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Abstract

Cleavage fracture in ferritic steels can be de�ned as a sequence of few critical steps. At
�rst nucleation of a microcrack takes place, often in a hard inclusion. This microcrack
then propagates into the surrounding matrix material. The last obstacle before failure
is the encounter of grain boundaries. If a microcrack is not arrested during any of those
steps, cleavage takes place. Temperature plays an important role since it changes the
failure mode from ductile to brittle in a narrow temperature interval.
In papers A and B micromechanical models of the last critical phase are developed

(cleavage over a grain boundary) in order to examine the mechanics of this phase. An
extensive parameter study is performed in Paper A, where cleavage planes of two grains
are allowed to tilt relative each other. It is there shown that triaxiality has a signi�cant
e¤ect on the largest grain size that can arrest a rapidly propagating microcrack. This
e¤ect is explained by the development of the plastic zone prior to crack growth. The
e¤ect of temperature, addressed through a change in the visco-plastic response of the
ferrite, shows that the critical grain size increases with the temperature. This implies
that with an increasing temperature more cracks can be arrested, that is to say that
less can become critical and thus that the resistance to fracture increases.
Paper B shows simulations of microcrack propagation when the cleavage planes of

two neighboring grains are tilted and twisted relatively each other. It is shown that
when a microcrack enters a new grain, it �rst does it along primary cleavage planes.
During further growth the crack front is protruded along the primary planes and lags
behind along the secondary ones. The e¤ect of tilt and twist on the critical grain size
is decoupled with twist misorientation o¤ering a greater resistance to propagation.
Simulations of cracking of a particle and microcrack growth across an inclusion-

matrix interface are made in Paper C. It is shown that the particle stress can be
expressed by an Eshelby type expression modi�ed for plasticity. The analysis of dy-
namic growth, results in a modi�ed Gri¢ th expression. Both �ndings are implemented
into a micromechanics-based probabilistic model for cleavage that is of a weakest link
type and incorporates all critical phases of cleavage: crack nucleation, propagation over
particle-matrix interface and into consecutive grains.
The proposed model depends on six parameters, which are obtained for three tem-

peratures in Paper D using experimental data from SE(B) tests. At the lowest temper-
ature, -30 �C, the model gives an excellent prediction of the cumulative failure proba-
bility by cleavage fracture and captures the threshold toughness and the experimental
scatter. At 25 �C and 55 �C the model slightly overestimates the fracture probability.
In Paper E a serie of fracture experiments is performed on half-elliptical surface

cracks at 25 �C in order to further verify the model. Experiments show a signi�cant
scatter in the fracture toughness. The model signi�cantly overestimates the fracture
probability for this crack geometry.
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Division of work

Below follows the description of the contribution by authors to each paper. 70% of
time was spent on work on Papers A and B, 20% on Papers C and D and 10% on
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Paper A: The model has been formulated by Stec and Faleskog. Stec developed the
FE-model of the micromechanical model, wrote analysis iteration routines, performed
all calculations and wrote the paper after discussion and according to revision sugges-
tions by Faleskog. Faleskog developed the material routines. Stec tested and improved
routines for the cohesive zone.

Paper B: The model has been formulated by Stec and Faleskog. Stec developed the
FE-model of the micromechanical model, performed all calculations and wrote the
paper after discussion and according to revision suggestions by Faleskog.

Paper C: Faleskog developed the probabilistic model and both FE-models. All quasi-
static analyses have been performed by Faleskog, while Stec modi�ed the model for the
dynamic propagation performed all those analyses and wrote a draft of the dynamic
part. Faleskog wrote the paper.

Paper D: Most of the micromechanics probabilistic model prediction program was
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written by Stec.

Paper E: The experiments have been planed by Faleskog. Öberg obtained the desired
crackshape. Stec performed fracture experiments, evaluated them and performed the
numerical evaluation. The paper was written by Stec, after discussion and according
to revision suggestions by Faleskog.
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Chapter 1

Introduction

Di¤erent materials with di¤erent properties satisfy di¤erent needs. Steels are common
materials that have been used for ages. Deep knowledge about their material properties
has been gained and they have been used in many solid structures found in everyday
life. Some of the main purposes of solid structures are to carry and redistribute loads
such that the component they constitute is safe and does not fail. Failure can be
avoided by correct dimensioning with respect to the anticipated stress state. This is
however not always su¢ cient since during the service time of a component, unexpected
cracks or �aws can form. This event can signi�cantly reduce the load carrying capacity
of a structure. As a result fracture can occur leading to �nal failure of the structure.
In order to increase the knowledge in the �eld of fracture mechanics, this thesis

presents a micromechanical numerical investigation of di¤erent stages of cleavage frac-
ture. The aim is set on the understanding of the fracture controlling mechanisms and
implementation of those mechanisms into an engineering model that predicts cleavage
fracture.
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Chapter 2

Cleavage fracture

Fracture of ferritic steels is characterized by a sudden change in fracture mechanism
from brittle to ductile with increasing temperature. Ductile fracture is seldom critical
since large plastic deformation accompanies crack growth. This can be observed and
appropriate measures can be taken before failure of the structure occurs. In brittle
fracture, a minimal development of plastic deformation takes place and a small micro-
crack easily becomes critical. Before it happens, usually several critical events must
take place: at �rst, a microcrack must be formed, it must then manage to continue to
develop and start to propagate through the surrounding ferrite material where it can
either be arrested or not. If a microcrack passes through few grains then there are no
more arrest mechanisms that can stop the propagating microcrack and failure can be
expected.
In ferritic steels, brittle fracture is frequently called "cleavage fracture" since a

microcrack rapidly cleaves grains of the structure along cleavage planes oriented in the
{100} directions. This can be seen in Figure 2.1 where the crack path is de�ected at
grain boundaries which are marked with white lines. If a microcrack is not arrested
usually no increase in the applied stress is needed for further propagation. The process
of cleavage is therefore highly unstable.
As mentioned earlier a change in temperature can alter the fracture mode from

ductile to brittle. The consequence is that structures then fail at signi�cantly reduced
load levels. One of the events that brought attention to this phenomenon took place
during the Second World War when Liberty ships broke completely into two while
sailing in the north far away from the combat (Anderson, 2005). This was caused by
a change in fracture toughness which is schematically depicted in Figure 2.2. At high
temperatures, the resistance to fracture is high, while at low temperatures, it is signif-
icantly reduced. An initially unharmful micro�aw can therefore cause a catastrophic
event when the temperature is lowered. The change in toughness occurs in a narrow
temperature interval that depends on the metallurgical treatment.
Usually the stress intensity factor, KIC, and the energy release rate , G, are used to
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Figure 2.1: Cleavage crack originating from a cracked grain boundary carbide ahead
of the main crack (from Lin et al. 1986).

Figure 2.2: Characteristics of temperature dependence on the fracture toughness of
ferritic steels in the brittle to ductile transition region.
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characterize toughness. Under small scale yielding (SSY) conditions, when the plastic
zone is small as compared to other dimensions of the object, the stress concentration
in a cracked body can be expressed as a function of the remote tensile stress.
Proper knowledge of the fracture behavior is necessary for all industries where

sudden temperature changes can take place. Nuclear industry, one of them, since
pressure vessels made out of steel are used to shield ongoing nuclear chain reactions.
In case of emergency, cold water is pumped in order to cool down an initially hot
reactor. This potential sudden temperature change is not the only event that can
shift toughness from a high to a low value. During operational time, exposure to
neutron radiation elevates the transition temperature and thus a sudden decrease in
temperature will lead to an even lower safety margin (Bush, 1974).

2.1 Micromechanics of cleavage fracture

Materials contain a number of irregularities and deviations from crystalline perfection.
In ferritic steels, the microstructure is composed of ferritic grains that are oriented in
a random manner. A large number of second phase particles, such as carbides, can
as well be found. Those microstructural elements a¤ect the development of a fracture
process before �nal failure takes place.
Steels are mainly iron-carbon alloys. In ferritic steels, iron has a body center cubic

(BCC) crystal form. Carbon form impurities that are surrounded by a ferritic matrix
material. At certain metallurgical conditions, the carbon content is redistributed by
growth of cementite particles (Fe3C). A structure of ferrite and cementite alternation is
then created and this is called pearlite (Callister 2000). Other phases are also possible
but they will not be discussed in this thesis.
A microcleavage in ferritic steels can be summarized by a few critical steps. At

�rst, a microcrack must form. This process can occur in a number of ways. At low
temperatures, the initiation often starts with a hard particle, such as carbide, that
breaks upon loading (i) (McMahon and Cohen, 1965; Hahn, 1984; Lee et al., 2002). At
higher temperatures, the initiation usually take form through some plasticity controlled
mechanisms (Hau�ild et al. 2005). Once a microcrack is initiated it must then manage
to propagate in the surrounding matrix material, ferrite (ii). This process introduces a
signi�cant resistance to growth and a microcrack is often arrested there. Other obsta-
cles in its way are the grain boundaries that create additional resistance to propagation
since the orientation of cleavage planes changes and so does the propagation direction
(iii). A schematic picture of all three critical steps can be seen in Figure 2.3, where a
microcrack is initiated by a cracked carbide and arrested at a grain boundary at left
end and by a high cleavage plane angle at the right end. If a microcrack manages to
propagate through a few grains, then there are no more mechanisms that can arrest it
and �nal fracture will take place.
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Figure 2.3: Critical phases of cleavage fracture. (i) Initiation of a microcrack. (ii)
Propagation into tougher surrounding material. (iii) Propagation over grain boundaries
into consecutive grains.

Throughout the years, there has been an ongoing discussion whether cleavage is
nucleation or propagation controlled. Some claim that the controlling event di¤ers
depending on the temperature since the mechanical properties of ferritic steels changes
with temperature as well. Lin et al. (1987) and Pineau (2006) discuss those mechanisms
and suggest that, at low temperature, cleavage is nucleation controlled, whereas with
increasing temperature cleavage becomes propagation controlled �rst by the particle
size and then, with further increase in the temperature, by the grain size. Chen et al.
(1997) noticed this dependence as well and they also found a dependence on the test
specimen type. It therefore seems that cleavage fracture is a complicated mechanism.

2.1.1 Initiation of a cleavage microcrack

The material behavior of steels changes with temperature and so does the microstruc-
tural response. Cleavage fracture initiation in ferritic steels depends on the temperature
and can therefore occur in various ways. At low temperatures, twin/carbide intersec-
tion can give rise to carbide cracking. This occurs usually in the pre-yield region or
during the �rst few percents of elongation. Lindley et al. (1970) found that the ori-
entation of broken particles in twinning does not have any preferable direction and
explained cracked carbides in twinning with dislocation pile-ups.
With increasing temperature as well as with increasing strain the amount of twin-

ning decreases. Microcracks continue to form under those conditions but now originate
mostly from cracked carbides. Strain hardening is responsible for the upcoming of
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most of them and, unlike twinning, new cracks continue to form up to the point of
fracture (McMahon and Cohen, 1965). Lindley et al. (1970) observed the develop-
ment of microcracks with increasing strain and found that the orientation of carbides
a¤ects cracking. In tension, the number of microcracks increases with decreasing angle
between the tensile axis and the orientation of the largest dimension of the carbide.
This has also been noticed by Gurland (1972) who performed tension, compression
and torsion experiments on steel with cementite particles. He found that cracks are
formed in carbide particles in a direction normal to the tensile strain imposed upon
the particles by the deforming matrix. He observed that cracks occur preferentially in
the larger particles which was also reported by Hahn (1984).
Fracture of hard particles after the onset of yielding is believed to be caused by a

�ber loading mechanism. An evidence for that is the relative location of the fracture
along the particle since the probability of fracture increases as the center is approached.
Moreover, the carbide crack density increases with increasing strain (Lindley et al.
1970). In a �ber loading mechanism, the particle stress increases with decreasing
distance to the center as well with increasing strain.
An evolution from cleavage by particle cracking to plasticity induced cleavage can

be observed with increasing temperature. Inclusions which, at low temperatures, are
cleavage initiators are then debonded and participate in the ductile fracture process
only by cavity growth. Another di¤erence between fracture initiation at low and high
temperatures is that at low temperatures several initiation sites can be found (not all
of them are critical) while at high temperatures usually only one is present (Hau�ild et
al. 2005).
Recently, Kroon and Faleskog (2005 and 2008) performed a micromechanical sim-

ulation of the cleavage process where a microcrack is propagating from a carbide into
the surrounding ferrite matrix material. They found that there exists a signi�cant
e¤ect of triaxiality on the largest particle size that can arrest a rapidly propagating
microcrack. For a given tensile stress a low level of triaxiality promotes the �ber load-
ing mechanism in the carbide with higher plasticity in the ferrite and higher stress
in the particle. This, in turn, implies higher crack speed in the carbide and greater
elastic energy release upon fracture. The critical stress required to initiate cleavage will
therefore decrease with decreasing stress triaxiality. They examined also the role of the
change in the rate sensitivity of the ferrite on the change of fracture toughness in the
ductile to brittle transition temperature. They found that for a given particle size the
critical stress that can initiate a microcrack, increases with about 10% as accounted
for the change in the rate sensitivity.

2.1.2 Propagation over grain boundary into consecutive grain

Microcracks are not preexisting defects. Once initiated they will grow until some mech-
anism or obstacle arrests them. In Figure 2.4 distribution of crack lengths obtained in
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Figure 2.4: Distribution of microcrack lengths in ferrite, tensile tests at -140 �C. Num-
ber of microcracks shown per 10000 grains (from McMahon and Cohen 1965).

a tensile test is shown. It can there be seen that about the same number of microcracks
is stopped within one grain diameter and before the end of the second grain is reached.
If the temperature is lowered the crack length as well as the number of microcracks
decreases. This is caused by twinning that becomes a major source of crack arrest and
that is enhanced by a decreasing temperature (McMahon and Cohen, 1965). Anderson
et al. (1994) showed that when a microcrack propagates over several grains, crack
arrest will most likely occur at the �rst grain boundary.

The role of a grain boundary as a natural propagation barrier is simple. Cleavage
planes of neighboring grains seldom have the same orientation and a propagating micro-
crack must therefore change its propagation direction whenever a new grain boundary
is encountered. The resistance over such crossing will depend on the orientation of the
grain boundary and the relative lattice misorientation between two neighboring grains
(McMahon and Cohen, 1965; Hahn, 1984; François et al., 1998; Flewitt andWild, 2001;
Qiao and Argon, 2003a, 2003b; Humphreys and Hatherly, 2004). Moreover, there exists
four modes of grain boundary fracture, as discussed by Crocker et al. (1996). The local
resistance will therefore di¤er from case to case of the grain boundary encountered.

Cleavage in ferritic steels follows planes oriented in the {100} directions. Due to
di¤erences in the orientation of atomic lattices of di¤erent grains, orientation in cleav-
age planes will di¤er from grain to grain. In order to exactly describe the orientation
of a grain boundary �ve variables are needed. In order to describe the relative misori-
entation between two neighboring grains only two variables are su¢ cient: a tilt angle,
', and a twist angle,  , see Figure 2.5. Grain A is here seen as the grain in which a
microcrack is nucleated. Eventually, the growing microcrack enters a new grain, grain
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Figure 2.5: Characteristic representation of cleavage plans of two neighbouring grains
and the grain boundary connecting those planes.

B.
River patterns observed on micrographs of a cleavage surface indicate that cleavage

of consecutive grains occurs along several parallel planes that are connected by cleavage
steps. They were therefore grouped into primary and secondary cleavage planes by
Qiao and Argon (2003b) and Qiao and Kong (2004). The reason for this division is
connected to the micromechanical development of cleavage across a grain boundary.
When a microcrack enters a new grain, it does it �rst through a few evenly spaced
points, points where cleavage planes of both grains meet. Primary cleavage planes are
those that are more favorably oriented for fracture and where a microcrack propagates
at �rst upon entrance into grain B. Secondary cleavage planes are those that link
primary cleavage planes together and they are more di¢ cult to separate as compared
to the primary planes.
The entry of a microcrack into an individual grain can occur in di¤erent ways: either

from corners or from one or several sides. Entry from one side is the dominant way (Qiao
and Argon 2003a). Local resistance to fracture depends then on both misorientation
angles: tilt and twist. According to Gell and Smith (1967) and Qiao and Argon
(2003a), the twist angle has a greater e¤ect than tilt angle on the propagation of
a crack into the next grain. The reason for this is that, with increasing twist, an
increased cleavage surface must be cleaved and the microcrack is forced to propagate
along a grain boundary which requires a signi�cant amount of work associated with
plastic shearing and bending (Kong and Qiao 2005).
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A polycrystal has a larger toughness than a single crystal. Qiao and Argon (2003a)
examined this di¤erence and found that GICPC=GICSC = 3:17, where GICPC and GICSC
are the energy release rate of a polycrystal and a single crystal respectively. The main
contributions to the overall cleavage work of a polycrystal are the separation of cleavage
planes inside a grain and the work of fracture of the grain boundary. Cleavage work of
grain boundaries can further be divided into separation of principal boundaries, where
a microcrack encounters an uncleaved grain, and separation of secondary boundaries,
which connect grains that have already been cleaved. Separation of secondary bound-
aries is much tougher than separation of primary once, since cleaved planes of adjacent
grains do not meet at the grain boundary and a large surface must be sheared apart.

2.2 Models to predict cleavage fracture

In cleavage fracture the �nal failure has its origin in a microcrack. Such a microcrack
grows and overcomes all barriers that are in its way. By setting an energy balance,
Gri¢ th obtained a relation between the size of a microcrack and the stress that must
be exceeded for the microcrack to grow further. For cleavage fracture prediction this
relation implies that, once the size of a microcrack is known, then the magnitude of
the critical fracture stress can be calculated. A problem emerge if small scale yielding
(SSY) conditions are applied, since although the position of the maximal stress changes
with load, its magnitude does not, and an in�nitesimal small load can therefore cause
failure. This reasoning implies that the critical stress alone is not su¢ cient for the
description of the cleavage fracture toughness.
Ritchie, Knott and Rice (RKR) proposed that an additional requirement must be

ful�lled: the critical stress should be achieved over some microstructurally signi�cant
distance. The motivation for this requirement is the necessity of the microcrack to
propagate past some microstructural barriers and the distance of two grain sizes was
therefore proposed (Ritchie et al. 1973). This explains why structures do not fail upon
loading and resulted in a new fracture model that relates fracture toughness to material
stress.
The RKR-model predicts however a single value of the fracture toughness, whereas

signi�cant scatter in the toughness is found in reality. Curry and Knott (1978) ex-
plained the scatter by a di¤erence in the microstructure at the microscale from specimen
to specimen. Di¤erent behaviors can therefore be expected from two equal specimens.
A year later, Curry and Knott presented a model where cleavage involved a statistical
competition between di¤erent sized microcracks in the steep stress gradient ahead of
the crack (Curry and Knott 1979).
Since the beginning of the 80s, the dominating criteria for cleavage fracture are

based on a local approach, where an analytical or numerical crack tip stress-strain �eld
is incorporated into micromechanical criteria. The advantages of the local approach
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are the following: there are no limitations on the stress strain �eld since it is provided
from numerical calculations or analytical expressions; the parameters of local criteria
can be measured from di¤erent type of specimens (provided that they are in accord
with the global conditions) and parameters have some physical meaning (Pineau 1981,
Mudry 1987).
The most popular local approach has been the weakest link type (Beremin, 1983;

Wallin et al., 1984; Kroon and Faleskog, 2002), where the probability of failure is cou-
pled to the failure probability of the most critical event. The majority of the models
nowadays, originate from the Beremin-model (Beremin, 1983), which is a two parame-
ter Weibull model. Wallin (1991) showed the necessity of a three parameter Weibull
model in order to accurately capture the lower limit of the toughness below which no
fracture occurs. With time more and more micromechanical features have then been
implemented into fracture models. A thorough description of the development of the
cleavage fracture models can be found in a review by Pineau (2006).
All models have both advantages and drawbacks. So far there exists no common

model that can correctly predict failure for all possible loading conditions and fracture
geometries. Recently Hohe et al. (2008) compared toughness prediction of several
models. They found that for C(T) specimens all of the examined models gave a good
prediction, while for CC(T) specimens only the model proposed by Kroon and Faleskog
(2002, 2004) provided accurate results.
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Chapter 3

Summary of appended papers

This thesis deals with cleavage fracture in ferritic steels and can be divided into three
parts. Two of them are micromechanical studies of critical phases in cleavage and one
presents a model that predicts cleavage. A thorough micromechanical investigation
of propagation from one grain into an adjacent one is made in Paper A and Paper B.
Paper C is focused on the critical fracture phases involving a hard particle. This results
in a micromechanics-based model that is further examined in Paper D. The model is
veri�ed in Paper D and Paper E.

3.1 Summary of Paper A

Propagation of a cleavage microcrack from one grain into another is studied. The
mismatch between both grains is addressed with a variable tilt angle and the twist
set to zero. This implies that no modeling of a grain boundary is necessary. Stresses
are applied using a micromechanical axisymmertic model and a microcrack is allowed
to propagate at constant boundary stress. The e¤ect of temperature is addressed
using a temperature dependent viscoplastic material response. The critical grain size,
the largest grain size that can arrest a rapidly propagating microcrack, is found for
di¤erent sets of parameters describing the mismatch between two adjacent grains, stress
state, cleavage plane properties and viscoplastic properties. It is shown that stress
triaxiality has a great in�uence on the critical grain boundary and this can be traced
to a prestraining e¤ect that can give a large contribution to the plastic work per unit
crack advance. Also the e¤ect of the temperature, here addressed with a changing
viscoplastic response, predicts an increase in plastic work with increasing temperature.
This implies that the changing rate properties alter the toughness of ferritic steels. It
is also demonstrated that a microcrack can be arrested in a neighboring grain but that
happens under very special conditions since in most cases arrest occurs at the grain
boundary between two grains. The e¤ect of the tilt angle is here clearly visible through
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the critical grain size that increases with an increasing tilt angle.

3.2 Summary of Paper B

Micromechanical analysis similar to the one done in Paper A is presented. Here instead,
the mismatch between two adjacent grains is addressed by the use of both a tilt and
a twist angle. This forces a microcrack to propagate along a grain boundary that
connects cleavage planes of both grains. This event is visualized in the paper and
shows that when a microcrack propagates into an adjacent grain, it �rst does it along
primary cleavage planes, i.e. planes that are more favorably oriented for cleavage,
and later, along secondary cleavage planes that o¤er signi�cant resistance to cleavage
propagation. Separation of the grain boundary is also a very tough process. The
combined e¤ect of tilt and twist misorientation on cleavage toughness is examined. It
is shown that in the case when two grains are tilted and twisted relative to each other,
the critical grain size can be decoupled into one part that depends on the tilt angle
and another part that depends on the twist angle.

3.3 Summary of Paper C

A micromechanical model of an ellipsoidal elastic particle imbedded in a ferritic vis-
coplastic matrix is developed. A case of axisymmetric stress state as well as a case of
full 3-D, where all three remote principal stresses di¤er from each other are examined.
Both dynamic and quasi-static cases are considered. An analysis of the particle stress
depending on the remote stress is performed, resulting in an Eshelby-type expression
for the particle stress. The in�uence of the stress state on the critical carbide size,
the largest carbide size that can arrest a rapidly propagating microcrack, is examined.
Based on those results, a model for cleavage fracture of a weakest-link type is proposed.
In the model the cumulative probability of particle cracking is a two parameter Weibull
expression and the probability of the carbide initiated cleavage is controlled by the Grif-
�th expression modi�ed for the e¤ect of triaxiality. A general behavior of the model
is presented for a modi�ed A508 pressure vessel steel. The e¤ect of the temperature is
addressed by changes in the elasto-plastic and viscoplastic material response.

3.4 Summary of Paper D

Parameters of the model proposed in Paper C are obtained here for a modi�ed A 508
pressure vessel steel at three temperatures: -30 �C, 25 �C and 55 �C. The dependence
of each parameter is examined in this paper and data from SE(B) fracture tests is used
for the model validation.
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3.5 Summary of Paper E

Fracture tests on specimens with half elliptic edge crack are performed at 25 �C in order
to verify the model proposed in Paper C.
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Chapter 4

Results and discussion

This section presents and discusses some of the most important �ndings obtained in
the papers presented later in this thesis.

4.1 Micromechanical modeling of cleavage propa-
gation over grain boundary

In Papers A and B cleavage propagation from one grain into an adjacent one is exam-
ined. This event is important in cleavage fracture since it represents a natural barrier
to cleavage fracture and can make a di¤erence between cleavage and no cleavage. The
main purposes of those papers are: to investigate the in�uence of the stress state on the
cleavage arrest mechanism, to address the temperature dependence using rate depen-
dent viscoplastic response and to �nd out how tilt and twist misorientations in�uence
the resistance to cleavage fracture.
At �rst, the e¤ect of the stress state will be presented. The Gri¢ th relation predicts

the critical size of a microcrack that must not be exceeded if a microcrack is to be
arrested. The size of this Gri¢ th microcrack can be related to some micromechanical
dimension such as grain size. This theoretical relation depends however on the remote
axial stress, �Z , and is not in�uenced by the state of the triaxiality. The model used
in papers A and B allows for modeling of di¤erent triaxialities, �R=�Z , with �R as
the remote radial stress of an axisymmertic model. The results of such an analysis are
presented in Figure 4.1, where the critical grain size, RcGB, is found for a case de�ned
by:  = 22:5 �, ' = 0 � and the viscoplastic properties corresponding to the upper
transition temperature.
It can be seen that for higher triaxialities the critical grain size decreases with in-

creasing axial stress, as predicted by the Gri¢ th relation. At low �Z=�0 the critical
grain size show little dependence on the triaxiality. With increasing axial load, depen-
dence becomes more visible and it seems that RcGB increases with decreasing triaxiality.
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Figure 4.1: E¤ect of stress state on the critical grain size for  = 22:5 �, ' = 0 � at the
temperature corresponding to the upper transition region.

At �R=�Z = 0:55, micromechanical study predicts an e¤ect that is opposite to the one
predicted by the Gri¢ th relation, since critical grain size increases with an increasing
remote tensile stress. This e¤ect is visible in all cases for the di¤erent temperatures
and misorientaitons examined in Paper A.
The upturn in RcGB with increasing �Z=�0 is in�uenced by the following mecha-

nisms. 1) The grain size in unloaded con�guration di¤ers from the one in loaded con-
�guration. 2) The same applies to the tilt angle that changes with loading conditions.
The presentation of the results in initial con�guration can therefore be misleading. The
representation of the critical grain size in the deformed con�guration shows however
similar trends.
The remote stress state causes a severe plastic deformation. Its in�uence on the

development of further plastic work that accompanies crack propagation can be seen in
Figure 4.2 at di¤erent stress states. The presented microcrack propagation examples
were performed in grains that are only 0.001�m larger than the corresponding critical
one. A clear di¤erence in the plastic work developed at di¤erent stress states is visible.
Three cases: f�Z=�0 = 3:2, �R=�Z = 0:55g; f�Z=�0 = 3:2, �R=�Z = 0:65g and
f�Z=�0 = 3:6, �R=�Z = 0:65g, show similarities while one de�ned by; f�Z=�0 = 3:6,
�R=�Z = 0:55g, deviates. There, the plastic work per unit crack advance, �apz, is
much higher. This case also represents the case with the upturn in the critical grain
size with increasing axial stress.
Figure 4.2 shows that the prestraining signi�cantly a¤ects the critical grain size that

can arrest a rapidly propagating microcrack. This �gure also shows the development of
the plastic work along the crack path. Two peaks clearly stand out for each examined
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Figure 4.2: Plastic work per crack unit advance for di¤erent stress states at a temper-
ature corresponding to the upper transition temperature ( = 22:5 �, ' = 0 �).

case. The position of those peaks, at the grain boundary and inside the second grain,
denotes the location of frequent arrest of the microcrack. This can be explained by the
signi�cant plastic zone that can develop there and blunt a microcrack. Arrest between
both peaks is also possible but only occurs for very special conditions.

The temperature dependence of the ferrite has been addressed by the use of the
change in the viscoplastic properties. A material model used in this thesis requires two
temperature dependent parameters to describe the plastic rate sensitivity: m and _"0.
For further explanation see papers A-C. The in�uence of one of them on the critical
carbide size can be seen in Figure 4.3. A clear trend is that with increasing temperature,
increasingm, critical grain size increases. Since RcGB increases, less microcracks become
critical and the toughness of the material increases. The change in the critical grain
size when the temperature changes over the transition region, form brittle (m = 15) to
ductile (m = 25), is between 10% and 18% depending on the triaxiality. Some of this
increase in the resistance can be explained with increasing plastic work with increasing
temperature.

When a microcrack propagates across a grain boundary, it �rst enters the second
grain along the primary cleavage planes since they are more easily separated than the
secondary planes. Cleavage of the secondary planes, just as the separation of the grain
boundary, requires extensive shearing. During the continued growth, the crack front
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Figure 4.3: In�uence of the temperature dependent viscoplastic response on the critical
grain size ( = 0 �, ' = 0 �, �Z=�0 = 3:6).

is protruded along the primary cleavage planes and lags behind along the secondary
ones. This crack pro�le is kept until the arrest or during the whole cleavage.
In Figure 4.4 the in�uence of the tilt and the twist angles on the critical grain

size is presented. Each solid line corresponds to a case with one angle held at 0 �, as
denoted next to the line, while the other angle is altered. It is clearly visible that twist
misorientation can arrest larger microcracks than the same tilt misorientation. Twist
o¤ers therefore greater resistance to cleavage than tilt.
The two dashed-dotted lines correspond to cases when tilt or twist is held at 22.5 �

while the other angle is altered. Both show the same trends as the results of the
analysis with the constant angle held at 0 �. The only di¤erence is that they are shifted
to higher value. A more thorough evaluation made in Paper B shows that indeed the
critical grain size can be expressed as

RcGB( ; ') = RcGB(0
�; 0 �) � f( ) � g('), (4.1)

so that the twist in�uence is decoupled from the tilt in�uence.

4.2 Micromechanical modeling of carbide cracking

Hard particles such as carbides are present in ferritic steels. Initiation of cleavage can
often be traced back to those. A micromechanical analysis of the event of microcrack
propagation from a carbide into the surrounding ferrite is presented in Paper C. In
Figure 4.5 the critical carbide size, ccrit, which is de�ned as the diameter of the largest
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Figure 4.4: The in�uence of the tilt and the twist angle on the critical grain size at the
upper transition temperature (�Z=�0 = 3:6, �R=�Z = 0:65).

carbide particle that can arrest a rapidly propagating cleavage crack, is given for di¤er-
ent stress states. Triaxiality denoted here as the ratio of hydrostatic remote stress over
e¤ective remote stress can be related to principal stresses of the axisymmetric model
via �h=�e = [1 + 2�R=�Z ]=[3(1� �R=�Z)].
Generally the critical particle size decreases with increasing axial stress and decreas-

ing triaxiality. Fiber loading mechanism explains this behavior since with decreasing
triaxiality, plastic strain around the particle increases causing greater particle stress.
Upon fracture, this will result in a higher propagation velocity and a greater energy
release rate from a broken particle and thus a smaller particle size.
The tendency of upturn in ccrit with increasing tensile axial load observed at low

triaxiality, is similar to what can be observed in micromechanical study of microc-
rack propagation over grain boundary. Most probably this e¤ect can be explained by
prestraining as in the previous case.
At high axial loads and low triaxiality the critical particle size starts to increase

with increasing �Z=�0, which is contradictory to the Gri¢ th relation. This trend has
already been observed for the case of a microcrack propagation over a grain boundary,
where the e¤ect of triaxiality was opposite to the one seen here. Moreover when a
microcrack propagates from one grain into another, increasing triaxiality decreases the
critical size, while in the particle-matrix case the critical size increases.
The e¤ect of the temperature has also here been addressed through the change in

the temperature dependent properties in the particle-matrix case. It was found that,
just as for the case of cleavage crack growth over a grain boundary, the increase in
toughness with temperature can be related to rate e¤ects in the viscoplastic properties.
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Figure 4.5: In�uence of the stress state on the critical carbide size at upper transition
temperature. Triaxiality de�ned by �h=�e = [1:33, 1:83, 2:19, 2:67]. Gri¢ th relation
denoted with a thick black line.

It was observed that the critical particle size increases with the temperature, with
increasing _"0, until _"0 � 10�2 s�1 where a plateau is reached, see Figure 4.6. This value
of the viscoplastic parameter corresponds to the upper brittle to ductile transition
temperature. From this level a further temperature increase, modeled with a change in
the viscoplastic properties, does not result in a larger critical particle size, as explained
in Paper C.

4.3 Micromechanics-based probabilistic model for
cleavage fracture

The results obtained in Paper C enabled the development of a micromechanics-based
probabilistic model for prediction of cleavage fracture. The suggested model is of the
weakest-link type. The cumulative probability of the structure is given by

Pf = 1� exp
�
�
Z
V

Pprop (�) �npdV

�
, (4.2)

where V is the volume of the structure, Pprop is the probability of propagation of a
cracked particle, �np is the average density of the number of particles in the solid per
unit volume and � denotes the average stress acting on a material element �V . � is
connected to the last critical phase of cleavage (see Figure 2.3) since a certain stress
level must be provided over a microstructural distance , such as the size of a few grains,
for the microcrack not to arrest at the grain boundary.
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Figure 4.6: In�uence of the temperature represented with the viscoplastic parameter
_"0 and the �ow stress �f on the critical particle size (�Z=�0 = 4:0, �h=�e = 1:83).

The propagation probability of a cracked particle is further expressed as

Pprop =

cthZ
ccrit (�ij)

Pcrac (c;�ij) � psize (c) dc, (4.3)

where c is the particle size (here taken as the diameter) of potential microcrack initia-
tors, ccrit(�ij) is the average stress dependent critical particle size, Pcrac is the proba-
bility of particle cracking and psize is the probability density function of the size of a
particle. cth is connected to the size of the largest particle that can lead to a failure.
For the particle cracking an expression of the weakest-link type is utilized and

it incorporates the e¤ect of stress using a two-parameter Weibull function that for
ellipsoidal inclusions is given by

Pcrac = 1� exp
"
�
�
c

cN

�3�
�Ic
�u

��
Iw
�

6

h

c

#
, (4.4)

where cN is the reference particle diameter, h is the particle height, �Ic is the largest
principle stress at the centroid of the particle, �u is the normalization stress and � is
the Weibull modulus for particle fracture. The variable Iw describes the variation of
the largest principal stress in a particle and is given in Paper C.
The proposed model requires calibration of �np, �u, �, cth and L, a non-local length.

This length is a radius that de�nes a sphere of material volume used for the evaluation
of the averaged stress. If psize is known, no additional parameters will show up. In
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papers C, D and E, an exponential density function was chosen, giving an additional
parameter c0.

4.4 Application of the micromechanics-based prob-
abilistic model to fracture tests

Calibration of the model parameters is performed in Paper D for three temperatures:
-30 �C, 25 �C and 55 �C. The experimental data from SE(B) fracture tests (Faleskog
et al. 2004) was used for this purpose. It is shown in Paper D that �u, � and c0 can
be chosen the same for all examined temperatures, while parameters �np, cth and L are
temperature dependent. However they all could be related to micromechanical features
of the ferritic steel under consideration.
It should be mentioned that model prediction depend on the choice of particle shape

as well as the viscoplastic representation. Another particle shape or particle dimension
can result in other parameter values. A change in the viscoplastic parameter _"0 will
have a severe e¤ect since it will results in a change of ccrit which in turn will a¤ect the
estimate of cth. For example, for 25 �C _"0 = 10�3 was utilized and as seen in Figure
4.6, around this value the critical particle size experiences a sharp gradient. A small
change in _"0 results in a signi�cant change of ccrit.
Figure 4.7 presents the model prediction at -30 �C with the corresponding con�dence

limit. It is clear that, at this temperature, the model gives an excellent prediction as all
experimental points are well within the con�dence limit and follow closely the model
prediction. Both the threshold toughness and the scatter in the experimental results
are well captured.
The model prediction at 25 �C is given in Figure 4.8. For the calibration sets (Figure

4.8(a)) the model gives a good prediction, with all data within the con�dence limit.
The validation set (Figure 4.8(b)) shows however that the constraint e¤ect is not as well
captured as at -30 �C. Here the model somewhat overestimates the fracture probability.
This e¤ect is even stronger at higher temperatures, as shown in Paper D.
A set of four-point bending fracture experiments on half-elliptic surface cracks were

performed in Paper E in order to validate the model prediction. Experiments have been
performed at 25 �C and showed a signi�cant scatter, see Figure 4.9. They failed by both
cleavage and pop in. The application of the probabilistic model to the experimental
data set showed poor conformity with experimental results entirely outside the 90%
con�dence limit, see Figure 4.8(b).
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Figure 4.7: Model prediction at �30 �C (solid line) with a 90% con�dence limit (dashed
lines) in comparison with experimental results (symbols). (a) Calibration cases. (b)
Veri�cation case. Parameters set to: � = 5:6 and �u = 4:5GPa, c0 = 0:2�m, L =
15�m, cth = 1:21�m and �np = 31:9mm�3.
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Figure 4.8: Model prediction at 25 �C (solid line) with a 90% con�dence limit (dashed
lines) in comparison with experimental results (symbols). (a) Calibration cases. (b)
Veri�cation case. Parameters set to: � = 5:6 and �u = 4:5GPa, c0 = 0:2�m, L =
30�m, cth = 1:46�m and �np = 3:68mm�3.
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Figure 4.9: Model prediction at 25 �C (solid lines) with a 90% con�dence limit (dashed
lines) in comparison with experimental results (symbols) of fracture tests with half
elliptical surface crack. Parameters set to: � = 5:6 and �u = 4:5GPa, c0 = 0:2�m,
L = 30�m, cth = 1:46�m and �np = 3:68mm�3.
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