececistinwnse 7iee SMM 

Notch Depth 5...¢..s000.8. C-omn 

Flank Angle ..sscseseeeses 60° 

  

   

Notch Root Radii ......... 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 

Me.



Fig.33, and a photograph 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 

that each notch is cut slightly deeper that the preceding one, 

so that when these specimens are subjected to tensile 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 study. 

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 @ comparatively 

large amount of material,



44 No.14 Hounsfield specimens 

Several modified Hounsfield tensile test pieces 

were produced from each steel so that uniaxial stress-strain data 

for the materials under study could be obtained. Again they 

were cut from the longitudinal direction of the material. The 

modification of test pieces was simply an increase in gauge length 

from 23mm to 50mm so that a displacement measuring transducer could 

be attached along the gauge length. 

45 Charpy test pieces 

Several standard CharpyV notch specimens were 

also produced from each steel. 

46 Single circumferential 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:-



BAL Gia. ciseccccerare 6.5mm 

Notch Depth .......... 2.5mm 

Notch Root Radii ..... 0.15mm 

0. 20mm 

0.25mm 

0.40mm 

0, 55mm 

1. 00mm 

1.10mn 

2. 50mm 

3.25mm 

5. 70mm 

Again all of these specimens were cut from the 

longitudinal (rolling) direction of the plate. 

4,7 Three point bend specimens 

Several three point bend specimens were crudely 

prepared by sawing a notch into a 160mm length of 20mm dia, 

mild steel bar stock (BS 970 - 22M07). This material was in 

the normalised condition.



The notch dimensions were as follows:- 

DEGth csavcovecevcsees Lom 

Root Radii ...seeeeee. 0.50mm 

4,8 Sheet aluminium specimens 

These specimens were prepared from 1mm 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.



  

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 area are the only ones of any real interest. 

5.1 Strain 
  

The strains in the notched bars were measured 

as the change in diameter across the notch root:- 

&p+ 2 ta(de/d) 

5 
— 
  

  

    
where de = original diameter 

d = diameter after straining



In cases of strain gradients over a small region 

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

$ = displacement 

m = positioning 

en &p = An (ad +1) 

or if the measurements are radial 

5.2 

a cties | 
x 

Stresses 

The true stresses in the above bars were, wherever 

possible, measured as the instantaneous load divided by the area 

under the notch, 

&5



VOLUME FRACTION MBASUR 

  

Volume fraction measurements were carried out in 

the following ways:- 

2) 

b) 

By the use of an Image Analysing Computer at 

magnifications of X1285 and X2570. This Image 

Analysing Computer was calibrated using on 

screen measurements to an estimated accuracy 

of 7 1K, 

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 10% HCl in alcohol). 

This technique may be considered to lift 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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pes Perealiel 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 deformation took place before 

final fracture. 

A metallographic examination 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 a final void size range of 4 to 20 pm, the voids that exist 

slightly awey 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 pm 

Surrounding area 12.5 pm 
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Plate 3 shows the equivalent necked section of a 

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

Mean void centre spacing 25 pm 

Vee 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 

feilure is 1.5mm with a true stress of 520%/nn* and the potential 

drop only showing a significant rise after instability was reached, 

General views of the fracture surface, using an S.E.M. 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 pm 

(Mean size = 30 ym). The particles around which these large 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 

Giameter is less than 5 pm (plate 4, area A) and whose nucleating 

particles are difficult, if not impossible, to see.
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e specimens 

The stress and strain data obtained from the 

shadow=graphs of the mecimens, taken both before and after stressing, 

is laid out in Tables la to 1g. This data is also represented 

graphically in Figs.362e, b, c, d, e, 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.36 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 also 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* area of each fracture at known magnifications and 

known beam angles, so that accurate quantitative measurements 

could later be made. (The magnificetions were generally between 

¥1000 and X2000, with beam angles between 30° and 50°). A series 

of consecutive photographs were also taken of the areas immediately 

under the notches, again at known magnifications and beam angles. 

The S.E.M, magnifications were calibrated ‘using a diffraction 

grating of known line spacings. 

Of the specimens which fractured during testing 

all had a final fracture surfece 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 area 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 t= 

image is Xmm wide 

examination is:- 

If the beam angle is € (Fig.37) and the 

by Ymm high then the ectual area under 

2.000% 1LOO0Y 2 
Actual area = “= *PSe 6 (pn) 

M cos 6 

where M= Magnification 

or if @= 45° 

2 

Actual area = oo * Z —— (pm) 

Two ets of measurements were taken from these 

sets of photographs of the central area:- 

a) The voids which can be seen on the fracture 

surfaces (plate 5) can quite simply be counted on 

each photograph, and as the true aree of each 

photograph is known an estimate of the number 

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

area of each fracture surface examined. This 

measure can be expressed in many ways but 

possibly the easiest is the average nearest 

neighbour distance which is:- 

Average Nearest v Area 

Neighbour Distance ~ No of Events Pe 

These results are listed in Table 2a to 2g and 

shown graphically as a function of applied 

plastic strain in Figs.38a, b, c, d, e, f and g 

which show good straight line relationships 

with correlation coefficients of .97 to .99. 

Each point on these graphs represents the average 

of 6 to 10 separate observations. 

The size of the above mentioned voids can also 

be measured from these central area photographs. 

The size ranges found on each surface are given 

in Tables 3a to 3f, and plotted in Figs. 39a, b, 

ec, d, e and f, from which it can be seen that the 

minimum observed void sizes remain constant whilst 

the maximum size increases with strain,



An analysis of the void concentrations of the 

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

parallel to the notch root (see plate 6). Examples of such an 

analysis are shown in Fig.40a, b, c, d, e and f where the 

Average Nearest Neighbour Distance (ANND) appears to run at 

a minimum for some distance under the notch tip before rapidly 

increasing ai some distance from the tip. 

The polished sections were examined both 

optically and under an S.E.M, with particular attention being 

peid to the near notch area of the section. Examples of these 

areas are shown in plate 7 where damage can be seen around the 

notch tip area, the central region of these specimens was also 

examined but no comparable damage could be found. 

7.4 No.14 Hounsfield tensile tests 

The uniaxial stress strain curves obtained from 

these tensile specimens are shown, for steels Hl, H2, H3 and 

BS 4360 50D, in Figs.4la, b, c and d. The relevant points of 

which are laid out in Table 4,



75 Charpy V_notch specimens eo Pie en eee 

Standard Charpy impect tests, carried out a 

20°C, yielded the results laid out in Table 5 for steels Hl, Hz, 

H3 and BS 4360 and 50D. It is noticeable that 50D shows a 

dramatic change in impact resistance depending upon the 

orientation of testing, and in fact the fracture surfaces 

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

depending upon this orientation. 

7.6 Single circumferential notched tensik bars with 

varying notch profiles 

The stress/strain measurements taken during the 

testing of these specimens are shown in Table 6 together with the 

stress complexity factor ( Gm/& ) associated with each of these 

notches, 

Cm/E is taken as being the stress complexity 

in the central region of the bar i.e. from Bridgman's (53) stress 

analysis:=-



Gach aS fn(dis 2dR = 
2dR 

‘\ Grits 

In the centre of the tar ( 7 = 0) 

Goo G + Ge (a'e2dn) See 
ZAR 

Thus := 

au
l has erae An(d + 1) 

2R®



All of these specimens which were tested to 

fracture failed by fully fibrous (i.e. ductile) frecture. 

was also noticed thet these fracture faces elso showed a high 

degree of orientetion (plete 9 for a typical fracture). 

Fig.45 shows the failure strain of each of 

the specimens plotted against the appropriate value of Cm SE iF 

calculated as shown above. 

Some of these test pieces were not tested 

to fracture but stopped at instability, these specimens were 

then sectioned along their centre lines and carefully pol pol 

  

and etched. The near notch regions were then examined for 

strain concentrations. 

Plate 10 shows one such region where it can be 

seen that the steel has a 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 to its position beneath the notch & 

&taph of displacement against position can be constructed from 

this, and as strain is the gradient of displacement (see section 

5.1), @ graph of strain against position can be made (Fig.42). 

The predicted strain concentrations, calculated 

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

7.7 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 a distance under the notch of about Imm, with 

no detectable signs of equivalent voiding in the area leading up to 

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 Sheet aluminium specimens 

These specimens were strained until they reached 

fr instability and the resulting deformation is represented in Fig 

where the imminent fracture can be seen running through some of 

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

  

4h and have e spread fron 32° to aoe from the normal to the 

direction of loading. 

79 Particle analysis 

2) Inclusions 

All of the H series steels were found to contain 

a few inclusions but in all three (Hl, H2 and 3) 

the average size was found to be just over 1 pm. 

The average inclusion sizes and their spacings, 

for all three steels, are as follows:- 

  

Steel Size 

J: ih (pny 
Hl 1637 

H2 1.13 22 

3 1.43 23 
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b) 

The above analysis was carried out using an 

image analysing computer. 

These inclusion concentrations represent 2 

volume fraction of apnroximately 0.0015. 

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.



    

The stress system operating under the neck of 

such specimens as these is, as already mentioned, best described 

by the Bridgman analysis (53):- 

Gece € th (d'2da- | 
err aa 

where Gr = radial stress 

Ge = hoop stress 

= flow stress 

= neck profile radius 

radius of minimum cross section 

4 
R
w
 a
l 

' 

= position from centre line 

Considering the centre of the section (r = 0), 

where the radial and hoop stresses are e maxima (see Fig.32). 

As the neck forms:- 

    

11 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 and continue to be a maximum in the centre, 

8.1.2 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 hydrostatic 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 

ana thus the voids 'growing' to coalescence 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,



Or 9 Geometric considerations 

It is interesting to note that in a cup and cone 

fracture, such as this, it is kinematically necessary that an aree 

of pure dilation should occur in the centre of the bar (the flat 

plateau in the centre of the final fracture) before the shearing 

off of the edge occurs. This is required because it is geometrically 

impossible for sliding to occur over pagaad conic surfaces of zero 

extension whilst sliding over open conic surfaces is tnaeed possible, 

It is therefore required that for flow localisation to occur along 

these surfaces of zero extension an open region must develop at the 

axis of the bar. Since no sliding is allowed prior to the development 

of this region, it must develop purely by dilational flow localisation. 

This can occur only on a plane perpendicular to the axis which by 

symmetry does not require any sliding. An open surface, as such, 

may not be necessary es 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 @ considerable amount of void nucleation, 

growth and possible coalescence in the central region of the 

bar before the final cup and cone fracture can develop. 
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From the photomicrographs of this specimen shown 

in plate 2 and the data given in section 7.1 where the fracture 

surface is compared to a 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 @ plane normal to the applied 

stress, 

The reason for this sudden acceleration in 

growth rate cannot be explained by the effect of the macrotriaxial 

stresses on the growth rates because these stresses are still 

inereesing at the same smooth rete (with the change in neck 

dimensions) so other mechanisms must be onsidered, 

8.1.5 Possible mechanisms of the final fracture 

One possibility is an increase in the local 

stress concentration cue to the presence of the voids i.e, the Kep 

value associated with the small voids may cause a stress interaction 

between them, which would accelerate the ~owth in the radial direction 

to cause 2 coalescence, This concept has been investigeted by other 
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workers (67,68) who calculated the likely growth ecceleration 

  

caused by this type of intera (see Fig,12), wisich could be 

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

close together (in our case < 5pm apart), This is much closer 

than they are just before fracture (plate 2), when their spacing 

was measured as 14um, As this idea would rely on both the size and 

spacing of individual voids other sites of void coalescence 

might be expected besides that of the final fracture. 

Another possibility is one of conventional 

plastic instability in the ligaments between the voids, es 

proposed by Berg (20) and Thomason (71), where the load bearing 

capacity of the ligaments has decreased to such an extent by 

and thus 

  

void gowth that there is necking between the voi 

simple necking to failure, The material 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 causting the locus in Fig.23 to move out along the 

surface of the yield cylinder, in the



direction of positive triaxial stress, As the sme time, because 

   
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 remaining ligaments, i.e. the 

Gilational yield surface (f0°° = 0 in Fig.23) is being moved 

tack down the principal stress axis (Gy in Fig.23). Thus 

we have a 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 formation of 2 dilational band, within which there is 

material instability and the voids will coalesce, As soon as 

the diletional band begins to form.the geometrical considerations 

preventing the cone part of the fracture taking place 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 es has been observed,



8.1.6 Summary of the events leading to fracture 
  

The process appears to have been one of void 

nucleation (possibly continuous, as there is an increase in 

concentrations with strain, i.e. a spacing of 25pm 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 bar (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 a dilational band. All the deformation 

is concentrated into this dilational band in which the voids 

coalesce to cause failure. As there is e 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 material 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 conical ding from teking place are removed making 

  

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

that classical cup and cone fractures occur (see Fig.32). 

8.2 Single notch tensile specimen 

822 The fracture surface 

From the fracture surface of this specimen 

(plate 4) it is obvious that the final fracture wes by void 

coalescence, The voids having been formed on the large. inclusions 

which can be seen in the centre of some of these voids, these 

voids having then grown and coalesced. In this case the fracture 

did not initiate in the centre of the bar, but at the notch root, 

as observed during the test. 

8.2.2 Probable stress distribution 

This situation does not coincide with the analysis 

of stress used in the previous case, assuming that the final fracture 

is initiated 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 stress anal 

    

Bridgmans cannot be used. bution due to 

Neuber (82,83) is probably nearest to this situation (this type of 

stress distribution is show in Fig.31). 

8.2.3) Detection of the onset of coalescence 

In Fig.35 the potential drop curve is shown 

together with the stress-extension curve and only shows 2 

significant rise at instability (in this case the onset of 

final fracture when the crack tip was seen to start from the 

notch root). As this type of equipment can detect a 0.5% change 

in the length of 2 crack (93) this can be considered to signify 

that no appreciable void coalescence had taken place 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 (plete 4) 

colonies of small voids ( < 5ym dia,) were found (area A). The 

presence of these smaller voids is difficult to explain with 

respect to the rest of the fracture except that they lie in 
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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 possible stress strain histories of these 

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 a level as to cause 

small pre-existing voids to grow rapidly, until they become a 

significant 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 triaxial 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 interact to cause 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 again. 

At Some point just before the formation of these smaller voids the 

materials active stress will plot at some point on the yield 

cylinder below the diletional 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 diletional 

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 active stress such th: 

unstable and fail by a dilational bend, thus propagating the 

erack into the next region of material to repeat this action 

and continue to propagate the crack, 

8.207 tfect 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 (16,17,18,19) 

linking up larger macro-inclusions. The above observations are 

piso 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:- 

where Ce
 

" Q oO o 

A = constant depending upon the spacing 

of voiding particles (A varies from 

recone) 

Xo = spacing of particles 
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But, as we discussed in section 2.9, this model is only appropriate 

for a system where the failure is by macro-void coalescence, If 

the above mechanism of void sheeting is considered then this model 

of Rice and Johnson's should be modified to:- 

3d = A(%o - xs) 

where Xs = ligament diameter at which void 2 

sheeting takes place. 

This assumes that the void sheeting itself adds 

nothing to the value of é , but if it were to, then:- 

§ = A(Xe - ks) + A'X'o 

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 strain to form the voids from 

the void sheet nucleants was known then a value of Xs could 

possibly be estimated.



8.3 e bers with 

    

Fig.42 shows the strain concentrations calculated 

from these sections along with the the theoretical curves cbteined 

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 strain concentration beneath a notch of 

this type Weiss's analysis may be relied upon as being 

reasonably accurate, 

The other point of importance here is that the 

total extra displacement caused by this strain concentration is 

so small that in measurements of total Hgament strain 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/& ) plotted against that notches strain to failure, 
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From this plot it can be seen that the failure strain decreases   

  

  

= a ck
 

Se
 

© nm increase in the stress complexity factor, in a simi 

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

8 Sic.k Selection of a characteristic material length 
  

If an atampe is made to analyse this data in 

the same way as that employed by Mackenzie et al. (see secion 2,9) 

the first problem to be overcome is the choice of a characteristic 

material length. Referring to plate 9 where a typical fracture 

surface of this materiel is shown, a highly orientated structure 

can be seen with many large elongated voids, The semi major axis 

of these elongated voids are aligned in the materials long 

transverse direction. If it is assumed that these lerge voids 

pley an important part in the fracture, and the material between 

them is the region over which the final fracture occurs, then 

perhaps their spacing can be ken as being the ‘characteristic 

materiel length'. A rough average of these voids spacings, 

measured in the short transverse direction (horizontally on 

Plate 9) is about 600un.



  

  

Thus with a characteristic material length of 

600pm an attempt can be made to follow the procedure described in 

section 2,9:- 

Again using the key hole notch with an initial 

radius of 1400um 

From Fig.26 

Gr/E at R/Ro of 1.42 = 1.1 

From Fig.27 

and mee 

Ep surface 0.58 

From the data in Fig.45, when 6./€ has a value of 1,1 the necessary 

value of & +o cause fracture ( ee ) iss-



Thus € surface =    

From Fig.28 

o = 2,40mm when Em 0,56 

if the appropriate elastic displacement of 0.2mm 

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 400m and 800um as the ‘characteristic 

material length' the result is almost identical to the above (2.40 + 

Q.2mm elastic and 2.3 + 0.2mm elastic respectively). Also doubling 

Mackenzie's (76) value of ‘critical material length' from 200pm to 

400m for his material only causes 4 change of 13% in his value of 

C.0.0. 

Thus the value of the 'characteristic material 

length' does not appear to beas sensitive as was first assumed 

and can, in fact, be varied quite considerably without introducing 

anything other than quite small errors into the calculated value 

of C.0.D. Thus, if over quite a large range of values of 

‘characteristic material length' the resulting C.0.D. is roughly 

constant then the stress state to failure plots mey be considered 

to describe a materials toughness in the sme unique way as 2 C.0.0, 

value. 
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The strain t 

  

In many ways this type of curve may be of more 

use than a conventional fracture toughness value for this type of 

ductile fracture, The main use made of a fracture toughness 

: yarameter is to construct a design curve for safe/non-safe working 

conditions, but this type of stress state to failure plot is in itself 

a safe/non-safe design curve which may be used directly on any 

structure - providing that a reliable stress-strain analysis is 

available for the particular structure or component, This does 

not give this method a particular disadvantage over conventional 

Parameters as they too require good stress strain analysis of 

components before they can be considered useful, The problem 

of a characteristic material length again appears when considering 

these curves in this way. In the C.0.D. analysis a wide range of 

values resulted in the same C.0.D. value, although the ‘characteristic 

material length' can perhaps be given a lower bound i.e. the lowest 

value which does not introduce a large variation from the 'plateau' 

value, In the case of the COD.analysis above, if the characteristic 

material length is reduced below 40Qum there is a considerable 

change in prediction from the plateau of 2.4 + 0.2mm elastic, Thus 

if the lower bound of this plateau is used then we may have a 

‘eritical' characteristic material length, By choosing a critical 

  

iength in this way the problem of having to m @ rather vague 

choice of some likely physical length which the material may demonstrate 

in some other way is avoided. 
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8.3.2.4 
  

  

It may be useful to consider these stress 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 ( Sm / & ys 

which in effect can be considered to be an increase 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 2.6 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 S/S the further out along this locus 

in the direction of positive triaxial stress will the acting 

stresses plot. The position of the failure plane (£07) - 

the dilational yield surface - is governed by the void populations 

size and spacing, the size of the voids being dominated by the 

triaxiality of the stresses acting upon them (see section 2.12) 

Y whilst their number (or spacing) is mainly controlled by the 

 



strain the material has undergone. Thu: a for a material being 

strained at a low value of Gn/& the acting stress point 

  

plot at a fairly low point on the yield locus and the failure 

plane, which initially would be at some distance away along the 

appropriate stress axis, will start to move towards it as there 

is an accumulation of damage (void nucleation and growth), this 

damage being controlled by both the stress state and the strain. 

This plane will continue to move towards the acting stress states 

position until it reaches it and failure by dilation occurs, If 

the material is strained at a higher value of Gm/E the 

acting stress will plot at a 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 G»/& ‘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 a) 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 Gm/& 

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



exponential decay type curve, as GG has two separate 

effects upon failure and also because the damage caused by void 

growth will be exponential 

  

y dependent upon G-/G (see 

section 2.12), From this, curves similar to those found in 

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

8.4 Multi notch tensile specimens 

AS can be seen from the stress strain graphs of 

these specimens (Fig.362, b, c, a, e, f and g) the various notches 

cover virtually the whole of the stress-strain history of each 

of the final fractures, and also each of the points fells 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 

measured during testing, Thus each of the notches from a material 

can be considered to represent various points in the life of 

the final fracture of that material. 

8.4.1 Effect of strain on the average void spacing 

Referring to Figs.38a, b, c, d, e, f and g it 

can be seen that the Average Nearest Neighbour Distance (A.N.N.D.) 

between voids decreases continuously with strain, but at a4 
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different rate depending upon the material, The linear 

relationships obtained cross the zero strain 

  

values ranging from 10.5ym to 32pm, this was in fact checked by 

taking samples at zero strain, these results were found to be 

in good agreement with the relationships obtained, There are 

two possible reasons for this value a) this is the damage 

associated with the testing procedure (i.e, during the cleaving 

open 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 materiel, 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 H1 (medium carbide content, 

medium slope) with steel H2 (higher carbide content, steep 

slope). The converse can also be seen by comparing steel H1 

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

Every time observations of voids are made 

there is a size limit below which a void is undetectable and 

so one possible explanation of the above is that with increasing 

strain the growth of the wids under the action of hydrostatic 
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stresses has caused a greater number to be within the detectable 

size range. Hence the density of voids appears to increase, 

Alternatively, there could be additional void nucleation events 

taking place with increasing strain and that the increase in 

void density is due to more voids being present in the material, 

However, because of the relationship between 

carbide particle densities and the rate of change of the A.N.N.D. 

values of the voids, the latter explanation is the more likely, 

The reason for this being that the size of a carbide particle 

is large enough to be detected by the stereoscan technique and 

that the size of a void nucleated by a 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, c, 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 H 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 hydrostatic tension would lead to a slower 

growth to detection in the H 30 specimens than in their 

equivalent H specimens thus giving 2 lower slope to their 

A.N.N.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, 

8.4.2 Effect of strain on the range of void sizes 

From Fig.392, b, c,.d, e and f it can be seen 

that at low strains the size range of voids varies from 0. 3pm 

to 0.7m. As the amount of plastic strain increases the size 

range increases because of a gradual enlarging of the upper 

limit of void sizes, The lower limit remains constant with 

increase in strain. 

This is indicative of two 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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concentrations 

which have 

  

or H2 and Hy
 

t 

0. 3ym to 0.55ym for H3, which tie in well with both the constent 

lower limit observed and with the initial size range. 

Secondly the increase in the upper limit of 

size ranges with strain is thought to be a consequence of void 

growth during straining. This growth being brought about by 

plastic deformation of the metal mder the action of combined 

hydrostatic and shear stresses, 

All 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 

Bridgman (53) stress analysis is plotted against position, any 

area in the central quarter of the specimen will have a virtually 

identical stress history. 

8.4.2.1 The upper limit of void sizes as a void growth curve 

If the upper limit of these size ranges can 

2 
be considered to be representative of the growth history of the 
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first void nucleated during the deformation we have, 

  

  

line only, a set of curves for the growth of voids 

  

fan
 

p a stic strains, and if a suitable stress 

analysis of th: 

curves under known stress and strain systems. 

is region can be obtained these 

  

‘| 8.4.2.2 Stress analysis of the central region of the 

specimen 

The appropriate stress analysis for this instance 

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

From the above mentioned stress analysis an 

estimate of the stress system in the central region of the ber 

can be made:- 

Ge-G~ & tn oe 
2daR 

where a = ligament radius 

R = notch root radius 

= position from centre line 

Be no Or



  

to zero 

therefore: 

Ge-Gr= Bi 
2R 

or 

= dn (4 + ‘) 
2R 

8.42.3 Prediction of void sizes 

, or nser, the centre of the bar we may consider r to be equal 

Prom N°Clintock's (64) analysis of hole growth 

we have the following expression 

On = rink a) Ga +0) /25/8 | 

(-n) LFF



Lb f bok? 
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sg Dees 6 
void diameter 

where " 

= void centre spacings 

a
 

OS
 

transverse stress components 

Cross multiplying we have:r- 

ae “A { dé ainh (O=2) eee) 
@-n) 

or 

pe ah dé rink [o-n) +6) /26/5 | 
Lo = Cz, } 

Assuming that, for our situation, Sa= Gh = G@ 

= Ge and also assuming that &,- é, can be substituted for dE 

the expression becomes:- 

Soe hee 6) aink [1-1 & EWS | &f of | G.n8) and [ent e/e/a]} 
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Thus if the stress state for each small increment 

of n ‘train is known the void size can be predicted using i°Clintock's 

void growth theory. 

Before this expression can be used in this wey 

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 artificial values of £4 ané ve 

are necessary. If we assume an initial value of Velo 20pm which 

will reduce with applied plastic strain ¢ :- 

’ 
Le my Le 

of (&/2) 

Therefore, with the use of this substitution 

appropriate values of the centre spacings can be estimated, which 

are realistic for the model being used.



From-the information laid out in Tables 1d to le 

it is possible, via the above mentioned Bridgman analysis, to 

calculate the stresses in the central section of each notch 

at any point in time. Graphs of the notch root radius ( C ) 

against 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 a1] 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.46. 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 a 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 et of notches,



  

icted and observed void sizes 

The observed void growth curves* of Fig. 

  

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

F     39a, b, c (the H series curves) show a mark 

  

ly higher growth 

rate than those of Fig.394, e, f (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 observation agrees, in principle 

at least, with all of the known theoretical work carried out on 

the growth of voids (63,64,65,66) (see sections 2.7 and 2.12), 

where it is generally concluded that the void growth rete will 

be markedly increased by an increase in the hydrostatic tension 

acting on the material. 

Although there is a qualitative agreement between 

Hy
 

the predictions of Fig.46 and the observations shown in Fig.39a to 

there is a considerable discrepancy between the actual predicted 

sizes of the voids and these observations. If material Hl 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 

im whilst the void size predicted from N°Clintock's (64) analysis 

(Pig.46) is about Sym, i.e, an overestimation of the voids size 

by @ factor of about three, This error is about the same for 21] 

three of the H series specimens at 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, Hi - 30 at a strain of 0,275 had an actual void daze of 

about 0,8ym whilst the prediction suggests a void size of 1.25pm, 

i.e, only an overestimation of around 50%. All of the H 30 

predictions overestimate the actual size by about the same amount, 

and again the error increases with increase in strain. 

This discrepancy 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 

pre-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 H series specimens the overestimation of void sizes from 

mfclintock's analysis must be due to an oversensitivity of his 

w Ww baa
)



analysis to the hydrostatic tension ecting on the material 

  

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.11 

where such theories overestimate the Bilure strain by about a factor 

of two, but if the above observations were to be injected into this 

a@ growth to coalescence theory would overestimate the strain to 

failure by a far greater amount, especially under conditions of 

high triaxiality, thus underlining the importance of void coalescence 

as a separate and important mechanism, 

8.4.2.5 The lower limit of void sizes. as a representation 

of void nucleation 

The lower bound to these void size envelopes 

(Fig.39a to f), as already briefly mentioned, is believed to represent 

the continual nucleation of voids at the carbide particles, This



line @nnot be considered to represent all the voids being nucleated 

as there could be voids larger than this minima nucleated 

throughout the process, as there are at the start, i.e. when 

Ep = 0 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 strein (given that they 

are not undetectable voids growing to detection, see section 

8.4.1). 

8.4.2.6, Comparison of this nucleation plot with the 

available theories 

The available theoretical 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 lerger 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.39e 

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 disagreement with these 
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theories. These observations, however, do agree with the predictions 

of Tanaka et 21. (39) who, for the range of particle sizes being 

considered here, predicts no size dependency from a theory which 

requires both an enersy and e 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 nucleation 

strain on particle size (smell particles voiding first), but observed 

@ weak trend going the other way (lerge particles voiding first), 

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

also agree with those found here in that they detected only e week 

trend of small particles voiding first but also observed that 

widely differing sizes of voiding particles were apparent 

regardless of the applied strain. Thus a lower bound to Hasterling 

et al's. observations could easily be very similar to that detected 

here, 

Thus the lower bound to the void size envelope, 

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 Tanaka 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 

  

ar notches to those which were cleaved 

open were sectioned and examined. These sections show small 

cracks being propegated from the root of the notch (uate 7) 

which, as is clear from the topography, are the result of 

void coalescence. The type of damage in the materiel from 

which this crack forms can be seen in plate 7a and can be 

seen to be all along 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 plastic zone). Damage, 

or rather voids, of this type could not be found in the bulk of the 

material, indicating that the stress and strains associated with 

the notch are controlling the fracture rather than those in 

the central region of the specimen i.e, this again 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 250ym in front of the notch tip. 

Fig.47 shows the xpected 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 plastic 

  

case by using his (Neuber's) relationship 

(Ke. Ke) = ly 

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 

@ 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,



6.4.4 

  

Fig.40a, b, c, d, e and f show the notch root 

Gamage in terms of the A.N.N.D. velue associated with 10um 

strips running parallel to the notch root. From these plots 

itan 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 damage 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.N.D, 

v's E&p graphs (Fig.38) an attempt can be made to predict this 

damage concentration associated with the notch roots. 

The strain concentration is 

alne) (n+) | 
x & Ee (KS 

" strain at a distance x beneath the notch where &y 

notch root radius 

Q
 

" 
w 

remote strain 

nm = work hardening index 
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As the damage rate equations take the f ° 4 7 

> uy 0 > ' tw Cr
y 

Ss 

where A and B are constants 

Ep is the applied strain 

Substituting ie y for é p the A.N.N.D. value 

for any position 2x beneath the notch tip can be calculated. 

€.4,4,2 Comparison of predicted and observed damage 

The results of these calculations for notches 

Hl - 5, Hl - 4, Hl - 3, H3 - 5, H3 - 3, H3 - 1 are shown in 

graphical form in Figs.40e 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 horizontal, or maximum damage, 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 observetions. 
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8.4.4.3 The 

  

mum damage 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 velue 

of A.N.N.D. to be the same as the carbides planer specing in a 

slice of material one carbide diameter deep (as found by Widgery 

and Knott (92) with inclusions in ‘dirty' weld metals) but this - 

would give e value of C.5 and 2.Qym which is an under estimation 

of the minimum A.N.N.D, value found by a factor of ebout 2. 

Thus we are left with the conclusion that the damage rate equations 

are only applicable to some value of A.N.N.D. which is not 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 spacing of available 

nucleating particles is initially inexplicable. 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 theories 

and models for void nucleation only consider one voiding particle 

in an infinite matrix, if two neighbouring voiding perticles are 

considered then their reaction on each other must be considered, 
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both before and after one of them voids. 

  

will be a back stress or reaction between 

This back stress may be cons 

  

red to be represented in the 

nucleation criteria of Ashby (38) by the wlue of 'b', the 

   particle 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 particle 

nucleating e@ 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 all 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.N.D.). 

  

Under these circumstances the minimum value of A.N.N.D. would 
  

not be the carbide planar spacing but very roughly twice this 

value. In our case between 1.0 and 4, Opm, which is in good 

agreement with the values found. 

8.4.5 Summary of the multi notch specimens 

As a 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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2) 

achieved, this maximum damage being about equal 

to twice the carbide planar spacing. 

Exponential growth of voids with respect to the 

hydrostatic stress 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 strain 

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 

area 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 

erack which will both link back to the notch 

tip and grow further into the material by 

repeating the above process.



  

all cases, is one of 

   inner ring of cleavage, 

erack 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 tendsto slow down as its length increases 

rather than accelerate, but in this case the stored elastic 

energy in the relatively lerge specimen may have been sufficient 

to cause acceleration. b) The material in the core may have 

undergone enough strain to work harden it to such an extent 

that insufficient ductility remains for void growth and thus 

failure by cleavage is the preferred system, but the strains at 

the notch tips have been far greater than in the core, thus the 

exhaustion of ductitity can be ignored and therefore the first 

alternative is the more likely. 

8.5. Charpy impact tests 

Comparing the impact results obteined for 

steels Hl, H2 and H3 (table 5) to the damage rate equations 

obtained from the A.N.N.D. V's €p graphs (Fig.38 and table 2) 

it can be seen that there is a rough, not altogether unexpected, 

relationship between the rate of damage accumulation and the 

impact properties of the material, i.e. the material with the 

highest rete of damage accumulation (G2) ANAND es Ep 

slope of 37) has the lowest impact resistance of 139 Joules 
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whilst the material with the lowest damage rete (H3, A.N.N.D. V's 

Ep of 10) has the highest impact resistance of 240 Joules. 

These results demonstrate the effect that the damage rate has 

upon the deformation required to cause feilure i.e. there will 

be no void coalescence until a sufficient void concentration has 

been reached, In 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 nucleation 

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 50D steel are also 

shown in table 5 and 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 

(plete 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-sectional measurements, depending 

  

upon their orientation. As these voids grow they will eventua 

reach a point at which instability is imminent by void sheeting 
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ed 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, dependent. 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 and Fig. 43 show the surface of these 

fractures after having been broken open under liquid nitrogen, 

a thumbnail of imminent ductile fracture can be seen about Inn 

below the notch root, in the area leading up to this thumbnail 

no comparable voiding could be found, This is merely a 

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 

probably 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 2 bend 
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may be discounted as merely that, a bend, when in fact a 

creck of considerable size has been formed which could prove 

catastrophic at some time in the future. 

8.7 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 45° 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 a large amount 

of sub-surface damage may take place before it can be detected 

from the surface. Bends of the nature described may be dis- 

counted as just that, a 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 accidental overstressing of a component but could 

easily be introduced during the fabrication process, or during 

the assembly or repair 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 

pass 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 

all 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 magnitude. Providing thet the designer 

appreciates the effect of local stress complexities and local 

strain concentrations, as well as the effect of macro-stresses 

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 fectors. 
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d) 

e) 

  

In the material considered here void nucleation 

appears to be 2 function of strain (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 tar above those of the 

original observations; until a cut off is 

reached at an A.N.N.D. value about 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, 

put at a lower rate than these theories 

predict - especially et high levels of 

hydrostatic tension. 

There does not appear to be any size dependency 

of nucleation with strain, at least not on the 

minimum size of voids nucleated.



g) 

There is no effect of varying the hydros 

  

stresses, over the range considered here, on 

the rate of void nucleetion. 

The mechanics of ductile fracture can be 

quantitatively explained by the mechanisms 

thought to operate. 

There may be considerable subsurface damage 

under notches in materiel 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 as to compromise the integrity of the 

material. 

A ductile fracture is more strain controlled 

than was previously thought. The effect of 

stresses has, in the past, been overestimated 

i.e, its effect on void growth is less than 

predicted, whilst strain controls the void 

nucleation events. 

Designs cannot be besed on acro-stresses alone. 

There must be considerations of both the internal 

triaxial stresses and the micro-strain concentrations. 

149



  

Adaptation of Neuber's (82) analysis 

Le Co-ordinate System 

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

x = sinh u cos v 

y=coshu sinv 

e z 2 
x 3p y Nt 

(aes = (as =) 

i ee sin v, cos Vv 

Where x and y are the equivalent linear co-ordinates (Fig.Al). 

For a system considering the notch plane only:- 

KEG ss BION Us = OF, =O 

thus y = sinv 
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Stress Systems for a Circumferential Notched Bar 

Neuber gives the radial stress as 

: tr 

si Gg se nh hn Oe 

h 

  

where h = /sinh“u+ cos v 

but when x =o sinhu = o 

+ « h = cos v 

& =(1-) )2 \ = Poissons Ratio 

Let vo be the curvilinear co-ordinate describing the notch 

surface, 

A = (& -1)(1 + cos vo) 

BeA-A cos“Vo 

C=-p 1 + cos vo 

2 1+ (2-&) cos vo + coe“vo 

52 

‘4



remote stress acting over the notched area 

  

(a = sin vo) 

  

  

Q 2 0 1 KS + R ' ha Q
 + 

e
e
 

a
d
 

1 

Sl
t ' 

w 
jo

 

in the same way the stress acting in the direction of tension 

becomes := 

Guw=B -§6 (+6 ) 4 B= A + 6 
Z Z ee 2 Z 

and the hoop stress becomes:= 

Swe A = 3B + Clceté =2 

Dan 2 2 

In this analysis the actual dimensions ere set by the notch 

root radius ( © ) 
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but a = sin vo 

aD iz 
* 3 ( = 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 along 

the notch plane. For these to be converted into plastic 

stresses using Neuber's (59) relationship:- 

(Cen ese Kr 

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

Using Weiss's (60) analysis for strain concentration 

a(ntiy sensi! 
Kip = . (xr Sy) x 
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where Ks a we ad o n a Q ° 3 ° o s oe K v ue &. Q 5 by
 

® ° ce > 8 

  

x = position = sin vo = sin v 

nN = work hardening index 

This value of_ Le is parallel to the direction of applied 

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

dete 

Kev = Kew += Keu/2 

Thus we have all the necessary values to determine the 

three principal plastic stresses acting at any one point 

on the notch plane. 

If for a value of the triaxiality at any point we use the 

-non-dimensional quantity 

Cn /E Sm 2 
Hy s
 
~
 y a oe
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= 

which can easily be calculated from the above formule, Using 

a simple iterative computer programme to determine the 

position and magnitude of the maximum triexielity, the 

graph shown in Fig.47 may then be constructed. 

   



  

  

  
  

Curvy linear co-ordinate 

system 
  

Const v 

const ug 

notch, fs 

G=SiN Vo   
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Stress strain data 

Notch 

O 
mW 

FF 
Ww 

w 
I 

10 

a 

12 

for mild steel multi notch specimen 

op 

2in(do/a) 

0.172 

0.108 

0.100 

0.091 

0.077 

0.070 

0.050 

0.045 

0.041 

0,036 

0.025 

0.000



Stress strein data for H1 multi notch specimens. 

Notch 

° 
SO
 

Co
) 

O
L
A
 

y
e
t
 

c
e
 

-
 

oS 

v nD
 

TABLE 1b 

Ey 

2in(do/é) 

0,000 

021 ° 

0,038 

0.059 

0.073 

0.097 

0.106 

0.119 

0.125 

0.144 

0.185 

0.210 

0.350 

e 
(an) 

0.125 

0.155 

0,180 

0.205 

0.225 

0,245 

0.255 

0.265 

0.270 

0.320 

0.355 

0.405 

0.500 

N/mm



Stress strain da 

Notch 

nN
 

Oo 
O
n
 

A
 

WH 
FF 

Ww 

10 

12 

ta for 

  

H2 multi notch specimens 

Ep 
21n(do/a) 

0.216 

0.135 

0.129 

0.119 

0.073 

0.039 

0,106 

0.092 

0.070 

0.054 

0.029 

0.000 

e 

(nm) 

0.370 

0.275 

0.255 

0.230 

0.200 

0.185 

0.240 

0.220 

0.195 

0.180 

0.160 

0.125 

N/m! 

963 

873 

827 

795 

765 

706 

817 

797 

748 

713 

678



TABLE 1d 

Stress strain data for H3 multi notch specimen 

Notch 

rn 
SO
- 

(O
R)

 
E
S
 

Ox
 S
R
 

10 

aL 

12 

Ep 
2in(do/4) 

0.329 

0,124 

0.160 

0.090 

0.069 

0.055 

0.118 

0,099 

0.078 

0. O48 

0.027 

0.000 

e 
(nm) 

0,450 

0.275 

0,300 

0.205 

0.175 

0,150 

0.245 

0.220 

0.200 

0.170 

0.135 

0.125



tress strain date for Hl - 30 multi notch specimens 

Notch 

n 
0
 

O
n
t
 

H
n
 

F
 

W
 

10 

il 

12 

TABLE le 

Ex 
2in(do/2) 

0.349 

0.135 

0.120 

0.204 

0.104 

0.097 

0.081 

0.072 

0.056 

0. 048 

0.032 

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



2 es By 

Stress strain data for E2 - 30 multi notch specimens 

Notch S Pp z 0 a 

2in(do/a) (mm) K/nn” 

1 0.080 0.650 788 

2 0.088 0.675 777 

3B 0. 088 0.665 743 

4 0.105 0.7210 741 

s 0.064 0.585 697 

6 0,050 0.550 671 

“ 0.198 0.905 931 

8 0.126 0.760 854 

9 0.112 0.725 823 

10 0.102 0.705 781 

ue 0, 084 0.655 748 

a2 0.072 0.620 et



Stress strain data for H3 - 30 multi notch specimens 

Notch 

n 
N
W
N
 

FF 
Ww 

Ss]
 

Ep 
21n(do/a) 

0.288 
0.148 

0.108 

0.080 

0.066 

0,063 

0.186 

0.156 

0.117 

0,101 

0.074 

0.052 

e 
(nm) 

0.895 

0.740 

0.695 

0.645 

0.620 

0.605 

0.800 

0.760 

0.705 

0.680 

0.625 

0.585 

o 

N/mm? 

872 

732 

693 

657 

630 

620 

785 

770 

708 

682 

628



ABLE 8 ty y 

Marerial Mild steel 

Notch ee A.N.N.D. 

21n(do/a) (pn) 

5: 0.171 4,96 

2 0.108 14.3 

3 0.100 15.50 

4 0.091 17.17 

5 0.077 19.16 

6 0.070 18.60 

7 0.050 22.0 

8 0.045 23.80 

9 0.041 26.23 

10 0.036 28.62 

ra 0.025 29.50 

12 0.000 30.20 

A.N.N.D, = 31.5 - 158.9 Ep



TABLE 2b 

Marerial - Hl 

Notch Ep A.N.N.D. 

21n(do/a) (nn) 

0 0,000 25.15 

1 0,021 14.45 

2 0.038 14.56 

3 0.059 14.17 

4 0.073 13.63 

5 0.097 ao 5e 

6 0.106 13.48 

7 0.119 13.44 

8 0.125 13.22 

9 0.144 12.79 

10 0.185 11.70 

i 0.210 11.43 

12 0.350 o77 

A.N.N.D. = 15.01 - 15,63 Ep



Material - H2 

Notch 

n 
0
 
O
n
 

n
w
 

F
 

WW
 

10 

il 

is 
=P 

2in(do/a) 

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 Ep



TABLE 2d | 

Material - H3 

Notch Ep A.N.N.D. 

21n(do/d) (pm) 

a 0.329 7.04 

2 0.124 9.15 

3. 0.160 8.99 

4 0,090 9.48 

5 0.069 9.84 

6 0.055 10.26 

7 0.118 9.23 

8 0,098 9.58 

9 0.078 9.64 

10 0, 048 9.87 

1 0.027 10.34 

12 0.000 10.62 

A.N.N.D. = 10.54 = 10.66 Ep



TABLE 2e 

Material H1-30 

Notch Ep A.N.N.D, 

21n(do/é) (pn) 

ul 0.349 9.99 

2 0.135 12.24 

3 0.120 12.44 

4 0.140 13.23 

5 0.140 13.27 

6 0,097 13.36 

ig 0, 081 13.68 

8 0.072 13.43 

9 0.056 14.03 

10 0.048 14.21 

1 0.031 13.98 

12 0.000 14.90 

A.N.N.D. = 14.62 = 13.97 Ep



TABLE 2f 

Material H2-30 

Notch Ep A.N.N.D, 

21n(d0/a) (pm) 

a 0.080 12.89 

2 0, 088 12.55 

3 0.088 AZ 550 

< 0.105 12.05 

5 0. 064 13.50 

6 0.050 13.73 

ts 0.198 8.88 

8 0.126 1.24 

9 0.111 1,72 

10 0.102 12.17 

11 0. 084 12.91 

12 0.072 13.66 

A.N.N.D. = 15.64 - 34.16 Ep



Material H3-30 

Notch Ep A.N.N.D. 

21n(do/4) (nm) 

x 0.288 7.55 

2 0,148 8.90 

3 0.108 8.99 

4 0.080 9.4 

5 0,066 9.62 

6 0.063 9.83 

% 0.186 8.65 

8 0.156 8.74 

9 0.117 9.29 

10 0,101 9.64 

n 0.074 9.70 

12 0,052 9.88 

ALN.N.D, = 10.36 - 9.78 Ep



Material Hl 

Notch Ep Void Dia, Range 

21n(d0/4) (pn) 

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 

4 0.073 0.514 = 0.713 

5 0.097 0.522 = 0.729 

6 0.160 0.458 = 0.733 

? 0.119 0.504 = 0.720 

8 0.125 0.482 = 0.753 

9 0,144 0.490 = 0.788 

10 0.185 0.482 = 0.856 

1 0.210 0.496 = 0,863 

12 0.350 0.502 = 1.255



Material H2 

Notch Ep : Viod Dia, Range 

2in(do/a) (um) 

1 0.216 0.321 = 0.833 

2 0.135 0.288 = 0.582 

3 0.129 0.304 - 0.515 

4 0.119 0,282 - 0.500 

3 0.073 0.280 - 0.430 

6 0,039 0.327 = 0.402 

¥ 0.106 0.306 = 0.404 

8 0.092 0.316 = 0,445 

9 0,070 0.297 = 0.458 

10 0.054 0.315 = 0.410 

n 0.029 0.329 = 0.395 

12 0,000 0.315 = 0.390



Material H3 

Notch ép Void Dia, Range 

21n(do/4) (pm) 

x 0.329 0.272 = 1.083 

2 0.124 0.308 = 0.572 

5 0.160 0.280 = 0.615 

4 0.090 0.293 = 0.515 

5 0.069 0.327 - 0.505 

6 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 = 0,502 

n 0.027 0.298 = 0.491 

12 0.000 0.305 = 0.475



TABLE 34 

Material Hl = 30 

Notch €p Void Dia, Range 

21n(d0/a) (nm) 

1 0.349 0.503 = 1,033 

2 0.135 0.515 = 0.725 

3 0.120 0.482 = 0.708 

4 0,104 0.513 = 0.702 

5 0.104 0.429 - 0.675 

6 0.097 0.510 = 0,692 

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 

ul 0.031 0.529 = 0.666 

12 0,000 0.482 - 0.665



TARTE 
TABLE 3e 

Material H2 - 30 

Notch Ep Void Die, Range 

21n(do/é) (nn) 

1 0.080 0,326 = 0.433 

2 0, 088 0.329 = 0.441 

3 0. 088 0.295 = 0,416 

4 0.105 0.297 - 0,449 

5 0. 064 0.286 = 0.416 

6 0.050 0.312 = 0,400 

7. 0.198 0.292 - 0.610 

8 0,126 0.322 = 0.503 

9 0.212 0.271 = 0.458 

10 0.102 0.301 - 0.449 

n 0. 084 0.302 = 0,424 

12 0,072 0.328 = 0.441



TABLE 3f 

Material H3 - 30 

Notch Ep Void Dia, Range 

21n(do/a4) (pm) 

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 

z 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 

il 0.074 0.321 = 0.502 

ae 0.052 0.289 - 0.496



Uniaxiel Tensile Data 

Material Yield Stress 

(/nm*) 

Hl 278 

H2 365 

H3 326 

BS 4360 
ag 

50 D 

U.T.S. 

(%;/nn?) 

462 

601 

510 

601 

Strain to 

Failure 

in(1/1o) 

0.28 

0.22 

0.24 

0.20



Impact Results (Charpy) 

 



  

cont. 

Material Impact Resistance 

(Joules at 20°C) 

BS 4360 50D 

of 256 

2* 80 

1* 43 

i* 4o 

* 3%, 2*, 1* refer to the notch orientations 

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)



TABLE 6 

Single circumferentially notched bar with varying notch profiles, 

Notch e &p cy Ge 

(nm) 21n(do/a) 

S 05 0.15 ; 0.118 2.92 

Ss 10 0.39. 0,116 ara 

s 15 0.23 0.132 2.53 

52-20 0.39 0,138 2.10 

S00 ores 0.160 1.81 

s 4o 1.02 0.200 1.37 

5 50 1,10 0.206 1.32 

s 100 2.50 0.292 1.25 

Ss 150 Beco 0.376 AQ 

S$ 250 5.70 0.482 0.84



  

 



  

Multi-notch tensile specimen 
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X 200 

Parallel bar at fracture 
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Single notch fracture surface 
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"SOD" impact fracture surface 
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“50D” notched bar fracture 
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Strain concentration beneath a notch 

  

Direction of tension 
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3 point bend fracture surface 
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