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Outline

• Research and Atomistic Simulations in Industrial Environment

• Application Examples
o Metallurgy
o Batteries
o Composite materials
o Fluids

• Summary and Conclusions
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Research and Atomistic Simulations in 
Industrial Environment
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Industrial Value
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Creation of products which are:
• Valuable for customer
• Innovative
• Efficient to manufacture
• Safe and reliable
• Environmentally responsible
• Meeting the regulations
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Value of Modeling and Simulation
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• Understanding mechanisms

• Prediction of properties
Optimal design and processes

• Improvement of industrial products is a long-term iterative process

• Materials modeling and simulation are catalysts of this process 
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Research in Industry and Academia

Academia
• Driven by new methods to solve 

known problems
• Breakthrough discoveries
• Knowledge driven 
• Mostly long-term
• Challenging – failure is part of the 

learning process
• New theory and method 
• Push the limits of the state of the art 

in a field or a discipline
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Industry
• Driven by ‘new’ or given problem and flexible with 

methods 
• Mostly incremental (or opening new business)
• Application driven with visible and direct societal impact 

(e. g. vaccine)
• Mostly short-term, long-term for strategic goals
• Challenging – Failure is possible and acceptable: 

complexity of systems or property 
• Extensions or integrations of theories and methods 

(interdisciplinary and multiscale)
• Prefer to stay within the limits of the state of the art 

Fifth Solvay Conference on Physics, 1927
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Research in Industry
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Scientific Foundation of Simulation
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Classical Mechanics

Erwin Schrödinger
1926

Ludwig Boltzmann
1871

HY = EYS = k lnW

Josiah W. Gibbs
1876

DG = DH-TDS

Isaac Newton
1687

F = ma

James C. Maxwell
1864
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Scientific Foundation of Simulation
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Research Application Examples



Properties of Steel
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The Importance of Steel
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1. A mass of 1.6´1012 kg with a density of 8.050´103 kg m-3 gives a volume of 1.99´108 m3 or a cube 
with a length of 583 m on each side

2. As reference: the Volkswagen group produces annual revenues of $ 225 billion with 610,000 
employees

Annual global 
production of steel:

1600 million metric tons 
[1]

or 219,000 Eiffel towers per year

Value:
Carbon steel: ~ $500 per ton
Stainless steel: ~ $2500 per ton
Global value ~ $1000 billion [2]
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Precipitation Hardening of Steel

• Long-term creep resistance can be a critical safety factor.

• Certain precipitates cause hardening and reduce creep.

• Which precipitates are most appropriate for a given alloy 
composition?

• Experimental tests are costly and take long time.

• DFT calculations can provide understanding and 
quantitative data.

© Materials Design 2022
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Precipitation
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Computed vs. Experimental Solubility Product

• Computed solubility product of TiC in ferritic 
Fe-Cr steel is similar to available 
experimental data

• Accurate electronic energies, inclusion of 
vibrational entropy (full phonon spectra) and 
thermal expansion are critical

• Ab initio calculations provide quantitative 
materials property data for alloy engineering

Source: W. Wolf et al. - Materials Design - Internal Report
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Formation of Non-Cubic Ni2Cr Phase in Ni-Cr Alloys

• Cluster expansion using UNCLE with a 
training based on VASP data

• UNCLE Monte-Carlo simulation based 
on cluster expansion for fcc Ni-Cr 
system

• The simulations capture the disorder / 
order transition

© Materials Design 2022

Disorder / Order 
transition

Source: D. Reith - Materials Design - Internal Report



Safety of Nuclear Reactors



Advanced Materials for Nuclear Power

• Objective: increase the life-time of materials in the reactor 
while maintaining their safe operation
• Problems: 
o Irradiation-induced degradation of structural materials
o Oxidation 

• Approach
o Use materials modeling to gain deeper understanding of 
⁃ irradiation-induced degradation mechanisms 
⁃ Oxidation and hydrogen pickup in the metal (hydride formation) 
⁃ Role of alloying elements (Sn, Fe, Cr, Ni, Nb)

o Predict the performance of improved and new alloys prior to 
experimental testing which is expensive and time consuming

UO2 fuel pellet

Zr cladding

© Materials Design 202218



Swelling of Zr under Neutron Irradiation

• Under irradiation, zirconium alloys deform 
anisotropically

• Large-scale molecular dynamics simulations provide 
atomistic understanding of the underlying atomic-scale 
phenomena

• Computations performed with LAMMPS in MedeA 
environment

© Materials Design 202219
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Diffusion of Interstitials in Zr
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The simulations reveal:
• Fast diffusion of interstitials
• Anisotropic diffusion: faster in x & y-directions 

than z
• Build-up of <a> dislocation loops

1 ns molecular dynamics

x

z

MedeA® LAMMPS/EAM

The slope of the 
mean square 

displacement vs. time 
is proportional to the 
diffusion coefficient
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Effect of Alloying with Nb and Sn
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Nb suppresses the 
interstitial diffusion

MedeA®-LAMMPS/EAM 

Zr 2.5Sn 

Pure Zr 

Zr 2.5Nb 
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Reference
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Batteries
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Li-Ion Battery
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Engineering Issues

• Limited capacity: LixCoO2 is unstable if more than half of Li is removed. Practical 
operation is restricted to   0.5 ≤ x ≤ 1 → half of the capacity is not used.

• LixCoO2 expands when Li is removed and contracts when Li is inserted → degradation

• The liquid electrolyte is flammable

• Each cell behaves differently → serious issue in battery packs

© Materials Design 2022
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Low-Strain Cathode Materials
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Simulations

• ab initio methods are used to compute equilibrium volume of spinel structures and 
identify compounds that shrink or expand when Li is removed

Active Space:

• Find compounds close to zero expansion when Li atoms are inserted

© Materials Design 2022
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Patent
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Composite Materials
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Epoxy-Oxide Interfacial Systems
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How much primer (coupling between SiO2 surface and polymer) is optimal?

SiO2
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Epoxy-SiO2 Interfaces – Model Building
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crosslinking equilibration

primed 
SiO2

unreacted 
epoxy

merging 
the two 
parts 
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Epoxy-SiO2 Interfaces – Mechanical Properties
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Primed surface sites (%) C33 (GPa)
0 7.2

12.5 7.8

25 8.8

50 5.0

Reference: Bulk Cured Resin 5.97 ± 0.29

Stiffness coefficient C33 for SiO2 - epoxy composite layer systems with various levels of 
primer coverage:

Intermediate primer coverage produces optimal enhancement in small strain 
mechanical behavior.

Source: D. Rigby - Materials Design - Internal Report



Chemical Processes
Reducing Cost and Energy 
Consumption



Carbon Capture and Storage Technology

• CO2 is removed from natural gas in a carbon capture unit

• The solvent is an aqueous amine

• How to select the amine to control the efficiency of the CO2 capture and reduce cost and 
energy consumption?  
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Rates of CO2 Absorption in Aqueous Amine Solvents

Challenge for simulation:
• The experimental distribution of the 

activation energies of CO2 absorption 
is around 1.3 kJ mol-1

• To be fully predictive the simulation 
method must be one order of 
magnitude more precise than 1 kJ mol-1

• A Bell-Evans-Polanyi relation and long 
MD simulations to compute the 
energies of reaction of:

OH-+CO2®HCO3
-

permitted an accuracy of 0.1 kJ mol-1
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Source: J. Chem. Inf. Model. 2021, 61, 1814 – Together with TotalEnergies, SE 


