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1. Scientific results 2016 

The research programme Physics of Failure focuses on the scientifically and industrially challenging issue of the 
formation of damage in metals, leading to failure of products and components. It has been the choice within the 
programme to address this challenge at different scales and in different practical circumstances, in relation to 
the applications of the industrial partners. These choices have led to the definition of the programme in the fol-
lowing projects: (i) Thermo-mechanical fatigue in cast iron, occurring in truck engines (two PhD students), (ii) 
Hot cracking in steel during welding (one PhD student and one postdoc), (iii) Impact fatigue in steel grades 
used in railway switches (one PhD student), (iv) Failure behaviour in complex microstructures with anisotropic 
features (one PhD student), (v) Modelling of micro- and nano-scale failure (two PhD students). Most projects 
contain a distinct experimental and modelling component, although the nano-scale project focuses practically 
entirely on simulations. 
In the project on thermomechanical fatigue in cast iron an important milestone was achieved in the study of the 
interface between graphite and matrix. Compacted graphite iron (CGI), used in the cylinder head of engine 
trucks, is a composite material of graphite particles embedded in a steel matrix, e.g. pearlite. The graphite pro-
vides favourable thermal properties (thermal conductivity), whereas pearlite is responsible for appropriate 
mechanical properties (strength and fatigue resistance). Graphite particles do practically not contribute to the 
material’s strength. On the contrary, they behave as small notches where cracks can initiate and propagate. In 
order to quantify the adherence between graphite and matrix, a scratch test was performed to measure the 
bonding force at the interface. It was found that the interface bonding is improved by applying a specific heat 
treatment that aims to decompose pearlite and form spiky graphite. This microstructural evolution increases 
the contact area, develops a better mechanical interlock, improves the bonding force, and finally contributes to 
a longer fatigue lifetime. This important achievement will be used in the development and improvement of 
computational models for better prediction of the fatigue lifetime of CGI and is now investigated by DAF on its 
potential for patenting. Concurrently, the modelling research on thermomechanical fatigue in cast iron used 3D 
Electron backscatter diffraction (EBSD) data generated by Delft and Ghent Universities to construct the repre-
sentative volume element (RVE) for the microstructural model of CGI, implementing two methods for spatial 
discretization of the RVE: voxelised representation and level-set description of graphite surfaces. Visco-plastic 
models, taking into account the effect of temperature and loading rate, were extended and improved in terms 
of numerical convergence and stability, but also by adding kinematic hardening to capture the effect of internal 
stresses. Simulations on this basis were shown to be consistent with experimental data. Moreover, a new 
method has been presented for the description of the anisotropy of graphite based on its geometry and orien-
tation in space, in accordance with the solidification process of graphite crystals. 
In the research on hot cracking during welding in-situ strain evolution during laser welding of a transformation 
induced plasticity (TRIP) steel sheet was measured using the digital image correlation technique (DIC). A novel 
method, realised by using auxiliary illumination and an optical narrow bandpass filter, allows strain measure-
ments as close as 1.5 mm from the fusion boundary with good spatial and temporal resolution. A finite element 
(FE) thermomechanical model of the welding process supports the experimentally measured transverse strain 
distribution. The validated FE-numerical model is used to assess the local strain and associated stress condi-
tions close to the fusion boundary that influences weldability and, in particular, solidification cracking. In-situ 
laser scanning confocal microscopy (LSCM) was employed to study liquid feeding under constrained solidifica-
tion conditions like those experienced in welding and casting, since this is vital to avoid solidification cracking. 
Liquid feeding was observed in inter-cellular regions of a Dual Phase steel during the terminal stage of solidifi-
cation. These experiments enable the quantification of the liquid flow and the related pressure difference in the 
mushy region that causes the liquid flow, enhancing the understanding of solidification cracking based on the 
relation between liquid feeding and solidification shrinkage and local deformation. Two proposals for synchro-
tron beam time have been submitted for in-situ monitoring of void formation and strain development. For the 
modelling in this project a thermo-mechanical finite element model was constructed and compared with the 
experimental temporal and spatial data. From the validated FE model, the temperature and strain evolution in 
the weld mushy zone were studied. By comparing two cases, with and without hot cracks, the maximum strain 
developing during solidification was determined to establish the threshold for hot cracking of the material. The 
FE model was further tested by varying the heat input at different locations around the weld. From these simu-
lations, local hot cracking was predicted on the basis of the threshold strain. This hot cracking behaviour was 
confirmed experimentally. 
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The project on impact fatigue in railway switches had a focus on experimental research in 2016, in close collab-
oration with the Max Planck Institut für Eisenforschung in Düsseldorf. In-situ digital image correlation was 
employed at the micrometre scale to identify strain partitioning in carbide-free bainitic steel, a promising mate-
rial in railway applications. On the basis of these results and the property requirements, design of specific 
carbide-free bainitic steels is in progress. In addition, electron channelling contrast imaging was employed for 
high-resolution (nanometre scale) observation of structural defects, such as single dislocations, in Hadfield 
steels, another steel grade that appears to be highly suited for application in switches. A crucial role in damage 
evolution in rolling contact fatigue is played by white- and brown-etching layers that develop by microstructural 
changes induced by loading and temperature during wheel passage. The research has generated insight into 
the formation mechanism of these layers (through a martensitic transformation) and quantification of the frac-
ture toughness at the micrometre scale. 
The project on failure in complex, anisotropic microstructures studies Dual-Phase (DP) steels as example mate-
rials. A Kammrath & Weiss micro tensile test module was purchased and initial tests were conducted. Results 
were compared with results from standard tensile tests. The anisotropic deformation behaviour of the DP-steel 
was established in tests on samples taken at different angles from the rolling direction, showing the anisotropic 
behaviour in terms of strength and ductility. These results will be combined with microstructural observations 
and finite-element simulations with an implicit code based on crystal plasticity models. In the simulations voids 
are introduced in the structure and anisotropy in the growth is monitored and brought into relation with the 
experimental observations. 
Two PhD students work on modelling deformation and failure at the nano-scale, the scale of atoms and disloca-
tions. Discrete dislocation plasticity modelling was applied for polycrystalline BCC structures, accounting for 
elastic anisotropy. Improved numerical methods were implemented to optimise computation times, necessary 
to simulate polycrystalline systems. Since discrete dislocation plasticity modelling is feasible only in 2D sys-
tems, methods were developed to account for proper translation of 3D aspects. The dependence of the mobility 
of dislocations on their character plays an important role in this. 3D molecular dynamics (MD) studies have 
been performed within the programme to provide enhanced insight into this issue. Analytical methods are in 
development to account for the mobility variations. In the molecular dynamics studies the interaction of edge 
dislocations with interfaces between iron and a precipitate material is studied. Eleven different interfaces are 
considered, resulting from different relative orientations of the precipitate and the iron grain. The local traction 
versus separation response is measured when up to four dislocations interact with the interface under tensile 
loading, perpendicular to the interface. At the point where dislocations enter the interface a crack nucleates. 
The local traction versus separation response at the crack nucleation point is affected by the impinging disloca-
tions, eventually leading to crack formation. The traction versus separation behaviour of the interface during 
crack growth is described with a cohesive law. The crack growth behaviour is independent of the number of 
impinging dislocations. 
 
The reported progress in all projects shows the maturity that the research in the programme is now reaching. 
In general, so far there has been more emphasis on experimental research, since it is the logical order to use 
experimental observations for the development of simulations and models. No important setbacks have been 
encountered, except for the research and results in some cases being more complicated than foreseen. The 
practical issue of the LSCM not being available at Delft University of Technology has been solved by performing 
the measurements at the University of Wollongong. New experimental techniques have been employed at dif-
ferent length scales, where the modelling in the coming period will be instrumental in making the necessary 
links. Since most projects are now more or less half-way the four-year period, the coming period will focus 
more and more on the interpretation and modelling, aiming for the fundamental mechanisms and processes 
governing the physics of failure in metals. This will also lead to an increased publication rate within the pro-
gramme. The insights generated in the different projects, will be brought together through PhD students days, 
bi- and multilateral contacts, exchange of results and publications, M2i cluster meetings, the international 
workshop that will be held end 2017 and the yearly programme days of Physics of Failure. At these occasions 
also the industrial partners will be involved, enabling them to absorb the fundamental information resulting 
from this programme and translating it to their specific processing or applications. 
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2. Added value of the programme 

The core objective of the programme, failure, is a very wide topic, since it occurs in many different conditions. 
The programme has focussed on failure in ferrous metals, which enables an approach towards the fundamental 
aspects of this phenomenon in these materials, which are common for the various conditions in which failure 
can take place. Whether it is in fatigue, at high temperature, due to anisotropy or other conditions, the key 
issue is that neighbouring grains or phases react differently in deformation, which causes local incompatibilities 
at interfaces. This is investigated at different scales in the different projects, both experimentally and in model-
ling. There is an intensive interaction between PhD students that work on related conditions and techniques. 
The PhD day of October 6, 2016, has brought all PhD students together in the DAF museum, where results and 
ideas were exchanged in plenary sessions and in smaller groups. Such PhD days will be organised twice a year 
(this year in June because of the general Physics of Failure day on March 27) and it is expected that the 
exchange and interaction will grow more intensive with the progress of the research projects, approaching more 
and more the concluding stages. The value of performing this research in the framework of a concerted pro-
gramme is also expressed by industrial partners, even though they have a stronger focus on their specific 
application. 
The programme established intensive contacts between the ten academic and industrial partners involved in the 
programme. Several student projects were defined and performed, both at the universities and at industrial 
partners. In the framework of this programme collaboration has been established with a number of prestigious 
universities and research institutes worldwide, like the Max Planck Institut für Eisenforschung in Düsseldorf 
(Germany), the University of Wollongong (Australia), the Université Libre de Bruxelles (Belgium). 
 
3. Personnel 

All research positions of the programme are now occupied. The last PhD student started in April 2016, which is 
late with respect to the other positions, but fortunately this concerns modelling research, for which it is not a 
real problem that it is taking place later than the experimental counterpart research, delivering input for the 
modelling. One postdoc left the programme in January 2016 for an assistant-professor position in India. He has 
been replaced in July 2016. This has not caused significant problems in the research. 
Although the number of publications is below expectation, from progress meetings and reports it is clear that 
results are being achieved in the research. The lag is mainly in the writing and correction process. So, in terms 
of results the PhD students are well on schedule towards their graduation, but this is not yet reflected in the 
number of publications. 
 
4. Publications 

a. Scientific (refereed) publications 
Project 13PoF01: 
- F. Morán Zarza, Graphite EBSD characterization in compact graphite iron, Master thesis, Gent University, 

Oct. 28, 2016, supervisors E. Lopez, S. Ghodrat, L. Kestens. 
Project 13PoF02: 
- G. Agarwal, M. Amirthalingam, M.J.M. Hermans, I.M. Richardson et al., In-situ investigation of solidification 

behaviour of commercial automotive steels using high temperature microscopy, in: The International 
Symposium 10 on Visualization in Joining and Welding Science through Advanced Measurements and 
Simulation; Vol. 1; Joining and Welding Research Institute, Osaka University; p. 113−114, 2016. 

- G. Agarwal, M. Amirthalingam, M.J.M. Hermans & I.M. Richardson, In-situ investigation of solidification 
behaviour of an Al-containing Transformation Induced Plasticity steel melt pool, in: 10th International 
Conference on Trends in Welding Research, 11−14th October 2016, 109−112. 

Project 13PoF05: 
- M. Amirthalingam, E.M. van der Aa, C. Kwakernaak & M.J.M. Hermans, Elemental segregation during 

resistance spot welding of boron containing advanced high strength steels, Welding in the World, 59, 
743−755, 2015. 

Project 13PoF07-2: 
- A. Elzas & B.J. Thijsse, Dislocation impacts on iron/precipitate interfaces under shear loading, Mod. Sim. 

Mater. Sci. Eng. 24, 085006, 2016. 
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b. Presentations at (inter)national scientific conferences 
Project 13PoF01: 
- E. Lopez, S. Ghodrat & L. Kestens, Effect of interface bonding on mechanical properties of CGI, scratch test 

approximation, GLADD workshop, Aachen, Oct. 21, 2016 (oral). 
Project 13PoF03: 
- A. Kumar, R.H. Petrov & J. Sietsma, Atom Probe tomography on white and brown etching layers in heat 

treated pearlitic steels, M2i conference, Utrecht, Dec. 12, 2016 (poster). 
Project 13PoF04: 
- A. Mohammadpour, V.Kouznetsova & M.G.D Geers, Multi-scale physical modelling of failure due to Thermo-

Mechanical Fatigue in cast iron, 19th EM (Engineering mechanics) symposium, Arnhem, Oct. 25, 2016 
(poster). 

- A. Mohammadpour, V.Kouznetsova & M.G.D Geers, Multi-scale physical modelling of failure due to Thermo-
Mechanical Fatigue in cast iron, M2i conference, Utrecht, Dec. 12, 2016 (poster). 

Project 13PoF05: 
- E.M. van der Aa, M. Amirthalingam, J. Winter, D.N. Hanlon, M.J.M. Hermans, M. Rijnders & I.M. Richardson, 

Improved resistance spot weldability of 3rd generation AHSS for automotive applications, Keynote, 11th Int. 
Symposium Numerical Analysis of Weldability, 27−30 September 2015, IIW Kenneth Easterling Best Paper 
Award. 

Project 13PoF06: 
- E.E. Asik, E.S. Perdahcioglu & A.H. van den Boogaard, Modeling the failure behavior in complex 

microstructures: effect of anisotropic morphological features, M2i conference, Utrecht, Dec. 12, 2016 
(poster). 

- E.E. Asik, E.S. Perdahcioglu & A.H. van den Boogaard, Modeling the failure behavior in complex 
microstructures: effect of anisotropic morphological features, EM Conference, October 25−26, 2016 (poster). 

Project 13PoF07-2: 
- A. Elzas & B.J. Thijsse, Influence of dislocations on crack nucleation at grain boundaries in iron, 

Physics@FOM, Veldhoven, Jan. 20, 2016 (poster). 
- A. Elzas & B.J. Thijsse, From Adhesion to Decohesion, M2i conference, Utrecht, Dec. 12, 2016 (poster). 
 
5. PhD defences 

None. 
 
6. Valorisation, outreach and patents 

The industrial partners are closely following the progress of the programme in progress meetings and direct 
contacts with the researchers. In their written comments satisfaction is expressed on the progress that is being 
made in the programme. DAF is investigating the possibilities to patent the concept of increasing the fatigue 
resistance of cast iron by means of dedicated heat treatments to strengthen the graphite/matrix bonding. In 
addition, the results of the research are being implemented into simulation software to improve its predicting 
capacity for the expected lifetime. Also at Tata Steel, results from the programme are implemented in 
predictive models, in this case for the susceptibility to hot cracking in relation to thermomechanical treatments 
and microstructure development. ProRail uses the developed insight into the damage characteristics in rail 
switches in their inspection, repair and maintenance strategies. At Tata Steel the development of voids in 
relation to anisotropic microstructural features is regarded as very useful information, since the information 
generated for Dual Phase steels is expected to have a general character and can be applied for the many Tata 
steel grades that are affected by anisotropy. Tata Steel and SKF follow the nano-scale modelling projects in 
great detail, in order to absorb and apply the fundamental physical knowledge at the basis of deformation and 
damage development, primarily from the behaviour of dislocations in their interaction with interfaces. In 
general, the industrial partners play an active and involved role in the programme. From all partners 
researchers holding a PhD are involved in the programme, with an excellent balance in scientific knowledge and 
interest and a good eye for the industrial applications. Scientific exchanges and discussions on results and 
approach take place in progress meetings, M2i cluster meetings and meetings in the framework of the Physics 
of Failure programme. 
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7. Vacancies 

None. 
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Fact sheet as of 1 January 2017 

 FOM – 13.1284/5 
 datum: 01-01-2017 
 
 
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€ ≤ 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) 605 315 317 - - - 1.237 

Totaal 1.515 475 484 - - - 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 bi-annual 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 BR par. HOZB 
 
 
Subgebieden: 50% COMOP, 50% FeF 
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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. I.M. Richardson 

Project (title + number) 
Materials research on hot cracking in steel during melting (13POF02) & 
Modelling of hot cracking failure in the welding process (13POF05) 

 

FOM employees on this project 

Name  Position Start date End date 

G. Agarwal PhD 28 September 2014 27 September 2018 

H. Gao WP/T 15 July 2016 14 December 2017 

 
 

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 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. Elzas PhD 1 April 2014 31 March 2019 

 
 
Workgroup FOM-E-18 

Leader Prof.dr.ir. M.G.D. Geers 

Organisation Eindhoven University of Technology 

Project (title + number) Multi-scale modelling of thermo-mechanical fatigue in cast iron (13POF04) 

 

FOM employees on this project 

Name  Position Start date End date 

A. Mohammadpourshoorbakhlou PhD 1 April 2016 31 March 2020 
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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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