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The research problem 
Define the problem   

The degradation of engineering materials presents ongoing challenges for low-carbon technologies, 

limiting the performance, operational life, and sustainability of assets. The mechanical performance of 

materials is a critical aspect of our understanding of materials and the related fatigue of engineering alloys 

during cyclic loading is one of three major degradation modes of engineering alloys. It reduces the useful 

life of an engineering component, which typically requires a high level of energy to be manufactured in 

the first place. Being able to safely use components for longer will therefore reduce financial burden and 

is of critical importance in the context of achieving a sustainable economy and net-zero.  

Today we have only an empirical understanding of plasticity and fatigue of alloys, resulting in great levels 

of uncertainty when trying, for example, to optimise high-performance alloys or predicting the life until 

failure of a material/component. These uncertainties are addressed through significant overengineering, 

such as making load-bearing components larger and heavier than might be necessary, while also replacing 

safety critical components early, and potentially before their life-end. Such measures are currently 

necessary to reduce the risk of premature failure and accident scenarios, but also certainly waste 

resources and energy.  

Engineering alloys are often chemically and structurally highly complex, and so their manufacturing 

methods and parameters are relevant not only in shaping them but also in achieving desired properties. 

Alloys are of polycrystalline structure and almost always of multiphase nature, which creates what 

metallurgists call a microstructure. Alloys remain the material of choice for many applications across most 

sectors, because they are the only class of material that can sustain high tensile loads across a wide 

temperature range, while also being ductile. However, long before the nominal plastic yield point of an 

alloy is reached, small levels of localised shear strain occur, which are typically of highly discrete nature, 

see Figure 1, step 11. During cyclic loading, this can lead to persistent slip bands (PSBs) at the surface, 

which become initiation sites for cracks.  

The discrete plasticity is related to the crystal shearing along crystallographic planes and directions with 

the highest atomic packing density. Hence, the discrete plasticity is highly anisotropic at a 

crystal/microstructural level. This is further complicated by alloys being polycrystalline, i.e. an 

 

Fig. 1: Shear strain maps with grain boundaries recorded during in-situ tensile loading of a Ni superalloy. 

The entire maps (many 100s of grains) are shown for step 11 (880 MPa and about 20% below the 

nominal yield stress) and step 25 (1100MPa), while subset maps of step 11, 12, 13, 15, 21 and 25 show 

some of the details. The entire experiment had 31 steps and is the first experiment of this kind ever 

recorded.  



uncountable number of differently orientated crystals (grains) put together and separated by imperfect 

crystal boundaries. When such a material is mechanically loaded and discrete shear occurs in one crystal, 

complex stresses are imposed on the neighbouring crystals resulting eventually in the propagation of 

discrete shear across many crystals, which is effectively a relaxation mechanism of localised stresses. It is 

the interplay between highly localised stress and discrete shear generating local damage that leads to 

failure of the alloy. 

The formation and evolution of shear strain patterns and elastic strain heterogeneity is a critical 

bottleneck in our knowledge of plasticity, which makes it challenging to create a more physically informed 

understanding of mechanical performance of alloys. Consequently, alloy and microstructure development 

for improved mechanical performance, as well as models to predict their life, have thus far been solely 

empirical. A transition to mechanistic life predictions would provide a step-change in developing and lifing 

engineering alloys. 

 

Project aims 
Define the aims of the project 

We aim to focus our studies on IN-718 , a Nickel-base Superalloy widely used by different transport and 

energy sectors. IN-718 is a precipitation hardened alloy that displays exceptional levels of strain 

localisation but can also be solution heat-treated in order to reduce strain localisation. The different 

conditions will enable us to study the effect on strain localisation on slip transfer in a polycrystalline 

engineering alloy. This will be achieved by undertaking novel in-situ loading experiments using optical and 

scanning electron microscopy imaging techniques to capture the discrete shear strain pattern 

development during the onset of plasticity. Combining this with crystal orientation mapping will enable us 

to relate grain misorientation and the requirement to change shear direction to the development of 

discrete shear strain patterns.  

The high-resolution strain mapping will be achieved by creating gold nano particle patterns of mechanical 

test samples and undertake loading experiments in a dedicated in-situ SEM to track the movement of the 

gold nano particles during deformation. High-resolution digital image correlation will then be applied to 

analyse the data and create in-plane shear strain maps as well as determining the direction of the 

principal shear strain using a relative displacement ratio analysis. We will combine such strain data with 

grain orientation maps and the data analysis will benefit from Python notebooks recently developed 

within the plasticity community and made freely available on github 

(https://github.com/MechMicroMan/DefDAP).  

Hence, one of the main aims of this project is to identify slip transfer criteria as a function of level of strain 

localisation.  

Hypothesis: Discrete shear pattern evolution through slip transfer across grains develops more easily in 

materials that display a) enhanced strain localisation and b) where the requirement of directional change 

of principal shear strain direction from grain to grain does not exceed a critical value.  

 

 

What is expected of the student when at IITB and when at Monash? 
Highlight how the project will gain from the students stay at IITB and at Monash 

At IITB: The student is expected to undertake baseline characterisation (microstructure and deformation 

response) of the material and heat treatments to generate the desired microstructures. Initial in-situ 

loading experiments using optical microscopy will be carried out at IITB while later on sophisticated data 

analysis of in-situ loading experiments carried out by the student at Monash will be required. The data 

analysis will require the student to further data analysis tools building on and extending the DefDAP 

analysis tool developed by the plasticity community.  



 

At Monash: The student will mainly focus on utilising a new state-of-the-art fully integrated in-situ SEM to 

undertake loading experiments to quantify strain localisation. The new set-up will be commissioned in Q1-

2023 and will enable high resolution 2D strain mapping by using digital image correlation techniques as 

shown in Figure 1. In addition, the student will be able to use an analytical SEM optimised for dislocation 

imaging using the so-called controlled ECCI approach. This instrument will also be commissioned in Q1-

2023. 

 

Expected outcomes 
Highlight the expected outcomes of the project 

• New understanding of localised plasticity leading to material failure of high-performance alloys 

used by the energy and transport sector. 

• Contribution to the development of the data analysis tool DefDAP that has been developed by 

researchers at the University of Manchester with increasingly support from researchers around 

the world. Hence, the proposed project here will obtain high visibility within the community.  

• At least 2 high quality/impact publications in journals at the level of Acta Materialia. 

• A highly trained PhD student in the field of Mechanical/Physical Metallurgy, an important area for 

high value manufacturing. 

• Long-term collaboration between the research groups of Prof Pant, Preuss and Hutchinson. 

 

How will the project address the Goals of the above Themes? 
Describe how the project will address the goals of one or more of the 6 Themes listed above. 

 

Today, engineering components are overengineered particularly in the case of safety critical components, 

which results in significant waste of resources as components might be replaced pre-maturely or/and are 

much heavier/larger than required. In addition, the structural materials studied here are relevant for clean 

energies and the issue of strain localisation is also particularly relevant for hydrogen embrittlement, a 

challenge for the transport, storage and combustion of hydrogen. Further, the project fits squarely in the 

Material Science/Engineering (including Nano, Metallurgy) cluster. 

 

Potential RPCs from IITB and Monash 
Provide names of the potential research progress committee members (RPCs) and describe why they are most suited 

for the proposed project 

IITB: Prof. N. Jaya Balila – has extensive experience in micromechanics experiments and finite element 

modelling.  

Prof. Anirban Patra – Crystal plasticity modelling of deformation, has worked on development of CP 

models that incorporate deformation twinning, and non Schnidt effects during plasticity.   

 

Monash: Prof Jianfeng Nie – Excellent and highly experienced physical metallurgist with a strong interest 

in Mg alloys where grain boundary sliding (i.e.. a different kind of strain localisation) is of interest. He is 

also research director within the Department of Materials Science & Engineering at Monash.  

 

Capabilities and Degrees Required 
List the ideal set of capabilities that a student should have for this project. Feel free to be as specific or as general as you like. These 

capabilities will be input into the online application form and students who opt for this project will be required to show that they can 

demonstrate these capabilities. 

The student should have a degree in or metallurgical engineering or in materials science with a 

strong interest in metallurgy. Alternatively, the student could have a mechanical engineering 

degree but would still have some good understanding of materials, particularly alloys.  

The student should also have good understanding of scripting and Python.  

 

Necessary Courses    
Name three tentative courses relevant to the project that the student should complete during his/her coursework at IITB (the student 

will require to secure 8 point in these courses) 

 

Depending on the academic background of the student, any three of the following courses may be relevant. 



The final list will be decided after discussion with the student.  
 

MM 730 Topics in mechanical behaviour of materials 

MM 732 Structural Characterization of Materials 

MM 733 Mechanical Characterization of Materials 

MM 681 Plastic Deformation and microstructure evolution 

MM 445 - Continuum Plasticity of Metals 

 

 

Potential Collaborators 
Please visit the IITB website www.iitb.ac.in OR Monash Website  www.monash.edu  to highlight some potential collaborators that 

would be best suited for the area of research you are intending to float.  

 

At IITB we extensively collaborate with Prof. M. P. Gururajan for MD and phase field DD simulations. We 

also collaborate with Prof. N. Jaya Balila for optical DIC measurements and for FEM based calculations.  

 

Collaborators at Monash would sit within the Monash Centre of Microscopy who could support the PhD 

project if for example some advanced transmission electron microscopy is required. Monash also has a 

Metallurgy and Corrosion cluster bringing together the research activity in this field. It involves 8 

academics and their research groups and the PhD project will greatly benefit from this cluster. 

 

 

 

Select up to (4) keywords from the Academy’s approved keyword list (available at 

http://www.iitbmonash.org/becoming-a-research-supervisor/) relating to this project to make it easier 

for the students to apply.  

Metallurgy 

Materials Science 
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