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Visions for the future…
Marcus Buehler

• Atomistic simulations in material design becomes normal

• The next generation of CAE software will integrate nano and 
micro structures

• Concurrent multi-field variational FEM equations that couple 
nano and micro structures and continuum. 

• A predictive multiscale constitutive law that bridges nano and 
micro structures with the continuum concurrently via 
statistical averaging and monitoring the microstructure/defect 
evolutions (i.e., manufacturing processes).

• Improved methods for the hierarchical and concurrent 
analyses

• Probabilistic simulation-based design techniques enabling 
even more realistic simulations

• ..



M J Buehler

Want to learn how to design tomorrows materials?

Did you know that it can be done with nanoscience and a computer?

TMM4162/MM8406 - Atomistic Modeling of Materials Failure
New from spring 2010

Crack tip mechanisms bcc- Fe

Dynamic 

fracture-

Silicon

Atomistic model

Tensile testing on atomic scale



MULTISCALE MATERIAL MODELING AND TESTING
LESSONS FROM NATURE
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Research group at NTNU

Atomistic and Multiscale Material Modeling and Testing
NTNU Department of Engineering Design and Materials

Christian Thaulow – Atomistic- and Multiscale Material Modeling and Testing 

Christer H Ersland, PhD Arctic Materials - Atomistic modeling of bcc-Fe

Inga Ringdalen Vatne, PhD Arctic Materials - Multiscale Material Modeling 

of Fracture in Iron and Steel 

Adina Basa, PhD  HISC Petromaks project  - Nanoindentation of steels 

with in situ hydrogen charging 

Bjørn Rogne, PhD Nanomechanical testing of steel 

5 Masterstudents on nanotechnology, fall 2010

Cooperation:

NTNU NanoLab, NTNU Supercomputer; SINTEF, MIT, Fraunhofer IWM
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The Space Elevator



Material for the elevator-project

Length to geostationary position: 35.586 km

Tensile strength:

130GPa

100.000 km
launching into outer space
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Carbon nanotubes



Carbon nanotubes
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SUPERHYDROPHOBIC CNT SURFACES
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Samuel and Roberts, 1989

Brittle to Ductile Transition (BDT) 

measurements on single crystals silicon

Sharp transition from

brittle to ductile behavior





Modeling of silicon: Interatomic Potential 

Several empirical potentials fitted to experimental data:

Stillinger-Weber 1

Tersoff 2

EDIP (Environment dependent Interatomic Potential)3

Problems: 

1. Inaccurate description of silicon bonds close to fracture

2. Incorrect predictions of fracture modes (ductility and crack 

opening instead of brittle).

Coupling Tight-Binding or QM with empirical potentials

1. TB/EDIP and TB/Tersoff coupling 4,5

2. DFT/Stillinger-Weber coupling6

Can model brittle fracture well but too small reactive regions for dislocation 

emission and plasticity.

1. Stillinger and Weber, PRB 31(8), 5262 (1985); 2. Tersoff, PRL 56(6), 632 (1986); 3. Justo et al, PRB 

58(5), 2539 (1998); 4. Abraham et al, Europhys. Lett. 44, 783 (1998); 5. Bernstein and Hess, PRL 91(2), 

025501 (2003); 6.Csanyi et al, PRL 93(17), 175503 (2004).



Reactive force field (ReaxFF)1

A bond length/bond order 

relationship is used to obtain smooth 

transition from non-bonded to single, 

double, and triple bonded systems.

1. A.C.T. van Duin et al, J Phys Chem A 105(41), pp. 9396 (2001).



Fracture model

•Use of parallelized code with entire system (30.000-200.000 atoms) modeled by 

ReaxFF.

•Mode I loading of a crack in single crystal silicon. Notch in [011] direction on a 

(100) plane. Periodic boundary conditions in x- and z direction



Case 1: {110} cleavage fracture plane

in the <100> and <110> directions. 

Semiconductors, MEMS devices

Case 2: {111} cleavage fracture plane

in the <110> and <112> directions. 

Fundamental studies

Case 3: {100} cleavage fracture plane

In the <011> direction. 

Not observed in practice



Small Model:

27.000 atoms, 200Å long and wide, thickness 15Å



BRITTLE

DUCTILE

Atomistic Study of Crack-Tip Cleavage to Dislocation Emission Transition in Silicon Single Crystal

Dipanjan Sen,Christian Thaulow Stella V. Schieffer Alan Cohen and Markus J. Buehler

PRL 104, 235502 (2010) 
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Crack propagation snapshots at low Temp- brittle fracture

Crack propagation snapshots at high Temp- ductile fracture (slip vector analysis)1

Crack motion at different temperatures

1. Zimmermann et al, PRL 87, 165507 (2001).
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200 K: Crack proceeds in a 

jagged manner by small steps 

along (111) planes

1200 K: Crack forms ledges 

and small amorphous zones 

consisting of 5-7 defects

Details of crack tip motion at low and high temperature

Kina/Tsinghua%20seminar_10dec10/200Kslow_14oct_1_.mpg
Kina/Tsinghua%20seminar_10dec10/1200kslow_17oct_1_.avi
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Atomistic mechanism at the crack tip at time of 

dislocation emission

•Ledge formation

•5-7 ring cluster formation around 

crack tip



At low T, brittle fracture by small crack steps on (111) plane, expected as (111) 

surface energies are lower.

At high T, dislocation emission followed by crack arrest, by a cascade of 

mechanisms: 

a) small (≈10 Å) disordered zone formed consisting of 5-7 rings at crack 

tip reducing mode I stress intensity at the tip

b) ledge formation on (111) planes

c) dislocation emission at the ledge due to increased mode II loading

Schematic of crack tip mechanisms observed



Example of crack front structure at two positions along the crack front. 

Large model

Increase the thickness of the model, 200.000 atoms, 

100Å thickness



Analysis of the partial dislocation loop 

emission at the crack tip on the lower 

crack surface



Dynamic instability occurring on the crack tip. As the crack velocity increases, 

its forward motion becomes more and more unstable: the crack changes 

direction and leaves behind an increasingly irregular surface.  M J Buehler

Must the ledges be formed as an integrated part 

of the dynamic crack front events?

supersonic-low-mpg.mpeg
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There is a strong motivation to understand the mechanisms of the BDT

Arctic Challenges

• Design 

temperature 

minus 60˚C

• Icebergs

• Ice loads

• Thaw 

settlement

• Landslides



Brittle to Ductile Transition (in Steel)



BRITTLE – DUCTILE TRANSITION



J and CTOD charcterizes crack-tip conditions

Crack Tip Prosess Zone



Farkas, 2005

Crack tip mechanisms:



Christer H Ersland, PhD Arctic Materials

Atomistic modeling of bcc-Fe

C H Ersland, C Thaulow, D Farkas and 

E Østby, “Atomistic studies and 

comparison of α-Fe potentials in mode 

I fracture” Presented at ECF18, 

Dresden, Germany, Sept 2010.



Penny shaped crack

Example:  Crack located on the {110} plane
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Smoke-rings
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Dual-beam FIB-SEM instrument

52

FIB:

PhD student

Bjørn Rune Sørås Rogne

Nanomechanical testing



Dual-beam FIB-SEM instrument

53



Nanoindentation test – Local hardness test

Material properties:

Hardness (H)

Young’s modulus (E)

Nanoindenter tip

Indentation  

into the 

surface



Carried out & ongoing activities 

1. Machine out specimens by using a Focused Ion Beam (Ga+) 

(NTNU NanoLab).

2. Load the specimens with a flat ended nanoindentation tip 

(Nanomekanisk lab)

 Additional material properties can be calculated.

20 μm

Nanoindenter 

tip

Ion beam

Deformed pillar

Pillar (not 

deformed)



Test specimens

Testing results

Fracture 

mechanics

Compression

Yield stress (σy)

3 μm

Fracture toughness (Kc)



Testing results

d=3 μm

3 μm

d=5 μm1 μm

5 μm

1 μm



Testing results

Pillar before 

compression

D = 3μm



Testing results

Pillar after 

compression

D = 3μm



Stress-strain test result from 

compression testing of pillars

Jump in strain (pop-in)

σys

Testing results



Fracture mechanics test: cantilever 

beam with notch



softening..



My first pillar



Adina Basa, PhD    HISC project

Nanoindentation of stainless steels with in situ hydrogen charging

Superduplex stainless 

steel

26%Cr-7%Ni-4%Mo

austenite - ferrite



Reference-electrode

Potensiostat for CP 

potential

Arbeidselektrode

Motstandselektrode

Test specimen 

submerged in 

electrolyte

Nanoindentation with in situ hydrogen charging of stainless steel



Austenite

γ

Ferrite

α

No CP

With CP

CP reduce

”pop in”-load 
Feritt

Slip lines

in austenite

CP for 1 hour at -1050mVsce

Nanoindentations



Nanomechanical properties and fracture toughness from local 
microstructural constituents charged with hydrogen

MultiHy



protein

sand

water



Proteins

http://physicsworld.com/cws/article/news/39512/1/protein








Self-protecting and flaw-tolerant

protein  material networks

Ackbarow, T, Sen, D, Thaulow, C, and Buehler, 

MJ. “Alphahelical protein networks are self 

protective and flaw tolerant.” PLoS ONE 4(6), 

(2009)  e6015.


