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Nye Tensor

b =

Z

A
dS(↵ · n)↵ij Surface density of 

Burgers vector

↵ = r⇥GG Deformation tensor with 
respect to perfect bulk

Stokes theorem on to the 
surface enclosed by the 
Burgers circuit [5]
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Overview

These properties are due to the microscopic structure of this material, 
characterised by the precipitation of the gamma matrix (nickel FCC) into 
the gamma prime phase (an ordered Li3 structure with Al atoms at the 
corners and Ni atoms on the faces of the cube).Dislocation are pinned at 
the interface strengthening the alloy (precipitation hardening).

Nickel-based superalloys are one of the most suitable material for the 
construction of efficient turbines for power generation. They are 
characterised by: 
- Excellent mechanical strength 
- High temperature creep resistance 
- Resistance to corrosion and oxidation

The maximum operating temperature (and hence efficiency) of jet engines is limited by creep in their superalloy 
turbine blade. The understanding of these failure processes is poor at the nanoscale because of the intrinsic 
chemical complexity involved. 
The ‘Learn on the Fly’ (LOTF) approach [1] is a multiscale QM/MM scheme that allows the study of these “chemo-
mechanical” processes (tight coupling between long range stress and local chemistry) with QM accuracy.

Learn on the Fly (LOTF)

QM forces are evaluated on small clusters, a suitable buffer decouples QM region from vacuum. 
Quantum forces on the latter are discarded, and MM forces are used instead. A simple correction term 
is then added to the classical potential, its parameters fitted to reproduce DFT results within the 
quantum area. A predictor/corrector scheme is used to accelerate the dynamics (expensive QM 
calculations are performed only where and when required). [2]

The LOTF Scheme

Previous Applications of LOTF on Fracture Problems 

direction of motion, associated with each reconstruction event. If we
assume for simplicity that an average of n reconstruction events take
place during the time interval Dt for a given bead, its momentum mv
will drop by 2nmvt/Dt, where the parameter t=Dt is representative
of the time delay associated with each reconstruction. The number of
events is related to the propagation velocity by n 5 jvDt/l, where l is
the bilayer distance in the (111) direction, that is, the amount of
climb for each reconstruction event. Thus, the momentum change
is 2mjv2t/l, which is the nonlinear drag term in equation (1) dis-
cussed above. We note that if the frequency of reconstruction events
were constant for a given temperature, as is the case for simple acti-
vated processes, then j would scale as 1/v, and would just give rise to a
simple drag term, linear in the velocity. Thus, in an indirect way, this
model sheds light on the role of the cooperative, dynamic nature of
brittle fracture: at high speeds, the atoms near the crack tip are steered
towards clean cleavage.

We perform experimental studies of the low-crack-speed regime
using a technique for applying very small but steady and well-con-
trolled tensile loads. A silicon specimen is loaded by taking advantage
of the thermal expansivity mismatch between the sample and the
aluminium loading frame (Fig. 2b). Micrographs of the resulting
(111) fracture surface are shown in Fig. 2a, c. Triangular ridges, all
deviating in the same direction from the fracture surface, form at a
range of low crack speeds below about 800 m s21. At higher crack
speeds, of about 2,000 m s21, the surface is mirror smooth and no
ridges are present. The crystallographic direction of the deviation
(identical in over 40 independent samples) is the same as the recon-
struction-induced steps in the atomistic simulation, and the shape of
the ridges is qualitatively in agreement with the mesoscopic model
(Fig. 2c, d). Similar features have recently been reported23 under
more complicated loading conditions at a speed of about
1,000 m s21 (see Supplementary Information).

We next considered the (110) crack plane. Experiments have
shown that (110)½1!110" cracks propagating along the [001] direction
deflect out of the plane at very low velocity6,18, whereas (110)[001]
cracks propagating in the ½1!110" direction stay on the (110) plane up to
very high velocity (about 2,900 m s21) before also faceting onto (111)
planes6,7 . Recent studies25 have assigned critical velocities for this
instability for various propagation directions and have shown that
in all cases the deflection is not immediate but only occurs after some
initial propagation on the (110) plane. We simulated the (110)½1!110"
crack propagation and observed the onset of this deflection. This
crack propagates by breaking a series of bonds, labelled A in Fig. 3a.
The system also contains type-B bonds, which are oriented at the
same angle with respect to the tension axis as A bonds. Resolving the
elastic stresses on the atomic scale reveals that B bonds located imme-
diately above and below the crack plane are almost as highly stressed
as A bonds. However, strong neighbour bonds connecting under-
coordinated atoms left exposed by the advancing crack make the A
bonds weaker than B bonds, so the former are expected to break
selectively during quasi-static (110) cleavage, consistent with the
low-speed experimental observations.

In the simulations we initially observe each newly exposed under-
coordinated surface atom snap back towards the subsurface region.
This induces significant local atomic motion and the excess energy
diffuses into the bulk crystal, but no immediate rebonding occurs as
long as the speed of propagation is sufficiently low. However, bond-
breaking events become more frequent with increasing crack speed,
and the local relaxations overlap in time. As more kinetic energy is
locally available, the fast crack front ‘stumbles’. Local reconstructions
involving the removal of under-coordinated atoms begin to occur on
the open surfaces. This removes the reason for selective A-bond
breaking and in our simulation we indeed observe B-bond breaking
events that deflect the crack front onto a (111) plane. Further simula-
tions reveal that under these conditions any slight disturbance away
from pure tension (for example a small extra shear strain component
as in Fig. 3b) can systematically reverse the initial relative stability of

A and B bonds. This results in multiple coherent breaking of B bonds,
effectively exposing (111) surfaces, consistent with the crack motion
observed experimentally (Fig. 3c–e).

No near degeneracy of crack-tip bonds exists in the orthogonal
½1!110" direction, consistent with the observation of instabilities only
at much higher speeds6. The deflection mechanism is thus only
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Figure 3 | The (110)[1 ·10] crack system. a, Geometry of the crack tip
propagating straight at low speeds by sequential breaking of type A bonds
(blue). Red atoms are described using quantum mechanics, yellow atoms
using an interatomic potential. At each propagation step, the A bond is
weaker than the corresponding B bond because of a neighbouring under-
coordinated atom (indicated by an arrow for the A1–B1 pair). b , At higher
speed an instability occurs. At this point any slight shear disturbance in the
stress field reverses the relative stability of A and B bonds, and the crack is
deflected onto a (111) plane. The energy release rate for this system is
G 5 6.7 J m22. In addition to the main tensile load, this includes a small
G 5 0.24 J m22 shear contribution to break the symmetry in the y direction.
Both exposed (111) crack surfaces undergo a 2 3 1 reconstruction.
c–e, Photographs from three-point bending experiments6 (reprinted with
permission): (110) fracture surface for low-speed cleavage (grey; c); fracture
surface of a specimen with the crack deflected from the (110) plane (white) to
the (111) plane (black) for intermediate-speed cleavage (d ); (111) fracture
surface obtained for high-speed cleavage (e).
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Fig  2.  Subcritical  crack  advance  on  Si(110),  catalysed  by  oxygen  (red  atoms).  Left:  the
system  before  chemisorption  of  second  O

2
,  Right:  crack  advance  after  dissociative

adsorption.

Machine-­learning  of  QM  forces
Zhenwei Li’s PhD project has advanced considerably during this reporting period. In this                                   

part of the overall project, we are working to improve the informational efficiency of our                                         

modelling approach, particularly on the idea of building a database of previous QM results                                      

“on-­the-­fly”. By reusing (rather than recalculating) the information stored in the database, it                                   

is in principle possible to dramatically reduce the computational cost of our simulations,                                   

while still retaining our target high (QM) accuracy. With this goal in mind, Zhenwei has                                         

developed an advanced interpolation scheme for QM forces based on Gaussian Process                                

regression, with an accuracy which systematically improves as more data is added to the                                      

database of reference configurations. The scheme has been so far tested both on MD and,                                         

more  stringently,  on  the  phonon  band  structure  of  silicon  [3].

Interaction  between  cracks  and  point  defects
Our project on modelling the interaction between crack propagating on the (111) cleavage                                   

plane in silicon and isolated substitutional boron defects has been concluded, and the                                   

resulting  paper  is  currently  under  peer  review  [4].

Our QM simulations predict three regimes: at low speed we see deflection of cracks in                                         

perfect silicon crystals;; at intermediate speeds, crack deflection occurs at defect sites, at a                                      

rate proportional to the linear defect concentration. At higher speeds the crack-­defect                                

interaction is dynamically hindered, and perfectly smooth fracture surfaces are recovered.                             

These predictions are completely consistent with experimental results obtained by our                             

Screw Edge 
One of the main advantages of LOTF with respect 
to other QM/MM implementations is the possibility 
of updating the quantum region. The Nye tensor is 
useful for tracking and following dislocations cores 
during the dynamics. It is much more reliable at 
high temperature with respect to other tools such 
as Von Mises strain, and it gives extra information 
such as the character of the dislocation (edge or 
screw) and its sign. 
The instantaneous position of the dislocation core, 
given by the maximum of this quantity, defines the 
center of the quantum region during the dynamics.

Shockley Partials

In the picture: dissociation into Shockley 
partials for both edge and screw dislocation 
in the gamma phase.

0.09751

-0.0938

Quadrupole of screw 
dislocations in the 
gamma phase at 700 K. 
The system has 3d 
boundary conditions. 
Atoms coloured by the 
screw component of the 
Nye tensor. 
The dislocation cores 
are easily tracked. 

QM region

buffer

MM region

Predictor/Corrector

 - The quantum forces are fully converged with a 5 
Angstrom buffer (required accuracy below 0.1 eV/Å). 
- The classical EAM forces can be 40% wrong on the 
atoms closest to the dislocation core. 
- The EAM potential is accurate enough ~ 3 Angstrom 
from the core of the dislocation.

QM engine: PBE DFT [2]

MM engine: EAM potential [3]

Preliminary Tests:    Bulk Properties
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E0(eV )

DFT EAM

3.57 3.57

4.93 4.63

�0

Elastic Properties (GPa)

B
C11

C12

C44

177 186
238 237
146 160
114 125 C44

177 154
234 206
149 128
125 107

C12

C11

B

Applications of LOTF to Dislocation Motion
4.1 Bulk and Elastic Properties

Single-crystal nickel-based superalloys are usually made up of two di↵erent
phases: a � phase described by an fcc lattice and an ordered �

0 precipitate
described by a LI2 structure (cubic lattice, Ni3Al stoichiometry with Ni
atoms on the faces of the cube and Al ones on the corners). The conventional
cells of these solid solutions are shown in Figure 4.1.

Figure 4.1: Di↵erent phases of the alloy: � (Ni/fcc) and �
0 (Ni3Al/LI2)

In order to determine the bulk properties of the two structures we have
run di↵erent ab initio simulations for di↵erent values of the lattice parameter
(within a range of ±10% from the experimental one). The resulting energies
are fitted with the Murnaghan equation of state:

E(V ) = E0 +
B0V
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(4.1)

where E0 is the cohesive energy of the crystal (minimum value of E), V0 the
equilibrium volume, B the bulk modulus and B

0 its derivative with respect
to pressure. A good convergence of the fitting parameters is achieved for
both the structures with a 300 eV cuto↵ energy. A 13⇥13⇥13 Monkhorst-
Pack grid was used for sampling the BZ in the simple case of a fcc nickel
crystal. The result of the fitting procedure are presented in Figure 4.2, the
values for the parameters are reported in table 4.1, along with the results of
the same procedure for EAM calculations. The agreement between the two
approaches is quite good, but the classical potential is not able to capture
the slight di↵erence between the bulk moduli of the two phases. The classical
potential was later rescaled (E �! �E with � = 1.13) in order to fit the
elastic constants for the � phase. These results are also presented in table
4.1; the bulk moduli are slightly overestimated.
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Good agreement between EAM potential and DFT calculations for bulk and elastic properties.  
It is possible to rescale the classic potential in order to match better DFT results. 

Width of the Buffer

- EAM potential accurate enough. 
- QM calculations are not required at every time-step.  
- Possibility of accelerate the dynamics. 
- Here: 2 fs time-step, 10 fs between each quantum 

calculation 

Ongoing Work and Future Plans
- Studying the diffusion rate of dislocations as a function of temperature to give an estimate to 
the diffusion barrier, repeating the simulation in proximity of a gamma/gamma prime interface 
and studying the effect of the strain due to the lattice mismatch.

0RGHOOLQJ�WKH�,QWHUIDFH��00�

$�VXSHUFHOO�LV�QHHGHG�WR�
DFFRPPRGDWH�WKH�ODWWLFH�
PLVPDWFK��a������EHWZHHQ�
WKH�GLIIHUHQW�SKDVHV�
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Interface between the phases of the alloy. Misfit (edge) dislocations are formed.  
Red box: region far from the core in which the strain distribution is approximately constant 
White box: dislocation core (zoomed in the second picture)

- Studying the interaction between vacancies and dislocation both in the gamma phase and at the 
interface, with particular focus on the climb of edge dislocations.

- Studying the effect of impurities such as rhenium atoms on diffusion properties

10 Å We would like to thank Dr. Alessandro Mottura for useful discussions
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Vacancy diffusion in pure nickel and in proximity of a Rhenium impurity: energy barriers (NEB)

F Bianchini, JRK and A De Vita, Modell. Simul. Mater. Sci. Eng. 24 045012 (2016)

F Bianchini, A Glielmo, JRK and A De Vita, Submitted (2019)

��0 phasephase

EAM, 5% Al, T = 300 K, 100 MPa shear stress

Misfit  
dislocs

MD simulation of dislocations in ! phase Ni 
• Aleatoric and epistemic uncertainties
• Model uncertainty: how accurate is 

interatomic potential? Parameters and 
functional form

• Random microstructures, limited data
• Algorithmic uncertainty in solvers
• Limited transferability: can we model 

chemical complexity, e.g. impurities?


