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ABSTRACT

Small scale tests were utilized in order to obtain characteristic
fracture mechanics parameters such as the crack opening displacement
(C.0.D.) and the J-integral. Two main tyﬁes of steels were used
(H.S.L.A. and AISI 4340) in obtaining data over a wide range of yield
strengths and ductilities. Tests were done to see the effect of botﬁ
notch geometry and sample geometry in one of the H.S.L.A. steels, and
it is verified that the minimum value of C.O.D;, at crack initiation in
plane strain, is independent of the geometry and plastic zone size.
Further the development of a simple single specimen J-integral test
method is done during this work. In terms of the data obtained both
the minimum C.O.D.i values and the JIc values increase with increasing
ductility of the materials tested. 1In the attempt tb relate the magni-
tude of the fracture toughness with microstructural parameters and the
limiting processes occuring at the crack tip prior to fracture, the
concept of the process zone is discussed. For this study a simple
plain carbon steel spheroidized with different carbon contents was
examined in addition to the H.S.L.A. and 4340 steels. From the data
‘obtained the minimum C.O.D.i at crack initiation was fouﬁd to be
approximately equal to the product of the materials plain strain dﬁcti-
lity and a characteristic distance scaling with the spacing between
large non metallic inclusions or the spacing between the bands of the

sulphides.
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CHAPTER 1
INTRODUCTION

As a consequence of the development and use of structural
materials with higher strength level, the awareness of catastrophic
failure and increasing requirements for a safe design, much emphasis
has been placed on the development and application of fracture mechaniés.
In order to determine the intrinsic fracture resistance of a material
and its use in the selection of materials and structural design, atten-
tion must be given to the load bearing capacity of stfuctures containing
flaws. | |

In the formulation of the stress field around a crack tip or a
sharp stress concentrator in the pure elastic case, following Westergaard's
analysis (1), a characteristic field parameter K may be defined in terms

of the applied stress o and the crack length a. Thus,
K = f(o,a) (1-1)

This parameter is included in the expressions for the stress field in

the vicinity of a crack tip under different loading conditions, ‘geometries
and displacement modes, and represents the intensity.of the stress field.
The essential point which emerges from linear elastic fracture mechanics,
L.E.F.M., is that the fracture resistance can be specified as a critical

value of the stress intensity parameter Kc’ such that

K = o/na (1-2)

C



where ¢ = applied stress, a = flaw size or crack length. If the

values of K. and the applied stress are known, the critical flaw size
can readily be calculated, or a suitable combination of the design
stress and flaw size can be estimated once Kc is established and con-
sidered as a material parameter. However, Kc is dependent on sample
geometry up to a certain value of the thickness of the structure or

test sample. Above that range,.maximum constraint is achieved or

plane strain Conditions occur at the crack tip. As soon as plane strain
conditions are obtained the magnitude of K. is constant and independenti
of the>specimen size. Therefore, the plane strain stress intensity

factor K. , which is a lower level of the critical stress intensity

Ic
factor, will act as a material parameter independent of geometry.
Examining the energetics of the onset of instability at a

crack tip prior to crack extension or failure in pure elastic conditions,

there is a correlation such as
K; 2(1-v9) (1-3)
G, = '
Ic E

where the constant G,  1is the energy release rate or crack driving force

Ic

in plane strain, E = Young's modulus, v = Poisson's ratio.

LIRS

Thus either GIc or KIc may be considered as material parameters,

In the original Griffiths analysis is the critical energy re-
lease rate equal to the surface energy of an ideal elastic material.
However, in metals, the magnitude of the énergy release rate 1s much
greater than the surface energy of the material and ariseé due to the

plastic work produced around the crack tip (2)(3). A limiting condition

here is that the extent of the plastic flow preceding instability



must be much smaller than either the initial crack length, or the thick-
ness of the specimen if this plastic work is to be independent of the
sample geometry, and represents a characteristic measure of the fracture
resistance. Then the basic linear elastic fracture mechanics may still
be valid even for materials which behave in a quasi elastic manner

during the fracture testing. On this assumption, the standard K, test

Ic

methods require nearly pure elastic conditions during the testing, where

the minimum size limitations are given in terms of the yield stress Oy

and the plane strain stress intensity factor KIc as
KIc ?
B,b,a 2 2.5 (=) (1-4)
y

with B = thickness, b = remained uncracked ligament, a = crack length.

With increasing ratio (KIC/oy)2 the minimum size limitations of
the test samples and the corresponding testing device increase as in
Table (1-I). Thus huge sample size and facilities are needed for
examining very tough materials with low or intermediate yield strength.
In such cases, the costs will be too high to utilize the standard KIc
testing as a quality control test.

In addition, the sample size may be too large to be representa-
tive for the behaviour of the sections actually used in service and
also for estimation of the local fracture toughness as in welds and the

heat affected zones. Further, the K c testing will give a critical

I
parameter prior to crack extension only, and will not be characterist:.
for any eventual stable crack growth before instability.

There is, consequently, an increasing interest for alternative

fracture toughness parameters where the minimum size requirements of



of the samples are not so large and which may be easily obtained in
laboratory testing. These parameters must be a characteristic measure
of the stress and strain field around the crack tip and related
directly and quantitatively to the materials fracture toughness, even
in cases where considerable amount of plastic yielding may occur.
Data obtained in small scale tesfs may then represent the
corresponding critical values in structures under service conditions.
In the recent literature, three parameters have been suggested
which may permit the extension of the concepts of fracture mechanics
into tﬁe elastic/plastic region, and to cases where general yielding
occurs. These parameters are:
1) Critical Crack Opening Displacement (C.0.D.) (4).
2) J-integral (Rice integral) (5).

3) R-curve analysis (6,7).

C.0.D.

It was suggested by several authors, notably by Cottrell and
Wells (8)(9), that a critical opening displacement preceding crack ex-
tension might be treated as a material parameter under certain defined
conditions. For some materials it has been shown that the critical
opening displacement at crack initiation from an initially sharp notch
or crack, C.O.D.i, is a characteristic of the material and is nearly
independent of size and geometry of the test samples. However, a minimum
sample thickness is required to achieve plane strain conditions which
is in accordance with KIc testing (10). Then the magnitude of the

critical C.0.D., appears to characterize fracture for cases of both



localized and general yielding, and several theoretical treatments
linking C.O.D.i to the fracture toughness crack driving force Gc are

available (4,9,11,12). All the analyses involve expressions of the form

Gc = U'Gcrit

(1-5)

where §

crit is assumed as the critical opening displacement and ¢ is a

characteristic stress for the material. Although there is agreement
about the form of expression (1-5), some discrepancy appears concerning
the magnitude of the stress o. In plane strain L.E.F.M., thg‘value of
o is found to be the yield stress of the material, while results from
finite element analysis of general yield conditions indicate a value
approximately 2x yield stress which is closer to eitherjthe U.T.S. or
true fracture stress. If the critical C.O.D.i can be Qerified as a
material parameter, the value obtained in small scale samples may be
used as a simple fracture criterion aﬁd at least as a comparative
fracture toughness parameter for the selection of materials, independent
of the exact correlétion with the energy release rate.

In order to establish the critical C.O.D.:.L as a charaéteristic
of the material and as a quality control parameter, part of the preéent
project has been concerned with an investigation of the influence of
sample geometries on the critical €.0.D., and factors such as the siie
of the sample, thickness, width, ratio of nofch depth/sample width,
notch angle and notch root radius have been considered. In addition,
the magnitude of the critical C.O.D.i can be related to metallurgical
factors such as inclusion distribution. Like other mechanical properties

of a material, the C.O.D.i values may depend on content, shape and dis-



tribution of inclusions, sample orientation as different yield stress
levels, the influence of the factors was considered in the present

work.

J-integral
As an alternative fracture criterion, the path independent
energy line integral, the J-integral, at crack initiation may be used.
The J-integral was first developed by J.R. Rice (5,13), and suggested as
a crack initiation criterion in terms of JIc by Landes and Begley (14).
In any linear elastic behaviour the J-integral may be inter-

preted as the potential energy difference between two identically

loaded bodies having neighbouring crack sizes as (15).

_13u ‘
J=ge (1-6)

where B = thickness of specimen, U = energy and a = crack length.
This expression is equivalent to the energy release rate, i.e.

J=6 (1-7)

which is also proposed up to crack initiation in plane strain even when
a large amount of plastic deformation occurs in the sample.

Since the plane strain stress intensity factor K c is directly

1

related to the energy release rate G c s in (1-3), the J-integral may,

I
in theory, be utilized indirectly as a design parameter.

To investigate the use of JIC as a fracture criterion, any
eventual effects of sample size and geometry on the results have been

considered in this project, since minimum size requirements can be

estimated for standard JIc testing.



In addition, any correlation between the critical C.O.D.i and

J values, a critical stress, known literature data for K

Ic and tough-

Ic?
ness in terms of Charpy V-energy are of interest because they permit
the correlation of simple small scale laboratory tests and service

behaviour.

Test Techniques

The critical C.O.D.i and JIC values, which are obtained in
small scale tests, may be used as alternative criteria to the standard
KIC if the measurement techniques are relatively simple and the data
shows adequate reproducibility and correlation with existing values.
There are a number of different techniques of getting the C.0.D. values.
Some may have a lack of accuracy, as the paddlemeter by F.M. Burdekin
and D.E.W. Stone (4), while others require very sophisticated measuring
techniques, eg. laser interferometry, change in electrical potential with
crack extension (16)(17).

However, in the literature, two teéhniques have been described
which seem to combine simple testing procedure and acceptable accuracy:
1} Crack profile technique by replicas of silicone rubber (Robinson-

Tetelman, 18).
2} Clip gauge displacement (British Draft Standard, 19).
Both techniques have been applied during this work.

In terms of the J-integral testing, no simple technique exists

which uses a single specimen test to measure the critical JIc‘

Using a compliance technique, JIC can be established, but

there is a demand for several specimens containing cracks of various



lengths.
The method developed by J.R. Rice et. al (20) for measuring J
on deeply notched bend type specimen appeared to simplify the test pro-

cedures considerably and the result can be expressed as:

J = %g- | (1-8)
where U = area under the load/load point displacement curve up to
crack initiation, B = specimen thickness, b = heigh of remained un-
cracked ligament.

In principle, JIc can be determined from a single specimen if
U, the work done up to crack initiation is measured.

Expression (1-8) was utilized by J.D. Landes and J.A. Begley (21)
for determination of JIé from a J vs. crack extension curve. Still,
this method requires at least 4 specimens in obtaining JIc'

A single specimen procedure is developed by G.A. Clarke et. al
(22) where expression (1-8) is used as the analytical tool. Thekpriﬁ_
ciple by this technique was unloading the sample at successive stages
for determination of crack initiation where the change of the slope
of the unloaded and reioaded lines occurred, and which requires very
sensitive electronic equipment. See Fig. 2.14. -

Thus it is clear that the development of simpler single specimen
test techniques willAextend the use of JIc as a fracture criterion.

The solution to this problem, which is an important part of the present

study, led to the development of an alternative test method.

Metallurgical Aspects of the Study

To clearly see the extent and limitations of the use of small



tests in fracture, it is essential to test materials with a range of
yield streﬁses which represent both the range where C.O.D.i and JIC
data have a special advantage and the range where reliable values of
KIc’ and other fracture parameters, have already been established.
Thus two different types of steels have been used in this study:
1) A High Strength Low Alloy Structural Steel, oy=500 MPa of the

type proposed for arctic pipeline construction.
2) A High Strength Steel AISI 4340 which can be quenched and tempered

to give values of the yield stress in the range 800-1600 MPa.

The HSLA structural steels represent a group of materials

which have a combination of very high toughness and intermediate yield
strength. Because of the size requirements for standard KIC testing,

relatively few standard K c data are available except for low test

I
temperatures. Therefore, the alternative parameters as C.O.D.i and JIC
are of particular interest for this class of steels.

Variation of tempering temperature in the quenched and tempered
AIST 4340 will give a material which changes from quasi brittle to
highly ductile behaviour at room temperature. There are a number of
fracture data available for this system, and comparison can be made

between the data obtained in the present work and the known data obtained

from large scale tests.

Microstructural Aspects

The present work indicates that fracture can be des-
cribed in terms of local events at the crack tip which are independent
of the overall spread of plasticity in the sample. Thus the volume in

which the critical events at the crack tip occur may be. termed the pro-
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cess zone for fracture. This region is one where severe strain gradients
occur. In order to develop a physical model it is necessary to delineate
the critical events, such as void initiation and growth or strain locali-
zation, which occur in the process zone. These events are shown
schematically in Fig. 1.1.

By examining the detailed microstructure in the process zone,
some correlation may be established between the magnitude of the fracture
parameters, the size of the process zone and microstructural features.

In terms of a critical opening displacement C.O.D.i, one can consider

expressions of the form
C.0.D.. =¢_x1 (1-9)

where €. is some critical strain and 1 is a gaugelength which both are

determined by microstructural parameters.

In order to try to determine some information about the micro-
structural aspects which limit the fracture parameters, the double
notch technique was used (23) both in the structural steels and the
high strength steels. |

Of importance here is also to get some indication about the
type of the critical localized strain and any eventual correlation
between the size of the process zone and the larger plastic zone. In
addition, some model experiments in terms of C.0.D. measurements and
double notch technique were done in spheroidized carbon steels where
the carbide spacing and the straining path.are known. Then a clearer
and more quantitative model of the actual physical limiting processes

occurring in the process zone may be established, and the last section
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of the thesis deals with these types of model studies.

Thus in summary, the present study considersthe following
aspects of fracture:
a) The development and evaluation of small scale fracture tests.
b) The delineation of the events occurring in the process zone and
their quantitative desciiption in terms of microstructural events.
c) The correlation of small scale fracture parameters of known
physical basis with existing data on the behaviour of large scale

samples and service behaviour.

Strain history of ligament.
Stress state.

£ Volume involved.

Void nucleation.

<f7777777ffﬁxﬂr . Gg d
localised @
‘ strain _Y,

void growth

Fig. 1.1 Critical events at the crack tip.
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Min. thickness of specimen for elastic plane strain behaviour. (ASTM

Standard)
K 2
B2 2.5 (8-1—9)
Y
-3/2 -2 .
KIC(MNm ) oy(MNm ) Thickness, B (cm)
50 2500 .1
50 1000 .7
100 1000 2.5
100 500 10.0
200 500 40.0
300 . 300 250.0
Table 1.1 K., Testing

Ic



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The concepts of fracture mechanics were first developed to des-
cribe the behaviour of elastically loaded bodies containing flaws.

Thus most of the theoretical work in fracture mechanics has been done
assuming linear elastic behaviour. However, as many materials deform
in a plastic manner prior to fracture, it is of importance to extend
the concepts of fracture mechanics into the inelastic/plastic range. The
basic parameter used in fracture mechanics is the plane strain stress
intensity factoxr KIC’ and for materials in which the extent of plasti-
city is small compared with sample dimensions, basic principles in the
linear elastic fracture mechanics (L.E.F.M.) can be extended to the
non-linear elastic/plastic range by redefining the effective crack
length to include the size of the plastic zone. These concepts are
briefly reviewed in section 2.2 together with the limitations of the
use of L.E.F.M. in quasi brittle materials due to size requirements
for standard KIc testing.

In terms of the non-linear fracture mechanics in which extensive
plastic yielding occurs, and in some cases on a scale comparable with
the dimensions of the sample (general yield), a variety of parameters
have been used to represent the fracture resistance prior to crack
extension and instability. They are:

13
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1) The critical Opening Displacement measured at the original crack tip
at the point of crack initiation, C.0.D.,. |

2) J-integral or Ricé integral in terms of JIc’

3) R-curve analysis or resistance cur&e analysis.

The present study has been concerned with the determination of
the critical C.O.D.i and J-integral values for materials exhibiting
various degrees of plasticity including general yielding conditions;
Thus these two criteria are reviewed in terms of the basic methods of
analysis testing procedures and previously obtained data in sections
2.3.1 and 2.3.2.

Further, in some cases a correlation may be established between
the fracture mechanics parameters, obtained both in the elastic and
elastic/plastic regimes, and the corresponding toughness determined as
the upper shelf level of the eﬁergy absorption in the'Charpy V-Notch
test. These correlations are reviewed in section 2.4.

Finally in order to build up a physical model for the fracture
‘events occurring at the crack tip in section 2.5, the existing litera-
ture is reviewed in regard to correlations between the fracture resis-
tance, the scale and distribution of microstructural features, and the

magnitude of the local stresses and strains established ahead of the

crack tip prior to the onset of instability or crack extension.

2.2 Linear Elastic Fracture Mechanics

In the analysis of the stress field around a crack tip, which
was initially developed by Westergaard using the Inglis solution for a

sharp elliptical hole (1), the stresses can be expressed in mode I and
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I1 of the deformation as

g
o = —522!55 f(sin%, cos%) (2-1)
yrr

Similarly for mode III which is pure shear

. i
1 = 2PRYT2 £(5ing) (2-2)
T
where r = distance frbm the crack tip
a = initial crack length
8 = angle which gives the orientation with respect to the coordi-

nate system used at the crack tip.
Alternatively equation (2-1) and (2-2) can be expressed as
o aKk x‘r';5 S (2-3)
T Kxr? (2-4)
where K is the stress intensity factor.
Thus the stresses ahead of the crack tip are directly related
to the materials fracture resistance in terms of the stress intensity

factor and to the distance from the crack tip.

Mode I Mode 11 Mode 111

Fig. 2.1
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For the behaviour in the crack tip region at the onset of
failure, it is of importance to examine the contribution of the different
energy terms to the process of crack extension, i.e. to define insta-
bility conditions involved in the onset of crack extension.

Assuming quasistatic conditions, the kinetic energy may be

ignored, the total energy is given as

W= Uo +U + 8 (2-5)
where Uo = elastic energy of an uncracked body
U = strain energy due to the crack
S = surface energy.

From Griffiths formalism based on ideal brittle materials, the

different energies are given as

2.2
U = %_oEa (1-v%) (plane strain) (2-6)
§ = 2ayg (2-7)

Consideration of the variation of the total energy W with respect to

the crack length leads to the expression

2 ..
2 (2-8)

2y _
B (1-v7) = 2Y

(5]

where the left side represents the elastic energy release rate, G, and
the right side is the materials fracture resistance.
A modification of the Griffith theory was done independently by

Irwin and Orrowan (2)(3), which.extended the analysis to materials of

quasibrittle behaviour.
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In that modification the surface enérgy Yg» Was replaced by
the sum of the surface energy and the plastic work Yp per unit area

such that

o B (-v%) = 20v, + v (2-9)

Since K = o/ma, and the left hand side is equivalent to the energy

release rate G in modus I, it gives the following relation

(2-10)

K: = K, and

At instability or 2% crack growth GI = GIc’ 1 Ic

equation (2—10) is identical to equation (1-3).

‘However, in order to keep the size of the plastic zone at the
crack tip in quasibrittle materials independent of sample geometry, it
is estimated that

W, B,a>5rT (2-11)

1

where r = radius of plastic zone

W = width of specimen
B = thickness
a = crack length : ..

In plane strain conditions see Fig. 2.2 when r is given as

K. 2

1 Ic
(E—“ﬂ (2-12)

T = &r

‘a combination of (2-11) and (2-12) then leads to the size requirements
as
K. 2
>

W, B, a 2.5 (5553 . (1-4)
: oy
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As shown in Table 1-1, this leads to very large dimensions of the speci-
mens for materials of high toughness and low or intermediate yield
stresses which is the major disadvantage for the applications of the .

linear elastic fracture mechanics to structural materials.

Fig. 2.2

2.3 Elastic Plastic Fracture Mechanics

2.3.1 General

The most widely used small scalé test in ductile failure is the
Charpy V-Notch impact test which characterizes the total energf ;bsorbed
in both crack initiation and growth and is a compérative measure of the
toughness of a material using a sample of standard dimensions. The data
obtained can, to some extent, be correlated with the stress intensity
factor KIc' However, better defined parameters for the characterization

of crack initiation and growth in small scale tests are needed for

correlation with the service behaviour. The most promising parameters
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derived for small scale tests appear to be the critical C.O.D.i and the

J-integral which are reviewed in two separate subsections.

2.3.2 The Crack Tip Opening Displacement - C.0.D.

2.3.2.1 The background of C.0.D.

It is estimated that a critical Qalue of the crack opening dis-
placement prior to crack extension is a characteristic measure of the
material independent of the size of the structure or test sample, i.e.
the variation in constraint and extensive plastic deformation will not
affect the critical value of C.0.D. Therefore it is assumed that a 3
certain C.0.D. obtained under some defined conditions may be a sort of
measure of the fracture resistance or the fracture toughness.

In an analysis by Burdekin and Stone (4) which is based on the
theoretical models of Dugdale and Barrenblatt, where the opening dis-
placement is defined at the points for the original crack tip, is given
as

80._a

y T
6 e In [sec(ia—a] | (2-13)

For c/cy << 1 equation (2-13) may be simplified taking the first term

of a series expansion for 1n [sec(%%;ﬂ] such as .-
8cya . o 2
6 = —=— DPs(55 ] , (2-14)
y
i.e § = o’ra ‘ (2-15)
T cyE '

At a critical value Gc with a corresponding critical stress at initiation

of failure, this is readily shown to be of the form
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G.=0_Xx38 (2-16)
where GC = KC /E = ¢“ra/E

A relationship of the type shown in equation (2-16) may also
be derived for a miniature tensile specimen model (24). Assuming that
the critical opening displacement at the crack tip is a measure of the
critical strain, Eos in a miniature tensile specimen of length 1, the
C.0.D. is given as 1 x €.s equation (1-9). For the unit amount of
crack growth and unit thickness of the sample, the energy release rate

is given as

G x C.0.D. (2-17)

c” oflow

where % flow is the appropriate stress level for the ligament thus

depending on the amount of strain, may be the initial yield stress,

Oflow
U.T.S. or true fracture stress.
An expression similar to (2-17) is found by Levy et al (12)

using a finite element method for a non-hardening material in small

scale yielding under plane strain conditions such as

Gy = 2.14 0 °C.0.D.; (2-18)

Therefore there is strong evidence of having an equation of the form
which relates the C.O.D.C directly to the energy release rate generally

described in equation (1-5) or given as

G = ¢ x C.0.D.

Ic c i (2-19)

in plane strain, and the critical C.O.D.i may be used as a significant



21

fracture parameter even if it is obtained in a small scale test in

general yield conditions.

2.3.2.2 Techniques for C.0.D. Testing

Some of the most relevant techniques applied for C.0.D. testing

are reviewed.

1) Paddlemeter

This method is based on rotation of a square paddle at the
bottom of a notch as the parallel notch surfaces separate (4). The blade
is carried on the end of a shaft, which is in the plane of the crack
and is perpendicular to the notch root. The rotation is converted to
a linear displacement at a displacement transducer, and the C.0.D. is
given in terms of a voltage output. The procedure is simple in principle.
However, the obtained C.0.D. values seem to be very sensitive to the
positioning of the paddlemeter inside the slotted notch. Further, the
method requires a certain minimal thickness of the notch to be able to
use the paddlemeter and which may not be representative of a fatigue

precrack.

2) Metallographic Sectioning

In this technique the samples are sectioned and polished and the
C.0.D. value is obtained on that surface. The obtained value is from
off-load condition and may vary from the on-load C.0.D. which is normally

measured. In addition, this technique is time consuming.

3} Double Notch Sample

The specimen has two identical notches or cracks which are loaded

in the way that the same stress field occurs at both notch tips, and the
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two stress fields must be independent of each other. The sample wili
break completely at one of the notches when instability is exceeded,
while the remained deformed notch reflects the pattern of displacement
and straining up to crack initiation. Then the opening displacement
can be measured at the surface or by sectioning to get the mid region
value which is maybe in plane strain. Still these values are from

off-load conditions.

4) Stretch Zone Measurements

Before crack extension, the crack tip has undergone a consider-
able amount of intense strain which leads to the blunting of the crack.
Alternately, the region is called the stretch zone and may be related
directly to the C.0.D. values (25). Measuring the extent of the
stretching can be done on a replica of the fracture surface or on the
fracture surface itself in a scanning electron microscope. However,
it is relatively difficult to determine the exact width of the stretch

zone.

5) Clip Gauge Displacement

This is perhaps the most extensively used test method and can
be applied on specimens which contain a fatigue precrack (19). The
principle is that the displacement Vg at the top of the notch measured
by a clip gauge is related to the opening displacement at the bottom of
the notch or crack. See Fig. 2.3.

Assuming a linear relationship between C.0.D. and Vg’ the

expression will be of the form

v

C.0.D. = —-—‘“iL(—é‘-_‘_—Z*‘) (2—20)

T (W-a)
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where r is a rotational factor which must be determined by calibration

shown in a calibration curve in Fig. 2.4.

Fig. 2.3 Clip gauge displacement at top of the notch related
to C.0.D. at crack tip.

A

Vo

Fig. 2.4 Calibration.curve T vs. Vg.
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However, the point off crack initiation has to be determined.
A relative simple method (10) which requires several specimens,
is by measuring the clip gauge displacement versus crack extension.
Make a plot of either the measured Vg or calculated C.0.D. versus crack
extension Aa and extrapolate to crack initiation t§ determine the critical

opening displacement. See Fig. 2.5.

A
v

g
or

C.0.D.

“~— crack initiation

o

Aa

Fig. 2.5 Displacement versus crack extension.

The crack extension can be viswalized eithexr by heat tinting
the new surface and then broken up, or cooling the sample down to the
complete brittle range where it is deformed'untillfailure. Then it is
easy to distinguish between the area of the extended crack and the
fracture surface which appeared due to the complete failure of the
sample (heat tinted versus not heat tinted areas or ductile versus

brittle surfaces) and the length of the extension Aa can be measured

readily.
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The clip gauge displacement can be applied in a wide range of
temperétures, limiting by the temperature range of the eitensometer
used for measuring Vg. In addition the method is useful in detecting
the critical displacement when no stable crack growth occu;s before
fracture. However, consistent data are obtained oﬁly if a correct
calibration curve is used. The assumption of a constant rotational
factor in equation (2-20) may give considerable scatter in the data,

especially in the lower range for the displacements. .

6) Electrical Potential Method

An electrical potential may be established between two points
located on each side of a crack tip, which is applied by several
authors (26) (27). When crack extension occurs, a change in resis-
tance is the result and the measured crack potential is changed. If
the potential U is plotted versus load, the corresponding critical load

at crack initiation is known. See Fig. 2.6.

A

U

|
{
] | .
f[un‘z:t'n ! ! lﬂl"l:fa.{‘ion
N W =
Load

Fig. 2.6 Crack potential versus load.
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If a clip gauge technique is used to obtain the C.0.D. values,
and the load is plotted versus the clip gauge displacement, the critical
opening displacement is readily derived from the obtained critical clip
gauge displacement. However, the stretch zone which occurs before real
crack growth may give some change in the electrical potential (See
Fig. 2;6), and must not be taken into account as a potential for the

actual crack extension.

7) Acoustic Emission

In this method the origin of elastic stress waves which arise
from an extending Crackvmay be determined by measuriﬁg the different
arrival times of these stress waves at each of an array of transducers
mounted on the component surface (29). However, a serious limitation
of this technique is the high gain which must be employed to detect
emissions from defects and distinguish this emission from the background
noise. By use of measuring the clip gauge displacement on top of a
notch, a correlation can be made between this displacement and the
acoustic emission. The A-E method is then used to determine the
point of crack initiation. The corresponding Vg can be méasured, and
a critical C.0.D. is derived from the magnitude of the clip gauge dis-

placement.

8) Crack Profile Technique

In this technique plastic silicone rubber is used to replicate
the opened notch or crack with any eventual crack growth (See Fig. 2.7)

applied by Robinson and Tetelman (18).
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Fig. 2.7 Replicated crack profile.

The casting is sectioned and the profile, similar to Fig. 2.7,
is examined to obtain the displacements at the crack tip, and the

critical opening displacement at crack initiation can be expressed as

C.O.D.i = Gt -c - 2r (2-21)
where 6t = total displacement
¢ = width of the extended crack
2r = diameter and slot width.

The value of 6t ought to be measured at the original crack tip
or in the blunted region. If the initial stress concentrator is a pre-
crack or a slot with parallel sides, the sides will remain almost
parallel even up to maximum load or instability. Thus both the initial
C.0.D. and the C.0.D. at maximum load can be determined.

In addition, no extra equipment is needed for obtaining the
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crack opening displacements. However, the curing time for the silicone
rubber increases with decreasing temperature leading to some lower
limiting temperature in the estimated range -25°C-40°C for the applica-
tion of the test method.

Examination of other materials as replicating media may depress
the temperature which represents the lower limit.

Further, this test method is of advantage especially for detection

of a ductile crack where stable crack growth occurs before instability.

2.3.2.3 Previous results - effects of geometry

As in the case of the stress intensity factor KIc’ the critical
C.0.D. values may depend on crack or notch tip geometry. Previous work
(10) has shown an effect of slot width or root radius as illustrated in

Fig. 2.8. ZX

COD

e - — e

r 2T

c
Fig. 2.8 Effect of slot width on C.O.D.i

Below, a critical radius T, the values at crack initiation
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seem to be constant and similar to the value obtained for a fatigue
precrack. This minimum value is then the critical opening displacement
at crack initiation which is considered as a material parameter. How-
ever, the displacements at maximum load do not really show the same
consistent behaviour as the data established at crack initiation.

The influence of sample geometry has also been considered in
the literature.

Above a certain thickness of the sample in a free machining
mild steel (10), the data at crack initiation seem to be independent
of the specimen thickness and it is assumed that plane strain conditions
are obtained in this constant region. The maximum load data again do
not behave strictly in the same manner and were more dependent of the
geometry.

In Robinson-Tetelman's work where the crack profile technique
was used, it was important to measure the critical C.O.D.i in thg
middle third of the cross section of the sémple of standard Charpy
V-Notch size for the steels tested. Plane strain in the ductile range
occurred in the mid region only.

To obtain consistent results it is estimated that a min?mpm
ratio of notch depth/width of the specimen, a/W, is required to avoid
general yielding back to the top surface of the sample, and a resultant
drop in the triaxial constraint at the crack tip. J.F. Knott (30)
reported that the ratio (a/W) had to be larger than .35 to avoid this
effect on the critical C.O.D.i.

If the clip gauge displacement method is used to detect the

crack opening displacement, yield break through to the top surface will
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affect the relationship between Vg and C.0.D. (18). Using an estimated
standard value for the rotationél factor may lead to considerable
errors in the C.0.D. values.

In addition, Chipperfield et al (31) made cpmparison of data
obtained in both three point and four point bend test samples, and con-
cluded that C.0.D.; was identical in both test configurations, while
the data obtained during crack extension and maximum load were strongly

dependent on the type of loading.

2.3.3 J—integral
2.3.3.1 Princigles

In a general term, J.R. Rice (32) has defined a line integral,
J, on any curve I' surrounding the crack tip where the curve is traversed
in the counterclockwise direction, beginning along the bottom surface

of the crack and ending along the top surface such as

- j[mx -1 $es) (@2
) | |

where W = the integral of the strain energy density

i

T = the traction vector normal to the curve I', (See Fig. 2) -and
ds is the increment of the arc length.

The line integral is defined for a two dimensional deformation

field where the first term in equation (2-22) represents the strain
energy per unit area of the body inside the integral loop, and the

last term represents the work done per unit area by the applied tractions

along the integral path.
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Fig. 2.9 Coordinate system at crack tip and arbitrary line
integral contour.

Since the J-integral is found to be path—independént in a non-.
linear elastic behaviour, the contour may be chosen close to the crack
tip. As the crack propagates the amount da, (See'Fig. 2.10) and the shape
of the crack tip is remained, the traction term of equation (2-22)

diminish since the open surface can have no stress normal to it. Thus

J = Jdez (2-23)

Ty

However, this expression is equivalent to

11} | -
g=- ¥ | (2-24)

where 3U is the change in the total potential energy per unit thickness

as the crack propagates the amount da.
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X

X,

" da
dV = daxdx,~1

Fig. 2.10 Profile of extended crack of the amount of da.

J is in equation (2-24) expressed with the same function as the
energy release rate G in the linear elastic theory, without the restric-
tion to behave in a linear elastic manner.

A limitation for the J-integral, however, is that reversible
unloading must be possible. Therefore the value of J cannot be identi-
fied with the energy available for crack growth in elastic/plastic
materials, although it still can be considered as a measure of the
characteristic crack tip elastic/plastic stress-and-strain field (14).

Extensive amount of work is done in order to apply the S—Antegral
as a measure of the stress-and-strain field ahead of a crack tip. The
magnitude of J prior to crack extension under plane strain conditions
in terms of JIc’ is estimated as a charécteristic of the material
independent of test piece geometry, refefred to Landes and Begley (14,33).

Further, they obtained very good consistency between the data

for Jie from elastic/plastic deformed bend bars and the G c measured in

I
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a standard ASTM procedure in some Ni Cr Mo V steels. Therefore, JIC
seems to have the same meaning as a fraéture parameter in elastic/plastic
behaviour as in linear elastic theory where the definitions of J and G
are identical.

In the application of J as a failure criterion, J must give some
information on the stresses and strains around a crack tip. If the in-

tegral line is chosen as a circular path of radius r, X, =.r sin6 and

ds = rd6, a modified form of equation (2-22) appears as

T
J = J[W cosb - T %B-ere (2-25)
*1
Kt

Both the first and second term of the expression in (2-25) are of the
order stress times strain. For J to be path independent, the product

of stress and strain must show a 1/r singularity as r -+ 0 (33,34), i.e.:

a function of @6 v
Gij X eij > - as r >0 (2-26)

In linear elastic behaviour the product of stress and strain
may be represented as 02/E. As this product is of order 1/r, the corres-
ponding stress field singularity is shown to have an order 1//5 which
is in accordance with the results for the singularities of the stress
fields from Westergaards or Irwin's stress functions (1). Thus the
path independent line integral represents a characteristié measure of

the crack tip stress and strain field.

2.3.3.2 Measurement techniques

The original test method for determining J the compliance

1c’
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method, is based on equation (2-24) for the rate of change of potential
energy with respect to the crack length (35). Several specimens of the
Compact Tension Specimen type (CTS) of different crack lengths are
tested,.and the work done for a given deflection is plotted versus crack
length as in Fig. 2.11b where U, the potential energy or work done is
obtained as the area under the load deflection curve up to a given
deflection. See Fig. 2.11a.

From the definition of J in equation (2-24), J is then the
slope of the curve energy versus crack length as shown in Fig. 2.11b.

These values of J at a given initial crack length a, may be
plotted as a function of the logd point displacement u. See Fig. 2.12.

At a critical load point displacement, ULit? af crack initia-

tion, the value JIc is found.

. u>Uu>u> U,

Fig. 2.1la&b Schematic diagram of the principles of the
compliance technique. :
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—>
u,, u

Fig. 2.12 J versus load point displacement u.

Modifying equation (2-24) the definition of J is given by (20)
)

- J(- %ﬁ-) ds : (2-27)
§

—
!

0

P

J (%%) dp (2-28)
< %p

1

or J

In this case J is the rate of change with respect to the crack

size a, of the area under the load-load point displacement curves, P

versus §, where P is denoted as force per unit thickness. For a deeply

notched test sample subject to bending, equation (2-28) can be expressed

in terms of moment per unit thickness, the rotation and the remained

ligament ahead of the crack respectively such as
M

30
J = J(- ) dM (2-29)

(o]
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where 6 d o
to

= a .
t 6no crack n crack

Further it was found (34) that

00 26
 “tot 2M . “crack
(31') ) = "6"' M ) : (2’30)

M b
Substituting (2-30) into (2-29) gives the form

-Mde

ecrack
J=j

2
b crack (2-31)

(o]

The area under the curve moment versus rotation gives the work done
where the deformations due to the crack only is presented.

If the bending of the deeply cracked sample ié done principally
by an applied force, P, which undergoes a deflection,%ddack equation

(2-31) becomes

Pds (2-32)

6crack
J=j

2
b crack
o
where again the integral is simply the work done per unit thickness.

Equation (2-32) may then be given in the final form, such as

(1-8)

~

[

(]
U"IN
W<

where U = area under the load-load point displacement curve.
b = remained uncracked ligament
B = sample thickness.
Therefo?e, the J-integral may be identified fxrom a single

specimen test which is a considerable simplification of the estimation

procedure for J-integral testing.
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Using equation (1-8) for determination of J i% a distant ad-
vantage over the original compliance or energy rate méthod. However,
the point of crack initiation has to be accurately defined. Several
specimens with the same original crack length of deeply notched samples
can be deformed to different values of the load point displacement and
then unloaded (21). If any crack advance Aa occurs, it must be quan-
tified in order to get the actual heasure of Aa. This can be done by
different techniques.

In steel, Landes and Begley proposed using heat tinting with
subsequent breaking of the samples in liquid nitrogen. Then Aa can
readily be measured and a curve J versus crack advaﬁceu Aa, a resistance
curve, can be plotted. See Fig. 2.13.

As the crack blunts before real extension, this effect can be
shown as the blunting line in Fig. 2.13. The value of JIc is then
found at the intersection between the blunting line and the extra-

polated J versus Aa curve.
Jrc

blunting
line

Aa

Fig. 2.13 J versus crack extension Aa



38

To clearly define the crack growth resistance}curve, at least
four test samples are needed. This method, where both JIc and the resis-
tance curve are obtained, is presently used as a standard method (21,36,37).

Since J is determined from a single specimen at any displacement,
much effort is given determining JIC-from a single $p¢cimen test.

A compliance method is developed by G.A. Clarke, et al (22)
which in principle is shown in Fig. 2.14.where the elastic compliance is
measured by partially unloading and reloading of the sample. This pro-
cedure is repeated at different load point displacements shown as straight

lines on the load-load point displacement curve in Fig. 2.14,

SOUARNUN N SN AN YN NN

[~ -
u

Fig. 2.14 A single specimen compliance method for determination
of J_ .
Ic
The point of crack initiation is estimated as the point where
the first change of the slope of these unloaded reloaded curves occurs,
and that the decrease in slope or the stiffness is due to the crack

extension and corresponding reduced remained uncracked ligament ahead
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of the crack only.

To perform these tests a very sensitive plot is needed of the
load-load point displacement curve to obtain the first change in slope
which may be affected by elastic backstresses.

A second method for determination of the point of crack initiation
in a single specimen is the electrical potential method (38), as used
for measuring critical crack opening displacement at crack initiation,
described in section 2.3.2.2.

Again J_  can be obtained when U the work done up to crack

Ic
initiation is measured.

Other methods of measuring the point of créck Extension—are
similar for those applied to get the critical C.0.D.-values. See
section 2.3.2.2.

All these techniques where the point of crack initiation'is

detected and J c obtained from equation (2-32), represent the distinct

I
advantage in JIc testing in4that only a single specimen is required.
The real disadvantage is that they all require very sophisticated elec-
tronic equipment with a high degre¢ of precision being able to detect
the initial point of crack extension.

One of the salient features of the work reported in thi;\thesis
is the development of a simple method of obtaining the Jio value from

single specimens for materials with a range of yield stresses. This

will be discussed in detail in Chapter 3.

2.3.3.3 Limitations on J. testing

Ic

One important limitation for a JIc test method is the estimated
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size requirements to determine a valid geometric indeﬁendent JIc'
Paris (39) suggested the size requirements to be expressed in terms of
the approximate size of the process zone or the opening displacement

prior to crack extension, and in accordance with the standard ASTM KIc

testing, see section 2.2, such as

B, b, a, 2 aJ (2-33)

Ic/oflow

where B, b, a, are the specimen thickness, uncracked lﬁgament and crack
length respectively. The proportionality factor is assumed to be in

the order of 25 to 50, and o is often taken as the mean value of

flow
the yield stress and U.T.S.
In addition, the use of the current test methods, which are

based on equation (1-8) are limited to bend type specimen, i.e.

either pure bend specimen or a compact tension specimen.

2.4 Correlation Between Fracture Mechanics Criteria and the Charpy

V-Notch Impact Toughness Parameters

As the Charpy V-Notch, CVN, impact test is the most common
measure of a materials toughness, it is of interest to correlate the

charpy data with the corresponding values of K c.0.b., Ji. obtained

Ic? c

from slow bend tests.

In general, the toughness measured in a Charpy€5pecimen increases
with increasing temperature including a brittle region, a transition
range and a fully ductile range shown schematically in Fig. 2.15. How-
ever, there is a shift in the transition range and the upper shelf lgvel

between slow bend and impact testing as in Fig. 2.15.
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A
CVN

energy

(J)

T

Fig. 2.15 - CVN-energy for slow bend and impact test as a function
of temperature.
Similar effects are seen on the KIc behaviour, and a corres-
. :
pondence between KIc and CVN energy absorption values obtained at parti-

cular test-temperature and strain rate can be expressed as

= A x CVN ) O (2-34)

where A = a constant of proportionality.

*

KIc is in general not identical with the standard value of KIc which is

obtained under quasistatic testing conditions.

Since the effect of temperature and loading rate on CVN and

*

KIc are the same, correlations may be established between the plane

strain stress intensity factor K c obtained in a slow bend test, and the

I
upper shelf value of the impact CVN data. According to Rolfe, Novak,

Barsom (40,41) the correlation between KIc and CVNmax is ‘given such as
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2
Kic 5 Iys

=) = —> [CUN - 23] , (2-35)
Gys 20 ,

(0)
Ys

where oys = yield strength at the upper shelf temperature or room tempera-
ture.

This correlation was obtained in steels having yield strengths in
the range 750-1700 MPa (110-246 ksi). However, as long as it is an
upper shelf correlation, equation (2-35) is assumed to be valid for
steels of yield streng;h < 700 MPa. In agreement with equation (2-35),
Maxey et al (42) found from a number of experimental data a relationship
between the CVNmax shelf value and the energy release rate obtained in a
slow full scale K, test, such as

Ic

12 CVNmax
GC = -‘———A—-c*—'-—‘— (2 -36)

where Ac is the area of the fracture surface of the Charpy V-notch speci-
men. For Gc expressed in terms of the stress intensity factor K.

equation (2-36) becomes

K 2 12 CVN
c max

= ' ‘ (2-37)

E A
c

. =

Further, data which may be obtained in small scale tests, as the
critical opening displacement, are affected by the temperature and the

rate of loading in a manner similar to that described for the K c and

I
CVN behaviour. See Fig. 2.16.
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Fig. 2.16 C.0.D. versus temperature.

Also the characteristic of J-integral values in terms of JIc

seem to scale with the magnitude of K. in terms to the effect of test

*
Ic ‘
temperature and loading rate. Since the critical C.0.D. and JIc may be
directly related to the energy release rate as in equation (2-5) and
(1-7), a correlation between the upper shelf impact CVN value and the
critical C.0.D. or Ji. from a slow test may be established. Therefore,
a high shelf value of the CVN energy dbsorption may indicate a corres-

pondingly high C.0.D. or J. value.

Ic
In the case of delamination, the corrésponding data may be

somewhat different. If delamination occurs normal to the direction of

the movement for crack extension, this may act as a crack arrestor and

the absorbed energy will increase due to the change in operative stress

scale even if the crack initiates at an early stage.

2.5 Correlations Between Fracture Toughness Parameters, Deformation

History and Microstructural Features

In the area of fracture mechanics, one measure of fracture re-
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sistance is the enexrgy release rate GC which can be related to the crack

opening displacement & by the expression

crit

GC =0 X $ (1-5)

crit

where § .
crit

is the critical opening displacement and ¢ is some critical
stress related to strain attained before failure occurs! As reviewed

in section 2.3.1.1, the magnitude of the critical stres% is found vary,
depending on the level of the yield stress of the material and the type

of analytical model used. Equation (1-5) may also be wfitten as

G, =X xo, X8, ‘ (2-38)

where A is a correlation coefficient of the order 1 < A < 2.6 in the
literature.

For J =G, and C.0.D., = & 1in equation (2-38). This can be

Ic c i c }

plotted as in Fig. 2.17 where the slope of the curves represent the con-
stant A (43) and most data fall in between the two lines drawn in the
diagram.

However, for high strength materials with relati&ely small dif-

ferences between the magnitudes of o Cuts and o, the precenity of

y’ £

the data points to the lower line in Fig. 2.17 and is often taken as an
indication that the most probable critical stress is the:yield stress.
However, the physical implication of this conclusion must be examined
more closely. In a rigid plastic material, the critical stress is
simply the yield stress as in the strip yielding model b} Dugdale (44),

while most other models predict a higher critical stress than the yield

stress.
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Jie= 2.6+5,:COD.

Jz 0, COD.

—
C.OD.

Fig. 2.17 Relationship between C.0.D. and J-infegral.

It is of importance to know if the obtained magnitude of the

critical stress obtained from a comparison of G, and ¢ represents

erit
the uniform plastic work in the sample, or if it just describes the
critical stress level exceeded ahead of thé érack tip, and if it can be
related to the local deformation history ahead of the érack‘tip prior to
crack growth.

Assuming that the critical stress is related to the local
features at the crack tip and that a certain limiting local strain deter-
mines the p&int of crack extension, the critical stresé would be the

corresponding stress derived from the equivalent stress strain curve as

shown in Fig. 2.18.
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Fig. 2.18 Correlation between a limiting cracktip‘sfrain and
the equivalent limiting stress.

3

In terms of the opening displacement at the crack tip, this can
be considered in texms of the attained of a critical strain in a tensile

ligament of length 1. Thus
C.0.D. . =e_x1 (1-9)

If the crack tip is considered as a mini tensile model, sece
section 2.2, the critical strain is assumed of the order of the uniaxial
true strain to failure which is in accord with Smith andLKnott (10) in
their analysis of a free machining mild steel. Therefore ihe critical
opening displacement and the corresponding energy release rate seem to
be strongly dependent on the ductility or a critical str%in ahead of the
crack tip. |

In most models of ductile fracture (45), (46), (47) a sinple
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geometric condition can be used to describe the growth and coalescehce
of voids at inclusions following their nucléation at some critical local
stress. The process of growing the voids to the crack tip may have
occurred by extensive plasticity at the crack tip, or by some form of
localised shear (48)(49) (50) particularly in materials at higher yield
stress. | |

Thus the critical strain level at the cracktip may depend on the
material both in terms of the yield stress level, and fhe amount of
eventual void growth before linking with the blunted crack tip. Increasing
the yield stress often leads to a decrease in ductility measured as the
uniaxial true strain to failure. In addition, as processes of void
growth occur, the ductility measured in terms of a critiéal stfain may
vary with the stress state. |

Clausing (51) showed that the plane strain ductility decreased
more than the uniaxial true strain to failure with increasing yield
stress in steels of yield stresses in the range from 750 to 1700 MPa, or
the ratio plane strain ductility/uniaxial true strain to failure dropped
with increasing yield strength. See Fig. 2.19.

If localised shear féilure processes occur at the crack tip,
the limiting strain is considerably smaller than the uniform true
strain to failure. This type of failure has been observed in a number
of high yield strength materials (48, 49).

Further, steels tend to have lower work hardening rate_with in-
creasing yield stress, the extent of the plastic zone agound the crack tip
is smaller ‘and the amount of eventual growth of voids méy be limited.

If the voids grow extensively, just very close to the crack tip, the
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- limiting strain may be localised shear between the blﬁnted crack and a
nearest void.
s 8 |-

| ] | _J% ] I~
50 100 150 200 250

o, (MPa)

Y
Fig. 2.19 Ratio plane strain ductility/uniax true straln to

failure as a function of yield stress.

In addition, the estimatedrgapge length 1 may be related directly
to the microstructure, for examble, to the spacing between second phase
particles. In an analysis bvamith-and Knott (10) where the criticai
C.O.D.i and the ductility in terms of ep were measured, the calculated
gauge length in equation (1-9) correlated very well with the interparticle
spacing of the non metallic inclusions. | | .-

Also Rice and Johnson (11) developed a correlation between the
critical C.0.D. and the inclusion spacing. Their model is based on a
slip line field theory, where void growth will occur when the voiq sites
are enveloped by the highly strained region close to the crack tip, the

! 1
process zone, and the correlation between C.0.D. and inclusion spacing,

XO, was found as
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€C.0.D.; ~ 1.0 to 2.7 X | | (2-39)

where the coefficient is determined by the true straiﬁ to failure. How-
ever, Green and Knott (52) applied the same type of aﬁalysis in work
hardening materials and concluded C.O.D.i to be in the range .5 to 2.5 X
depending on the initial void radius. Further, expreﬁsion (2-39) re-
flects the size of the process zone.

. As voids grow in the highly strained region close to the crack
tip. Thomason (45) developed a void growth and cbalescence model where
an array of initially square holes in the matrix were assumed.

During the deformation, the ligaments between the voids are
elongated, the voids grow, and at a critical stage inﬁernal necking
occurs in the ligament between the blunted crack tip and a nearest void.
The ligaments are deformed similar to a plane strain tensile sample and

the limiting strain is related to the volume fraction as
E O Vf _ . S (2-40)

In Thomason's model where plane strain of the matrix is assumed,
the transverse void growth is small compared with the |extensional growth. -
Further, he suggested that the growth occurred very close to the-crack tip,
and a confirmation of this assumption was found in a high sulphur mil&
steel. If the ductile fracture is initiated away from‘the crack tip,
the mpdel has to be modified due to any effects of the stress state,

A similar analysis of void growth is given by Brown and Embury
(46) where the true strain to failure, ef, is related &o the volume

fraction, V_ of second phase particles and shows the spme tendency of

f
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dependence between €r and Vf as in Thomason's model.

Further, Green and Knott (52) apblied the depe&dence of strain to
failure and volume fraction to relate the critical opebing displacemént
to the volume fraction, when an expression of the type (1-9) was
assumed.

As the interparticle.spacing (gauge length) waﬁ inverse propor-
tional to the volume fraction, the critical opening diEplacement seemed
to be a function of the interparticle spacing or the vblume fraction

only, given as
C.O.D.:.L = B Xo in XO | (2—41)

where B is assumed a constant value and Xo is the interparticle spacing.

However, the void growth and coalescence may depend on the
shape and distribution of void sites which may affect the local stress
and strain field, and must be included in a further detailed study of
the limiting processes in the process zone at the crack tip prior to
crack extension.

One of the important metallurgical objectives of this thesis was
to examine the nature of the events occuring in the process zone gnd to
attempt to relate the influence of various microstructural constituents
to the levels of stress and strain attained in the pro&ess zone. The
approach cannot be too rigorous because it involves the specification
of various limiting processes, e.g. void nucleation atiinclusions or

carbides, or the onset of localisation of the deformation process.

In order to correlate the fracture resistance jin terms of Gc

and the microstructural parameters of the material, oné must examine
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the individual terms involved in equation (1-5) given Ps
Gc =0 X6 . _ (1-5)

Of importance here is to quantify the meaning of a critical stress g
in terms of the deformation history of the process zoné and to describe

the opening displacement & in terms of a strain required for some

crit
defined physical process, and the volume of material (felated to the
gauge length) over which these critical strains are exceeded.

Thus in the latter part of this thesis a semi quantitative model
is developed for the description of the process zoneAiﬂ both 4340 and -

H.S.L.A. steels and in some simpler plain carbon steels with well des-

cribed microstructures.



CHAPTER 3

MATERTALS AND EXPERIMENTAL TECHNIQUES

This chapter describes the composition and structure of the
materials used in this study, and the test methods useéd in the small

scale fracture toughness testing.

3.1 Materials
Two types of steel were utilized in the present work. These were
1) A low carbon controlled rolled H.S.L.A. (High strength low alloy)

structural steel oy ~ 500 MPa.

2) Samples of AISI 4340 quenched and tempered steel which were tempered
at different tempering temperatures to produce a variation of the

yield stress level.

3.1.1 H.S.L.A. steels

Increasing interest for steels of enhanced yield strength com-
bined with high fracture resistance both to brittle, QIeavage, and
ductile tearing has led to the development of the high strengtﬁ low
alloy structural steels which are being utilized for bridges, structures
and for arétic pipelines;

The structural steels used in this study were controlled rolled.

The strength of such steels is achieved from a combination of grain

52
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refinement, plus precipitation strengthening (53), anhlthe basic micro-
structures may be either polygonal or acicular ferrité. However, as
shown in Fig. 3.1, non ferritic phasés suchvas hartensite/austenite
constituents énd carbide aggregates may also be produbed, and these
may strongly affect the fracture behaviour and properties. The cemen-:
tite precipitates may appear along the grain boundariés of the ferrite,
while the presence of the martensife austenite constituents (M/A) may
depend on the mode of ferrite nucleation and morphological development.
If the ferrite is nucleated at the elongated prior au#tenite grain boun-
daries, the final structure appears to be banded with the M/A phase
oriented parallel to the rolling direction. See FigL 3.1-3.4. The
fracture resistance measured in terms of the maximum Charpy V-notch
energy or the CVN shelf energy is observed‘to be strohgly dependent on
the amount and distribution of both the M/A phase and the non metallic
inclusions, and those differences may be reflected inithe fracture
mechanics parameters. ‘

The basic compositions and hot rolling scheduie of the H.S.L.A.
steels are given in Table 3.1.

During the hot rolling process, the sulphides% mainly MnS, are
deformed to a platelike or stringerlike shape which ﬁay affect the
directionality of the mechanical properties. Thus oné of the steels
was treated with Ce, in order to control the shape and character of the
sulphide inclusions. Previous work indicates that the¢ toughness, in
terms of the CVN shelf value, is considerably increas#d in the transverse
direction where rare earth elements are added (54). Although the sul-

phides become more globular due to rare earth treatment, there may be



54

STEEL A

Fig. 3.1 Micro structure of Steel A.

.

'STEEL B

Fig. 3.2 Micro' structure of Steel B.
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STEEL C.

Fig. 3.3 Micro structure of Steel C.

Fig. 3.4 Micro structure of Steel D.
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Fig. 3.5 Clusters of globular sulphides.

Fig. 3.6 Fracture surface of tensile samples of steel D of
the H.S.L.A. steels in the longitudinal and trans-
verse direction.
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c P s Mn Si  Nb Mo Al Ce Ni Rolling Practice

STEEL A 0.05 0.006 0.017 1.92 .07 0.06 0.32 0.32 0.03 0.022 Reheat temperature 1130°C
75% reduction below 840°C

STEEL B 0.05 0.009 0.007 1.98 0.30 0.06 0.55 0.04 0.004 0.22 Reheat temperature 1140°C
, 55% reduction below 840°C

STEEL ¢ 0.05 0.003 0.018 2,08 0.23 0.06 0.41 - - 0.24 Reheat temperature 1175°C
55% reduction below 790°C

STEEL D .06 - .009 1.76 .25 .05 .44 - - - Reheat temperature 1175°C
50% reduction below 800°C

Table 3.1 Composition and Rolling Practice

LS



Tensile

orientation UY(MPa) ayts (MPa) Fracture strain

Steel A L 476 613 1.1

T 461 589 1.2
Steel B L 507 709 0.9

T 500 639 0.8
Steel C L 506 732 NA

T 465 685 1.6
Steel D L 465 775 1.1

T 495 775 1.05

Table 3.2 Tensile Properties at Room Temperature of H.S.L.A.~"
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regions containing numerous globular sulphides produc%d as shown in
Fig. 3.5.
The presence of elongated sulphides may affect the fracture
behaviour of an initially round tensile specimen as shown for steel D.
See Fig. 3.6. The tensile fracture surface has an ¢llipsoidal form
due to decohesion of the matrix sulphides interface. The tenéile pro-

perties of the four H.S.L.A. steels are summarized in Table 3.2.

3.1.2 Quenched and tempered AISI 4340

4340 is a low alloy carbon steel of;en preferred for components
where high strength, high hardénability, and uniformi%y of structure,
are desired (55). It is a typical quenched and tempered steel, which
is austenitized, then quenched to martensite (o0il quench) followed>by
subsequent tempering to increase the ductility of the material and lower
the yield strength. By varying the tempering tempéra?ure the yield
strength can be changed for the same base material.

In this work the austenitizing treatment was kept constant to
avoid any of the controversial éffects due to variations in retained
austenite reported previously in the literature (56).' To avoid decar-
burizing during austenitizing, the samples were sealed in quartz tubes
containing inert gas atmosphere, and the tubes were brokeniat the time
of quenchihg to have as fast cooling as possible. The holding time for
the austenitizing of the 10 x 10 mm cross section bend specimens was
20 min. The subsequent tempering was done in saltbaths for one hour

followed by air cooling. Basic composition heat treafment and tensile

data are summarized in Table 3.3, and microstructure of lowest and

highest tempering temperature shown in Fig. 3.7 and 3.8.
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Composition
Vol. % C Mn Si P S Cr Ni Mo | Cb
min. .38 .65 2 1.65 | .24 |.056
max. -.43 | -.8 }|-.35 | .04 .04 | .7 |-2.0] .3
Heat treatment and tensile properties
Austenitized Izgpertﬁg) 260 | 370 | 450 | 540 605| 650 |680
at 870°C for P
25 min, oil -
quench, tem- gliégaitress 1560 {1500 |1380 |1140 {1030 820 |805
pered at yr
various tem- |—moe et to : ~
peratures - 29| .31 | .38 ] .49 | .56 .61 |.76
failure, ef

Table 3.3 AISI 4340
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Fig. 3.7 Micro structure of 4340, tempering temp. 260°C.

Fig. 3.8 Micro structure of 4340, tempering temp. 680°C.
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3.2 Experimental Methods

3.2.1 Test samples

Bend type specimens were used for the small scale fracture tough-
ness testing where the basic size was chosen to be the standard Charpy .
V;thch impact specimen with cross section of 10 x 10 mm, initial notch
depth 2 mm and notch angle 45°:

| To determine thé effects of notch geometry'in the small scale

fracture mechanics tests, a variety of slot widths 6r root radii were
pro&uced to examine the range from samples with sharp precracking to
slot width with 2r ~ 550 um.

The slots were made atvthe bottom of the machined notch suffi-
ciently deep to have parallel sides and a clearly defined end radius.
(See Fig. 3.9.) Tungsten wires of different diameters and a silicone
carbide abrasive were used to prepare the notch of different radii.

In order to examine influence of sample gedmetry on the data,
both C.0.D. and J-integral samples of different ﬁidths, thicknésses,
and notch depth to sample width ratios were tested. 1In addition, C.0.D.
measurements.were done in samples of different notch angle. The
maximum thickness of the samples was limited by the dimension of the
bending rig used, and the maximum allowable load during testing'ﬁas
limited by the load capacity of the Instron machine.

The-dimensions of the samples for the C.0.D. and J-integral

testing are given in Table 3.4.

'3.2.2 Design of the testing device

A four point bending rig of the type shown in Fig. 3.10 was
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used, which could easily be modified to a three point bending rig when
necessary. The rig was designed to be mounted below the crosshead of
the Instron, for testing at lower temperatures by immersion in baths of
suitable liquids, see Fig. 3.11.

With a four point bending rig, a constant bending moment occurs
between the two central load points. Thus identical stress fields are
obtained at both notches in a double notch sample if the two notches are

initially identical in depth and notch geometry.

' 3.2.3 Techniques used to determine fracture parameters

3.2.3.1 C.0.D.

In obtaining the C.0.D. values two techniques were used both of
which appear to give consistent results and have relatively simple test
procedures.

The two methods are:

1) Crack profile replicating technique®
2} Clip gauge method.

Both techniques are described in section 2.3.2.2.

3.2.3.2 J-integral

Development of a new simple test method for determining J-integral values

As the J-integral is considered as a fracture criterion and the
data can be obtained in test samples which undergo extensive amount of
plastic deformation, see section 2.3.3, several methods have previously
been developed for determining JIc’ the magnitude of the J-integral at
crack initiation in plane strain conditions. These were reviewed in

Chapter 2. However, even if the testing is based on the analysis of

*
Ker? Citricone Silicone Rubber (Wash and Accelerator) was used.
Available in Dental Supply Stores.
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Fig. 3.9 Small scale bend sample.

Test type W(mm) B(mm) a(mm) o i
c.0.p. | 10 2-18 - 2.1-5.1 . 30-150° | four point
bend
Iq 10-19.1 10-19.1 2.1-10 45° three and
c .
four point b.

Table 3.4 Dimensions of the samples used.
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e

Side view Front view

Fig. 3.10 Bending rig used during this study.



8
[y

o
-
S EELE

NE

Fig. 3.11 The rig mounted on the cross head of the Instron
machine.
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Rice, of deeply notched bend type specimens where equation (1-8) is
utilized, the.currently available test methods require either the use
of several samples or somewhat sophisticated electronic equipment for
detection of crack initiation in a single specimen technique.

A much simpler method of detecting crack initiation was developed
during the present work By utilizing the method of replication of the
crack tip using silicone rubber developed by Robinson and Tetelman for
measuring critical C.0.D. values. See seqtion 2.3.2.2 The technique
is outlined in Fig. 3.12. The method utilizes a single edge notch
sample tested in bending. The crack tip can be replicated in the on
load condition at anf point, and the point of initial crack extension
delineated from the replica profile. The J-integral in terms of JIC

is then determined from equation (1-8) such as

2U

JIc = Bb

(1-8)

U is the work done, the area under the load/load point displacement
curve up to crack initiation, due to the presence of the crack only
where the elastic energy for an unnétched test sample up to the ioad at
crack initiation is subtracted.

During the curing of the silicone rubber, which takes 5—i0 min.,
the load relaxes approximately 3% but this should not affect the |
determination of the point of crack initiation. The technique has the
additional benefit that the replica profile yields a direct measure of
C.0.D. at cragk initiation.

As the value of JIc is equal to the energy release rate at

crack initiation, GIc’ even when a large amount of plastic deformation
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Fig. 3.12 The principle of the J-integral test method developed.
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occurs before crack initiation, the plane strain stress intensity factor

can be derived from the obtained values of J using relations such as

Ic

KI 2(_l—vz)

J = @G -_-.__(.:.___..__.__...
Ic Ic . E

E .L%
1e = Uie il
1-v

+ K (3-1)

Thus 1in theory the data for JIc may be used for design problems and not
only as a comparative material parameter.

The load point displacement was measured directly by use of a
simple extensoﬁeter mounted at the base plate of the bending rig. See
Fig. 3.13. The displacement measured at point A in Fig. 3.13 represents
the displacement between the load points, and the load/load point dis-
placement curve obtained. It will then exclude any eventual effects due
to the stiffness of the machine between the bending rig and the load cell.

Further, to prevent plastic deformation at the load peints,
small blocks of very high strength material with large radius of curvature
were used at the load points. See Fig. 3.13. Thus the poténtial energy

input will be consumed in the crack tip region only.

3.2.4 Experimental errors

‘ Dimensional instability in the silicone rubber was investigated.
However, the contraction during curing was observed to be less’ than 1%
at room temperature and this effect can thus be ignored.
As the profile of the extended crack is not uniform, at least
four sections of the total crack profile from the plane strain region were
examined to obtain the average C.0.D. value at crack initiation.
Where a clip gauge technique is used for measuringﬁC.O.D. values,

a consistent calibration curve must be obtained where the actual rota-
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Fig. 3.13 Details of the bending rig. Load point displace-
' ment measured at point A,
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tional factor r can be determined directly for a given clip gauge dis-
placement Vg. See Fig. 3.14. As there is a limitéq amogpé of calibra;
tion databavailable, the data of r along the solid line drawn may in
some cases deviate from the actual value of r, which leads to a different
value of the critical C.0.D. |

In terms of the validity of the magnitude of JIc’ the actual
value obtained depends on the distance between two subsequent replicated
profiles made (See Fig. 3.15), since the work done, U; at crack initiation
is determined as the area under the load/load point displacement curve up
to the mid point between the last profile without the existence of an

extended crack, and the first where the extended crack has appeared.

3.2.5 Metallographic procedures

The samplés were polished down fo.zu, then etched. In this work
both picral and nital etchants were used, and a combination of these |
seemed to give clearly visible microstructure. The picral etchant was
first utilized with a final short time etch with nital. Both optical
microscope and scanning electron micrbscope were used in obtaining the

microstructures,
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Fig. 3.14 Calibration curve r versus clip gauge displacement,
Vg. S
g T

A

r U

[
|
|
|
I
|
|
t
|
|
|
'
X

aa s Al ACLLELLT AR,

Fig. 3.15 The effect of no. of replicated profiles on the
accuracy of the work done U up to crack initiation.



CHAPTER 4
RESULTS

As stated earlier in the thesis, the objectives of the present
work included the development of small scale fracture toughness tests to
obtain C.0.D. and J-integral data, the correlation of these data with
more conventional tests, and the explanation of the toughness in terms
of microstructural parameters.

Thus for clarity  the chapter is divided into four subsections.
The C.O;D. data obtained are presented in section 4.1, J-integral results
in section 4.2, correlations with other toughneés parameters in section
4.3, and the observations of the detailed microstructures of the crack tip

regions for the different steels are described in section 4.4.

4.1 C.0.D. data’

In order to establish the utility of C.0.D. data, it is first
necessary to determine the influence of sample geometry on the C.0.D.
values. Thus in this study both the effect of notch root geometry and
sample geometry were considered. One of the H.S.L.A. steels, steel D,
was used for this part of the work using notches oriented in the T-L
direction. See Fig. 4.1. The estimated material parameter is the C.0.D.
at crack initiation obtained from an initially sharp crack, which in
fully yielded samples, generaliy do not coincide with the C.0.D. at

maximum load or instability. See Fig. 4.2.

*
Obtained chart curves on the Instron, see Appendix I.
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4.1.1 Effects of Geometry

4.1.1.1 Notch root geometry

The C.0.D. data at crack initiation vary with slot width as shown
in Fig. 4.3. Above a certain slot width, the C.O.D.i value increases with
increasing slot width. However, below the critical slot width, 2rc, the
C.O.D.i seem to be independent of the geometry of the notch. This minimum
value appears to be the critical material parameter. A sample containing
a notch with r < T, will produce a C.O.D.i value which represents infinite
sharp cracks, é.g. internal flaws in the material and is identical to

that obtained for a sample containing a precrack sharpened by fatigue.

4.1.1.2 Influence of sample geometry

The following effects on C.0.D. wére considered.

1) Thickness of specimen

Using samples with notch ?adius.r < Tes the €.0.D. values at
crack initiation were measured as a function of sample thickness when the
remained sample geometry was kept constant. See Fig. 4.4, The value at
crack initiation is constant for sample thickness greater than about 5 mn
thickness. Below the thickness of 5 mm, the C.O.D.i increases due to
the change in stress and strain states. The data at maximum load or in-

stability, however, show a more marked dependence on the thickmess.

2) Angle of notch

From a slip line field theory (57), the plastic zone size in a
non hardening material may be changed as the totai included notch angle
o 1is changed and which may affect the critical C.0.D. values. But within
a range 30° < a < 90°, the initial C.0.D. for r < r. is constant. The

150° notch acts in a manner analogous to an unnotched beam where the
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Fig. 4.1 The different orientations of the small scale test
samples with respect to the rolling direction.

_ atcrack initigtion+— .
s .
/ | . '

u

Fig. 4.2 The opening displacement at crack initiation in a
general yielded test sample.
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crack initiates at the corners instead of the mid region of the sample.
Plane stress occurs and the minimum C.O'.D.i value is higher. See
Fig. 4.5. The notch depth to width ratio was .2 and all samples tested

showed Spread of yielding back to the upper surface of the sample.

3. Effect of the notch depth/width ratio

Deeper notches in specimens of fixed dimensions will reduce the
size of the plastic zone around the notch because of the constraint of the
surrounding material. In the samples tested for a given notch depth
of 2 mm, general yielding occurs even up to the top surface. However,
the results show that the C.0.D. data for samples with r < r, at crack
initiation is independent of the notch depth, i.e. independent of the
size of the plastic zone (See Fig. 4.6), while the opening displacement
at maximum load varies with the sample geometry and reflects the size

of the plastic zone.

4.1.2 Results of the materials tested»

1) H.S.L.A.

The four different structural steels described in section 3.1
are investigated. One of the steels, steel A, is Cerium treated, and
the specimens are machined in the transverse direction to the foiling
with the crack propagation parallel to the rolling direction, i.e. T-L
direction.

All the steels show the same behaviour with respect to the slot
width, where the critical minimum C.0.D. value of steel A is nearly
twice the one for steel C and D. See Fig. 4.7. Although there are only

two data points available for steel B, these suggest that this steel
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Fig. 4.4 Effect of thickness on C.0.D. data where remained
sample geometry is fixed.
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Fig. 4.6 Influence of the ratio notch depth/sample width.
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will have approximately the same behaviour as the other H.S.L.A. steels,
shown by the broken line in Fig. 4.7. Further, the slope of the curves
where the critical C.O.D-.i values are dependent on the notch root
radius, increases with increasing toughness or minimum C.O.D.i value.

In addition, the effect of directionality, and thus inclusion
geometry in steel D, is shéwn in Fig. 4.8 and Table 4.1. The critical
value at crack initiation (r < rC) in the L-T direction, is nearly twice
the one obtained in the T-L direction. The two '"'crack arrest" orienta-
tions (i.e. orientation where delamination tends to arrest the crack)
have approximately the same initial C.0.D. value as in the T-L direction.
However, further crack advance is very slow, and the sample oriented
in the L-§8 direction did not break during the test but showed extensive
delamination parallel to the rolling plane. See Fig. 4.9. It acted

almost as a laminated unnotched highly ductile beam.

2) AISI 4340

The critical opening displacement was measured in samples of
4340 tempered at various temperatures to give yield stresses in the
range 805-1560 MPa. 1In the study of the behaviour of the 4340 samples,
both clip gauge methed and crack profile were used and shown to give
consistent values.

Fig. 4.10 shows that the C.0.D. initiation values decreases with
increasing yield stress in an almost linear manner.

The C.0.D. data at instability or maximum load conditions are
only slightly higher than at crack initiation except at the lowest yield

stresses. The C.0.D. at maximum load for the lower‘yield stress materials
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D of the H.S.L.A. steels.
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Table 4.1 Minimum values of C.O.D.i in four directions of
H.S.L.A., steel D. :

Fig. 4.9 Fracture surface of samples of steel D oriented in
four directions.
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are increased due to the higher ductility of the materiai, where a cer-
tain amount of stable crack growth-is obtained before the attaimment of
the maximum load condition.

At three tempering temperatures the C.0.D. at initiation was
measured as a function of slot width or root radius, where the éritical
slot width was found to be in the range 100-150 u. Also the gradient of
the C.0.D. versus slot width relationship was observed to incréase with
increasing tempering temperature, i.e. with decreasing yield stress.

See Fig. 4.11.

4.2 Results of J~-integral testing

In order to evaluate the test method developed in thié study,
tests were made to establish the influence of sample and notch geometry
on the data obtained. Tests were conducted on samples of steel D of
the H.S.L.A. steels and on 4340 tempered to various yield streés levels

to determine the range of conditions under which valid J. vresults could

Ic
be obtaiﬁed.v The range of yield stresses is of interest in regard to
the development of small scale fracture tests and their correlation
with more conventional large scale test techniques.

Tests were conducted on samples with notches of various' root
radii shown in Fig. 4.12 which.indicates that below a root radius of -
75 u, the value of JIc is independent of notch root geometry. ‘This is
similar to the influence of notch root radius reported by Knott and co-

workers (10, 58) on C.0.D. and K. _ values. Further tests on samples of

Ic
different notch depths and sample width W revealed, as shown in Fig. 4.13,

that the recorded values of J c were constant for values of a/W 2 .41.

I
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Samples of 4340 in the form of notched bars 10 x 10 mm in
cross section and with a/W = .51 were quenched and tempered to various

yield strengths and tested to determine the values of JIc' The results

are summarized in Table 4.2 together with values of KIC derived from
equation (3-1). The results from the present work are compared with
existing values in the literature in Table 4.2 and it can be seen that
excellent agreement is achieved over the yield stress range 805-1560 MPa.
Finally, in order to determine the applicability of the simple

method for determining J. for the structural steels, tests were con-

Ic

ducted on steel D of the H.S.L.A. steels. The estimated size require-

ments for JIC testing can be expressed as in equation (2-33) such as
J

B, b, aZa where a ~ 50

“flow
Thus a series of samples of various widths (W) and thicknesses (B) were
tested using a notch depth to sample width ratio of a/W = .51.

The results are shown in Table 4.3 and indicate that consistent
values of JIc can be obtained for low yield strength structural steels
in small scale testing. In addition, JIc was obtained both in three
point and four point bending and there is no difference in the values.
See Table 4.3.

To see the size difference between the specimens used for JIC
testing and the corresponding minimum size requirements of standard KIC
fullscale ASTM samples, the data are compared in Table 4.4. These data

shows the advantage of using J,_ as a failure criterion especially in

Ic

the higher toughness region and when a single specimen test is applied.
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Flg 4,12 Influence of slot width on the measured J ‘values. The
data was obtained from samples of 4340 tempered at 540°C.

1 I
25 5 .75 =
a/W

Flg 4.13 Results showing the influence of the ratio of notch
depth to sample width on the measured Iy values. The
data was obtained in steel D of the H.S. E A. steels.
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Tempering Temp. | 260°C 450°C  540°C  605°C  650°C  680°C
o, (MPa) 1560 1380 1140 1030 820 805
Je 15.5 23 37 44.2 59 64
(kJ/n?)
KIc derived
from J, by 59.5 74 95 101 115 120
eqn. 3 -
(MNm—3/ 2y
K. from 45 - 110 - R
Ic (3-4) (5) (6) (6)
literature 60(1_2) 80 107 125(2) 135 150
(MNm-3/2)

*
Derived from C.O.D.i measurements.
Table 4.2

1} Fracture toughness testing and its applications, ASTM Special Technical
Publication No. 381.

2) R.W. Herzberg, Deformation and fracture mechanics of engineering
materials. : ’

3) J.N. Robinson and C.W. Tuck, Eng. Fracture Mech., vol. 4, pp. 377-392,
- 1972, . - . :

4) G.E. Pellisier, Eng. Fracture Mech., vol. 1, pp. 55-75, 1968,
5) Standard ASTM.
6) J.N. Robinson and A.S. Tetélman, Technical Report No. 11, UCLA-ENG-7360;

Aug. 1973. University of California, Los Angeles, California, School
of Eng. and Applied Science.
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3 point bend specimen [ 4 point bend

Width, W (mm) 10 [19.1]19.1 |19.1 10
Thickness, T (mm) | 10 | 10 | 14 [19.1 10
. (kJ/m2) 78| 78 | 83 | 82 - 79

Table 4.3 . Influence of specimen geometry of bend specimen of H.S.L.A.
tested in T-L direction. The T-L direction is such that
the sample is cut perpendicular to the rolling direction
and notched so that the crack propogates in the rolling

direction.
4340 H.S.L.A.
cy(MPa)' , | 1560 1380 1140 1030 820 805 500
Min size B,b, for
std Kjc (mm) 3.6 7.35 18.5 24.6.  46.5 52.5 180

Size of B,b, Jj. : :
samples tested (mm) 4.9 4.9 4.9 4.9 4.9 4.9 3.5-8

Ratio bK .75 1.5 3.75 5.0 9.5 10.75 | 22-50
bJ

Table 4-4.
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4.3 Correlations with other toughness parameters.

As the most widely used toughness test is the Chérpy V-notch
impact, steel D of the structural steels was tested to obtain the charac-
teristic Charpy curves in four different directions, shown in Fig. 4.14,
and the maximum shelf values are compared with the corresponding data
for minimum C.O.D.i in Table 4.5. .The C.0.D. data for the two directions
that did not show the crack arrest phenomena were then plotted in 5
diagram with the existing literature data of C.O.D.i in correspondence
with the maximum shelf level CVN values in Fig. 4.15. The data are in
excellent agreement with the eXisting literature values. However, some
of the literature C.0.D. data are derived from the existing KI# values
for some higher strength materials where it is assumed GIc v 1.l x0 X

y
C.O.D.i, ahd the data obtained may not be the correct C.O.D.i values.

4.4. Microstructures of the crack tip regions

In order to try to relate the microstructural featﬁres with the
obtained data during small scale testing, the samples were sectioned and
polished to show the eventual crack‘initiation and propagation in the
material. The Figures 4.16-18 show the processes at three different tem-
pering temperatures in 4340, Fig. 4.20-23 similarly the crack tip regibns

in four different directions for the tested H.S.L.A. steels. Fig. 4.24

and 4.25 show the crack tip regions in the T-L and L-S samples at higher
magnification and Fig. 4.19 at high magnification of voids occurring at
carbides in 4340 at 680°C tempering temperature. Fig. 4.26 and 4.27

show the sulphide morphology of steel D of the H.S.L.A. steels,
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Fig. 4.14 Charpy V-notch impact data versus temperature for
samples machined in four different orientations
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Fig. 4.17 Localized strain at crack tip, 4340 tempered at
540°C.
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Fig. 4.18 Crack tip region in 4340, tempered at 370°C.

Fig. 4.19 Voids at carbides in 4340, tempered at 680°C.
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Fig. 4.20 Crack tip region of H.S.L.A., steel D, in the
T-L direction.

Fig. 4.21 Crack tip region of steel D in the L-T direction.
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Fig. 4.22 Crack tip region of steel D in the T-S direction.

Fig. 4.23 Crack tip region of steel D in the L-S direction.
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Fig. 4.24 Localized strain at the crack tip of steel D in
the L-S direction.

Fig. 4.25 Region at crack tip of steel D in the T-L direction,
higher magnification.
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Fig. 4.26 Sulphide distribution in a plane tr#nsvarsa to
~ the rolling direction in steel D.

Fig. 4.27 Sulphide mmphmlw in a glﬁm parallel m mllimg
plane in steel D.



CHAPTER 5
DISCUSSION

This chapter will include a discussion of the evaluation of the
techniques used in the present work, the data obtained from small scale
fracture tests and a more detailed discussion concerning the correlation
between microstructural features of the materials, and the fracture resis-

tance in terms of the magnitude of the critical opening displacements.

5.1 Testing Techniques

The technique of replicating the crack profile appeérs to give
very consistent results and is an easy way of measuring the opening dis-
placement at the crack tip. However, it requires that there are two
parallel sides of the slot at the bottom of a notch in order to measure
the displacement. Further, the curing time of the silicone rubber must
not be too long and this limits the temperature range over which the
technique can be applied.

 The percentage of accelerator can be adjusted iﬁ the two component
rubber to achieve a curing time around 5-10 min. at room temperature.

The clip gauge technique was used for the higher strength 4340
to obtain the C.0.D. values and gave consistent values provided a cali-
bratibn curve between the actual clip gauge displacement and the rotational
constant r was established. Using an estimated value of .3 or .39 for

three and four point bending may give a considerable error in the calculated
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C.0.D. data. If the silicone rubber was utilized for this calibration,
very few samples are needed in order to establish the calibration‘curve.

Further, the clip gauge technique has considerable advantage at
lower test temperatures which may lead to difficulties curing the silicone
rubber at that temperature. If the resistance curve of a material is of
interest, the clip gauge technique is of great utility since several
samples have to be deforﬁed to different amounts of stable crack growth
to obtain the critical value at crack initiation. |

However, the crack profile technique which is applicablehfo cases
where stable crack growth occurs before instability may be applied to a
broader range of test conditions, if samples with deeper nofches relative -
to the total sample width are used. This was done for the data obtained
of 4340‘tempered af the lower tempering temperatures. The reasoning be-
hind this- extension is that in such samples less energy is stored in
the sample before inétability and crack arrest occurs after some fast
crack propagation even in the high strength steels.

| By using the silicone rubber at that stage, the C.0.D. at crack
initiation can still be obtained since the sides of the original slot
are almost parallel and the width of the extended crack can be subtracted
from the measured total width. | -

Also samples with deeper notches are suitable for the single
specfmen J—integrai testing as described in section 3.2. Thus the crack
profile technique can be utilized to some extent in samples of materials
with almost no stable crack growth before maximum load capacity. Hence
it is apparent that the silicone rubber technique is useful in materials

with a range of yield stresses, if the testing or at least the casting
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of the rubber is done at a temperature where the curing time is not too
long.
In terms of the utilization of the single specimen test technique

developed for measuring J this is a real simplification in the method

Ic’
of obtaining JIc compared with getting JIc either from a single specimen
technique or a compliahce technique which requires several samples as
reviewed in section 3.

The technique by Clarke et. al (23), which is currently being
extensively used; requires at least 10% unloading and reloading to obtain
a line which represents the stiffness. The change in slope of the loading
lines is assumed to repreéent the poiht of crack initiation and the reduc-
tion in stiffness is assumed to arise only from the reduction in area of
the uncracked remained ligament. This may be a questionable assumption
in materials which undergo considerable amount of plastic deformation
where elastic back stresses may occur, which influence the form of the un-
loading and reloading behaviour. With the test technique described in
this work, this problem is avoided since the replication of the crack is
done in the on-load condition.

During the testing, care was taken about uncertainties such as
energy consumption in the form of plastic deformation atvthe load points.
Further, the load point displacement is measured directly on the testing
rig and any eventual elastic elongation on the rig between the real load
points and the measurement point may be ignored. This can be assumed
since the rig is designed for higher elastically allowable loads than
the maximum load for‘the load cell which again is about three to ten times

the maximum load obtained in the J-integral samples tested. In addition,
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the measurement point on the rig is very cldse to the actual load points
compared with the dimensions of the total rig. Thus it is assumed that
the measured load point displacement represents the actual load point
displacements.

The real advantage of this single specimen technique is that two
characteristic fracture mechanics parameters are obtained? both the C.O.D.i
and JIc’ and the plane strain stress intensity factor KIc may be calcu-
lated indirectly from the measured JIC value.

Similar to the C.0.D. testing technique where the silicone
rubber is utilized, the testing has to be done under conditions in which
stable crack growth occurs and possibility of hardening the silicone

rubber within a reasonable time.

5.2 Discussion of Data Obtained

5.2.1 Effects of geometry

As shown in the Figs. 4.4-6 where the minimum C.O.D.i value is
measured as a function of sample geometry, these data indicate that the
value at crack initiation is independent of the geometry and the size of
the total plastic zone. Thus it can be concluded that the minimum value
of C.O.D.i is a material parameter only as long as plane strain-conditions
are obtained. These data are in agreement with the suggestion by
Cottrell and Wells (8,9) that the C.0.D., under certain conditions, is
a characteristic material parameter. Further the effect of thickness on
C.O.D.i is in accordance with the observations by Smith and Knott (10)
that below a certain thickness the magnitude of C.O.D.i increased as the

stress state changed towards plane stress with decreasing thickness.
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Also Griffis showed (59) that above some minimum value of the thickness,
the C.0.D.. data were independent of the sample thickness.

In terms of the data obtained from the J, testing, the derived

Ic

K;. values are in very good agreement with the ekisting literature data
for standard Kio+ However much of the present data was obtained from
single sample tests, and thus no statistical comparison with existing
data can be made. However for the data obtained for steel D of the
H.S.L.A. steels, a number of samples with different geometry were tested,
and the data from these tests shows little scattér,vproviding the proposed
requirement to notch depth is achieved. No standard KIc values from

room temperature testing were available for the H.S.L.A. steel, but the
obtained JIc value is in agreement with the magnitude of the corresponding
C.O.D.i values in'the literature.

Where the J. is measured as a function of sample geometry in

Ic
steel D of the H.S.L.A. steels, the same value is obtained in a sample
with cross section as a standard Charpy V-notch impact sample, as the
values obtained in the sampies which fulfill the estimated size requirements
for J-integral testing when the proportionality factor o is 50. If this
factor is set to 25 even the tests of samples of 10 x 10 mm cross section
and notch depth 5.2 mm are large enough. Since there is uncertainty
about the magnitude of this constant, these data may give some indication
that the lower estimated value of o is sufficient. All the JIc data for
4340 are obtained in samples of 10 x 10 mm cross section.

From the data obtained in the deeply notched bend specimens it
seem to give consistént values in the toughness range tested with samples

of the size of 10 x 10 mm cross section. Since the design parameter KIc
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can be derived (with certain assumptions) from the obtained JIc values,

it shows the advantage of the J._ as a failure criterion compared with

Ic

the standard KIC-testing. See Table 4.4. Therefore a simple single speci-

men test method for obtaining J c should greatly extend the use of small

I

scale fracture mechanics tests.
In addition, data obtained in small scale fracture mechanics

tests may better represent local toughness as in welds and heat affected

zones than a standard K c test value in cases of very high toughness, where

I
the minimum size requirement for the standard Kjc test sample is of order

larger than the local region of interest.

5.2.2 Metallurgical factors on the data obtained

The obtained values of €.0.D., for samples of different orientation,
with respect to the rolling direction, strongly depend on the'direction—
ality of the test samples, which may be expected. Since the non metallic
inclusions in general are neither isotropic in shape, nor homogenious in
distribution, it is reasonable that the C.O.D.i values in the L-T direction
are twice the values of the T-L direction. Both the minimum C.O.D.i value
and the slope of the curves differ with test direction. These variations
with direction are also in agreement with the values obtained by Smith and
Knott (10) in a free machining steel.

However, the other two directions testéd gave approximately the
same value of C.O.D..i min. as thé lowest obtained in the T-L direction.

The maximum value of the Charpy V-notch impact data are increased, especialiy
for the L-S direction, while crack propagation is very slow in the two

is high. The reasoning for

"erack arrest' directions and the C'O'D'max
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this effect may be that the laminated layers which are normal to the

moving crack direction reach a critical localized strain at craék initia-
tion, but the crack propagation measured in the CVN-impact test leads to
more delamination as the crack progress. This is verified in the Figs. 4.22,
4.23 and 4.24, where a highly strained shear band is visible between a
blunted crack and a delaminated void.

The C.0.D. datavmay also depend on the inclusion content and
priof}metallurgical history of the material. Four different H.S.L.A.
steels (see section 4),»were tested and both the minimum C.O.D.i value
and the slope of the C.O.D.i versus 2r increase substantially in the
steel in which the sulphide shape control was produced by Ce-treatment.

A lower sulphur content also‘increases the C.0.D. data as shown for

steel B. Thus desulphurization or sulphide shape controlef the material
will strongly affect the fracture resistance,‘and this is reflected in
the magnitudes of thé critical openiné displacements.

The data obtained for the C.0.D. in 4340 tempered to give different

yield stresses, give values:of C.0.D. which increase with increasing duc-
- tility of the material. The data obtained are in excellent agreement with
existing data in the literature (18), which both reflects the effect of |
ductility and the consistenéy of the thickness used. .

The obtained Ji. values also increased with the increasing ducti-.

lity, which is in accordance with the observed changes in C.0.D. and Kiee

5.3 Critical Events Controlling thevFracture Toughness

5.3.1 Discussion of the effects of yield strength and stress state on the

ductility

In the attempt to relate the C.0.D. value with the ductility of
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the material it is important-to consider the physical processes which
occur in fracture and how they may be affected by both the yield stress
level of the material and the stress state.

In ductile failure there may be a nucleation, growtn and coale-
scence of voids Before final failure. The nucleation and growth processes
have beenAanalyzed by a number of aufhors (47)(60)(61) andbthe critical

failure strain may be given such as

€g = in (en + e+ 1) : (5—1)_

g

where € is the nucieation strain, eg is the growth strain, both engineering
- strains.

First one may consider the effect of the stress state on the nuciea—
tion strain. At the particle-matrix interface a certain radial stress

occurs which may reach a critical value to nucleate a void at the particle.

Weiss (62) has expressed this in the form

0, = O (cTit) = Y(e) + % o (5-2)

where orr(crit) is the criticai radial stress at nucleation,vY(E) the
equivalent flow stress, and % the hydrostatic tension.

At a given critical interfacialAdecohesien ‘strength it is readily
seen from equation (5-2) that increasing the magnitude of the hydrostatic
tension decreases the strain needed to achieve void nucleation. Thus the
hydrostatic tension has a strong effect on the onset of void nucleation.

In terms of the growth of voids, an analysis by Brown (61) based
on Rice and Tracey's grewth model gives an expression of the growth strain

such as
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Ve /% ,
€ = — (5-3)
g dn
- 2 + .56 sinh=—
2T

where Vf is the volume fraction of second phase particles, omqo the applied
hydrostatic tension, and T is the yield stress in shear. Therefore also
the growth strain is dependent on both the yield strength of the material
and the hydrostatic tension.

In a very simple form the critical failure strain may then be

written such as

Gmcdy)
g = A(oy, o, =0 -B C—7§:~J (5-4)

where A(cy, o = 0) is a function representing a strain which is dependent

. . O (0 y)

on the yield strength only,while BCT;
Y

strain depending on the hydrostatic tension, O’ and may also depend on

) is a function representing a

the yield strength Uy. As the yield stress increases A(oy, o, = 0) in

general decreases. If the hydrostatic tension cm(oy) is fixed, or at
o1

least the ratio (Ezb is constant, the macroscopic critical strain €p de-
y

creases with increasing yield strength.
However, if the hydrostatic tension is increased, the magnitude
om(%), . s .
of B(——Ef——q increases and the critical strain Ef decreases. It may be
y
shown schematically in a sketch as in Fig. 5.1. Thus if the ratio of the
critical strain €gp 2t a high hydrostatic tension and the critical strain
€1 for a deformation path with low hydrostatic tension is plotted as a
function of the yield strength, the ratio will most likely decrease as

the yield strength increases. See Fig. 5.2.

Utilizing equation (5-4) it will show a signifiéant difference
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in macroécopic critical strain in a uniaxial tensile test and a plane
strain tension test since the hydrostatic component is different in the
two conditions. As the hydrostatic component is larger for a plane strain
tension sample, the corresponding critical strain decreases compared with
the uniaxial tensile strain to failure.

Clausing showed this effect of the ratio of plane strain ductiliﬁy
and the true strain to failure in tension as a function of the yield stress,
and the data obtained are similar to Fig. 5.2. See Fig. 5.3.

At a crack tip allarge hydrostafiC'tension is obtained close to
the tip region, (See Fig. 5.4) sqhemafically drawn for a non work harden-
ing maierial in plane strain where o, = 03 = %(olj+ 02). Therefore if the
fracture events are determined in the region ahead of the crack it.is
probable that the critical strain at fracture in a notched sample is of
order a critical Strain where a high hydrostatic component occurs and not
necessarily simply the uniaxial tensile test value at failure. This is

discussed in more detail in the following section.

5.3.2 The concept of the process zone

In order to explain why the fracture_resiétance of a material can
be expressed in terms of a critical openiﬁg displacement at initiation of
crack extension for an initially sharp crack, one must consider what micro-
structural feature that may determine the magnitude of the critical C.0.D.

The opening displacement at the crack tip may be expressed in the form
C.0.D.. =e_x1 1-9)

Thus the C.O.D.i is related to the product of two parameters, a critical

strain and a characteristic gauge length both of which may be determined
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Fig. 5.1 A principal sketch of the effects of yield strength and
hydrostatic tension on the critical strain to failure.
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Fig. 5.2 The ratio of a critical strain at high hydrostatic tension
€¢g, and a critical strain at low hydrostatic tension £¢q
as a function of yield strength.
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‘Fig. 5.3 Ratio of plane strain ductility and uniaxial true strain
to failure versus yield stress.
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Fig. 5.4 Stress state ahead of a crack in plane strain conditions
in a non work hardening material.
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Concept of the Process zone.
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vFig. 5.5 The process Zzone.



110

by microstructural parameters.

As shown previously the C.O.D.i'is independent of the fotal
plastic zone size. Thus one can consider that the events controlling
C.0.D.. must occur in a process zone near the crack tip of which the size,
or the volume, does not scale with the extent of the plastic zone. This
concept is illustrated schematically in Fig. 5.5 and an analogue can be
drawn to the concept of the neck in a tensile sampie. The material in
the neck is not brought to the onset of failure but the failure events
occur in a volume which is independent of the total sample length.

However, the problem of delineating the events which control
C.0.D. by the magnitude 6f €r and 1 is complicated by the variafions'in
the magnitude of the strain and sfress stéte which occurs in the vicinity
of the crack tip. These are illustrated in Fig. 5.4 and 5.6. 6ne must
ask then what is the critical strain that determines the fracture resis-
tance? It is conceivable that the strain may be the nucleation strain
at the non metallic inclusions, the nucleation strain at a secondary phase,
the plane strain ductility, a critical shear strain or simply the uniaxial
true strain to failure.

As can be seen in Fig. 5.4, the hydrostatic stress varies in
the region close to the crack tip. Thus it is of importance to consider
the stress state under which the critical strain is defined.

According to Smith and Knott (10) thevcritical strain in a free
machining steel was approximately equal the uniaxial stréin to failure.
However, there is strong evidence for at least higher‘strength steels
that the critical strain is of the order of theAplane strain ductility

(49,50) .
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As discussed in section 5.3.1 the plane strain ductility decreases
more than the uniaxial true strain to failure with increasing yield
strength. Also the stress state in a plane strain tension sample is
quite similar to the crack tip region in a fracture toughness sample,
with a high value of the hydrostatic tension compared with a uniaxial
tensile sample. Thus a materials fracture resistance, in texrms of a cri-
tical C.0.D. may be determined by the plane strain ductility rather
than the uniaxial true strain to failure, compared with the values of
the C.0.D.

In this context it may be of interest to examine the curves ob-
tained for C.O.D.i versus slot width, as shown for the H.S.L.A. steels
and for three yield stress levels of 4340. See Fig. 5.7. The slope of
the part of the curve which is slot width dependent is simply some kind
of a strain (displacement/initial slot width or gauge length). Is it
then reasonable that the slope represents the critical fracture resis-
tance strain?

The slope decreases as the ductility in terms of uniaxial true
strain to failure decreases, In the more ductile materials, here the
H.S.L.A. steels, the magnitude of the slope is close to the valge‘of the
uniaxial true strain to failure or another critical strain of the same
order at that yield stress level. While at higher yield strengths in the
4340 éteel, the magnitude of the slope is substantially lower than -

In order to determine what kind of critical strain the
slope represents, the ratio of the true strain of the slope and the

uniaxial true strain to failure is plotted as a function of the yield
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Fig. 5.6 Distribution of strain ahead of the crack tip.
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Fig. 5.7 C.0.D. vs slot width showing the change in slope with

ductility.
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stress. See Fig. 5.8 where

C.0.D..

= — 5 : -
€s1ope In @+ —5—) (5-5)

Of importance is that the data show the same tendency as Clausings
data; that the ratio of the strains decreases with increasing yield stress.

Further, the magnitude of the ratio of ¢ /ef is approximately the

slope

same as the value of the ratio ¢ /e, in Clausings curve. Thus
£ :

Pl.strain
if the strain which represents the slope of the curves C.O.D.i versus
slot width is the critical strain at crack initiation, this may be the
plane strain ductility or at least in magnitude cloge to the plane strain
ductility.

As a check of the critical strain to failure the strain ahead
of a crack tip was determined by a hardness measurement method and the
data are shown in Fig. 5.9.

Although there are uncertainties using this method, the crack
tip value of the strain was much lower than the uniaxial true strain to-
failure. Then.the ratio of the crack tip strain and the uniaxial strain
to failure was calculated and the value was very close to the curve
from the data of Clausing at the yield stress level examined. Agaiﬁ the
critical strain seem to be of the order of the plane strain duc;ility,

In plane étrain tension there is a tendency to get localized de-
formation in bands in the final stage before failure. This locélization ‘
may'also occur at a crack tip and is more dominant at higher yield
strengths when the ductility in terms of uniaxial strain to failure is

lower. Sece Figs. 4.16-18.

Therefore, in the ductile range where the magnitude of the
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Fig. 5.9 Strain ahead of crack tip obtained by hardness measurements.
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fracture resistance is assumed to be determined by a critical strain,
the critical strain is most likely to be the plane strain ductility.

However, the estimated gauge length in equation (1-9) has to be
determined in order>to relate the fracture toughness to the microstruc-
tural features. For this study, spheroidized plainrcarbon steel with
four different carbon contents was examined in which the micro structure
is well known. All the four steels had relatively low yield stress in
combination with a high ductility and high toughness in temrms of the
maximum shelf value of the CVN-impact test. The data are given in
Table 5.1 together with the corresponding values for C.0.D.; and Jice
The microstructures of the crack tip regions are given in the Figs.
.5.10—16.

For the 1015 steel, the value for the critical opening displace-
ment may not.represent the characteristic 0peniﬁg displacement since
plane strain conditidns were ﬁot obtained. In addition, the micro struc-
ture in the 1015 steel showed a banded structure with iegions containing
almost no carbides which may affect the data obtained.

For the 1090, 1045 and 1035 steels, both the C.O.D.i and JIc

values increased with decreasing carbon content which is in accord with
the change in tensile ductility. .

Since the plain carbon steels tested have very high ductility
combined with low yield stress and if the plane strain ductility is
assymed as the limiting strain involved at crack initiation, the estimated
strain in equation (1-9) may be of the order of the uniaxial true strain

to failure.

Measuring the minimum value of the critical opening displacement,
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Fig. 5.10 Crack tip region of 1015 steel.

Fig. 5.11 Crack tip region of 1035 steel.
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Pig. 5.12 [Crack tip region of 1045 steel.

- Fig. 5.13 Crack tip region of 1090 steel.
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Fig. 5.16 Lower magnification of steel 1015.
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the characteristic gauge length can rea@ily be calculated, which is given
for the different steels in Table 5.1. In the three carbon steels where

a plane strain C.O.D.i value is measured, all have approximately the

same characteristic gauge length. This value cannot be representative

for the carbide spacing since there are two orders of magnitude between
the calculated gauge length and the carbide spacing. However, the spacing
between the non metallic inclusions is yery close to the calculated values

in three of the plain carbon steels (i" n 140 ).

non met incl

Calculating the gauge length in the same manner for the 4340 and
H.S.L.A. steels in the T-L direction leads to values of almost the
same magnitude, 189-226 n except steel A and the L-T &irection for steel
D. See Table 5-2.

The sulphide moxrphology of steel D of the H.S.L.A. steels is
shown in Fig. 4.26 and 4.27 where the spacing bétween the bands of sul-
phides is approximately 150 u, which may indicate that the gauge length
here is more represenied by the spacing between the bands of the sulphides
than the interparticle spacing between the smaller sulphides.

In ferms of the effect of directionality in steel D of the
H.S.L.A. steels, the gauge length was determined for the two creck arrest
directions»and found to be of the same order as the T-L direction. How-
ever, in the L-T direction the critical gauge length was approximately
twice that in the other three directions. Any well defined "length" in
the micro structure scaling with thé calculated gauge length, in the L-T
direction, cannot be obtained from the data available.

Although the data in the L-T direction for steel D cannot be

correlated readily with the microstructural data, the characteristic
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TABLE 5.1
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1015 1035 1045 1090
> 1.4 1.03 .01 .63
KkJ
I CP - 123 102 65
C.0.D.. ‘
i ~n 800 160
o 130 90
C.0.D.,
1= - 155 143 143
€
£
TABLE 5.2
H.S.L.A.
, Steel A | Steel C Steel D
4340 T-L | T-L oL I-T T-§ LS
oy(MPa) 1130 1030 820 |461 465 495 465 495 465
< 10pe 175 .26 .3 | .8 5 58 .63 - -
ep .49 .56 .61 11.2 .7 1.05 1.1 1.05 1.1
CES)'D" 40 50 65 |225 100 110 200 135 120
C.0.D
1= 226 195 210 |280 200 189 315 - -
(n) E:slope
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length in general seem to scale with the spacing between the large non
metallic inclusions or the spacing between the bands of smaller sulphides.
Thus the minimum value of the crack tip opening displacement of

a crack initiation can be expressed such as

C.0.D.. = 1

€ - -
i Pl.strain * non met incl

where ¢ = plane strain ductility, = spacing between large in-

Pl.strain
clusions or bands of inclusions.

Therefore the fracture toughness in terms of C.O.D,i may be con-
trolled by either desulphurization or sulphide shape control where the
non metallic inclusions are dominated by the sulphides,

If the volume fraction of the nen metallic inclusions is kept con-
stant, while the size decreases, the interparticle spacing or the spacing
between the bands of inclusions decreases andrthus the characteristic
gauge lenpgth decreases leading to a lower fracture toughness. This effect
of the size of the non metallic inclusions is in agreement with the
literature (63,64) increasing the spacing between the non metallic inclu-
sions at a given volume fraction (larger inclusions) increases the
fracture toughness KIc' Thus, if the spacing between the inclusions re-
presents the characteristic gauge length, coarsening the non metallic
inclusions may lead to a higher fracture resistance. However, increasing
the size of the carbides at a given carbon content, larger spacing, de-
crease the fracture toughness (65).

In terms of the ductility, increasing volume fraction of carbides

in the plain carbon steels decrease the uniaxial tensile ductility, and

the corresponding C.O.D.i values. See Table 5.2 Also the fracture
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toughness measured as_I(Ic is found in the literature (65) to decrease
as the volume fraction of the carbides increase. Therefore the ducti-
lity involyeduin the expression for the critical opening dispiacement
will decrease with increasing volume fraction of carbidés, assuming the
characteristic gauge length is constant as shown in Table 5.2.

As a conclusion, the spacing of the large non metallic inclgsions,
or the spaciﬁg between the clusters of the sulphides,seem‘to determine
the cﬁaracteristic gauge length or the size of the process zone, while
the carbide content will affect the ductility term involved in the ex-

pression for the opening displacement.



CHAPTER 6
SUMMARY

In this section the main conclusions are summarized. In addi-

tion, suggestions for future work are included.

6.1 Conclusion
This study has led to the following conclusions:
- The minimum value of the crack tip opening displacement at initiation
of crack extension in plane strain conditions is a characteristic of
the material only, independent of the sémplevgeometry and the extent

of the plastic zone.

- Development of a very simple single specimen method for J-integral
testing from which both JIc and C.O.D.i are obtained directly, and
the plane strain stress intensity factor KIc calculated indirectly

from the measured JIc-value.

- The fracture resistance expressed in terms of C.O.D.i can be directly
related to the materials plane strain ductility and the interparticle
spacing, or distance hetween bands, of the non metallic inclusions

such as

C'O'D'i = ePl,stfain X
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6.2 Suggestions for Future Work

In the attempt to extend the use of small scale testing in the
area of fracture mechanics, it is of importance to examine the following
suggestions:

- Utilization of small scale fracture mechanics testing at higher yield
strength levels. i.e. higher strength materiaIS‘af TOOm tempefature

and testing over a range of temperatures down to cleavage behaviour.

- Any possibility for development of a simple single specimen J-integral
test method for determination of a resistance curve. J versus stable

crack growth Aa.

- More detailed studies of the magnitude of the fracture resistance in
correlation with the ductility, stress level, and stress state, and
the limiting processes occuring at the crack.tip, including the transi-
tion from any eventual critical strain to a critical stress behaviour

prior to fracture with lowering the test temperature.

- Utilization of small scale samples for obtaining C.O.D.i and JIC for
the local toughness as in welds, heat affected zones and irradiated

materials.
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