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ABSTRACT

Microstructural fracture processes in a BS4360 Grade 50D
structural steel with lower sulphur content were studied
in smooth tensile specimen tests and Charpy-size bend )
bar tests. Based on the experimental analysis, an experi-
mental void growth relation with the plastic strain and
stress triaxiality and multiplying factor on void growth
were determined. Experimental results show that the void
growth relation can be reasonably used to estimate the
constraint in the specimens containing the notch or crack,
also they can be used to evaluate the variations of the
stress triaxiality in front of the notch and crack tip
under general yielding condition. Side-grooves obviously
increase the constraint of the CVN specimens. Strain
hardening leads to increasing the stress triaxiality, and
decelerating the net void growth. This is specially true
for the values of stress triaxiality more than about one.
Additionally, the effect of the stress triaxiality on the

critical void growth corresponding to the onset of ductile
tearing was preliminarily investigated.

In this work, a large number of smaller specimens were
tested to investigate the ductile-brittle transition
behaviour of the structural steel. A void growth rate
explanation was suggested for evaluating the temperature
transition behaviour. The elastic-plastic fracture tough-
ness values based on small specimen tests, such as pre-
cracked side-grooved bending specimen and short bar tensile

specimen, may give large overestimates of the plane strain
fracture toughness.

KEY WORDS: Structural steel, ductile fracture, void

nucleation, void growth, plastic strain,
stress triaxiality, ductile-brittle
transition behaviour
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Section 1

BASIC PRINCIPLES AND DEVELOPMENTS

IN FRACTURE MECHANICS

1.1 INTRODUCTION

In spite of the best efforts of design engineers and
material .specialists, and in spite of well-thought-out
procedures for quality assurance and control,

engineering components still fail in service from time

to time. In the majority of cases the failure does not
lead to serious consequences. However, the occasional
dramatic failure of steel structures such as bridges,
ships, pressure vessels, pipelines and airplanes may lead
to serious consequences which can cause serious

financial loss, cnvironmental contamination or loss of
life (1, 2), For example, on the 27th March 1980, a
drilling platform "Alexander L Kielland" capsized
completely for about half an hour. 0f the 212 men on
board when the ﬁccident took place, a total of 89 persons
were saved. 123 men lost their lives in fhe accident.

A fracture has been proven in the welding connection
between the hydrophone fitting and horizontal brace. The

facture was initiated by fatigue.(S)

Numerous factors such as material toughness, design
rationality, manufacturing technology, residual stresses,
constraint, service conditions, etc. can contribute to
brittle fractures in large engineering structures.
Hﬁwever, the approach of fracture mechanics has shown that

there are three primary factors which control the



susceptibility of a structure to brittle fracture.
They are material toughness (Kc), crack size (a) and
stress level (o). All other factors such as
temperature, loading rate, stress concentrations,
residual stresses, etc. only affect the above three

primary factors.

If the relationship between material toughness, nominal
stress, and crack size is researched, there are many
combinations of stress and flaw size, which may cause
fracture in a structure which is fabricated from a steel
having a particular value of Kc at a particular service
temperature, loading rate, and plate thickness.
Therefore, it is possible to establish a fracture-resistance
design criterion quantitatively using fracture mechanics
approach. It is inconceivable today to make any
significant assessments of structure safety without
consideration of fracture mechanics. This is
particularly true for the development of airplanes and
spacecraft, pressure vessels (especially nuclear
preésure vessels) ships and deep sea oil platforms.

Fracture mechanics has now become an important branch of

materials and engineering science.

Some limitation exists in engineering structures for the
application of Linear Elastic Fracture Mechanics. They
impose, for instance, a minimum size for specimens used

for measuring plane strain fracture toughness. This

limitation is, however, very often broken. This happens



for instance in structures made of thin plate, or in
structures made of a touch material, or when there are
space limitations (such as the surveillance programme
specimens in a nuclear pressure vessel) or when for
economic reasons the specimen size is smaller than the
full size of so-called "valid specimens". In these
cases, it is the task of Elastic Plastic Fracture
Mechanics, which studies the relationship between
geometry, the material parameters, ductile crack
behayviour, .and the mechanisms of the failure. The

importance of this objective appears more and more obvious.

1.2 Linear Elastic Fracture Mechanics

Linear elastic fracture mechanics generally is described
by two important approaches. The first is based on an
energy balance approach, while the second is based on the

singular nature of the stress distribution near a crack tip(4).

1.2.1 The Griffith Theory and its Modifications

Griffith (5) first developed the analysis of fracture
behaviour of components which contain sharp discont{nuities.
Crack extension will require energy, which may be supplied
from the work done by the applied external load and from
the strain energy stored in the structure. Griffith
calculated the change in stored energy due to the
introduction of a through-thickness crack into a thin
infinite plate. The change in elastic stfain‘energy per

unit thickness is given by
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where a is the half-length of a through-thickness crack,

o is the uniform stress, applied at infinity and E is
Young's modulus. The supply of energy will increase with
crack extension. Griffith compared the change in strain

energy U, with the surface energy of the crack, given by

U, = 4 a vy T .y

where v is the surface energy per unit area. This

approach is that instability would occur where a small
increment of crack extension, da, generated dUe>dUs.

Thus the equilibrium condition for crack extension is

d cznaz

4 (v, -uy =g, CF-4av) =0 ...... POPPRIIY T
or the strain energy release rate

ozna

which leads to the well-known Griffith relationship

_[T2Ey 71}
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In the above equation the subscript c denotes the critical

value of stress and crack size. And it is appropriate to

thin plate and plane stress conditions. For fracture

under plane strain conditions it would be appropriate to

substitute E/ (1—v2) for E-in the above equations, where v

is Poisson's ratio. Irwin (6) suggested that the Griffith

theory for ideally brittle materials could be modified and

applied to metal materials. Fracture in.these materials



is preceded by plastic flow. The plastic deformation
caused at the crack tip region is transformed in

plastic work per unit increase in area of the crack
surface, and which is therefore equivalent to an increased
surface energy. Thus, the material resistance to crack
extension is equal to the sum of the elastic surface
energy, Yg and plastic strain work, Yy, accompanying

crack extension. Consequently, Eq. (1.4) becomes

Y T |
Uc=[2En(az T”]i eeeerennnaees(1.5)

It should be noted that Eq.(1.5) is strictly relevant to
a through-thickness crack in an infinite plate in which
fracture is preceded by the formation of a near-tip plastic

zone which is small in comparison to the crack size and

plate thickness.

Irwin and Kies (75 8)gurther showed that for a crack tip

the strain energy release rate per unit thickness was given by

dve _ d [pzc }_pz ac

ekl N = mad G R P, (5 U |

where P is the applied force, C 1is the elastic compliance
per unit thickness. This relationship has made a very
important contribution to fracture mechanics, since it can
be applied to any geometry subjected to elastic loading.
By measuring the linear elastic compliance of similar
specimens containing different crack lengths it might be
possible to compute values of dC/da as a function of crack

length, Furthermore, the fracture load for a test



specimen and the appropriate value of dC/da could be

substituted in Eq (1.6) to give a critical strain energy

release rate for fracture initiation.

1.2.2 Irwin's Stress Intensity Approach

Irwin (9) has shown that the stress field at the crack

tip is characterised by a singularity of stress which
decreases in proportion to the inverse square root of the
distance from the crack tip. Furthermore, the stress field
in the region dominated by the sinéularity of stress can be
regafded.as one or combination of three invariant loading
modes. The three loading modes are: Mode I, opening or
tensile mode; Mode II, forward or in-plane shear mode,

Mode III, paraller or anti-plane shear mode, as shown in

Fig. 1.1.

The singulaf stress and displacement fields in the vicinity

of crack tip for Mode I may be written as follows

9 L . e L] 38 -
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o,, = © for plane stress.
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FIGURE 1.1 Basic modes of crack surface
displacements (After M. G. Dawes)

Modet Mode 11 Mode III

Leading edge of the crack

FIGURE 1.2 Co-ordinate system and stress
components ahead of a crack tip
(After S. T. Rolfe and J. M. Barsom)
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o for plane strain

= oV ,
W= - xf (o0xx * Oyy) dz for plane stress,

where the stress components and the co-ordinates r and ©
are shown in Fig. 1.2; u, v, and w are the displacements
in the X, Y and Z directions, respectively; v is Poisson's
ratio ; and G is the shear modulus of elasticity. Mode 1
loading is the most important form. Similar expressions

could be derived for Mode II and III, but they are omitted

here.

This analysis indicates that the stress and displacement
fields in the vicinity of the crack tip can be
characterised by a single parameter,K, called the stress
intensity factor. The stress intensity factor is
independent of r and 6 and the distribution of the stresses

for‘each mode. However, it expresses the magnitude of
the loading forces and also depends on the crack size.
Thus the stress intensity governs the magnitude of the forces
acting in the crack tip region. The Mode I stress
intensity may be expressed in the general form.

K = C; o (ra) i N ¢ OF-)

where o is "the applied stress in y direction, remote from

»

the cracky CI is the relevant constant, Since K; provides



a one parameter measure of the severity of the crack
tip environment, it is logical to characterise
resistance to fracture by a critical value, Kic called
fracture toughness, which can be measured in laboratory

tests. Irwin established a relationship between KI

and the strain energy .release rate, G, as follows

GI - é ceseenssesssess(1s9)

where G could be regarded as a force tending to cause

crack extension. E' = E for plane stress, and E' = E/(l-ﬁz)

for plane strain.

1.2.3 Plastic Zone at Crack Tip

In metallic materials a plastic zone propagates at the

crack tip, even though the macroscopic behaviour is
approximately elastic. Since nowhere ahead of the crack tip
the stress can exceed the relevant yield stress, we may

estimate the size of the plastic zone in terms of its

radius, ry’ assuming it to have a circular shape. At

the onset of fracture this 1is

_ K 2
ry—x(%) e (1.10)
)’S

A is equal to 27 for plane stress condition and is 5.67

for plane strain condition, Oyg is the uniaxial yield

stress,



The crack may be thought as having an imaginary tip
at a distance, Tys ahead of the real tip, as shown in

Fig. 1.3. When the plastic zone is very small, the
imaginary and real crack tips virtually coincide.

However, for larger plastic zones, the effective crack length
is greater than the real crack length by a small addition

of Ty. " If it is acceptable to replace the real crack by

the effective crack, the scope of LEFM can be extended to

the elastic body with the small scale yielding.

" 1.2.4 Effect of Thickness or Constraint on Fracture

Toughness

A variation in fracture toughness with increasing plate
thickness or constraint is shown in Fig, 1.4. For thin
sheets in tension, there is a condition of plane stress.,
Fracture occurs by local shearing. Crack faces are
therefore at 45° to the gross tensile stress direction,
For thicker plate, the through-thickness stress is
developed. The material very close to the crack tip
undergoes a triaxial stress condition. Under the
triaxial stress conditions the resolved shear components
of the local stress are reduced and yielding cannot take
place until the local stress reaches a value of nearly
three times the uniaxial yield stress. The result of the
higher local stress at yield is a smaller yield zone.
This smallér plastic zone fractures through plate centre
and consumes much less energy than the plastic zone under
plane stress condition, as small plastic zone represents

the small yolume of metal affected by plastic flow.

-10~
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FIGURE 1.3 Imaginary elastic crack and
assumed elastic stress field

Aston University

Hustration removed for copyright restrictions

FIGURE 1.4 Effect of thickness on fracture
toughness (from W. J. Vol. 60, 1981,

pPp-38)
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Of course, there is no constraint stress at the side

free surfaces in the thickness direction, so that near
these surfaces the conditions are similar to plane stress
for thin sheets. Fig. 1.5 demonstrates the change of
plastic zone shape in the crack tip vicinity for thicker
plate. The plastic zone in cylinder is in the centre of
plate thickness, and the bell-shaped ends of the cylinder
are in the plate surfaces. Though the plane strain
fracture always has shear fracture regions at its edges,
termed shear 1lips, these are negligible once the fracture
is of the plane strain type over 90% of the thickness.

In this case, toughness reaches a critical value Kic (10).

Recently, considerable effort has been devoted to

investigate the effects of side grooves on the fracture

toughness of ductile materials (1L, 12, 13). Side~-grooves

effectively thicken the specimen by restricting or
eliminating regions of through-thickness deformation.
Therefore, small specimens may be used to characterise the
toughness of large structures. It should be noted that the

notch acuity and crack depth have a considerable influence

upon the fracture toughness. For example, a compact

specimen with crack length to specimen width ratio of
greater than 0.5 and full proportional thickness to width
ratio, 0.5, have a geometric constraint which will give it

a constraint nearly equivalent to that of a larger

specimen (14):

_12_
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FIGURE 1.5 Schematic representation of plastic
~zone ahead of a crack tip (After
S. T. Rolfe and J. M. Barsom).
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"1.,2.5. " Effect of Temperature on Fracture Toughness

For ferritic structural steels, some unstable fracture
behaviours are shown schematically in Fig. 1.6. This
figure also demonstrates the relevance of LEFM and
yielding fracture mechanics (YFM) to the well-known
brittle to ductile transition with rising temperaturescd).
It shows that LEFM and KIC is applicable to the
predominantly elastic fractures which occur in the lower
shelf region of the fracture transition, whereas YFM based
on CTOD and J-integral applies to the quasi-brittle
fractures in the transition region. On the upper shelf,
failure in structural steels is generally controlled by
plastic collapse and it will be sufficient to ensure that

the net stress does not exceed the flow stress.

Usually, there are two transitions in fracture behaviour
with temperature. One is referred to as a fracture mode
transition with temperature, the other is a transition from
plane strain to plane stress (elastic-plastic) behaviour
with increasing temperature. Fractographic analysis shows
that the fracture toughness transition temperature is

associated with the onset of change in the microscopic

fracture mode ahead of the crack tip. The microscopic

fracture behaviour can change with increasing temperature
from complete cleavage or quasi-cleavage to a mixture of
quasi-cleavage with tear dimples, and large flat tear

area, even though the macroscopic state of stress is still

-14-
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the state of plane strain. This transition in
microscopic fracture behaviour leads to the rapid

change in the plane strain fracture toughness. As a test
specimen is loaded, some local plastic flow will occur at
the crack tip, and the crack tip will beblunted slightly.
Specially, if the inherent toughness of the structural
material is ductile at the particular test temperature

and loading rate, the crack tip is blunted by plastic
deformation. As a result, the limit of plane-strain
constraint is exceeded. At temperatures above this

test temperature the inherent toughness begins to increase
rapidly with increasing test temperature because the effects
of the crack blunting and relaxation of plane-strain
constraint are combined. That is, the crack blunting
leads to a relaxation in constraint which causes increased
plastic flow, which leads to additional crack blunting.
Thus elastic-plastic behaviour begins to occur rapidly at
increasing test temperatures once this plane-strain

constraint (thickness plus notch acuity) is exceeded.

Therefore, the structural materials first undergo a gradual
increase in toughness with increasing temperature, referred
to as the fracture mode transition. Then as the inherent
toughness increases, and the constraint at the crack tip
decreases, the materials undergo a very rapid increase in
toughness as they begin to exhibit elastic-plastic

behaviour. At this point, the LEFM analysis is no longer

valid because of the excessive yielding at the crack tip.

The loss of plane strain conditions results in a significant

=-16=-




increase in the strain to fracture. The small
increase in load after net section yielding in laboratory

specimens may be accompanied by a relatively large increase
in displacement or strain to fracture. Such fractures

may or may not be preceded by stable crack growth.

1.2.6 Experimental Determination of Kre

The property K;a characterises the resistance of a
material to fracture in the presence of a sharp crack
under severe constraint. Kic value is believed to
represent a lower limiting value of fracture toughness.
Standard test method for plane strain fracture toughness

of metallic materials was recommended in U.K. (15) and

U.S. (16). Basically, the specimens currently recommended

are the single edge notch bend (SENB) specimen and the
compact tension (CT) specimen. At the present time only
the E399 Standard allows the use of C-shaped specimen, which
is intended for tests on portions of hollow cylinder. The
main differences in specimen dimensions between the two
standards are that E399 allows test on specimens down to

6.4 mm thickness, whereas BS 5447 limits the minimunm
thickness to 13 mm. For tension specimen, BS 5447 allows a

wide range of alternative B/W values (0.25 to 1.25) to those
in E399 (0.25 to 0.5).

During the tests an autographic record of load versus
displacement at the open end of the notch is monitored.
The KI values are assessed at the onset of significant

measurable crack extension. This is defined by a maximum

<§ 7




of 2% crack growth, which is determined by a 5%
deviation from linearity of the load versus displacement

record. For a valid K;. measurement, the specimen

dimension requirements are

X
2.5 (.O'I_CZ ...........‘.‘.(1.11)

YSs

a and B 2>
here a is the crack length, and B is the thickness of the
specimen. It may be noted that in the above specimen
requirements a and B, and by implication, (W-a), have to
be greater than approximately 50 times the estimated radius

of the plane strain plastic zone ahead of the crack tip.

A conditional result, KQ’ can be derived using the stress
analysis relationship for the specific type of the specimen.

When the requirements of Eq. (1.11) and other validity

checks are met, K. = X

Q Ic’

1.3 Elastic=-Plastic Fracture Mechanics

Almost all low and medium strength structural steels which

are widely used for large complex structures such as
bridges,ships, pressure vessels, offshore constructions,

etc., aré of insufficient thickness to maintain plane

strain conditions under slow loading conditions at normal
ambient temperatures. Thus for many structural applications,

the linear-elastic analysis used to determine K;- values is

invalidated by the formation of large plastic zones and

-18-



elastic-plastic behaviour. Valid quantitative results
can only be obtained at very low temperatures, or in

thick heavy sections, or at high strain rates, or in
material heavily embrittled during welding or fabrication.
Recently, considerable effort is being devoted to the-
development of elastic-plastic fracture mechanics analysis

as an extension of the linear-elastic analysis.

Fracture analysis in the elastic-plastic regime has a
number of complications not present in the elastic regime.
The first is the inherent nonlinearities in the material
deformation and large geometry changes. The second
complication is the fact that there is a significant

amount of crack tip blunting prior to initiation and stable
crack extension prior to final fracture. This is very
different from the brittle mode of fracture, in which the
crack initiation and rapid crack propagation are
essentially coincident. Sometimes the ductile crack might

be propagated with mixed fracture mode in both flat and

slant modes.

Two powerful techniques for analysing elastic-plastic

failure are based on the crack tip opening displacement

(CTOD) and J-integral. The crack opening displacement

concept is now increasingly used in the United Kingdom:

and Japan, whereas the J-integral concept is the favoured

methodology in the United States.

=19~



1.3.1. Definition of the CTOD

Wells (17, 18) proposed the CTOD concept as an elastic-

plastic failure parameter. The opening displacement

at the crack tip is a relative movement of the two crack
faces at .the crack tip. The fracture process is
controlled primarily by the intense deformation adjacent
to the crack tip. The crack opening displacement (COD)
is a measure of the strong deformation, and in general
reflects the magnitude of the strain rather than the
stress in the vicinity of the crack tip. Failure occurs
when the CTOD attains a critical value, which characterises
the strain and stress ahead of the crack tip necessary to

initiate the failure mechanism.

Based on an energy balance for a small increment of crack

growth, Wells (17) suggested that

G=cy56 0.00..0.'...0.‘(1.12)

where G is the strain energy release rate, § is the crack
tip opening displacement. Using the Eq. (1.9) in the small

scale yielding regime, it 1is clear that

2 '
§ = X1 /9y E N ¢ U5 &3

It must be consistent with the LEFM failure criterion, the

critical CTOD value will be related to the fracture

toughness as follows

-20-
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Using a crack tip plasticity model proposed by Dugdale(lg),
it is possible to relate the COD to the applied stress
and crack length. The model consists of a through-
thickness crack of length 2a in an infinite plate which is
subjected to a tensile stress normal to the plane of the
crack. Under the action of the tensile stress, o, the
crack is considered to have a length equal to (2a + ZrY),
as shown in Fig. 1l.7. At each end of the crack there is a
length, ry’ which is subjected to yield stress, which

tends to close the crack. The relation is

6 = —_— 1n (sec TGS ) -.oo--eotte.(lols
T E Z_Eys )
If the 1n (sec) term is expanded
s 89ys 31 (T9y2 , L (mo 44,1 (1o 46,
— 7 @), ' 1 z,) s o) e ]

Taking the first term only, there is

- 07a | S ¢ U5 1)

For nominal stress values less than % oys this approxi-
H

mation is reasonable.
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FIGURE 1.7 Crack-tip plasticity model
(After R. W. Nichols et al)

FIGURE1.8
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(After P. C.

Paris)
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1.3.2. Experimental Determination of CTOD

The recommended technique for CTOD measurement is based
on monitoring the mouth opening in a precracked
three-point bend specimen (20). CTOD can be calculated
from clip gauge measurements at the mouth of the

specimen notch. The principle of the analysis is the
assumption of a rotation centre at r (W-a) below the tip.
The value of r depends on the degree of deformation and
is in the range of 0,3 to 0.4 for the rather deeper notch
three-point bend specimens. The relationship between the
critical crack tip opening displacement, 6c, and clip
gauge displacement, V, for specimens having 0.15 < a/W

< 0,7, is recommended as follows.

2,. .2
_ K“(1-v*) . 0.4(W-a)Vp
5C —ZUYSE + 0.4-1q + O.6a + z L I T I R ) (1.17)

Where stress intensity factor, K = XBT, and

B
P and Vp are the force and plastic component of clip gauge

opening displacement respectively, which correspond to the
certain relevant values. Y is the stress intensity
coefficient, which is tabulated in the standard. B and W
are the thickness and width of the specimen., a is the
effective crack length. z is the distance of clip gauge
location from specimen surface, ys is the yield stress
at temperature of interest, E and v are Young's modulus

and Poisson's ratio, separately, The fracture toughness

then depends on the choice of a suitable measurement point.

The_slow_spgile.crack growth occurs in ductile materials

e T



before reaching maximum load. It was reported that CTOD
at initiation of ductile tearing was relatively independent
of spe;imen dimension, but the amount of growth varied
from one geometry to another (21). In this case, the
resistance curve technique can be applied to testing Gi
for the onset of crack extension. 6 values are plotted
versus crack growth, Aa, for a series of specimens.
Extrapolation to zero crack growth provides the fracture
toughness, 61. Single specimen method was also reported.
The onset of crack extension was monitored by the elec-
trical potential method (22’23). It will be discussed
later. In the absence of techniques to measure the onset
of crack extension, the maximum load 6, can be used as a

means of material comparison.

Some studies were made using micro-indentations spaced
across the notch face. During three-point bending test,
photographs were periodically taken of the notch root area.
CTOD values can be directly measured from these photographs
or from extrapolating the values in the vicinity of the
[24,25).

tip-to the tip Additionally, the crack

infiltration method was proposed (26). The crack tip was

infiltrated by a hardening silicone rubber and then the
specimen was broken open to obtain a cast of the crack.

CTOD may be measured from the cast crack profile.

Based on BS5762, the standard specimen shall be of

thickness equal to that of the material under examination.

And it has been found (27) that the high 51 value occurs
for the thinnest specimen, whereas for a thickness equal

to or greater than 5 mm the fracture thoughness is

a2



independent of specimen thickness.

1.3.3 Definition of the J-integral

Another powerful technique for analysing elastic-

plastic failure is based on the J-integral. For the
linear elastic behaviour, the J-integral is identical

to the strain energy release rate, G. However, it
should be noted that the derivation of J is strictly

true only for linear and non-linear elastic materials,
where unloading occurs along the same path as the initial
loading, whereas with plasticity the unloading path

would be roughly parallel to the original linear elastic
path. Conceptually this drawback appears insuperable

at present. In practice, the use of J for ductile
materials can be supported in part by direct experimentation,-
which will be discussed later, and in part by rather

indirect analysis (28).

For the non-linear elastic behaviour, the normal

expression for J is given by (23

J=.rr (Wdy-Ti.g_E—ldS) O..l.ll.ll.!'l(l.ls)

Where T is an integral path which goes from the bottom
crack surface to the top in an anti-clockwise direction as

shown in Fig. 1.8. The strain energy density W is
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where Uij and Eij are the stress and strain tensors, and
summation of repeated indices is implied. The
components of the traction vector, Ti’ are o, .n., where
nj are the coefficients of a unit vector normal to T,

u; is the displacement vector in the direction of Ti’ and
ds is an increment of arc length. Rice showed for any
closed path J = o (30). A closed path, T + T' + along
the crack surfaces, is shown in Fig. 1.8, Thus the
J-integral yvalue can be computed by evaluating this
integral along any contour around the crack tip from very
small to encompassing the outside boundaries of the

specimen or body.

From a physical viewpoint, J may be interpreted as the
potential energy difference between two identically
loaded bodies having neighbouring crack sizes, or
_ _ 1 .50
J“'ﬁ(‘ﬁ oc-ou.-..-..(l.ZO)
where U is the total absorbed energy, or area under the

load versus load=-point deflection curve at load-point

deflection, q, as shown in Fig 1.9.
The failure criteria is suggested by

_ _ 2
J=4Jd. = K, /E'

. cereeneneeed(1.21)
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provided J. is a material constant independent of the

degree of plastic deformation.

1.3.4 Experimental Determination of JIc

The various measuring techniques for J all derive from
the relationship of Eq (1.20). At an early stage,

J is obtained from the change in potential energy, U,
associated with a change in crack length, a, The
potential energy is equal to the area under load

versus load-point deflection curve. At a given
deflection the area may be found for bodies with
different crack lengths. J may be determined from the
slope of a plot of U versus a at a given deflection
which is (BU/aa)Lq. The final plot is J versus the
applied deflection and this curve depends on the crack
length, a. If the applied deflection is found for the

initiation of crack growth the critical J value, J

Ice May
be determined (2).

A procedure was recently proposed by Clarke et al (31)
for determining J from the J resistance curve. This

procedure obviates the need for tedious J compliance

calibrat4on, A number of specimens are first loaded to

various deflections to provide different amounts of crack
growth. The specimens are unloaded and the extent of
crack growéh is marked by heat tinting ér other techniques.
The specimens are broken open and the extent of crack
growth is measured optically, The J value fof each

specimen may be calculated by
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J='B‘H 00-00-10-000(1.22)

for three-point bend specimen, and

J=%—%[-.1 * “2] cererneneeea(1.23)

1 +a

2a 2a 2a
(e RN A UG

for compact tension specimens with a/w 3> 0.6, where A is the

area under the load versus load-point displacement curve; !
B is the thickness of the specimen; b is the remaining

ligament; a, is the original crack length.

Finally, the applied J value for each specimen is plotted
versus the amount of crack extension, Aa, as shown in Fig.
1.10. The conditional Jq point is determined by
extrapolating the J versus Aa curve to the onset of crack
growth, The onset of crack extension is taken as the
point where the J versus Aa curve meets a Blunting line,

The theoretical blunting line is given by

J=20y5Aa o-eoocc-o-o(1.24)

The blunting line becomes important for structural steels
where extrapolation to a zero Aa can lead to fictitiously
low J;. value. The JQ value is considered as a valid

J1o Vvalue when full plane strain constraints are developed.
Otherwise, it is a J_ value, The quantitative limits on

the specimen size have been generalized as follows (32),
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a, w“'a, B;GJIC/GYS -o....-.-.(l.zs:]

cys may also be substituted by the flow stress,

S flow (Uys * Uu)/z"

Experimental studies of size effects in J;. testing
indicate that o should be of the order 25. The method

of using several specimens to determine J1c Vvalue has

some disadyantages. In addition to the higher cost there
is sometimes not enough material to prepare four to six
specimens. Thus, several single-specimen methods have
been proposed to measure J;. value. Rice et a1 (33)
proposed that J integral values may be estimated from the

following expression

2 $
J = W f o CTaCk P.dﬁcrack 00000000(1.26)

where 8§ ., .ck is the load-point displacement which results
from the reduction in specimen stiffness due to the crack.
The total load-point displacement, corresponding to the

crack initiation is given by

$ =6

total crack * ° non-crack o (1.27)

Using the superposition principle, and to obtain § crack

from the measured atotal, the 6 h-crack is obtained from

beam theory for the specimen containing non-crack as

follows
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GHOH-CTaCk a ZEEI .lQO.ou....c(loZS)

where L is the specimen span of 4W, and I is the second

moment of area for the uncracked beam. J values are
obtained.by numerical integration of the P versus §

total

curve and then subtraction of the P versus Gnon-crack area.

The point of crack initiation is detected by the electrical

potential method.

Clarke et al (34) proposed another single-specimen method

to determine the entire curve of J versus Aa and hence the
Jyc value. J values are determined for each point along a
load versus load-point displacement curve, and the crack
length is determined from partially unloading compliance

of the specimen at any point of load and displacement

during the test. Here it is assumed that the small amounts
of unloading, 10% of maximum load, do not affect the

overall load-displacement record of the test. One method
of determining the crack length from the compliance is to
use the empirically developed compliance versus crack
length curves for the particular specimen being used.
Another method for determining crack length might be the

electrical potential method. However, it should be noted

that the plasticity component in the potential drop must be
subtracted from the total drop in order to determine the

component only due to crack extensiontss).

Finally, it should be noted that there is a quantitative

relation between CTOD and J integral in the generalised
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form

J = moy 8 R ¢ 1)

where m is related with the work-hardening and yield
stress of the materials. Usually for all studies

l1sgmg3 (28) | The work of Robinson (36) shows that

Jie and §; are compatable and in fact interchangeable

toughness parameters. It would be advantageous to obtain

both JIC and 61 values from the same test (37).

1.3.,5 HRR Crack Tip Field

Stress and strain distributions inside the plastic zone
at the crack tip were studied independently by
(38, 39)

Hutchinson and by Rice and Rosengren (40).

The stresses and strains in the vicinity of the crack tip

under yielding conditions varying from small scale to

fully plastic have the form (frequently termed the HRR field)

1
0.2 =0 EJ —_— .
2o [ 717 -' n+l i3 (8,m)

Q
Q
=
I
Q

'0‘1;-.(1.30)

€ = qg I EJ ] AL
ij o n+l
’ i'crzcr n i (6,n)

™

where

J=J - integral

m
n

elastic modulus,

8,r = crack tip co-ordinates, as shown in Fig. 1.11,
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FIGURE 1.11 Polar co-ordinates at crack tip
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O35 €ij © dimensionless functions of the
circumferential position & and the
hardening exponent n,

I, = integration constant which is a function of

n only,

Oo5 Eg3 I = yield stress, yield strain, and strain
hardening exponent, respectively, in the '
Ramberg - Osgood formulation of the

plastic deformation curve, as given in

=0 ()" R ¢ <3 8
o] o]

where a is a material constant. In Eq (1.30) the J -
integral is the amplitude of the crack tip singularity
fields, that is similar to the use of the stress intensity
factor, K, as the amplitude of the elastic singular field
for small scale yielding. Thus the same J values means
the same conditions imposed on the crack tip region.
Furthermore, the conditions at the crack tip ﬂerive the

power of the singularity in stress as r (1/(n+1))
-n/(n+1)

and

in strain as T so that the singularity of the

specific energy density, oe, is rl

If the crack tip opening displacement, Sy is defined as

the distance between the intersections of two 45° lines

(a total angle of 90°) drawn back from the tip with the

deformed crack surface (29). The relation between J and

Gt may_be written in the form, Gt = d, (J/o,), where the
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coefficient, d_, is strongly dependent on n and

mildly dependent on e (41). Therefore, the crack tip
field can also be expressed in terms of the crack tip

opening displacement as follows

cij (6,n) coesose(l.32)

o..=co[ E‘St :|'I_1%—I~
If a finite size specimen is deformed such that relatively
large shape changes occur then the crack tip stress and
strain fields are no longer described by the HRR field.
Shih and German have investigated three major kinds of
specimen shapes, namely a single edge cracked panel in
tension (SECP), a cracked bend bar (CBB), and a centre
cracked panel in tension (CCP). The investigations show
that the size of the region at the crack tip dominated

by the HRR singularity is much larger in the bend specimen
than in the centre-cracked panel and similar configurations
where the ligament is subjected primarily to tension for
contained and large scale plasticity, The hardening

properties also increase the size of this region.

1.4 Inexpensive Methods for Estimating Kie

The testing procedure for plane strain fracture toughness,

Kic requires that the size of the specimen must increase

with the square of the ratio of the KIC/0y5° This
results in prohibitively large sizes for high-toughness,

low-strength materials. To overcome this disadvantage,
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many specimens which are smaller and less costly than
standard KIC specimens have been used to measure the
fracture toughness or to measure the notch toughness
and then convert it to the fracture toughness by

empirical equations.

1.4.1 Standard CVN Impact or Slow-Bend Test Specimens

Prior to the development of fracture mechanics, the

Charpy V- notch impact test specimen (42) §s the one most
widely used to determine the toughness behaviour of
structural materials. In fact, even today it is still
widely used for quality control, which is based on
empirical correlations between Charpy tests, and more

appropriate tests or service experience, because it is very

fast to conduct, inexpensive, and simple to use, although

it has a blunt notch and small size.

Based on a lot of experimental data accumulated, it is
possible to establish empirical correlations between

K;c and CVN test results. Furthermore, it is considered
that there is a possible theoretical basis for such
empirical correlations due to the recent development of
the J-integral concept (2), although it has been

considered (43) that the empirical Charpy-K;. correlations

could be extremely misleading.

The Barsom~-Rolfe-Novak correlation (2) was established for

the upper shelf region, as follows
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CVN ‘
(0. ) =0.65 (‘0?5'-00009) ottotooocoto(l-SS)

Where KIC is the plane strain fracture toughness at low
loading rate (MN/m3/2 ; Oyg is the yield strength at the
upper shelf temperature (MN/mz); CVN is standard Charpy
V-notch impact test values at upper shelf temperature

(Joules). At the upper shelf temperature, the effects
of loading rate and notch acuity are not so critical as

in the transition temperature region.

Sajilors and Carten (44) established another correlation

for the lower shelf and transition temperature, it is

_ 3 :
Kye = 14.62 (CVN) S ¢ I 15

where K;- and CYN are in MN/ms/2 and Joules, separately,

1.4.2 Precracked CVN Impact or Slow-Bend Test Specimens

The precracked Charpy V-notch specimen is introduced to
eliminate the machined notch in the standard Charpy V-notch
specimen (45) " the specimens can be tested under the
condition of slow or impact loading. By instrumenting

an impact testing machine with strain gauges, the output
from which is recorded with an oscilloscope, measurements

of fracture load can be obtained then values of KId are

estimated §46). A correlation in the transition temperature

region is given by (47)

= =A (CVN) N ¢ <3



Where E is Young's modulus, A is a constant, which
equal to 5 for low strength structural steels. KIC
and CVN values are obtained at a particular test

temperature, and at the same strain rate.

1.4.3 Charpy V-notch Specimen with Side Grooves

Side-grooved Charpy specimens have been proposed for
estimating Jy. fracture toughness values of nuclear
pressure yessel steel in reactor surveillance programmes.
Then the equivalent stress intensity fracture toughness
values K;~ can be calculated from J;..

The Charpy size specimens were pre-cracked to a crack
length/width ratio of 0.5, and to introduce 0.25 mm root
radius 45 deg V-notch side groove of varying depth along

the edge of the test piece, with total side groove depth

ranging from O to 6 mm (12)

Side grooves effectively increase lateral constraint in
the specimen. Furthermore, at sufficient side groove
depth, the point of initiation of slow crack growth
approaches maximum load or fracture instability, as -shown
in Fig. 1.12. It is apparent from the experimentation
that with a precracked Charpy specimen containing 30% side
groove depths, values of K;~ can be determined within

10% (JIC within 17%) simply from maximum load J max

measurements for SAS533B-1 steel.  Furthermore, it has

been found that this procedure using side-grooves to
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promote instability at crack initiation may not be
so effective for all materials. For example, it is
indicated that in the specimens with total side-
groove depths of 40% and 60% of thickness on mild
steel crack extension of the order of 1 mm occurs

before maximum load is attained (48).

1.4.4 Short Rod and Short Bar

1.4.4.1 Specimen

Recently, short rod and short bar methods for measuring
plane strain fracture toughness were proposed (49). The
specimen configurations are shown in Fig 1.13 (50). The
short rod or short bar method of measuring the fracture
toughness is much more obviously based on the steadystate
crack -configuration. No fatigue precracking of the
specimen is necessary and no crack position measurement
is made. The fracture toughness test is very simple to

perform. The method is applicable to elastic and elastic-

plastic materials.

The difficulty of maintaining plane-strain conditions along
the crack tip can be largely overcome by using specimens in

which very thin slots along the sides of the specimen serve

as crack guide (51). When the plastic zone is smaller

than the slot thickness, the non-plane strain regions will
be comparable in size with the plastic zone, as shown in

Fig. 1.14(a). However, when the plastic zone is larger than

the slot thickness, the non-plane strain region may be

-390~
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FIGURE1.13 Short rod and short bar specimens with

_40_

straight chevron slots (After L. M. Barker)



| BOUNIDARY CRACK TIP
/

PLASTIC ZONE \

SLOT -  REGION OF /
THICKNESS NON - PLANE STRAIN

(a)
PLASTIC ZONE

/ BOUN‘DARY /CRACK TIP \

l -y L‘\

o

LOT \

HICKNESS REGION OF
NON-PLANE STRAIN
(b))

FIGURE 1.14 Schematic of the plastic zone boundary at
the crack front (After L. M. Barker)

a r.du —

<i| T

FIGURE 1.15 Plane view and side view of specimen with
crack advance increment

— — —
o m— —

F

-41-



limited primarily by the thinness of the slots, as shown

in Fig. 1.14(b).

The results of a recent study on the effects of Chevron
slot thickness and the sharpness of the slot bottoms
indicates that slot both thinness and bottom sharpness help

to promote good plane-strain conditions along the crack

front (50).

1.4.4.2 ~ Process and Theory

The short rod or short bar specimen is tested by a slow
tensile load on the specimen. The crack initiates at the
chevron tip with a low load level so that the associated
energy release rate is too low to maintain continuing crack
growth, therefore additional load is necessary for crack
extension until it reaches a critical length.

Thereafter, the load decreases with increasing crack
length, but the crack growth can still be stable with
controlled displacement loading. It has been found
experimentally that the critical crack length is a constant
for a given specimen geometry and loading manner. The
peak load, occurring when the crack passes through the

critical crack length, is used for calculating the fracture

toughness.

In order to find the relationship between the maximum
load Fo, the specimen geometry, and fracture toughness K

IC
Barker used a short rod or short bar ‘specimen of fixed
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overall geometry, and obtained the relationship

between FC and KIC by comparing with materials of known
Kic values determined by standard methods. Recently,
calibration factor, A, of the short rod and short bar
specimens was made by means of experimental compliance
(52, 53).

measurements During the compliance calibration,

the assumption was based on that the change in compliance
with crack extension for the chevron notch specimen is

the same as that for a straight-through crack. Additionally
a three-dimensional finite element method was also employed
to calibrate the stress intensity coefficient in the short
rod specimen (54, . It is reported that the results are

in very good agreement with the experimentally obtained

values.

The LEFM derivation

Because the critical crack length, a., at the peak load,

Fos is a'property of the specimen geometry and is independent
of the specimen material for LEFM tests, the peak load Feo,

is used in a simple equation to calculate KIC'

Under plane strain conditions, the energy required to

advance the steady-state crack a small distance, Aa (see

Fig. 1.15) is

bw= GICbﬁa ...ﬂ........(1.36)

where b = average width of the crack front between a and

atba,
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I

AW = energy, which comes from the irrecoverable

work done on the specimen

Grc created energy per unit area of new crack

surface

Because the force F causes the front of the specimen to
open an amount, X, the irrecoverable work, AW, done
in advancing the crack the additional distance, Aa, is
given by the shaded area in the triangle OAB (see Fig.
1.16). This area is given by

AW = }FAX cressscessaa(1.37)
where F is average load between A and B, AX is
longitudinal separation of the release paths at the F.
The incremental change in elastic compliance in loading

from A to B 1is

veesssseenss(1.38)

=
(@]
[
i

From Eqgs. (1.36), (1.37), and (1.38), we obtain

= ¢ d4c

G1c = & Ceeeeeenness(1.39)

Essentially, this equation is the same as the Eq. (1.6).

Using the plane strain equation relating GIC and KIC after
£ »

some manipulation, Eq. (1.39) becomes

Kep = F f(a/B)
IC
33/2(1-v2)i

srsesemsenesEad0)

where B is the specimen diameter, and
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f(a/B) = [Bd(czB%) : cererenneess(1.41)

Since the critical crack position scaled, ac/B, is a
constant, the value of £(%/B) in Eq. (1.40) at the

maximum load, Pc’ is a constant, A = £(%c/B). Therefore,

we have
XK = AFc
Ic ..I......l.l(1.42)
B3/2(1—v2)%
or simply
K = AF?
IC l.lﬂlb.ti'l.(1.43)
B

Comparing to the ASTM standard specimen for KIC’ the short
rod calibration constant, A, has been found to be 22 (55).

From compliance calibration of the short bar specimen with

9=55°, 4%/ = 0.516, the constant A = 22,28 (53);

The Elastic-Plastic derivation

The relaxation path no longer leads back to the origin in

the elastic-plastic case, because of finite plastic
deformation around the crack tip during the loading path (56).
The shaded area CABD (see Fig. 1.17) is the additional
irrecoverable work done in loading from A to B to create

the new crack area, bAa. The area CABD is approximated by

the trapezoidal area CA'B'D, which is given by

-46-



AW=131(1+p) FAX isnsesenssss (1+44)

where p = %%Q, which is the degree of plasticity exhibited
by the specimen between two points on the loading curve.

p can be measured experimentally by making a plot of load vs.
load-point opening of the specimen, being sure to draw
relaxation slopss from two points A and B.

A value p = O would mean that the specimen suffered no
additional plastic bending during the loading from A to B.

A value p = 1 would mean that no crack growth had occurred,
and that AX is entirely attributable to plastic

deformation of the specimen.

The change in compliance between the two relaxation paths

is
AC= (l-p)ﬁ -o--ooooo--|(1-45)

F

From Eqs, (1.37), (1.44), and (1.45), we obtain

GIC= (%;%) ;B(g_g'] ‘l!!.l!.ocnn(l.‘dﬁ)

Applying the LEFM translation to G;ec» then we obtain

_ l+4p 1 AF
K v ( TR R R I I I B 1-47
Ic = I:%) 53%2 ( )

It should be noted that F. may not be the peak load in
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elastic~-plastic specimens, and p is not a constant

with the crack length generally.

Recently, experimental procedure and data analysis method
in details for short rod and short bar fracture toughness
tests of metallic materials were suggested by Barker (57)
It is well known that the larger plasticity precludes
meaningful short rod K;. results. The minimum specimen
diameter,B, for a valid K;c test should satisfy
B?I’O(KIC/Uys)Z' Additionally, the magnitude of the

plasticity parameter, p, should be less than 0.20 (57).

1.5 Microscopic Features of Fracture

A general approach is to ddvide microscopic mechanisms of
fracture under monotomic loading into two groups (58),
Transgranular fracture, by:

Microvoid coalescence

Cleavage

Quasicleavage (combination of cleavage and micro-

void coalescence)

Intergranular fracture, by:

Grain-boundary separation, with or without micro-

void coalescence.

1.5.1. Cleavage Fracture

Cleavage may occur in BCC and HCP metals and is usually

associated with rapid'loadinguénd low tempefature.

Cleavage leads to a fracture surface composed of flat, shiny
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facet because of its crystallographic nature. The
crack is essentially flat and approximately normal to
the operative tensile stress axis, but cleavage
fracture propagation will probably have to change
direction as it crosses a grain boundary, a twin
boundary or a subgrain boundary, because of the
different orientations of adjacent grain and because
the crack follows specific planes (eg {100} in a=iron).
If the boundary is a high angle, the crack may restart
in the adjacent grain. However in the case of a low angle
boundary, many small parallel cracks may form, with
cleavage steps between them. These steps run together

to form larger steps and lead to the characteristic river

patterns,

Although cleavage is crystallographic in nature, in metals
local plastic flow will begin when the local stress reaches
the shear yield stress, and a cleavage crack can initiate
after some critical displacement has occurred at the crack
tip. A number of models have been proposed to explain

the nucleation of cleavage cracks on the basis of

dislocation movement. For example, Smith (59) proposed a

following process:

1. plastic deformation leads to the pile=-up of

dislocations along the slip plane of a grain at

an obstacle.

2. build up of shear stress at brittle grain boundary

cementite particles nucleates a microcrack.
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Because the propagation of crack nuclei is governed

by tensile stress, thus carbide microcracks propagate
into the ferrite matrix under the combined influence of
the épplied tensile stress and dislocation pile-up
stresses, although the dislocation pile-up stress

usually makes a rather small contribution to the total

fracture stress.

1.5.2 Intergranular Fracture

Intergranular fracture occurs by grain boundary separation,
with intergranular cleavage or microvoid coalescence.

Most intergranular fractures have a distinguishable
appearance. However, some intergranular fractures seem

to be similar with other types of fractures. The reason

is probably the presence of grain-boundary phases which
are weak or brittle, or environmental factors such as

stress corrosion.

Many intergranular fractures, such as those caused by
hydrogen embrittlement, stress corrosion, brittle grain-
boundary phases and quench cracking show little or no
evidence of dimples and they have a rocky appearance,
but in some instances, intergranular fractures exhibit
dimples within a thin layer of metal at the grain
interfaces, such as high strength alumium élloy (58),

hydrogen embrittlement of 15MnVN steel in welding HAZ.

Intergranular fracture is usually formed because residual
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elements such as P, Sb or Sn have segregated to prior-
austenite grain boundaries. They reduced the
intergranular cohesive energy. Recently, the local
intergranular fracture stress has been measured as a
function of the grain-boundary concentration of

embrittling elementstﬁo).

1.5.3 Microvoid Coalescence Fracture

There is now abundant evidence that the ductile failure

of polycrystalline metals occurs by the nucleation, growth,
and subsequent coalescence of internal voids. Inclusions
and hard second-phase particles are generally believed to
be principally responsible for the initiation of
microvoids. Even when they are present in a relatively
small quantity, such as oxide inclusions in electrolytic
copper (58). In low-strength steels, voids form by the
separation often, at very low local strains, of the
interface between the ferrite matrix and non-metallic
inclusions, such as sulphide, and aluminium oxide

particles. Fracture of rod-shaped chromium carbide

particles, (Fe,Cr)ZSCG, in stainless steel can cause the

nucleation of the voids (61). The ductile fractufe of

steels containing a significant volume fraction of
cementite follows a dual scale process of void nucleation

and coalescence with large voids forming at non-metallic

inclusions and finer more numerous voids at cementite

particles (62’633. The intermetallic dispersoids can

also be provided sites for void nucleation in.aluminium

alloys (64].
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As strain increases, microvoids grow, coalesce, and
eventually form a continuous fracture surface
consisting of the small dimples, which show evidence
of the initiation points at the particles.

Depending on the mode of fracture (tension, shear and
tensile tearing) the dimples may have equiaxed or

elongated shapes.

1.6 Prediction of Fracture Toughness from

Critical Fracture Stress and Fracture Strain

Recently, considerable attention has been directed to
determine the relationship between uniaxial flow properties
and the plane strain fracture toughness. Developing this
relationship brings several benefits, First, the

present knowledge of the effects of metallurgical

variables on the uniaxial flow properties could be used

to predict changes in Kice Secondly, Kic values could

be predicted for such conditions as laboratory test
specimens are too large to test practically, Further-
more the influence of operating pressure-temperature and

irradiation to the possibility of failure of the ferritic

reactor vessel materials could be determined.

The fracture process initiates in the plastic zone
encompassing the crack tip. The material in this zone
yields, fléws and finally fractures. Consequently,
fracture ‘toughness must be determined pértly by the
mechanical properties of the material near the crack tip

on a microstructural scale. Empirical and theoretical
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models have been developed to predict the fracture

toughness from the mechanical and metallurgical

parameters.

1.6.1 Critical Fracture Stress Model

Early, Hahn et al (65) developed an empirical
correlation for cleavage fracture between the
mechanical, metallurgical parameters and fracture

toughness, after examining a number of representative

sets of data:

. o* o R
IC
a'f‘ [U_.] N ¢ B T:)
y

where a and B are empirical constants having most

suitable values of a = 2,35, and B = 0.33; 0; is cleavage

fracture stress; Oy is yield stress of the material at the

crack tip.

Since U% appears to be independent of temperature, strain

rate and irradiation, variations in KIC should directly

reflect variations in yield stress.

Tetelman et al (66) proposed a theoretical model. The
cleavage fracture will initiate in cracked specimen of
low alloy steel, when the maximum tensile stress level
in the plastic zone ahead of crack, o M&X

y >’
critical value c%. This value is a microscopic

reaches a
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cleavage stress and is a function of grain size and
other metallurgical variables. The relationship between
KIC and microscopic strength for low alloy steels is

that

o* i
Kp = 2.9 [exp(3§ -1)-1 ] Pod i iiiienees.(1.49)

Here U; is microscopic cleavage stress, o _ 1s uniaxial
tensile yield strength; Po is a critical value of the
notch radius which is equal to 0,002 in. for a fatigue
crackéd specimen of A533B steel. Thus, KIC can be
predicted at low temperatures where unstable fracture
occurs when a critical tensile stress, o%, is achieved

in the plastic zone ahead of the crack.

Ritchie et al (67) have presented an analysis which
related c% to KIC' This analysis is based on accurate
numerical elastic-plastic solutions for the stress
distribution ahead of a sharp crack. This criterion
for unstable slip-initiated cleavage ahead of sharp

cracks requires the local tensile stress, o y» to exceed

a critical fracture stress, 0, over a microstructurally

significant characteristic size-scale, 2%. The fracture

toughness of a ferritic steel 1is the stress intensity
which must be applied to achieve the critical
combination of stress and distance at ahead of the crack

tip, an expression for the fracture toughness is

obtained,
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-( (N+1)/2) : . ( (N+1)/2)

Kie = B Lt °
IC 0 N0/ D) ] eesesssol(l.50)
y
(1-v) 7 Y1)
where B=f(N) [T—T— ]

0

and values of I, f£(N), and B8 are function of hardening
exponent, N; e is yield strain. Therefore, failure at
the lower shelf has been modelled using the critical
fracture stress criterion. Quantitative prediction of
the variation with temperature of the cleavage fracture
toughness in mild steel using a characteristic distance
of the order of two ferritic grain diameters is shown

in Fig. 1.18.

Experimental determination of critical fracture stress,

*

ok values is achieved by fracturing V-notched four-

point bend bars at low temperatures (68) | The nominal

bending stress at the onset of instable failure is
measured and using the finite element stress distri-
bution for this particular specimen geometry, the
critical values of the maximum principal stress at the

max_

crack tip (cyy a%) can be computed. Values of yield

stress used in computation is corrected for the

particular crack tip strain rates.

1.6.2 Critical Fracture Strain Model

In metals, plastic flow is induced by shear stresses, which

cause dislocation movement, and which may be measured by
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an effective stress, o, which is proportional to the

root-mean-square of the principal stresses 0112 9225 and

O35 that is

5 ¢ [1031-055)" + (9557059 + (o550, 1]E s

The mean or hydrostatic stress is

_ 1
Um = 3(011+0’22+033) -.......(1.52]

which may be combined with o into a single non-dimensional
parameter, °m, which characterizes a stress state and is

a measure of%its tri-axiality.

The extent of plastic flow is usually expressed by an
effective plastic strain, Eﬁ‘ For the notched round
tensile specimen the stress state and effective plastic
strain at the centre of the neck at failure initiation;
which is a point when the average axial stress dropped
sharply prior to final failure, are respectively

expressed by (69)

QWEQ
W=

+ zn(1+_%%2) ceereen (1.53)

M1
n
L)
o
=
e
0-10-

o

—

N ¢ TS
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where d_ and dmin are the original and minimum radii of
the notched cross-section respectively; p is the notch

root radius.

Mackenzie et al (69) have proposed a stress modified
strain criterion for ductile failure where a critical
fracture strain, E%, ig‘locally exceeded over some
microstructurally significant characteristic distance,
ig, which may be expected to be the inclusion' (or void)
spacing, or some small multiple of the inclusion spacing.
Fracture strain, Ef, values are determined from notched
round tensile tests. ' Thus a plot of fracture strain vs.
stress state can be obtained. The critical fracture
strain, E;, used to predict fracture toughness is taken
as the value of Ef corresponding to the particular stress
state at the characteristic distance, 2;, from the crack

tip in Fig. 1.19.

The critical fracture strain model can be expressed in
the form (70)

Kie = C [ E;.Rg.cy.E] L .s8)

where C is a constant which is related to the distribution
of the effective plastic strain near the crack tip.

Ritchie et al (68) have considered that this model provided

a good prediction of fracture toughness in SAS533B steel.



1.7 ~Computational Model for Ductile Fracture

Derived from Experimental Void Kinetics Data

The ductile fracture generally occurs by the formation
and subsequent growth and coalescence of voids or
cavities, both in nominally uniform stress fields and
ahead of an extending crack [71], Void formation
occurs either by particle fracture or by separation of
the particle-matrix interface. The nucleation in
A533B steel occurs at manganese sulfide and alumina
inclusions (72}, Then the voids grow by plastic flow
around the voids. The coalescence occurs by localized
fracture on sheets between the voids, where the sheets
consist of smaller voids, which nucleate at iron carbide

inclusions.

1.7.1 ~Nucleation of Voids

A variety of criteria for void nucleation have been
proposed in the literature. Goods and Brown (73) have
recently reviewed a number of theoretical descriptions of
this phenomenon. They are based on consideration of

local energy balance, normal stresses or shear strains

at the particle-matrix interface,

There is evidence in the literature that nucleation is
mainly a function of the plastic shear'étrain, Ep, and

there exists a critical or threshold strain to cause
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void nucleation. Below this strain voids do not occur.
It has been £ound(74) that some voids start to form from
the larger inclusions at very small strains and continued
to form during the subsequent deformation. It has also
been shown that this nucleation strain is affected by a
number of parameters including particle shape and
orientation, particle strength and the strength of the
particle-matrix interface, and stress state. Thus void

nucleation often occurs at different strains for different

types of particles or in different steels.

EPRI report (72) has indicated from experimental
observations in A533B steel that after a threshold strain
is reached, the number of voids rapidly increases with
continued loading to a second threshold strain level.
Thereafter, the number of voids increases much slowly
with further strain. These observations are summarized

into a bilinear nucleation process:

=
]

“P_ =P
o N1 (e el), €,<ev<e,

=z
1

o = Nl (Ez_el) + NZ(EP”Ez), 82<Ep on.ac(l-Sﬁ)

where N0 is the total number of voids per unit volume;

N1 and N2 are constants representing specific void
densities, € and €, are strain thresholds; el is vlastic

shear strain. The results of the tensile tests for AS533B
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steel suggest that N; = 5 x 10 en”3, N, = 1x 10° cn™3»

and € = 0.11, &, = 0.13.

1.7.2 Growth of Voids

After nucleation, the voids grow gradually by plastic
flow, elastic strain, and thermal expansion (72). As
compared with plastic flow, however, influence of elastic

strain, and thermal expansion is usually small.

McClintock (75), Rice and Tracey (71) have shown that void
growth depends strongly on both plastic strain and degree
of stress-triaxiality. The void growth rate is
significantly elevated by the super-position of hydrostatic

tension on a remotely uniform plastic deformation field.

The theoretical Rice-Tracey law for void growth in a non-

hardening material may be simplified and rewritten for

-30
. . L m
% = 0055865p51nh('2—'a—) 100000000-(1-5?)
where %B is the average radius change of the void; ¢ is
1

the effective stress; AeP is the change of plastic shear
strains; o is the average stress and tensile (negative)
value leads to void expansion, It is apparent that the
void growth depends on both plastic strain and degree of:

stress triaxiality. Rice and Tracey have also noted
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that a tensile test ductility is independent of the
absolute void size or spacing, but dependent only on

the volume fraction. The void volume change may be

calculated from

\ ) _ -30
o= %%)SZexp(S(O.SSS)Aep sinh(z—" ) .....(1.58)
0 (0]

where Vo and Vv are the initial and final void volume,

separately,

The alternative linear growth law was obtained
experimentally from measurements on a series of notched

and unnotched tensile specimens (72},

V, =V, exp [ -Tlfg (EP—EE)] ceeeneer.(1.59)
where Vv is the measured final relative void volume, which
is the cumulative sum of the nucleation and growth
histories for each material element; Vc is the specific
volume of inclusion; e? and Eg are the final and
nucleation plastic shear strains, respectively; T1 is a
dimensionless growth coefficient, which is the slope of
the linear fit to the experimental data in a plot of void
volume versus strain, For SA533 Grade B Clas I steel,

T, is equal to 3.2.

It is found in the EPRI réport that the theoretical
Rice-Tracey growth law appears to agree fairly well with
the experimental growth law, when the ratio, “m is less

than one. o



“1.7.3 Coalescence of Voids

Hancock and Mackenzie (74) have shown that the deformation
before the marked drop in average stress, which is defined
as failure initiation, is characterized by homogeneous

void growth. Shockey et al (72) have shown from experimental
observation on the A533B steel that material failure is
defined to begin or void coalescence is assumed to be
triggered, when a critical relative void volume of about

1% is attained. During the linking up of voids, the

large voids often do not touch each other at failure
initiation, but are linked by localization in sheets
containing a second generation of much smaller void growth
based on carbides or other precipitates between the large
voids. In order to produce the necessary amount of small-
scale void growth, high local strain and an enhanced
stress-state is required. And these conditions may be
produced by a plastic instability. The current void
kinetics model does not describe void coalescence
realistically and therefore cannot be used with confidence

to predict stable crack growth and eventual structural

instability.

Based on observed fracture phenomenology and experimental
void kinetics data, a computational program for ductile
damage in the form of voids with computed stress and
strain histories was constructed (’2).  The model may be

used to calculate standard measures of fracture toughness

such as ch, COD, and.COA. Lautridou and Pineau (96)
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have proposed that a mean value for the void growth;
R/ Ro can be calculated as a function of the loading
parameter COD at every position in front of the crack.
Then the critical COD corresponding to the critical
void growth RC/RO determined in notched tensile
specimens.can be calculated from the curves which

express the relation between R/Ro and COD.
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Section 2

TEST MATERIAL

All the experimental work was carried out on a
normélized carbon-manganese steel plate, which was
supplied by the British Welding Institute. The plate
6f 50mm thickness is to the BS4360 Grade 50D
specification, which is widely used in the North Sea
offshore structures. The prime requirements for this
steel are a combinafion of strength and brittle fracture

resistance with good weldability.

2.1 Chemical- Composition and Mechanical Proverties-

The chemical composition is given in Table 2.1. Tensile

tests were carried out using a 5000 Kgf Instron testing

machine at a crosshead speed of 0.05cm/min. The teﬁsile
specimens were designed to Hounsfield No. 12, as shown in
Fig. 2.1: The orientation of the specimens is along the
rolling direction. The test was conducted at room
temﬁerature, 20°¢c. The results obtained from the tensile
specimen tests are listed in Table 2.2, combined BS4360.

The uniaxial tensile load-extension curve is shown in

Fig. 2.2. The load-plastic extension curve is shown in
Fig. 2.3.

Hardness survey was carried out using a Vickers pyramid
hardness testing machine, with a 5kg load, HV5 average/

range = 174/(170-180) at the midsection of the plate.
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Table2.1l: Chemical composition (element weight, %)

Item Chemical analysis BS4360 Grade 50D
for test plate specification [76]
(2452-1, No.3571)
C 0.18 0.20(max)
Mn 1.42 1.50(max)
Si ‘ 0.23 0.10/0.50
S 0.008 0.040(max)
P 0.007 0.040(max)
Al 0.03 -

\Y 0.006 0.003/0.10*
Nb 0.006 0.003/0.10*
Cu 0.11 -

Ni 0.25 -
Cr 0.21 -
Mo 0.03 -
Co 0.01 -
Sn 0.008 -
Fe balance balance

*The total amount of (Nb+V) shall be less than 0.10%.

Table?*2 : Mechanical properties.

Item Test value BS4360 Grade 50D
specification
Tensile strength, MP, 542 490/620
Yield strength, MP, 349 340 (min)
Elongation, $% 40* 18 (min)
Reduction in area, % 76% -

*Values were measured by TENSOMETER
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2.2 Metallography

In order to investigate the steel microstructures in the
transverse section of the plate, standard metallographic
grinding and polishing were performed. The etching

reagent was 2% Nital.

2.2.1 Micro-constituents and Grain Size

Optical microscopes and a replica transmission electron
microscope were used to examine the micro-constituents

in the steel. Microstructural examination indicated

that the basic micro-constituents are ferrite and pearlite.
Upper bainite has not been found in this steel. Typical
micrographs are shown in Plate 2.1. In Plate 2.1(b),

the lamellae of ferrite and cementite are arranged in
colonies within which the ‘lamellae are roughly parallel
and uniformly spaced. There are slight changes in

lamellar orientation across a visible boundary.

A point counting method (77) was used to determine the
proportion of the phase constituents. This analysis

was carried out at 500 x magnification, measuring a total
of 100 points in a 10cm x 10cm square on the optical
microscope screen, taking average values‘from three
arbitrary counting sampling locations. The results

of the quantitative metallographic measurements showed

that the proportions of ferrite and pearlite phases

are 57% and 43% respectively.
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(a) : Optical micrograph, 2% Nital.

(b) : Electron micrograph of a platinum
carbon-shadowed two-stage carbon
replica, 2% Nital.

Plate 2,1 : Typical micrographs of pearlite and ferrite
=5 in BS.4360 Grade 50D Steel.
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The mean grain diameters for each phase have been
measured by the mean linear intercept method in seven
arbitrary directions and locations at 500 x magnification
with the measured length of 10cm on the microscope screen,

calculated by the following relationship

3 = Vg

o = E2 N 25
a

where aa is the mean linear intercept value for the a

phase; V¢, is the volume fractions of the o phase, L is the

total traverse length; and N is the number of grain of

o phase in the total traverse length. The mean linear

intercept values of ferrite and pearlite are 6.89 u and

8.62n, respectively. These values can be respectively

converted to ASTM No. 11 and No. 10 grain size numbers (78).

This quantitative examination indicated a fine grained,

normalized structure.

2.2.2 Banded Structure and Surface Decarburisation

A segregated structure of parallel or nearly parallel
bands which run in the direction of rolling-has been found

in the rolled and normalized BS4360 Grade 50D steel and

shown in Plate 2.2.

During the-solification of the C-Mn steel ingot, the

alloy element C, Mn, et al can be segregated in the

interdendritic area. Because the manganese dissolves

substitutionally in iron, it is very difficult to
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redistribute by diffusion during hot working. Thus,

the dark band in the micrograph is a Mn-rich band.

This fact could be witnessed by using electron probe
micro-analysis and scanning across a pearlite band.
Before examining, two lines have been marked by
microscopic hardness. The graphic recording is given

in Fig. 2.4. The measured values were corrected by a

computer programme.

Surface decarburisation occurred probably during the
normalized process. The average thickness of the de-
carburisation layer is about 0.25 mm. Vickers hardness
was measured with a Skg load. HVS average/range = 152/

(145-164). The principal micro-constituent is ferrite,

as shown in Plate 2.3.
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" Section 3

VOID NUCLEATION PROCESS ™

3.1 Smooth Tensile Bay Tests

Smooth tensile bar tests were used for investigating tﬁe
characteristics of the void nucleation, and its growth.
The tensile specimens were designed to Hounsfield No. 12.
The orientation of the specimens is along the rolling
direction. The tensile tests were carried out using a
5000 kgf Instron testing machine with a crosshead speed
of 0.05 Cm/min at room temperature, 20°cC. The load cell
of 1000 kgf was chosen. Because the material in the
necking région may experience complicated stress state
and strain histories after neck formation. It may lead
to error, if the final state of plastic strain is uséd

to correlate the void growth. Therefore a series of
tensile specimens were pulled at the various interrupted
uniform elongation before the neck formation to observe
the‘effect of the plastic strain on the void nucleation
and its growth. The load-extension curves were recorded

by Farnell Model W21l X-Y plotter. The results are
listed in Table 3.1.

The true stresses were measured as the instantaneous

load divided by the instantaneous cross-sectional area of
specimen. The true strains, er, Were measured as

the change in diameter across the mid-length in the

tensile specimens, according to the equetion,
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g
er = 22n(3) N 75

where d0 is the original diameter of the round tensile
specimen; d is the current value of diameter holding the
load. The measured true stress-strain curve at room
temperature was constructed point by point, as shown in
Fig. 3.1, This curve is only formed for strains lower
than about 0,185 which corresponds to the point of the
maximum load, Any point on the curve can be considered
as the yield stress for the steel strained in tension by

the amount shown on the curve.

The simple power curve relation for the true stress-strain

curve can be expressed in the form,

n
UT = KET -.-nuonol.ot(ScZ)

where n is the strain-hardening exponent and K is the
strength coefficient. Using the regressive computation,

the, following relationship is obtained

T - ET otai.oonnooo(303)

where the true stress, o,, is in MPa, This expression

is obtained in the true strain interval from 0.022 to 0.185.

Based on the Eq. (1.54), the plastic strain e_, in the

smooth tensile bars can be expressed as follows
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d
= y R;n o L B - IR S ) i4
s:p 2 X1 ('a" ) (3.4)

res

where d0 is the original diameter of the round tensile
specimen; d_ . is the residual value of diameter after
unloading. It was found from the practical measurement
that the quantitative differences between the true strain

and the true plastic strain are negligible.

As viewed from the volume constancy during plastic flow

and Mohr's circle of strain, it is known that using small

strain theory:

Ell+822+833=0 '....llB'...(s.S)

and

eP _ €117%33

e N I )

where €44, €,,, and €7 are the principle plastic strains,
eP is the diameter of Mohr's circle or plastic shear
strain. In the round tensile specimen test, in which
€92%€33,. it is assumed that €17 1is positive strain, and
€52 and €55 are negative strains, Thus we obtain

€
- 11
€p="'2—“‘ o.onoo--o.ao(:’)o?)

by the expression of the plastic strain, Eq. (3.4), the

plastic shear strain, &P, can be written a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>