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Summary 

The need for more accurate cleavage modelling is particularly acute for a new generation of 

high-strength steels because they obtain their favourable properties through complex, multi-phase 

microstructures. One of the challenges in cleavage modelling is the strong sensitivity to material 

characteristics at the microlevel. Recent developments of the local approach attempted to utilize 

multiple-barrier models to relate the microstructural behaviour to the continuum-level properties. 

However, a physics-based relation between microstructure, micromechanisms of cleavage fracture 

and macroscopic fracture toughness is still missing. This thesis proposes a novel framework that can 

quantitatively capture the interaction of complex microstructural aspects in cleavage, allowing to 

calculate the probability of cleavage failure in high strength steels of complex multiphase 

microstructures. This method is validated with detailed experiments on different types of steels and 

on steels that have been subjected to heat treatments. 

The framework is developed in Chapter 4 from a multi-barrier theory with the particular 

intention to include the effect of plastic strain and deactivation of hard inclusions. In order to 

quantitatively determine the inclusion stress from far-field stress on a matrix, analytical equations 

are first derived in Chapter 3. This solution is validated for different inclusion shape, inclusion 

orientation, far-field stress state and matrix material properties by finite element modelling of a 

representative volume element containing a hard inclusion.  

In Chapter 4, the proposed framework is first validated with examples of specimens taken from 

a S690 QT steel plate fractured at -100°C. Centreline segregation bands (CLs) are present in the 

middle-section specimens, containing smaller grains and elongated inclusion clusters. Two 

modelling approaches are compared to discuss the effect of CLs in cleavage modelling. A sensitivity 

study is performed to explore the influence of volume fractions, yield strength, and spacing of CLs.  

Then, the modelling approach proposed in Chapter 4 is applied to determine the cleavage 

parameters across different types of steels in Chapter 5. Cleavage parameters are compared among 

three tempered bainitic (S690) steels, an as-quenched martensitic steel, and a ferritic steel. The top 

quarter and middle sections of the S690 steels are separately modelled in terms of tensile properties, 

grain sizes, inclusion distribution, and cleavage parameters. The other two types of steels are studied 

for a single thickness position. The variation of cleavage parameters is discussed considering the 

influence of the matrix types and the hard particle types. 

The modelling approach proposed in Chapter 4 is used to model the cleavage behaviour of heat 

treated S690 steel at -100°C and -40°C in Chapter 6. Cleavage simulations of the steel after rapid 

cyclic heating and of microstructures representing heat affect zones are performed. The simulations 
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are compared with experiments that feature parametric variations of grain size, second-phase particle 

size, and second-phase particle density. The effect of different types of microstructures generated 

by heat treatments is quantitatively established.  

 This research delivers a unique functional tool for toughness optimization, where 

microstructural aspects, structural geometry and performance constraints can be simultaneously 

taken into account. The proposed framework serves as a link between the material microstructure 

and the structural performance of a component, which constitutes a bridge between material process 

information and structural performance. It can be used to aid the material and weld designers to 

perform trade-offs between various microstructural parameters for control of toughness; 

optimizations that would otherwise require extensive trial-and-error experimentation.  
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Samenvatting 

De behoefte aan nauwkeuriger modellering van brosse breuk is bijzonder acuut voor een nieuwe 

generatie hoogsterktestaalsoorten, aangezien deze hun gunstige eigenschappen verkrijgen door 

complexe, multi-fasige microstructuren. Een van de uitdagingen bij breukmodellering is de sterke 

gevoeligheid voor materiaaleigenschappen op microniveau. Recent zijn er ontwikkelingen geweest 

op basis van een lokale aanpak, die probeerden gebruik te maken van modellen die meerdere 

barrières veronderstellen om het microstructurele gedrag te koppelen aan de eigenschappen op 

continuüm-niveau. Echter, een fysisch gebaseerde relatie tussen microstructuren, 

micromechanismen van breuk en macroscopische breuksterkte ontbreekt nog steeds. Dit proefschrift 

stelt een nieuwe systematiek voor, die de interactie van complexe microstructurele aspecten tijdens 

breuk kwantitatief kan vastleggen, waardoor de kans op breuk in hoogsterktestaal met complexe 

multi-fasige microstructuren kan worden berekend. De methode is gevalideerd met gedetailleerde 

experimenten aan verschillende types staal en aan staal dat onderworpen is aan 

warmtebehandelingen. 

De modellering wordt ontwikkeld in Hoofdstuk 4 vanuit een theorie van meerdere barrières met 

de specifieke bedoeling om de invloed van plastische vervorming en deactivering van harde 

insluitsels op te nemen. Om de spanning op een insluitsel, resulterend van de overall spanning op de 

matrix te bepalen, worden eerst in Hoofdstuk 3 analytische vergelijkingen afgeleid. De oplossing 

wordt gevalideerd voor verschillende vormen en oriëntaties van insluitsels, overall 

spanningstoestand en materiaaleigenschappen van de matrix door middel van berekeningen met de 

eindige-elementmethode van een representatief volume-element met een hard insluitsel. 

In hoofdstuk 4 wordt de voorgestelde systematiek eerst gevalideerd met voorbeelden van 

proefstukken genomen uit een S690 QT staalplaat die is gebroken bij -100°C. Centrale 

segregatiebanden (CS's) zijn aanwezig in de proefstukken genomen van de middelste sectie, die 

kleinere korrels en uitgerekte clusters van insluitsels bevatten. Twee modelleringbenaderingen 

worden vergeleken om het effect van CS's in modellering van breuk te bediscussiëren. Een 

gevoeligheidsstudie wordt uitgevoerd om de invloed van volumefracties, treksterkte en afstand 

tussen CS's te testen. 

Vervolgens wordt de in hoofdstuk 4 voorgestelde modelleringsbenadering toegepast in 

hoofdstuk 5 om de breukparameters te bepalen voor verschillende types staal. De breukparameters 

voor drie geharde bainitische (S690) staalsoorten, een niet-ontlaten martensitisch staal en een 

ferritisch staal. Het bovenste kwart en middengedeelte van de S690 staalplaten worden apart 
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gemodelleerd met betrekking tot treksterkte, korrelgroottes, insluitselverdeling en scheurparameters. 

De andere twee types staal worden bestudeerd voor één dikte-positie. De variatie van de 

scheurparameters wordt bediscussieerd, rekening houdend met de invloed van de matrixsoorten en 

de soorten harde deeltjes. 

De in hoofdstuk 4 voorgestelde modelleringsbenadering wordt gebruikt om het breukgedrag 

van warmtebehandeld S690-staal bij -100°C en -40°C te modelleren in hoofdstuk 6. Breuksimulaties 

van het staal na snelle cyclische warmtebehandeling en microstructuren die warmte-beïnvloede 

zones representeren worden uitgevoerd. De simulaties worden vergeleken met experimenten met 

variabele korrelgrootte, grootte en dichtheid van tweede-fasedeeltjes. Het effect van verschillende 

soorten microstructuren die door de warmtebehandeling zijn ontstaan wordt kwantitatief vastgesteld. 

Dit onderzoek levert een uniek functioneel hulpmiddel voor optimalisatie van de taaiheid, 

waarbij microstructurele aspecten, geometrie van de structuur en belastingscondities tegelijkertijd 

in rekening kunnen worden gebracht. De voorgestelde systematiek fungeert als een verbinding 

tussen het microstructurele materiaalmodel en de prestatie van een component, hetgeen een brug 

vormt tussen materiaalprocesinformatie en functioneren van het materiaal. Het kan worden gebruikt 

om materialen- en lasontwerpers te helpen bij het vinden van optimale compromissen tussen 

verschillende microstructurele parameters voor de beheersing van taaiheid; optimalisaties die anders 

omvangrijke proefondervindelijke experimenten zouden vereisen. 
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probability for crack pass P/M 
boundaries 

Scibetta 2016 Account for re-initiation of micro-
cracks 

four barriers: crack initiation (stress, 
plastic strain), propagation through 
P/P and P/M boundary (all defined 
by stress), crack re-initiation (stress, 
plastic strain) 

Shibanuma 
2016, 2018 

Use Monte Carlo method to model the 
randomness of particle and grain 
distributions 

three barriers: crack initiation (strain-
based probability), propagation 
through P/M and M/M boundary 
(defined by stress) 

Yang 2021 

Co-operate ductile fracture and 
cleavage mechanisms in the transition 
region with a continuum approach to 
estimate the effective surface energy 

two barriers: propagation through 
P/M and M/M boundary (defined by 
stress) 

Kunigita 2020 Use Monte Carlo method to model the 
randomness of particle distributions 

two barriers: crack initiation (strain-
based probability), crack propagation 
(stress at P/M boundary) 

Chen 2020 

Couple with the temperature 
dependent constitutive relationship and 
the competition between the cleavage 
and ductile void failure 

two barriers: crack initiation (stress, 
plastic strain), crack propagation 
(with a threshold stress) 

Other single-barrier models 

Lin 1985 Randomness comes from distribution 
of particle size;  critical stress for propagation 

Wallin 1984, 
2008  

Randomness comes from distribution 
of particle size; Includes the effect of 
plastic strain and the formation of void 

critical stress for propagation 
 

Kroon 2002 
Randomness comes from distribution 
of microcrack length; Ductile crack 
processing; Consider load history 

nonlocal measure of stress (include 
length scale and threshold) and 
effective plastic strain  

* P/M: Particle/Matrix     P/M: Particle/Matrix 

The advantage of single-barrier models is that they offer simple expressions for application. 

Macroscopically, the WST model can be expressed in the standard master curve format. The master 

curve approach has been standardized in [1] to guide the assessment of fracture toughness of steel 

specimens. Similarly, the Beremin model is widely utilized in macroscopic assessments and has been 

included in engineering platforms [58]. However, identification of the Beremin parameters and master 

curve parameters have to be based on statistical fitting of macroscopic experimental data. The fitted 

parameters would in return be used to predict the fracture toughness under a certain failure probability. 

It leads to a paradox: although the model parameters are assumed to only depend on material, they are 

unable to be determined only by microstructural measurements. Recently, microscopic simulations are 

used to explore the link between the microstructures and the parameters of single-barrier models; for 

example, [33] estimated the relationship between Beremin parameters and ferrite grain size. The 

challenge for further exploration is that it is difficult to control one microstructural feature in real 

macroscopic experiments where the single-barrier model parameters are identified.  
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If current relations could be down-selected and made more empirically grounded on 

microstructures, then the resulting model could provide a bridge from the material microstructural 

models to the structural performance of a component. Therefore, providing a rigorous relationship 

between the microstructural models and the local approach fracture models will serve as a link between 

material process information and structural performance. This link, which is currently missing, will 

provide a powerful tool for material and weld designers to perform trade-offs and optimizations that 

would otherwise require extensive trial-and-error experimentation. Furthermore, a deep understanding 

of the statistical distribution of microstructural features and their link to the failure criteria can be 

applied to a wider range of materials experiencing brittle fracture
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has been observed that larger inclusions and inclusion clusters act as weakest features in the 

microstructure, allowing brittle crack initiation and propagation ([12-15]). The probability that cracks 

initiate in a given particle depends on the particle size, shape, volume fraction and orientation of the 

elongated particles with respect to the applied stress ([15-19]). Therefore, it is  important to be able to 

estimate the local stresses on hard inclusions based on the global loading in order to be able to capture 

the first stage of cleavage fracture, especially in high-strength steels. 

Studies on the stress distributions within or around inclusions have been performed extensively 

([21-27]). These works contributed to a good understanding of the stress distribution within or around 

a hard inclusion embedded in an elastic-plastic matrix. It is found that there is a critical aspect ratio at 

which interface debonding changes to particle fracture, and the remote stress triaxiality has a significant 

effect on this transition [25].  

However, methods that can directly determine the local stress on a hard inclusion from the remote 

stress still need development. For linear elastic problems, the Eshelby solution [28] is available for the 

calculation of the stress on a spheroidal inclusion. For nonlinear problems, the classic Eshelby solution 

has been modified to incremental approaches with the mean-field (MF) homogenization method making 

use of equivalent tangent operators (e.g. [29], [30]). Corresponding validations [31] showed that the 

MF method can give accurate predictions of the effective properties of a composite at continuum level, 

but this does not guarantee the same accuracy at the microstructural phase level. The accuracy of the 

MF method at the phase level (especially for the inclusions), or other methods using Eshelby tensors, 

relies on the assumptions of a homogeneous stress inside the inclusion and a homogeneous equivalent 

tangent operator of the matrix. Violation of the basic assumptions leads to inaccuracy or even failure of 

the Eshelby tensor based methods. To improve the average stress calculation of individual phases, [32] 

proposed including fitting parameters for the MF method. Because this modified method remains 

heuristic and is not predictive a priori for other composite materials, [33] presented an extended MF 

method which is fully coupled with a nonlinear Finite Element Analysis (FEA) of the inclusion problem 

to avoid the use of Eshelby tensors. Thus, the calculation of the inclusion stress has to be performed 

with numerical simulations (e.g. FEA).  

Determination of the inclusion stress using FEA can be computationally costly because the 

microstructures (both matrix and inclusions) of metals can vary widely. The material may contain hard 

inclusions that have various shapes, orientations and material properties. Under different loading 

patterns, the constraint effect may also vary locally and lead to various stress states. [20], [34], and [35] 

developed empirical equations to relate the far-field stress to the local stress on a hard inclusion for a 

specific material. A more detailed summary of the available empirical equations will be given in the 

Discussion part of the present paper. An empirical equation that can account for multiple parameters 
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(a) Top quarter section                     (b) Middle section 

Fig 3. 14. Pf-CTOD curve of top quarter section in comparison with experimental data (dots are 

the experimental data and curves are the model predictions) 

3.4.5 Fracture modelling considering the inclusion geometry 

The above modelling of cleavage fracture with the assumption of spherical inclusions shows that 

the inclusions in the middle section are computed to have lower strength. One of the potential causes of 

the lower inclusion strength in the middle section can be related to the elongated inclusion shape. In 

order to explain the variety of inclusion strength determined in the cleavage fracture modelling, the 

developed analytical solution is used to calculate inclusion stress with (a) oblate and (b) prolate as 

shown in Fig 3. 15.  

 

(a)                                        (b) 

Fig 3. 15 (a) Oblate (R1/R2=1, R2/R3=2 or 3), and (b) prolate inclusions (R1/R2=2 or 3, R2/R3=1) 

with remote loading in plane strain 

It has been observed that the inclusions in the middle section tend to have a longer axis along the 

RD and a shorter axis along the ND, as shown in Fig 3. 10. The aspect ratio of individual inclusions 

varies significantly. In this study, an assumption of aspect ratio of 2 and 3 is used to estimate the effect. 

 

 

 

             
 
























































































































































































































