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1. Scientific results 2015 
In 2015 most projects in the FOM-IPP Physics of Failure have entered into the stage of approaching 
the scientific challenges of the programme, after the usual initial stage of designing the research. 
The common factor of all projects, the backbone of the programme, is the study of the initiation 
and evolution of damage in metals, from both experimental and modelling point of view, focus-
sing on the atomistic and the microstructural scale. 
 
The PhD student Edwin Alexis Lopez Covaleda has started in August 2015 on the project Thermo-
mechanical fatigue in truck engines (13PoF01) at the University of Ghent. A kick-off meeting with all 
the partners involved was organised on 16 September 2015. In 2015, an extensive literature survey 
has been performed, first preliminary lab tests were done and a plan was made for future experi-
ments in collaboration with TU Delft and TU Eindhoven. In 2016 thermo-mechanical fatigue tests 
will be carried out on samples supplied by the industrial partners, supplemented by extensive 
microstructural characterisation of the material before and after testing. The related modelling 
project Multi-scale modelling of thermo-mechanical fatigue in cast iron (13PoF04, Eindhoven) will start 
in April 2016. 
 
In the project Materials research on hot cracking in steel during melting (13PoF02) the formation of 
cracks at high temperature during/after laser welding is studied experimentally in Dual Phase 
(DP) and TRansformation Induced Plasticity (TRIP) steel. Cracks, formed during solidification, 
have been observed in the TRIP steel, but not in the essentially different microstructure of the DP 
steels. Scanning electron microscopy studies on the fracture surface of the TRIP steels indicate 
interdendritic liquid films to be at the basis of the crack initiation during the last stage of solidifi-
cation. In order to investigate the issue further, in-situ solidification studies using the laser scan-
ning confocal microscope were designed, but a bottleneck was encountered because of problems 
with the equipment in Delft. These experiments have very recently been carried out in Australia, in 
collaboration with the University of Wollongong. In the accompanying project Modelling of hot-
cracking failure during the extreme thermal, mechanical and metallurgical conditions in the welding process 
(13PoF05) the focus has been in 2015 on the development of physically based models that predict 
the sensitivity to hot cracking in relation to the steel microstructure. A phase field model was 
developed to simulate the weld pool solidification behaviour in order to identify the hot cracking 
sensitivity. The developed model is used to understand the effect of the thermal cycle during 
welding on (i) dendritic arm spacing, (ii) partitioning of alloying elements to dendritic and inter-
face boundaries and (iii) the composition of the liquid that remains at the end stages of solidifica-
tion. From the composition of the liquid, the critical parameters that can influence the susceptibil-
ity of solidified microstructure such as surface tension and permeability are calculated. The 
obtained results will be related to the controlled in-situ solidification experiments carried out in 
high temperature laser scanning confocal microscopy in project 13PoF02. 
 
Damage formation in highly and alternatingly impact-loaded railway switches is the topic in pro-
ject Impact fatigue in railway switches (13PoF03). The focus is on a frequently used steel and on two 
of the most promising novel steel grades for this application: pearlitic steel, high-Mn Hadfield steel 
and bainitic steel. State of the art microscopic techniques (high resolution Electron BackScatter Dif-
fraction, Transmission Kikuchi diffraction, Atom Probe Tomography, Transmission Electron 
Microscopy) have been employed to characterise the damage in in-field loaded switches. The for-
mation of a so-called white etching layer at the surface of pearlitic steels has been identified and is 
considered as one of the main precursors of localised damage. The formation of the white etching 
layer is associated with formation of martensite under the momentary high pressure and high 
temperature during impact loading. In the austenitic microstructure of high-Mn steel this hypothe-
sis was not confirmed, due to the completely different microstructure, and localized damage was 
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rather associated with deformation twinning. The PhD student, Ankit Kumar, is currently (begin-
ning of 2016) performing nano-scale characterisation of these steels in a collaboration with the 
Max-Planck Institute in Düsseldorf. Modelling efforts to understand the difference in behaviour of 
the different microstructures will be undertaken at a later stage. 
 
The project Modelling of failure behaviour in complex microstructures accounting for anisotropic morpho-
logical features (13PoF06) pays specific attention to combinations of phases, with sometimes 
strongly different mechanical behaviour, in multiphase steels. In Dual-Phase steels martensite 
cracking, ferrite-martensite decohesion and ferrite failure have been identified as most frequently 
occurring damage initiation mechanisms. In order to acquire physical understanding of these pro-
cesses mechanical simulations on microstructural representative volume elements with ferrite and 
martensite phases are being performed to identify critical points in the stress and strain distribu-
tions. These simulations will be extended by the implementation of crystal plasticity models and 
strain-gradient effects. 
 
Key steps have been taken in the project Interfacial fractal analysis (13PoF07-1) by modifying the 
formulation of discrete dislocation plasticity for metals with an FCC structure for application on 
BCC crystals. This pertains in particular to the 2D version that will be used to study plastic defor-
mation near micro-cracks in steels at the nearly atomic scale of dislocations, where one of the key 
challenges is to incorporate the effect of the vast difference in mobility of edge versus screw seg-
ments of dislocations. An innovative approach has been devised, which is currently being vali-
dated by comparison with experimental data. The second Ph.D. student in project 13PoF07 
(13PoF07-2) applies Molecular Dynamics to study damage formation at the atomic scale. Interac-
tions of dislocations with interfaces between Fe and an artificial precipitate X with tuneable pro-
perties are studied in shear and tension by multimillion-atoms simulations. The interface strength, 
the stiffness of the precipitate and the interface structure are varied. It is found that only for a 
weak, semi-coherent or non-coherent interface a dislocation can enter the interface. For semi- or 
non-coherent interfaces under tensile loading, impingement of dislocations leads to crack nuclea-
tion at the interface. For a weak interface, i.e. an Fe-X interaction that favours Fe/X segregation, 
the crack nucleates in the interface, for a strong interface the crack nucleates in the (weaker) iron 
grain. A larger pile-up of dislocations interacting with the interface leads to crack nucleation at 
lower stress than a single dislocation. Under shear loading interface sliding occurs for semi-coher-
ent interfaces. As an additional step, shear dislocation loops are modelled and the mobility of edge 
and screw parts is studied, which information is very important for the project 13PoF07-1. All this 
is targeted towards the development of cohesive laws, which very likely will have to include spa-
tial dependence as a new element. 
 
In general it can be said that the research in the programme is proceeding according to planning, 
considering the dates of appointment of the Ph.D. students. As described in the previous para-
graphs, several valuable scientific results have been acquired and have in some cases given rise to 
performing newly designed experiments. In most projects, a combination of experiments and 
model development is foreseen. In this initial stage of the programme there has been more empha-
sis on experimental research. Encouraging progress has been achieved in the studies on nanoscale 
modelling, but these results still need to be linked with the microstructural scale to generate 
insight into the basis of the observations. 
 
2. Added value of the programme 
The first programme meeting has taken place in March 2015 in Utrecht, in a period in which most 
projects had only recently started or were still to be started. Nevertheless, the meeting has been 
effective in mutual information exchange between the young researchers and to be presented with 
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a comprehensive overview of the scientific challenges and the interests of the industrial partners. 
In 2015 two meetings have been organised between Ph.D. students of the different projects to 
exchange results and insights. So far, meetings between modellers and experimentalists have still 
shown some distance between the two types of researchers. This is no real surprise at this stage of 
the programme. Towards the end of the programme this difference is expected to decrease. Pro-
gress meetings have been organised for all projects, at which in all cases the industrial partners 
and in most cases the programme leader were present. The direct contribution of industry is cer-
tainly meaningful for the programme. The most intense collaboration has been established 
between projects with a well-defined common focus (the two 13PoF07-projects, the projects 
13PoF02 and 13PoF05). All researchers are aware of the other projects in the programme and at the 
moment evidence for the crucial role of the interphase boundary between phases of different 
mechanical characteristics has been established both in experiments on the microstructural scale 
and in simulations at the nanoscale. This evidence will be further strengthened in the planned 
experimental research, for instance in Atom Probe Tomography (project 13PoF03) and in micro-
scopic mechanical testing of interphase boundaries at the Catholic University of Louvain (project 
13PoF01). Such results will be used to develop models at the microscale and to tackle the one of the 
most difficult issues in metals science: bridging the gap between the atomic scale and the micro-
structural scale. The fundamental research in project 13PoF07 plays a central role in this process. 
The development of nanoscale models and their coupling to experiments and simulations on the 
microstructural scale will be crucial to come to understanding of the processes that cause damage, 
including the additional challenge that damage is primarily related to extremes in the conditions 
and local properties rather than to the average (and more easily attainable) characteristics. 
 
3. Personnel 
The postdoc on project 13PoF05, Dr. Muru Amirthalingam, has been appointed as assistant profes-
sor in Metallurgical and Materials Engineering at Indian Institute of Technology in Chennai, India, 
and has therefore left the project per January 2016. The research group in Delft is currently select-
ing a new postdoctoral researcher for the remaining period of the project. It has proven difficult to 
find a good candidate for the project 13PoF04 in Eindhoven, but in the beginning of 2016 a candi-
date has been selected, who will start in April 2016. As described in the previous section, several 
contacts have been established with foreign institutes to further enhance the quality of the 
research, among which Catholic University of Louvain, University of Wollongong, Max-Planck 
Institute Düsseldorf. The Eindhoven group of Ron Peerlings has joined recent progress meetings, 
since there is a certain overlap and complementarity in research subjects. This has proven to work 
positively. In some projects Master students will perform their thesis research in the framework of 
this programme. 
 
4. Publications 
Most of the projects are still in a too early stage to already have published peer-reviewed journal 
publications. Poster presentations have been given at FOM Veldhoven and at the yearly M2i con-
ference in Sint-Michielsgestel. Two contributions to international conferences have been given. 
Astrid Gubbels-Elzas (PhD student in project 13PoF07-2) gave a well-received presentation at the 
MRS Fall Meeting in Boston, Nov./Dec. 2015: A. Gubbels-Elzas and B.J. Thijsse, Atomistic simula-
tions of dislocation – grain boundary interactions. A special remark should be made for a conference 
contribution of Ellen van der Aa, Muru Amirthalingam et al., which received the Kenneth Easter-
ling Award for the best paper at the yearly Graz Symposium on Numerical Analysis of Weldabil-
ity. Several other publications are in preparation. 
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• M. Amirthalingam, E.M. van der Aa, C. Kwakernaak and M.J.M. Hermans, Elemental segrega-
tion during resistance spot welding of boron containing advanced high strength steels, Wel-
ding in the World, 59, 743-755, 2015. 

• E.M. van der Aa, M. Amirthalingam, J. Winter, D.N. Hanlon, M.J.M. Hermans, M. Rijnders and 
I.M. Richardson, Improved resistance spot weldability of 3rd generation AHSS for automotive 
applications, Keynote, 11th Int. Symposium Numerical Analysis of Weldability, 27-30 Septem-
ber 2015, IIW Kenneth Easterling Best Paper Award. 

 
5. Valorisation and outreach 
In the best tradition of M2i-research, intensive contacts with the industrial partners have been 
maintained. In the kick-off meeting in March 2015 and at all three-month progress meetings of the 
different projects industrial partners have attended and actively participated. All industrial part-
ners have allocated time (at least 200 hours per year) in mirror projects to absorb and extend the 
research results. Within these projects the scientific information is being translated to the industrial 
aims of the different partners, like optimising weldability of Advanced High Strength Steels for 
Tata Steel, extending the lifetime of cast iron engine blocks for DAF and avoiding disturbances in 
railway traffic for ProRail. 
 
6. Vacancies 
The vacancy for the project Multi-scale modelling of thermo-mechanical fatigue in cast iron (13PoF04) 
has been filled and the project will effectively start in April or May 2016. The postdoc on project 
13PoF05, Dr. Muru Amirthalingam, has been appointed as assistant professor in Metallurgical and 
Materials Engineering at Indian Institute of Technology in Chennai, India, and has therefore left 
the project per January 2016. The research group in Delft is currently selecting a new postdoctoral 
researcher for the remaining period of the project. 
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Fact sheet as of 1 January 2016 

 FOM – 13.1284/4 
 datum: 01-01-2016 
 
 
APPROVED INDUSTRIAL PARTNERSHIP PROGRAMME 
 
 
Number i35. 
  
Title (code) Physics of Failure (PoF) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr.ir. J. Sietsma 
  
Duration 2014 – 2018 
  
Cost estimate M€ 2.5 
  
Partner(s) Prorail, SKF, DAF, Tata Steel and Philips, via M2i 
  
Concise programme description 
a. Objectives 
The objective of the programme is to unravel the physical complexity of the initiation and 
development of damage and failure in complex and dynamically changing microstructures in 
metals. Existing physical models on the initiation and propagation of damage in metallic materials 
are limited in terms of the specific microstructural features and physics accounted for. The physics 
of damage involves interacting processes and mechanisms at the nano-, micro- and macro-scale, 
i.e. from structural defects on the nano-scale (dislocations, grain boundaries, interphase 
boundaries) through damage development within the grain structure at a micro-scale to 
macroscopic failure. 
 
b. Background, relevance and implementation 
Failure, i.e. the deterioration of the functionality of a material or component, determines the 
environmental and economic effects of the use of materials in technological and consumer 
products. In the present period of increasing materials (element) scarcity and reduced availability 
of raw materials, the life time of (consumer) products must be improved. In addition, physical 
models should be accurate enough for reliable predictions of performance and life time of metallic 
components. In order to address these challenges, it is necessary to better understand failure 
mechanisms. Besides the societal reasons and urgency, the initiation and development of damage 
and failure in metallic microstructures pose challenging scientific questions.  
The programme combines projects that focus on the microstructural damage mechanisms in 
metals, projects that focus on the controlling (local) loading conditions and projects that focus on 
modelling the accompanying physics across the scales. The intensive interaction between the 
projects enables to develop an in-depth view on the evolution of damage and failure in metallic 
microstructures, which goes well beyond the state-of-the-art in the field. 
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Funding 
salarispeil cao tot 01-01-2016 
 
bedragen in k€ ≤ 2015 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie - 160 160 167 - - - 487 

FOM-basis investeringen - - - - - - - - 

Doelsubsidies NWO 1) 750 - - - - - - 750 

Doelsubsidies derden  - - - - - - - - 

- M2i 2) 290 315 315 317 - - - 1.237 

Totaal 1.040 475 475 484 - - - 2.474 
1)  Dit bedrag is afkomstig van de extra middelen die het AB van NWO beschikbaar heeft gesteld in de propositie 2014-

2015 voor de Topsector HTSM. 
2)  De bedrijven Prorail, SKF, DAF, Tata Steel and Philips leveren hun in-cash bijdrage via M2i. 
 
 
Source documents and progress control 
a) Original programme proposal: FOM-13.0516/D, FOM-13.1938 
b) Ex ante evaluation: FOM-13.0901, FOM-13.0993, FOM-13.1059, FOM-13.1939 
c) Decision Executive Board: FOM-13.1283, FOM-13.1940 
d) Contract: FOM-14.0256 
 
The research projects will be embedded in the M2i-structure. This means that the progress of 
research projects will be discussed at the quarterly cluster meetings which involve all academic 
and industrial partners and provide an effective platform for knowledge transfer. On top of that, 
all researchers will collaborate intensively with their specific industrial partner(s) so that an 
adequate transfer of newly-developed knowledge and the implementation of potential results is 
facilitated during the project. 
 
Remarks 
The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen in 2018. 
 
 
 
 
 
 
 
 
 
 
 
 
 VL par. HOZB 
 
 
Subgebieden: 50% COMOP, 50% FeF 
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Historical overview of input and output 

 

Input personnel (in fte)  finances* (in k€ ) 
WP/V WP/T PhD NWP 

2014 - 0.5 1.8 - 115 

2015 - 1.0 4.5 - 385 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2014 - 1 6 - 

2015 - 1 13 - 

* After closing the financial year. 
 
 
PhD defences 
2014 
None. 

2015 
None. 

 
 
Patents (new/changes) 
2014 
None. 

2015 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-D-42 

Leader Prof.dr.ir. J. Sietsma 
Organisation Delft University of Technology 
Project leader Prof.dr.ir. Kestens, Gent University 
Project (title + number) Thermo-mechanical fatique in truck engines (13POF01) 
 
FOM employees on this project 
Name  Position Start date End date 
E.A. Lopez Covaleda PhD 1 May 2015 30 April 2019 
 
 
Leader Prof.dr.ir. J. Sietsma 
Organisation Delft University of Technology 
Project (title + number) Materials research on hot cracking in steel during melting (13POF02) 
 
FOM employees on this project 
Name  Position Start date End date 
G. Agarwal PhD 28 September 2014 27 September 2018 
 
 
Leader Prof.dr.ir. J. Sietsma 
Organisation Delft University of Technology 
Project (title + number) Impact fatigue in railway switches (13POF03) 
 
FOM employees on this project 
Name  Position Start date End date 
A. Kumar PhD 1 May 2014 30 April 2018 
 
 
Leader Prof.dr.ir. J. Sietsma 
Organisation Delft University of Technology 
Project (title + number) Modelling of hot cracking failure in the welding process (13POF05) 
 
FOM employees on this project 
Name  Position Start date End date 
M. Amirthalingam WP/T 1 July 2014 30 December 2015 
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Leader Prof.dr.ir. J. Sietsma 
Organisation Delft University of Technology 
Project leader Prof.dr. B.J. Thijsse 

Project (title + number) Development of cohesive law for mixed-mode decohesion  
(13POF07-2) 

 
FOM employees on this project 
Name  Position Start date End date 
A. Gubbels – Elzas PhD 1 April 2014 31 March 2019 
 
 
Workgroup FOM-G-17 

Leader Prof.dr.ir. E. van der Giessen  
Organisation Groningen University 
Project (title + number) Interfacial fractal analysis (13POF07-1) 
 
FOM employees on this project 
Name  Position Start date End date 
T. Katiyar PhD 1 October 2014 30 September 2018 
 
 
Workgroup FOM-T-46 

Leader Prof.dr.ir. A.H. van den Boogaard 
Organisation Twente University 

Project (title + number) Modelling the failure behaviour in complex microstructures 
(13POF06) 

 
FOM employees on this project 
Name  Position Start date End date 
E.E. Asik oio 1 May 2015 30 April 2019 
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