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Issues:
• how to model strengthening effects, yield phenomena, obstacle 

absorption, defect motion, etc.?
• models able to give quantitative information?
• models able to describe candidate materials?
• periodic boundary conditions?
• dislocation density?
• statics or dynamics?
• are results for dislocation shape and critical stress comparable

with elasticity theory?
• is high strain rate unavoidable? - is it realistic?
• how good is simulation based on elasticity theory?
• what shape should be taken from MD or experiment for DD? 
• incorporation of atomic-scale information from statics and/or 

dynamics into models based on elasticity theory?
• other areas:  solutes, cracks
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• dislocations under stress move through field of irradiation-induced obstacles 
- dislocation loops, SFTs, point defect clusters, voids, precipitates, etc.

• dislocations under stress move through field of irradiation-induced obstacles 
- dislocation loops, SFTs, point defect clusters, voids, precipitates, etc.

Irradiation microstructure - effect on mechanical propertiesIrradiation microstructure - effect on mechanical properties

Channelling: Pd [p+; 0.12dpa]
- Victoria et al. (2000)

Decoration & rafts: Mo [n]
- Singh & Evans (1997)
- Yamakawa & Shimomura (1998)

(a) Single xtal Cu [p+]
(b) Polycrystal Fe [n]

- Victoria et al. (2000)

Issue: how to model strengthening effects, yield phenomena, 
defect absorption, defect motion, etc.?
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• Multiscale modelling approach is necessary
- continuum scale for strength, stress-strain characteristics, 

obstacle statistics effects, etc.
- atomic scale for dislocation-obstacle interaction mechanisms, 

strength parameters, etc. (not obvious a priori)
- nano- → micro- → meso-mechanics
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Atomic-scale
• Requirements
- long-distance motion of dislocation
- extraction of stress/strain and stress/strain-rate characteristics
- T = 0K and T > 0K
- atomic structure of obstacle 

and dislocation after interaction
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and dislocation after interaction

- ~1-10M atoms
- simple, short-range potentials
- ~1-10M atoms
- simple, short-range potentials

Issue: models able to give quantitative 
information?

Issue: models able to give quantitative 
information?

Issue: models able to describe candidate materials?Issue: models able to describe candidate materials?



Model - edge dislocation:Model - edge dislocation:

MD cell 
(periodic boundaries along line 

and glide direction)

MD cell 
(periodic boundaries along line 

and glide direction)
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slip planeslip plane

translation vector of two half crystals 
= translation vector of MD cell
translation vector of two half crystals 
= translation vector of MD cell
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Issue: statics or dynamics?
• T=0K (statics) simulations - apply shear strain 
• T>0K (dynamics) simulations - apply shear stress or strain rate

Issue: statics or dynamics?
• T=0K (statics) simulations - apply shear strain 
• T>0K (dynamics) simulations - apply shear stress or strain rate

σappl = Fext /(LbL)σappl = Fext /(LbL)

Fext

Fint

σgen = Fint /(LbL)σgen = Fint /(LbL)

Issue: dislocation density?

e.g. Lb = 120b
H = 80b
L  = 120b

ρD = 1/(LbxH) 
~ 1/(104b2)
~ 1.6x1015m-2

Natoms ~ 1.5M
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Dislocation
fields overlap 
Dislocation

fields overlap 

Lb

‘true’ region
⇒ good match to infinite-

body stress field

‘true’ region
⇒ good match to infinite-

body stress field

~0.4Lb

Issue: periodic boundary conditions?Issue: periodic boundary conditions?

Dislocation
fields overlap 
Dislocation

fields overlap 



Static simulation (T = 0K) 
Ex. edge dislocation ⇒ row of voids in α-Fe at T = 0K
Static simulation (T = 0K) 
Ex. edge dislocation ⇒ row of voids in α-Fe at T = 0K

void spacing Lvoid spacing Lvoid size Dvoid size D

increasing strainincreasing strain

2nm (339v) void in Fe
L=42nm, T=0K. C1 xtal



Line TensionLine Tension

φ�

T T

T = Gb2/2  - approximation

cosφc characterises obstacle strength

T = Gb2/2  - approximation

cosφc characterises obstacle strength

τcbL = 2Tcos(φc/2)    (for strong obstacles)

∴ τc = αGb/L  (or τ = �αGb/L) 

τcbL = 2Tcos(φc/2)    (for strong obstacles)

∴ τc = αGb/L  (or τ = �αGb/L) 

α = cos(φc/2) α = cos(φc/2) 

Issue: are results for dislocation shape and critical stress 
comparable with elasticity theory?

Issue: are results for dislocation shape and critical stress 
comparable with elasticity theory?

φc(line tension) should not to be 
equated to φc(atomic modelling) 
φc(line tension) should not to be 
equated to φc(atomic modelling) 



R

τ = T/bR in line tension, but what 
is T?  (ln(R/r0) and r0 unknown)
τ = T/bR in line tension, but what 
is T?  (ln(R/r0) and r0 unknown)

• TEM
resolution?

Issue: what shape should be taken from MD or experiment for DD?Issue: what shape should be taken from MD or experiment for DD?

Angle?Angle?



• Bacon, Scattergood, Kocks (1973-)
- the effect of self-interaction on the critical stress τc(L,D,b)

• Bacon, Scattergood, Kocks (1973-)
- the effect of self-interaction on the critical stress τc(L,D,b)

Issue: how good is simulation based on elasticity theory?Issue: how good is simulation based on elasticity theory?



• data fits
τ� = (µb/2πL)[ln(D*) + B]
where D* = (1/D+1/L)-1 ≈ D 

• data fits
τ� = (µb/2πL)[ln(D*) + B]
where D* = (1/D+1/L)-1 ≈ D 

edge

γs=0

γs≠0
������

D/L

τvoid =        [ln(D-1+L-1)+1.52]Gb
2πL

τOrowan = [ln(D-1+L-1)+0.7]Gb
2πL

• the atomic simulation stress 
values are similar

• so are the line shapes 

• the atomic simulation stress 
values are similar

• so are the line shapes 



Issue: incorporation of atomic-scale mechanisms into models 
based on elasticity theory?

Issue: incorporation of atomic-scale mechanisms into models 
based on elasticity theory?

Ex 1 - Dislocation climb due to vacancy absorption from voidsEx 1 - Dislocation climb due to vacancy absorption from voids



critical shape:
Cu precipitates

Ex 2 - Dislocation-induced transformation of Cu precipitates in FeEx 2 - Dislocation-induced transformation of Cu precipitates in Fe



Dynamics simulation (T > 0K) 

- dislocation dynamics at the atomic scale
- motion under constant applied strain-rate (106-108s-1)
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Issue: is high strain rate unavoidable? - is it realistic?Issue: is high strain rate unavoidable? - is it realistic?

e.g. 
SR = 5x106s-1, Lb = 120b, ρD = 1.6x1015m-2:

v = 12ms-1, t = 2.4ns

If ∆t = 2fs, Natom = 1.5M, computational speed = 10-5s/atom/∆t:
time = 170 days
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Ex 1. 2nm voids in Fe - strain rate 5x106s-1Ex 1. 2nm voids in Fe - strain rate 5x106s-1

- mechanisms of T-dependence?- mechanisms of T-dependence?



Ex 2. Interaction of dislocation with row of glissile interstitial loops
- constant applied stress

Ex 2. Interaction of dislocation with row of glissile interstitial loops
- constant applied stress

slip planeslip plane

edge dislocationedge dislocation

LL

HH

edge+loop drag glide_1 

Fe  100MPa, 300K

breakaway

breakaway

breakaway

breakaway• drag coefficient τb = (Bdisl+Bloop)v:
- drag due to moveable pinning points 
spacing L, mobility m:

where

and for loops:

• drag coefficient τb = (Bdisl+Bloop)v:
- drag due to moveable pinning points 
spacing L, mobility m:

where

and for loops:
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Issue: incorporation of atomic-scale mechanisms from dynamics 
into models based on elasticity theory?

Issue: incorporation of atomic-scale mechanisms from dynamics 
into models based on elasticity theory?

- obstacle forces 
- dislocation dynamics 
- obstacle dynamics

- obstacle forces 
- dislocation dynamics 
- obstacle dynamics

General Issue: incorporation of information from atomic-scale 
simulations into models based on elasticity theory?

General Issue: incorporation of information from atomic-scale 
simulations into models based on elasticity theory?

Other areas: 
- effects of solutes 
- dislocations near cracks 
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- dislocations near cracks 
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