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SUMMARY

A range of plain carbon, carhopn-manganese and low alloy Fﬁ%t ELS@J%
were tested in order to determine their various fracture toughress
values under elastic and elastic-plastic conditions. The main frac LMT
toughness parameters which are considered axe (1) Linear Elastic e
Fracture Mechanics (LEFM), (2) the J-Contour Integral, apnd (3) Crack
Opening Displacement (COD). Results are abtained from fracture
toughness specimens of variocus dimensions and the relevance of tha
validity criteria to cast steels is considered in some detail;

In addition, the effect of casting position on specimen teughness
values was noted. = -

valid K;, results according to LEFM, wef /ﬁed,fof three of .
the eight cast steels tested. Although KI om LEFM were n@t;
obtained from the remaining five steels, crltlcal,COD and lent@gral
values were determined. It is postulated that these values and
particularly the critical J values can he used with cenfidence f@r

material selection or in defect tolarance calculations uaing th@gﬁ
steels. :

Toughness values were found to vary with cagting p@Siﬁi@ﬂLlni
several of the steels tested and the possible xeasanﬁ er su@h Vﬂﬁ
are discussed in the Thesis.

Cast Steels  Fracture Toughness Jwiﬂtﬁ@?ﬁlizfﬂra@kfﬂﬁ%ﬁiﬁg
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INTRODUCTION

It is standard practice when deslgnlng stru@tur@s; té apply &
factor to the failure load in order to determlne some safe WQTKJng 3533,7"*
In many cases the failure load calculations ape based on the su@pgaad i
final collapse mechanism, e.g. buckling or yiélding« /There is an |
important mode of failure, classified under the general heading of
fracture, and resulting fram the propagation of pre-existing eracks ar
defects, which has received little attention from designers and mat@fi@l
technologists. There are many examples of failure by fracture where the

failure can be attributed to propagatien of pre-existing starter cracks

and where the failure load was a fraction of the limit or yield load, Cl§5.

and references contained therein. To counter this shortcoming in the

methods of structural analysis the subject area knawn as Fraetupre
mechanics has been developed. Briefly; fréctgré ﬁégbénfgs exist a§ ai,}
branch of continuum mechanics to describe:tﬁéliégéoggé?éf a‘body
containing one or more naturally occurring shé%b cﬁaeks.’ Wlth thla

more realistic approach to material behaviour, in Structures prone t@iy

failure by fracture, the designer should ultimately be able to dﬂﬁpenﬁﬁ

with his empirical safety factors or at least be able to b&aﬁ su@h fa@t 1'

on a more realistic appreciation and quantlfjcatlon of actua1 mmte‘f,l

behaviour.

In general, fracture occecurs byia twqggt@ggvpyﬁﬁeas¥@ ﬁh@ fi¥§ﬁfE;”
crack nucleation-or' initiation and the sa@ond/beihg/graak pr@ﬁéggti@§§":
As all engineering materials centain inherent defects it is perhaps m@?éf
relevant to first quantify the 'conditions for propagatien' of such np
existing defects, This does not imply that erack nuclaaki&n.gﬁmﬁiéé
worthless, indeed this 1s an important avea of vesearch (QJE B i

in studies of fatigue fallure. In this thesis, howevern, aﬁﬁﬁn



focused on pre—existing cracks and the various methods for quaﬂtifying-\

their behaviour under monotonic loading. For the methods of analysis,

to be described in detail in this thesis the'general aim is to identify
a single parameter which is a function of the cracked body's geometry,
applied load and crack length and which can be determined uniquely for

any of these variables.

There are two basic analytical approaches to the problem of fracture,
one based on an energy balance while the other is based on the magnitude

of the stress field ahead of a crack tip. Both of these approaches are

discussed 1n detail in this thesis. It is also shown that the two

approaches are in fact equivalent for certain material behaviour.

In a later Chapter, the accuracy of the aforementioned techniques
are discussed and it is noted that they have limited application to
linear elastic/brittle materials. For materials which exhibit non=
linear elastic behaviour, either a modified 'fracture parameter' is
necessary or alternatively, a complete re—analysis of the problem-is

required. The requirement is generally determined by the amount of non-

linearity or plastic flow that takes place prior to final fracture. As
most common structural materials have the ability to deform plastically
before fracture, this is obviously an important area for investigation.
In sections (4.2) and (4.3) two methods are discussed, each of which
make some allowance for non-linear material behaviour. The first of
these is based on the hypothesis that a critical crack opening must be
achieved before a given crack can propagate. In the second method,
section 4.3, a fracture criterion is proposed which is based on a

mathematical analysis of the stress and displacement field ahead of a

crack tip in a material whose constitutive behaviour is not linear elastic.




The end product of any fracture analyéis is the determination of
critical crack lengths or applied loads for the particular cracked
component under consideration. In order to achieve this, a value of
the fracture parameter of interest is calculatéd theoretically for
comparison with an experimentally measured critical fracture parameter.
The experimentally determined value is a measure of the materials
toughness, and if defined and measured correctly, is a unique property
of the material under the given test conditions. The object of this
thesis is to determine, experimentally, critical fracture data for a
range of Cast Steels and to identify relevant metallurgical data for

this important class of structural steels.
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LINEAR ELASTIC FRACTURE MECHANICS

2.

1

The Energy Approach to Fracture

The energy balance approach to the study of the fracture phenomenon
in cracked bodies was originally proposed by Griffith (3) in 1920.
Griffith postulated that a necessary condition for a crack to spread
under the action of external loads is that the energy used in
creating new fracture surfaces is supplied from the released energy
in the elastic solid. Only if the total energy decreased would the

crack extend spontaneously under the applied stress.

As an example, consider a centre cracked infinite plate of unit
thickness loaded by a remote tensile stress o as shown in Fig. 2.1.
The changes in energy which occur as the crack extends an

infinitesimal amount da, are two—-fold:-

a) As the new surfaces are created, the energy increase during
crack extension is simply the 'work to fracture', 2y da:.
Here y is the surface energy of the material and the factor 2

relates to the number of surface created.

b) As the crack extends, energy in the elastic solid is released.
Under 'fixed grip' conditions (fixed load point displacement)
an increase in crack length results in a decrease in stored
elastic strain energy while under constant loading conditions
(0 = constant) the total potential energy is decreased. It can
be shown, however (4), that for an infinitesimally small amount
of crack extension, the decrease in stored elastic energy of a
cracked body under fixed grip conditions is identical to the
decrease 1n total potential energy under conditions of constant

loading. Griffith (5) stated that 'the general conclusion may
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be drawn that the weakness of an isotropic solids, as
ordinarily met with, is due to the presence of:discontinuities;
or flaws, whose ruling dimensions are-large compared with
molecular distances'. The effective strength of technical

materials might increase ten or twenty times at least if these

flaws can be eliminated.

The Griffith Theory provides a means of estimating the theoretical
strength of solids. It also gives, for brittle materials, a correct
relationship between fracture strength (op) and defect size (2a),

in a large sheet by the equation:

op = = (l)

Surface energy per unit area.

<
1

=
1§

Young's modulus of elasticity.

Where v is the amount of energy required to form the new crack
surface. For thick plates (plane strain conditions), ‘the Griffith

equation takes the form:

2E¥
o ='V—————-——— (2)
¥ (l‘é) Ta

Where v = Polsson's ratio.

The stress analysis used to calculate the stored elastic energy
was taken from Inglis's work (6). The Griffith analysis worked
well for brittle materials such as glass where it can be assumed
that vy was equal to the surface free energy. The energy rate
analysis failed, however, to calculate fracture strength in

metals (OF) where values were between two and three orders of




magnitudes too small. It was almost thirty years after Griffiths
contribution that Irwin (7) and Orowan (8) suggested a modification
to the original formulation so that limited plastic deformation
prior to failure could be accommodated by the theory. They pointed
out that the Griffith-type energy balance must be between the strain

energy stored in the specimen and the surface energy plus the work

done in plastic deformation. They also recognised that for relatively

ductile materials, the work done against surface tension is generally
not significant in comparison with the work done against plastic
deformation. Both Irwin and Orowan argued that, provided plastic
distortion takes place in a zone which is small in comparison with
crack length and component thickness, the energy released by crack
extension could still be calculated from elastic analysis with a
sufficient degree of accuracy. Thus, in essence, the modified
theory simply involves a redefinition of the energy absorption

term.

Orowan (9) further demonstrated that the Griffith equation could be
made more compatible with the actual fracture behaviour of metals
by the inclusion of a term &p, expressing the plastic work required
to create new surfaces. This proposition has been verified to some
extent by experimental work which has revealed a thin layer of
plastically deformed material in a metal which had fractured in a
brittle manner was examined using X-ray diffraction techniques.

The relationship between fracture stress and crack length then

becomes from equation (2) (1):

2E_(§+2) (3)

F Ta
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and since y is two to three orders of magnitude less than Xp,

equation (3) can be approximated by:

25fp ()

GF - ma

Trwin's (10) modified theory consisted basically in evaluating the
rate of strain energy release with respect to crack length at the
point of fracture, i.e. the energy release rate was the controlling
parameter. If the fracture process was to be similar for different
loadings and geometries, the fracture event would occur when the
strain energy release rate reached a critical value. It was proposed
that this critical value could be regarded as a material property to
be determined by a suitable fracture test. A means for determining
the value of energy release rate for different loading conditions

and geometries was proposed by Irwin and Kies (10). They noted

that the strain energy stored in an elastic body could be represented

by the relationship:

e

In this relationship P is a characterising applied load and C, the
elastic compliance of the body, i.e. the displacement at the point
of application of load due to unit applied load. From this
expression 1t immediately follows that the strain energy release

rate, with respect to crack extension, is given by:

aw _ 1 .2 dc
@@ 27 @ (6)

Irwin and Kies (10) suggested that by measuring the compliance of

a test specimen, or a component model with different crack lengths,




dc . i o
the value of — as a function of crack length could be obtained.

da
au

da at

A fracture test could then be interpreted by evaluating
fracture using the fracture load and the value of %g-for the
appropriate crack length. On the basis of this result a considerable
amount of work was carried out to determine the compliance of various
specimen shapes; see for example Stawley et al (11). Irwin (12)
proposed an alternative interpretation of critical strain energy
release rate when he suggested that the surface energy term in the
Griffith equation might be replaced by an experimentally determined
'crack extension force'. (This is also generally referred to as the
'strain energy release rate'). Since the crack extension process
requires a fixed rate of release of energy, the crack extension

force G (after Griffith) measured in units (in lb/in.g) or MN/m is
defined as the quéntity of stored energy released from a cracking
specimen as a result of the extension of an advancing crack by unit
area. When G reaches a critical value, denoted as Go, then release
of strain energy just exceeds the rate of energy dissipation needed
for the creation of the new crack surface. This critical value of G
is known as the 'fracture toughness' and denoted as Gy, or GC
according to whether the unstable propagation of crack occurs under
plane strain or plane stress conditions. This ability to predict

failure is sufficient justification for utilizing the concept as an

engineering approach.

The concept of fracture toughness in terms of strain energy release
rate has a number of drawbacks, principally because it is associated
with the ambiguous 'surface energy'. The approach based on linear
elastic fracture mechanics, now to be discussed, is therefore more

attractive if only for its conceptual simplicity.




Fig. 2.1 Griffith's crack : geometrical configuration.
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The Stress Intensity Approach

This approach to fracture focuses attention on the mechanical
environment near the tip of a crack and is based on a linear elastic
analysis of the crack tip region. The conditions at the root of a
sharp crack were described in terms of the elastic stress field
surrounding the crack tip and a stress intensity factor K was
identified to express the magnitude of the local stress field.
Westergaard's (13) stress field equations for a crack are used to
express the local stress near the tip of the crack using a
mathematical model of the crack as a flat, internal surface in a
linear elastic solid. These equations can be written for the
particular case where crack propagation takes place by the crack

surfaces opening symmetrically as in Figure 2.2, as:

k
ox = L Cos 9'(1 - sin g-sin 29) )
- 2 2 2
2ryr )
)
)
k ) + other terms
I S} .6 . 36
oy = Cos = (1 + sin = sin =) ) _
/omr 2 2 2 ) bounded at r 0
)
)
k
Yxy = L Cos g-sin g-Cos gﬁ ) (7)
verTr )

Symbols have their normal connotation with the local crack tip
co-ordinate system as shown in Figure 2.2. The stress intensity
factor, k1 (subscript I referring to the opening mode), is a function
of applied stress and crack geometry and, for a central crack of
length 2a placed symmetrically with respect to an applied stress o,

in an infinite plate is given by:

kp = © /ra (8)




Analysis of other loading configurations reveal that equations of

the form of (7) are obtained in each case but the value of ky differs
for each geometry and loading configuration considered. The stress
intensity factor, therefore characterises the intensity of the stress
field ahead of a crack. For any cracked body under load it is thus
known that the local stresses will diminish as the inverse square root
of the distance from the tip and that in general the stress intensity

factor may be written in the form:
k = ov/a Y (3) (9)

where 0 1s a characterizing stress, a is a characterizing crack
length, w is a representative component dimension, and Y(%) is a
dimensionless calibration function which defines kI for the specific
body under consideration. Obviously, to interpret test results or
to make design calculations, it is necessary to have explicit
expressions for kI for specific geometries and loading conditions.
These expressions are usually derived theoretically and Figure 2.3
shows three configurations with the corresponding values of YC%)
The important point to note is that it is always possible by
theoretical or experimental means to determine kI to a sufficient
accuracy for any given geometry or set of loading conditions. An
extensive review is given by Paris & Sih (14) including methods for
estimating stress intensity factors for complicated geometries.

The determination of stress intensity factors is a specialist task
necessitating the use of a number of analytical and numerical
techniques. The methods that have been used for evaluating the stress

intensity factor Y are briefly described in (15).




The stress intensity factor criterion for failure states that,
fracture will take place when the stress intensity factor reaches
some critical value for the material, ks (16), this value being
previously determined by experiments. This critical value is known
as the fracture toughness and 1is taken as a material property. With
the toughness value it 1s then possible to establish what flaws are
tolerable in an engineering structure under given conditions or to
compare materials as to their utility in situations where fracture

is of relevance. The difference between kI and kIC can be considered

analogous to the difference between stress and yield strength as in

conventional stress analysis.

As noted previously, the subscript I refers to the opening mode of
crack behaviour. There are, however, two other possible modes by
which a crack may extend, these are the Shear Mode II and the
Antiplane Shear Mode III. These modes are illustrated

diagrammatically in Figure 2.lk.

The shear mode II and the antiplane shear mode III fracture
mechanisms may be analysed in a similar manner (4) to the opening

mode I case where the stress intensity factors are denoted kII and

kIII respectively. It is found from such analyses that each mode

has the characteristic inverse square root singularity similar to
that for k. found from equation (7). k.. and k are, therefore,

I IT 11T

analogous to k_ in that they characterise the magnitude of the near

I
crack tip stress field for these modes of crack extension. The
three modes are sufficient to describe all possible modes of crack
behaviour. Any particular problem may be treated as one or a

combination of these modes. The emphasis here shall be placed

initially on the opening mode, which corresponds to the usual case

of tensile loading.
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Schematic illustration of the elastic stréss distribution
near the tip of a crack.
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}/-*4/%’_‘ (Rer. 14)

2) Isolated crack in an infinite plate.

o

Y =LI2NE (Rer 17)

&

b) Surface crack in a semi-infinite plate.

P

by 2l

2. +
(%)= 1.95-3.07 (%) + 14,53 (%) - 25201 (%) + 25 3(%)
(Rer.18)

¢) Surface crack in a three«point bend specimen.

Fig. 2.3 Three crack configurations with corresponding Y(a/w) values.




a) Opening,Ky b) Sliding,K33

c ) Tearing,Klll

Fig. 2.4 Basic modes of crack extension.
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Equivalence of Stress Intensity Factors and Griffith Methods

For the linear elastic case, the two approaches of sections 2.1 and
2.2 may be shown to be equivalent (12). From a consideration of the
work done in extending the crack by a small increment, it can be

shown that, for plane strain:

k_@ 5
I
= - 0
Gy = (1 -+v7) (10)
and for plane stress:
kIE
s (1)

where v = Poisson's ratio

=
]

Young's modulus.




LIMITATIONS OF LINEAR ELASTIC FRACTURE MECHANICS

The plane strain fracture toughness, kIC’ represents the minimum
value of the critical stress intensity for any material, and is the more
important quantity from the standpoint of brittle fracture in low alloy
cast steels. However, as a result of experimental investigation it became
apparent that, except in cases where fracture occurred at very low stress
levels (in comparison with material yield stress), plastic flow was
significant and some account of plastic behaviour was necessary.

Irwin (19) found that the value of kI at the point of fracture was
strongly dependent on plate thickness, and only after a certain thickness
had been exceeded could the critical value be regarded as a material
property, kIC’ dependent only on the testing environment. The variation

in the apparent value of k_ has been attributed to through-the thickness

I
change in constraint across the crack front. The plastic regions that are
near a free surface are practically in a condition of plane stress whilst
those remote from such a surface approach conditions of plane strain.

The conditions of plane stress and plane strain are discussed in Appendix 12.A.
With reference to fracture, these conditions are shown schematically in

Figure 3.1. When plate thickness is sufficiently large the fracture

behaviour will be dominated by the region of constrained plastic

deformation, in which the fracture surface is flat and normal to the

applied stress and conditions are described as plane strain. Plane stress
conditions are associated with an oblique shear mode of fracture, occurring
predominantly in thin sheets. Figure 3.2 indicates schematically the

fracture mode transition from plane stress to plane strain which results

from increasing thickness, expressed in terms of a change from kC to kIC

(For simplicity of notation, kc is used to signify toughness under plane
stress while kIC refers to predominantly plane strain behaviour. This

is sufficient in this work as opening mode fracture only is being considered).




However, there exists no method to predict whether: the fracture mode will
be plane stress or plane strain prior to a given test. ASTM Committee
E2L(21) has set minimum specimen size limits and recommendations for

determining test validity. One recommendation for plane strain is that

kIC 2
Oy

based on experimental results from tests on what might now be considered

no specimen dimension should be less than 2.5 These limits are
as materials of medium toughness. The Committee has not yet attempted to
solve the problems for materials in which the toughness kIC exceeds the

tensile yield strength oy. In such cases, specimen sizes become prohibitive

under the proposed recommended practice.

A continuing effort is being made to adjust or correct values
obtained from undersized specimens to reflect true plane strain values.
kQ determined from a LEFM analysis using the load at instability will be
less than kIC for geometrically invalid specimens. This can be seen by

. : .. kel 2
adding Irwin's plasticity term (22), g oy to the measured crack

length to give a first order plastically corrected estimate of the

toughness k! where

Q

P a
BT A
and
k 2
_ f1c
al = a+ 3R (OYS

1

B 1s about %;—for plane strain. Clearly k! is a better approximation to

Q
kIC than kQ. A graphical correction method, based on the Irwin plasticity
correction, has been proposed by Stonesifer and Smith (23). These authors

have also proposed another method (24), known as the scaling method, which

is based on equivalent elastic fracture strain and this technique appears




to work better over a larger range of specimen:sizes than earlier suggestions
(23). This more recent correction technigue is based on the assumption that
1f the specimen had been of sufficient size, general yielding would not have
occurred before crack propagation or instability and the total strain at
failure would have been completely elastic. Failure would then have
occurred at the load represented by the intersection of a line extending
through the elastic portion of the load/deflection curve and a constant
strain, or deflection line through the point of crack instability. The

load corresponding to this intersection is used in kIC calculation.

Figure 3.3 illustrates the method used to determine this load. This method
appeared to work well on the 12% Ni Mareging steel examined by Stonesifer
and Smith. Using this approach it should be possible to calculate the

k_ ., value corresponding to the point of crack instability and hence to

IC

compare the k value obtained by this method with that determined using

IC

the various techniques to be described subsequently.

An alternative method of determining a toughness value from an
invalid test has been proposed by Witt (25). Using Witt's method, a
normalised load-displacement curve, such as that shown in Figure 3.4, can
be constructed for geometrically similar specimens. The load-displacement
record of any geometrically similar specimen should lie on this curve up
to the point of failure. In order to apply this method, for the
determination of the toughness values, an appropriate displacement record
must be made for some point in the specimen while carrying out a fracture
toughness test. The actual points chosen for recording displacements should
be close to the crack tip region and are usually taken as the crack opening
displacements, 8. From the record of displacement a critical value can be
found which 1s associated with crack instability, this value can then be

employed in the curve of Figure 3.L4. Large specimens generally fail on the
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linear part of the normalised load displacement curve, say at A, in:
Figure 3.4, where linear elastic fracture mechanics is applicable.
Smaller specimens, however, generally fail well into the non-linear part
of the curve, at say, B. Consider a fracture test on a specimen that
fails at the point B. According to the equivalent—energy method the

toughness klg is obtained from:

where PA is any load which lies on the linear part of the load-displacement
curve and UB and UA are the areas under the load-displacement curve up to
the points B and A respectively. Witt (25) has demonstrated, that for

A533B steel

< x v
Ko < Ko < kg

where

1s the apparent toughness, k c the true fracture toughness of the material

1
and PB 1s the maximum load recorded up to failure. This method was used
by Chell et al (26) for the determination of valid plane strain fracture

toughness data from ASTM invalid tests obtained for two low-pressure

turbine—disc steels.

It is easy to appreciate the attraction and potential usefulness of

being able to use 'invalid' data to determine 'valid' kIC results. The

results of virtually any fracture test could be employed to yield valid




data that otherwise would have required fracture specimens of coﬁsiderable
size. Although the methods described above have each been shown, by their
respective supporters, to give acceptable results in many cases, it is
inconcelvable that such methods could be expected to be of sufficient
generality to handle all types of material behaviour. The material to
material variability in the fracture process necessitates a more fundamental
mathematically rigorous and realistic approach to the quantification of
material fracture parameters. In view of this, the preceding methods are
presented for completeness and as possible techniques for the evaluation

of approximate material toughness values.




Wiork, W N

l' ‘7;[2, h lﬁl X
)@l — Plane stress
ygg.“.Plane strain

a) Variation of 5; across width

Wipru, W.

b) Variation ofd;: across width

gz

[ S Rp—

A3

I

l

l

|
—> B, pe—
|

v mee me G e e

Tarckness, B

Bl~P1ane stress

B2~Plane strain

3.1 Development of constraint through width and thickness
of 2 notched plate. (Ref. 20)




Fracture

toughness

Fig,

Fig.

Ke

3.2

Load

3.3 Method used to determine load used in scaling method.(Ref, 2.)

23,

A Load based on
_—t;;ai—defieéeiagl->q

Thickness

General foram of the variation of toughness with thickness.

i

Py
/

'Total deflection

l —

Deflection




Pl .
fél §§5§ Area Lm

7y ; /
//// Area UB

Fig. 3.4, Normalised load-displacement curve. (Ref. 25)




L.

25.

GENERAL YTELDING FRACTURE MECHANICS

L1

.2

Introduction

Linear elastic fracture mechanics (LEFM) where the near crack tip
stress and strain fields at fracture are adequately described by a
purely elastic analysis, has been shown to provide an acceptably
accurate prediction of critical fracture conditions. However, since
very few structural materials have a sufficiently high yield strength
to behave elastically at the crack tip, the (LEFM) approach is
inappropriate in many cases of practical interest. Consequently
considerable research effort has been devoted to the development of an
elastic plastic fracture theory. At the present time no fully proven
approach has emerged, but two concepts which seem promising are those
based on crack opening displacement (COD), and the J contour integral.
The theoretical and experimental evidence in support of these methods

will now be reviewed.

The Crack Opening Displacement Concept

The concept of crack opening displacement (COD), which forms the basis
of general yielding fracture mechanics is used to extend the basic
linear elastic fracture mechanics theory to situations where the
fracture process is accompanied by significant plastic deformation.
The recognition of the consequences of yielding at a crack tip, giving
rise to a physical displacement of the crack surfaces at the tip, was
first applied as a possible fracture criterion by Wells (27) and
independently by Cottrell (28). With this fracture concept 1t 1is
implicitly assumed that any opening takes place without any crack

extension.
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Burdekin and Stone (29) found from theoretical analysis- that the
crack opening displacement &, at the tip of the real crack is, using
the model employed by Dugdale (30), Figure 4.1, given by the

+

displacement at the point x = * a within the elastically stressed

crack Zal. This displacement was shown by Burdekin and Stone to

be:
§ = §§X-a lo sec s (1)
ﬂ ge 20y
o}
where ey = T is the yield strain
a = crack length.

applied and yield stresses respectively.

Q
(@]
D
1

Equation 14 may be expanded as a series in ——- R

20Y
=8OYSa .:I.‘. IT__G__.. 2.{.;‘_ E. )-I.+;I'_. IT_O_._ 6+.__ (15)
7E 2 \ 2oy 12 \ 2oy Ls | 2oy
Taking the first term from equation 15,
ﬂ02a
§ = E(;__ (16)
YS

It will be recalled from the analysis of a centre cracked plate
that the strain energy release rate G was found as:

2
TG0 a

E

G =

Re-arranging this equation:

2
G
L )
YS YS
and hence from equation 16:
G = 6o (18)

YS




27.

Further, with the first and second terms from equation 1k:

TrOga TT2 2
§ = E@— 1+ % ( ) (19)

Q!Q

Y

and comparing this with the A.S.T.M. treatment for small plastic

zones (16):

2
je. & - Ioa 1+§ (L (20)

Thus it can be seen that for g— << 1, which corresponds to a
requirement for a crack tip plastic zone which is small compared
to the crack length, the expression derived for 6 is related to the

crack extension force parameter G by the simple expression given by

equation 18. Equation 18, has also been derived from a consideration

of the energy released by incremental increase in crack length by
Wells (31) and by Bilby et al (32). Burdekin and Stone have
confirmed experimentally the validity of the basic concept of a
critical crack opening displacement prior to fracture using notched
tensile and notched bend specimens of mild steel over a wide

temperature range (29).

Note that in an analogous manner to G and Gc’ it is postulated that
fracture will occur in a given thickness of material when § reaches
a critical value 6. PEquation 18 indicates the physical nature of
the relationship between crack extension force and crack opening
displacement. That is, as loading progresses, the plastic zone
develops at the crack tip which permits the faces of the crack to
move apart. If the COD is large enough for a specified value of
yield stress such that the product o_ 8 exceeds the critical crack

YS

extension force for the material, then fracture follows. This
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expression does not, however, take account of effect of stress
triaxiality in the near tip region, except in the choice of the
value of yield stress across the plane of incipient cracking. As
noted by Irwin et al (33), this equation was originally believed to
be invarient with stress state. Work by Wells (34) and Turner (35),
however has shown that for plane strain conditions a constraint
factor of the order of 2 or 3 is required to balance the above

equation. Equation 18 therefore has the modified form:

where n - constraint factor = 1, 2, 3.

Recent work by Robinson and Tatelman (36), calculated kIC values
from measurements of critical COD values under plane strain
conditions using measurements obtained at the specimen midsection of
small specimens deformed beyond general yield, by making use of the

theoretical relationship between COD, G equation 18. The value of

1C
n has been theoretically estimated as 1.0 by Bilby et al (32).
Robinson and Tatelman gives an experimental value of n equal to 0.93,
thereby confirming theoretical estimates. This confirms +the work
by Smith and Knott (37) who found that notched bend specimens of
mild steel, 0.2", 0.4" and 0.67" thick, all showed the same value of
critical COD at room temperature. Finally, work by Wilshaw (38),
demonstrates that the average degree of transverse constraint at the

root of the notch, in a Charpy V bend specimen, is high well after

general yield.

It can be seen that the basic equation, G = n §, linking the

o
YS
crack extension force concept of linear elastic fracture mechanics

and crack opening displacement is accurate provided the constraint

factor n is known.
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The accuracy with which COD can be measured is very ilmportant:to the
usefulness of the technique. Measurement of COD requires the use of
equipment capable of recording the opening at a crack tip during
loading. In early results a paddle type COD meter (29) was used,
normally with notches of perhaps .006" in width. As the crack opens,
the paddle rotates and provides a continuous, direct measurement of
the COD. Following the standard recommendation that the test piece
notch should be extended by fatigue cracking, however, the location
of a measuring device at the crack tip becomes a practical

impossibility.

A method was devised by Fearnehough and Watkins (39) who used a
photographic technique to record the crack opening displacement.
The displacement measurements were taken from a serieé of
photographs using microhardness indentations made on either side of
the slits, the indentations being made close to the crack surfaces.
An image of these impressions is projected via the objective lens
from a microscope into a ground glass screen. The magnified image
1s photographed at various load increments during the test and the
COD can subsequently be determined from the displacement of the

indentations.

Fearnehough and Watkins employed small notched bend specimens to
construct a calibration curve of load point displacement against
COD, determined using the photographic technique. Using such a
calibration curve, the critical COD at the onset of fracture can be
determined from a knowledge of the specimen's load point deflection
at the point of instability. During fracture toughness testing it
is therefore necessary only to record the specimen load point

deflection. There are two main objections to the photographic method:




a) it requires considerable experimental skills in setting up the

equipment and co-ordinating photographs with applied load values

b) photographs record surface displacements only and for certain
materials or thin specimens where there are appreciable shear
lips/plane stress effects, then such photographs may not be

representatives of say mid-section crack opening displacements.

In more recent work, crack opening displacement measurements have
been made using a clip gauge attached to specimen with fatigue
sharpened cracks. A sketch of a typical clip gauge in position is
shown in Figure 4.2. The notch or clip gauge displacement (not COD
at this stage) is determined from the strains in the clip gauge arms
which bend as the crack opens. This method is proposed as standard
in the draft British Standard on COD testing, DD19 (L4O), further
details on the technique can be obtained from this reference. In
contrast to the photographic technique described above, it is a
simple matter to obtain continuous simultaneous records of applied
loads and clip gauge displacements using conventional pen-recording

equipment.

The clip gauge displacement values (VC) are subsequently converted

into the crack tip COD (8.) using the methods discussed below.

In DD19 (L40) two methods are proposed for the calculation of crack
tip COD values from VC values. The first method is based on the

theoretical work of Wells (34) and treats the relationship between
Ve and 6, 1n two parts. The first, up to general yield, is parabolic
and the second, beyond general yield, is linear. The equations for

each part are as follows:—
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Up to general yield:

2

0.45 (W-a) Ve E

c T 0.45W +0.55 a ¥ 2

by oy W (l—vg)

2
2Y Oy W (l"V )

v
for o < = (22)
Above general yield:
2
- 0.45 (W-a) v. - Yoy W (1-v")
Sc T 0.45W+0.55a + 2 c E
2
2y oy W (1-v")
for v » - (23)

Here Z is the distance of clip gauge from test plece surface and
Y 1s a non-dimensional limiting value of elastic clip gauge

displacement,

vig
Y = )
oy W (1-v7)
where:

1 . . . .
Vv = limiting elastic clip gauge displacement
oy = material yield strength

E = Young's modulus of elasticity
v = Poisson's ratio.

Values of y corresponding to a range of §3 for notched three point

bend test pieces are tabulated in DD19 (LO). The derivation of this

formula is based on the assumption that the crack opening displacement

is composed of an elastic component based on linear elastic fracture

mechanics (LEFM) and a plastic component based on rotation (hinging)
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about a fixed centre. The position of the centre of rotation is

taken to be a constant value equal to 0.45 (W-a) from the crack tip.
In reality however, on taking account of both components the centre

of rotation varies in position with increasing load point displacement
moving from the crack tip towards a maximum value of 0.h5 (W—a).
Sumpter's analysis (4L1) indicates that under plane stress conditions,
the centre of rotation approaches this position at very large
displacements, while for predominantly plane strain conditions for

such large displacements the centre is at a depth 0.4 (W-a).

The second method of calculating 8, from V., is based upon experimental
calibrations (L40). Tests on specimens up to 50 mm thick have shown
that, for the COD range 0.0625 mm to 0.625 mm good approximations to
the crack opening displacement can be obtained by using the equation:

v
c

S = 3 (a+72)
W-a 1

(W~a) VC

Be S T i me 2h)

This is the simplest relationship and is based on the observed
behaviour of COD specimens up to about 50 mm in thickness. The
predicted relationship between SC and VC is linear being based on
the assumption that deformation occurs by a hinge mechanism about

a centre of rotation at a depth of 1/3 (W-a) below the crack tip.

The centre of rotation was first considered to be at a point

0.5 (W-a) below the crack tip but it was found that Ve gave results

3

more compatible with experimental observations.

A third method for calculating éc from v, is given by Venzi (L2)

who suggests that:
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S = © Vo ¥ B + Co (25)
where

N 0.h (W-a)
T ¥ Z+0.% (wa)

_ a/50
B = W-a

- _
Co = 3

This relationship was obtained by expressing an equation similar to
(24) in differential terms and integrating it. The values of the
constants were obtained by analysing some experimental results.
Recent work suggests that the experimentally determined equation

is optimistic at low COD's (L43). From Robinson and Tetelman's

work (36), it was found that the position of centre of rotation
varies with COD values see Figure 4.3 and therefore in order to
find accurate COD values the correct position of centre of rotation

must be found.

After deciding on which method is to be used for calculating COD,

a question arises as to which point on a load/COD curve characterises
the critical COD. In the past, the critical point has been taken as
the maximum load point on a load/COD trace and the COD for this has
been measured (44). However, this approach has no real justification
from a physical viewpoint as the maximum load COD probably coincides
with the critical event when the plastic zonre size is small but does
not correspond to a unique event when the plastic zone size is

large. A number of authors have also shown that maximum load

condition does not necessarily define the onset of slow tearing.
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Harrison and Fearnehough (45) showed that the COD at initiation of
ductile tearing was relatively independent of specimen dimensions,
but the extent of slow crack growth was affected by specimen
dimensions, as was the maximum load/COD relationship. In bend tests,
Smith & Knott (46) reported that the maximum load is attained in
thick test pieces after slow crack growth has occurred in the
"thumbnail", but just before the growth spreads to the specimen
surfaces. Terry and Barnby (47) showed that the critical COD taken
for the point of initiation of slow tearing 61 in two structural
steels is constant, independent of the range of specimen geometries
tested, unlike maximum COD which varies with geometry. A critical
COD defined on a 61 basis provides a material constant on which it
may be possible to base safe engineering designs. Throughout this
thesis 61 is taken as the critical COD value. The actual instant
when 61 1s reached is obtained from a record of 'potential drop'
across the specimen as a function of time. The potential drop
technique (L8) is normally used as a measure of crack length and

1s described in detail later in this thesis.

COD values at the notch root were determined using the clip gauge
technique as described in DD19 (40) for all of the cast steels.
Since, at the present time, this is the only document which gives

detalls of a recommended procedure for COD testing.
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Elastic Plastic J Integral Fracture Approach

The elastic plastic fracture criterion based on the J integral
evolved from the need to extend the concepts of linear elastic
fracture mechanics to include cases of large scale plastic yielding.
The basis of the eiastic plastic J integral fracture criterion is the

path independent integral J proposed by Rice (L49).

J integral as defined for two dimensional crack problems is given

by the equation:

J = J(Wdy-Tgi;-ds) (26)
r

Where T is any contour surrounding the crack tip (Note Figure L.h),
T is the traction vector defined according to the outward normal on

I', u is the displacement vector, 8. is the arc along I', W (x,y) is

S

the strain energy density.

J may be interpreted (50), for elastic bodies, as the potential
energy difference between two identically loaded specimens of unit

thickness having neighbouring crack sizes, that is:

_ 1 du
B da

where U, the potential energy of the body, is given by:

The first term in this expression is the integrated elastic strain

energy density, and in the second term, T, is the traction vector,




39'

which specifies the stresses on the boundary over which surface
tractions are prescribed as boundary conditions. From the
experimental viewpoint, the potential energy may be evaluated in
terms of testpiece deflection by integration of the area under the
load versus load point displacement record, being equivalent to

strain energy for imposed displacement.

When deformation is not reversible, as in the general elastic-plastic
problem, J loses its physical significance as a crack driving force,
because the in-elastic energy is not available for crack extension.
The in-elastic energy is dissipated in regions away from the crack.
However, the value of J is still equal to gg-and this permits J to

be determined experimentally. As discussed by Begley & Landes (51),
the physical significance of J for elastic-plastic materials is that
it is a measure of the characteristic crack tip elastic-plastic

strain fields within extensive plastic zones. This is related to

the work of Hutchinson (52) and Rice & Rosengen (53) which showed that
a singularity does exist which is uniquely dependent upon the material
flow properties. They indicate that the product of stress and strain

approaches a %—singularity as r tends to zero,

c e e a function of ©
o1 €13 ~ " as r > 0

McClintock (54) has shown that by combining the work of Hutchinson (52)
and Rice (49) the crack tip elastic stress and strain singularities

can be expressed as a function of J. Therefore, fracture will be
governed by a characteristic crack tip singularity in the plastic
range. This aspect is analogous to the role of stress intensity

factor, k, in linear elastic fracture mechanics, which shows a
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unique stress-strain field with a singularity at the crack tip.
The strength of the crack tip singularity is the stress intensity
factor, k. The crack tip region can then be characterised by the

single parameter k with fracture occurring at a critical value of k.

Rigld plastic slip line field analysis shows that fully plastic flow
flelds and hydrostatic stress elevation are greatly influenced by

geometry, which might have an effect on JlC‘ However, Landes and

Begley (55) found that the Jl values obtained for the two geometries,

C

centre cracked panels and bend bars, are not affected by the radically
different slip line fields. This gives support to the reasoning of
Begley & Landes (51), that the local plastic crack tip singularity
and subsequent crack tip blunting overrides the effect of slipline

in determining J. Hence the J integral is a valid fracture criterion
for elastic-plastic behaviour. Begley & Landes (51) calculated J
experimentally and found that it can be used to predict fracture in
low to intermediate strength steels for plane strain conditions
ranging from linear elastic to fully plastic fracture behaviour.

The value of J at the onset of initial crack growth, J was

1c?

constant over the entire range and was equal to G the energy

1c?

release rate per unit crack extension in the linear elastic range.
Therefore, a J fracture criterion for the linear elastic case 1is

identical to the KIC fracture criterion. In addition, if JIC is a

valid fracture criterion, it must be constant from essentially

elastic to fully plastic conditions. Thus, must equal G

JlC ic’

where ch is defined as the J level causing the first significant

crack growth.




h.3.1 J Integral Estimation Techniques

4.3.1.1 Experimental compliance calibration method

Begley and Landes (51, 55), measured J experimentally by a specimen
compliance method which is applicable from linear elastic to fully

plastic material behaviour.

Load versus load point displacement curves are generated for
specimens with different crack lengths. These curves are integrated
graphically to determine the work done in loading to a specified

displacement. For each specimen the work done was determined at

four different specified displacements. In each case work done was
calculated to the same four displacement values for each specimen
so that a plot of work versus crack length could be made for each

of the specified displacements.

As discussed by Rice (50), the J integral can be interpreted as the
potential energy difference between two identically loaded specimens

of unit thickness having neighbouring sizes that is:

J at constant load point displacement for a specimen of thickness B,
is measured by taking the negative of the slopes of the curves and
dividing by B, J is then a function of crack length and load point
displacement. A plot of J versus load point displacement can then
be constructed. To determine the critical value of J for crack

» a critical value of load point displacement must

initiation, ch

be determined from experiment. Hence, JlC can then be determined

by taking the critical displacement and determining its corresponding

value of J.
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Begley & Landes (51, 55), found that crack initiation corresponds
to the point where the maximum load first begins to drop off.
This was found to be true for the particular material tested

(Ni Cr Mo V and A533B steels) and only with the relatively small
fully plastic test specimens employed. This method requires both
procurement and analysis of a large number of experimental load
displacement record a process which is both time consuming and

costly.

Analytical procedure for estimating J

R.J. Bucci, et al (56) derived load versus load point displacement
curves analytically for specimens of the particular geometry of
interest. In reality actual load versus load point displacement
characteristics border the two extremes exhibited by purely elastic
and rigid plastic behaviour, Figure 4.5a. For low loads and
associated small scale plasticity the load-load point displacement
behaviour can always be approximated by linear elastic giving a
slope (or compliance) which is a function of crack size, specimen
geometry, and elastic material constants

_ a
Spp =BT (G

S, B, W, E, v)

As loading progresses, increased plasticity introduces nonlinearity.
Nonlinearity is affected by amendiné the linear elastic portion of
the load-load point displacement relationship by use of an ry
plasticity adjustment factor (56) and references contained therein
which considers the leading edge of the crack to be given a central
location within the plastic zone (57). The plasticity adjustment
results 1n an equivalent elastic or effective crack size, Bopp

given by:
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1 K 2
where ry = — —_— for plane stress and

ry =

O
2

K 2
P for plane strain.
YS

where a is the actual crack size, K the stress intensity

factor (based on actual crack size) and o is the yield stress.

YS
Fmploying the plasticity adjustment, a family of load-displacement
records can be generated by using the plastically adjusted elastic
analysis up to limit load and limit load analysis thereafter. For

small load point displacement (GL ) and consequently small scale

PD

plasticity, J can be represented by the linear elastic solution,

J=G, which i1s parabolic in (§ ) for constant crack length. For

LPD

large (6 ) where the 1imit load is attained prior to fracture,

LPD
J as a function of <6LPD) becomes a linear relationship, Figure
L.5b. The offset between parallel segments of the rigid plastic
and actual J versus SLPD curves of Figure 4.5 is governed in part
by the non-linearities in the load versus load point deflection
records which occur in the transition region. Hence, estimation
of the actual J versus GLPD relationship rests on the ability to
effectively approximate the elastic to plastic transition, or
more specifically, the variation with crack length of the curved

portion of the load - load point displacement relationship up to

limit load, as well as the limit load itself.

The analytical load-displacement records were curve fitted by
computer using an orthogonal polynomial relationship. The

computational process was carried out as described (51, 55).




Employing these procedures, analytical prediction of critical
plane strain J (JlC) were found to agree with JlC results (51, 55).
Moreover, the estimated critical J was found to agree quite well
ith
wit Gl

as determined from valid plane strain (K. ) fracture

C 1C

toughness tests.

Adams & Mur#o (58) followed the procedure outlined above for
calculating the value of J from a single load — load point
displacement test record for centre cracked sheets, compact
tension specimens and single edge notch beams in bending. In
their analysis the non-linear effects are accounted for in a
more detailed manner. They adapted a general form of yield zone

correction, having the form:

2
B b
Y
where kmod is a constant for each fracture test. This constant
1s appropriate to the specimen configuration, the material
properties and the load-displacement record. This was taken from
(59) where it was shown that the size of the yield zone, changes
considerably for different specimen configurations. It has also
been shown (60) that due to the nature of the crack growth
resistance, the plane stress fracture toughness is highly dependent
on specimen width. This would imply that yield zone is also
influenced by specimen width. In addition, if the variation in post-
yield characteristics of different materials is also considered,
then it becomes apparent that the yield zone correction as originally
proposed, cannot be applied generally. However, the results obtained
in (59) indicate that it may be unreasonable to expect to establish

a critical J value for the plane stress failure mode, in the manner

that ch appears to quantify plane strain failure (55).
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Procedure based on specific fracture energy

Rice (61) developed a formula to evaluate J integral from a single
load-load point displacement record for certain geometrical
configurations. These configurations have the feature that there

is only one geometrical dimension of interest, namely, the uncracked
ligament length. For specimens subjected to bending, Rice's formula
is given by:

Scrack

J = — Pd Scrack (29)

where b, is the uncracked ligament length, B thickness of the
Scrack

specimen and Pd Scrack 1is simply the work done in loading
o

or area under the P—SL curve to the displacement of interest.

PD
This result, equation 29, is applicable to the deeply notched
3-point bend specimens. Rice (61) specified that notch depths

must at least be sufficient so that plasticity encountered is

confined to the uncracked ligament region ahead of the crack tip.

In the case of the 3-point bend specimen, elastic displacements

with no crack (8 ) may be appreciable (compared to

no crack
displacements, elastic and plastic due to the crack) and would

have to be eliminated in evaluating J. However, the displacement

of the load point in a deeply notched compact tension specimen

with no crack present would be negligible compared to displacements
due to the crack, therefore, the raw load versus load point
displacement record could be analysed using equation 29

with good results. Moreover for cases where the plastic displacement

becomes very large compared to elastic contribution equation 29, can

be used on the raw load-displacement record with little error.
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On the very important point of plane strain validity in J testing

J

Paris (discussion 51) suggests that a min. dimension B > 50 ;;Q
Y
might be adequate. In the second paper, Landes & Begley (55)
JlC
suggest about B > 25 5 - These figures 50 or 25 are based
Y

predominantly on the data presented in these papers which cannot
therefore have sufficient generality to cover all possible materials.

More work will be done before specifying a limit to the thickness.

The method described above is used for calculating J throughout
this thesis with the limitation on specimen sizes quoted above

and the elastic contribution on J values also being investigated.
This method is chosen for it is far more direct than the other two
procedures described previously, requiring one test record and no

analytical work to establish a value of J at any stage of loading.

To calculate the critical value of J (JI ) a way must be found for

C
pinpointing the point of crack initiation on the test record. A
possible method in solving the problem of identifying a measurement
point may come from presenting the J data in the form of a resistance
(R) curve (63). However, a number of specimens are required to

construct a resistance curve for calculating a single Jl value,

C
and since the scope of this work is to determine valid fracture
toughness and also the effect of casting position from a fixed
number of Keel blocks, this method was impossible to use. The point
of initiation was found directly using the potential drop technique,

during which, the potential drop was plotted as a function of time

while the fracture test was in progress.

More work was done on evaluating JIC in order to evaluate its

usefulness as an alternate fracture criteria for the elastic plastic
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and fully plastic fracture regimes. The major reasons for
Tavouring the use of J over § are its unambiguous continuity

with K for near elastic behaviour, also its greater flexibility

and ease of definition. Also the Sc criteria often focuses
attention on the region immediately surrounding the crack tip
where the accuracy of analysis becomes uncertain, and because of
the contradictions over the COD's, the J integral can be calculated
analytically by utilizing a stress-strain analysis of regions some-

what removed from the crack tip.
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Pig. 4.4 Crack tip coordinate system and arbitrary
line integral comtour.(Ref. 49)
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MICRO-MECHANISMS OF FRACTURE

Micro-mechanisms of fracture may be divided into cracking processes

typified by cleavage or low temperature intergranular fracture, and rupture

processes; typified by void coalescence by internal necking or shear linkage.

5.1 Cracking Processes

Cleavage can be defined as the separation of a crystal along certain
crystallographic planes. Metals with body-centred cubic and closed
packed hexagonal structures are prone to cleavage fracture along

atomic planes of high density. Cleavage fracture is produced,

usually at low temperature, under a condition of high triaxial
stress, that is, at the root of a notch, or at a high deformation

rate, as for example, by impact loading.

Griffith (5) states that cracks of finite length must be present

for crack propagation. Whilst it is known that cracks, as such, of
this magnitude are not present before yielding. This leads to the
conclusion that, even in very brittle notched bars, cleavage fracture

1s preceded by a small amount of local yielding around the notch root,

because yield is necessary to produce a cleavage crack nucleus. The

yield may take the form of slip or twinning.

Petch (6L4) noted that yielding occurs at a lower stress in coarse
grained than in fine grained steel, due to the large stress
concentration arising from the longer slip lines in the coarse
grained material, promoting unlocking of dislocations and yielding
in the next grain. Petch has developed a relationship connecting

yvield characteristics with the frictional stress resisting

deformation, S and the grain size dependence:
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o=

= +
Oy = 0s kyd (30)

where Oy 5 lower yield strength, Oi and ky are material constant, the
o, is in fact the friction stress on the slip plane, the material
constant ky 1s a function of the stress needed to unlock the source
and of the distance of the source from the boundary, d, grain size.

The Petch relationship is illustrated in Figure 5.1.

Stroh (65) made the first attempt to associate slip bands with the
initiation of fracture. He supposed that the dislocations at the
head of the slip-band were squeezed together to produce a crack

nucleus and calculated the magnitude of the local tensile stress o

66°
needed to spread this nucleus as a Griffith crack. Stroh's
expression for the conditions under which the nucleus will spread
may be written as:
3
Yerr = Yy " Y 2| 3Eoa (31)

where Yeff’ effective shear stress, y surface energy, pj, shear
modulus, v poisson ratio, and d, average grain size. Strohi model

for cleavage fracture is illustrated in Figure 5.2.

Stroh (65) suggests that once the nucleation barrier has been overcome
and a micro-crack initiated this crack would be of critical size and
result in immediate failure. Stroh's nucleation mechanism failed to
explain the role of the tensile stress parameter for fracture which
indicates that fracture must be growth-controlled rather than

nucleation controlled.

In view of the inadeguacy of the Stroh model, Smith and Barmby (66)

suggested a mode of fracture initilation in two phase material.
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Consideration of dislocations piled up against a barrier such as a
carbide, as in Figure 5.3, leads to the following equation for the

stress to cause failure of the carbide:

1 1
_[ac)\? 2vG >
Oerr = (d, ) 7(1-v)da (32)

where 2c average carbide size, d average grain size, y surface
energy. Thus 1f 2c is small and d long (i.e. long slip band and
thin precipitate), the precipitate will fracture at a lower stress
than postulated by Stroh. Once the crack is formed, equal lengths
of slip lines cancel out leaving an unpropagated void. Unbalancing

will cause the crack to propagate into the matrix on the weaker side.

Cottrell (67) proposed a dislocation mechanism for cleavage fracture,
which allowed growth to be the controlling factor, by providing an

easy nucleation process, as indicated in Figure 5.4. The combination
of dislocation on (101) and (101) planes with Bukger's vector g‘[ili

and %-Eil%] respectively produces a dislocation of (001) with a nett

lowering of the elastic strain energy:

%[ilij(lOl) * %[lll](loi) T [001](001)

The value of the tensile stress needed to propagate a nucleus has

been derived as:

lav}
WV
no
=
= I
-
W
w

=
|

Cottrell's model therefore emphasises the role of tensile stress and
_1
explains effect of grain size (d °) and yielding parameters (K;) on

fracture.




53.

Hull (68) found that a cleavage crack was initiated on the (001)
cleavage plane, not by the intersection of slip bands, but by the
intersection of twins. Similar events have been observed in poly-
crystalline mild steel (69). McMahon & Cohen (70) have examined

the initiation of cleavage cracking in polycrystalline iron,
containing up to 0.035% carbon. Their results showed that coarse
carbides promoted cleavage, whilst fine carbides allowed the material

to behave 1in a ductile manner.

Smith (71) has suggested an alternate mode for growth-controlled
cleavage fracture in two phase material, such as ferrite matrix
containing grain boundary carbides. It is found that the conditions
for propagating a crack formed by slip-band impingement have been

derived as:

)

Q

o
ol

where O is the tensile stress across the nucleus, d is the grain
diameter, Co is the carbide thickness,‘ﬁb 1s the effective surface
energy of the ferrite matrix, Y; is the (shear) lattice friction

stress and Ye is the effective shear stress acting on the slip

f
band as shown in Figure 5.5. The first term in this expression
represents the effect of the tensile stress alone; the second shows

the effect of the dislocation pile-up in the slip band. If the dis-

location contribution is absent equation 33 reduces to:

nl=

g > _Lrgp (35)

n(l»v2)Co
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This model emphasises the importance, not only of yield parameters
and grain size, but also of carbide thickness and indicates clearly
that coarse carbides give rise to low fracture stresses. By
appropriate substitution in equation 34, it may be shown that Op is
predicted to be independent of grain size, other factors being equal.
Yet a large number of results, drawn from several workers, show a
clear dependence of Op on d_%. In practice, however, fine grains are
assoclated with thin carbides, and other cracking mechanism may be
operative rather than the Smith's model for propagation. A further
model for crack nucleation in a ferrite/carbide microstructure is
that crack nuclei are formed in the carbide as a result of fibre-

loading of the carbide by a generally plastically-deformed ferrite

matrix (72).

The various micro-mechanisms proposed for the formation of cleavage
cracks involve the nucleation of cracks by the high stresses
developed locally at the ends of slip bands and the propagation of
the nuclel under the applied tensile stress to produce the final
fracture. At present, no single growth controlled mechanism has been

shown to cover all possible cases.

Tt is now well established that the propensity of body-centred cubic
metals to fail by cleavage 1s influenced by a host of compositional
and structural factors. For example, the deleterious effects of
sulphur and other trace impurities have been quantitatively determined
(73, T4). Increasing the aluminium content in cast steels has been
shown (75) to favour the formation of type II manganese sulphides
which have a marked influence on fracture toughness. Also, the
relative merits of steels with bainitic, martensitic, or tempered

martensite microstructures, have been well documented with respect
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to their strength and fracture toughness (76, 77). Auto-tempered. .,
martensite (with no interlath carbide) forming during the quenching
operation is tough. Lower bainite, and tempered martensite free
from lath boundary films of carbides, are also tough. The presence
of retained austenite films around auto-tempered laths of martensite
adds substantially to the inherent toughness of the auto-tempered
martensitic structure (78, 79, 80). The sub-structure of martensite
itself is also important, e.g. transformatién twinning in carbon
steels lower toughness (81). The assumption is generally made that
the high hardenability of commercial quenched and tempered steels
leads to uniform microstructures throughout the thickness of fracture
toughness specimens, because the hardness is nearly constant throughout
the thickness. Recent studies showed (82) that fracture toughness is
highly dependent on relatively small amounts of embrittling micro-
constituents such as the presence of upper bainite in a martensitic
matrix which results in poor toughness, whereas such micro-
constituents have little effect on the hardness. However, small
amount of austenite 1n a martensitic matrix enhance the fracture
toughness (83). Free ferrite grains and ferrite plates in upper
bainite are regions that are mechanically weak. They can fail readily
by either plastic flow or by cleavage, and thus they tend to initiate
microcracks at relatively low levels of plastic strain. This results
in low values of fracture toughness. Austenite is not sensitive to
high local stress concentrations and does not fail by cleavage, as

does ferrite.

Wood (8l4) studies the effect of austenitizing temperature, the
quenching media on the fracture toughness of five quenched and
tempered low alloy commercial steels. The fracture toughness of these

alloys was significantly increased with higher austenitizing




temperature and for some alloys increasing the severity of the guench
from oil to ice brine, when used after austenitizing at l2OOOC, led

to still further increases in the fracture toughness. Each step in

the heat treatment used has its effects on the resulting microstructure
and mechanical properties. The increase in fracture toughness 1is
attributed to many factors, e.g. in Wood's studies the fracture
toughness specimens were quenched into iced brine directly from 1200°C,
The cooling rate in this case was fast enough to suppress the formation
of upper bainite. In other cases (83, 8l), increases in fracture
toughness of more than 50% were obtained in, as guenched specimens

by the use of high austenitizing temperatures on a secondary

hardening 5M.0.3C steel. In this case, the improvement was

attributed to the reduction of undissolved alloy carbides.

In general, for low alloy quenched and tempered steels, resistance to
cleavage fracture is improved by ensuring that any high temperature
transformations products, such as upper bainite, are eliminated from
the microstructure, but it is also important to control the amounts
of minor impurity elements such as (Sn, Sb, As) in the steel, because
these can segregate to prior austenite grain boundaries and give rise
to intergranular brittle fractures. Similarly, carbide particles
undissolved during austenitizing lower toughness. For carbon steels
and C.Mn steels cleavage fracture are promoted by coarse carbides and
large grain size. High work-hardening rate is detrimental, because
high stresses are obtained in association with low strains together

with all the factors concluded for low alloy steels.
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Fig. 5.2 Stron's model for cleavage fracture.(Ref.65)
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5.2

Rupture Processes

The fracture mechanism important in most ductile and tougher materials
is by microvoid initiation, growth and coalescence. Beachem et gl (85)
showed that microvoids usually initiate during plastic flow at
inclusions, undissolved second-phase particles (such as carbides),
grain boundaries, cleavage planes, or at any site where a discontinuity
concentrates the plastic flow. Separation at the site of microvoid
initiation can occur across sz second-phase particle or at g particle-
matrix interface. As the plastic strain increases, the existing
microvoids grow, new microvoids are initiated, and eventually the
enlarged microvoids grow into close enough proximity so that the thin
ridges, or membranes, separating them rupture and fracture occurs.

The resultant fracture surfaces have numerous cuplike depressions or

"dimples" first identified by Crussard (86).

Beachem (87) has been able to show from the shape of a dimple, the
relative stress directions operating to make the microvoid grow.
When the fracture is caused by simple tension, dimples usually have
an equiaxed appearance. When a shearing motion takes place, as in a
shear 1ip or torsion fracture, the dimples have an elongated,
parabolic shape, and the dimples on opposing fracture surfaces point
in the same direction (toward the fracture origin) . Recently (88),
however, precision matching of surface replicas has shown that there
are at least eight varieties and that there may be as many as fourteen
ways of forming dimples, depending on the crack-tip stress states.
This is an important advance in theory because detailed analysis of
dimple shapes permits the reconstruction of local crack-tip strain
conditions, thereby shedding some light on local crack tip stress

states. In ductile fractures, the sizes and shapes of dimples are

seldom uniform. In engineering materials with an appreciable variation




in size and distribution of precipitate particles, dimples may ‘exhibit

a wide range of dimensions. Dimple size (diameter ang depth) appears

to depend on the number of microvoid-initiation sites available ang

the amount of plastic growth permitted before the voig coalesces with

another free surface. The most important single structural effect on

ductile fracture, is that due to second phase particles, such as

inclusions, precipitates, and dispersions. As early as 1949,

Tipper (89) showed that voids forming around non-metallic inclusions

in mild steel were the first stage of the ductile fracture process. :
Some later workers (90, 91) have confirmed this observation whilst
others have suggested carbide cracking may be the first stage in

certain steels (92). The fibrous mode 1s common to ductile low-

strength ferritic steels, to high strength steels, to austenitic
steels and to aluminium alloys. Since work must be done in the
nucleation of the cavities, and in the subsequent coalescence .
process, the toughness of the alloy will depend on the distribution,

size and characteristics of the dispersed particles. That is,

particle spacing (93), the spacing of void-nucleating particles can

vary by an order of magnitude in the various systems, and the details

of void coalescence may be different.

Several theories have been proposed to explain the growth of voids

to final coalescence most notably McClintock (94), Gurland (95) and
Thomson (96). McClintock (94) considered the case of the expansion
of cylindrical holes. With longitudinal axis parallel to the X3

direction and subject to generalised plane strain. As a result of g

this work he arrived at the conclusion that, large volume fractions

of voids, high transverse stresses and low work-hardening rates all :

promote low-strain fracture.




Gurland and Plateau (95) have examined cavity nucleation in A1/Si
alloy and pearlitic steel and have related the elongation to rupture
to the volume fraction of inclusions, with the micro-cracks growing
into cavities by concentration of plastic strain. From this work
Gurland and Plateau expressed the elongation to rupture as a function
of the volume fraction only, for the conditions of hard precipitates
and inclusions able to deform within the matrix. The model is shown
to hold well for the experimental results of Edelson and Baldwin (97)
on copper, strengthened with precipitates of Cr, alumina, Fe and Mo.
A similar effect has been found by Turkalo and Low (98) on the effect
of volume fraction of carbide particles on the ductility of steels.
The data reveals that the steels were almost an order of magnitude
more ductile for a given volume fraction. This i1s the case because
all the types of inclusion were minimally bonded to the matrix.
Gladman (91) shows the effect of particle shape in addition to those
of interface bonding and found that disc-shaped sulphide are more
determintal to ductility than sulphides elongated parallel to the
tensile axis. Pearlitic carbides, although plate-like, are less
determintal because void initiation occurs by particle cracking and
this is stress dependent, so that a significant strain is required
before voids initiate. Spheroidal carbides increase the ductility
still further, because very large true strain (>0.7) are required to

initiate the voids.

Thomason (96) employes a different model to describe void coalescence.
As shown in Figure 5.6 he takes an initially square array of square
holes in a matrix whose flow behaviour is rigid/plastic. The
deformation is assumed to be plane strain and is usually composed of
two parts. If the voids are widely spaced, it is easier to deform

the body as a whole, by gross—section yielding, than 1t 1s to produce
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internal necking between the voids. The effect of applying a tension
is to draw the voids out in the Xl direction and to bring their centres
closer together in the X, direction. Eventually, the voids are spaced
sufficiently closely for localised internal necking between themlto
become possible. Final void coalescence then occurs rapidly. If

the mean tensile stress in the Xl direction, necessary to cause flow

in the internal neck is o> the general condition for the onset of

coalescence i1s given by:

o (1 - V&f) + P < . 2 YY (36)

where © is any tensile stress applied in the X_ direction, P is

22 2

the superimposed hydrostatic pressure, Ve 1s the volume fraction

of voids and YY is H\e_ S‘\{’M Jldﬂ(_ SA’M R

Coalescence cannot occur 1if P > 2 YY + 622. For a unilaxial tension
specimen, Thomason shows that the majority of the elongation

comprises the uniform elongation, with only a small amount being

attributable to the non-uniform internal necking.

The model is able to treat effects of volume fraction on ductility
both in unaxial tension and in the triaxial stress field ahead of a
sharp crack. The importance of high volume fractions in reducing
crack-tip ductility is again apparent. Therefore, in fibrous
fracture, high work-hardening rate 1is benefi;ial, because 1t prevents
strain concentrations. In general; Qigg;/;teels, that is reducing
the inclusion content (vacuum meltéﬁg), fine grain size, fine

carbide distribution and increased inclusion spacing all improve

resistance to ductile fracture.
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Fig. 5.6 Thomason's model for void coalescence. (Ref. 96)

(b),(c),(d) progressive stages of deformation.



6. EXPERIMENTAL TECHNIQUES AND MATERIALS

65.

6.1

The Materials

The materials for testing were supplied as keel blocks through
the Steel Castings Research and Trade Association who obtained them

from different foundaries.

The specifications, compositions and heat treatments of the steels
are shown against their code letters in Tables 6.1, 6.2 and 6.3
respectively. The heat treatments carried out on the keel blocks,
to simulate commercial practice, and the resultant mechanical

properties are as shown in Table 6.1.

Briefly, the various cast steels were prepared as follows, materials
A and B were melted in an arc furnace using the double slag procedure
and cast in self-setting silicate moulds. Material C was melted in a
basic electric furnace (5 ton) and cast in green sand moulds,

while materials F and G were melted in an acid electric furnace.
Finally, materials L and M were melted in a high induction (2 ton)

furnace.



Code Letter

General Specification

A B.S. 1456 Grade A

B 2% Cr.=3% Mo.-1% V.,

c B.S. 1458(4) ¥n-Ni-Cr-Mo
D B.S. 592(B)

F B.S. 1458(4) 1i% Mn-Mo
G B.S. 1458(B) Ni-Cr-Mo

L B.S. 1760 Grade B

u B.S. 1956 Grade A
Table 6.1 General Material Specifications.
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Haterial Heat Treatment
A 3 hours 960°C  Furnacs Cool
3 hours 960°C  Air Cool
Al1276 3 hours 9559C  Furnace Cool
Al277 3 hours 955°C  Furnace Cool
8 hours 9SG°C Furnace Cool
8 hours 980°C  Air Cool
8 hours 680°C  Furnace Gool
B RE-HEAT TREATED
4 hours 980°C  Air Cool
4 hours 680°C  Furnace Cool+
8 hours 700°C  Furmace Cool
680 C Air Cool
Cc 3 hours 930°C  Water Quench
4 hours 600°C  Water Quench
D 4 hours 950°C Furneace Cool
4 hours 900°C  Furnace Cool
F 4 hours 900°C  Water Quench
3 hours 600°C  Water Quench
1 hour 610°C Water Quench
4 hours 900°C  Furnace Cool
G 4 hours 880°C  0il Quench
1 hour 640°C Air Cool
L 5 hours 900°C  Furnace Cool
4 hours 920°C Furnace Cool
M 5 hours 870°C  Air Cool

5% hours 635°C

Furnace Cool

Table 6.3

Heat Treatments.
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Material Preparation and Experimental Programme

The first keel blocks of materials A, B, C, F and G were sectioned
according to the numbering system shown in Figure 6.1. In a similar
manner the first keel blocks of materials D, L and M which were of
different dimensions to those of the materials above, were sectioned

with the numbering system shown in Figure 6.2.

In each case, six specimens were cut from each keel block. The
overall size of these specimens was felt to be the minimum

representative of the cast metal. By taking specimens from the
positions shown it is possible to examine the effect of casting

position on fracture toughness.

In all the fracture toughness tests carried out in this work, the
three-point bend specimen geometry as shown in Figure 6.3 was
employed. This particular geometry was chosen for its simplicity

of manufacture, its general popularity and the fact that relatively
low loads are required for substantial specimens. The basic specimen
dimensions were, width W = 45 mm, thickness B = 25 mm and

span S = 265 mm. Note that S/W ratio lies between 4 and 8, the two
values generally recommended, W = 45 mm being due to physical
limitations on keel block size. It is felt however that this will

not affect results to any great extent.

The British Institute for toughness testing requires that for plane
strain behaviour the specimen thickness B, and crack length a, must

be such that:

Kq 7

a and B > 2.5 oy

where kQ = apparent toughness and oy = yield stress. From the



preliminary tests on the first batch of specimens, it was found that
the above condition was fulfilled for steel B; M and material C at the
centre of the block, but for the other cast steels, the calculated
thickness required to give plane strain behaviour was larger than the
actual specimen thicknesses tested. However for these materials most
specimens showed small shear lips which is generally taken to indicate
that fracture conditions are predominantly plane strain. In any case
there 1s considerable contradictary evidence as to whether the factor
2.5 in the above validity criterion is universally applicable for all
materials (99, 100). 1In order to examine the thickness validity test
with relevance to cast steels, specimens with varying thicknesses

but constant width were sectioned from the second keel block, (the
specimen dimensions are tabulated together with the kg values in
Chapter 8). The heat treatments previously described in Table 6.3

being carried out on the block before sectioning.

Towards the later stages of the work two keel blocks A (1277) and
A (1276) were cast and sectioned, this was done for up to this stage
no valid fracture toughness values were available for material A.
(The specimen dimensions are tabulated together with the kg and K¢

values in Chapter 8).

Finally, smaller specimens of a similar design were cut from the
halves of the previously tested specimens, these specimens were

prepared for the determination of values of Rice's J integral.

Unfortunately, specimen dimensions to yield valid fracture toughness
data cannot be calculated prior to experimental testing. It is
therefore virtually impossible to predict the likely cost of a
programme of work to determine valid KlC data by the linear elastic

fracture mechanics technique for a range of materials, 1n this case
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cast steels. Also, for the determination of valid ch data it may

be found necessary to use large test pieces which may not be
representative of the behaviour of sections actually used in

service. In view of these points, therefore, it is worthwhile
summarising the objectives of the work before proceeding to a
description of specimen preparation. Firstly, no specific attempt

is made to determine valid fracture toughness data by the LEFM
technique for all the cast steels examined. Several of the steels
did in fact yield valid data for modest specimen dimensions and

these results are noted where appropriate. Secondly the 'validity
criteria' for LEFM testing are often called into question regarding
their universality of application for all material types. These
criteria are examined critically as to their relevant for cast steels.
Finally, several different fracture criteria are examined as to their
relevance in quantifying fracture behaviour in cast steels. These
include the J integral method and the crack opening displacement

method.

Specimen Preparation

The specimens were first rough machined from the cast and heat
treated keel blocks. Final machining to the required dimensions

was by wet grinding giving tolerances of ¥ 0.01 mm on linear

dimensions. All faces, except the ends, were parallel and perpendicular

to within 0.02 mm per 10 mm run. The side faces were ground in the
length direction to facilitate the observation of growing fatigue

cracks, 1.e. grinding scratches normal to the direction of crack

growth.

A notch was cut centrally on the top face of each specimen having a

notch root radius of 0.1 mm. This was achieved with a radiused



slitting wheel having a nominally zero flank angle and a 60° lead-in

angle to the radiused tip.

The notch machining was carried out using liberal quantities of
lubricant, a maximum cut of 0.25 mm and a feed rate of less than

10 mm/minute.

Fatigue pre—cracking of the bend test specimens was carried out in
a 50 kN capacity electro-hydraulic test machine (Servotest 177-F8).

The waveform in all cases was sinusoidal with a frequency of 80 Hz.

The fatigue machine was switched on at least thirty minutes before
the start of any experimental work to ensure complete thermal and

electrical stabilisation. TIn some cases, it was difficult to get a

fatigue crack with a straight crack front. This problem was overcome

by spark machining with a 0.1 mm thick copper electrode prior to
fatiguing. For some cast steels, the initiation of a fatigue crack
was conducted at a fatigue intensity larger than the recommended
Tigure of 0.005E suggested by B.I.S.R.A. (101), since the fatigue
crack would not propagate at this level. As soon as the crack had

initiated, the maximum load used was calculated using the relation:

YPmaX YPmln
AK = - K = e - T
K Kmax min BW3 BW3

The final stage of crack propagation was carried out at a reduced

load to satisfy the condition:

da 1.27 mm

an < 50,000 cycles
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Fracture Toughness Measurements

Fracture toughness testing was performed on both 5000 kg and

50000 kg capacity Instron machines with variable crosshead speed.
A1l test specimens were loaded in three point bending, the span/
width ratio used was U4:1 in accordance with the recommendations
contained in DD3 (102). The specimen was then loaded at & constant
crosshead speed of 0.2 mm/min. A clip gauge was constructed to a
design suggested in BSI Draft for Development DD3 and illustrated
in Figure 4.2. Four 350 ohm strain gauges were connected in a
Wheatstone Bridge balanced circuit, excited by a Boulton Paul (52
transducer amplifier unit. The amplified response from the clip
gauge together with the load signal from the Instron load cell, was

fed into a Bryan's X-Y plotter.

An autographic record of clip gauge displacement against applied
load was plotted on the X-Y plotter. Location of the clip gauge
across the notch was by means of knife edges glued to the specimen
by Araldite with a fixed spacing on either side of the notch. The

clip gauge was calibrated and checked for linearity with a micrometer.

Bend specimens were located for testing on a rig with friction free
hard steel rollers, supported on adjustable bosses to accommodate a
span up to 300 mm. Plane strain fracture toughness testing was
carried out in accordance with the recommendation of BSI Draft for

Development DD3 (102). The procedure is explained in Chapter T.

In addition to KQ results, values of Rice's J-integral were also
determined for each cast steel. The theory, for the experimental
determination of J, i1s developed and applied to three-point specimens

in Chapter 7. The load cell output from an Instron machine was



supplied to the Y axis of a Bryan's X-Y plotter. Load point
deflection was measured using a direct current-linear displacement
transducer (DC-LVDT). Transducer output was used to drive the X-axis

of the plotter.

Prior to each test, a calibration of the load cell and the transducer
was performed. Plates 1, 2, 3 show the experimental set up. The
transducer being mounted as close as possible to the load application

point, to exclude rig displacements, as shown in plate 3.

The experimental set up was such that all information necessary for
the calculation of KQ’ J and COD values could be obtained from one

test on each specimen.

The photographic method as described in section 4.2 was tried for
several specimens 1n the early stages of the work. This was found
to be a difficult experimental technique, particularly with the
number of recordings being made during a test and consequently it
was abandoned in later work. In any case, there are doubts as to
the usefulness of the photographic method for detecting the onset of
crack instability, this is also discussed in detail in section L4.2.
It was decided to use the clip gauge technique recommended in

DD19 (40). This was easily done since a fully instrumented toughness
test includes the clip gauge and it was a simple matter to calculate

COD's using equations in section 4.2.

The initiation of cracking for COD and J measurements was detected
by the electrical potential method (48). The principle of this
technique is measurement of the electrical potential between two
points on a uniform specimen through which a steady current

distribution is flowing. The current supply consisted of a constant




source (Farnell F24M 7/50 ST) with an output, variable between zero
and thirty five amperes. A current of 1 amp/l mm thickness

To.02 amps was passed through the specimens. Since it was found
from various trials that the sensitivity of the method increases with
increasing current up to a maximum then decreases as the current is

further increased.

The current was introduced to the specimen through multiple lengths
of the flattened screen from multi-core cable. This type of input
load was extremely flexible and had sufficient cross-sectional area
to reduce resistive heating in the leads to a negligible degree.

The lead terminations were prepared such that good electrical contact
was obtained between the power supply and the specimen. Actual
contact was made at each end of the specimen using Toolmakers Clamps ,

the clamping faces of which were lined with strips of electrical

purity copper. Having connected the clamps to each end of the specimen,

the current supply was switched on, and left for a period of one hour
in order to ensure electrical stability across the specimen. The
potential drop was measured across the notch using 0.15 mm Nichrome
wire probes, spot welded in the same positions for each specimen.
Spot welding was carried out using a converted battery charger. To
ensure consistency between different specimens, the location chosen
for the probes was the specimen top surface at each side of the notch
as i1llustrated in Figure 6.4. The voltage between the potential
probes, normally of the order of 0.15 mV, was measured using a D.C.
chart recorder (Tekman TE200). This potential was opposed by a
variable millivolt source (Time Electronics Type 2003 0.006%) enabling
a 50 uV full scale deflection to be used on the chart recorder. As
the crack grows, the total current density across the uncracked

section is kept constant by external means, and the measured potential
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difference across the increasingly resistive cracked section becomes

greater.

A view of the specimen complete with potential leads, mounted in the
machine 1s shown in plate 2. A schematic diagram for the electrical
potential circuit is shown in Figure 6.5. To gain confidence and
familiarity in using the potential drop technique a calibration of
the potential from §-= 0.4 +to %-= 0.6 was established using sawn
notches and also using fatigue cracked notches where the change in

crack length was by further fatigue cracking. The sawn notches gave

an accurate calibration while fatigue cracks shows scatter on the
calibration curve probably arising from crack closure in the off load
condition. It is worth noting here that the potential drop technique

is not used to measure actual values of crack lengths and so the

calibration described previously is unnecessary. Rather, a trace of
potential drop against time is employed to detect the point of
initiation of fracture or crack instability. The onset of crack
growth can be identified from a sharp change in slope of the potential

drop versus time curve, however this is discussed in greater detail in

Chapter 7. The point of instability obtained as above can be relayed
to the Load/COD and Load/Load point displacement curves by using a
trace of load against time, each trace being plotted simultaneously

as the experiment proceeds.

A diagrammatic sketch of a fully instrumented fracture toughness
test is shown in Figure 6.6. In carrying out the test, four plotters

are employed to produce, simultaneously, the following records:

a) Applied Load versus Load point displacement. Load point

displacement is recorded using the signal from the linear

displacement transducer.
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b) Applied load versus clip gauge opening. Output from the clip
gauge is fed to the X axis of Bryan's X-Y plotter. The load
cell output from an Instron machine was supplied to the Y axis

of the plotter.

c) Potential drop versus elapsed time. The chart recorder paper is
fed under the recorder head at a constant rate while a recording

of potential drop across the specimen is being made.

and d) Applied Load versus elapsed time. Elapsed time is recorded in a

similar manner to that described in c) above with the applied

load trace taken from the load cell output from the Instron

machine.

Briefly, to summarise the setting up procedure; the steps were as

follows:—

a) The specimen was positioned centrally on the test rig.

b) A small load was applied to hold the specimen in position and

to overcome the effects of crack closure on potential drop

measurements.
¢) Current input clamps were Tixed to the specimen ends.

a) Output from the Load cell, displacement transducer, etc. were
connected to chart recorders as shown diagrammatically in

Figure 6.6.

e) Backing off voltage from the millivolt source was increased

until the excess potential was approximately 10 uV

and  f) The crosshead speed was set at 0.2 mm/min. and the test was

started.




Metallography and Fracture Surface Examination

Microstructures were prepared for examination using an electro-
polishing technique developed by Holder (2) from a method described
by Jacquet (103). With this method, a stainless steel cathode, as
shown in Figure 6.7, is used as both an electrode and the electrolyte
cell, a small length of polythene tubing extends beyond the end of
the steel tube and the cavity so formed is filled with a wad of
cotton-rayon wool (Boots Surgery wool). The electrode is then

dipped in the electrolyte which has the following composition:

90% glacial Acetic Acid
10% Perchloric Acid (Specific Gravity 1.75)

0.01% Wetting agent (Kodak 'Photoflo')

The specimen to be polished is made the anode in the circuit with a
potential of between 24 and 30 volts applied between it and the
cathode. The cathode is then placed on the area of the specimen to
be polished and the voltage dropped to between 20 and 25 volts and
the initially high current density rapidly decreased. Finally the
electrode was removed after approximately thirty seconds and the

brown ferrous perchlorate flushed off with water.

This technique was found suitable for both optical and Scanning
Electron microscope (SEM) examination. Preparation was conventional
wet grinding down to 40O grade paper. Specimens were etched using
the same electrode and solution as described previously but with a
smaller potential of between 2 and 8 volts. The optimum etching

conditions were determined for each material experimentally.

Normal metallographic techniques were also used. The etchant used on

the specimens of each material were 5% aqueous solution of ammonium




perchlorate or 10% nitric acid in alcohol. The first technique
was used extensively because of its rapid preparation, in some
cases for Scanning Electron microscope investigation, the electro-

polishing and etching took less than one minute.

The volume fraction of the ferritic - pearlitic steels (A, L, M, D)
was estimated on a Quantimet microscope, ten areas were selected at
random at known magnification, for each determination. The results

were recorded.

A comprehensive fractographic survey was made on a Cambridge Scanning
Electron Microscope. The fracture surfaces of a random area of the
specimens tested to failure were sectioned and examined. Fractographs
of representative features of the fracture surfaces at the interface
between the fatigue area and fast fracture and the area next to the
fatigue region were then taken for each sample for comparison

purposes.




Fig. 6.1 Keel Block Casting of Materials A,B,C,¥ and G

Height

Length 303mm

Fig. 6.2 Keel Block Casting of Materisls D,L and M.
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ANALYSIS OF RESULTS

The experimental records of load, clip gauge and load point displacement
values are used to calculate K (ch), JI and § values as described in the
c

Q

following sections.

7.1 Analysis for K

Q

For each test, KQ 1s calculated using the following relationship:

o
O
=<

(37)

=~
)

il
o}
I\)IJ

Where the value of Y is obtained from the polynomial equation (18)

2 3 l
Y =1.93-3.07 (&) +14.53 (&) -25.11 (&) +25.8 (3
W W W W

The value of PQ 1s the load at fracture. This load was determined
from the load/displacement record using the 5% offset procedure.
After each test has been completed, measurements of the effective

crack length are made and the value of Y determined from the

appropriate compliance calibration.

A1l of the criteria in DD3 (102) were used in Jjudging the validity
of the results, together with the more recent criterion added to
the 1972 version of the ASTM E399-72 (10L). This most recent
criterion states that if Pmax/PQ exceeds 1.10, there is too much
plastic deformation, and KQ is not Judged a valid measure of ch.
This was explained by the fact that a rising load - COD curve
through the region in which PQ is measured indicates that a

relatively great amount of plastic deformation is likely to be

masking crack growth.

If K. satisfies all these criteria, then KQ is considered a valid

Q

measure of K_ ..



7.2 Analysis for J

J integral values were estimated from single load/load point

displacement curves, following Rice, Paris and Markle technique (61),

using the expression:

Scrack
2
I = J Pd (8crack) (38)
o
Where

b = (w-a) uncracked ligament length, m,
B = OSpecimen thickness, m,

Scrack

J Pd(8crack) = work done in cracking the specimen (Mn. m)

o}

and dcrack is the load point displacement arising from the presence

of the crack.

The total load point displacement is given, using the principle of

superposition, by:

§total = d&crack + 6no crack

To obtain Scrack from the measured Stotal the 8no crack 1s calculated

from simple beam theory for the test piece containing no crack as:

3
_ S (39)
dno crack = L8ET
where

P = Load, MN;
S = Span of LW, m;

2
E = Young's Modulus, MN/m ;

) I
I = Moment of Inertia, m
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&g.

i

Young's Modulus, MN/m

1l

Poisson's Ratio.

The point of crack initiation was detected by the electrical

potential method, and this measurement fixed Stotal and how far to

integrate the Load/Load point displacement curve.

The procedure described above, for the determination of J from a
Load-Load point displacement record, has been programmed for a
digital computer. This computer programme enables J values to be

determined accurately for a range of specified load point displacement

values and the program is described in detail in Appendix 12.B.

Analysis for Crack Opening Displacement COD

Relative displacements at the open end of the notch are measured
using a clip gauge such as that described in L4.2. These clip gauge
displacements were converted to crack opening displacement for the

three point bend specimen geometry using equations 22, 23 and 2k.

Using the potential drop technique to identify the point of crack
initiation, a value of critical crack opening displacement at this
point can then be calculated, GIC' This value should, therefore be

the COD corresponding to initiation. Having determined SIC’ the

stress intensification factor, n can be calculated using equation:

2
K (1-v°) (42)

The value of K, used in this equation was determined from the LEFM

experimental results and also through the J integral values found

experimentally.



= Thickness of the specimen, m;

= Width of the specimen, m.

The area under the Load-Load point deflection curve Figure 7.1,

was calculated from:

jécrack jdtotal Jﬁno crack

o Pd (Scrack) = Pd (Stotal) Pd (8no crack) (L0)

Stotal

Th a und the Load-Load 1 1
e area under e Loa oad point displacement curve J P(Stotal)

can be determined numerically by fitting a curve to the experimental

results and integrating the resulting polynomial. The integral
Scrack
J Pd(8crack) can now be calculated by subtracting the elastic

component of the work done. The elastic component can be evaluated

explicitly from equation 39. Using the calculated value of

Scrack
[ Pd(8crack), J can be evaluated from equation 38. The calculated J

will be equivalent to ch since the load and Load point displacement
were taken at the point of crack initiation, finally ch was estimated

from J using

K1C2 - chz (1)
1-v
where
ch = Critical plane strain fracture toughness parameter,
IV m—3/2
J = @, the crack driving force, MN/m, for the linear

elastic case. For any non linear elastic body, J may

be interpreted as the energy available for crack

extension per unit increase in crack length.




T.h

Wells (34) estimated n, the stress intensification factor, defined
as the local elevation of the yield stress arising from constraints,
as about 2.1 for plane strain, and 1.0 for plane stress conditions
ahead of a crack tip. Intermediate values, between 1 and 2.1
occurring in mixed fractures. In this thesis, n was determined for
each of the steels tested and found to be between 1.0 and 2.0 for
the lower toughness steels and approximately equal to 1 for the

higher toughness steels.

From an experimental viewpoint, clip gauge displacements and hence
crack opening displacements can be determined more accurately with
higher toughness steels than those with a lower toughness. This

arises from the smaller absolute magnitude of the notch displacements

in the lower toughness steels.

Since the COD values are determined at the point of initiation as
identified from the potential drop record, they are therefore
equivalent to 610 values for each cast steel. All such § values

are tabulated together with the stress intensification factor, n

for each material tested.

Analysis of Potential Drop Technigue

The potential drop technique was used to find the point of crack
initiation. In the early stages of this work, a 2% crack extension
was used for calculating J and § as in the usual LEFM testing
procedure. This technique was later abandoned however for it was
found that the measurement point was affected by specimen size and
this artificial size effect was reflected in calculating values of

J and §. Tt was concluded from this early result that an absolute

« e, . - . - h! 1
measure of crack initiation is more desirable. To establish the




point of initiation, it is necessary to locate a point on the potential
drop trace of p.d versus elapsed time where crack extension has taken
place by actual surface separation rather than by crack front geometry
changes. Of course, the accuracy and consistency of the final results
(JC and GC) depends on the operator's ability to locate the point of

initiation.

There are two basic forms which the potential drop trace has, as
shown in Figures 7.2 and 7.3. The first, exhibited by materials M, B
and C at the centre of the keel block, corresponds to the case where
the material behaves in an elastic/brittle manner. In this case the
point of initiation can be easily located, shown as A in Figure T.2.
For these materials, the J-integral calculated using this point of
initiation gave valid toughness data which compared well with ch
values determined using normal linear elastic methods. This is of
course to be expected, considering the equivalence of J and G, but

1t nevertheless provides confirmation of the potential drop technique

as used for identifying the exact point of crack initiation.

For the second form of the potential drop trace as shown in Figure 7.3,
where the material behaves in an elastic/plastic manner, the point of
crack initiation is not so easily pinpointed. From physical
considerations, macroscopic crack extension probably takes place as

a result of the following three interacting microscopie effects/

processes ;-

a)  Blunting of the crack tip.

b) Crack tunnelling at the specimen centre where conditions of

full stress triaxiality exists.
c) Macroscopic growth by normal ductile mechanisms, e.g. void

coalesence.




In view of this, it is difficult +o identify an actual point of
initiation, and in order to overcome the problem, the potential
drop trace 1s visualised as composed of two distinct stages as shown
in Figure 7.3. Stage I, where there is g small deviation from
linearity at constant slope, this is considered to be due to the
opening of the crack (blunting) and the effect of the stretch zone
formation. The point of initiation for material separation is taken
when slope of the trace changes sharply (stage II) and continues to
do so, this is taken to indicate crack growth. The actual fixing
of the point of crack initiation however still is to some extent a
matter of choice, particularly in cases where the change of slope

1s not easily located. In such cases upper and lower limits are
set. Values of J can be calculated for these upper and lower limits
and from the results of this thesis these were found to adiffer from

/
each other by only a few percent.




&no crack Stotal

/C;ja:/ '"Elastic? Area for bend specimen with no craék.
\:E§;> '"Total' Area under P-§ curve to the point of initiation.

Fig. 7. Representative curve of load_against load point displacement.
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8.

8.1

RESULTS

Introduction

This Chapter contains the results of all the experiments carried out

to determine toughness values for each cast steel. Rach material is

treated separately in the following sections which also contain brief

explanations on the results obtained. The actual discussion of the

results 1s contained in Chapter 9, however, where appropriate certain

features of the results are discussed in this Chapter.

In each of the sections, results are presented as follows:

a)

KQ values, determined using the methods of Linear Elastic
Fracture Mechanics, are listed in tables and also shown
graphically, plotted as & function of specimen thickness. The
KQ values are checked against the various 'validity' criteria
for valid plane strain results, KlC’ and in those cases where

all criteria are fulfilled, ch results are noted. Where
appropriate explanations are given on which criteria were

satisfied and which were not.

A representative trace of applied load versus clip gauge opening
1s reproduced for each material. Such curves give an indication
of type of fracture behaviour exhibited by the material,

i1.e. brittle, ductile.

K values determined from values of the J-Integral are listed in

tables and shown graphically as in (a) above. In these tests,

the potential drop technigue is employed to detect the onset of
crack growth rather than the 5% offset procedure used 1n LEFM
testing. The intention is to demonstrate that this procedure

i 1 whicl n be obtained
leads to more consistent toughness values whlch ca




and f)

using specimens of virtually any reasonable proportions. Where

various specimen dimensions were tested, these results are also

presented.

Crack opening displacements, §, calculated from the clip gauge
openings are tabulated for each material. In each case the
stress intensification factor, n, was determined using the
material's toughness value. The n values are tabulated with

the COD wvalues.

Representative micrographs showing the microstructure of each

material are given with an explanation of the microstructure.

Fractographs showing the topography of the fracture surface
are presented for each material. These fractographs give an
indication as to the fracture mechanism(s) operating during

specimen failure.




Steel M, Ni - Cr - Mo

The results obtained from Linear Elastic Fracture Mechanisms (LEFM)

tests are presented in Table 8.1 where thickness, width, average

crack length, KQ: Ko and K ax Velues are tabulated for each
specimen tested. For this steel all the validity tests were satisfied

and the KQ values calculated are therefore KlC values. It can be

seen from these results that ch 1s virtually independent of casting
position, the maximum variation in toughness values throughout the

keel block being approximately 9%. K 48 ¥ 3 v m~3/2 for this

10

steel, tested at room temperature using specimens of 25 mm thick.
Plate 4 shows fracture surfaces for two of the specimens. Fatigue
crack fronts are straight, fracture is predominantly by cleavage

and shear lips are negligible - classic plane strain fracture.

Table 8.2 and Figure 8.1 show the results using specimens of varying
thicknesses with all other specimen dimensions being kept

approximately constant. Using a material yield stress of

-3/2

480 M m ° (Table 6.4) the Kl of 48 MN m all thicknesses of

C

25 mm or more generate valid ch values. At specimen thicknesses

of 10 mm the fracture mode still corresponds to plane strain fracture

as shown in Figure 8.1. Using the KlC value determined above, a

plastic zone size of approximately 1.6 mm was determined using:

1 1C (43)

Such a plastic zone constitutes almost 10% of the ligament. This

being the case it is surprising that valid ch data was obtained

with such a small specimen. In fact the original size (25, 45, 180)

appears to be just sufficiently large to meet the linearity condition.




These results were analysed using the 5% secant method.

However

both visual inspection and the electrical potential result showed

that no crack extension has taken rlace at the apparent P for

Q)

thickness (10 mm and 15 mm). These apparent K. . values arose from

a sudden onset of plastic behaviour, rather than from fracture by

crack propagation. Plate 5 shows fracture surfaces of specimens

with different thicknesses. TFracture is predominantly by cleavage.

As part of the work on Rice's J-integral, tests were performed on
smaller specimens with S*and %-ratios outside the range permitted
by the ASTM test method. Table 8.3 and Figure 8.2 show the results
of these tests. Results were again analysed using the 5% secant
method for the determination of KQ. Whereas those in Table 8.k
and Figure 8.3 are derived using the J-integral method. Analysis
of these small specimen tests by the J-integral technique gave the
results as shown in Figure 8.3. The average ch value obtained using
LEFM theory for the larger specimens tested is also shown for
comparison in Figure 8.3. In this case therefore the J-integral
and LEFM methods gave similar results. The ch values for the
smaller specimens was determined using the potential drop technique
rather than the more usual offset procedure. These results clearly

demonstrate the soundness of using potential drop to determine the

point of instability linked with the calculation of K through J.

Typical crack opening displacement versus applied load traces for
the larger and smaller specimens are shown in Figures 8.4 and 8.5
respectively. Note that the larger specimens produced valid

fracture toughness values while the smaller specimens did not.




100.

Crack opening displacement results together with the calculateqd
values of the stress intensification factor, n, are shown in Table
8.5. The crack opening displacement, §, was estimated using
equations 22 and 23, with n being calculated using equation L2.

From these results it can be seen that there is no significant
variation of & with thickness for specimens whose thicknesses ranged
from 15 mm to 35 mm. The average § was 0.018 ¥ 0.003 mm with a
variation in n from 1.0 to 1.5 with an average of 1.25. 1In calculating
n, the average ch of L8 MmN m_g/g from LEFM test at B = 25 mm was

employed.

Material M consists of a ferrite - pearlite aggregate with
approximately 98% volume fraction pearlite. Representative photo-
micrographs are presented in plates 6 and 7 at low and high

magnification respectively.

Plates 8 and 9 show a typical fractograph for the large specimen.
The area examined was adjacent to the fatigue crack and at the
fatigue crack tip which indicates that fracture occurred by a

cleavage mechanism.




N {men Dimensions
Speclm KQ K ,
lc Knax
b B W & =
umher uy/n? N/n* N/
mm mm mm
M1x1 24.98 | 46.98 | 23.4,3 | 48.88 48.88 48.88
Mix? 24,98 | 47.00 | 22,96 49.08 49.08 49.08
M1x3 25.00 | 44.98 | 24.65 | 50.16 50.16 50.16
Mixh 25.01 | 44.98 | 24.19 L7.19 47.19 47.19
M1x5 25.00 | 44.98 | 23,97 45.98 45.98 45.98
M1x6 25.00 | 44.98 [ 25.03 | 46.20 46.20 46,20
Table 8.1 Fracture Toughness Results : Cast Steel M (Block 1)
Specimen Dimensions «
Number B W a ) 3 “1o % Kmaﬁy
MN/m”* MN/m"* MN/w
mm mm nm
¥1(10,45) 10.03 | 44.96 | 22.53 46.08 65.53
M2(10,45) 10.03| 45.03 | 21.98 46.97 67.17
M1(15,45) 15.06 | 45.02 | 22.42 | 51.05 63.20
M1(20,45) 20.01 | 45.00 | 23.36 50,74 54.72
42(20,45) 20.02 | 45.00 | 23.32 | 47.91 53,20
M1(30,45)]  30.00 | 45.00 | 22.22 | 46.48 46.48
¥2(40,45)]  40.01 | 44.97 | 22.03 | 50.8k 50.84
Table 8.2 Fracture Toughness Results : Cast Steel M at various

Thicknesses (Block 2).




—

specimen _ Dimen;ions K i, Kméx*

Number om ma m: N/ ™ MN /> MMAQ&
1(15,30,120) |14.99 | 30.00| 15.47| 37.96 6L4.78
#2(15,30,120) [14.98 | 30.00| 15.05| 40.95 64.59
11(10,20,80) |10.02 | 19.98| 11.61| 39.85 47.63
142(10,20,80) 10.03 | 20.00| 10.11| 41.76 52.91
¥1(35,25,100) |34.99 | 24.99| 13.75| 40.85 40.85
42(35,25,100) |34.99 | 25.00( 13.92| 38.9, L3.27
¥3(35,25,100) |34.99 | 24.97| 11.94| 38,64 1145
4(35,25,100) |34.99 | 24.99| 14.03 45.09 45.09
M1(30,25,100) [30.00 | 24.98 | 14.20 4L5.41 45.41
¥2(30,25,100) {30.01 | 24,99/ 13.18 46,33 46.33
¥3(30,25,100) |[30.00 | 24.98| 12.28 40,66 40.66

Table 8.3  Fracture Toughness Results using LEFM Techniques.

Cast Steel M (small specimens)




103,

Dimensions
specimen . - o ]9 with eles{K)  from | J without el-
Number mm mm mm tic corr'n |J + 6l, | astic corr'n
R |

11(15,30,120) | 14.99 | 30.00 | 15.47 | 9.79x10™> | 47.08 1.23x10"2
41(10,20,80) | 10.02 | 19.98 | 11.61 | 1.17x107% | s51.50 1.33x10™2
12(10,20,80) | 10,03 | 20,00 | 10,11 | 1.10x10"% | 49.96 1.3,x10"2
§2(15,15,60) | 14.99 | 14.98 | 8.00| 1.08x107°% | 49.45 1.30x10"2
W,(15,15,60) | 14.97 | 15.02 | 6.86| 8.62x107° | 4417 | 1.0041072
¥1(10,15,60) | 10.01 | 14.31 | 6.92| 1.03x10°% | 48.35 1.25x1072
M1(35,25,100) | 34.99 | 24.99 | 13.75| 1.04x107% | 48.44 | 1.23x10°2
12(35,25,100) | 34.99 | 25.00 | 13.92| 9.22x107> | 15.69 1.08x1072
#5(35,25,100) | 34.99 | 24,97 | 11.94 | 9.05:20™° | 45.27 1.13%1072
1,(35,25,100) | 34.99 | 24.99 | 14.99| 1.21x107% | 52.37 | 1.42x1072
11(30,25,100) | 30.00 | 24.98 | 14.20 | 1.06x1072 | 48.62 1.23x10™2
¥2(30,25,100) | 30.01| 24.99 | 13.18| 9.27%107° | 45.81 1.12x10"°
¥3(30,25,100)| 30.00| 24.98 | 12.28]| 8.73x10™° Ly 45 1.11x10"2
11(20,45,180) | 20.01 | 45.00 | 23.36| 1.01x1072 | 47.92 1.28x10"2
¥2(20,45,180) | 20.02 | 45.00 | 23.32| 1.19x107% | 51.85 1.47x20"2

Table 8.4 ch values derived from ch at fracture in small scale

specimens : Cast Steel M




10k,

Specimen Dimensions
Number B W a
mx ma mmn

M1(15,30,120) 14.99 { 30.00 {15.47
M1(20,45,180) 20.01 | 45.00 | 23.36
M2(20,45,180) 20.02 | 45.00 | 23.32
¥2(30,25,100) 30.01 | 24.99 |13.18
M1(35,25,100) 34e99 | 24.99 [13.75
u2(35,25,100) 34.99 | 25,00 {13,92
¥3(35,25,100) 34.99 | 24,97 [11.94
M(35,25,100) 34,99 | 24.99 | 14.99
Table 8.5 Crack Opening Displacement (§) and the Stress

Intensification Factor : Results for Steel Y.
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Fig. 8.4 Crack Opening Displacement versus Applied Load

for Steels Mlxl and M1x5.




Crack Opening Displacement versus Applied Load for Steel M1 (15.30,120)
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Plate

Plate

L

5

Fracture surfaces from 25mmn thick specimens of Steel M.

Fracture surfaces from 10mm,15mm,20mm and 25mm

specimens of Steel M,

thick

[
o
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Plate 6  Stesl M ,Microstructure

Plate 7 Steel M ,Microstructure - ©

i ("/L
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Direction of crack propagation$————
Plate 8 Material M - Fracture surface at the fatigue crack tip

showing cleavage fracture.Scanning Elsctron Fractograph
(x280)

Plate 9 Material M - Fracture surface next to the fatigue crack

tip showing details of cleavage fracture.Scanning Electron

Fractograph (750).




8.3

Steel B, Cr — Mo - V

The results of fracture toughness tests carried out on samples of

cast steel B are shown in Table 8.6. The KQ values satisfy all

the validity criteria of DD3 (102), and hence these results represent

valid fracture toughness values KlC for this cast steel. Plate 10

shows fracture surfaces which exhibit mostly cleavage fracture and
small shear lips. A representative load versus COD trace is shown

in Figure 8.6.

A further series of tests was conducted where specimen thickness B
was varied with a constant specimen width W = 42 mm. - These specimens
were 1nstrumented for the determination of K, J and § values.
Results from the LEFM experiments are tabulated in Table 8.7, and
shown graphically in Figure 8.7. The acceptable limit on specimen

thickness for valid ch values 1s also shown in Figure 8.7. At

thicknesses of 10 mm, 15 mm and 20 mm these tests did not meet the

thickness requirement for ch, but met the deviation from linearity

test for LEFM conditions and are therefore K, values at the particular

C

specimen thicknesses tested. According to potential drop records the

P values for these thicknesses did correspond to crack initiation so

Q

in fact they are most likely the plane strain fracture toughness and
the fact that they are lower than the K . at 25 mm thickness probably

= - . - 4 -
arises from a variation in the actual toughness of the material.

J-integral results for these specimens are shown in Table 8.8 and

in Figure 8.8 and show comparable toughness values to the LEFM results,

confirming that in this case the 5% secant method was indeed detecting

crack initiation. J-integral tests on further specimens with

B = 25 mm and W = 50 mm fell on the average value of the LEFM tests

at B = 25 mm.




Finally, results of crack opening displacement (§) measurements are
shown in Table 8.9 together with calculated values of the stress
intensification factor, n. Values of n were calculated assuming a
Lo of kb MN m_3/2 from the previous tests. These results appear to
show a variation of &, and consequently n, with specimen thickness.
As the n values increase with thickness this seems a reasonable
experimental confirmation of the estimate by Wells (34) that n varies

from about 2.1 for plane strain conditions to about 1.0 for plane

stress conditions.

VGP;Q/J%

Micrographs showing the typical microstructureVof material B are
shown in plates 11 and 12. It can be seen from these photographs
that the microstructure consists mainly of bainite in a ferritic

matrix.

A fractographic survey of the fracture surfaces was made using
Cambridge scanning electron microscope. The areas studied were
adjacent to the fatigue crack where rapid crack propogation is
initiated and also at the interface between the fatigue crack and
fast fracture. Plates 13 and 1L show that fracture occurred by
cleavage. This cleavage fracture was observed in all the specimens
tested. Finally a study of crack path was made on this material and
crack branching was observed. Plates 15 and 16 show that branching

of the crack appeared to take place at the boundary between bainite

colonies and ferrite.




——‘—:;;en Dimensions , L
e i
s:;umber B W & ,;jm% g;m% 3\5}“ |
min iiiziy 11118 a
BIxl 25.01 | 42.12 | 21,17 | 44.18 144,18 50.26
Blx2 24.99 | 44.91 | 23.96 | 48.25 48.25 57.00
B1x3 25.01 | 46.16 | 25.08 | 42.35 42.35 46,5l
Blxk 25,00 | 44 .81 | 24.24 | 46.36 4L6.36 52.6l
Blx6 25.02 | 44,68 | 23.23 43.51 43.51 47.18
B3x1 24,90 | 49.99 | 25.61 | 41.78 41.78 53.47
B3x2 24,97 49.99 | 25.8L | 39.91 39.91 54,22

Table 8.6 Kj. values from LEFM tests : Cast Steel B (Block No's 1 & 3)

Specimen Dimensions

Number B W a KQ A ch 3% Kmagn
MN/ MN/m MN/

J 11133 mnem Bm

B1(10,42) 10.00| 42.00 | 21.02 | L45.40 63.45

B2(10,42) 9.99| 41.98 | 21.57 | 41.00 53.2l

B1(15,42) 14,.97| 42.00 | 25.19 | 39.19 52,042

B2(15,42) 14.97| 41.99 | 25.71 | L42.55 52.87

B1(20,42) 19.98 | 41.93 | 21.80 | 37.95 49.58

B2(20,42) 19.98| 41.93 | 22.92 | 38.72 50. 34

S

Table 8.7 Fracture Toughness values at various Thicknesses from LEFM

tests : Cast Steel B (Block 2).
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— Dimensions /
specinen 5 N a |7 With elesiKig from | J without el-|K  fron
Number nm mm min tic corr'n |J + el, astic corr'n |J ﬁo el
B 7~ B )
51(10,42) | 10.00742.00 [ 21.02{ 9.756107° | 46.99 1.25x10°2 | 53.20
32(10,42) | 9.99 |41.98 | 21.51 [ 8.35x107° | 43.49 | 1.02a0°2 | 48.19
B1(15,42) Inadequate potential drop record.
B2(15,42) | 1497 | 41.99 | 25.71 8.14x10™ 42,94 9.61x107° | 146.64
51(20,42) | 19.98 | 41.95 | 21.80 | 7.39x10° | 40.50 | 9.09x1077 | 45.36
32(20,42) | 19.98 | 41.93 | 22.92 | 6,72x107° | 39.01 8.33x107° | 43.43
B1(25,50) | 24.90 | 49.99 |25.61 | 8.48x1070 | 43.82 | 1.08x1072 | 49.38
32(25,50) | 24.97 | 49.99 | 25.84 | 8.58x1070 | 44.07 1.01x107°2 | 47.73

Table 8.8 K, values from Jj, for tests on Steel B.
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Dimensions

B W a

mm nm mm
B1{10,42) 10.00 {42.00 | 21,02
B2(15,42) 14.97 | 41.99 ] 25.71
B2(20,42) 19.98 | 41.93 | 22,92
B1(25,50) 24,90 | 49.99 | 25.61
Table 8.9 Crack Opening Displacement (§) and Stress

Intensification Factor values for Steel B.




p

q 2100Kg

Py 2050Kg

O.BPQ 1680Kg

~<#—0.8P; 1640Kg

Fig. 8.6 Load-displacement curves for 3-point not

toughness tests of Blxl and Blx2.

ch bend fracture
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Plats

10

Fracture

surfaces from 25mm thiclk specimens of Steel B.

R




Plate 11  Material B - Microstructure Elsctro-etching

Scanning Electron Micrograph (x670)

i

Plate 12 Material B - Microstructure Electro-etching

g

Scanning Electron Miorograph (x665) z




Direction of
crack prop-

agation.

T

Plate 13 Material B - Fracture surface at the fatigue crack tip

showing cleavage fracture.Scanning Electron Fractograph
(x13K)

Plate 14 Material B - Fracture surface next to the fatigue crack

tip showing details of the cleavage fracture.3canning

Electron Fractograph (x3.7K)




Plate 15 Steel B -~ crack path. SEM (x225)

Plate 16 Steel B - crack path. SEM (x600)




8.4

Cast Steel C, Mn — N1 - Cr - Mo

Table 8.10 shows results of fracture toughness tests carried out on

cast steel C (block No. 1). The fracture toughness values of the

specimens at the centre of the block gave valid Kl results and these

C

results are shown in Figure 8.9. A representative trace of applied

load against COD is shown in Figure 8.10. The variation in KQ values

across the keel block shows that there is some effect of casting

position on fracture toughness values. K_ values are higher at the

Q
corner of the block by about 16% than those at the centre of the

block. Also shown in Figure 8.9 and Table 8.11 are results for tests

with varying B but with W constant at 45 mm. The two low toughnesses
arrowed in Figure 8.9 met the LEFM linearity condition, but not the

thickness condition. In fact, for these two points alone, the P. did

Q

not correspond to crack initiation but to the sudden onset of plastic

behaviour. Crack initiation occurred at a higher load as detected by

the electrical potential method. These results would also be ruled

out by (104) since the ratio PmaX/PQ was about 1.7 above the limit

of 1.1 set to exclude this type of plastic behaviour. Plate 17

shows the fracture surfaces with small but recognizable shear lips.

The results obtained from J-integral tests are presented in Table 8.12
and Figure 8.11, Figure 8.11 shows the same results arrowed as in

Figure 8.9. The K values at crack initiation derived from the J-

integral method show higher toughnesses than those derived

anomalously from the 5% secant method in Figure 8.9. Tests at

B = 25 mm give fracture toughnesses in agreement with the ch values

of Figure 8.9. The circled results indicate the overestimate of

. . . ; i J without
toughness which arises if the &, ., 19 used to determine

subtracting 6 . Scatter on other values in this figure 1s
. no crack

reflection of the variation in the materials toughness.

thought to be a




Smaller specimens were prepared to induce 'non valid' specimen
behaviour. These specimens were cut from the halves of the centre
specimens in an offer to eliminate the effect of casting position
and to compare the results of ch obtained from J-integral methods
with those obtained by normal linear elastic method. Table 8.13
shows the KQ values for the smaller specimens and it can be seen that

all the KQ values were below the valid ch. The point of initiation

according to the potential drop technique was always higher than PQ

indicating that all of the displacement at the load corresponding to

K was due to plasticity at the crack tip. A representative trace

Q
of applied load versus COD is shown in Figure 8.12. Table 8.1h and

Figure 8.13 show the results of K derived using the J-integral

1C

method. The results of these tests are in agreement with those

derived by LEFM on J-integral methods from the larger test specimens.

Table 8.15 contains the results of crack opening displacements for
steel C which show a small variation of § with thickness,
§ = 0.026 mm at B = 15 mm and & = 0.018 at B = 35 mm. Assuming a

ch of T2 MN m-3/2 from the LEFM results this indicates a variation

of n from 1.0 to 1.8.

Micrographs of material C are shown in Flates 18 to 22 at various

magnifications and positions in the keel block. Tt can be seen from

these photographs that the microstructure consists of tempered

martensite. Note that in Plate 18 alternate light and dark areas

.. . s : ich
can be seen which is an indication of compositional differences wh

leads to different microstructure, tempered martenite and maybe

bainite, which may account for the fall in toughness. In order to

| ; ; 31 ron microscope
confirm this assumption a detailed study using an electro T

would be required. As such a study was beyond the scope of this

. ¥ concernin
present work, all that can be said are general comments g




the likely varlation in fracture properties across a cast section

For the particular case of material C, there is a decrease in
fracture toughness from the edges to the centre of the keel block

probably due to the different cooling rates and the corresponding

variation in grain size and microstructures.

A fractographic study of the various fracture surfaces showed that a
variety of cracking or fracture mechanisms were operating during
failure. For example, Plate 23 for specimen (20, 45) (1) shows that
fracture took place by cleavage while in Plate 24 for specimen

(20, 45) (2) the fracture mechanism is clearly by void coalescence.
In fact, 1n most cases a mixed mechanism was apparent with areas of

cleavage separated by areas of microvoid coalescence as in Plate 25.




Dimensions
specimen
Number B W )
mm me 571573
-

$1x2 25.00 | 44,95 | 22.39
c1x3 24,97 | 37.81 | 16.48
Clxh 24.98 1 41.98 | 21.98
Clx5 24,99 | 44.00 | 25.89
C1x6 24,97 | 44 .95 | 23.43
Chxb 26,18 | 46,18 | 2,4..02

Table 8.10 Fracture Toughness values from LEFM tests : Cast Steel C
(Blocks 1 and &)

Specimen Dimensions "
Nusber B W a Mi?ﬁg z&;ﬁn MN;;%
mpm mm mm
€1(10,45) 10.02 | 44.98 | 22,22 | 85.26 117.68
02(10,45) 10.03 | 44.98 | 21.52 | 91.36 125.62
C1(15,45) 14.96 | 44.95 | 21.85 | 83.23 117.47
02(15,45) 15.00 | 45.01 | 27.29 | 61.54 106.53
01(20,45) 15.90 | 45.01 | 20.18 | 61.19 96. 5k
¢2(20,45) 19.89 | 45.03 | 21.71 | 79.26 93.26
€1(30,45) 29.90 | 45.01 | 22,42 | 79.94 | 79.91 ¢ 79.91
62(30,45) 29.99 | 45.02 | 21.98 | 67.74 67.74 75.20
e

Table 8.11  Fracture Toughness values at various Thicknesses from

LEFM tests : Cast Steel C (Block 2)




— Dimensions 7 ——
gpecimen B - s | J with eles J without el- |
Numbe Y mm mm it} tic corr'a estic corr'n |J ho g

0/ corr'n MN/m corotn |

MN/m% |/
c1x2 25.00 | 44.95 | 22.39 | 2.16x107% | 70.02 2. 7151072 | 78.71
0115 24,99 | 44.00 | 25.89 | 2.40x107% | 73.77 | 2.81x107% | 79.77
x5 26.18 | 46.18 | 2,.02 | 2.01x107% | 67.54 | 2.64x10°2 | 77.39
(1(15,45) | 1496 | 4495 | 21.85 2.3,x10°% | 72.76 2962072 | 81.89
s2(15,45) | 15.00 | 45.01 | 27.29 | 2.64x107% | 77.29 5.00010°2 | 8247
c(20,45) | 19.90 |45.01 | 20.18 | 2.05x107° | 68.16 | 2.76x107% | 79.06

-2 _

62(20,45) | 19.89 | 45.03 | 21.71 | 2.53x10 76.56 3.29x10°2 | 86.26
0030,45) | 29.90 | 45.01 | 22,42 | 3.66x107° | 91.05 4.55%1072 | 101.51
c2(30.45) | 29.99 | 45.02 | 21.98 | 2.89x107% | 80.95 3.56x10~2 | 89.78

Table 8.12 Kj, values from Jy. for tests on Steel C.




Dimensions .
specimen X o
Number B W a MN? . Kle % - Kpax
s z cR
mm m mm MY/ MN/&V
03(30’25> BO'OO 24.99 14.08 57.11 100.88
(FromCle)
64(30,25) 30.00 | 24..97 [12.28 | 64.20 106.78
(FromCle)
02(50,25) 29.99 | 24.97 | 11.86 67.07 108. 6L,
(FromC1x5)
03(35,25) 35.00 | 25.00 | 14.05 | 55.63 99.67
(FromC1x5)
ck(35,25) 3,.98 | 24.99 |12.15 | 63.02 101,74
(FromCLx5)
Teble 8.13 Fracture Toughness Results using LEFM Techniques :
Cast Steel C (Small Specimens)

. Dimensions J integ-{Kjp calc{Jd integ } Kic from
Specimen ral with|from Jp |ral wit | J no el
Number B w a |el. corr % hout el corr'n

MN/m MN/m’™ |corr'n
mn mmo oo N/ N/
-2 A

€3(30,25) 30,00 | 24.99 |14.08{2.05210°| 68.22 | 2.46x10[ 74.61
(FromClx2) R
c4(30,25) 30.00 | 24.97 |12.28|2.22x10%| 70.96 | 2.81x10} 79.83
(FromC1x2) L
02(30,25) 29.99 | 2,.97 |11.86]2.21x10%| 70.75 | 2.90x10) 81.08
(FromC1x2) .
€3(35,25) 35,00 | 25.00 |14.05 2.06x10°| 68.25 | 2.51x10| 75.39
(FromC1x5) 2
C4(35,25) 5,.98 | 2,99 |12.15[2.000072|  67.30 | 2.49x10 75.06
(FromCux5)
Table 8.1 K,  Results using the J-Integral Technique :

Cast Steel C (Small Specimens)




A

12L.

specimen Dimensions
Number B W a
mm B mn
62(15,45) 14.50 | 45.01 | 27.29
c2(20,45) 19.89 | 45.03 | 21,71
c1(20,45) 19.90 | 45,01 | 20.18
c2(30,45) 29.99 | 45.02 | 21.98
€3(30,25) 30,00 | 24.99 | 14.08
fromClx2
c,(35,25) 34,98 | 24.99 | 12.15
fromC4xb
c4(30,25) 30,00 | 24.97 | 12,28
fromClx2
Pable 8.15 Crack Opening Displacement (&) and the Stress

Intensification Factor : Results for Steel C.
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Plate 17 Fracture surfaces from 25mm thick specimens of Steel C.




Plate 18 Microstructure of Material ¢ at the centre of the block.

Electro~etching,Scanning Electron Micrograph (x1,2K)

T

Plate 19 Microstructuce of Material C at the centre of the block.

Electro-etching.Scanning Electron M crograph (x2.4K)




Plate 20 Microstructure of Material C at the corner of the block.

Electro-etching.Scanning Electron Micrograph (x1.2K)

Plate 21 Microstructure of Material C at the corner of the block.

Flectro-etching.Scanning HElectron Micrograph (x2.4K)




Plate 22 Microstructure of C1(20,45).Conventional etching.

Scanning Electron Micrograph (x630)




e Direction of crack propagation
plate 23 Material ¢ - Fracture surface at the fatigue crack tip

showing cleavage fracture.Scanning Electron Fractograph

(x650)

o

Plate 24, Material C - Fracture surface a2t the fatigue crack tip

showing fracture DYy micro-void coalescence,Scanning

Electron Fractographi (x600)




Plate 25

Material C. Fracture surface at the fatigue crack tip
showing mixed fracture mechanisms of cleavage and

microvoid coalescence.Scanning Electron Fractograph(x600)




8.5

Steel G, N1 = Cr = Mo

Steel G had the highest strength of the eight éteelg tested and it

might have been expected at the onset of the work that its toughness

would be obtalned for moderately sized specimens. 1In fact it was

one of the toughest steels as is apparent from the shear lips on the
basic test specimen shown in Plate 26. Table 8.16 and Figure 8.1bL
shows results of KQ values using the LEFM testing method for
specimens taken from two different keel blocks. It can be seen

from these results that there is g large scatter in the K. values

Q

and that the specimen size was not generally large enough to give

LEFM conditions. K values appear to be larger at the corners than

Q

those at the centre of the block. A representative trace of applied

load versus COD is shown in Figure 8.15.

The results in Table 8.16 and Figure 8.1k fulfilled the deviation
from linearity condition, however the tests for adequate thickness
and crack length, according to DD3 (102), were borderline for most
of the specimens. Consequently specimens having various thicknesses
were tested and results are shown in Table 8.17 and Figure 8.1k.

The K. values for all the specimens with different thicknesses were

Q

within the values previously found for blocks 1 and 2. Results from

the J-integral tests are shown 1n Table 8.18 and Figure 8.1L4 which

show a similar scatter to that found for the KQ values.

Examination of the fracture surfaces uslng the scannlng electron

microscope showed the presence of a great deal of sulphur 1n the

form of Manganese Sulphide. A typical fractograph, showing the

sulphur is given in plate 27 for specimen G(30, 25) (3). 'The

. b 1
segregation of the sulphur varied considerably over the blocks

i ts W almos’t
examined. The scatter in all experimental results was a
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certainly due to this segregation coupled with the secondary effect

of variation 1n casting position. 1In view of this, therefore, the
9

only reasonable estimate of toughness must be the lowest value found
in all the experiments. This will of course be the most conservative

value for the purpose of design.

Table 8.19 and 8.20, show the results obtained using the J-integral
for the smaller specimens and those obtained by LEFM method
respectively. It is worth noting that with these specimens the
point of initiation according to potential drop technique were above
PQ point. Once again, results exhibited some scatter to those found

previously using the LEFM method.

Table 8.21 shows the results of crack opening displacements. In view
of the scatter in test results, a check on the value of n 1s not
feasible. Also the § appeared to increase rather than decrease with
increasing thickness from & = 0.026 mm at B = 15 mm to

§ = 0.050 mm at B = 30 mm. Such results probably arise from variation

of the material toughness from place to place in the cast block.

Plates 28 and 29 show the microstructure of material G at low and
high magnifications. The structure consists of dark and light

areas which may be due to compositional differences deriving from

the peritectic reaction on solidification. This leads to martensite

forming at different temperatures and having differing tempering

behaviour.

. ] . . .
A comprehensive fractographlc Survey was made on this material, the

. h 3
areas studied in all cases belng adjacent to the fatigue crack

where rapid crack propagation ig ipitiated and at the fatigue crac

tip.
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The fracture surfaces of all specimens investigated were very
similar with predominantly ductile fibrous fracture as shown in

plates 30 and 31.

The fracture was in the form of dimple rupture. Experimental
observations show large voids due to sulphide inclusions, as in
Plate 27. This is fairly typical of the fracture surfaces
obtained in high S-content steels. Note the shallow voids
associated with the large MnS inclusions and the small ligaments
petween them, fracture in this steel proceeds by the coalescence
of these voids. All of the specimens examined contained large
manganese sulphide particles and it was found that the specimens
with a lower toughness contained a higher percentage of the

particles as shown in Plate 32 which are characteristic of inter—

dendritic segregation of the particles.




Dimensions

ecimen
S;umber B W a m}iﬁ ¥ :&;ﬁx E;:%
mm mm mm
——
elxl 20,97 | 44 .99 | 23.25 109.80 144 .40
¢1x2 25.00 | 44.98 | 23.67 90.93 140.03
61x3 24,97 | 4499 | 24,34 | 103.73 1484
Glxh 24,97 | 44.99 | 23.17 90.90 140.45
6lx5 25.00 | 44.99 | 23.02 87.08 138.27
G1x6 24,98 | 44.88 | 23.27 89.71 139.48
G2xl 25,00 | 44,96 | 23.70 96.62 140.62
G2x2 25.01 | 42.97 | 23.37 85.86 127.61
G2x3 2,99 | 44,98 | 23.76 107.29 148.43
G2xl 24,99 | 44 .97 | 2453 95.85 128.88
G2x5 24,99 | 44.98 | 23.74 | 92.68 121.67
G2x6 25.00 | 44.98 | 24.32 93.40 141.79
Table 8.16 Fracture Toughness Results : Cast Steel G (Blocks 1 and 2)
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Dimensions
MN/m > MR/&%-
mm ma nn

e

6(10,45) (1) 10.03 | 44.90 | 24.68 | 89.56 119,37

3(10,45)(2) 10.03 | 44,98 | 22.14 | 88.10 1%0.96
G(15,45)(1) 15.02 | 45.03 | 22.31 88.57 131.98
6(15,45)(2) 15,02 | 44.85 | 22,92 92.36 131.65
G(20,l+5)(1) 19.99 | 44.61 | 22,76 89.08 127.39
6(30,45)(1) 29.98 | 45.01 | 21.65 | 93.37 138.13
6(30,45)(2) 29.98 | 44.87 | 22.65 91.50 133.06

7sble 8.17 Fracture Toughness Results : Cast Steel at variocus thicknesses

( Block 3 )
Specimen Dimensions J with elas |Kjo from |J without el- L from
B W & tic corr'n |J el. | astic corr'n {J mno el.
Humbex mm mm mm MN/m corr'n MN/m corr'n

MN/m % MN/m%

6(15,45)(1) | 15.02 | 45.03 1 22.31 2.96x1072 81.80 3,79x1072 92.67
6(15,45)(2) | 15.02 | 44.85 | 22.92 | 2.96x1072 81.92 3. 74x1072 91.97
820,45)(1) | 19.99 | 44.61 | 22.76| 3.98x1072 | 9498 5.02x1072 | 107.04
6(30,45)(1) | 29.98 | 45.01 | 21.65 ).63x1072 | 102.40 5.93x10-2 | 115.90

8(30,45)(2) | 29.98 | 44.87 | 22.65 | 3.96x102 | 9L.T8 4.99x1072 | 106.27

—

Table 8.18 Kye results derived form J1c &t Fracture for Cast Steel G at

varioug Thicknesses (Block 3).
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Cast Steel G (small specimens)

— | Dimensions | : -

gpecimeD T ¥ . J with elas|K)c from { J without ‘e‘l"-*?v

yamber > tic corr'n |J + el. |astic corr'n

Nusbe - om mm , .

b MN/m corr'n ¥N/m corr'n |
/a7 w/n¥
-2 -

a(30,25) | 30-00 | 25-00 | 12,32} 4-L2x10 100,01 | 5.27x1072 | 109.20
pron 6(1x5) )

03(30,25) | 30-00 | 24.95 12.87| 2.81x10 79.8L 3.4,3x10°2 88.16
tron 6(1x5) )

5(35,25) | 35.00 | 25.00 | 12.23| 5.97x10 116.29 | 7.0%x107% | 126.1
tron G(1%6 ) ,

5(35,25) | 35.01 | 25.00 | 15.27) 5.30x10 109.51 5.94x10 110.61
fron G(1xk)
L

Table 8.19 Ky, values derived from J,, at fracture in small scale
specimens : Cast Steel G.
Dimensions

Specimen B - N KQ Ko Kooz

Number oo - o HK/m;" mﬁ/ms/l MN/mJ/"
€1(30,25) | 30.00 | 25.00 }12.32 76.98 106.96
from G(le)

63(30,25) | 30.00 | 24.99 | 12.87 76.07 110.67
from G(1x5)

63(35,25) | 35.00 | 25.00 | 12.23 72.60 109.80
from G(1x6)

85(35,25) | 35.01 | 25.00 | 15.27 82.28 108.65
from 6(1x)

\—-‘

Table 8,20 Fracture toughness results using LEFH techniques.
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Dimensions 8 n : S
i n
B W a .
from eq'n from eq'n
i mm mm derived derived
expt. mm theoret.
mm
—
Q(15,45) | 15.02 | 45.03 22.5110.073 0.027
Gﬁ1%45) 15,02 | 44.85 | 22.92 0.070 0.026
51(20,45) 19.99 | 44.61 | 22.76 | 0.085 0.038
a(30,k5) | 29.98 | 45.01 | 21.65 | 0.091 0.042
2(30,45) | 29.98 | bk 87 22.65 | 0.099 0.050
©3(35,25) | 35.00 |25.00 | 12.23 | 0.069 0.047
PronG(1x6)
65(35,25) | 35.00 | 25.00 | 15.27 | 0.053 0.046
fromG{1xk )
ﬂ(ﬁLZB) 30,00 | 25.00 12.32 0.061 0.035
fromG(1x5)
¢3(30,25) | 30.00 | 24.99 | 12.87 | 0.047 0.028
fronG(1x5)

Table 8.21 Crack opening displacement and stress intensification

factors for Steel G.
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Fig. 8¢15 Crack opening displacement versus applied load trace for Glx1.
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Plate 27 Material G. Fracture surface next to the fatigue crack

tip showing details of the fracture. SEM (x1.1K)
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Plate

Electroetching SEM (x640)
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Direction of crack propagation

Plate 30 Steel G. Fracture surface at the fatigue crack tip.

SEM (x310)

Plate 31 Steel G. Practure surface next to the fatigue crack tip.

SEM (x330)




Plate

32 Steel G. Fracture surface next to the fatigue crack tip.

SEM (x560)




8.6

Steel D, Plain Carbon

Table 8.22 contains the results obtained from LEFM tests.
Also tabulated are the thicknesses, widths, average crack

lengths, KQ and Kmax values. Results are also shown graphically

in Figure 8.16.

These results fulfilled the elastic linearity test in that
the deviation from linearity on the load/COD curve was

negligible at 0.8 PQ as compared with that at PQ as determined by

.the secant method. In spite of this the ratio P /P_ was about
max

Q

1.7 in all cases, showing that the deviation was plastic in origin,
the rise 1n load occurring due to work hardening as a plastic zone
began to cross the ligament. The electrical potential detection
showed crack initiation well beyond PQ' This sudden onset of
plastic behaviour i1s akin to the sudden yielding which gives the
upper and lower yield point and a luders extension in wrought

mild steels. A representative trace of load versus COD shown

in Figure 8.17. The fracture surfaces shown in Plate 33

indicate conditions close to plane strain Judging from the
relatively small shear lips. The progression of cracking

appears to oscillate between cleavage and fibrous fracture,

probably because of repeated crack initiation and arrest.

Table 8.23 and Figure 8.16 show the Ko values derived from
J-integral tests. These tests were conducted on a range of
thicknesses but with width constant at 45 mm. Also the ch
values derived from J-integral tests were obtained for two

small specimens cut from the halves of the large specimens.




The ch values obtained from these small specimens

compared well with the results obtained from the bigger

specimens.

A simpler method than the J-integral was introduced by
Stonesifer et al (24) to derive Ko by a scaling method
for tests just beyond the limits of LEFM. Figure 3.3
indicates their method. The fracture load is not taken as

P, but as the extrapolated linear elastic load at the

QIS
fracture COD. Thus PQ 1s estimated at PB rather than PA

in Figure 3.3.

The above method was experimented with on the results
generated here, but in this case the COD at fracture was
detected by the electrical potential method and not the
COD at maximum load as introduced by Stonesifer et al (2k).
These results are shown in Table 8.24 and in Figure 8.18

upon which is superimposed the K.  from the J-integral

1C

method and the KQ from the PQ average for test pileces
25 mm thick. The method does not appear to have any

special advantages and is based on less rigorous concepts

than the J-integral.

Crack tip COD values, &, using the linear relation
between clip gauge COD values and § (22, 23)

and the experimental relation between clip




gauge displacement and crack opening displacement (24) are presented

in Table 8.25. § values were between 0.04 mm and 0.05 mm over a
thickness range of 15 mm to 30 mm, obtained using the linear relation,
while § values were between 0.057 mm and 0.061 mm over the same
thickness range, obtained using the experimental relation. In both
cases the results showed no significant variation of § with thickness.

3/2

Using a K, ., value of 67 MN m from the J-integral results gives an

1C
average estimated value of the stress intensification value (the

factor by which the yield stress is elevated by constraints) of 1.

A photomicrograph showing the typical microstructure of steel D is
shown in Plate 34. The microstructure consists of fine grained

ferrite-pearlite aggregate, with approximately 30% pearlite.

Fractography showed that the fracture mechanism was primarily by
microvoid coalescence, as shown in Plate 35. The area examined was
at the fatigue crack tip. Note that the dimples are small which

accounts for the high toughness of this steel.
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Specimen Dimensions
Number B W a MN/m%'
mm mm mm
Dix1 24,99 | 44.98 | 23.83 41.83
D1x2 25.01 | 44.97 | 23.55 53.07
D1x3 25,02 | 44,51 | 24.51 L7.92
Dixh 2h.97 | L4 .99 | 23.74 51.61
D1x6 25,00 | 44.98 | 23.76 49.55 68.30
Table 8.22 Fracture Toughness Results : Cast Steel D (Block 1)
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[ Dimensions - '
Specimen B W N J with elas J without el-|
Number mm mm mm tic corr'n |J + el. | astic corr'm |J no el
MN/m corr'n MN/m corr'n
MN/m7> UN/m%
D1(15,45) | 15.10 | 44.83 | 22.03 | 1.62x107% | €0.71 2.03x10"% | 67.78
D1(20,45) | 19.95 | 45.02 | 23.15| 1.99x107% | 67.23 2.24x10°% | 71.3:1
D1(30,45) | 29.70 | 4k.71 | 22.58 | 2.17x1072 | 70.05 2.55x10°% | 76.06
D3(30,45) | 29.98 | 44.83 | 22.71 | 2.04x1072 | 67.97 2.40x107% | 73.74
D1(25,30, | 24.97 | 29.94 | 17.29| 1.952x107% | 65.95 2.10x107% | 68.98
100)
92(25,30,) 25.02 | 29.95 | 14.92 | 2.12x107% | 69.25 2.42x10~2 | 74.00
100

Table 8.23 K)o results derived from Jj, at fracture for Cast Steel D

at various thicknesses (Block 2)




il

Specimen Dimensions Xq Co?rgcted Kq K,
Number B w 8 M/ “Ziﬁfiﬁ? MNZ’/‘*
mm mm mm method ,MN/u’*

D1(15,45) 15.00 | 44.83 | 22.03 46,04 68.37 72.30
D1(20,45) 19.77 | b4.63 | 23.23 | 38.58 58.69 49.99
D2(20,45) 19.95 | 45.02 | 23.15 | L46.55 57.14 7473
- D1(30,45) 29.70 | 44.71 | 22.58 | 47.99 75.70 70,72
D3(30,45) 29.98 | 44..83 | 22.71 | 149.54 65.98 77.95

Table 8.24 Corrected K values according to the scaling method for
steel D at various thicknesses.

Dimensions 6

Specimen B - a n 6 n

from eq'n from eq'n
Number mm mm m;m derived derived

expt. mm theoret.

mi

D1(15,45) 15.00 | 44.83 | 22.03%t 0.063 0.95 0.048 1.25
D2(20,45) 19.95 | 45.02 | 23,15 | 0.057 1.05 0.043 1.39
D1(30,45) 29.70 | 44.71 | 22.58 | 0.059 1.02 0.04, 1.3%6
D3(30,45) 29,98 | 44.83 | 22.71| 0,060 1.00 0.048 1.25

Table 8.25 Crack opening displacement § and stress intensification

results for Steel D.
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L
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Plate 33 Fracture surfaces from 25mm thick specimens of Steel D.




34 Steel D. Microstructure Electroetching. SEM (x680)

Plate




—

Direction of crack propagation 5

Plate

35 Steel D. Fracture surface at the fatigue crack tip.

SEM (x260)




8.7

Steel L, Plain Carbon

Steel L is a slightly higher strength plain carbon steel than steel D.
Tests on the 25 mm thick specimen showed the same characteristics as

those for steel D, the anomalous P. values again corresponding to no

Q

crack 1nitiation and Pmax/PQ about 1.7 in all cases. The K _ values

Q

derived from PQ values are shown in Table 8.26 and Figure 8.19.
All the surface fractures were predominantly cleavage, as shown in
Plate 36, and the lack of shear lips is consistent with plane strain

fracture. A representative load versus COD trace is shown in

Figure 8.20.

The results of Kl derived from the J-integral test are presented in

C
Table 8.27 and are shown in Figure 8.19. Toughness values derived

-3/2

from the J-integral tests remained at about 86 MN m down to a

specimen thickness of 10 mm. The KlC derived from the J-integral
test using two small specimens cut from the halves of the large

specimens also obtained and compared well with those results obtained

from the large specimens.

Crack tip COD values, &, were estimated using the linear relation
between clip gauge COD values and § (22, 23) and the experimental
relation between clip gauge displacement and crack opening displacement
(24) and are presented in Table 8.28. Crack opening displacements were

-3/2

in the range 0.05 to 0.10. Assuming a K., of 86 MN m the stress

1C
intensification value, n, varied from about 1.0 at a thickness of

10 mm, 45 mm width to 1.9 at 25 mm thick, 30 mm wide.

A photomicrograph showing the typical microstructure of steel L is
shown in Plate 37. It can be seen from this plate that the micro-
structure consists of fine grained ferrite-pearlite aggregates, with

approximately 85% pearlite.




The inclusion content of all the samples examined was very low.

The level of porosity in all the specimens examined was also very
low and consisted of evenly distributed micropores rather than

large scale macroporosity.

The fractographic examination revealed that a mixed fracture mechanism
had teken place with areas of microvoid coalescence separated by areas
of tearing as shown in Plate 38. Also, it can be seen that the
dimples are fine. This explains the high toughness of this material

for generally it is more difficult (i.e. requiring greater energy

input) to nucleate microvoids at small particles rather than large

ones.
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Specimen Dimensions ch Kmax
Number B W a MN/m " MN/m’* MN/wd*
h3:15:3 11113 mia
L(1x2) 24,98 { 46.98 | 23,17 45.09 69.48
L(1x3) 25.01 | 44.97 | 24k.21 49.02 62.95
L(1xk) 25.02 | 44.97 | 23.26 51.26 71.10
L(1x5) 24 .98 | 44.97 | 23.64 47.20 62.69
L(1x6) 25.00 | 44,98 | 24.48 54. 5k 67.07
Table 8.26 PFracture Toughness Results : Material L (Block 1)
Dimensions
Specimen B W - J with elas{K;, from |{J without el- Ky, from
tic corr'n |J + el, astic corr’an |J no el.
Nugber m - o
MN/m corr'n MN/m corr'n
MN/M;Q EN/m’i
11(10,45) | 10.00 | 45.01| 22.75{ 3.28x1072 | 86.19 | 3.76x107% | 92.32
12(10,45) | 10.01 | 45.01 | 22.85 | 2.56x10™2 76.13 3,02x10™2 82.75
11(15,45) | 15.01 | 45.01 | 22.88 | 3.63x1072 90. 64 4.17x10"2 97.13
L2(15,45) | 14.68 | 45.02 | 22.77 | 3.02x107% | 82.73 | 3.50x10°2 | 89.01
11(20,45) | 19.76 | 45.01 | 22.37 | 3.42x107% | 88.03 | 3.85x107% | 93.37
L2(20,45) 19.96 | 45.00 | 25.13 | 2.90x10™2 81.09 3.24x10" % 85.60
11(30,45) | 29.99 | 45.01 | 23.03 | 3.02x107% 82.68 3.56x10 2 89,8k
L(1x5) 2,98 | 4b4.97 | 23.6L | 2.92x1072 81.25 3.31x1072 86.58
11(25,35, | 25.00 | 29.95 | 14.20 | 3.05x1072 83.15 3.50x10" 2 89.41
120)
12(25,30, | 24.99| 30.02 | 14.26 | 3.20x107% | 85.15 | 3.68x107% | 91.35
120)
Table 8.27 Ko derived from J at crack initiation for Steel L with various

thicknesses and for small specimens.




Dimensions ,
8 n 5 n
Specimen B w a from eq'n from eq'n
b derived derived
Nunber iilis} mm me . lexpt.omm theoret.
e
11(10,45) 10.00 | 45.01 | 22.75 0.10 0.93 0.093 1.00
L12(15,45) 14.68 | 45,02 {22.77 0.095 0.98 0.088 1.06
11(20,45) 19.76 | 45.01 | 22.37 0.073 1.28 0.059 1.58
L2(20,45) 19.96 | 45.00 | 25.13 0.073 1.28 0.066 1.1
11(25, 30, 25.00 | 29.95 | 14.20 0.055 1.70 0.049 1.90
120)
L2(25, 30, 24.99 | 30.02 | 14.26 0.060 1.56 0.050 1.86
120)
Table 8.28 Crack opening displacement and stress intensification factor

results for Steel L.




‘BuipjelA usppns 0} buipuodsaliiod  SSNOA Oy
pUD‘] ]99}S Ul UONDIJIUl ©4N}oDJ} }D [ WOJj SOIDUSS Sy grg B

‘wwg ‘sseuqoiy]

07 0g 0c Ol 0

i i i T

SbpJeAy = o

Y wouyy Ox o)
T 1331S

[ Wwodl M o

07

09

08

001

0cl

e WINWN M




CoD

avon

Fig. 8.20 Creck opening displacement vefsv,s applied load trace for Llx,.




Plate 36 Fracture surfaces of 25mm thick specimens from Steel L.




37 Steel L. Microstructure-Electroetching SEM (x1.15K)

(________

Direction of crack propagation

Plate 38 Steel L. Fracture surface at the fatigue crack tip.

A-fatigue area, B-small dimples and C-tearing. SEM(x650)




Steel A, Carbon Manganese Steel

Steel A has a very high toughness but again showed the linear
elastic behaviour followed by sudden development of a plastic zone.
The KQ values are listed in Table 8.29 and shown graphically in
Figure 8.21. These values do not correspond to crack initiation but
to plastic failure, once again the ratio Pmax/PQ was close to 1.7 in
all cases. A representative load/COD trace is shown in Figure 8.22.

These toughnesses correspond to predominantly cleavage surface

fractures as shown in Plate 39.

Detection of crack initiation by the electrical potential allowed
ch values to be estimated from J. These are around 140 MN m~3/2
as shown in Figure 8.21 and Table 8.30. Crack tip displacement

values, &, using the linear relation between clip gauge displacement
values and crack opening displacement (22, 23) and the experimental
relation between clip gauge displacement and COD (24) are presented
in Table 8.31. The crack tip § varied from 0.18 to 0.29 mm and gave
a stress intensification factor, n, of 0.9 * 0.2, assuming a K_ _, of

1C
138 M m—3/2.

Micrographs showing the typical microstructure of material A, A (1277),
A (1276) are presented in Plates 40, 41 and 42 respectively. (Note
that these different keel blocks were cast at different foundaries).
It can be seen from these micrographs that the microstructure consists
of a fine ferrite-pearlite aggregate, with approximately 50% pearlite,
but it is worth noting that only material A contained colonies of
bainite surrounded by large colonies of pearlite which suggests
segregation of Manganese as shown in Plate 43. No valid fracture
toughness value was obtained for this block and so it is difficult

to relate these effects to material toughness.




A fractographic study of the fracture surfaces of three blocks

tested, i.e. A, A(1277) and A(1276) showed that a variety of fracture
mechanisms weré operating during failure. For example, Plates 4l and
45 for specimen A indicate that fracture took place by cleavage with
a small stretch zone. The actual areas examined in Plates LL and U5
were at the fatigue crack tip which is the transition between the

fatigue region and the main fracture area, in this case the fracture

took place by cleavage.

Material A(1277) showed that crack extension process took place by
the formation of a large stretch zone at the crack tip, resulting
from shear deformation and slip associated with the development of
the plastic zone. A typical stretch zone is shown in Plate L6.
Distinct wavy marking can be seen running essentially normal to the
crack propagation direction, these are characteristic of slip
deformation. The subsequent fracture is by a cleavage mechanism as

shown in Plate L7.

Material A(1276), however failed by void coalescence as can be
seen in Plates 48 and 49. Plate 48 shows the fracture surface at
the fatigue crack tip from which 1t can be seen that the width of
the stretch zone was small in comparison to material A(1277).
Plate 49 shows the fracture surface adjacent to the fatigue crack
from which 1t is clear that fracture took place by the nucleation

growth and coalescence of voids originating from second phases.




Dimensions
Number B ] a MN/m% M/ MN/m
nm min mm
Alx1 25.01 | 44 .53 | 23,01 49.60 65.43
1 Alx? 25.01 | 4,88 | 25.39 | 49.16 71.23
Alx3 25.03 | 44 .66 | 21.85 45,63 71.17
Alx5 25.03 | 44.85 | 23,28 48,06 70.68
Al black3 29.99 | 59.95 | 29.88 53.13 84.98
A(1276)
Al blockk 30,00 | 60.01 | 30.42 56.39 86.89
A(1277)
A2 blockh 30.00 | 60.01 | 31.25 56.39 91.05
A(1277)
A2 block3 24.98 | 50.01 | 25.39 51.6L 77.39
A(1276)
A3 blocklh 24.63 | 49.95 | 25.98 51.09 80.83
A(1276)
Table 8.29 PFracture Toughness Results : Cast Steel A4,A(1276),A(1277)
Blocks 1,3 and 4
Dimensions
Specimen B W a J with elas ch from { J without el- Ky from
N tic corr'n |J + el. astic corr’n |J no el.
umber mm 111513 mm
MN/m corr'n MN/m corr'n
MN/m 7 MN/m?*
Al block3 | 29.99|59.95 | 29.88 | 8.32x107% | 137.23 | 9.04x107% | 143.05
A(1276)
A2 block3 24,.98 | 50.01 | 25.39 1.11x10°% 158.54 1.17x197% 162,72
A(1276)
Al blocklk 30.00 | 60,01 | 30.42 8.63x10”1 139.80 9. 44x10"2 146.16
A(1277)
A2 blockl 30,00 | 60.01 | 31.25 1.00x10~% 150.55 1.08x107% 156.13
A(1277)
A3 blockl | 24.63|49.95| 25.98 [1.06x107% | 153.25 | 1.10x107% | 158.22 .
A(1277) .

Table 8.30 Kj, values derived from J at initiation for Steels 4(1276) and A(1277) 1




Dimensions | el
) . o n
Specimen B W a from eq'n from eq'n
derived derived
Number na i m expt. mm theoret.
mm
Al block 3 29.99 | 59.95 | 29.88 0.21 0.94 0.21 0.9,
A(1276)
A2 block 3 24.98 { 50.01 { 25.39 0.22 0.95 0.23 0.91
A(1276)
Al block 4 30,00 | 60.01 | 30.42 0.19 1.1 0.24 0.87
A(1277)
A2 block 4 30.00 | 60.01 | 31.25 0.19 1.1 0.19 1.1
A(1277)
A3 block 4 24,63 | 49.95| 25.98 0.23 0.91 0.26 0.81
A(1277)

Table 8.31 Crack opening displacement and stress intensification factor

values for A(1277) and A(1276).
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Fig. 8.22 Crack opening displacement versus applied load for A(1x5)




Plate 39 Fracture surfaces of 25mm thick specimens of Steel A.




e

Plate 40 Steel A. Microstructure,conventional etching (x650)

Plate 41 Steel A(1277). Microstructure,conventional

etching (x750)




Plate 42 Steel A(1276). Microstructure,conventional etching (x650)

Plate 43 Steel A. Microstructure,conventional etching (x650)




Direction of crack propagation

Plate 44 Steel A. Fracture surface at the fatigue crack tip.
SEM (x150)

Plate 45 Steel A. Fracture surface next to the fatigue crack tip.

SEM (x750)




Direction of crack propagation
Plate 46 Steel A(1277). Fracture surface at the fatigue crack tip

showing stretch zone. SEM (x140)

Plate L7 Steel A(1277). Fracture surface next to the fatigue crack

tip.  SEM  (x1.45K)




Direction of crack prppagation

Plate 48 Steel A(1276). Fracture surface at the fatigue crack tip.
SEM (x260)

Plate 49 Steel A(1276). Fracture surface next to the fatigue crack tip.

SEM (x1.3K)




8.9

Steel F, % Mn - Mo

Table 8.32 and Figure 8.23 contain the KQ values obtained from LEFM

tests. These results indicate an apparent toughness of around
61-75 MV 1w >/2. Two of the test results in Table 8.32 met the
deviation from linearity condition for valid toughness values while
the other tests did not. The PQ values again correspond to no crack

initiation with PQ/Pmax about 1.7 in all cases. A representative

trace of applied load versus COD is presented in Figure 8.2L.

This steel was one of the toughest of the steels tested, as apparent
from the size of the shear lips on the basic test specimens as shown
in Plate 50. Unfortunately the test results showed the same scatter

as those of steels G and steel C. K_. values at the centre of the

Q

block were found to be lower than those at the outer edges.

Table 8.33 and Figure 8.23 contain the Kl values estimated from

C

J-integral. These tests were conducted on a range of specimen

thicknesses but with W constant at 45 mm. Scatter on these results

1s felt to reflect variation in the material toughness.

Table 8.34 contains the COD results, obtained using the linear
relation between clip gauge displacement and crack opening displacement
(22, 23). & varied from 0.19 mm at 10 mm to about 0.1l mm at 30 mm

thickness. However because of the scatter in test results arising

from variation of the material toughness in the cast block, it is

not feasible to conclude anything from these results. The stress

intensification factor, n, was found to be equal to 0.8 ¥ 0.2 when

the individual ch results estimated for each specimen were used in

the calculation.




Plates 51 and 52 show the microstructure of material F. For Plate 51
the first specimen was polished and etched using the conventional
method while for Plate 52, the second specimen was prepared by
electropolishing as described in Chapter 6. Note that, like materials
G and C, light and dark areas can be seen in the microstructure which
1s an indication that the constituents have formed at different
temperatures and have different mechanical behaviour. However in
order to adequately correlate material microstructure with the
toughest results a considerable amount of work would have to be done
involving the electron microscope. This was beyond the scope of

this thesis, the object of which was to obtain valid fracture data for

a range of cast steels.

Fractography of the fracture surfaces revealed that the fracture
mechanism was by microvoid coalescence. An example showing the
fracture surfaces is shown in Plate 53, with the important area
being immediately beyond the fatigue crack tip. Examination of the
crack path shows that the fracture mode is fully ductile taking
place by nucleation, growth and coalescence of voids as shown in
Plate 54. In contrast to steel G, very few MnS particles were

present in this steel.




Specimen Dimensgions K ch( Kpax
Number B W a MN/w> UN/m¥> MN/w*
mm mm mn
F2xl 21L.01 | 42.00 | 22,06 72,17 101.52
F2x2 18.00 | 41.99 | 21.51 61.41 96.20
Foxl, 21.00 | 41.99 | 21.06 75.29 109.33
F2x5 20.98 | 4,1.98 | 20.68 60.82 94 .16

Table 8.32 Fracture Toughness Results : Material F (Block 2)

Dimensions
Specimen B W a J with elas{Kj. from { J without el-|Kj. from
Number om - o tic corr'n |[J + el. |astic corr'n |J no el.
MN/m corr'n MN/m corr'n
MN/m#% MN/m¥%
F2xl 21.01 | 42.00 | 22.26 | 1.05x10™% | 154.3 1.16x1072 | 162.2
F2x2 18.00 | 41.99 | 21.51 | 7.65x10°% | 131.60 8.66x10"% | 140.05
F2x5 20.98 | 41.98 | 21,20 | 8.36x107° | 137.73 | 9.29x102 | 145.02
F1(10,45) 9.89 | 44.90 | 22.15 | 1.01x10™% | 151.50 1.21x1070 | 165.4
F2(10,45) 9.98 | 44.53 | 21.84 | 1.00x10™F 150.59 1.21x107" 165.4
F2(15,45) | 15.02 | 44.65 ] 27.37 | 7.95x1077 | 133.96 | 8.87x1072 | 1,1.69
F1(20,45) | 19.95 | 45.01 | 22.77 | 7.75x107Y | 132.49 | 9.37x10°2 | 145.63
F2(20,45) 19.86 | 44 .61 | 22,55 7.56x10'2 130.83 9.10x10"2 143.52
F1(30,45) 29.98 | 44.73 | 22.58 | 1.03x107% 152,63 1.23x107% 166.74
P2(30,45) | 29.98 | L4.73 | 22.58 | 9.99x107% | 150.40 | 1.17x1071 | 163.16

Table 8.33 Kjg values derived from J et initiation for meteriel F

(Block No's 2 and 3).




163,

. Dimensions

Specimen
Number B W a

mnm mm mm
F1(10,45) 9.89 | 44.90 | 22.15 0.18
F2(10,45) 9.98 | 44,53 | 21.84 0.19
F2(15,45) 15.02 | 44,73 | 27.37 0.15
F1(20,45) 19.95 | 45.01 | 22.77 0.10
F2(20,45) 19.86 | 44..61 | 22.55 0.11
F1(30,45) 29.98 | 45,01 | 22,62 0.13
F2(30,45) 29.98 | 44 .73 | 22.58 0.13

Table 8.34 Crack Opening Displacement Results for material F

at various thicknesses.
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COD

avaot

Fig. 8.24 Crack opening displacement versus applied load for P(ox4)




Plate

50

Fracture surfaces of 20mm thick specimen from Steel F.




Plate

Plate

51 Steel F. Microstructure,conventional etching. ZEM (x650)

52 Steel F. Microstructure,electroetching. SEM (x650)




Plate

Plate

Direction of crack propagation

53 Steel F. Fracture surface at the fatigue crack tip,

SEM (x240)

54 Steel F. Crack path.

SEM (x260)

i




DISCUSSION

Cast steels are used extensively as engineering materials, often in
situations where high dynamic stresses and unfavourable environments place
large demands on the structural integrity of the materials. The obvious
example of such a situation is in the case of pressure vessel components
although there are other applications where cast steel has been employed
or at least proposed as the material. Indeed, such is the use and
potential of steel castings that they are now treated as a special class of
engineering materials controlled by their own standards, (105) governing
their composition. In view of these comments, it is perhaps surprising to
discover that defect control in cast steels bears little or no relation to
the defect tolerance of the particular steel based on fracture toughness
considerations. According to current practice, defects are classed as
deleterious more or less on the basis of whether they are detectable by
radiographic methods. Although these methods are probably adequate, when
combined with practical experience, for the higher strength steels, they
bear little reference to the real defect tolerance of the more commonly used
steels. In the case of plain carbon or carbon manganese steels, which are
used extensively as casting materials, although they have a high toughness
they are controlled by concepts of defect tolerance generally applicable

to higher strength steels which are often more brittle.

It is worth noting in passing that the practice of removing defects
castings (generally by grinding) then re-filling with weld material can
have an adverse affect on the structural integrity of the casting, (106).
Or, stated more bluntly, in certain cases it is better to leave the original
defect rather than attempt a repair weld. Clearly, a greater understanding
of the fracture characteristics of cast steels is required if steels are

ever to realise thelr potential as cast components.
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In view of these comments, and since little information on KC or KIC
values for cast steel is available (107,109) a programme to examine the
fracture properties of some of the common types of steel castings was set~
up. For convenience, all experimental testing was to be carried out on a
single edge-notched specimen geometry loaded in three-point bending. FEach

specimen was to be assessed using the three main currently available methods

of fracture toughness testing, namely:-—

a) Linear Elastic Fracture Mechanics (LEFM).
b) The J-Integral Method.

and c¢) Crack Opening Displacement Measurement (COD).

An experimental set-up was proposed such that all measurements
necessary for the above methods could be recorded simultaneously during
testing of a single specimen. This was desirable since it was envisaged
at the outset that the lower strength steels would not behave in a linear
elastic manner, and that by using all methods conjointly on the higher
strength steels which were expected to behave in a linear elastic manner
this would give useful comparisons and confidence in the toughness assessments
on the lower strength steels using general yielding fracture mechanics.

This was in Tfact borne out by the experimental results obtained.

For clarity of presentation, the following general discussion has
been divided into five sections. The first three of these deal with the
results obtained from and the usefulness of three methods of fracture
toughness assessment mentioned above while the fourth contains a comparison
of the J-integral method and the COD method and their relative merits. The
last section contains general comments on the metallography and fractography

of the steels tested.




Linear Elastic Fracture Mechanics

The plane-strain fracture toughness parameter is a material property
and as such does not depend on specimen configuration or specimen size.
Although this statement is axiomatic it has thus far proved impossible to
devise a reasonable experimental set-up such that only plane strain
conditions exist ahead of a crack tip. Consequently, and particularly for
high toughness steels, a so-called mixed mode of fracture comprising plane
strain and plane stress states will be operating. Under these circumstances
a material K. , will never be obtained, but in certain circumstances and for

1C

certain specimen dimensions, an acceptable KlC value can be determined.
Before proceeding to a discussion of these points, with particular relevance

to the cast steels examined, it is of value to expand on the influence of

‘plan®€ stress' on K

qQ
If, apparent fracture toughness values obtained from experiments,

say K are found to vary with specimen dimensions then clearly a mixed

q S

mode fracture is taking place and the specimen is wndersized. (Usually,

increase in specimen dimensions causes a reduction in K., see Figure 3.2).

Q
There 1s therefore a minimum specimen size, below which mixed mode fracture
will take place. This size can be shown to depend on the ratio between
toughness and yield stress for the material which is also linked to the size
of the plastic zone ahead of a crack tip. The limits on specimen dimensions
discussed below are based on this ratio which give an indication of whether

valid Kl results have been obtained from a given experiment.

C

The draft British Standard for toughness testing DD3 (102) and ASTM
committee (10L) have set minimum specimen size limits and recommendations
for determining test validity. One recommendation is the linearity condition
which states that the deviation of the test record from line OA at a load

0.8 P, is less than one fourth of the deviation from linearity of the test

Q
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record at PQ as shown in Figure 8.17 For all the cast steels examined, the
deviation from linearity on the 1load/COD curve was negligible at 0.8 PQ as
compared with that at PQ as determined by the secant method. An unusual
feature in many of the steels tested, with reference to this linearity
condition, is that yield at the crack tip is delayed up to a fairly high
load before spreading rapidly ahead of the crack tip. This gives rise to
a 10ad/COD curve which appears to be linear elastic, with a deviation
arising from a compliance change due to cracking, when in fact no cracking

has taken place. In these cases, P_ does not correspond to crack initiation.

Q
Crack initiation actually occurred at a higher load as detected by the
electrical potential method. Also, the ratio Pmax/PQ was about 1.7 in all

cases, showing that the deviation was caused by plastic flow.

More confusing fracture behaviour was observed from the results of
experiments on material D, L and A. TFor these materials sudden yielding
did take place giving the appearance of LEFM behaviour. Also, the fracture
surfaces showed that fracture had taken place by a predominantly cleavage
mechanism as shown in plates 33,36 & 39 where the lack of shear lips is
consistent with plane strain fractures. Such behaviour has been confirmed
by other workers on these steels (115 ) and can only be an artifact in the
fracture behaviour of these cast steels. However, the LEFM methods of
DD3 (102 should be adequate to exclude this type of behaviour with much
larger specimens than those tested here. For the smaller specimens it is

necessary to confirm, by direct detection, that cracking has occurred.

The second recommendation for valid Kl results is that no specimen

K 2
dimension should be less than 2.5 kjfi . These limits were based on results

ys

from tests on what might now be considered materials of medium toughness but

C

are generally accepted to hold for all materials tested using LEFM. In

materials M, B and C taken from the centre of the keel block, the basic
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using

specimen size with 25 mm thickness gave valid assessments of the KlC

the above recommendation, however when various thickness specimens were

examined it was found that in steels M and B the toughness did not rise
above the ch level down to 10 mm thickness. In steel B, the 5% secant
method seemed to be detecting the actual point of initiation down to 10 mm
thickness as confirmed by the potential drop method. For steel M however,
although the 5% secant method seemed to detect crack initiation down to a
specimen thickness of 20 mm, for the 10 mm and 15 mm thick specimens the

apparent K as shown in Figure 8.1 arose from the sudden onset of

1C

plastic behaviour, rather than by crack propagation.

Clearly the factor 2.5 is conservative in these cases giving specimen

dimensions well in excess of those necessary to determine valid Kl data,

C
but from overall results obtained for the eight cast steels it is still
advisable to use the factor 2.5 for cast steels to cover all materials over

a range of toughness, and the final result interpreted in the light of

experimental observations on fracture surface appearance, i.e. the mode and : N

mechanisms operating.

The ch values determined for steels M, B and C can be used with

confidence for defect tolerance calculations in actual castings using these

steels.

As a result of the many experiments carried out, the general observation

can be made that, if the ratio Pmax/PQ exceeds 1.10 with a smooth continuous

Load-Displacement curve, then the apparent K. value will not be a good

Q

approximation to the plane strain fracture toughness of the material, ch.

However, as stated above, each test must be considered separately and every

variable should be taken into consideration, even the shape of the load/COD

curve. TFor example, in the case of material B, which had a discontinuity

in

the Load-Displacement record, Pmax/PQ did exceed 1.1 but still the
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fracture toughness results were valid as can be seen from the shape of the

curve, Figure 8.6, which shows a region of increasing displacement with

falling applied load followed by a further region of rising applied load
prior to the final fracture. For this type of curve, the Pmax/PQ criterion
is not an important validity criterion. 1In other cases, where a smooth
load/COD curve is obtained, as for material A, it was found that the
linearity condition was satisfied, the dimension criterion was borderline
but Pmax/PQ was about 1.7 and the potential drop technique detected crack
initiation at a much higher load than P.. Clearly the ratio Pmax/PQ is an

Q

important parameter in the assessment for valid fracture toughness data.

The linearity condition for cast steels is not a particularly
important criterion as sudden yielding took place with most of the steels
tested. Larger specimens would not be expected to show this type of
behaviour, however, it was inappropriate to fracture large specimens in this
work as this would obscure any influence of casting position on toughness
values. Also, in cases where casting position had little effect on
toughness, the expense of determining plane strain fracture toughness values

from exceptionally large specimens is prohibitive.

J-Integral Results

The J-integral method was employed in order to evaluate its usefulness

as an alternate method to LEFM and COD for determining fracture toughness

properties. At first sight J seems extremely attractive since its derivation
was based on elastic—plastic analysis of conditions ahead of a crack tip.
Also, the technique has been used successfully by Begley and Landes (51)

as an elastic—plastic fracture criterion.

The first experimental measurements of J were obtained from experimental
load versus load point displacement curves using a compliance technique where

several specimens of varying crack lengths were required (51). In another




172.

method derived by Bucci et al (56), load versus load point displacement
curves were analytically derived from test pieces of the geometry of interest
in adjacent crack sizes. Both these methods are time consuming and costly.

A method by which J can be determined from single specimen is more desirable
since the shape, size of keel block casting and the resulting cooling rate
may well influence toughness. Also, it is more realistic to compare results
obtained from the three methods (J, COD and LEFM) from the results of a

single test specimen.

Fortuitously, there is an experimental technique available by which
J can be determined from a single test specimen for the particular case of
a deep crack in a three poin? bend specimen. This technique was developed
by Rice et al (61) and is described in detail in Section 7.2 of this Thesis.
Since the three point bend specimen geometry is used exclusively in this
Thesis, J-integral values were determined using the technique referred to
above. The method employs a load versus load-point displacement and the
most significant feature is being able to locate the point on this curve
at which a critical event took place in the fracture process. One possible
aid in solving the problem of picking a measurement point may come from
presenting the J data in the form of a resistance (R) curve as developed
by Landes and Begley (63) which unfortunately also requires a number of
test specimens to enable the construction of resistance curve and so for
the reasons stated previously this method was not attempted. Although
maximum load is sometimes taken as crack initiation this is not generally
true and was not considered useful or valid for cast steels. The only real,
simple alternative was to use the potential drop technigue for locating the
point of fracture initiation for measuring a critical J-integral value.
This technique is described in detail in Section 7.4. The point of
initiation was fixed when material separation had already taken place to

some small degree as determined from the potential drop trace. A measurement
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point taken earlier in the test would measure J for a crack front geometry

1C

change only, while a measurement point taken later would introduce specimen

size effects artificially. It was felt that a main objection to the use of

the potential drop technique, if such be sought, seems to lie in the possible

uncertainty concerning the point of failure, since the success of using the

potential drop technique to determine J could depend on the skill of the

1C
investigator in interpreting instrument signals. In fact it was found that
by using the procedure outlined in Section 7.4 with a sensitive instrument

such as the one used in this work, the point of initiation can be easily

obtained with little or no ambiguity.

In those cases where the material behaves in an elastic/brittle
manner (e.g. cast steels M, B and C at the centre of the keel block) and
valid fracture toughness data is obtained by normal linear elastic method,
the J-integral method also gives toughness data which compares well with
normal linear elastic results. See for example Tables 8.4, 8.8 and 8.12.
Smaller specimens for material M were prepared such that 'invalid' results
would be obtained. J-integral values were determined using these small

specimens, and the results were converted to Kl values (Table 8.4).

C
These were found to compare well with those previously found using 'valid!
LEFM specimens. In terms of figure 8.5, failure was occurring for the

small specimens at a moderate amount of plasticity. For cast steel C the
results (Table 8.1k and Figure 8.12) offer further support to the concept

of using J to determine K These results were for non-valid specimens.

1c”
Figure 8.12 shows that the ratio of Pmax/PQ was about 1.7 indicating that

the deviation from linearity was caused by plastic flow in the crack tip

region. The mean K. ., value obtained from Jl for these bend tests agrees

1C C

almost exactly with the valid ch result obtained by the normal linear
elastic method (Table 8.12). DNote that the results obtained were for J

with elastic correction, for an overestimate of toughness arises if the
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1s used to determine J without subtracting & as shown in

8
total no crack

Figure 8.11.

These results from materials M and C offers further support that J
does provide a one parameter description of the near tip environment,
lrrespective of the extent of the plastic deformation. This opens up the
possibility of scaling the fracture event from a large to a much smaller
specimen even though the load deflection behaviour of the two specimens
will be very different. Results obtained here appear to indicate that

specimen size appears to have little or no effect on ch values.

A specimen size requirement on the use of J has been recommended

as:

where a = crack length, B = thickness, b = uncracked ligament

OY = yield stress and o was assumed to be 25 and 50. Landes and Begley (51)
found that from the results obtained that o = 25 would give a suitable
specimen size requirement for the material. At present this is merely a
recommendation and a great many more results are needed to undertake a more

thorough evaluation of specimen size effect on Jl . In this Thesis, while

C
all the specimens tested satisfied the above requirement, results seemed

to indicate that the factor 25 was rather small. However, until further

experimental work is undertaken it is perhaps wise to adhere to this value.

From the above comments it can be concluded that the J-integral
technique represents a practical and accurate method of toughness assessment
even with specimens as small as 20 mm wide and 10 mm thick as for instance,

in the case of steel M. However, experience with Kl testing clearly shows

C

that 1t is unwise to draw firm conclusions from limited test date, but as
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can be seen from the results obtained herein, the ch values obtained from

the J-integral were in excellent agreement with the ch values obtained

using conventional methods. Thus, this agreement between the elastic-
plastic and linear elastic critical fracture toughness values indicates

that the elastic plastic Jl fracture criterion, based on the path

C
independent J-integral proposed by Rice (L9) does extend the concepts of
linear elastic fracture mechanics into the elastic-plastic and fully

plastic fracture regimes. It should now be possible to obtain critical

fracture toughness values with small specimens.

The excellent comparison of results obtained for materials M and C
and the ability of J-integral to predict failures in cases of large scale
yielding, gave confidence in estimating toughness values for materials L,

D, A and F where the material behaved in an elastic/plastic manner. The

3/2 3/2

estimates of K for these steels are 86 MN m for L, 67 Mn m for D,

1C
3/2 for A and 130 MN m—3/2

138 MU m for F. These are relatively tough
materials and critical defect sizes derived from these figures would
indicate defect tolerances much greater than appreciated by current codes

of practice for pressure containing parts, for instance.

The most important advantage of the development of the critical

elastic plastic fracture toughness J. , criterion is its ability to predict

1C

failure in cases of large scale yielding, that is, use of small specimens
which give tremendous savings in both material and machining costs relative
as opposed to K

to the specimen sizes required for J fracture toughness

1C 1C

tests. For instance, to obtain a valid fracture toughness value through
the LEFM method for material A, a specimen of at least 28 cm thick is

required to obtain valid linear elastic K

L fracture toughness test results.

Another advantage is that since only small specimens are now required for
fracture toughness testing, the effect of cooling rate, casting position

or any structural effects can be examined, since ample material is available
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to manufacture the necessary fracture toughness test specimens from any
position in the casting. For example, in material G where there was
segregation of sulphur to the centre of the block it was found that one

small specimen had a low toughness in comparison to the others. After

further examination it was found that this specimen in particular contained

a high percentage of sulphur, so now it is possible to specify minimum

fracture toughness standards as an integral part of the material specifications

and acceptance standards.

Crack Opening Displacement Results

In order to evaluate the usefulness of COD as a fracture criterion
and to present as complete a record of results as possible, COD values
were recorded for each specimen tested. The method used for determining
COD values is the one described in DD19 (L40). At the present time this is
the only document which gives details of a recommended procedure for COD
testing which 1s the most widely used method for assessing fracture
toughness of elastic/plastic materials. Having decided on a technique
of measuring the COD, 1t was then necessary to make a decision on what
point on the load/clip gauge displacement curve was to be taken as representing
the critical event in the fracture process. It can be seen from the literature
review, Section 4.2 that the established 'material property' appears to be
COD at 1nitiation of crack growth. Also, because it is the same point used

for measuring critical J-integral values, J this makes it easier to

1c’
compare results obtained using the two criteria. The potential drop

technique described in Section T.4 was used for locating the point of

ilnitiation.

The results will be discussed alongside the two methods proposed in
DD19 (L40) for the calculation of crack tip COD values from clip gauge

displacement Vc:

J
4
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v
§ = 3(atz)
Wiea + 1

This 1s the simplest relationship (40) and is based on the observed
behaviour of COD specimens up to about 50 mm thick. According to the
literature in DD19 (LO) reasonable approximations to actual behaviour are

obtained within the 50 mm thickness range and within the COD range 0.06 to

0.62 mm.
vy o, W (1—V2)
5 = 0.45 (W-a) v, - Y
0.45 W + 0.55 a + % c E
2y oy W (1—V2)
for V > =
(22, 23)
2
5 = 0.h5 (W-a) vV E
= — 2
0.45 W + 0.55 a + 2 by oy W (1-v7)
i
2y o, W (1—V2)
for V < Y
i

The nomenclature is given in Section L4.2.

This formula (34) predicts a parabolic relationship up to general

yield. Based on the formula G = 2.1 oy § and on boundary collocation
estimates of clip gauge displacement, after general yield, the relationship
is linear. It can be seen from the results on material G (Table 8.21) that
the COD values obtained using the experimental relationship (equation 2L)
are optimistic at low COD's in comparison to the COD's obtained using the

theoretical relationship (equations 22, 23). The difference in COD's

values were about LO%. This observation is the same as that made by

Veerman and Muller (43) but opposed to that of Archer (110). For higher

COD values, for example materials L and A (Tables 8.28, 8.31), the

experimental relationship compared well with the theoretical relationship.
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The difference in COD values obtained using the two relationships was

about 10%. However, since the theoretical relationship derived by Wells (3k4)
is well founded theoretically, it is more advisable to use the theoretical
relationship in calculating COD. In addition there was an example when an

analysis based on formula 2L was found to give an unsafe answer (lll).

The experiment on the effect of reducing specimen thickness varied
from one material to another. For example in material D (Table 8.25)
results show that there is no significant variation of COD with thickness.
This observation is the same as that made by Smith and Knott (L6).
However the COD values for material L varied with thickness as shown in
Table 8.28, COD values for the thinner specimens were higher than those
for the thicker specimens. This observation is supported by (112).
Using subsized specimens (25, 30, 120) the COD values were lower than that
on the standard type specimen (Table 8.28) Material B also showed the same
variation of COD with thickness (Table 8.9). This tends to indicate that
the sensitivity of COD to thickness is material dependent. It can be
seen from the above results that in some cases that COD values are geometry

dependent and so it is advisable when determining COD for any one material

that a full thickness test be carried out.

Results in Tables 8.28, 8.25 and 8.31, show that the crack opening
displacement methods are more accurate with higher toughness materials
(L, D and A) than those tested for lower toughness materials (B, M and C).
Typically the crack tip displacements at fracture initiation were around
0.02 ¥ 0.003 mm for the lower toughness materials. This means a maximum
error of around 30% in the property measured, arising mostly from the

small, absolute size of the displacements.

Finally, the stress intensification factor, that is the degree of

elevation of the yield stress, was investigated. This factor also showed
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a variation from one material to another. For example in material B it was

= L} My m.s/2 obtained by

found that n was between 1 and 2 assuming a ch

LEFM. This seems a reasonable experimental confirmation of the estimates
by Wells. The n for material L was also between 1 and 2 assuming a
3/2

K. =86 MN m

1 obtained through J, providing further support for the

estimates by Wells. However the COD results for material D and material A
tend to show stress intensification factors of about 1 assuming a
3/2

K. . =67 and 138 MV m

10 respectively as obtained by the J-integral method.

However, there do appear to be other instances of this type. For example
work by Robinson & Tetelman (36) gave an experimental value of n equal to
0.93 for cracks propagating with dominantly plane strain plasticity in

their plastic zones.

Comparison between J and Crack Opening Displacement

It can be concluded from the above discussion on J and COD, each of é A
which have been proposed for characterising elastic plastic fracture
problems, that the fracture toughness values obtained using J were more
consistent from elastic behaviour up to elastic/plastic behaviour as

compared with COD results. Also the fracture toughness values obtained

using J were independent of specimen size for the materials examined in
contrast to COD which appeared to be strongly influenced by specimen size.

This allows J, at the point of fracture initiation, 1i.e. ch, to be

considered as a good reflection of the near tip stress-—strain environment
of cracked elastic-plastic bodies irrespective of overall geometry or state
of deformation. In this Thesis only specimen size was investigated but for
J to be adopted as a universal fracture criterion, J values must be shown

to be geometry, size and state of deformation independent. Work by

Begley & Landes (55) proved that J was indeed geometry, size and state of

deformation independent. This was an obvious reason for favouring J rather




180.

than COD. Sumpter & Turner (113), as a result of theoretical analysis,

found that in most cases it 1s possible to show that there exists a

relationship between J and § of the form:

For a given definition of §, M usually shows at least some degree
of geometry and load dependance. Sumpter & Turner (113) found, again
theoretically, that M varied between 1.15 and 2 over the range of geometries
studied. They also found that by considering the experimental method of
defining § in bending, by assuming a plastic hinge a fixed distance

E§é3 below the crack, gave a value of M which varies between 0.5, the

ASTM 1limit and approximately 2 which is well after limit load based on

2 - 0.5, finite element analysis. In the

data from the 3 point bend, w

results obtained in this Thesis M varied between 0.5 and 1.25, and
consequently much more work is needed to relate the two criteria. AN
Also, for COD a particular method of defining § must be standardised

before finding a relation between COD and J-integral.

~> In view of the se comments, the J-integral criterion is preferred

to the COD because of 1ts more precise definition, and its ease of
calculation. However, most investigators up to the present date still
prefer to use the COD method for measuring relative toughness because of

the ease of measurement and accumulation of experlience. From the work done
in this Thesls it can be seen that the method used for estimating J-integral
values was successful and the direct measurement of load point displacement

makes it as easy as the COD method. Only one condition must be satisfied

for measuring J at crack initiation, that is plane strain must be implied

for both large and small specimens.
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Metallographic and Fractographic Examination

The results presented in Section 8 are only for steels previously
shown to be free of defects by radiographic examination. However the
results should not be taken as representative of the in-situ properties
of similar steels in the form of castings. Variation of casting procedure,
shape and size of the casting, the resulting cooling rate and subsequent heat
treatment may well influence toughness. These are factors to be examined in
a further project. It is worth noting that the heat treatment given to
steel B was found, at the end of this testing programme, to be obsolete as
far as current industrial practice is concerned. Modified heat treatments
have been found to give greater toughness (114). In view of these comments,
the micrographs shown in Section 8 can be used simply to relate the various
toughness values obtained, with their relevant microstructures. This will
assist comparisons in later work. It can be seen from the results of
Section 8 that in steels G, C and F the effects of position and the effects
of micro and macro segregation need to be carefully assessed. Such a study
was beyond the scope of this present work, and all that can be said are
general comments concerning the likely variation in fracture properties
across a cast section. For these steels, there is a decrease in fracture
toughness from the edges to the centre of the block. From the literature
review, Section 5, there are a number of compositional and structural factors
than can influence the toughness of these materials. For example, material G
contained a considerable amount of sulphur which has an effect on toughness
but other variables must also be considered before deciding on what factor(s)
is affecting the toughness. The presence of upper bainite in tempered
martensite and the proportion of bainite in martensite will have an adverse
effect on the toughness of the steels. 1In addition, prior austenite grains
will have an effect on toughness, as this influences the distribution and
morphology of martensite laths. These factors have been well documented

with respect to fracture toughness (76-84). So, in order to determine the
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factors affecting the fracture toughness in cast steels F, G and C all

these factors must be included in any assessment. Such a study should

now be relatively straightforward using the fracture toughness method
developed in this Thesis. This method permits the use of small specimens
and makes 1t simpler to measure toughness in the particular region of
interest. Generally spesking, this is important since the areas of interest

are limited in size necessitating the use of small specimen.

Tables 8.1, 8.22 and 8.26 for materials M, D and L show that casting
position had little or no influence on fracture toughness. The fracture
toughness values determined for steels L, D and M can be used with
confidence for material selection or defect tolerance calculations with the
provision that the microstructukes in the castings are similar to those
shown in Section 8. Also, these toughness values will be independent or

at most, vary by a small amount, with the position in the castings.

Details of examination of the fracture surfaces for all the cast
steels has been discussed in the results section, Section 8. The
appearance of the fracture surfaces, as obtained from the fractographic
examination, do in general provide confirmation on the toughness values
obtained for the various steels. For example, the fracture surfaces of
cast steel G, which gave a fairly low toughness value, showed shallow
dimples associated with the large manganese sulphide inclusions and
separating small ligaments. This morphology is generally associated with
fracture at relatively low loads with the inclusions providing ideal void
initiation sites. The results for steel F however, which has a higher
toughness is in direct contrast to steel G. 1In this case the fracture
surfaces show fine dimples indicative of fully ductile fracture by the
mechanism of void nucleation, growth and eventual coalescence. The

fracture surfaces for steels G and F are shown in Plates 27 and 53

AL
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respectively. For steels with very low toughness values, in this case
steel M and B, fracture occurred by cleavage, as shown in Plates 9 and
13. This type offracture is typical of a brittle material with a low

toughness,

Although the appearance of the fracture surfaces was consistent
with the toughness values obtained, there is an important point to note
with regard to steel A. In total three keel blocks of steel A were
tested, each of which came from different foundaries. Perhaps as a direct
consequence of this there is some variability in fracture mechanism for
this particular steel. TFor Al276 for example, the fracture surfaces had
a fibrous appearance which indicates that fracture took place by the
mechanism of nucleation, growth and coalescence of voids from second phase
particles. The fractograph for cast steel AlL277 showed that the crack
extension process took place by theformation of a large stretch zone at
the crack tip as shown in Plate 46. Both these mechanism are fairly
typical of ductile material behaviour which is consistent with\the high
toughness values obtained for these particular keel blocks. The fracture
surfaces of the third keel block of material A however, indicates that
fracture took place by cleavage a mechanism associated with low fracture
toughness. Unfortunately no valid fracture toughness values were obtained
from this block and no definite conclusions can be drawn. It would seem
that further work is required here to identify the reasons for the
different fracture mode in this keel block. Returning to the previous
comments, the change in fracture mode could well have been caused by a
different cooling rate for this block but clearly, external variables can

have a significant effect on one material's fracture behaviour.
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As a consequence of the experience gained during the course of this

work and the results obtained from the experiments carried out, the

following conclusions have been drawn:—

1)

The J-Integral provides a practical and accurate method for toughness
assessment. It is important however, particularly so for ductile
Materials, that the critical J-integral is taken at the onset of
crack growth. This value can then be used with confidence as a

material constant.

The Potential Drop Technigue as employed in this work, provides an

accurate method for determining the onset of crack growth.

Regarding crack opening displacement results, the theoretical
relationship equation 22 gave more consistent results than the

experimental relationship, equation 2k.

The fracture toughness results obtained using LEFM techniques for

cast steels M, B and C at the centre of the keel block represented

valid Kl values, satisfying the criteria of DD3 and ASTM Committee

C
B2k .

With regard to LEFM testing, the single most important criterion for

valid test results 1s that the ratio P /P < 1.10. R
max Q wl

Fracture toughness values for cast steels F, G and C varied through
the keel block, minimum values being recorded at the keel block

centre. In cast steels B, L, M, D and A toughness was invarient

with casting position.
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APPENDIX 12.A STATE OF PLANE STRESS AND PLANE STRAIN

State of Plane Stress

If a thin plate is loaded by forces applied at the boundary parallel
to the plane of the plate and distributed uniformly over the thickness, as
shown in Figure 12.1, the stress components, OZ, sz’ sz, are zero on both
faces of the plate, and 1t may be assumed that they are also zero within

the plate. The state of stress i1s then specified by OX, Oy, ny only and

is called PLANE STRESS. The stresses are functions of x and y only.

In practice a state of plane stress is difficult to achieve. However,
if the thickness of the body is very small compared with the other
dimensions > sz and sz are of negligible magnitude compared with the

other stresses so a state of plane stress can be assumed.

State of Plane Strain B

If a long cylinder is loaded by forces which are perpendicular to
the longitudinal elements and do not vary along the length, it may be

assumed that all cross sections are 1n the same conditions. If also the

i,

W

end sections of the body are confined between fixed smooth rigid planes,
so that the displacement in the axial direction is prevented, as shown
in Figure 12.2, then E 5 Yoy sz are zero and the body 1s said to be

under a state of PLANE STRAIN.

The plane strain problem like the plane stress problem reduces to

the determination of O Oy and ny as functions of x and y only.
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Fig. 121 State of:Plane Stress.

ATy
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Fig. 12.2 State of Plane Strain.
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APPENDIX 12.B DIGITAL COMPUTER PROGRAMME FOR DETERMINING J AND K VALUES FROM
LOAD - LOAD POINT DISPLACEMENT CURVES

The following computer program is used to determine the area under
experimentally determined Load - Load point displacement (P-LPD) curves.
Once calculated, the area under the curve is used to determine values of

stress intensity factors, K and J-Integral.

Details of the experimental curves are input to the program as a
series of co-ordinates, the value of the co-ordinate points being taken
from the experimental record. The area under the curve, to the point of
interest, i1s calculated using two Scientific Sub-routines from the I.C.L.
Library. The first of these sub-routines EO2ABA fits a polynomial relating
Loads to LPD values, while the second DOIACA performs the integration
necessary to determine the area wmder the curve. As the area under the
curve 1s required at several different load point displacement values it
was considered desirable for program flexibility to fit a polynomial to
the P-LPD values rather than integrate numerically using co-ordinates
input to the program. A series of numerical trials have been carried

out to check the accuracy and stability of the program.

The various program steps are described, with reference to the

flow chart as:—

1) Number of sets of data are read and loop i1s constructed for this
number.
2) For first specimen NPS, B, D, LEN, E and UCW are read.

2a) Values input in step 2 are printed to lineprinter.

3) Second Moment of Area for the specimen 1s calculated.

L) Number of pairs of points from P-LPD curve are read.

5) For the number of points in step L4, values of GLPD and P are read
in order:

R
5

‘?,Y?JEBA-;‘-»: G i S R
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5 5. P. &8 P, cee e § P

P e cen
1 1 2 2 3 3 m m

Procedure EOZABA is called to fit polynomial to points on the

P-LPD curve P=r7F (6§ )

LPD

Coefficients of best polynomial are printed.

Loop is constructed round the number of points for which J is to be

evaluated (WPS).

For the first point in step 8 values of UL and P, are read,

Q
i.e. point on P-LPD curve where ch and J are to be determined.
Elastic area under P-LPD curve is calculated for a load P, applied

Q

to an uncracked specimen ELAR, see Figure T.1l.

P 3

<% PQ 6no crack) ano crack - E%%f
Procedure DO1lACA called to evaluate area under the actual P-LPD
curve up to displacement UL using the polynomial obtained from step 6.
(Note. It is possible to inteﬁrate the polynomial of degree 4 exactly
but the program was originally written for any order of polynomial and
can still be used for a higher or lower polynomial by changing the
value of DEG. Computational experiments have shown however that a

polynomial of degree U is satisfactory).
Total area 1s printed, ANS.

Check is performed on procedure DOIACA to ensure that integral reached

the required accuracy.
Plastic area is calculated (ANS-ELAR).

Values of J and K are calculated for both plane stress and plane strain

with and without elastic area correction applied.

. [
s
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Values of J and K. obtained in step 15) are printed .

for second and subsequent points at which J and K are to be

evaluated return to step 9)

for second and subsequent specimens repeat from step 2).
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DESCRIPTION OF PROGRAM VARTABLES

NSETS

NPS

LEN

Ucw

M

DEG

Number of sets of data (or specimens)

Number of points on P-LPD curve at which J is to be

evaluated.

Specimen Thickness.

Specimen Width.

Specimen Span.

Young's Modulus.

Uncracked Ligament Length.

Moment of Inertia.

Number of pairs of points taken from load/Load point

deflection curve.

Array containing values of LPD, 6LPD

Array containing values of Load, P.

Weighting values attached to points on P-6 curve,

(= 1 in each case).

Degree of polynomial to be fitted (L found to be best).

Value of the displacement from P-8§ curve at which J 1s to

be found.

1s the corresponding Load to displacement UL at which J

is to be found.

Elastic displacement of uncracked specimen to load P

L




ANS

AR

JINT

JINTL

kI

kI2

kIl

kI3

Elastic area (3

Total

192.

PQ 6no crack

area

Nett area (ANS-ELAR)

Value

Value

Value

Value

Value

Value

of J with elastic correction applied

of J without elastic correction

of kI for poc with elastic correction

of kI for pe with elastic correction

of kI for po without elastic correction

of kI for pe without elastic correction.

PR
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START

( NsETs

- —— — — —< ot = 1(1)NSETS »
]

( wps,B,D,LEN, E,UCH
l

ML = BxD3/12

i
|
l
}
l e
l
l
i
I
|
I
|

- - I=1(1)¥ >

-
|
} (x(1) ®1)
|
|
|
L

l

W(I) =1

S

l Procedure EQ2ABA

_____——~——-~—:T““”——__“‘——ﬁ
| r- - - — < onr1 = 1()wes >

I | [ UL PQ
| ‘

| DEL = PQx(LEN)>/48xExI
ELAR = 0.5xPQxDEL

| |

Procedurs DOlACA

. | 1

| [LM'/@
|

I
4 Integral failed to YES

l reach required accuracy 1
|
NO

Integral failed to reach

accuracy
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ey
JINT = 2xAR/UCWxB
JINT1 = 2xANS/UCWxB
KI = A/JINTxE

KI1 = 4JINT1xE

KI2 = %Imer/ (1—\)2 )\

KI3 = %IN'HXE/ (1Y° )‘

JINT,JINT1,KI,KI1,KI2,KI
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