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Goal: Predict solute and defect evolution near a dislocation
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Approach:
« Ab initio calculation of migration barriers
« Self-consistent mean-field method
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Irradiation-induced precipitation

 Undersaturated Ni-Si alloys

— Precipitation of Ni;Si precipitates induced by vacancy
flux to sinks

Dislocations Grain boundaries

Barbu and Ardell, Scripta metal.,9,(1975)
Rehn et al., Phys. Rev. B, 30 (1984)



Com position profiles at
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dislocation loop in CP304 post-irradiation
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boundaries



Solute drag: vacancy and solute flux coupling

vacancy-solute
exchange dominant
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The Onsager flux equations

Linear relation between fluxes and the driving forces (Allnatt1993)
J. = ELi'X' (i,j= 1,2,..) L;: The phenomenological coefficients;
~ 7 X : the driving force (for e.g. gradient

of chemical potential)
In a binary system Ni-Si

Ji = Lyin Vil + Ly Vi + Ly Vb, E J, =0
Joi = Lgis; Vg + Loy Vi + Ly Vb, vacancy-r;wediated diffusion
Jy = Lys; Vg + Ly Vi + Ly, Vi,

Quantities of interest from phenomenological coefficients

Diffusion |, =kT(LSiSi _LNiSi)(HM) =) In the dilute p _ kTL

coefficients ' 1 ¢, ¢ dlncg limit (cq<<1) Si_ns. SiSi
1

1

Y. -- activity coefficient
C.; -- concentration of Si
L.
Solute drag Ly = —Lgg; — L s G= LLZSZ
SiSi
Ls;, - negative if solutes and vacancies move in opposite directions
- positive if solute-drag is predominant

Allnatt: Atomic transport in solids (1993)



Vacancy mediated diffusion in FCC Ni
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w5 << W, : Si-Va tightly bound = Si in the same direction as vacancies
w5 ® W; : Si-Va no strong interaction = Si flows opposite to vacancies



Jump frequencies: harmonic transition state theory
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Phenomenological coefficients modified by strains
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L; (0) : phenomenological coefficients as a function of strain
~AE (5)

wj((s):v*(a)-exp( ) m=) From ab initio calculations

Lgy (0, 0,,0,...) mm) From self-consistent mean-field(1:2)

dL..
SIV( ) SIV( ) dé

6=0

1. Nastar et al. Phil. Mag. (2005), 2. Nastar et al. Phil. Mag. A (2000)



Vacancy-mediated diffusion with hydrostatic strain

« The planar cage for any <110> jump 0

« Strain on the cage area and its
relation to the barriers

e .
AL s

« 5-frequency model for FCC
No change in the symmetry
under volumetric strain

cage at the
ansition state

Strain on the cage diagonal : 0

<110> jumps tr

Jump type Tension 0=0 Compression
(6=0.01) (6=-0.01)

ON self-diffusion jump | —|1.04 = 1.10-0.07 | 1.10 |1.17 = 1.10+0.07

ON vacancy-exchange E- 0.99 = 1.05-0.07 | 1.05 |1.12 = 1.05+0.07

w, |impurity jump 510.87 = 0.94-0.07 | 0.94 | 1.01 = 0.94+0.07

OB dissociation jump % 1.20 = 1.27-0.07 | 1.27 | 1.34 = 1.27+0.07

Wy association jump « 1.10 = 1.16-0.07 | 1.16 | 1.23 = 1.16+0.07

All barriers change by the same quantity with strain: AE.(0) = AE.(0)-(7eV)0



Diffusion coefficient of Si in Ni: hydrostatic strain
5

« Calculations similar to the 5-frequency model
« 14 frequencies when including 3™ neighbor interaction<—
« 1st neigh. 0.1eV attraction, 37 neigh. 0.05eV repulsion /
« Most hop barriers follow kinetically-resolved activation 5 i
barrier approx.: forward-reverse average = constant
« Same change in activation energies with stress for all jumps
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Calculated diffusivities match the experimental data



Mobility coefficients of Si in Ni: solute drag

 From the 14 frequency model
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Small change in vacancy wind with volumetric strain



Mobility coefficients of Si in Ni: vacancy wind

« From the 5 frequency model: crossover temperature of 1200K
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Migration barriers and jump frequencies: tetragonal strain

25 o

(111) Plane : Tetragonal strain

12 first nearest neighbor(NN) bonds break symmetry <110>:

Red (8) and Blue (4)
0>0 - Blue bonds are longer than Red 3,
o,

=0
0<0 - Blue bonds are shorter than Red =-0/2

Needs 15 (44) frequencies to calculate L; matrix



Ni self-diffusion jumps (w, -type) under tetragonal strain

O O Okf O

Wy O ..i Va-Si bond type
N - O, =0and o, = -0/2;
O—0——o«oil{oi»0  h 32 o0 ..

02-"- (D% \—,—‘ Va hop bond type

— initial and final

O O O
Wy [By 0
O O O—O O _ @) o
The degeneracy is lost due to strain: (@ @)
12 AE,splitinto : 8 AE,"and 4 AE,—
For a strain d = 0.01 diagonal of the cage = >0 O »O
Contracts (by -0.01) - for Blue jump
Expands (by 0.005) - for Red jump O 3 o)
O

« Blue Jumps (AE,) increase (decrease) for 8>0 (<0)
« Red Jumps (AE,) decrease (increase) for & >0 (<0)

Strain: +0.01 Strain: O Strain: -0.01
O —~ AE, |11.24 =#1.10+0.14 AE 0.96 = 1.10-0.14
t=2 AE, |1.10
[0) 0 .
3 ~ | AE,~ [1.02 =1.10-0.07 AE,— 1.16 = 1.10+0.07

AE,(8) = AE, (0) - (14e V)4,

iagonal



Si-vacancy exchange (w, —-type) under tetragonal strain
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The degeneracy is lost due to strain:
12 AE, split into : 8 AE,""and 4 AE,®®

For a strain & = 0.01 diagonal of the cage

o
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Contracts (by -0.01) - for Blue jump
Expands (by 0.005) - for Red jump

« Blue Jumps (AE,) increase (decrease) for 8>0 (<0)
- Red Jumps (AE,) decrease (increase) for & >0 (<0)
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Strain: +0.01 Strain: O Strain: -0.01
O ~ |AEb® | 1.07 = 0.94+0.14 AE,Pb | 0.80 = 0.94-0.14
£ AE, |0.94
52 | AE,™ | 0.86 ~ 0.94-0.07 2 | P AE,™ |1.00 = 0.94+0.07

AE,(0) = AE,(0) - (14eV)O4,g0na



Si-Va swing (w, —type) under tetragonal strain
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A AT A T nitial and final
i} Va-Si bond type
O O ‘ 9 '
} Y o \_,_1 a hop bond type
oY
g oo 0, 0" o," ol
1|9, 0,0,
O, =0and o, =-9/2;
with 6= % 0.0

« Blue Jumps (AE,) increase (decrease) for 8>0 (<0)
- Red Jumps (AE,) decrease (increase) for & >0 (<0)

Strain: +0.01 Strain: O Strain: -0.01
S |AET 1.18 = 1.05+0.14 AE,™ 0.92 = 1.05-0.14
)
S| AE,™ 0.98 = 1.05-0.07 AE, | 1.05 |AE,® | 1.11 = 1.05+0.07
g AE,br 0.98 =~ 1.05-0.07 AEPT  |[1.11 ~ 1.054+0.07

Si-Va re-orientation can happen faster along particular directions

AE, (8) = AE, (0) - (14e V)4,

iagonal



Si-Va dissociation jump (w5 —type) under tetragonal strain
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« Blue Jumps (AE;) increase (decrease) for 8>0 (<0)
« Red Jumps (AE;) decrease (increase) for & >0 (<0)

Strain: +0.01 Strain: 0 Strain: -0.01
AESP- 1.41 = 1.27+0.14 AE-P- 1.12 = 1.27-0.14
g AES™ 1.40 = 1.27+0.14 AE; | 1.27 | AES™ 1.11 = 1.27-0.14
_g AES™ 1.18 = 1.27-0.07 AES"™ 1.34 = 1.27+0.07
@ AESP- 1.18 = 1.27-0.07 AESP- 1.34 = 1.27 - 0.07

AE,(8) = AE,(0) - (14eV)4,

iagonal



Si-Va association jump (w, —-type) under tetragonal strain

initial and final

o o o O ST
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o -0 0 -0 -0 0—0 000 |9 00’0 o
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« Blue Jumps (AE,) increase (decrease) for 8>0 (<0)
- Red Jumps (AE,) decrease (increase) for & >0 (<0)
Strain: +0.01 Strain: O Strain: -0.01
AE,™® 1.29 = 1.16+0.14 AE,™® 1.02 = 1.16-0.14
E AE,T 1.29 = 1.16+0.14 AE, | 1.16 |AE,T 1.00 = 1.16-0.14
2 | AE,T 1.09 = 1.16-0.07 AE,T 1.21 = 1.16+0.07
(18}
© |AE®  [1.08 ~ 1.16-0.07 AE,® | 1.22 = 1.1640.07

AE,(8) = AE,(0) - (14eV)4,

iagonal




Summary: All jump barriers under tetragonal strain
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A constant C;ATE is found on all jump types AE;(0,) = AE;(0) - 14eV o,

Changes in the cage-diagonal explains the changes in the
migration barriers
The blue jumps: AE; (0) = AE,(0) + 14eV D
The red jumps: AE, () = AE, (0) - 7eV d

Symmetry enforces —2:1 ratio for derivative



Kinetic Coupling: Self-Consistent Mean-Field Model

| | _ Vaks (1993);
* Microscopic Master equation Nastar et al. (2000; 2005; 2007)

Garnier and Nastar (2011)

dp (“ ) EW(n —n)P(#,1) - EW(H —i)P(n,1)

at equilibrium P,(n) = exp[ (L, +2Ma2”,~a—H)]
. 2 _ 1 af __a_ B 1 afy _a_. fB
with H_Z_!EV n;n; +3' E Vi nning+..

a,pi=j a,B.y,i=j=k

e Under imposed chemical potential gradient:
introduce effective interactions so as to satisfy steady state

aff ABY (1)1 /3 n +
P(n,t)=P,(n)P (n,1); h(t)—z—a;#]v (HOnn aﬁ%gkv’”‘ (Hnn
a, B
< > EJ and d<n " >=O =» Linear system relating effective

dt interactions and gradient of p’s



Kinetic Coupling: Self-Consistent Mean-Field Model (2)

e The effective interactions contain the kinetic coupling terms

J& ==L (uf - duf )+2L§jj“°( S UA TN

becomes Ji; = E L,] o ( ) = full Onsager Matrix
B.s,s'

e Approach can be extended to arbitrary crystallographic structures
e Requires knowledge of atomic jump frequencies
= Allows for including stress effects on kinetics:

e.g., creep, transport near dislocations



Anisotropy in solute drag due to tetragonal strain

0
Tetragonal strain with 6= + 0.01 T
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Anisotropy in solute drag due to tetragonal strain

* Lgis; > 0 in the entire
temperature range

* L,y is positive if solute-drag is
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Dislocation
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Dislocation strain field

b .
Evolumetric = — 4_771" sin 0
b 3
Vshear = 1 cos 6 cos 26

b 3
Epp = ——— (2 sin 0 + = sin@cosZG)
dmtr 2




Anisotropy in Lg,, due to dislocation strain field

b .
Evolumetric = —7—— SIN 0
4tr
b 3
Vshear = 10 cos 6 cos 20
b . 3 .
Epp = ——— [2sin 6 + = sin 6 cos 20
47ty 2
Lo + 3L c + L —£L
0+ 3 Ly €volumetric + 6 Ltet €bb 3 Litet )/ shear
2 1
_§L€et7/shear Lo + §L:/€V01umetric

LO: unstrained L
L’,: volumetric strain derivative
L'.e:: tetragonal strain derivative



Anisotropy in Lg,, due to dislocation strain field
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Anisotropy in L, relative to average L, at crossover

crossover

unstrained L nearly 0: ratio nearly distance independent



Anisotropy in L, relative to average L, below crossover
Terossover "100K

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
e -2 0 2 -+

extremely large anisotropies near core
unusual contours should affect solute distribution



Anisotropy in L, relative to average L, above crossover
TCFOSSOVGI‘+ 1 O O K

extremely large anisotropies near core
unusual contours should affect solute distribution



Initial flow streams at T

crossover

vacancy silicon

strong directionality from primary anisotropy at crossover



Initial flow streams at T ccover— 50K

vacancy silicon

solute drag into core in anisotropic pattern



Initial flow streams at T +50K

crossover

vacancy silicon

depletion of solute from dislocation core above crossover (solute exchange)
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Goal: Predict solute and defect evolution near a dislocation
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