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ABSTRACT

Failure of a material subjected to an essentially tensile load by fast fracture under
conditions of limited crack tip plasticity is governed by the material fracture toughness,
the value of which for a given material at a particular temperature is heavily dependent
on the thickness of the material and level of crack tip constraint. As a consequence, for
tough materials, the specimen size required to provide acceptable fracture toughness

values under test conditions is often excessively large.

The work presented in this thesis investigates the possibility of using constraint
enhanced sub-sized specimens to provide essentially plane strain results. Two types of
specimen are investigated, the side grooved reduced thickness compact tension

specimen and the circumferentially cracked round bar specimen.

Linear elastic fracture mechanics analysis of aluminium alloy specimens was undertaken
in order to establish the effects of side groove depth and geometry on crack front stress
intensity factor and constraint for full thickness specimens. It was concluded that Vee
grooves with a depth of 30% of the specimen thickness provided an optimum
configuration. Analytical and experimental support was also given to Freed and Krafft’s
idea of effective thickness with the exponent, m, being evaluated by finite element
analysis to be between 0.62 and 0.66, and experimentally to be 0.71 for the specimen

configuration in question.

A two parameter fracture mechanics investigation based on J-Q theory was used to
investigate crack tip constraint in sub thickness side grooved specimens manufactured
from EN24 steel, this involved finite element modelling of a range of plain and side
grooved sub thickness specimens together with an extensive experimental programme.
Good agreement was obtained between the finite element predictions and the
experimental results. The investigation concluded that side grooves were very effective
at increasing the level of constraint along the crack front, to the extent that near
minimum fracture toughness values could be expected from specimens of one fifth the

recommended thickness.

The results obtained from a similar investigation of circumferentially cracked round bar
specimens indicated that they are not suitable for linear elastic fracture mechanics

testing and that their use should be limited to elastic-plastic fracture mechanics.
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CHAPTER 1

INTRODUCTION

Failure of a material subjected to an essentially tensile load by fast fracture under
conditions of limited crack tip plasticity is governed by the material fracture toughness,
the value of which for a given material at a particular temperature is heavily dependent
on the thickness of the material and level of crack tip constraint. Minimum, hence
conservative, values of fracture toughness are obtained for a particular material when
deep cracks are present and the thickness is sufficient to ensure conditions of plane

strain along the majority of the crack front.

It follows therefore that fracture toughness testing must be undertaken under essentially
plane strain conditions and with deeply cracked specimens. Both British and American
standards relating to fracture testing demand that these conditions are met before
measured values obtained from test specimens can be designated as true material
properties. A consequence of this approach is that, for tough materials, the specimen
size required to provide plane strain values is excessively large and often the demands in

terms of testing machine load capacity are prohibitive.

The work presented in this thesis investigates the possibility of using constraint
enhanced sub-sized specimens to provide essentially plane strain results. Two types of
specimen are investigated, the side grooved reduced thickness compact tension
specimen and the circumferentially cracked round bar specimen. Constraint
enhancement is provided in the side grooved specimen by the interaction of the crack
front stress field with that of the root of the side groove. In the case of the
circumferentially cracked round bar specimen constraint is provided by the fact that the
circumferential crack tip has no free surface and that the required crack depth and
minimum diameter need only to ensure that the crack tip plastic zone is not influenced

by the free surface of the cylinder or the specimen axis of symmetry.

The successful use of these specimens would also provide benefit to many industries
where, due to the materials employed, it is often not possible to provide specimens of

the standard thickness required by current fracture toughness test methods.

In order to fully investigate the implications of using sub-sized specimens a single

parameter characterisation of the crack front stress fields by the use of stress intensity



factor, or J integral, alone is not sufficient. Although they are both a measure of the
intensity of the near crack tip deformation and stress fields, in practice the extent to

which these parameters dominate is largely dependent on the amount of constraint at the

crack tip.

In order to allow the effects of constraint to be fully investigated a detailed finite
clement study of the crack front stress fields has been undertaken together with a two
parameter fracture mechanics approach. Where possible this theoretical treatment of the

problem has been supported by an extensive experimental programme.



2.1

2.2

CHAPTER 2

FRACTURE MECHANICS - BACKGROUND THEQORY

INTRODUCTION

Engineering failures can, in general, be yield dominated or fracture dominated.

If they are fracture dominated then failure occurs by catastrophic crack growth
emanating from a material defect or crack. Due to the spectacular nature of some of
these failures a great deal of interest and research effort has been directed into the field

of fracture over the past fifty years.

Several outstanding texts relating to the general development of the subject of fracture
mechanics (see refs. [1 —4]) have been published over the past twenty years, hence a
detailed review will not be presented. The purpose of this chapter is to describe the
major developments that have taken place and that are relevant to the work presented in
this thesis.

THE GRIFFITH THEORY

Griffith formulated his energy balance approach in the 1920°s whilst using glass to
study the failure of brittle solids [5, 6]. He considered an infinite plate of unit thickness

containing a through crack of length 2a and subjected to a uniform tensile stress o, see

fig. 2.1. The total energy U of the cracked plate is given by:

U=U,+U,+U, ~F .. 2.1

where:

U,= elastic energy of the loaded uncracked plate (constant).

U,= change in the elastic energy caused by introducing the crack in the plate.

U,= change in elastic surface energy caused by the formation of the crack surfaces.
F= work performed by external forces (this must be subtracted in

equation (2.1) since this is not part of the internal energy of the plate).
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Fig. 2.1 Centre cracked plate

Griffith used expressions developed by Inglis [7] for the elastic strain energy per unit

thickness of an infinite plate containing a central crack given by:

2 2
IU a| =74 (plane stress) ... (2.2)
2y 2 2
IU al = #l=v’)o’a (plane strain) ..... (2.3)

where:
o= applied stress perpendicular to the crack
E= Young’s Modulus.
L= Poisson’s Ratio



The elastic surface energy, U, per unit thickness is equal to the product of the elastic

surface energy of the material y, and the new surface area of the crack.

Griffith reasoned that unstable crack growth would occur when the energy release rate
was at least equal to the rate of energy absorption due to the creation of new surfaces
and considering that U, is constant, hence dU,/da is zero, the condition for instability 1s

gl 5

For the case where no work is done by external forces, F' = 0, and considering the
change in elastic energy due to the introduction of the crack to be negative, equation

(2.5) becomes:
—(U,+U,)=0 ... (2.6)

Substituting equations (2.3) and (2.4) into equation (2.6) gives (for plane strain):

d (_ r(1-v?)ola?

—_— +4a =0 .. 2.7
- 7 n] (2.7)

hence:

2v. ... 2.8
£ ¢ (2.8)
which leads to the Griffith relation:
2v E
o, = |—L_ .(29)
na(l-v?)

where oy is the critical stress required to cause instability.



2.3

2.4

The Griffith approach is only strictly applicable to brittle solids and as such is precluded
from consideration for real engineering structures. In recognition of the limitations of
Griffith’s theory both Irwin [8] and Orowan [9] independently proposed modifications
to account for a limited amount of plastic deformation at the crack tip. The modification
involved the inclusion into equation (2.9) of a plastic work term ,, which because of its

magnitude effectively replaces .

STRAIN ENERGY RELEASE RATE

Irwin [8] also proposed another modification to the original Griffith theory and
suggested that crack propagation will occur when dw/da reaches a certain critical value.
The energy release rate is designated as G with the critical value at fracture being G, the
material fracture toughness. Hence, from equation (2.9) the energy release rate can be
defined from:

STRESS INTENSITY FACTOR APPROACH

Despite modifications to the original Griffith approach its application to practical
problems is severely limited. As a result of these difficulties Irwin {10] proposed a
stress intensity approach which represented a major advance in fracture mechanics.
Using the method and results of a previous analysis by Westergaard [11] for stress
functions for crack problems Irwin derived expressions for the stress distribution ahead

of a crack tip, this being:

o, =—K—.f,j(9) ..... (2.11)

v N2mr

where r and @ are as defined in fig. 2.2 and K is known as the stress intensity factor

corresponding to one of the three cracking modes as shown in fig. 2.3.
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Fig. 2.2 Stresses at a point ahead of a crack tip

(a) MODE I (b) MODE I (c) MODE 111
Crack opening Crack shearing Crack tearing
Fig. 2.3 Modes of fracture

These three fundamental modes of fracture are defined as:

Mode 1, crack opening, see fig. 2.3(a)
Mode II, crack shearing, see fig. 2.3(b)
Mode III, crack tearing, see fig. 2.3(c)

As can be seen from equation (2.11) the crack tip stress field has a —j: singularity and
r

the stress intensity factor K is the only parameter that relates the crack tip stress field to

the loading and geometry of the system.



The form of the stress intensity factor is given by:

aly. .. . .
where f [W) is dimensionless and is dependent upon the geometry of both the

specimen and the crack. As with the energy balance approach, for failure to occur K
must exceed a critical value K¢. K is a material property but is dependent on the mode
of crack loading. For mode I loading the critical stress intensity factor is designated K;c
and is the material fracture toughness.

The stress intensity factor and strain energy release rate concepts are related by the

following equivalence relationships.

EG

K?=
(1-v*)

(plane strain) ... (2.13)

K*=EG (plane stress) ... (2.14)

Expressions for K have been evaluated by a variety of methods for a large range of

geometries and loading situations and have been well published in the past (see ref.

[12]).

PLASTIC ZONE SIZE/SHAPE

The elastic stress distribution at the crack tip is such that there is a stress singularity.
However, because the material will deform plastically at stresses above the yield stress,
in practice this leads to the formation of a plastic zone which means that the elastic

solution is not applicable.

Irwin [13] considered the plastic zone to be circular and of diameter 2ry and developed
the following expressions for the size of the zone, for plane stress equation (2.15) and

for plane strain equation (2.16).



He also showed that the crack can be viewed as having a notional tip a distance ry ahead
of the real tip, see fig. 2.4.

O
y
A
Elastic stress distribution | o = K
Y N27r
Oy Stress distribution after local

yielding

Crack tip

SRS

Nominal / l i\\\\\\\

crack tip 2ry

/

Fig. 2.4 The Irwin plastic zone size

The arguments presented above make the assumption that the plastic zone is of circular
shape, centred at the crack tip. This is a gross simplification and by considering the
yield condition for 8 angles different to zero, a better impression of the real shape of the
plastic zone can be obtained [13, 14]. [@being measured anti-clockwise from the
direction of crack growth at the crack tip].

Plastic zone shapes according to the von-Mises yield criterion are shown in
fig. 2.5 for plane stress and plane strain conditions. In practice, the true shape of the
plastic zone is greatly affected by material thickness, with plane strain conditions

prevailing in the interior of the material and plane stress conditions at the surface.



1.0

Plane Strain 1'(9)/ I'y

Plane Stress ryry

r'ed

1.0

Crack tip

Fig. 2.5 Dimensionless plastic zone shape
from von-Mises criterion

This can be explained to a certain degree by considering a through thickness crack in a

plate.

By combining equations (2.11) and (2.12), the elastic stresses will be given by:

oo oma
! N27r

£, 0) ...217)

For small values of » both g, and g, will exceed the material yield stress and hence lead
to the formation of the plastic zone. If there is no strain hardening then the material
within the plastic zone should be capable of plastic flow and hence will contract in the
thickness direction. However, within the interior the swrrounding elastic material cannot
contract to the same extent, leading to tensile through thickness stresses at the elastic
plastic boundary. This corresponds to a condition of plane strain and the setting up of a
triaxial stress situation. At the plate surface the material within the plastic zone is
capable of some contraction and there are no stresses in the thickness direction. Hence,

the stress field is biaxial in nature and can be considered to be plane stress. When

10



2.6

considering the plastic zone size variation through the thickness of the plate, it can be
seen from fig. 2.6 that there is an intermediate zone slightly in from the surface where
the plastic zone size varies between plane stress conditions at the surface to plane strain

conditions in the interior.

\ Plane stress

at surface

P S —

Plane strain

Fig. 2.6 Through thickness plastic zone in a
plate of intermediate thickness

CRACK OPENING DISPLACEMENT

In the preceding sections only the elastic fracture case has been considered, together
with the effects of very limited plasticity. However, where ductile materials are
involved that exhibit a large amount of plastic deformation the use of linear elastic
fracture mechanics is not sufficient. Instead elastic plastic fracture mechanics must be
used. One approach proposed by Wells [15] 1s that of crack opening displacement,
COD. In situations where significant yielding occurs at the crack tip then there will be
some separation of the crack faces prior to crack growth. Hence fracture will occur

when a critical value of COD is reached which is a reflection of the amount of plastic

strain at the crack tip at failure.

11



2.7

Burdekin and Stone [16] used the Dugdale strip yield model [17] to develop an

expression for COD as follows:

where;
o= crack opening displacement
oy = material yield stress

It was also shown that under linear elastic fracture mechanics conditions that there are

direct relations between & and X as follows:

2
S, = K, (plane stress) ... (2.19)
oy E
K (1-v?)
o0, =—1——+= (plane strain) ... (2.20)
o E

THE RICE CONTOUR INTEGRAL

An alternative to COD was developed by Rice [18] in the form of a contour integral of
the type developed by Eshelby [19]. The contour integral, termed the J integral, follows
a path around a crack tip shown in fig. 2.7 and is path independent provided that the
start and finish points of the contour /"are on opposite faces of the crack and that the

contour contains the crack tip. The J- integral is defined as:



where:

x, y=  rectangular co ordinates normal to the crack front
ds = increment along the contour

T= stress vector acting on the contour

u= displacement vector

W= strain energy density = Io-,.j dE;

Ay

\

Fig. 2.7 J integral path around a crack tip

Rice also showed that the J integral when taken around a closed path containing the
crack tip represents the change of potential energy for a virtual crack extension da,

hence:

Hence for the linear elastic case the J integral is directly equivalent to G. Hence:

2
J=G= —%(1 —v?) (plane strain) ... (2.23)

13



2.8

It is important to understand that the J integral concept is actually based on a non linear
elastic system which can only be used to model the plastic behaviour of a material

providing that no unloading occurs, since the actual plastic part of the deformation is

irreversible.

EFFECTS OF THICKNESS

When fracture surfaces are examined on failed test specimens it is seen that two distinct
regions are present. Generally in the interior of the material the fracture surface is flat
and extends directly from the root of the crack. Towards the surfaces of the material,
however, the fracture surfaces tend to be at 45° to the principal loading direction, this is
illustrated in fig. 2.8.

Fig. 2.8 Typical fracture surfaces

This behaviour can be explained by considering the stress states through the thickness of
the material. It was argued in section 2.5 that highly triaxial stress states are developed
in the interior of the material but not at the surface where the stress state is essentially
biaxial. Due to high triaxial stresses in the interior there is no driving force for slip to

occur and hence the absence of shear. The situation at the surface, however, is very

14



different with shear being the dominant failure mode due to the highly biaxial stress
field.

As a consequence of the above it has been observed by many investigators that material
thickness has a profound effect on measured values of K- obtained from standard test
specimens. Material yield stress also has an effect on the material behaviour observed
in the transitional region between plane stress and plane strain this, together with the

effects of thickness, is illustrated in fig. 2.9.

Plane Transitional Plane

A stress behaviour strain
<— Pl >

Fracture toughness

Specimen thickness

Fig. 2.9 Variation of fracture toughness with thickness

Although the effect of thickness on measured values of fracture toughness is understood

in qualitative terms not many quantitative models exist.
Bluhm [20] proposed a quantitative model based on the assumptions that:

1) The shear lip size at fracture is independent of thickness.

i)  Flat fracture is a surface phenomenon and shear lip formation is volumetric in

nature.

Assumption (i) above implies that the transition from plane strain in the specimen

interior to plane stress at the surface always occurs in the same volume of matenal.

15



Hence, the shear lip size is equal to half the maximum thickness in which full plane
stress develops. Hence the fracture energy for the shear regions is given by:

1
dW=5KSLt2da 1<t, . (2.24)

and
1 2 ]
e t2i, (2.25)

dW =K ,(t—t,)da
where
t= specimen thickness
S critical thickness for 100% shear lip formation
Kg = a material constant relating to the shear area
Ky = a material constant relating to the flat fracture area

The critical energy release rate G, = dW/tda therefore equations (2.24) and (2.25) lead

1 t . t
Ge :‘2’KSL l, (Z] if (EJ<1
1 R [, . !
G1C=5KSLto(7)+Kﬁ(l_7) l]{ (;O—J>IJ

By considering that ¢, is approximately equal to twice the plastic zone size as given by

to:

~

equation (2.15) it follows that:

Ro_ [ B i)les fiigh . 27)
K, 6oy t t

Substitution of appropriate material properties for E, Ks; and oy in equation (2.27) does

not show good agreement with test data hence the generalisation to include the term g to

fit test data.

16



Bluhm used the above analysis on the experimental results of Repko et al [21] with a

reasonable degree of success, the results are reproduced in fig. 2.10.

3r 04 0= 2024 test data
K,c \ . . = 7075 L n
Kic \ . factor g adapted to fit test data } Bluhm

T 2.5 c\\/
Oue — 2
ys =30 kg/mm=<, € =0.45
o . =40 . Broek &
» : Vlieger

1.5

——
~—
——
~—
———
.— m—_

€ E !
Oy = Q (glass) ‘IASTM_
:condmon
05 1 1 1 1 | ]
5 10 15 20 25 30

Fig. 2.10 Thickness models of Bluhm, and Broek and Vlieger.
After Broek [2]

Similar results have been obtained from Broek and Vlieger’s [22] extension of a model
developed by Isherwood and Williams [23] which, with some simplifying, assumptions

with respect to the plastic zone led to the following expression.

where:
&= the true fracture strain of the material
Oy = the material yield strength

Examination of equation (2.28) shows that Ky gradually approaches Kc for large
thickness values. However, at the ASTM limit condition of 2.5 (K¢’ O'y)z the predicted
Ko still has a slight error in the order of a few percent when compared to measured

values. The error depends largely on the material properties.

17



2.9

Other thickness models have been presented by Shih and Hartranft [24] and Anderson
[25] who took a simplistic view that the transitional behaviour could be represented by a
linear decrease from a maximum value to the ASTM thickness limit of 2.5 (]<1C/G;/)2
value. Although the model of Anderson is applicable in design it does not predict
thickness effects with any degree of accuracy.

With the above in mind both British and American standards [26, 27] call for fracture

testing to be undertaken using specimens of minimum thickness B > 2.5(K,/0y)’ where

Ky 1s an estimated value of K.
INFLUENCE OF SIDE GROOVING ON THICKNESS EFFECTS

In order that the effects of shear lips can be reduced, side grooves can be machined into

the specimen along the line of expected crack growth.

Among the first researchers to investigate the effects of side grooving on measurements
of plane strain fracture toughness were Freed and Krafft [28], who conducted an
experimental investigation of side grooving using single edge notched tension
specimens. Work was undertaken on 7178-T6 Aluminium Alloy, with 60 degree V
notch side grooves and root radii between 0.002 and 0.005 ins., to attempt to establish if
the data would be of the form:

where:
B= specimen thickness
By= specimen thickness at root of side groove

and evaluate the side groove sensitivity exponent m, which theoretical predictions

[28, 29] suggest lies in the range of 0.5 — 1. The results from this work established that
m = 0.56 for the material and side groove geometry tested, see fig. 2.11.
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Freed and Krafft also attempted to determine the size requirements for side grooved
specimens in order to obtain representative K;- measurements. The conclusion of this
work was that side grooving may restore the detectability of crack initiation at specimen

thickness as low as Sry.

MacDonald and Pajot [30] have recently given analytical support for Freed and Krafft’s
concept of effective thickness by using three dimensional, elastic finite element analysis
of various smooth and 20% side grooved specimens. The results of this work indicated
that the concept of effective thickness is slightly conservative in the form of the equation
given in the British and American standards.

Another important work in the area of the elastic plastic analysis of side grooving was
undertaken by Delorenzi and Shih [31] who built on the work of other investigators [32,
33] that had shown that the plain strain load displacement curve can be obtained from
smaller specimens than called for by British and American standards, providing they

were side grooved.
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2.10

Shih et al [34] had earlier analysed the elastic stress and strain fields in the vicinity of
the crack with varying depths of side grooves and shown that the optimum side groove
depth was in the order of 25%. At this depth, the plain strain constraint and stress

intensity factor are almost uniform across the crack front and only differ slightly from

the 2D plane strain value.

Resulting from this earlier investigation, 25% side grooved compact tension specimens
were used for the elastic-plastic analysis and a review of the linear elastic analysis.
Finite element analysis repeated for the linear elastic case gave the results indicated in
fig. 2.12 and fig. 2.13 when plotted as stress intensity ratio against distance from
specimen edge. It was also observed that the stress intensity factor is higher all along
the crack front in the side grooved specimen than the standard specimen by an average
of about 3%. Also the stress intensity factor is constant across the section in the side

grooved specimen but falls away towards the edge in the standard specimen.

Delorenzi and Shih also investigated the variation of plane strain constraint,

0./(ox + 0,), along the crack front. Plane strain constraint falls off considerably towards
the edge of the standard specimen, fig. 2.14, but for side grooved specimens the plane
strain constraint is much more uniform and drops only slightly at the side groove, see

fig. 2.15.

FINITE ELEMENT ANALYSIS OF FRACTURE

The finite element method has over the past twenty years become established as a
method of determining stress intensity factors in the practical analysis of fracture

mechanics problems.

Several authors (see refs. [35 — 37]) have presented excellent reviews of the finite
element method applied to fracture mechanics. The purpose of this section is to review

only those aspects of the method that are relevant to the work presented in this thesis.

In order that finite elements can be used effectively for fracture mechanics analysis two

considerations are important.

1) That the crack tip stress/strain singularity is correctly modelled.
1) That the relevant fracture parameter, stress intensity factor or J integral, can be
calculated.
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2.10.1

CRACK TIP SINGULALRITY MODELLING

Early attempts to undertake fracture mechanics analysis used very fine meshes
consisting of conventional elements, (see ref. [38]) in order to obtain the
correct stress/strain field. In some instances, particularly when a very detailed
prediction of the stress field ahead of the crack is required, this method is still

used with blunted crack models.

: | o :
Tracey [39] first introduced a — singularity into a finite element by

7

employing a polynominal displacement field within a triangular element. This
was then generalised into a family of elements by Tracey and Cook [40].
Blackburn [41] also formulated a singular triangular element whilst Benzley
[42] introduced supplementary terms into the displacement field of a
quadrilateral element to model the singularity. All of the element formulations
so far have meant that special elements need to be placed around the crack tip.

Major advances were made independently by Barsoum [43] and Henshell and

Shaw [44] who introduced a 1 singularity simply by manipulation of the

N

mid side nodes of a standard quadratic isoparametric element.

Consider the quadratic isoparametric element shown in fig. 2.16. The required
strain singularity can be obtained at node 1 by moving the mid side nodes 2
and 8 to a position one quarter of the distance along the edge of the element as
shown. For edge 1 — 3 defined in local co ordinates by 77 = -1 the shape

functions are:

N, =-2¢i-¢)

N,=(-¢?)

N, =%§(1+§) ..... (2.30)

With the isoparametric element formulation a co ordinate in x can be written

..... (2.31)
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substituting x; = 0, x, = %and x3 = L into (2.31) gives:

hence:

u= gNiu,. = —%5(1 — ), +(1- 8, +-;-§(1 +E)u, ... (234)

24



substituting for £ from (2.33) gives:

il el

Hence the strain singularity along edge 1 — 3 is of the correct order L It

7

can also be shown that this is the case for edge 1 — 7, rays within the element
emanating at node 1 do not give the correct singularity. The correct condition
can be obtained by collapsing the element into a triangle and coalescing the
nodes at the crack tip, that is, nodes 1, 7 and 8 in fig. 2.17. Again the mid side
nodes are moved to the quarter position and it can be seen that the local

co ordinates& + 1 have now become directly related to the polar co ordinates r

and @respectively. Along the 7 = 0 axis the shape functions become:

N, =N, =N, =N, =—%(1—§2)

N, = N, =%(1—§2)
N, =N, =%(1-§) ..... (2.37)

25



3L/4

Cracktip 1,7, 8

Li/4 3L, /4

i -

3

Fig. 2.17 Collapsed isoparametric element

If the crack tip is located at node 1 then:

as;

x= %(1 +&F . (2.40)
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2.10.2

hence:

4:2_1.}.2‘/% ..... (2.41)

which is identical to equation (2.33). The displacement along the axis

becomes:

u =——Z(1——§2)(u1 +uy +ug +u7)+—;-(1-—§2)(u2 +u6)

+%(1—§)(u4+us) ..... (2.42)

and the strain distribution can now be directly calculated from:

ot ou 1

L Guy tuy tuy by - 2uy - 2u) ... (2.43)

i

Again it can be seen that the strain distribution exhibits a L singularity at

7

the crack tip. It can also be shown that any ray emanating from the crack tip
exhibits the same singularity.

STRESS INTENSITY FACTOR EVALUATION

Having established the correct strain singularity at the crack tip, stress

intensity factors can now be obtained by a variety of methods as follows:

Crack Tip Opening Displacement

This method is derived from the general displacement extrapolation method

[35]. The displacement field around a crack tip can be characterised as

follows:

v=K,- V827” [(2k + l)sing— sin %Q:’ ..... (2.44)
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where:

G = material shear modulus
k= 3 — 4v for plane stress
k= (3 —v)/(1 + v) for plane strain

Hence the nodal displacement field can be determined by finite element
analysis using crack tip elements as shown in fig. 2.18. Then for any
particular radial line emanating from the crack tip K, can be plotted against r.
Results can then be extrapolated to » = 0 to give the stress intensity factor at

the crack tip.

Crack tip

Fig. 2.18 Arrangement of crack tip elements

Particularly, by consideration of equation (2.44), for displacements along the
crack face and the y component of the displacement field (v), Shih et al [45]

showed that the mode I stress intensity factor K| is given by:

o 2027 (4v,-V,)
Y (k+IWL
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Hence the stress intensity factor can be calculated directly from knowledge of

the crack tip opening displacement.

Strain Energy Release Rate

As was shown in section 2.3 when a crack of length a is extended by an

amount &4 it is accompanied by a release of strain energy Ju such that the

strain energy release rate is:

The stress intensity factor can then be calculated directly from equation (2.13)
and (2.14). Hence by performing two finite element analyses for two crack
lengths that differ by an amount da and evaluating the change in strain energy
ou the strain energy release rate and hence stress intensity factor can be

calculated.

Virtual Crack Extension

The virtual crack extension method is a variant of the strain energy release rate
method outlined above and was first proposed by Parks [46] and Helen [47].
Although the method is based on energy release rate its implementation does
not require a second finite element solution with a slightly different crack
length. For simplicity, the method is presented for a linear elastic two
dimensional problem of unit thickness. Upon completion of a finite element
analysis the form of the solution is a vector of nodal displacement {u}, the

potential energy may be expressed as:

where:

[K] is the global stiffness matrix
{f} is the vector of prescribed nodal loads.
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We can differentiate (2.47) with respect to crack length to obtain the energy

release rate, i.e:

—-OP
ol

-2 -0 1oy By oy

load

The global stiffness matrix [K] is symetric and the term [[K {47 }} has

been made exactly zero by the finite element solution. For plane strain:

—oP
ol

g2 =) ‘1{}T6[K]{}+{}Ta{f} ..... (2.49)

1
load E

. OK] . :
The matrix agl ] is the change in the global stiffness matrix per unit crack

advance. Consider fig. 2.19, crack advance is produced by rigidly translating
all nodes on and within a contour /; about the crack tip by a small amount A/
in the x direction. All other nodes remain in their original position. Hence the
global stiffness matrix [K], which depends only on individual element
geometries, displacement functions and elastic material properties, remains
unchanged in the regions interior to /;and exterior to /;. The only
contributions to (2.49) come from the band of elements between the two
contours. The global stiffness matrix is the sum over all the element stiffness

matrices, hence:

{ y 6[K]{ }=- { }Tg—gl{u} ..... (2.50)

where [K ¢ ] is the element stiffness matrix of an element between contours /

and /; and N¢ is the number of elements.

If the structure loading is due to forces outside the crack tip elements then the

load vector {f} is independent of crack advance and equation (2.49) reduces to:

k0 Ly Al
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However, if body forces and/or crack face loadings are to be included then the
full form of equation (2.49) needs to be considered, for a description of the
method see ref. [46].

The terms in equation (2.47) are obtained and post processed directly from the
finite element analysis results. Parks [48] later extended the analysis to include

plasticity effects.

Fig. 2.19 Accommodation of crack tip extension by advancing nodes.
After Parks [46]
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3.1

3.2

CHAPTER 3

TWO PARAMETER FRACTURE MECHANICS —- A REVIEW

INTRODUCTION

The previous chapter outlined the background theoretical considerations relevant to the
work presented in this thesis. What was described was a single parameter representation
in terms of K or J, which are both a measure of the intensity of the near crack tip
deformation and stress fields. In practice the extent to which these parameters dominate

is largely dependent on the amount of constraint at the crack tip.

In situations where high levels of crack tip constraint are not present a single parameter
representation is no longer adequate and a two parameter approach is required. This
chapter outlines the principles of non linear fracture mechanics and some recent

approaches to two parameter fracture mechanics that will be put to use later in the thesis.

NATURE OF CRACK TIP STRESS FIELDS

The underlying theory behind non linear fracture mechanics for materials under
monotonic loading is the J integral as defined in section 2.7. From a physical point of
view J is a measure of the intensity of near tip deformation. Solutions to the governing
equations based on power law hardening materials for crack tip stress fields were first
presented, independently, by Hutchinson [49, 50] and Rice and Rosengren [51, 52]. The
solutions are asymptotic and are based on the assumption that the crack remains sharp.
The resulting singularity fields are commonly referred to as the HRR fields and together
with the J integral form the theoretical basis of non linear fracture mechanics.

The HRR fields are based on a power law hardening material model, a convenient form

of which is the Ramberg—-Osgood equation:
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: o o
where o, is the effective yield stress, ¢, = —E‘—’- and o and n are parameters chosen to fit

data. Typical values of » for metals are in the range 5 for high levels of hardening to 50
for low levels of hardening. Within the immediate vicinity of the crack tip the elastic
strains are negligible in comparison to the plastic strains hence only the plastic part of

the Ramberg—Osgood equation needs to be considered, equation (3.1) becomes:

If J, deformation theory (von-Mises) is used, equation (3.2) can be extended to

multiaxial states resulting in the following:

where:

and S;; is the deviatoric stress.

With reference to polar co ordinates HRR [49 — 51] showed that the asymtotic crack-tip

stress, strain and displacement fields are:

u i, =~ (“"0501"’)"”5.(6,;1) ..... 3.7)
[0, J

The stress distribution ahead of the crack tip as given by equation (3.5) is illustrated in
fig. 3.1. Further details of the fields are given in [49 — 51] and have been extended to
mixed mode problems by Shih [53].
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Fig. 3.1 HRR stress fields for n = 5, 10 and 50, E/o, = 300 materials

The dimensionless & variations & , £; and %, depend on the crack opening mode, 7,

and whether plane strain or plane stress in assumed as does the normalising constant J,.
These variations are normalised in [49] and [53] by setting the maximum @ variation of

the effective stress &, to unity. Tabulated results for 6'“,.]. , E,.j , t,; and I, are given by

Shih in [54].

MECHANISMS OF FAILURE

Macroscopic fracture behaviour based on K or J does not necessitate any understanding
of the fracture events that occur on a microscopic scale. However, in order to fully
understand fracture processes, it is essential to review the various mechanisms of

fracture that occur on such a microscopic scale.

Failure of metals can occur in a number of ways that can be generally grouped as being
either ductile or brittle in nature. In some cases, as with ferritic steels in the
ductile/brittle transition, the fracture processes can be complex with ductile tearing and

cleavage fracture competing.
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3.3.1 CLEAVAGE FRACTURE

Many models have been proposed for cleavage fracture some involving statistical
considerations, others not. In the context of the work being presented in this
thesis one particular cleavage failure model will be considered, this being due to
Ritchie, Knott and Rice [55], hence being known as the RKR model.

The model relates the critical value of tensile stress (o) ahead of a crack for
unstable cleavage fracture to fracture toughness K¢ and is based on the cleavage
cracking model of Smith [56, 57] and accurate elastic plastic stress solutions
ahead of a sharp crack by Rice and Johnson [58].

Earlier work by Orowan [59] and Knott [60] had shown that for slip induced
cleavage fracture the local stress, o;,, ahead of a stress concentrator had to exceed
a critical value, oy, with values of orbeing calculated from slip line field theory

using rigid plastic solutions for notched bars in plane strain bending.

Such a solution, due to Hill [61] is shown in fig. 3.2 with the maximum value of

o,, being achieved when the plastic zone size reaches a critical radius 7} as:

o;'y‘ﬂ* = 2k[1¢Int1+ g /0)]

e 2kltex/2-8/2)

Fig. 3.2 Schematic longitudinal stress (oyy) distribution ahead of a rounded
notch at general yield based on Hill’s rigid/plastic slip-line field solution
[61], after Ritchie et. al.[S5]



™ =2k in(l+7 /p)] ...(3.8)

where:

k s the shear yield stress
p1s the root radius

ry s the plastic zone dimension

This value being assumed to be approximately constant up to the plastic elastic
interface.

RKR extended this work by considering the HRR asymptotic stress fields together
with the approximate modified stress distribution allowing for progressive crack

tip blunting of Rice and Johnson, see fig. 3.3.

Sy
MODIFIED STRESS DISTRIBUTION
ors DUE TO CRACK TIP BLUNTING, FOR
5 .. VARIQUS KARDENING EXPONENTS,
) WITH Og/E = 0-0025 ~=====~-~~
\./ {ofter Rice & Johnson)
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Fig. 3.3 Distribution of longitudinal stress (o,y) ahead of a sharp crack
under plane strain and small scale yielding conditions from the
singularity solution for a hardening material due to HRR (solid lines)
and modified due to crack tip blunting due to Rice and Johnson [58],
after Rice and Johnson [58]. After Ritchie and Thompson [62]

It is clear that the maximum stress intensification possible at a crack tip can be
much larger than that predicted for a rounded notch by slip line field theory. Also
the maximum stress occurs not at the elastic plastic interface but much closer to

the crack tip. Hence if the cleavage failure criterion for a sharp crack were simply

36



3.3.2

that g;, be sufficiently large to exceed some critical value oy then fracture could
be produced by vanishingly small loads.

RKR found it necessary, therefore, to supplement this earlier theory by the
additional requirement that the critical stress needs to be achieved over some

microstructurally significant distance ahead of the crack tip.

Using the HRR field as defined by equation (3.5) [62] to define the stress field the
RKR model implies [55, 63, 64] that:

(O_ (1+n) )
Yrl 2 3
) 1z .

(6,) 2

Ko

where:

o, 1s the effective yield stress
n 1s the strain hardening index

I, 1s a characteristic distance
By comparison of calculated results with experimental data for the variation of K

with temperature, RKR found very close agreement when /, was set equal to two
gramn diameters. The principles of the RKR model are shown in fig. 3.4a.

DUCTILE FRACTURE

The mechanism of ductile fracture is essentially one of microvoid coalescence

which tends to be more complex in nature than that of cleavage fracture.

Microvoids nucleate at various internal discontinuities such as intermetallic
particles and precipitates and also at grain boundaries. As local stress increases
these microvoids grow, coalesce and eventually form a fracture surface that is
dimpled in appearance. Dimple shape is strongly influenced by loading type with
uniaxial tensile loading resulting in the formation of equiaxed dimples. Shear will

produce elongated or parabolic shaped dimples that point in opposite directions
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Fig. 3.4 Schematic idealisation of microscopic fracture criteria pertaining to (a)
critical stress-controlled model for cleavage fracture (RKR) and (b) critical
stress-modified critical strain-controlled model for microvoid coalescence.

After Ritchie and Thompson [62]
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on the two fracture surfaces, whilst tensile tearing produces elongated dimples
that point in the same direction on the two fracture surfaces.

For ductile fracture initiation by microvoid coalescence several authors [65, 58,
66] considered that the critical crack tip opening displacement must exceed half
of the mean void initiating particle spacing. By considering non hardening

materials this criterion is fulfilled when the void sites are enveloped by the intense

strain region at the crack tip, i.e. at a distance of approximately 26 from the tip.
The model implies that:

5, =8c~(05t02)d, .. (3.10)
where:

& is the crack tip opening displacement at initiation
Opc is the critical crack tip opening displacement

d, is the distance between void initiating particles.

The main limitation with this model is that it also implies that:
Jierod, ... (3.11)

It is unusual to find a practical case where the fracture toughness increases

directly with increasing yield strength.

The problem has been overcome by the approach of McClintock [67], Mackenzie
et al [68] and others [64, 70] who have proposed a stress modified critical strain

criterion. In this approach the equivalent plastic strain £, must exceed a critical

o :
fracture strain or ductility € f* (—;J , specific to the relevant stress state over a

characteristic distance /,, The characteristic distance is comparable to the mean

spacing of the void initiating particles d,. The principles of the model are shown

in fig. 3.4b.

39



r

LS5 420

e

T INITIAL Bchu:chED -

€p SHARP cn\a_cx /7
3
SMALL SCALE T e e I
0.5} Y'ELOING ——x-—] o
0

1/3

Fig. 3.5 Distribution of local equivalent plastic strain £, as a function of

distance x, normalised with respect to & the CTOD, directly ahead of a
crack tip under plane strain conditions together with the corresponding
variation of stress state (0',,l / 6). Solutions based on finite geometry
blunting solutions of Rice and Johnson [58] and Mc Meeking [69] for both

small-scale yielding and fully plastic conditions. After Ritchie and
Thompsen [62]

Richie et al [64] considered the near-tip strain distribution shown in fig. 3.5

terms of x/6 and showed that:

where C; is a constant of order unity. Hence the initiation criterion of

E,>E f*(o—_"’ J over x = I, ~d, at J = Jyc implies a ductile fracture toughness of:
o

§,=6c~E; 1, ...(3.13)

or

and

K =JJcE ~{E'a,E, 1, .. (3.15)
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Equation (3.15) now implies that J;c for ductile fracture is proportional to strength
times ductility which is more physically realistic. Also in terms of critical plastic

zones size for Mode I fracture, ry; [62]:

where g, is the yield strain (0,/E) and « is taken to be 0.5.

Although there is no conceptual difficulty with the term £ f* its definition as a

material constant is difficult in practice. For a review of recent techniques for

determining £, see [62].

3.4 JDOMINANCE

As previously stated in section 3.2 the J integral is a measure of the intensity of the near
tip deformation. Solutions for power law hardening materials as given by the HRR
fields in the crack tip region depend upon a high degree of crack tip constraint. If this
high level of constraint is present then the HRR fields are valid and a single character

parameterisation of the materials fracture behaviour is given by the J integral.

In practice the extent to which the HRR fields dominate over a length scale which is
larger than the fracture process zone is termed J dominance. Early work by Begely and
Landes [71] denoted the radius of the zone of J dominance as R, see fig. 3.6, which
depends strongly on specimen geometry and hardening, particularly for low-hardening
materials. In order to ensure the above conditions, Paris [72] suggested that in addition
to the size of the uncracked ligament C, another important parameter is the specimen

thickness B, giving a minimum value for J dominance of:

qQ |~
@

Paris suggested that for thickness considerations a value of M = 50 should be used.
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Fig. 3.6 Schematic of near-tip behaviour under J-dominance conditions

McMeeking and Parks [73] carried out a careful plane strain finite element study of edge
cracked bend specimens and centre cracked plates for low hardening materials based on
a finite deformation formulation. They concluded that to ensure valid J tests using
centre cracked plates a conservative estimate of M = 200 can be used for the uncracked

ligament length.

Shih and German [74] used finite element analysis based on small strain theory to
evaluate detailed crack tip stress and strain fields again for edge cracked and centre
cracked plate geometries. The result of this work was to validate the results of
McMeeking and Parks.

In order to attempt to overcome the restrictions of a single parameter approach to elastic
plastic fracture mechanics several authors have examined the possibility of using a two
parameter approach. In the context of work presented in this thesis two such approaches
are relevant, the T stress approach and J-Q theory both of which are described in the

next two sections.



3.5

T STRESS

The elastic crack tip stress field was expressed by Williams [75] as an asymptotic series
in cylindrical (7, 6) co ordinates about the crack tip, i.e:

o, = 4,00 +B;(0)+C, (00 + ...(3.18)

Restricting interest to the first two terms of the expansion, i.e., neglecting small order
effects it can be seen that the first term is singular at the crack tip and forms the basis of

linear elastic fracture mechanics when expressed in the form of equation (2.11).

Larsson and Carlsson [76] demonstrated that the second term in the series has a
significant effect on the size and shape of the plastic zone at the crack tip. Using the
notation of Rice [77] the second term is denoted as the 7 stress and can be regarded as a
uniaxial tensile or compressive stress parallel to the crack flanks. In matrix form the

first two terms can be written:

on onl ) £,0)] [T o
= +

V2

Oy Onx il f21(0) fzz(e) O 0

The magnitude of the T stress can be defined through a biaxiality parameter B,
introduced by Leevers and Radon [78] as:

: . T
Alternatively T can be expressed simply as a stress concentration factor (——J , hence T
o

can be obtained by multiplying an applied stress by a tabulated constant.
Following the work of McMeeking and Parks [73] and Shih and German [74], Betegon

and Hancock [79] investigated the effects of T stress on J dominance. They first used a
plane strain boundary layer formulation involving both K and T terms which they later
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correlated with full field solutions for centre cracked plate and edge cracked bar

geometries exhibiting positive and negative T stresses.

Du and Hancock [80] examined the effects of T stress on crack tip constraint and plastic
zone development ahead of a crack tip whilst Al-Ani and Hancock [81] also examined
the effects of T stress on J dominance of short cracks in tension and bending. Refs. [79-

81] are discussed in detail as follows:

3.5.1 TWO PARAMETER CHARACTERIZATION OF ELASTIC-PLASTIC
CRACK-TIP FIELDS, After Betegon and Hancock [79], 1991

In this work the crack-tip deformation was first modelled by a boundary layer
formulation using focused meshes as shown in fig. 3.7. The meshes consisted of
240 eight-noded isoparametric elements arranged in 20 rings of 12 elements
concentric with the crack tip. The crack tip consisted of 25 independent but
initially coincident nodes. The radius ratio between the first ring of elements and
the outer ring of elements was 1:1000. Displacement boundary conditions were
imposed on the outer boundary which corresponded to the displacements
associated with a K field and various levels of T stress. The material was
described by the Ramberg-Osgood power law hardening model as defined by
equation (3.1) with n set to 3, /3 and . Poisson’s ratio was setto 0.3 and a =
3/7, while the ratio of yield stress o, to the elastic modulus E was 0.002. The
analysis was based on small strain flow plasticity theory and carried out using the

ABAQUS finite element package.

Fig. 3.7 Boundary layer formulation mesh,
after Betegon and Hancock [79]
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Analysis results for B = -1.06, 0 and +1.06 with # = « and 13 are shown in fig,
3.8, where B is defined by equation (3.20).
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(a) Tangential stress ahead of a crack in a
non-hardening plastic boundary layer
formulation, B=0, n=
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(c) Tangential stress ahead of a crack in a
modified boundary layer formulation,
B=0,n=13
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(b) Tangential stress ahead of a crack in a
modified boundary layer formulation,
B=+1.06,n=13
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(d) Tangential stress ahead of a crack in a
modified boundary layer formulation,
B=-106,n=13

Fig. 3.8 Stress distributions ahead of a crack tip at different levels of T stress.
After Betegon and Hancock [79]
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Figures 3.8a and 3.8c show tangential stress oy directly ahead of the crack

(6 = 0) for both hardening and non hardening formulations in which the T stress
is zero (B = (). The stresses are normalised by the yield stress o, and the radial
distance from the crack tip is normalised by J/g,. As can be seen the data is self
similar in that it is insensitive to the level of K with all data falling on the same
curve but below the HRR stress field as determined by equation (3.5).

Consideration of fig. 3.8b illustrates the effect of a positive biaxiality parameter
B = +1.06 which produces tensile T stresses which increase with deformation.
Further examination of the data indicates that the stress fields are not quite self
similar and lie above the B = 0 field but below the HRR field.

Finally figure 3.8d illustrates the effect of a negative biaxiality parameter

B = -1.06 which produces a compressive 7 stress. As can be seen the stresses are
initially close to the B = 0 data for small T stresses but as T becomes
progressively more negative the stresses fall significantly below both the HRR
and B = 0 fields.

The data shown in fig. 3.8 is combined with other data in fig. 3.9 as a family of
curves which are functions of 7T stress but independent of B for n = /3. The

effects of positive and negative T stress can be clearly seen.

5
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Fig. 3.9 The tangential stress field ahead of a crack in boundary layer
formulations at different levels of T stress, n=13.
After Betegon and Hancock [79]
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The aunthors continued to examine full field solutions for geometries
representative of positive, zero and negative T stresses. Analyses were performed
on a centre cracked panel under uniaxial tension to give negative 7 stress, a single
edge notched bar with /W = 0.9 to give positive 7 stress, whilst the results of an
analysis by Al-Ani and Hancock [81] on a single edge notched bar with a/W = 0.3

were used to give the zero T stress condition. The results of these analyses can be

seen in figs. 3.10 - 3.12.

5
4
],. HRR%
3_1 : e
g
_68
0 24
—- aO'O/J=1255
— a0/J=787
1 - acg/J=47s
- 307 J=160
—- acg/J=50
e ; : : ; o
Eg
J

Fig. 3.10 The tangential stress field ahead of a crack in a centre cracked panel
under uni-axial tension, n=13.
After Betegon and Hancock [79]

Comparison of the full field solutions with the boundary layer formulations

indicated close agreement at corresponding levels of T stress.

In conclusion the work showed that for a single parameter characterisation of the
fracture process, J dominance is achieved if the 7" stress is zero or positive. For
situations of negative T stress J dominance is lost and a two parameter

characterisation is necessary.
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Fig. 3.11 The tangential stress directly ahead of a crack tip in a single-
edge notched bend bar, a/W = 0.9, n = 13.
After Betegon and Hancock [79]
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Fig. 3.12 The tangential stress directly ahead of a crack tip in a single-
edge notched bend bar, a/W =0.3,n = 13.
After Al-Ani and Hancock [81]
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3.5.2 THE EFFECT OF NON-SINGULAR STRESSES ON CRACK-TIP
CONSTRAINT, After Du and Hancock [80], 1991

Again crack tip deformation was modelled by boundary layer formulation using a
focussed mesh similar but slightly coarser than that shown in fig. 3.7. The
material response was based on non hardening J, flow plasticity, in order to avoid
numerical problems the elastic response used a value for Poisson’s ratio of 0.3
with a small number of solutions being obtained with a Poisson’s ratio of 0.49 to

investigate the effects of compressibility.

The shapes of the plastic zones obtained are shown in fig. 3.13. Compressive T
stress enlarged the maximum radius of the plastic zone and caused the plastic
lobes to move forward. Tensile T stress caused the plastic lobes to decrease in
size and rotate backwards. The von-Mises stress was extrapolated along radial
lines back to the crack tip at regular intervals in order to examine the angular
extent of yielding, however, an elastic wedge was found on the crack flanks for
compressive and zero T stress. In the absence of T stress plasticity at the crack tip
extended to an angle close to /3 0°, the effect of compressive T stress was to give
a larger elastic wedge, whilst tensile T stress reduced the elastic wedge. Ata
tensile 7 stress of +0.446 o, plasticity was observed in the elements of the crack

flank and the elastic wedge had disappeared.

Y
— L0 t &y

Fig. 3.13 The effect of T-stress on the non-dimensionalized plastic
zone shapes. After Du and Hancock [80]
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Although the numerical solutions presented do not apply to a rigid plastic
incompressible solid the authors found it appropriate to interpret the stresses in
the context of slip line theory. This interpretation of the effect of T stress on the
slip line field solutions for a perfectly plastic material, hence plastic zone size and

shape can be seen in fig. 3.14.

aIn 40446
(RACK
o SRR
ETE 0 \\
(b) (RACK
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\
A\
105°

616 2 - 0‘0‘03
(c) (RACK

/ 78°

I‘\W

GT_O'-O «1
(d) CRACK

Fig. 3.14 A slip line field representation of the crack tip stress field for (a)
T/o, = +0.446, (b) T/c, = 0, (¢) T/c, =-0.443, (d) T/c, = -0.7.
After Du and Hancock [80]

Fig. 3.15 shows the level of triaxial stress on a function of angle () around the
crack tip, whilst the results directly ahead of the crack tip (r = 0, 8 = 0) are shown
in fig. 3.16. As can be seen the effect of positive T stress is to maintain a high
level of stress triaxiality in front of the crack tip and J dominance will exist.
Negative values of T stress, however, give significantly reduced levels of stress

triaxility and hence a loss of J dominance.
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Fig. 3.15 Mean stress at the crack tip as a function of angular
co-ordinate 0. After Du and Hancock [80]
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Fig. 3.16 Mean stress ahead of the crack tip (0=0,r=0)
as a function of T/o,. After Du and Hancock [80]
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3.53 J-DOMINANCE OF SHORT CRACKS IN TENSION AND BENDING.,
After Al-Ani and Hancock [81], 1991

Al-Ani and Hancock [81] carried out a detailed full field finite element analysis

using both small geometry change and large geometry change formulations of

short cracks in tension and bending.

Loss of / dominance was associated with the development of plasticity to the
cracked face, whilst retention of J dominance was associated with the

development of plasticity through the ligament without spreading to the cracked

face.

Results for crack tip stress fields for a single edge notched bar in bending with
a/W = 0.3 were given in fig. 3.12 whilst those for a/W = 0.1 are given in fig. 3.17.
As can be seen for an a/W = 0.1 the stresses fall considerably below the HRR
field and reduce with increased deformation, in contrast for /W = 0.3 there is no

fall off due to increased deformation with the stress fields remaining essentially

self similar.

8
] ne13, a/w = 0.1
q al/(J /o) =350
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i Ba/(J/o,) = 178
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I8a/(J/0,)=31
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0 2 4 6 8 10
x°I (J/ o’o)

Fig. 3.17 The tangential stress directly ahead of a crack tip in a single-
edge notched bend bar, /W = 0.1, n = 13.
After Al-Ani and Hancock {81]
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Plastic zone development for both crack depths are shown in fig. 3.18 where it
can be seen clearly that the plastic zone extends to the cracked face at high
loading for the /W = 0.1 case, whilst plasticity is contained within the ligament
for the a/W = 0.3 case.

This work supplements that of Du and Hancock [80] and supports the argument
that even though the 7 stress concept is an elastic phenomenon it can be extended

into large scale yielding situations.
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Fig. 3.18 The development of the plastic zone for a shallow-cracked bar in
bending (a) /W =0.1,n =13 and (b) /W =03, n = 13
After Al-Ani and Hancock [81]

53



3.6 J-O THEORY

J-Q theory is based on a two parameter fracture mechanics approach by O’Dowd and
Shih [82, 83], Shih et al [84] and Xia et al [85] and a similar approach by Li and Wang
[86] and Sharma and Aravas [87]. Essentially the stress distribution ahead of a crack is
obtained by detailed finite element analysis and then compared with a high constraint
reference field such as the HRR field or a small scale yielding solution again obtained
by finite element analysis.

An excellent review of the theory is given in [88] and is summarised as follows:

Consider a boundary layer formulation in which the boundary displacements are given
by equation 3.19. Using different combinations of the loading parameters K; and 7" will
give near-tip plastic fields of different magnitudes. From dimensional considerations,

these fields can be organised into a family of crack tip fields parameterised by 7/, i.e:

However, O’Dowd and Shih [82, 83] claimed that because the T stress is essentially an
elastic condition it is increasingly violated with the progression of plastic flow. Hence
they identified members of the family fields by the parameter Q which arises from the
plasticity analysis, 1.¢:

where f;;, g; and h; depend upon dimensionless combinations of material parameters.
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The results of several finite element analyses performed by O’Dowd and Shih [88] are
illustrated in fig. 3.19, which shows the hoop and radial stress distribution directly ahead
of a crack tip for several values of 7/q, (n = 10 material, £/c, = 500, v=0.3). They
considered the difference field as defined by:

("ff)daf =("if')ssy ‘(%)HRR .. (3.23)

where (0;)urr 1s the HRR field and (oy)ssy 1s the small scale yielding field. They also

systematically investigated the difference fields within the forward sector,

6|<n/2,of

the annulus J/o, < r < 5J/0, since this zone encompasses the microstructurally

significant length scales for both brittle and ductile fracture [62].
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Fig. 3.19 Distribution of hoop and radial stress directly ahead of a crack tip for
several values of T/cy, n = 10 material (E/c, = 500, v = 0.3).
After O’Dowd and Shih [88].
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The difference fields in the forward sector exhibited minimal dependence on r, and

therefore can be expressed as:

(0s), 7 =00.0; ©) ..(324)

where the angular functions &, are normalised by requiring & 49 (6 = 0)be unity. The

calculations also showed that &, ~ G4 and |6 4| < ‘689| thus indicating that Q is

essentially a stress triaxiality parameter.
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Thus difference fields within the section, ‘9] <r/2and Jo,<r<5J)o, correspond to

spatially uniform hydrostatic stress states. Therefore, Q defined by:

i

0 O gg ‘“(O'ee)HRR

o

o

at@=0,r=2J/c, ...(3.25)

is a measure of near-tip stress triaxiality, or crack tip constraint relative to a reference
high triaxiality stress state. The distance chosen for Q lies just outside the finite strain

blunting zone.

O’Dowd and Shih [88] also considered the difference field relative to a reference stress
field given by the standard small scale yielding solution (. Oy)ssy.T = 9, Which is driven by

K alone, i.e:
(UV )diff - (O-"f )ssy B (Gif )ssr; T=0 (3.26)

In this case the resulting forward sector difference field matches a spatially uniform
hydrostatic stress state even more closely, hence leading to an alternative definition of Q

as.

Ogs — (O'ea )ssy;r=o

o)

o

at@=o0,r=2J/oc, ... (3.27)

]

0

The choice of reference field does slightly affect the value of Q obtained, however, in

practice it does not matter which reference field is used so long as it is applied

consistently. An advantage of using (Qw )ssy, r-o as the reference field is that the actual

stress strain relation for the material under consideration can be used rather than the

limitation of a power-law hardening definition if (0, )z is used.

O can also be defined at any radius as:

Q(F)—- O'oe [0'09 lssy T=0 (3.28)

o)

o

where 7 =r/(J /o) evaluated ahead of the crack (6= 0).



3.7

The mean gradient of Q over distances 1<7 <5,

can be used to monitor changes in the spatial distribution of hoop stress that do not

conform to a spatially uniform difference field.

EQUIVALENCE OF J-T AND J-0 APPROACHES

Q can be shown to depend on 7" alone within the modified boundary layer formulation,

Le:

O=F(T/o,;n) ...(3.30)
Curves of Q vs T/, for n =5, 10, 20 and « materials (E/a, = 500, v=0.3) are given in
fig. 3.20.
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Fig. 3.20 Q v T/o, for n =3, 10, 20 and oo materials.
After O’Dowd and Shih [88].
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3.8

!
/Q Lower-Bound
*_~"\=Cleavage

A description of near tip stress states by J and Q is strictly equivalent to a description in
terms of K and 7 when small scale yielding conditions apply. It also follows that a two
parameter description of near tip stress states based on J and T is equivalent to that

based on J and Q, however, this equivalence does not hold under fully yielded

conditions.

J-0 MATERIAL TOUGHNESS LOCUS

J-Q theory provides a quantitative framework that can be used to characterise a
materials fracture resistance over a range of crack-tip stress triaxiality. The
experimental determination of the J-Q toughness locus have been discussed by Dodds et
al [89] as follows:

The fracture resistance of ferritic steels in the ductile to brittle transition region gives
rise to competing fracture mechanisms. These being cleavage and ductile tearing.
Fracture by cleavage normally demands high crack tip constraint whilst ductile tearing
can develop at low constraint. This is illustrated in fig. 3.21 by two distinct segments to
the toughness locus shown. Due to the amount of scatter generally observed in fracture
mechanics testing both upper and lower bounds to the toughness locii are indicated

which define bands for brittle and ductile fracture.

Structure B

/) ' ) _—""—Cleavage
0 -Q 0 -Q
(a) Laboratory Testing (b) Fracture Assessment

>

Fig. 3.21 The application of J — Q theory in fracture assessments.
After Dodds et. al. [89].
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3.9

In order to construct the toughness locus toughness values over the full range of crack-
tip constraints fracture toughness values can be measured using test specimens of
appropriate geometry as shown in fig. 3.21a. High constraint geometries such as deeply
cracked bend specimens produce driving force curves which raise steeply and produce a
toughness locus within a well defined narrow band on the J-Q diagram. In contrast,
centre cracked panels and single edge cracked panels loaded in tension provide low
constraint situations. They produce driving force curves which are much shallower and
provide a broad zone on the J-Q diagram due to the amount of scatter observed in

experimental results.

Once constructed the J-Q toughness locus can be used to predict a materials fracture
resistance under service conditions as illustrated in fig. 3.21b. Structure 4 exhibits a
steep driving force curve and hence will fail due to cleavage fracture, whilst structure B

exhibits a shallow curve indicating failure by ductile tearing.

MICROMECHANICS BASED CONSTRAINT CORRECTION — AREA
SCALING

Dodds et al [90] and Anderton and Dodds [91] have shown that by using a
micromechanics approach the effects of size on fracture toughness can be quantitatively
predicted. The method utilises the RKR model [55] and considers the attainment of a
critical stress over a microstructurally relevant volume to the appropriate
micromechanical failure criterion. Hence the probability of fracture in a cracked

specimen can be expressed as:

where F is the probability of failure, o; is the maximum principal stress at a point and
V(o) is the cumulative volume over which the principal stress is equal to or greater than
;. The form of equation (3.31) applies to any failure process controlled by maximum
principal stress. The method does not attempt to predict absolute values of J; from

metallurgical parameters but predicts the variation of fracture toughness with constraint

changes by scaling to a reference solution.
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Modification of equation (3.22) leads to:

_"_1=fl( 4 ,H;Q] ..... (3.32)

(o} J, /o,

o

where J, is the J to which the SSY model must be loaded to achieve the same stressed
volume and thereby the same likelihood of cleavage fracture as in a finite body.

Rearrangement of equation (3.32) gives an expression for distance 7 as a function of &

and o/ 0o, as:

r= ;]—gl 0;0,/0,,0) ...(333)
o

o

For a particular stress level of principal stress g;/0, the area A over which the principal

stress is greater than ¢,/0, is given by:

2
A =J—2h(a1 lo,;0); h=—= jgf @;0,/0,,0)do ....(3.34)
g

o -

If A, and J, designate the area and J associated with the O = O field and Az and Jgp

designate the area and J associated with a crack in a finite body with

Q =0, then:

2

4, =T p (0,/0,); ho=%jg12 ©;0,/0,,0=0)do ....(3.35)

o 2 o

O,

and
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The model requires the attainment of equivalent stressed volumes (4 x thickness) for
cleavage fracture in different specimens. Hence the ratio of applied J in a finite body
and the Q = O stress state that generate equivalent stressed volumes is found by

equating areas in (3.25) and (3.26) to give:

JFB _J ho(al /0-07

Jo B hFB(Ul /O-o)
Fig. 3.22 shows the results of finite element modelling [89] of a single edge notched
bend bar with a/W = 0.15 and n = 10. As can be seen the area enclosed by the principal

stress contours for 61/6, = 3 is smaller than that for the Q = O case, and decreases with

increased deformation.

Xoy/J

Fig. 3.22 Comparison of principal stress contours for Q =0
and a/W = 0,15, n = 10 SE(B) specimen.
After Dodds et. al. [89].

Dodds et al [89] also investigated the effect of choice of 0,/0, and concluded that the
area ratios are relatively insensitive to the chosen level of o;'0, until deformations
become excessive, this is illustrated in fig. 3.23. Similarly the influence of specified

critical stress ratio on the prediction of fracture toughness variation is insensitive to the

chosen level of o;/0,, this is illustrated in fig. 2.24.
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Fig. 3.23 Areas within principal stress contours for an a/W = 0.15,n = 10
SE(B). Values are normalised by area within contour for SSY - at same
J value. After Dodds et. al. [89].

5 ’ T y T v T

Increasing . Principal stress contour
Deformation ™. mostly within finite
deformation zone 4

100
JO 2+ 127
161
270
500
1 1147

L Principal stress contour
not fully plastic
- 1

A

SE(B)
a/W=0.15, n=10

P L - L

0
2.0 2.5 3.0 3.5 40
gy /0,

Fig. 3.24 Influence of specified critical stress on the micromechanics
prediction of fracture toughness variation with constraint for an a/W =
0.15, n = 10 SE(B). After Dodds et. al. [89].
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3.10 CLOSURE

The principles of two parameter fracture mechanics outlined in this chapter provide a
basic methodology by which the effects of specimen thickness and side grooving can be
evaluated on a quantitative basis. In particular, J-Q theory and the area scaling method
will be used to ew)aluate constraint effects and provide estimates of fracture toughness
values that can be expected from non-standard test specimens. Both of these methods

have been implemented using finite element analysis to provide such estimates.
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4.1

CHAPTER 4

THE INFLUENCE OF SIDE GROOVING ON AN ALUMINIUM ALLOY

INTRODUCTION

This first section of work is concerned with an investigation of the influence of side
groove depth and shape on matenals characterised by linear elastic fracture mechanics.
Standard compact tension specimens with a range of Vee, U and square side grooves
have been modelled using three dimensional finite element analysis. The finite element
analysis was backed up by an experimental programme which investigated the effects of
side groove depth for Vee grooves in an aluminium alloy specimen. The finite element
and experimental results show good agreement and provide support for the concept of

effective thickness as originally proposed by Freed and Krafft [28].

4.1.1 AIMS AND OBJECTIVES

The aims and objectives of the work are as follows:

1.  To investigate the effect of side groove depth on the fracture behaviour of a
material characterised by linear elastic fracture mechanics using finite

element analysis.

2. To investigate the effect of side groove shape on the fracture behaviour of a
material characterised by linear elastic fracture mechanics using finite

element analysis.

3. To experimentally investigate the effect of side groove depth for Vee
grooves in an aluminium alloy specimen that is characterised by linear

elastic fracture mechanics.

4.  To provide further analytical support for the concept of effective thickness
as originally proposed by Freed and Krafft [28].
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4.2

SPECIMEN GEOMETRY AND PREPARATION

Specimen geometry requirements for fracture toughness testing in the linear elastic
fracture mechanics regime are defined by both British and American standards [26 and
27]. Both standards recommend K¢ specimens as illustrated in fig. 4.1. The specimens
must be fatigue pre-cracked and meet minimum size requirements if valid K;c results are

to be obtained as follows:

B> 25 (ﬁc—j ..... (4.2)

w> 50 [EI—C—) ..... (4.3)

where o, is the material yield strength.

It is generally accepted that predominantly plane strain behaviour may be expected
when the calculated size of the plane stress plastic zone, i.e. 2ry in equation (2.15) is no
larger than one tenth the specimen thickness. For K; = K¢, substitution of equation
(2.15) into equations (4.1 — 4.3) shows that the minimum thickness, B, is only about
eight times the plane stress plastic zone size. However, experience shows that the

minimum size requirements given in equations (4.1 — 4.3) yield minimum values of Kyc.

In this study an aluminium alloy was used to investigate the effect of side grooving.

The mechanical properties of the material were found by experiment (see section 4.4) to

be as follows:

0.05% proof stress — 475 MPa
Young’s Modulus, E — 72GPa
Fracture toughness, Kic — 22 MPa m°?

Consideration of the above material properties leads to a minimum specimen thickness

of 6 mm with all other dimensions being as defined in fig. 4.1.
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Fig. 4.1a Standard compact tension specimen
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Fig. 4.1b Standard three point bend specimen

An actual specimen thickness of 10 mm was used for both analysis and testing. The

reason for this decision was due to the fact that the machining of side grooves was much

easier at this increased thickness.

A variety of Vee, U and square side grooves have been considered to a depth of 40%

where the percentage side grooving is defined as 100(B — By)/B where B and By, are as

defined in equation (2.9).
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FINITE ELEMENT ANALYSIS

The finite element analysis was performed using the NISA finite element package [92]
together with the ENDURE fracture/fatigue post processor [93].

NISA is a general purpose finite element package capable of a wide range of analysis
types. It is modular in construction with separate modules being available for static,
dynamic, heat transfer analysis etc. The STATIC module was used for all of the
analysis undertaken in this chapter. Stress intensity factors were obtained using the
ENDURE post processor. The ENDURE module reads the results file of a STATIC
analysis and determines stress intensity factors based on either crack tip opening
displacement (CTOD) or virtual crack extension (VCE) as previously described in
section 2.10.2. A limitation of the ENDURE package at the time that the work was
undertaken was that it would only provide solutions for a linear elastic STATIC
analysis. This did not constitute a problem for the work presented in this chapter, but
was a limiting factor in the choice of analysis package for subsequent elastic-plastic

analysis.

Pre and post processing of the finite element models was carried out using the

DISPLAY III graphical pre/post processor [94].

4.3.1 BENCHMARKING

Prior to modelling of the aluminium alloy compact tension specimens, two
NAFEMS benchmarks [95] were analysed using the NISA/ENDURE packages.
The reason for benchmarking in this way was twofold, firstly to gain experience
using the packages and secondly to test the package against benchmark problems
with known solutions. The two benchmarks chosen were those of a centre
cracked plate in tension, as illustrated in fig. 2.1, and a standard compact tension
specimen modelled in 2D as shown in fig. 4.1. All the models were built using

8 noded isoparametric elements with the nodes at the crack tip being moved to the
quarter point position to ensure correct modelling of the crack tip singularity. The

results obtained are summarised in table 4.1.
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Centre cracked plate in Compact tension specimen
tension

Ko ol PIWY?
Theoretical
Solution Ky/Ko from

NAFEMS

benchmark 1.325 9.659
NISA Solution (CTOD) 1.339 9.629
Difference 1.05% 0.31%
NISA Solution (VCE) 1.335 9.737
Difference 0.7% 0.8%

4.3.2

Table 4.1 — Benchmark analysis results

As can be seen from table 4.1 the NISA results are good when compared to the
benchmark solutions. This gave encouragement that good accuracy could be

achieved from 2D and 3D finite element analysis of compact tension specimens.

TWO DIMENSIONAL ANALYSIS OF COMPACT TENSION
SPECIMENS

In order to theoretically predict the effect of side grooving on the fracture
performance of materials it was necessary to undertake three dimensional finite
element analysis of a variety of compact tension specimens with a variety of side
grooves. Meshing of the 3D finite element models in the region of the
intersection of the crack front with the side groove is difficult, particularly
considering the conflicting requirements of accuracy of results and reasonable
solution times. Due to the different side groove configurations different meshes

are required, particularly at the crack front-side groove intersection.

In order to assess the suitability of these different mesh configurations and
perform some refinement of the mesh a series of two dimensional plane strain
templates were produced for each 3D mesh. All models used eight noded
isoparametric elements, with the crack tip nodes being moved to the quarter point

position to ensure the correct modelling of the crack tip singularity. Template
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meshes were judged to be suitable in terms of their refinement when successive

refinements agreed within 3% in terms of calculated K| results.

\ |/

Fig. 4.2 Typical 2D mesh

A typical 2D mesh is shown in fig. 4.2. Only half of the compact tension
specimen was modelled due to symmetry conditions. Y symmetry constraints
were added to the uncracked ligament along the crack plane and an X direction
constraint was applied to a single node at the top of the clevice pin hole to prevent
rigid body motion. The models were loaded by the application of a pressure to
the top of the clevice pin hole. The analysis results were also compared with the

standard stress intensity factor solution for a compact tension specimen, which is

given as [96]:

: a
where P is the applied load and a, B and W are as defined in fig. 4.1a, and f(W)

is given as:
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(-2

Results from the 2D finite element analysis are compared with the theoretical

3

solutions given by equation (4.4) and (4.5) in table 4.2.

PG el Ol R O ROl

Examination of table 4.2 shows that the maximum difference between the finite

element and theoretical solutions for Vee grooved templates is 1.8% for the

CTOD result with template 3. The maximum difference between the finite

element and theoretical solutions for all templates being 3.4% for the CTOD

result obtained with template 6 which relates to U and square grooved specimens.

It was considered that the results obtained from the 2D analysis provided a series

of mesh templates that would provide 3D finite element meshes that would give

an acceptable balance between accuracy of results and solution time.

Related 3D model K; (FE)/K, theoretical
2D Template SG type Depth CTOD VCE
Template 1 Vee 20% & 40% 0.983 0.996
Template 2 Vee 10% 0.987 0.995
Template 3 Vee 30% 0.982 0.995
Template 4 U & Square 10% 0.976 0.977
Template 5 U & Square 20% 0.971 0.977
Template 6 U & Square 30% 0.966 0.977

Table 4.2 — Comparison of 2D FE results with equation (4.4)
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4.3.3 THREE DIMENSIONAL ANALYSIS OF COMPACT TENSION
SPECIMENS

Having established a series of two dimensional templates that gave favourable
results when compared to standard plane strain solutions, as given by equations
(4.4) and (4.5), modelling progressed firstly to consider three dimensional FE
analysis of a plain sided CT specimen and then the analysis of CT specimens with

a variety of side groove geometries and depths.

All models were again based on the material outlined in section 4.2. Only full
thickness specimens were modelled (i.e. 10 mm thick) as required by BS 7448.
This enabled the effects of side groove geometry and depth to be investigated

without the need to consider effects from thickness changes.

All models were built from 20 noded collapsed isoparametric elements with all
the nodes along the crack front being moved to the quarter point position to
ensure correct modelling of the crack front singularity. In all cases only a quarter
of the specimen was modelled because of symmetry conditions. On average the
models contained approximately 1200 elements, 6200 nodes and 18000 degrees
of freedom. The models were loaded by the application of a pressure to the top of
the clevice pin hole. The applied loads and boundary conditions are shown in

fig. 4.3.

Z symmetry constraint

X symmetry constraint
4~ on single node

A2 X))

Y symmetry constraint

Fig. 4.3 Model constraints
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The average processing time was in the order of 2-3 hours on a PC 486 DX 266.

Typical meshes for a plain sided and a 20% U side grooved specimen are
illustrated in fig. 4.4.

Plain Specimen Results

Results from the plain specimen analysis can be seen in figs. 4.5 and 4.6. The
variation of Ky along the crack front is shown in fig. 4.5 for both CTOD and VCE.
The centre line value of K; given by CTOD is 5% higher than the plane strain
value given by equations (4.4) and (4.5) whilst that given by VCE is only 0.34%
higher. The average value of K; across the crack front is lower than the centre line
value in the case of both CTOD and VCE due to the fact that the stress intensity
factor falls away at the edge of the specimen. In the case of CTOD calculations
the average value across the crack front is 99.6% of the plane strain value, whilst
for VCE calculations the average value in 95.6% of the plane strain value. For
CTOD the stress intensity factor falls off at the edge of the specimen to
approximately 17% below the centre line value, for VCE this fall off is
approximately 15%. |

The elevation of the stress intensity factor over the plane strain value at the centre
of the specimen has been reported by several authors. De Lorenzi and Shih [31]

obtained an elevation of 7% based on energy release rate calculations.

Crack tip constraint is also important when considering the fracture behaviour of
materials. In this study the constraint is quantified using the ratio

o/ v(aﬁ +o yy) which equals one for plane strain conditions. All stress values

were taken from element Gauss points closest to the crack tip for all elements
across the crack front. The variation of crack tip constraint defined in this way
can be seen in fig. 4.6. Again the centre line value of 0.957 can be seen to fall off

to a minimum value of 0.804 at the specimen edge, the average value across the

crack front 1s 0.935.

These observations are typical of what would be expected for a plain sided

specimen and can be used to explain the fracture appearance of such specimens as

argued in section 2.8.



Fig. 4.4a Plain sided specimen

Fig. 4.4b 20% U grooved specimen

73



1.1

e
©

Kj / K7 (Plane strain)
ot
)

0.7

0.6

0.9

6, I1v(c x+Oyy)
e
®

0.7

0.6

—8— CTOD
--o-- VCE
1 2 3 4

Distance from centre line (mm)

Fig. 4.5 Variation of K; through specimen thickness
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Fig. 4.6 Variation of constraint through specimen thickness
— plain sided specimen
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Side Grooved Specimen Analysis

Three different side groove geometries and four depths were considered, these
being Vee, U and Square grooves at depths of 10%, 20%, 30% and 40% with a

range of different aspect ratios for the U and Square grooved specimens.

The U and square groove profiles are based on giving the same aspect ratio as for
a standard 60° Vee groove, i.e. d/w = 0.87. However, in order to fully establish
the effect of both side groove depth and geometry other aspect ratios of
d/w=1.16, 1.29, 1.73, 2.59 and 3.47 were considered, these aspect ratios being
generated by varying the groove depth between 10 - 40% for the widths provided
by consideration of 10 — 40% Vee grooves. In all 24 different side groove
geometry depth combinations were studied.

The variation of K; along the crack front for all depth/geometry combinations is
shown in figs. 4.7 to 4.10 for CTOD calculations and figs. 4.11 to 4.14 for VCE
calculations. The variation of crack tip constraint in terms of the ratio

azz/v(axx + O'W) along the crack front is shown if figs. 4.15 to 4.18.

Table 4.3 presents centre line and average values for K; and crack tip constraint

for all specimens.

Analysis results for both CTOD and VCE exhibit some similar trends across the
full range of geometries and depth combinations studied. In all cases the centre
line value for Kj is higher by some degree than the value obtained for the plain
specimen, as is the average value across the crack front. Also there is a dramatic
increase m the value of K| at the root of the side groove. The only exceptions to
this observation are the VCE results for Vee grooves, which do not exhibit a rise
in K; at the root of the side groove but provide a much flatter vanation across the
crack front. This is likely to be due to the mesh refinement in the through
thickness direction at the root of the side groove being unable to correctly model

the large stress/strain gradients that are present in the case of the Vee groove.
Consideration of all the results presented in figs. 4.7 to 4.14 and summarised in

table 4.3 indicates that the effect of groove depth is to increase the centre line

value of K| in all cases. This would be expected as the same load was applied to
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Fig. 4.8 Variation of K through specimen thickness
— 20% side grooved specimen (CTOD)
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each model irrespective of the depth of side groove. Vee grooves show less
tendency to elevate the centre line value of K; than other geometries and provide a
flatter variation of K; across the crack front. For depths up to 30% Vee grooves
provide an almost constant value of K; across 70% of the crack front, again this is
consistent with the results obtained by De Lorenzi and Shih [31]. Ata depth of
40% the variation of K| is constant over only 30% of the crack front for Vee
grooved specimens. Other groove geometries provide constancy across slightly

less of the crack front than Vee grooves.

The ratio of K; (Ave)/K; (CL) is also given in table 4.3, as can be seen the effect
of all of the side groove depth/geometry combinations considered was to give a
ratio of between 0.8% to 8.2% above the plane strain value. In comparison the
result obtained for the plain specimen was 0.4% below the plane strain value
based on CTOD calculations and 4.5% below the plane strain value based on
VCE calculations. This ratio clearly demonstrates the effectiveness of side
grooving in terms of reducing the fall off of stress intensity factor at the specimen

edge.

In order to fully establish the effects of side grooving on the fracture

characteristics of materials, crack tip constraint is also an important consideration.

The variation of o, / v(crxx +0o yy) along the crack front is shown in figs. 4.15 to

4.18, with summary information again being provided in table 4.3. In all cases
the effect of the side grooving is to increase both the level of constraint at the
centre line and the average value across the crack front above that obtained for the
plain specimen. In the case of the Vee groove, an increase in constraint of
between 4% and 9.5% over the centre line value is observed at a position slightly
in board from the root of the side groove. This behaviour is not observed for
other side groove geometries where constraint tends to fall away towards the edge
of the specimen as is the case with the plain specimen. Consideration of the
results obtained for U grooves suggests that the aspect ratio is important in
producing a flat variation of constraint through the thickness of the specimen.
Average constraint values given in table 4.3 indicate that U grooves with large
aspect ratios perform well and are almost as effective as Vee grooves. Least
favourable with regard to providing a flat variation of crack tip constraint were

the square grooves with average constraint values falling significantly below

those of Vee and U grooves.



£8

Specimen Type

%age SG | SGDepth | SGWidth | d/w K/K (Plane Strain) K/K (Plane Strain) K(Ave) / K(CL) K/K (Plane Strain) K/K (Plane Strain) K(Ave)/ K(CL) Contraint Contraint
mm mm Centre Line Average Centre Line Average Centre Line Average
CTOD CTOD CTOD VCE VCE VCE
Plane Strain 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Smooth 1.050 1.046 0.996 1.003 0.958 0.955 0.957 0.935
10 0.5 0.577 0.87 1.070 1.078 1.007 1.020 1.008 0.988 0.969 0.967
20 1.0 1.154 0.87 1.110 1.143 1.030 1.060 1.067 1.007 0.964 0.968
Vee 30 1.5 1.731 0.87 1.190 1.255 1.055 1.140 1.166 1.023 0.972 0978
40 2.0 2.308 0.87 1310 1.407 1.074 1.250 1.295 1.036 0.981 0.989
10 0.5 0.577 0.87 1.060 1.069 1.008 1.020 1.027 1.007 0.974 0.966
20 1.0 1.154 0.87 1.114 1.158 1.039 1.080 1.116 1.033 0.970 0.954
20 1.0 0.571 1.73 1.113 1.157 1.040 1.074 L113 1.036 0978 0972
30 1.5 1.731 0.87 1.208 1.274 1.055 1.176 1.228 1.044 0.972 0.950
U 30 L5 1.154 1.30 1.206 1.280 1.061 1.169 1.230 1.052 0.977 0958
30 1.5 0.577 2.60 1.200 1.276 1.063 1.157 1.225 1.059 0.984 0.976
40 20 2.308 0.87 1324 1.408 1.063 1.292 1.356 1.050 0.971 0.946
40 20 1.731 1.16 1.348 1.428 1.059 1.309 1.373 1.049 0.976 0951
40 2.0 1.154 1.73 1.342 1.442 1.075 1.300 1.384 1.065 0.984 0.961
40 2.0 0.577 3.47 1.327 1.436 1.082 1277 1.375 1.077 0.989 0.980
10 0.5 0.577 0.87 1.080 1.081 1,001 1.020 1.023 1.003 0.970 0.947
20 1.0 1.154 0.87 1.145 1.175 1.026 1.094 L119 1.023 0.967 0.931
20 1.0 0.577 1.73 1.135 1.166 1.027 1.077 1.105 1.026 0.962 0.947
30 1.5 1.731 0.87 1.279 1.318 1.030 1223 1.253 1.025 0.974 0.938
Square 30 1.5 1.154 1.30 1.250 1.304 1.043 1.193 1.230 1.031 0977 0.944
30 1.5 0.577 2.60 1.226 1.284 1.047 1.162 1.214 1.045 0.987 0.969
40 20 2.308 0.87 1478 1.511 1.022 1410 1.436 1.018 0.974 0.931
40 20 1.731 1.16 1.445 1.496 1.035 1.380 1.420 1.029 0.981 0935
40 20 1.154 1.73 1.400 1.476 1.054 1.334 1.397 1.047 0.981 0.941
40 2.0 0.577 347 1.354 1.432 1.058 1.286 1.355 1.054 0.978 0.959

Table 4.3 Centre line and average K; and crack tip constraint




A summary of the potential usefulness of the three side groove types considered

with regard to improving the fracture performance of test specimens is as follows:

ii)

Vee grooves provide a flat variation of K| and crack tip constraint over a
significant proportion of the specimen net thickness. However, both the
stress intensity factor and level of crack tip constraint are high at the root of
the side groove. In brittle materials this could encourage the crack to
propagate preferentially from the root of the side groove rather than evenly
across the crack front. It is more likely, however, that side grooving would
be used with more ductile materials in which case the high local constraint
at the root of the side groove will tend to lead to a more even crack growth
rather than tunnelling as is often observed. Vee grooves have excellent
potential for inducing favourable fracture conditions in sub thickness

specimens.

U grooves also provide a reasonably flat variation of K; and crack tip
constraint over a significant proportion of the specimen net thickness.
They do not exhibit a significant increase in crack tip constraint at the root
of the side groové and, therefore, remove any incentive for preferential

crack growth at the root, as is the case with the Vee grooves.
The performance of Square grooves is highly dependent on the groove

aspect ratio. From the results presented it is likely that only very narrow

grooves could provide useful results.
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4.3.4 THEORETICAL SPECIMEN EFFECTIVE THICKNESS
DETERMINATION

As stated in section 4.1 an objective for this chapter was to provide analytical
support for the concept of specimen effective thickness as originally proposed by
Freed and Krafft [28]. For a side grooved specimen Freed and Krafft suggested
that the plane strain fracture toughness could be obtained from equation (2.29),

which is repeated below for clarity.

B m
Ko =Koy (B—J . (2229)

N
where:
Kic = Material plane strain fracture toughness.
Kyom = Fracture toughness obtained when the failure load is assumed to act
on a specimen of full thickness.
B = Full specimen thickness.
By = Thickness at the root of the side groove.

Freed and Krafft examined extreme cases of sensitivity to side grooving which
can be reasoned from basic fracture mechanics theory based on previous work by
Irwin and Kies [97] and Paris and Sih [98]. The argument presented in [28] can
be summarised by first considering a very thick plain sided fracture specimen in
which the fracture energy rate can be considered to be of a uniform (average)
value, G = Gy, across the majority of the crack front thickness, B. If this were
the case then it would be reasonable to assume that the crack would advance
normal to the original crack front. The elastic energy released during crack
advance, du, would be equal to that which would be stored up again in re-closing
the crack with local forces. This is directly reflected in an increase in overall

compliance of the specimen which may be measured [97]. Hence:

d 1 P> dC
£=GA=GIC=—-—'—* ..... (4.6)

where P is the total load, C is the total compliance but G and du/da are on a unit

thickness basis.
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Now consider a side grooved specimen. If crack advance was normal to the
original crack front as before then it would still be reasonable to assume that this
was because G was still the same at all locations across the crack front. However

b

the energy release would only be expended over By and By can be substituted for

B giving:

where Gowm is the nominal value of Gyc calculated using equation (4.6) as though
no side groove was present. It is reasonable to assume that the reduction in
thickness due to the side grooves has little effect on the absolute value of dC/da.
Hence Gnom can be calculated using plain specimen calibration and then

calibrated for the effects of side grooving in terms of the stress intensity factor.

An alternative to the assumption that the crack advances uniformly across the
width of the specimen would be to assume that initiation would be strongly
influenced by the locally more intense stress near the junction of the crack front
and side groove. Irwin [97] suggested an analogy with a deep notched specimen
which is cited as eq58 in [98], i.e.

Oy
K=——., 7B,y ...
22 Y

To calculate the local (net) stress, oy, he averaged the y direction stress
singularity of the main crack to the distance By/2 back from its front, i.e.

o, = 82 J-BN/2_{<_1\L0M_ .Bdrz—g—B—zKNOMW}EJL ..... (4.10)
n B, o 2rr 7 By 4
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substitution into equation (4.9) yields:

1

4 B
K=—— K — | ... 4.11
2 NOM (BNJ (4.11)

It is expected, therefore, that the value of m will be between 0.5 and 1.0 as
predicted above.

Finite element analysis data has been used to verify equation (2.28) and to
evaluate m. Fig. 4.19 and 4.20 are log log plots of Kyoym against thickness ratio
B/By for CTOD and VCE based calculations respectively, the slope of which

should be —m.

O V Groove d/W=0.87

< U Groove d/W=0.87

A Sq Groove d/W=0.87

| ! 4
IT ! 1 I

1 1.2 1.4 1.6 1.8 2.0
B/Bn

Fig. 4.19 Knom) from FE (CTOD) v B/By based on equation 4.4
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-+ ~ ~
e S
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1 1.2 1.4 1.6 1.8 2.0
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Fig. 4.20 Knowm, from FE (VCE) v B/By based on equation 4.4

The values of Knom were determined for each side grooved model by using the

average value of K; across the crack front to establish a failure load based on the

experimental value obtained for the material fracture toughness of 22 MPa m®?,
This failure load was then used in equation (4.4) together with an f{a/W) value
obtained from equation (4.5) for /W = 0.5 to give a nominal K value based on a

full thickness plain sided specimen. Results for all specimens considered are

presented in table 4.4 and plotted in figs. 4.19 for CTOD based calculations and

4.20 for VCE based calculations for side grooves with an aspect ratio of 0.87.
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Specimen Type | %age SG| SGDepth | SGWidth | dw | BBy | KK(PlaneStrain) | K/unitload | Failure Load (FE) | KnowBS7448 | K/K (Plane Strain) K/unitload | Failure Load (FE) | Kycus BS7448
nmm mm Average MPam® /KN kN Average MPam’ /KN kN
CTOD VCE

Plane Strain 1.000 6.829 3254 nR7 1.000 6.829 3.254 027
Smooth 1.000 1.046 7.143 3.111 21.249 0.958 6.542 3.397 23.201
Vee 10 0.5 0577 | 0871 LllO 1.078 7.361 3.018 20618 1.008 6.883 3228 22,050
20 1.0 L1s4 | 087 ] 12% 1.143 7.805 2847 19.446 1.067 7.28 3.050 20.831

30 1.5 1731 { 087 ] 1438 1.255 8.570 2.593 17.710 1.166 7.962 2791 19.062

40 2.0 2308 | 087 | 1667 1.407 9.608 2313 15.797 1.295 2.843 2513 17.163

U 10 0.5 0577 | 087 1110 1.069 7.300 3044 20.792 1.027 7.013 3.168 21.642
20 1.0 1154 | 087 125 1.158 7.908 2.810 19.194 1116 7.621 2916 19916

20 1.0 0.577 173 | 125 1.157 7.901 2812 19.210 1113 7.600 2924 19.970

30 1.5 1731 | 087 | 1.438 1.274 8700 2554 17.446 1.228 8386 2.650 18.100

30 1.5 1154 | 130 | 1.438 1.280 8.741 2542 17364 1.230 8399 2645 18.070

30 15 0577 | 260 | 1438 1.276 8713 2.550 17.419 1.225 8.365 2656 18.144

40 2.0 2308 | 087 | 1667 1.408 9.615 2311 15.786 1.356 9.260 2.400 16.391

40 2.0 1731 116 | 1.667 1.428 9.751 2279 15.565 1373 9.376 2370 16.188

40 2.0 1154 1.73 | 1667 1.442 9.847 2257 15.414 1.38%4 9.451 2351 16.060

40 20 0577 | 347 | 1667 1.436 9.806 2.266 15.478 1.375 9.389 2366 16.165

Square 10 0.5 0577 { 0871 1110 1.081 7382 3010 20.561 1.023 6.986 3.181 21727
20 1.0 1154 | 0.87 | 1250 1175 8.024 2769 18916 1.119 7.641 2.908 19.863

20 1.0 0577 | 13| 125 1.166 7.962 2791 19.062 1.105 7.546 2945 20.114

30 15 1.731 087 | 1438 1.318 9.000 2.469 16.864 1.253 8.556 2597 17.739

30 L5 1.154 130 | 1.438 1.304 8.905 2495 17.045 1.230 8399 2.645 18.070

30 1.5 0577 | 260 | 1438 1.284 8.768 2534 17.310 1.214 8.290 2680 18.308

40 2.0 2308 | 087 | 1667 151 10318 2.153 14.710 1.436 9.806 2266 15.478

40 20 1.731 1.16 1.667 1.4%6 10.216 2.175 14.857 1.420 9.697 2292 15.652

40 20 1.154 173 | 1667 1.476 10079 2205 15.059 1.397 9.540 2329 15910

40 2.0 0577 | 347 | 1667 1.432 9.779 2272 15.521 1.355 9253 2.401 16.403

Table 4.4 Determination of Ky to BS7448 from FE results



Trend lines were added to the graphs for each side groove type in order to
evaluate the slope and intercept and hence obtain m and the value K given by the

regression analysis. The results are given in table 4.5 below.

CTOD VCE
Specimen Type m Intercept Fracture m Intercept Fracture
Toughness MPa m"® Toughness MPa m"*
Vee 0.66 22.21 0.62 23.26
U 0.67 22.22 0.68 23.12
Sq 0.82 22.49 0.83 23.73

Table 4.5 — Specimen effective thickness results

As can be seen from table 4.5 all of the values for m lie between 0.5 and 1.0 as

would be expected.

Vee and U grooves perform almost identically, however, the value bbtained for
Vee grooved specimens from VCE is approximately 7% lower than that obtained
from CTOD. This observation is due to the very flat distribution of K across the
specimen thickness illustrated in figures 4.11 to 4.14 and discussed in section

4.33.

Interestingly the m value obtained for Square grooved specimens is considerably
higher than that obtained for either Vee or U grooves. Further consideration
suggests that this should be expected, particularly for small d/w ratios, in the limit
as d/w — o then the specimen would become a plain specimen of thickness

By, and hence would have a full power dependency with regard to the value

obtained for K;, i.e.. m — 1.
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4.4

FRACTURE TOUGHNESS TESTING

Results from the finite element analysis indicate that both Vee and U grooved specimens
offer potential for further investigation. However, due to reasons associated with
manufacture, it was decided that the test programme should concentrate on Vee grooved
specimens of varying depth. Manufacture of Vee grooved specimens is relatively easy

using Vee shaped side and face milling cutters whereas U grooved specimens require

profiled cutters.

Testing was also limited to side grooves of 20% and greater because preliminary work
suggested that due to high scatter normally associated with fracture testing, the effects of
shallow side grooves was difficult to detect.

Testing was undertaken using an Instron servo-hydraulic test machine of 50 KN
dynamic and 100 KN static load capacity. The material used for fracture toughness
testing was an aluminium alloy of chemical composition 3.8-4.8% Cu, 0.2-0.8% Mg,
0.5-0.9% Si, 0.3-1.2% Mn, 0.7% Fe with a 0.05% proof stress obtained by test of

475 MPa, a UTS of 517 MPa and E = 72 GPa. Preliminary tests had shown that valid
K¢ results could be obtained for a specimen thickness of 10 mm at a load of
approximately 3 KN, which meant that the material could be tested within the capacity

of the Instron machine. A stress-strain curve for the material can be seen in figure 4.21.
All fracture testing was carried out in accordance with BS 7448, part 1, 1991 [26].

4.4.1 SPECIMEN PREPARATION

All specimens were prepared in accordance with BS 7448 , part 1, 1991 [26],
section 6. The specimens were first machined to a plain sided state then fatigne
pre-cracked to give the ratio of /W between 0.45 - 0.55. Crack length during the
pre-cracking process was monitored by the use of a travelling microscope.
Ideally the specimens would have been side grooved prior to pre-cracking,
however, this was not done because of the difficulty in determining the fatigue
crack length at the root of the side groove. Consequently the side grooves were

machined after pre-cracking.
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Fig. 4.21 Aluminium alloy stress — strain curve

Clause 6.4.6 of BS 7448 [26] states that the maximum pre-cracking force Fy,

during the final 1.3 mm or 50% of pre-crack extension, whichever is less, shall be

the lower of:

~ O.ZB(W —0)2 (O'YSP +°'ISP)
a)  Fp= (2w - a)
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b)  aforce such that A—EK~ =32x10"*"m® | (4.13)
K, BW®
) F,= N (4.14) in tests that give valid K- values,
f _
w
where:
o
K, =O.6[ YSP}KQ ..... (4.15)
Oys
Cys = 0.2% proof strength at the temperature of the fracture test.
Gysp = 0.2% proof strength at the temperature of fatigue pre-cracking.
Orsp = tensile strength at the temperature of fatigue pre-cracking.
Ko = the provisional value of fracture toughness from test.
a = an assumed crack length < the crack length in the subsequent fracture

test.
a ). . .
f (W) 1s given by equation 4.5.

Table 4.6 gives details of all pre-cracking data and maximum pre-cracking force
conditions according to clause 6.4.6 of BS 7448 [26]. All of the requirements of

clause 6.4.6 were met by all of the specimens under consideration.

Further conditions as laid down by clause 6.4.7 (a) and (b) of BS 7448 [26] which
states that the maximum stress intensity factor during initial fatigue pre-crack
extension shall not exceed 1.3 K¢ and that the fatigue force ratio shall be in the
range 0 to 0.1 were also satisfied by all specimens. Clause 6.4.7(c), (d) and (¢)

which relate to pre-crack shape and size were also satisfied.
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Specimen No | Side Groove Pre-cracking Data Pre-cracking force conditions
Type Initial Cycles Final Cycles Fr(kN) | Condition | Fr(kN)
Mean Load (N) | Amplitude (kN) _{Noof Cycles |Crack length (mm) _ |Mean Load (kN) _[Amplitude (kN) Noof Cycles  |Crack length(mm) | eq4.12 | eq4.13 | eq4.14
1 Plain 1.40 1.35 2258 0.56 0.80 0.60 25359 1.96 6.18 1.39E-07 1.84
2 Plain 1.40 135 3109 0.34 0.80 0.60 29900 2.60 575 1.49E07 1.73
3 V20% 1.00 0.80 22000 1.00 0.80 0.60 30000 227 5.54 1.54E07 1.67
4 V20% 1.00 0.80 18811 1.00 0.75 0.65 33782 200 6.18 1.39E-07 1.84
5 V 30% 1.00 0.80 23500 0.76 0.75 0.65 30908 1.60 5.96 1.44E-07 1.78
6 V 30% 1.00 0.80 14200 0.70 0.75 0.65 35602 1.79 6.61 1.31E-07 1.96
7 V 30% 1.00 0.80 17000 0.80 0.75 0.65 45400 1.72 6.18 1.39E-07 1.84
8 V 30% 1.00 0.80 12000 0.80 0.75 0.65 20000 1.75 7.06 1.23E07 2.08
9 V 40% 1.00 0.80 11703 0.70 0.75 0.65 34500 1.60 6.18 1.39E-07 1.84
10 V 40% 1.00 0.80 16000 0.70 0.75 0.65 57000 1.70 5.96 1.44E07 1.78
11 vV 40% 1.00 0.80 13210 0.75 0.75 0.65 31197 1.75 5.96 1.44E-07 1.78
12 V 40% 1.00 0.80 22000 0.70 0.75 0.65 25000 1.70 6.18 1.39E07 1.84
13 V 50% 1.00 0.80 19500 0.65 0.75 0.65 36000 1.70 6.39 1.35E-07 1.90
14 V 50% 1.00 0.80 25500 0.68 0.75 0.65 43000 1.98 575 1.49E-07 1.73
15 V 50% 1.00 0.80 21000 0.70 0.75 0.65 31000 1.70 5.96 1.44E-07 1.78
16 V 50% 1.00 0.80 13600 0.70 0.75 0.65 28500 1.70 5.96 1.44E-07 1.78

Table 4.6 Pre-cracking data




4.4.2 TEST PROCEDURE

All specimens were tested under displacement control such that a nominal loading
rate of 1.0 MPa +/m / s was achieved for all specimens based on a nominal /W of
0.5, this ensured that the limit laid down in clause 8.5 of BS 7448 of loading
between 0.5 and 3.0 MPa v/m / s was met.

The specimen geometry was of the straight notched compact tension type as
llustrated in fig. 4.1a. Crack mouth opening displacement was measured by a

standard Instron clip gauge mounted on outward facing knife edges of thickness
0.5 mm as illustrated in fig. 4.22.

All other aspects of the test procedure were in accordance with clause 8 of
BS 7448 [26].

i COD gauge

0 \

-

\ knife edges

Fig. 4.22 Knife edge and COD gauge arrangement
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44.3 TEST RESULTS

A typical test record, obtained for specimen 1, is illustrated in fig. 4.23. This was
typical of all the test records obtained for both plain and side grooved specimens.
Pq was calculated by using the 5% offset rule specified in clause 9.2.2 of BS 7448
[26], this procedure is performed automatically within the K;c Instron program

but a few test records were checked manually and found to be correct.

3.5

Tangent line

3 T
/ \PQ 297 kN\\
y |

2.5

Load (kN)
(\®]
I~
|

’ 5% Se¢cant line
1.5 )
1 - -
0.5 ]
0
0 0.2 0.4 0.6 0.8

Notch Opening Displacement (mm)

Fig. 4.23 Load v notch opening displacement test record
- specimen 1
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Typical fracture surfaces are illustrated in fig. 4.24 for plain, 20%, 30% and 50%
side grooved specimens. There was no evidence of stable crack growth in any of
the specimens tested. The final fatigue pre-crack length was determined by the
use of a travelling microscope fitted with vernier scales in accordance with clause
8.7.2 in BS7448 [26]. K was calculated from P in accordance with equation
(4.4) and (4.5) and post fracture validity checks were performed in accordance
with clause 10 in BS 7448 [26]. Hence, for the plain specimen tests K, became
Kic the fracture toughness for the material. In the case of the side grooved
specimens the value of Kq could not be designated as a K¢ value for obvious

reasons. Values of Py and K, can be seen for all test specimens in table 4.7.

Specimen No | Side Groove | a/W | Failure Load P Ko
Type (kN) MPa m’3
1 Plain 0.52 2.97 21.28
2 Plain 0.54 2.96 22.65
3 V 20% 0.55 2.24 17.73
4 V 20% 0.52 2.67 19.13
5 V 30% 0.53 2.34 17.32
6 V 30% 0.50 2.44 16.42
7 V 30% 0.52 2.45 17.56
8 V 30% 0.48 2.68 16.98
9 V 40% 0.52 2.19 15.69
10 V 40% 0.53 2.11 15.62
11 V 40% 0.53 2.05 15.17
12 V 40% 0.52 2.14 15.34
13 V 50% 0.51 2.03 14.09
14 V 50% 0.54 1.65 12.63
15 V 50% 0.53 1.77 13.10
16 V 50% 0.53 1.78 13.18

Table 4.7 Experimental results

4.4.4 EXPERIMENTAL SPECIMEN EFFECTIVE THICKNESS
DETERMINATION

Data from the test programme has been used to establish the effective thickness
for Vee grooved specimens in a similar way to the theoretical effective thickness
determination presented in section 4.3.4. Fig. 4.25 is a log log plot of Knom
against thickness ratio B/By the slope of which will be -m in equation (2.29).
The nominal fracture toughness Knom was taken as the value of K; produced
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(a) Plain specimen (b) 20% side grooved specimen

(c) 30% side grooved specimen (d) 50% side grooved specimen

Fig 4.24 Typical fracture surfaces

98



4.5

Kaomy MPa m**

o | | ; !
v T T 1 T

1 1.2 1.4 1.6 1.8 2.0
B/By

Fig. 4.25 Experimental Knowmy v B/By Vee grooved specimen

when the failure load was considered to apply to a full thickness specimen. As
with the theoretical results a trend line was added in order to evaluate the slope
and intercept and, hence, obtain m and the value of fracture toughness given by

the regression analysis. The results obtained were a value of m=0.71 and a

fracture toughness value of 22 MPa Jm.

DISCUSSION OF RESULTS AND CLOSURE

The results presented in this chapter demonstrate the effectiveness of side grooves of
varying depth and geometry in increasing both stress intensity factor and crack tip
constraint above that expected for plain sided specimens. Potentially this increase could
lead to essentially plane strain fracture toughness results being obtained from sub-sized
specimens which are side grooved. One drawback of the approach taken however s that
only qualitative judgements of the performance of different side groove depth/geometry

combinations have been possible by the independent consideration of stress intensity

factor and crack tip constraint.
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Particularly interesting are the results obtained for both the theoretical and experimental
determination of effective thickness in accordance with equation (2.29). The result
obtained for the exponent m from the finite element analysis was 0.66 based on CTOD
and 0.62 based on VCE, whilst the result obtained from experiment was 0.71. These
results compare favourably to the results of Freed and Krafft [28] who tested two
aluminium alloys, 2024-T851 (chemical composition — Cu, 4.5%; Mg, 1.5%; Mn, 0.6%;
balance Al), 0.2% vyield strength 67ksi (460 MPa), for which they obtained a value for
m experimentally of 0.7 and 7178-T6 (chemical composition — Zn, 6.8%; Mg, 2.7%; Cu,
2.0%; Cr, 0.3%; balance Al ), 0.2% yield strength 79ksi (543 MPa), for which they

obtained a value for m experimentally of 0.56.

Results obtained from the experimental programme indicate that side grooves of less
than 20% deep do not yield useful results due to the effects of scatter. Also, there does
not seem to be an incentive to use excessively deep side grooves, the optimum depth

would seem to be in the order of 30%.

The work presented in this chapter now needs to be extended to examine the effects of

plasticity and the effects of side grooving on sub thickness specimens.
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S.1

CHAPTER 5

MODIFIED BOUNDARY LAYER ANALYSIS

INTRODUCTION

The previous chapter outlined the difficulties in establishing the fracture behaviour of
plain and side grooved specimens when only a qualitative model of the crack tip
constraint is available. The work presented in this chapter introduces a two parameter
approach based on the evaluation of Q [82 — 88] and the use of area scaling [89 — 91] as

previously described in sections 3.6 — 3.9.

Firstly, analysis results obtained from modified boundary layer loading are presented for
a range of power law hardening materials. This allows the results obtained to be directly

compared with results published in open literature.

Following on from the general analysis of power law hardening materials results are
presented for a specific material, EN24 steel. Results presented in the previous chapter,
for an aluminium alloy characterised by linear elastic fracture mechanics, considered the
effects of side groove depth and geometry on full thickness specimens only. In order
that an evaluation of the effects of side grooving on sub thickness specimens could be
undertaken, an alternative material was required that would allow an experimental
programme to be undertaken. The specimens used in the work reported in the previous

chapter were 10 mm thick at the full thickness required to give valid Kic results.

Clearly it was not a practical proposition from a manufacturing and testing standpoint to
manufacture side-grooved specimens from this material that were of a significantly
reduced thickness. Hence it was decided that EN24 steel should be used for the next
phase of work involving sub thickness specimens. EN24 is a low-nickel, low-
chromium, molybdenum steel with a typical chemical composition of 0.4% C, 0.55%
Mn, 1.5% Ni,1.1% Cr, 0.3% Mo which can be heat treated to give a wide range of
properties, see section 5.3, with valid Kic results being obtained from

25 mm thick specimens and fracture loads being within the range of the available
Instron testing machine. Failure is essentially ductile by microvoid coalescence at room
temperature and brittle at lower shelf temperatures where the failure mode is cleavage.
The J-Q approach described in chapter 3.6 is valid for both failure mechanisms, whereas

the area scaling approach described in chapter 3.9 is applicable only when cleavage is
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the dominant failure mechanism. Although in the work presented here it was only
possible to undertake material tests at room temperature the finite element analysis still

considered the use of the area scaling method as an indicator of lower shelf

performance.

Both Q determination and area scaling depend upon the accurate prediction of the stress
field ahead of the crack tip. Hence, the principal focus of the work presented in this
chapter was to produce an optimal 2D finite element mesh that could be carried forward
to the 3D analysis of the EN24 compact tension fracture specimens. Also as a result of
the work a small scale yielding solution was obtained for the EN24 material that would
subsequently produce the reference stress field from which the Q stress could be

evaluated.

5.1.1 AIMS AND OBJECTIVES

The aims and objectives of the work described in this chapter were as follows:

1.  To undertake a modified boundary layer analysis of a range of power law

hardening materials.

2. To obtain relevant material properties for EN24 that could be used in the

finite element analysis.

3. To investigate mesh design in the crack tip region in order that accurate

stress field predictions could be made using a boundary layer formulation.

4. To obtain a small scale yielding solution for EN24 which would provide a

reference stress field from which Q stress could be evaluated.

5. To develop a post processor capable of determining Q from finite element
results.
6. To develop a post processor capable of establishing the area within

principal stress contours obtained by finite element analysis for use in an

area scaling analysis.

102



5.2

MODIFIED BOUNDARY LAYER ANALYSIS OF POWER LAW HARDENING
MATERIALS

In order to perform the modified boundary layer analysis detailed post yield finite
element analysis of the crack tip region was required. The finite element fracture post
processor that had been used for the work on linear elastic fracture mechanics presented
in the previous chapter, ENDURE, was not capable of J integral evaluation for non
linear analysis. Hence the ABAQUS finite element package was used for the modified
boundary layer analysis and all subsequent finite element analysis.

ABAQUS [99] is a general purpose finite element package capable of a wide range of
linear and non-linear analysis types. J integral estimates can be obtained directly from
the ABAQUS package which uses a domain integral method to evaluate the contour
integral along a user defined path around the crack tip.

Pre and post processing of the finite element models was carried out using the FEMGV

graphical pre/post processor [100] and ABAQUS post [101].

The modified boundary layer analysis was undertaken by modelling a near crack tip

region as a semi-circular domain of outer radius R as shown in fig. 5.1. The crack tip

=%,/§ 1(6.9)+ = Rg(6.)

—_ . - X

T_'—'. ' .sgrr'n?rietf; bo_uﬁa'a?}}-ééﬁdiﬁén.

Fig. 5.1 Modified boundary layer domain with blunted crack tip
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was blunted with an initial radius, r,, of 10~ times the distance to the model boundary.
Symmetry boundary conditions were applied along the crack line as illustrated in
fig. 5.1. Many authors have performed similar analysis with a variety of meshes and

crack tip conditions, these are summarised in table 5.1.

Author Mesh details Crack tip condition | Analysis package
Betegon and 240 eight noded 25 independent but ABAQUS
Hancock [79] elements arranged in | initially coincident
20 rings of 12 nodes.
elements concentric
with crack tip.
O’Dowd and Shih 1000 four noded Blunted crack tip BESPOKE
[82] elements. with initial radius of
107 times distance to
boundary where
tractions are applied.
Wang and Parks 1119 plane strain Blunted crack tipto | ABAQUS
[102] reduced integration simulate finite strain
elements arranged in | zone with initial
40 rings of 28 radius of 2 x 10
elements times distance to
circumferentially boundary.
(first ring had 22
elements).
Anderson and Dodds | 720 four noded Not specified Not specified
[91] elements arranged in
40 rings of 18
elements concentric
with crack tip.

Table 5.1 — Comparison of boundary layer meshes.

The mesh used in the analysis was similar to that of Anderson and Dodds [91]

consisting of 40 rings of 18 eight noded plane strain reduced integration elements

concentric to the crack tip, the element size being arranged in an approximate geometric

progression getting coarser away from the crack tip, the mesh can be seen in fig. 5.2.

Displacement boundary conditions were imposed as indicated in fig. 5.1 in accordance

with equation 5.1 [102].

104




where f (0, v) are the angular variations of the cartesian displacement components of the

plane strain elastic singular field and g (6, v) are the angular variations of the

displacement component from the plane strain T stress term.

SenE

.,.-,.-n
Hete
Hitee®

Fig. 5.2 Modified boundary layer analysis mesh
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The exact expressions for f (0, v) and g (8, v) are listed in table 5.2 [102].

Field X component y component 1
f (1+u)(3—4u—cos9)cos((9/2) (1+v)(3—4u—cos@)sin(9/2)
g (1-v)(1+v)cos o ~v(l-v)sin @

Table 5.2 — Functional forms of f (0, v) and g (0, v)

The material stress-strain behaviour was modelled using a Ramberg-Osgood power law
expression as given in equation (5.2) which was implemented directly as a deformation

plasticity material model within ABAQUS.

where € is strain, o is stress, o, is the yield stress, €, = 6/E and o is a yield offset used
to fit data. The values of o = 1.0, g, = 0.002 and &, = 400 MPa were chosen to give
E/o, = 500 which is broadly consistent with the values used by Anderson and Dodds
[91]. Values of n =35, 10 and 50 were used to correspond to high, medium and low

work hardening.

A small strain formulation was used throughout the analysis. This is justified when
considering the results presented by O’Dowd and Shih [82] where small strain and finite
strain results were shown to be in good agreement outside the blunting zone. Betegon
and Hancock [79] also used a small strain formulation to evaluate the effect of T stress
on the tangential stresses ahead of a crack tip. The use of small strain analysis is further
justified in terms of computational ime when considering that the ultimate goal is to
develop three dimensional solutions based on the outcomes of this section of work.
Further, the evaluation of Q can be based on a number of reference stress fields, 1.e.
HRR, small scale yielding. Hence, if the same analysis 1s used to evaluate the reference
stress field under small scale yielding boundary layer displacement as for the subsequent

analysis of test specimens then for distance scales appropriate to the evaluation of Q the

approach is justified.
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Results from the analysis in terms of normalised crack opening stresses are presented in
figs. 5.3 — 5.5 for each value of hardening exponent, n, and a variety of T stresses, i.e.

T/6, = 0 (small scale yielding), T/c, = -0.5, T/c, = -1.0 and T/o,=-1.5.

The results presented in figs. 5.3 — 5.5 compare well with published data [79, 82, 91 and
102]. For all levels of hardening the crack opening stresses lie below the HRR field
even for the small scale yielding (T = 0) condition. As the value of T stress becomes
progressively more negative, the stresses fall significantly below those provided by both
the HRR and small scale yielding solution.
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Fig. 5.3 Stress distribution normal to crack plane for n=35
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The work presented in this section clearly provides a strong basis for the modified
boundary layer analysis of the EN24 material that will subsequently be used in the side

groove evaluation.

5.3 MATERIAL PROPERTY EVALUATION OF EN24

Before a modified boundary layer analysis and subsequent side grooving evaluation

could be undertaken material properties had to be obtained.

EN24 material was obtained in the form of 110 mm diameter bar section in a soft
condition. The bar was carefully marked to establish a datum that would allow

specimens to be machined with consistent orientation.
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Fig. 5.6 EN24 Tensile specimens
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Firstly, tensile specimens were cut from the bar as shown in fig. 5.6. Four specimens
per diametral slice were obtained and in total 16 specimens were cut for testing. In
order to investigate the effects of heat treatment on the material properties, all of the
specimens were heated to 835° C and then oil quenched. This initial hardening
treatment was followed by tempering at different temperatures between 450° C and
625° C for 30 minutes followed by still air cooling.

The heat treatment given to all of the specimens can be seen in table 5.3 together with

hardness values prior to and subsequent to heat treatment.

Sample Initial hardness | Final hardness | Temper temp Temper
Rockwell C Rockwell C °C hardness
Rockwell C

1 24 52 450 35
2 22 50 475 33
3 21 52 500 31
4 21 50 525 29
5 25 51 550 29
6 23 52 575 30
7 22 50 600 26
8 24 53 625 24
9 22 51 450 37
10 20 52 475 35
11 24 51 500 35
12 24 52 525 34
13 22 52 550 29
14 22 51 575 29
15 23 50 600 28
16 24 52 625 27

Table 5.3 - Specimen Heat Treatment

The resulting nominal stress-strain curves obtained for each level of heat treatment can

be seen in fig. 5.7. In order that the stress strain data can be input to the finite element

package true stress—true strain data must be used.

110




Fig. 5.8 shows the true stress-true stain curve for each heat treatment, as obtained from
equations 5.3 and 5.4.

Preliminary fracture toughness tests on the material yielded a plane strain fracture
toughness for a 450° temper temperature of 74 MPa Vm and for a 625° temper

1600
1400 | T
1200 :

: ] K

i -

=
=
f
!
Z

0 T T

800

—&— Temper 450C for 30 mins
—— Temper 475C for 30 mins
600 —&— Temper 500C for 30 mins
—4— Temper 525C for 30 mins
—%— Temper 550C for 30 mins
—— Temper 575C for 30 mins
—+— Temper 600C for 30 mins
—o— Temper 625C for 30 mins

L

Noninal stress (MPa)

1T 7T T

400

200 |

All specimens heat soaked at 835C then oil quenched

0.-1111Tl|41I||1L14111111||—'11_11I|1..
0 002 0.04 006 0.08 0.1 012 0.14

Nominal strain

Fig. 5.7 Nominal stress — strain data for EN24
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temperature of 95 MPa Vm. Some prelimmary fracture toughness tests were also carried
out on sub thickness specimens of various tempers in order to gain an appreciation of
the fracture behaviour of thin specimens. As a result of these tests it was decided that a
tempering temperature of 625°C held the best potential for examining the effects of side

grooving on transitional thickness effects and the formulation of shear lips.
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Fig. 5.8 True stress — strain data for EN24

Two plasticity models exist within the ABAQUS package, these being an incremental
plasticity model where the stress strain behaviour is specified by a segmented multi-
linear model and a deformation plasticity model based on the Ramberg Osgood model.
The latter is provided specifically for fracture mechanics analysis in order that handbook

solutions for power law hardening materials can be developed. Since all of the



subsequent models were to be statically loaded with no potential for unloading, and to

allow comparison with published data it was decided to use a deformation plasticity

model.

The Ramberg Osgood material description was in accordance with equation 5.2, where

values of n =50, a. = 0.15, g, = 0.0048, 5, = 970 MPa and E = 200GPa were chosen to
fit data. The resulting stress-strain curve together with the relevant true stress-strain

curve extracted from fig. 5.8 can be seen in fig. 5.9.
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Fig. 5.9 Ramberg —Osgood fit to EN24

As can be seen from fig. 5.9 the Ramberg Osgood model provides a good fit to the
elastic part of the stress strain curve and a reasonable fit to the plastic part of the curve.
By varying the values given to o and n it is possible to improve the fit in the plastic
region but only at the expense of the fit in the elastic region. O’Dowd [103] undertook
an extensive survey with regard to curve fit performance in elastic-plastic fracture
mechanics and concluded that in order to provide reasonable estimates of both J and Q it
is important to accurately model the elastic portion of the stress-strain curve even at high
loads. This would seem to be particularly important in this work, as plasticity is likely to

be well contained within regions of elastic material.
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5.4

MODIFIED BOUNDARY LAYER ANALYSIS OF EN24

The modified boundary layer analysis of EN24 proceeded exactly as described for
power law hardening materials in section 5.2, using the material description developed
in section 5.3. Initially, the same mesh was used as for the models described in section
5.2. However, it was clear from the outset of the analysis that, if such a fine mesh were
to be extruded into 3D for the subsequent analysis of compact tension specimens,
computer run times could be excessive and in all likelihood not achievable on the
computers available at the time the analysis was undertaken. Several further mesh
designs were tested with a view to obtaining an optimised mesh design that could be
incorporated into subsequent 3D models of compact tension specimens. The final mesh
consisted of 120 eight noded plane strain elements arranged in 15 rings of eight
elements, again the element size was arranged to fit approximately to a geometric
progression getting coarser away from the crack tip. As with the models used in section
5.2 the crack tip itself was blunted with an initial radius of 10” times the distance to the
model boundary. A comparison of the results obtained in terms of normalised crack
opening stresses from this mesh with results obtained for the mesh described in section

5.2 can be seen in fig. 5.10 for the EN24 material model.
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Fig. 5.10 Stress distribution normal to crack plane for EN24
comparison of fine and coarse meshes
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Consideration of fig. 5.10 reveals that the curves produced by both the fine and coarse
meshes lie one on top of the other with the exception of the peak stress value at r/(J/c) =
0.4 where the coarse mesh gives a normalised stress approximately 3% higher than the
fine mesh. Since this discrepancy occurs essentially within the blunting region it is not
seen as important, at distances where Q and Q' are evaluated the curves are coincident.
It was considered that this mesh could provide a good compromise between accuracy of

results and computer run time when incorporated into the subsequent 3D models. The

final mesh can be seen in fig. 5.11.

Detail of crack tip

Fig. 5.11 Final EN24 boundary layer analysis mesh
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Results from the modified boundary layer analysis can be seen in fig. 5.12 in terms of
opening mode stress on the crack line for a variety of T stresses, i.e. T/cp = 0 (small
scale yielding), T/co = -0.2, -0.4, -0.6, -0.8, -1.0 and -1.5. The applied K at the model
boundary was consistent with the fracture toughness of EN24, i.e. 95 MP Vm. Again as

the value of T stress becomes progressively more negative, the opening mode stresses

fall significantly below the small scale yielding solution.
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Fig. 5.12 Stress distribution normal to crack plane for EN24

5.4.1 AREA SCALING

The area scaling method of Dodds et al [90] and Anderton and Dodds [91] was
introduced in section 3.9. The method predicts the ratio of Jgg required to cause
failure in a finite body to a reference quantity J obtained for a small scale yielding
SSY solution by using areas within principal stress contours to make the

prediction in accordance with equation (3.37).
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The area contained within principal stress contours is not readily obtainable from
the ABAQUS package, hence there was a necessity to write a post processor to
calculate the principal stress areas from the finite element results. Due to the fact
that the mesh in the crack tip region had been optimised for use with 3D models,
with the intention that this part of the mesh should remain the same throughout, it
was decided to write a post processor based on this fixed arrangement so as to
provide simplicity of programming. Averaged nodal stresses were output from
the ABAQUS package in the form of an ASCII text file (.dat file) which was
subsequently cut and pasted into two data files, lcoord(n).dat and layer(n).dat,

where (n) is a integer that allows layer identification for subsequent 3D analysis.

lcoord(n).dat contains nodal position data in the format [Node number, x

co-ord, y co-ord, z co-ord].

layer(n).dat contains averaged nodal stress data in the format [Node

number, maximum principal stress, Gy, Oyy, Oz].

This matrix format was ideal for reading into the MATLAB programming
environment which was used for post processing. Three MATLAB (m) files can
be found in Appendix 1 which contains full listings of the programmes used for

post processing. A brief description of each programme is given below:

SORT3DPLAIN.m

This programme reads the Icoord.dat and layer.dat files and combines them into a
single matrix in the format [Node number, x co-ord, y co-ord, max principal
stress]. The nodes are then renumbered in accordance with a predefined 2D

template to give the correct format for contour plotting.

CONT3DPLAIN.m

This programme first calls the nodal sorting programme SORT3DPLAIN.m in
order to obtain the correct format for contour plotting. User defined values for
material yield stress, J integral and required stress contour level are then input to
the program to allow the appropriate axis scaling. Points lying on the principal
stress contour are then determined by simple linear interpolation of the averaged

nodal stresses in the global x and y directions. The interpolated points are then
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5.4.2

ordered to provide a smooth contour for the stress level requested. Finally, the
area contained within the contour is calculated based on space co-ordinates and
normalised co-ordinates (Xo,/J and Yoo/J) using a simple trapezium rule. Plots

are also generated based on space and normalised co ordinates and the plot data

written to an ASCII file for subsequent plot manipulation.

SDPLAIN.m

This programme allows the evaluation of Q at a distance from the crack tip of
20/J as defined by equation (3.27) and of Q' in accordance with equation (3.29).
The first part of the programme is identical to SORT3DPLAIN.m and rearranges
the input data into the correct format for Q evaluation. User defined values for
material yield stress and J integral are then input to the programme to allow

appropriate axis scaling. Reference values for Q,_ ,,, 0, ,, and s, ;s are set

within the programme listing but can be changed to reflect the SSY solution for
the material and deformation level under consideration. Crack opening stress at
the relevant positions, i.e. r = 26,/J, 6,/J and 56,/J is then found by linear

interpolation of the input data to allow calculation of Q and Q’.

Finally, plots were generated and plot data written to an ASCII file for subsequent

plot manipulation.

An equivalent set of MATLAB programs [CONT3DGROOVE.m,
SORT3DGROOVE.m and Q3DGROOVE.m] based on a refined mesh which was
used for side grooved specimens were also written. When the 3D work was
undertaken with side grooved specimens this in-plane refinement was found to be
required in order to keep element aspect ratios acceptable considering the through
thickness mesh refinement requirements at the root of the side groove,

see section 6.

AREA SCALING RESULTS FOR MODIFIED BOUNDARY LAYER
ANALYSIS

The results obtained from the modified boundary layer analysis in terms of the

areas contained within specific stress contours can be seen in fig. 5.13.
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Fig. 5.13 Principal stress contours for various levels of T stress — EN24
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As would be expected the area contained within the principal stress contours is
reduced as the applied T stress becomes progressively more negative. The effect
of choice of area ratio on the area contained within principal stress contours is
shown in fig. 5.14. The ratio of the area contained within the principal stress
contour divided by the area contained under small scale yielding at the same
deformation level is plotted against the ratio of principal stress divided by the
material yield stress. Consideration of fig, 5.14 suggests that the selection of
principal stress ratio is important when using the area scaling method to predict
failure due to cleavage. This is supported by fig. 15.15 which shows the predicted
value of J by the use of equation 3.3.7 plotted aganst principal stress divided by
the material yield stress. As can be seen the influence of the chosen principal
stress level at which to evaluate the enclosed area has an effect on the J integral
result. This effect is weak for T/ 6, = - 0.2 but becomes stronger as the T stress

becomes progressively more negative.

It can be concluded, therefore, that the choice of principal stress level when

considering finite bodies is important for EN24 material.

1 T
- —o— Tlog=-0.2"
09 F —o— Tloy=-0.4
S —5— Tioy=-0.6

08 ¢ R iy
07 | - \?\Tiq\ |
t
2 !
<§}Z: é \\\\Yk \\\\\\\\qk\\\\\\\\< \\\\w
< 0:4 : =~ \ﬁg\ \
’\

: \EE\ \ék
. I
: T 9\ \
0.2 - \E\S\ \E\
: )

0[1‘114LLII | IV IR S R SO |

1.8 2 2.2 24 2.6 2.8 3
c1/09

/
;

L

T

Fig. 5.14 Areas within principal stress contours

120



4.5

4 — "° Tioy=-0.2 /
- —o—  Tiog=-0.4 / )
- —8— Tlog=-0.6 /,/ /
3.5 i —a— Tlog=-0.8 4 / i
: — v Tioe=-10 / 7
: / y
L V , y

\
\

i
\
\

-
// /

1.8 2 2.2 24 26 28 3
c1/00
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5.5 DISCUSSION OF RESULTS AND CLOSURE

The results presented in this chapter establish methodologies based on Q and area
scaling that can be carried forward to evaluate the effects of side-grooving on the
fracture performance of sub thickness compact tension specimens. A small scale
yielding solution has also been obtained for the EN24 material that can be used for Q
evaluation in the subsequent analysis of 3D plain and side grooved compact tensions

specimens.

In order to evaluate both Q and the area within user specified crack opening mode stress

levels MATLAB based post-processing programmes have been developed. Again these

will be particularly useful when evaluating the performance of 3D geometries.

The results obtained from the area scaling analysis have shown that the correct selection

of principal stress contour levels will be important if good predictions of fracture

performance are to be obtained for the EN24 material being considered under cleavage

conditions.
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6.1

CHAPTER 6

THE INFLUENCE OF THICKNESS AND SIDE GROOVING ON EN24 STEEL

INTRODUCTION

The previous chapter developed methodologies, based on a two parameter fracture
mechanics approach, which allow the effects of crack tip constraint on fracture
performance to be established in a quantitative manner. The work presented in this
chapter extends this approach to investigate the effect of thickness and 30% Vee side
grooving on the fracture behaviour of EN24 steel.

Again finite element analysis has been used to provide theoretical predictions of the
fracture performance of sub-thickness specimens manufactured from EN24 steel. The
properties of the EN24 material have been fully defined in the previous chapter, together
with the idealisation required for the finite element analysis in terms of a Ramberg
Osgood material model. The finite element results are supported by experimental
results for full and sub-thickness specimens which were both plain sided and side
grooved.

The theoretical predictions obtained from the finite element analysis show reasonable

agreement with experimental observations.

6.1.1 AIMS AND OBJECTIVES

The aims and objectives of the work described in this chapter are as follows:

1.  To investigate the effect of thickness on the fracture behaviour of EN24

steel using finite element analysis.

2. To investigate the effect of side grooving on the fracture behaviour of sub-

thickness specimens manufactured from EN24 steel using finite element

analysis.

3. To experimentally investigate the effect of thickness on the fracture

behaviour of EN24 steel.
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6.2

4. To experimentally investigate the effect of side grooving on the fracture

behaviour of sub-thickness specimens manufactured from EN24 steel.

SPECIMEN GEOMETRY AND PREPARATION

The specimen geometry used for this section of the work differed slightly from that used
for the aluminium alloy specimens reported in chapter 4 in that they were stepped notch
compact tension specimens rather than straight notch compact tension specimens. The
reason for the change was due to the fact that specimens that were considerably below
the thickness required to give plane strain results were to be tested, hence requiring J
rather than K determination. The type of specimen selected is acceptable for both J and
K determination whereas the straight notch compact tension specimen used previously
can only be used for K determination. Again the specimen geometry requirements are
defined by both British and American standards [26 and 27] as shown 1n fig. 6.1.
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Fig. 6.1 Stepped notch compact tension specimen



6.3

The specimens must be pre-cracked and meet minimum size requirements as defined by
equations (4.1), (4.2) and (4.3) if valid K results are to be obtained. The specimen size
requirements for valid Jic testing as laid down in E813-88 [104] are much more lenient

than those required for K¢ testing primarily because the J integral is better suited to non

linear material behaviour. The minimum specimen dimensions for valid Jic testing are:

where B is the specimen thickness and b is the uncracked ligament length (W — a).

The material properties of the EN24 steel used were defined in section 5.3 to be as

follows:

Yield strength — 970 MPa
Young’s modulus, E — 200 GPa
Preliminary fracture toughness, Kic — 95 MPa Vm

Consideration of the above material properties leads to a minimum specimen thickness
for valid K¢ results of 24 mm, based on only preliminary fracture toughness tests, hence
it was decided that the specimen design should be based on a thickness of 25 mm.

In addition to the full thickness specimen of 25 mm a range of sub-thickness specimens
were also analysed/tested in both plain and side grooved forms. Specifically,

thicknesses of 25 mm, 15 mm, 10 mm, 5 mm, 3.75 mm, 2.5 mm and 1.25 mm.

FINITE ELEMENT ANALYSIS

As with the modified boundary layer analysis the ABAQUS finite element package [99]
was used together with the FEMGYV graphical pre/post processor [100] and ABAQUS

post [101].

The optimised crack tip mesh developed for the modified boundary layer analysis as
described in section 5.4 needed to be extended into 3D in order to obtain a detailed
stress analysis of the crack tip region. However, such detailed refinement of the whole
compact tension specimen even allowing for a transition to a coarser mesh away from

the crack tip region was not feasible due to the resulting computational demands in
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terms of runtimes and hard disc usage. In order to overcome this problem it was
decided that a sub modelling technique should be used. A sub model of the crack tip
region was produced with a refined mesh based on the optimised mesh developed for the
modified boundary layer analysis. The boundary of the sub model was driven by an
interpolation of the solution from a global model of the compact tension specimen

which was produced to a much coarser refinement.

Sub modelling is a standard technique available within the ABAQUS package and is
useful when an accurate, detailed solution is required for a local region but where the
detailed modelling of the local region has negligible effect on the overall solution. The
response at the boundary of the local region is determined by the solution of the global
model which determines the solution in the sub model. The technique does rely on the
global model defining the sub model boundary response with sufficient accuracy. The
sub model is run as a separate analysis with the only link between the sub model and the
global model being the transfer of time dependent values of variables to the boundary
nodes of the sub model. There is no requirement within the ABAQUS package that the
boundary nodes on the sub model coincide with nodes within the global model. Neither
is there a requirement of the load incrementation regime to be the same within the sub
model and the global model. However, to ensure consistency of results between the
global and sub model, the sub model boundary nodes did coincide with nodes within the

global model and the same load incrementation scheme was applied.

Typical meshes, for both the global and sub model, can be seen in figs. 6.2 and 6.3 (for
the 25 mm thick plain sided specimen).

The global models of the compact tension specimens were built from 20 noded
isoparametric elements, in all cases only a quarter of the specimen was modelled
because of symmetry conditions. All of the elements along the crack front were
collapsed to form degenerate elements but the nodes along the collapsed edge, although
coincident, were allowed to retain their individual degrees of freedom so as to allow
some degree of crack-tip blunting that would be expected in an elastic-plastic analysis.

This approach also ensured the correct '/r singularity at the crack tip required for elastic-

plastic J integral evaluation,
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Fig. 6.2 Global model of a 25 mm thick plain sided specimen

The number of elements varied from model to model depending on the thickness of the
specimen being analysed, so giving average element and node counts is meaningless.
As an example, the 25 mm thick plain sided model shown in fig. 6.2 contained 657
elements and 3,085 nodes with six elements through the specimen thickness biased to
give refinement at the specimen edge. The boundary conditions were identical to those
used for the aluminium specimen analysis and illustrated in fig. 4.3. The models were
loaded by the application of a pressure to the top of the clevice pin hole, with the load
being applied in two load steps. The first load step consisted of 5 load increments up to
90% of the expected specimen failure load based on preliminary estimates of the
material fracture toughness. The second load step consisted of a further 4 load

increments up to 110% of the expected specimen failure load.

The analysis was carried out on a Pentium 133 with 96 MB RAM available to ABAQUS

and processing times varied between 1 — 3 hours depending on the specimen thickness.
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Fig. 6.3 Crack tip sub-model for a 25 mm thick plain sided specimen

The sub models were again built from 20 noded isoparametric elements with only a
quarter of the specimen being modelled due to symmetry conditions. The mesh was
simply an extended form of that used for the modified boundary layer analysis and
illustrated in fig. 5.11. As with the global models the number of elements varied from
model to model depending on specimen thickness. Again, by way of example, the

25 mm thick plain sided model shown in fig. 6.3 contained 6,966 elements and 45,233
nodes with 31 elements through the specimen thickness again biased to give refinement

at the specimen edge. The load incrementation scheme was exactly the same as that for

the global models to ensure consistency of results.

Again the analysis of the plain specimens and some of the side grooved specimens was
undertaken on a Pentium 133 with 96 MB RAM available to ABAQUS with processing
times for the plain sided specimens varying between approximately 12 and 84 hours

depending on specimen thickness.

All of the plain sided specimens were successfully processed as described above;
however difficulties with respect to model convergence were experienced for the side
grooved specimens. The problems were associated with the determination of the steep
stress gradients at the intersection of the side groove root and crack tip. The solution
adopted was to significantly increase the through thickness mesh refinement at the root

of the side groove. In order to maintain a reasonable aspect ratio for the elements in this
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region the mesh in the plane of the specimen was also refined slightly from that used for

the modified boundary Jayer and plain specimen analysis.

Typical meshes can be seen for both the 25 mm thick global and sub models in figs. 6.4
and 6.5.

.

N1 ¥
— C = > EEiEETe -_~_—._-=,:_ e e 2 '
=
.

Fig. 6.4 Global model of 2 25 mm thick side grooved specimen

The increase in mesh refinement meant that, for example, the 25 mm thick side grooved
global model contained 3,085 elements and 8,000 nodes with 12 elements through the
thickness. The corresponding sub model consisted of 9,975 elements 46, 076 nodes and
45 elements through the thickness which were biased towards the side groove. Asa
consequence of this refinement the 10, 13, and 25 mm thick specimens were processed

using a SUN Ultra 10 workstation with 3 12 MB RAM available to ABAQUS.
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Fig. 6.5 Crack tip sub-model for a 25 mm thick side grooved specimen

6.3.1 FINITE ELEMENT ANALYSIS RESULTS

The results from the finite element analysis for both plain sided and side grooved

specimens can be seen in figs. 6.6 — 6.32.

Results for J variation through the specimen thickness can be seen in figs. 6.6 —
6.12 for the full range of plain sided specimens. In all cases the variation of J is
plotted for a load range of between 90% and 110% of the expected failure load for
the specimen, based on preliminary fracture tests. Consistent with the results
obtained from the linear elastic analysis presented in chapter 4 for the through
thickness variation of K, the value of J falls away significantly at the specimen
edge when compared with the centre line value. This fall off becomes more

pronounced as the load level increases for all specimen thicknesses.

Consideration of fig. 6.6. shows that J is relatively constant across a significant
proportion of the crack front at all load levels for full specimen thickness. A good
indicator of this is the ratio of the average J across the crack front to the centre
line value which varies between 0.931 at the lowest deformation level and 0.927

at the highest deformation level. Both the 15 mm and 10 mm thick specimens
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exhibit similar behaviour in terms of J variation as the 25 mm thick specimen
with the ratio of average J to centre line J for the 10 mm thick specimen being
0.930 at the lowest deformation level and 0.909 at the highest deformation level.
Specimens below 10 mm thick show a larger variation of J across the crack front
with the ratio of average to centre line J values varying from 0.894 at the lowest
deformation level of the 5 mm thick specimen to 0.693 for the highest

deformation level of the 1.25 mm thick specimen.

In comparison, the results obtained for through thickness J variation in the side
grooved specimens can be seen in figs. 6.13 - 6.19. Again results are plotted for a
load range between 90% and 110% of the expected failure load for the specimen
based on preliminary fracture tests. The effect of side grooving is to significantly
elevate J in the region of the side groove and to provide a relatively constant value
of J over a significant proportion of the specimen thickness even for specimens
which are significantly below the minimum thickness demanded by British and
American standards [26 and 27] in order to obtain valid tests results. The ratio of
average J to centre line J for the 25 mm thick specimen is 1.140 at the lowest
deformation level and 1.130 at the highest deformation level. Indeed the ratio
remains above unity for all specimens except the 1.25 mm thick specimen which
has a ratio of 0.990 at the lowest deformation level and 0.954 at the highest

deformation level.

In all side grooved cases the J values obtained adjacent to the side groove showed
some oscillation, this is most likely to be due to the finite element mesh being
unable to accurately model the corner singularity at the root of the side groove.
Oscillation was also present to a lesser extent in the plain sided models at the free
surface and has been observed by several other authors [30, 105]. The effect has
been described in detail by Nakumara and Parks [106]. Due to the fact that only a
very small distance in from the root of the side groove is involved it should not

have an adverse affect on the results obtained or observations made.

Results from the two parameter fracture mechanics investigation can be seen in
figs. 6.20 — 6.26 for plain sided specimens and figs. 6.27 — 6.33 for side grooved
specimens. In each case (a) shows principal stress contours for o/cy = 2 at
various locations through the specimen thickness, whilst (b) shows the crack line
opening mode stress at various locations through the specimen thickness together

with the SSY solution. J-Q trajectories are shown in (c) at specific locations
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through the specimen thickness, for plain specimens of 3.75 mm thick and above
the trajectory locations are at the specimen centre line and at approximately 60%,
80% 90% and 95% of the distance from the centre line to the specimen edge. For
plain specimens below 3.75 mm thick the trajectory locations are at the specimen
centre line and approximately 20%, 55% 70% and 80% of the distance from the
centre line to the specimen edge. For side grooved specimens trajectory locations
are at the specimen centre line and approximately 60%, 80%, 90% and 95% of the
distance from the centre line to the side groove root for all specimens. The
variation of Q through the specimen thickness is shown in (d) for all specimens.
Q is calculated at the J level approximately corresponding to the fracture
toughness of the material.

Consideration of the through thickness Q variation reveals that for the full
thickness, 25 mm thick, plain specimen Q is constant and slightly positive for a
significant proportion of the crack front. Positive Q is maintained over some
portion of the crack front for specimen thicknesses down to 10 mm, below this Q
is negative at all positions along the crack front. Average crack front Q values are
given in table 6.1. The average Q value for the full thickness specimen is
positive, whilst all other thicknesses exhibit a negative average value of Q, getting
progressively more negative as the thickness reduces. For specimens of 10 mm
thick and above the Q value remains close to zero, i.e. —0.07868 for the 10 mm

thick specimen. Below 10 mm thick the average value of Q falls considerably.
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Fig 6.26 Analysis results 1.25 mm thick specimen
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Fig 6.28 Analysis results; 15 mm thick side grooved specimen
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Fig 6.30 Analysis results; 5 mm thick side grooved specimen
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In comparison the through thickness variation of Q for side grooved specimens,
although remaining relatively constant across the crack front for a wider range of
thicknesses is always negative. It is interesting to note that the value of Q falls
away at the root of the side groove for specimen thicknesses of 10 mm and above,
but is slightly elevated at the root of the side groove for specimens below 10 mm
thick. The reason for this observation is not clear but it is probably due to slightly
different mesh refinements being used immediately adjacent to the side groove
root. Even though the centre line value of Q is always negative, consideration of
average Q values as given in table 6.1 indicates that they are much closer to zero
over a wide range of thicknesses than those obtained for the plain specimens.
Comparison of results for the 5 mm thick plain and side grooved specimens gives
an indication of the increased constraint provided by the introduction of side
grooves, the results obtained for the plain specimen being -0.173 with the result
from the side grooved specimen being -0.056.

Specimen Type Thickness (mm) JaveldcL Qave

25 0.930 0.0038

15 0.934 -0.0378

ld 0.925 -0.0787

Plain 5 0.895 -0.1726
3.75 0.868 -0.2676

2.5 0.811 -0.3971

1.25 0.727 -0.7164

25 1.136 -0.0336

15 1.129 -0.0360

10 1.111 -0.0483

Side Grooved 5 1.073 -0.0559
3.75 1.062 -0.0930

2.5 1.039 -0.1692

1.25 0.980 -0.4048

Table 6.1 — Average J and Q values for plain and side grooved specimens
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J-Q trajectories obtained from the analysis indicate that for plain sided specimens
trajectories are steep within the interior of the specimen but become shallow
towards the specimen edge for the full thickness specimen. As the specimen
thickness reduces the J-Q trajectories become progressively more shallow even
within the interior of the specimen. Results for the side grooved specimens,
however, remain steep across a greater proportion of the crack front and for a
wider range of thicknesses. Itis interesting to note that the trajectory obtained
closest to the side groove root for specimens of less than S mm thick exhibits an
opposite slope to all other J-Q trajectories, this again suggests that the influence
of side grooving in the region adjacent to the groove root is strong. Figs. 6.48 and
6.49 show crack front average trajectories for both plain sided and side grooved
specimens. The results presented in this form give a good indication of the
performance of side grooves in increasing the general level of constraint across
the crack front, with trajectories remaining steep for all side grooved specimens

greater than 2.5 mm thick.
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The results presented relating to J-Q methodology strongly suggest that benefits
obtained from side grooving have the potential to yield valid fracture toughness
values from specimens that are significantly thinner than called for by both
British and American Standards [26, 27].

Area scaling results presented in the form of principal stress contours for

o/ = 2 in figs. 6.20 — 6.33 give an indication of the volume of material
contained within each specimen subjected to a stress level at or above 26,. Each
contour represents the area subjected to such a stress level at a particular crack
front location, the results indicate that the area is a maximum at the specimen
centre line diminishing to zero at the specimen edge. The volume of material
contained at or above a particular stress level can be easily obtained for each
specimen and is presented for both plain and side grooved specimens in table 6.2
for 6/cp =2, 2.5 and 3. Figs. 6.34 — 6.40 illustrate the ratio of slice area to centre
line area for the full thickness range of plain sided specimens for 6/cy = 2, 2.5 and
3. The results indicate only a weak dependence on the stress contour level for the
majority of thicknesses, only for specimen thicknesses of 5 mm and below does
any significant dependence present itself. Simular results for side grooved

specimens are presented in figs. 6.41 — 6.46 again for stress ratio of 6/c, =2. 2.5
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Specimen Type Gross Net o/cy=2.0 oloy=2.5 o/cy=3.0
Thickness (mm) | Thickness (mm) | Volume | CentreLine Area | Average Area | Volume | Centre Line Area | Average Area | Volume | Centre Line Area | Average Area
(units’) (units?) (units) | (units’) (units) (units’) | (units’) (units’) (units)

25 25 1117.300 130.700 89.384 193.700 2670 15.496 10.630 1.289 0.850

15 15 707.000 119.500 94267 121.100 20.670 16.147 6.610 1.157 0.881

10 10 396.900 108.870 79.380 67.830 18.880 13.566 3.705 1.064 0.741

Plain 5 5 133.400 85430 53.360 22.200 14.600 8.880 1.140 0.828 0.456
375 375 73.000 65.540 38.933 11.990 11.700 6.395 0.590 0.641 0315

2.5 25 25.610 39.300 20.488 4.190 7.080 3.352 0.201 0424 0.161

125 125 3310 9.830 5.296 0.499 1.910 0.798 0.020 0.128 0.032

25 17.5 946.220 110.640 108.139 141.530 16.920 16.175 5464 0.702 0.624

15 105 568.390 114.080 108.265 84.460 17.410 16.088 3.243 0.705 0.618

10 7 362.110 112.260 103.460 53.090 16.860 15.169 2.034 0.663 0.581

Side Grooved 5 35 143.810 96.260 82.177 22.360 15.390 12.777 1.037 0.742 0.593
375 2625 87.110 79.830 66.370 13.260 12.830 10.103 0.617 0.641 0470

25 1.75 37.890 53.960 43303 5.840 8.910 6.674 0.268 0.462 0.306

1.25 0.875 6.780 19.260 15.497 1.030 3.300 2354 0.046 0.186 0.14

Table 6.2 Process zone volumes



6.4

and 3. Consideration of those results for side grooved specimens show slightly
more dependence on the chosen stress level with respect to the slice area
obtained. For side grooved specimens above 5 mm thick there is a marked
increase in the proportion of specimen thickness when the slice area is at the same
level as the specimen centre line. At specimen thicknesses of 5 mm and below
the slice area to centre line area falls away towards the specimen edge, as is the

case with the plain sided specimens.

As with the results for J-Q methodology the consideration of material volumes at
stress levels above that which cleavage is likely, i.e. in the lower shelf region,
strongly suggests that the introduction of side grooves has the potential to yield
valid fracture toughness values for sub thickness specimens. The applicability of
area scaling methodology in the prediction of cleavage failure for three

dimensional finite element models will be further considered in section 6.6.

FRACTURE TOUGHNESS TESTING

Fracture toughness testing of the EN24 material was undertaken using the compact
tension configuration shown in fig. 6.1 and described in section 6.2. This configuration
of specimen allows either K or J results to be obtained. As with the aluminium
specimens described in section 4.4 testing was done using an Instron servo-hydraulic
test machine of 50 kN dynamic and 100 kN static load capacity in accordance with
BS7448 part 1, 1991 [26] for K determination and ASTM E813-88 [104] for J

determination.

6.4.1 SPECIMEN PREPARATION

All specimens were prepared in accordance with BS7448, part 1, 1991 [26],
section 6. The specimens were first machined to a plain sided condition and then
heat treated as described in section 5.3. The specimens were then fatigue pre-
cracked to give a ratio of a/W between 0.45 —0.55. Crack length during the pre-
cracking process was monitored by the use of a travelling microscope. Pre-
cracking was in accordance with clause 6.4.6 of BS7448 [26] as described in
section 4.4.1 and hence equations (4.12), (4.13) and (4.14). These requirements
are more stringent than those laid down in ASTM E813-88 [104] and hence

satisfy all of the requirements therein.
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6.4.2

Table 6.3 gives details of all pre-cracking data and maximum pre-cracking force
conditions according to clause 6.4.6 of BS7448 [26]. All of the requirements of

clause 6.4.6 were met by all of the specimens under consideration.

Further conditions as laid down by clause 6.4.7(a) and (b) of BS 7448 [26] which
states that the maximum stress intensity factor during the initial fatigue pre-crack
extension shall not exceed 1.3 K¢, where K;is defined by equation (4.15) and that
the fatigue force ratio shall be in the range 0 — 0.1, were also satisfied by all
specimens. Clause 6.4.7(c), (d) and (e) which relate to pre-crack shape and size

were also satisfied.

As with the aluminium specimens the side grooves were machined after pre-
cracking due to the difficulty in determining the fatigue crack length at the root of
the side groove, this procedure is also recommended in ASTM E813-88 [104] in

order to produce a straight fatigue pre-crack front.

TEST PROCEDURE

Some preliminary testing was undertaken in order to establish the fracture
characteristics of the complete range of specimens both plain sided and side
grooved. The test records from this preliminary testing revealed that a wide

difference could be expected in the test records obtained.

As could be expected the results of these preliminary tests showed that the results
obtained for full thickness plain sided specimens exhibited flat fracture across the
width of the specimen with typical test records in terms of load v load line
displacement similar to that illustrated in fig. 6.50(a). Sub thickness plain sided
specimens varied considerably in the way they behaved. Both 15 mm thick and
10 mm thick specimens still exhibited a flat fracture surface across the width of
the specimen but the load v load line displacement test record exhibited an
increasing number of ‘pop ins’ as the thickness reduced. Typical results obtained
from the 10 mm thick specimens are similar to those illustrated in fig. 6.50(b).
Specimens of 5 mm thickness and below exhibited a transition from flat fracture
surfaces to slanted fracture surfaces indicating a greater amount of shear. Typical
load v load line displacement test records for these specimens are as illustrated in

fig. 6.50(c), in all cases, for these thin specimens there was evidence of stable

crack growth.
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Specimen No | Side Groove Pre-cracki - -
Type Initisl Cycles ping Do — Procmacki m P
Mean Load (kN) | Amplitude (kN)  |No of Cycles | Coack length (mm)  |Mean Load PR Bica Fe®) Condition | F(kX)
(kN) Amp (EN) | No of Cycles Crack length (mm) eq4.12 eqd.13 eqd 4
Z: ::: :’2 Ez‘; :::’) :': g: 11.00 7000 159 9850 |1evnEE07] 3629
o Nons 14.00 -t w0 o>z 13~oo 11.00 3000 159 10081 | 1.85401607] 4002
wone Nome 1600 1300 J, 0-2 13.00 1100 3750 191 903 |isarEon| 39
- z 11.00 4200 183 9942 | 187657E07] 3888
15P1 None
15P2 None
1573 None 200 8.00 3800 03 7.00 6.00 1000 L7 00 | LemnEm| 250
1594 None 9.00 8.00 4600 02 7.00 6.00 1300 119 6176 | 164043607 2454
10P1 None 6.00 5.00 6000 0.2 4.50 4.00 3200 1.4 40.84 1.62101E-07| 17.82
P2 None 6.00 5.00 5900 0.2 450 4.00 2600 JB] 408 L614E07 ] 1578
10P3 None 6.00 5.00 6000 0.2 4.50 4.00 3500 134 4084 | 1.62101E-07) 17.04
10p4 None 6.00 5.00 7000 0.2 4.50 4.00 500 133 40.88 L619SE-07 | 1632
5Pl None 3.00 2.60 2200 0.2 2.60 230 5000 194 19.77 | 1.9264E-07) 882
P2 None 3.00 260 200 02 260 230 5000 226 1942 | 195mM1E07] 1230
5P3 Noms 300 2.60 200 03 260 230 5000 213 19.56 1L9467E-07)  12.00
5P4 None 3.00 2.60 2200 0.3 2.60 230 5000 224 1944 1.95601E-07| 10.26
5PS None 3.00 2.60 2200 03 2.60 2.30 5000 224 1943 1 95663E07  9.18
5P6 None 3.00 260 2200 03 260 230 5000 224 1943 | 195663E-0Tf 9.84
5p7 None 300 260 2200 03 260 230 5000 226 1942 | 1958035071 9.4
P8 None 300 2.60 200 0.2 260 230 5000 208 1961 | 1%0E-07| 960
Py Norne 3.00 2.60 2200 0.2 260 230 5000 176 1996 1.9088E-07 | 1020
sPie None 3.00 2.60 2200 0.2 260 230 5000 1.93 1977 | 1925:E07| 1080
5Pii None 3.00 2.60 2200 0.2 260 230 5000 204 1966 | 1.93568E-07} 11.40
P12 None 3.00 260 2200 0.2 260 230 5000 155 2019 | 1.88869607| 1200
P13 Nons 3.00 260 2200 0.2 260 2.30 5000 204 1965 | 193618607 9.00
SPi4 None 3.00 2.60 2200 0.2 260 230 5000 198 1952 | 191208E-07} 950
Pis Nome 3.00 2.60 2200 0.2 260 230 5000 1.8 19.88 19155607 | 10.50
5P16 Nane 3.00 260 2200 0.2 260 230 5000 1.84 1987 | 1s1672B07] 1110
P17 None 3.00 260 2200 0.2 260 230 5000 L10 26 | 18464E07| 1170
2-5p1 Nomne
2-5p2 Nome
2-5p3 None 1.50 1.30 2200 0.2 1.30 115 5000 144 10.16 188607 | 510
25p4 None 150 1.30 2200 0.2 1.30 L5 5000 172 10.00 191807 540
2-5p5 Nons 150 130 200 - 0.2 130 115 5000 209 9.80 1.94E-07 570
2-5p6 None 1.50 1.30 2200 0.2 1.30 115 5000 145 10.15 1 88E-07 6.00
2.5p7 None 1.50 130 2200 0.2 130 115 5000 18 991 1.926-07 6.30
2-5p8 Nane 1.50 1.30 2200 0.2 1.30 115 5000 1.61 10.06 1.89E-07 6.60
2-5p9 None 150 1.30 2200 0.2 130 115 5000 165 10.04 1.90E-07 4.30
2-5p10 None 1.50 1.30 2200 0.2 130 1.15 5000 1.09 10.35 1. 85E-07 5.10
2-5pt1 None 1.50 130 2200 02 130 115 5000 16l 10.07 1.89E-07 540
2-5pi2 None L.50 130 2200 0.2 130 115 5000 197 9.87 1.93E-07 570
2-5p13 None 1.50 1.30 2200 0.2 130 LIs 5000 1.39 1018 1.876-07 6.00
255G} Vee 30% 14.00 13.00 12000 0.2 13.00 11.00 8000 118 97.52 19IE-07 | 3240
258G2 Vee 30% 14.00 12.00 9000 0.2 13.00 11.00 7000 1.60 95.277 195607 | 2694
158Gt Vee 30% 9.00 8.00 10400 0.19 7.00 6.00 7000 1.29 58.16 L.73E-07 16.85
10501 Vee 30% 6.00 5.00 10000 0.1 4.50 4.00 7000 0.78 61.98 107607 | 1255
10562 Ves 30% 6.00 5.00 10000 02 4.50 4.00 7000 1.6 6482 | LOIEOT [ 1334
5501 Vee 30% 100 260 L1000 03 260 230 9000 1.2¢ 19.44 1.96E-07 597
55G2 Ves 30% 3.00 260 11000 0.42 260 2.30 9000 190 1581 192607 | 578
5sa3 Vee 30% 3.00 260 11000 0.25 260 230 9000 208 1961 | 1MBO7 ;685
55G4 Vee 30% 3.00 2.60 11000 03 260 230 9000 202 19.68 1.93E-07 554
$SGS Vee 30% 3.00 260 11000 0.31 260 2.30 9000 177 19.95 1.91E07 641
5506 Vee 3% 200 260 11600 0.52 260 230 9000 7 19.41 1.96E-07 5.50
5507 Vee 30% 3.00 2.60 11000 0.54 260 230 9000 226 1942 L96E-07 | 540
25841 Vee 30% 1.50 130 11000 0.53 130 115 6000 23 865 | ZIEDT 012
23562 Veo 30% 150 130 11000 032 130 115 6000 L7 1001 | 15007 | 318
2.$5G3 Veo 30% 1.50 1.30 11000 0.52 130 L1s 6000 143 1016 ) TEEEDT | 345
2-55G4 Vee 30% 1.50 130 11000 0 130 L5 6000 135 1021 1LI7E07 250
2.5805 Vee 30% 150 13 11000 0.1 1.30 LIS 6000 085 1048 | LEEO7 | 3
2-5506 Vee 30% 150 1.30 11000 0.3 130 Li5 6000 108 1036 e 3N

Table 6.3 Pre-cracking data
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Load

4 (a) Typical record (b) Typical record (c) Typical record
25 mm thick 10 mm thick 5 mm thick
specimen specimen specimen

Load line displacement

Fig. 6.50 Typical test records for plain and side grooved specimens

Preliminary results obtained from the side grooved specimens varied significantly
from those obtained from the plain sided specimens. In all cases the fracture
surfaces were flat even at thicknesses of 2.5 mm and all load v load line

displacement test records were of the type illustrated in fig. 6.50(a) and (b).

As a result of the preliminary testing it was decided that plain sided specimens of
10 mm thickness and above should be subjected to a standard K test in
accordance with BS 7448 pt 1 [26]. Specimens below 10 mm thick would be
subjected to J testing in accordance with ASTM E813-88 [104] with K values
being determined from the resulting J values according to equation (2.22). All

side grooved specimens were subjected to standard K tests in accordance with BS

7448 pt 1 [26].

Procedure for K testing

The procedure for K testing was identical to that described in section 4.4.2 for
aluminium specimens with the exception that stepped notched specimens were

used rather than straight notched.

All specimens were tested under displacement control such that a nominal loading

rate of 1.0 MPa Ym/s was achieved for all specimens based on a nominal /W of
0.5 which again complies with Clause 8.5 of BS 7448 of a loading rate between

161



0.5 and 3.0 MPa Ym/s. The specimen geometry was of the stepped notched
compact tension type as illustrated in fig. 6.1. Load line displacement was
measured by the use of a standard Instron clip gauge mounted on inward facing
knife edges of thickness 0.5 mm. All other aspects of the test procedure were in
accordance with clause 8 of BS 7448 [26].

Procedure for J testing

The original experimental method for the determination of J was published by
Begley and Landes [107] in 1972 with an alternative method being proposed by
Rice et al [108] in 1973. It is this alternative method that forms the basis of the
method specified in BS 7448 pt 1 and ASTM E813-88. Using equation (2.22) as

a starting point, Rice showed that for a compact tension specimen:

J=———<|Pdv. ... 6.2
B(W a) I Yo (02)
Equation (6.2) effectively states that:
= V. . (6.3)
B - a)

where U, is the area under the P — v curve owing to the introduction of the crack.
Hence J can be determined by examination of the load — load line displacement
test record. However, in a J test the total displacement v, is measured where v,
comprises two components v, which is the displacement resulting from loading
of an uncracked specimen and v, which is the contribution that the presence of the
crack has to total displacement. Consequently the area under the P - v curve
represents a total energy condition U rather than U.. However, owing to the fact
that for deep cracks the energy absorption due to the presence of the crack is very
much greater than that of an uncracked body it is normal to assume that the

energy contained in the cracked body U is equal to the total energy U, and

equation (6.3) becomes:
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Further to the above assumption, if the crack is deep, v, and hence v, will contain

both elastic and plastic contributions. It follows, therefore, that the total energy
Uk is divided into elastic and plastic components U, and Uy respectively, see
fig. 6.51. It then follows that:

Load, P

Upl Uel

Load line displacement, v

Fig. 6.51 Elastic and plastic energy components of
area under P —v curve

The relative magnitude of the elastic and plastic contributions is dependent on

specimen geometry, in general we can write:

where 1 is a dimensionless constant dependent on geometry. By combining
equation (6.5) and (6.6) we arrive at a general expression for J separated into

elastic and plastic components:
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As was shown in equation 2.23 for linear elastic behaviour J is equivalent to G

hence.

?

K. n,U
==L 4 o ) for plane stress (6.8)
~-a

and

J = K12 (1_V2)+ M1 UPI
E BW -a

) for plane strain (6.9)

Hence J can be found experimentally from the load displacement records for
specimens of known geometry. This method forms the basis of all current
standards for the experimental determination of J. However, the standards do
vary in their interpretation of the results obtained. The two standards used in this
work use essentially the same method to define crack extension and to derive J
but differ in their definition of critical fracture toughness. BS 7448 pt 1 uses the
fracture appearance of the specimen and the slope of the local displacement in
terms of ‘pop in’ behaviour to define J, whereas ASTM E813-88 uses a regression
analysis to define Jic as the critical J value at stable crack initiation. As stated in
section 6.4.2 all of the results presented here, in terms of J testing are in

accordance with ASTM E813-88.

The objective of the test method described in ASTM E813-88 is to determine J as
a function of crack growth. Load versus load line displacement is recorded and
plotted with J being calculated in accordance with equation (6.9). This calculated
J value is then plotted against estimated or physical crack growth using at least
four data points within specified limits of crack growth. The resulting curve
reflects the materials resistance to crack growth. The critical value of J at crack
initiation, defined as Jic, can be established by approximating the crack growth
behaviour by a best fit power law relationship. A blunting line is calculated from
material properties and an offset line at 0.2 mm from the blunting line is

constructed. It is the intersection of this 0.2 mm offset line and the power law

regression line that determines Jic, see fig. 6.52.
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200
180 Blunting line *
o 0.15 mm exclusion line
140 -
120 A
100 .
Power law regression
80 -
0 | O Valid data
| i ® Non -valid data
40 / 0.2 mm offset line
20 ~l—— Aa o ion li 4'- AR max
min 1.5 mm exclusion line max
0 1 1 1 1
0.0 0.5 1.0 1.5 20

Crack extension (mm)

Fig. 6.52 Definitions for data qualification

ASTM E813-88 describes two techniques that can be used to obtain J as a
function of crack growth. The first technique is a multi-specimen technique
which requires at least four identically prepared specimens to be tested to
different crack opening displacements and plotted on a single curve to obtain the
required power law regression plot. The actual crack growth is used as
determined post fracture using a heat tinting method. The second technique is a
single specimen technique and uses elastic compliance or an equivalent indirect
method to evaluate the crack length. Elastic compliance measurements are taken
from a series of unloading/reloading segments spaced along the load versus load

line displacement record.

The multi-specimens technique was used in the work presented here, mainly due

to the fact that single specimen testing could not be undertaken with the available

Instron control interface.

Once the plot of J versus Aa has been constructed ASTM E813-88 required that
some data is excluded from the determination of the power law regression line.

Hence exclusion lines are constructed, outside of which data is not valid, as

follows:
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1) The blunting line is constructed in accordance with J = 20y Aa. This

blunting line takes account of the apparent increase in crack length due to
crack tip blunting,

i)  Maximum and minimum data lines are drawn parallel to the blunting line
which intersect the crack extension axis at 1.5 mm and 0.15 mm

respectively.,

(W - a)ay |

1i1)  An upper capping line is added in accordance with J max = >

All of the above constructions are illustrated in fig. 6.51 together with the region
of valid data.

Data within the valid region must be suitably distributed in order to yield valid J¢
results. ASTM E813-88 demands that one data point must lie within a band
between the 0.15 mm exclusion line and an offset line 0.5 mm from the blunting
line. Similarly one data point must lie within a band between an offset line

1.0 mm from the blunting line and the 1.5 mm exclusion line.

A provisional value of Jic can now be determined for the qualifying data by
finding the intersection of the power law regression line and the 0.2 mm offset
line. The following procedure is recommended in ASTM E813-88 for accurate
determination of Jic.

1) An estimated Jo.1y— Joq) value is read for the graphical plot.

ii)  Aa is evaluated using:

Jo
Aay =22 +02mm ... (6.10)

iii)  An interim value Jog + 1)is derived for the power law hardening relationship

as follows:
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6.4.3

iv)  The integer i is incremented and fed back into equation (6.10) and (6.11) to
obtain successive values of Aag and interim Joi + 1) until the Jq results

converge within +2%,

V) Maximum and minimum crack extensions valid for J ic qualifications are
determined by projection down the crack extension axis of the intercepts
between the power law curve and the 0.15 mm and 1.5 mm exclusion lines,
see fig. 6.52.

TEST RESULTS

As with the aluminium specimens described in section 4.4.3, P, was calculated by
using the 5% offset rule specified in clause 9.2.2 of BS 7448 [26] (see fig. 4.23)
for all specimens subjected to a K¢ test. This procedure is performed
automatically within the K¢ Instron program but as with the aluminium
specimens several results were manually checked. Typical fracture surfaces are
illustrated in fig. 6.53 for a range of plain sided and side grooved specimens.
There was no evidence of stable crack growth in any of the specimens subjected
to this type of test. The final fatigue pre-crack length was determined by the use
of a tra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>