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Most important Bravais lattices of simple metals

bcc fcc hcp
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Simple metal lattice types
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Directions in HCP crystals
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Oxygen influence on <c> loop nucleation
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Simulation Setup 
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Physical properties calculated for various interatomic potentials
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Temperature dependence of axial ratio c/a
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Diffusion of point defects
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Possible configurations of SIA in HCP lattice
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Point defect diffusivities

�2�;��������������������������������������

���� !"�! =
�
�
�

=
���

��    ,782.0

sc     ,653.0

���� "�!! /=

�!� 6/2 >Δ=<

�2�%���������������������������������

# # ⋅Δ= � −−=
#

## ��$ 2
1

2 )(

%$! Δ→ 6/2

&&! ##� Δ>−=< − 2/)( 2
1



ICTP/IAEA Workshop on Multi-Scale Modelling, Trieste 12-23 April 2010 16

NSC Kharkov Institute of Physics and Technology

Why �� can be very small?
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Crowdion motion of SIA
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Crowdion motion of SIA
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Interstitial self-diffusion?

 
Phase Defect Ef at T=1000 K Em  Ef+Em ED (experiment) 

Vacancy 2.38 1.23 3.61 hcp 

Interstitial 3.17 0.11 3.28 

3.17 

Vacancy 2.00 0.44 2.44 bcc 

Interstitial 2.04 0.11 2.15 
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Martensitic Phase Transformation in Zr

α-Zr → β-Zr at  T = 1136 K 

BCCHCP
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“Kinetic Phase Diagram”
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Enthalpy at Reversible Temperature-Controlled MT

� The 1-st order phase transformations: A→ M → A

0 400 800 1200 1600 2000
0.02

0.04

0.06

0.08

0.10

A
FM

F

hcp

 

H
-3

kT
, e

V

Temperature, K

bcc



ICTP/IAEA Workshop on Multi-Scale Modelling, Trieste 12-23 April 2010 23

NSC Kharkov Institute of Physics and Technology

Thermodynamics of MT and temperature T0
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Entropy of harmonic system
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Spectral densities in martensite and austenite phases

� ΔSαβ = 0.45k
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Free energy difference

� T0 ≈ 1340 K
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Phase coexistence, Tc
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Phase coexistence, Tc
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Radial Distribution Function
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Local Order Characterization

.����������;������ ������������
S. Nosé and F. Yonezawa, J. Chem. Phys. 84 (1979) 1803

Definition of neighbors:  Voronoy polyhedra share a common face
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Local Order Characterization

 ����������#����������������$��������1#�$2�
H. Jonsson, H. C. Andersen, Phys. Rev. Lett. 60, (1988) 2295

Bond index lijk :
i �����������������#��!�
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BCC =    8 x 1444 +      6 x 1666FCC = 12 x 1421
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Structure of martensite state after transformation (PBC)
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Heterogeneous transformation β→α
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Reverse transformation α→β
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Initial and Final States at Transformation β→α
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Initial and Final States at Transformation α→β
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β → α heterogeneous MT in polycrystalline Zr
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β→α heterogeneous MT in polycrystalline Zr
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β→α heterogeneous MT in polycrystalline Zr
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α→β heterogeneous MT in polycrystalline Zr
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2-nd cycle of  β→α heterogeneous MT in Zr
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Primary damages in displacement cascades

N =  105 – 2�106

PKA energies: 0.01  – 20 keV

Temperatures: 300, 600, 900 K 

Total cascades: > 600

Ed ∼ 24 – 20 eV (T = 300 – 900 K)
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MD time step vs fastest atom energy
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Point defect distribution, EPKA = 20 keV, T = 300 K
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Defect production in Zr (MA potential) at T = 300K
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Defect production in Zr (MA potential) at T = 900K
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Survived point defects fraction 
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Effect of cascade defects annealing at high temperature
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Defect production in Zr (AWB potential) at T = 300K

���	�������	%�����$�'�������������	(%$�)	�����*	

!!"# $�%�&�'� ()'�

+��	��������	,� (�-)	��	������	��������	������	.� /	*% �0

0.1 1 10

1

10

100

'*!.
�1C ,D$

2)
!H"

�E
�

 

 .
��-
0���;

%
+�



ICTP/IAEA Workshop on Multi-Scale Modelling, Trieste 12-23 April 2010 50

NSC Kharkov Institute of Physics and Technology

Defect production in Zr (AWB potential) at T = 900K
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Survived point defects fraction (AWB potential)
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Distribution of cluster sizes (MA potential)
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Distribution of cluster sizes (AWB potential)
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Fraction of defects in clusters of size 2 and more  (MA)
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Conclusions

• A wide hysteresis is observed during reversible temperature-controlled 
MTs at MD simulation of model Zr. It is suggested that phase transformation kinetics 
is limited by nucleation processes in accordance with experiments

• Grain boundary affects the behavior of martensitic transformation. The 
hysteresis width becomes narrower indicating heterogeneous nucleation of new phase 
on the GB

• Local structure order parameter was implemented in the analysis of the 
displacive phase transformation kinetics

• Simulation of primary damage creation demonstrate increasing 
clusterization of point defects with PKA energy 
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