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𝐷 = 𝐷0𝑒
−𝑄 𝑘𝐵𝑇
⁄

𝐷𝑠𝑜𝑙𝑣𝑎𝑛𝑡
𝑠𝑜𝑙𝑢𝑡𝑒

• 

𝑫𝑨
𝑨

𝐷𝐴
𝐴 = 𝐷𝑉𝑐𝑉

𝑒𝑞
= 𝑔𝑎2𝜔𝑐𝑉

𝑒𝑞

ω ,

𝐷𝑉

𝛥𝐺𝑣
𝑚

𝐷𝑉 = 𝐷0𝑒
−𝛥𝐺𝑣

𝑚

𝑘𝐵𝑇
⁄

𝑐𝑉
𝑒𝑞

𝛥𝐺𝑣
𝑓

𝑐𝑉
𝑒𝑞
= 𝑒

−𝛥𝐺𝑣
𝑓

𝑘𝐵𝑇
⁄

𝑘𝐵 𝑇



𝑫𝑨
𝑨∗  

𝐷𝐴
A∗ ≈ 𝑓𝐷𝐴

𝐴

• 

𝑫𝑨
𝑩

∆𝐺𝐵(𝐴)
𝑓

𝐷𝐴
𝐵 = 𝑓2𝐷𝑉𝑐𝑉

𝑒𝑞
= 𝑓2𝑔𝑎

2𝜔2𝑒

(−
∆𝐺𝐵(𝐴)

𝑓

𝑘𝐵𝑇
)

𝑐𝑉
𝑒𝑞

𝑓2 𝑤2

𝐷𝐴
𝐵 ≈ 𝐷𝐴

𝐵∗

 

• 



𝜇𝑖 = 𝜇𝑖
0 + 𝑅𝑇𝑙𝑛𝑎𝑖 = 𝜇𝑖

0 + 𝑅𝑇𝑙𝑛(𝑋𝑖𝛾𝑖)

𝜇𝑖
0

𝑎𝑖 𝛾𝑖

𝑎𝑖

𝛾𝑖 𝛾𝑖 𝛾𝑖→ 𝛾𝑖

𝛾𝑖

𝛾𝑖

𝐽 = −𝐷∇c⃗

�̃�

�̃�

𝑫𝑨 𝑫𝑩

𝐷𝐴 = 𝐷𝐴𝐵
𝐴∗𝛷 𝐷𝐵 = 𝐷𝐴𝐵

𝐵∗𝛷

𝛷

𝛷 =
𝑑𝑙𝑛𝑎𝐴
𝑑𝑙𝑛𝑋𝐴

=
𝑑𝑙𝑛𝑎𝐵
𝑑𝑙𝑛𝑋𝐵

= 1 +
𝑑𝑙𝑛𝛾𝐴
𝑑𝑙𝑛𝑋𝐴

= 1 +
𝑑𝑙𝑛𝛾𝐵
𝑑𝑙𝑛𝑋𝐵

𝛾𝐴 𝛾𝐵

𝐷𝑖 𝐷𝐴𝐵
𝑖∗ 𝛷 𝑋𝐵→

𝐷𝐵(0)
𝐼 = 𝐷𝐴

𝐵∗ 𝛷 → 1



{
𝐷𝐴 = 𝐷𝐴𝐵

𝐴∗𝛷𝑠𝐴

𝐷𝐵 = 𝐷𝐴𝐵
𝐵∗𝛷s𝐵

{
 
 

 
 𝑠𝐴 = 1 +

(1 − f)

f

𝑋𝐴(𝐷𝐴𝐵
𝐴∗ − 𝐷𝐴𝐵

𝐵∗)

𝑋𝐴𝐷𝐴𝐵
𝐴∗ + 𝑋𝐵𝐷𝐴𝐵

𝐵∗

s𝐵 = 1 +
(1 − f)

f

𝑋𝐴(𝐷𝐴𝐵
𝐵∗ −𝐷𝐴𝐵

𝐴∗)

𝑋𝐴𝐷𝐴𝐵
𝐴∗ + 𝑋𝐵𝐷𝐴𝐵

𝐵∗

�̃�𝑨𝑩

�̃�𝐴𝐵 = 𝑋𝐵𝐷𝐴 + 𝑋𝐴𝐷𝐵 = (𝑋𝐵𝐷𝐴𝐵
𝐴∗ + 𝑋𝐴𝐷𝐴𝐵

𝐵∗)𝛷𝑆

𝑆 = 1 +
(1 − f)

f

𝑋𝐴𝑋𝐵(𝐷𝐴𝐵
𝐴∗ − 𝐷𝐴𝐵

𝐵∗)2

(𝑋𝐴𝐷𝐴𝐵
𝐴∗ + 𝑋𝐵𝐷𝐴𝐵

𝐵∗)(𝑋𝐴𝐷𝐴𝐵
𝐵∗ + 𝑋𝐵𝐷𝐴𝐵

𝐴∗)
= 1 +

2𝑋𝐴𝑋𝐵(𝐷𝐴𝐵
𝐴∗ − 𝐷𝐴𝐵

𝐵∗)2

𝑀0(𝑋𝐴𝐷𝐴𝐵
𝐴∗ + 𝑋𝐵𝐷𝐴𝐵

𝐵∗)(𝑋𝐴𝐷𝐴𝐵
𝐵∗ + 𝑋𝐵𝐷𝐴𝐵

𝐴∗)

𝐷𝐴𝐵
𝐴∗

𝐷𝐴𝐵
𝐵∗⁄ < 3, 𝑆 < 1.07 

𝛷 ≫ 𝑆

𝐷𝐴
𝐴 ≈ 𝑓𝐷𝐴

𝐴∗

→ 𝐷𝐵(0)
𝐼 = 𝐷𝐴

𝐵∗

𝐷𝐴𝐵
𝐴∗ , 𝐷𝐴𝐵

𝐵∗ , 𝐷𝐴 , 𝐷𝐵 , �̃�𝐴𝐵

→ 𝐷𝐴(0)
𝐼 = 𝐷𝐵

𝐴∗

𝐷𝐵
𝐵 ≈ 𝑓𝐷𝐵

𝐵∗



∇𝜇

𝐽𝑖 =∑𝐿𝑖𝑗𝑋𝑗

𝑛

𝑗=1

𝐽𝑖 𝑋𝑗

−∇𝜇

−∇𝜇𝑉 = 0

𝐷𝐴
𝐴 =

𝐿𝐴𝐴
𝑋𝐴

𝑘𝐵𝑇

𝐷𝐴
𝐴∗ = [1 −

𝐿𝐴𝐴∗

𝐿𝐴𝐴

𝑋𝐴
𝑋𝐴∗
]𝐷𝐴

𝐴

{
 

 𝐷𝐴 =
𝐿𝐴𝐴
𝑋𝐴

(1 −
𝐿𝐴𝐵𝑋𝐴
𝐿𝐴𝐴𝑋𝐵

) 𝑘𝐵𝑇𝛷

𝐷𝐵 =
𝐿𝐵𝐵
𝑋𝐵

(1 −
𝐿𝐴𝐵𝑋𝐵
𝐿𝐵𝐵𝑋𝐴

) 𝑘𝐵𝑇𝛷

𝑁2+𝑁

2



{

 𝐽𝐴 = −𝐿𝐴𝐴∇𝜇𝐴 − 𝐿𝐴𝐵∇𝜇𝐵 − 𝐿𝐴𝐶∇𝜇𝐶

 �⃗⃗⃗�𝐵 = −𝐿𝐴𝐵∇𝜇𝐴 − 𝐿𝐵𝐵∇𝜇𝐵 − 𝐿𝐵𝐶∇𝜇𝐶

 𝐽𝐶 = −𝐿𝐴𝐶∇𝜇𝐴 − 𝐿𝐵𝐶∇𝜇𝐵 − 𝐿𝐶𝐶∇𝜇𝐶

{

 𝐽𝐴 = −𝐷𝐴𝐴∇𝑐𝐴 −𝐷𝐴𝐵∇𝑐𝐵 −𝐷𝐴𝐶∇𝑐𝐶

 𝐽𝐵 = −𝐷𝐵𝐴∇𝑐𝐴 − 𝐷𝐵𝐵∇𝑐𝐵 −𝐷𝐵𝐶∇𝑐𝐶

 𝐽𝐶 = −𝐷𝐶𝐴∇𝑐𝐴 − 𝐷𝐶𝐵∇𝑐𝐵 − 𝐷𝐶𝐶∇𝑐𝐶

∇𝑐𝐶 = −∇𝑐𝐴 − ∇𝑐𝐵

{

 𝐽𝐴 = −𝐷𝐴𝐴
𝐶 ∇𝑐𝐴 − 𝐷𝐴𝐵

𝐶 ∇𝑐𝐵

 𝐽𝐵 = −𝐷𝐵𝐴
𝐶 ∇𝑐𝐴 −𝐷𝐵𝐵

𝐶 ∇𝑐𝐵

 𝐽𝐶 = −𝐷𝐶𝐴
𝐶 ∇𝑐𝐴 − 𝐷𝐶𝐵

𝐶 ∇𝑐𝐵

𝐷𝑖𝑗
𝐶 = 𝐷𝑖𝑗 − 𝐷𝑖𝐶 ≠

(𝑁 − 1)2 �̃�𝑖𝑗

�̃�𝑖𝑗
𝑘 𝐽𝐴 + 𝐽𝐵 + 𝐽𝐶 = 0 �̃�𝐴𝐴

𝐶 +

�̃�𝐵𝐴
𝐶 +�̃�𝐶𝐴

𝐶 = 0 �̃�𝐴𝐵
𝐶 + �̃�𝐵𝐵

𝐶 +�̃�𝐶𝐵
𝐶 = 0

{
 𝐽𝐴 = −�̃�𝐴𝐴

𝐶 ∇𝑐𝐴 − �̃�𝐴𝐵
𝐶 ∇𝑐𝐵

 𝐽𝐵 = −�̃�𝐵𝐴
𝐶 ∇𝑐𝐴 − �̃�𝐵𝐵

𝐶 ∇𝑐𝐵

 𝐽𝐶 = −�̃�𝐶𝐴
𝐶 ∇𝑐𝐴 − �̃�𝐶𝐵

𝐶 ∇𝑐𝐵

�̃�𝑖𝑗
𝑘

{

�̃�𝐴𝐴
𝐶 + �̃�𝐵𝐵

𝐶 > 0

�̃�𝐴𝐴
𝐶 �̃�𝐵𝐵

𝐶 − �̃�𝐴𝐵
𝐶 + �̃�𝐵𝐴

𝐶 > 0

(�̃�𝐴𝐴
𝐶 + �̃�𝐵𝐵

𝐶 )
2
> 4(�̃�𝐴𝐴

𝐶 �̃�𝐵𝐵
𝐶 − �̃�𝐴𝐵

𝐶 �̃�𝐵𝐴
𝐶 )

�̃�𝐴𝐴
𝐶 > 0 �̃�𝐵𝐵

𝐶 > 0 �̃�𝐴𝐵
𝐶 �̃�𝐵𝐴

𝐶 > 0

�̃�𝐴𝐵
𝐶 �̃�𝐵𝐴

𝐶



�̃�𝐴𝐴
𝐵 = �̃�𝐴𝐴

𝐶 − �̃�𝐴𝐵
𝐶 �̃�𝐴𝐶

𝐵 = −�̃�𝐴𝐵
𝐶 �̃�𝐶𝐴

𝐵 = �̃�𝐵𝐵
𝐶 + �̃�𝐴𝐵

𝐶 − �̃�𝐴𝐴
𝐶 − �̃�𝐵𝐴

𝐶 �̃�𝐶𝐶
𝐵 = �̃�𝐵𝐵

𝐶 − �̃�𝐴𝐵
𝐶

�̃�𝐵𝐵
𝐴 = �̃�𝐵𝐵

𝐶 − �̃�𝐵𝐴
𝐶 �̃�𝐵𝐶

𝐴 = −�̃�𝐵𝐴
𝐶 �̃�𝐶𝐵

𝐴 = �̃�𝐴𝐴
𝐶 + �̃�𝐵𝐴

𝐶 − �̃�𝐵𝐵
𝐶 − �̃�𝐴𝐵

𝐶 �̃�𝐶𝐶
𝐴 = �̃�𝐴𝐴

𝐶 − �̃�𝐵𝐴
𝐶

[
�̃�𝐴𝐴
𝐶 �̃�𝐴𝐵

𝐶

�̃�𝐵𝐴
𝐶 �̃�𝐵𝐵

𝐶 ] = [
𝑆𝐴𝐴�̃�𝐴𝐴

𝐶 𝑆𝐴𝐵�̃�𝐴𝐵
𝐶

𝑆𝐵𝐴�̃�𝐵𝐴
𝐶 𝑆𝐵𝐵�̃�𝐵𝐵

𝐶
] [
𝛷𝐴𝐴 𝛷𝐴𝐵
𝛷𝐵𝐴 𝛷𝐵𝐵

]

{
 
 

 
 �̃�𝐴𝐴

𝐶 = 𝐷𝐴𝐵𝐶
𝐴∗ − 𝑋𝐴𝐷𝐴𝐵𝐶

𝐴∗ + 𝑋𝐴𝐷𝐴𝐵𝐶
𝐶∗

�̃�𝐴𝐵
𝐶 = −𝑋𝐴𝐷𝐴𝐵𝐶

𝐵∗ + 𝑋𝐴𝐷𝐴𝐵𝐶
𝐶∗

�̃�𝐵𝐴
𝐶 = −𝑋𝐵𝐷𝐴𝐵𝐶

𝐴∗ + 𝑋𝐵𝐷𝐴𝐵𝐶
𝐶∗

�̃�𝐵𝐵
𝐶 = 𝐷𝐴𝐵𝐶

𝐵∗ − 𝑋𝐵𝐷𝐴𝐵𝐶
𝐵∗ + 𝑋𝐵𝐷𝐴𝐵𝐶

𝐶∗

{
 
 
 
 

 
 
 
 𝑆𝐴𝐴 = 1 +

2𝑋𝐴(𝑋𝐵(𝐷𝐴𝐵𝐶
𝐴∗ − 𝐷𝐴𝐵𝐶

𝐵∗ ) + 𝑋𝐶(𝐷𝐴𝐵𝐶
𝐴∗ −𝐷𝐴𝐵𝐶

𝐶∗ ))(𝐷𝐴𝐵𝐶
𝐴∗ − 𝐷𝐴𝐵𝐶

𝐶∗ )

𝑀0((1 − 𝑋𝐶)𝐷𝐴𝐵𝐶
𝐴∗ + 𝑋𝐴𝐷𝐴𝐵𝐶

𝐶∗ )(𝑋𝐴𝐷𝐴𝐵𝐶
𝐴∗ + 𝑋𝐵𝐷𝐴𝐵𝐶

𝐵∗ + 𝑋𝐶𝐷𝐴𝐵𝐶
𝐶∗ )

𝑆𝐴𝐵 = 1 +
2

𝑀0
(1 −

𝐷𝐴𝐵𝐶
𝐴∗

𝑋𝐴𝐷𝐴𝐵𝐶
𝐴∗ + 𝑋𝐵𝐷𝐴𝐵𝐶

𝐵∗ + 𝑋𝐶𝐷𝐴𝐵𝐶
𝐶∗ )

𝑆𝐵𝐴 = 1 +
2

𝑀0
(1 −

𝐷𝐴𝐵𝐶
𝐵∗

𝑋𝐴𝐷𝐴𝐵𝐶
𝐴∗ + 𝑋𝐵𝐷𝐴𝐵𝐶

𝐵∗ + 𝑋𝐶𝐷𝐴𝐵𝐶
𝐶∗ )

𝑆𝐵𝐵 = 1 +
2𝑋𝐵(𝑋𝐴(𝐷𝐴𝐵𝐶

𝐵∗ − 𝐷𝐴𝐵𝐶
𝐴∗ ) + 𝑋𝐶(𝐷𝐴𝐵𝐶

𝐵∗ − 𝐷𝐴𝐵𝐶
𝐶∗ ))(𝐷𝐴𝐵𝐶

𝐵∗ − 𝐷𝐴𝐵𝐶
𝐶∗ )

𝑀0((1 − 𝑋𝐶)𝐷𝐴𝐵𝐶
𝐵∗ + 𝑋𝐵𝐷𝐴𝐵𝐶

𝐶∗ )(𝑋𝐴𝐷𝐴𝐵𝐶
𝐴∗ + 𝑋𝐵𝐷𝐴𝐵𝐶

𝐵∗ + 𝑋𝐶𝐷𝐴𝐵𝐶
𝐶∗ )

{
 
 
 
 

 
 
 
 𝛷𝐴𝐴 = (

𝜕𝑙𝑛𝑎𝐴
𝜕𝑙𝑛𝑋𝐴

)
𝑝,𝑇,𝑋𝐵

𝛷𝐴𝐵 = (
𝜕𝑙𝑛𝑎𝐴
𝜕𝑙𝑛𝑋𝐵

)
𝑝,𝑇,𝑋𝐴

𝛷𝐵𝐴 = (
𝜕𝑙𝑛𝑎𝐵
𝜕𝑙𝑛𝑋𝐴

)
𝑝,𝑇,𝑋𝐵

𝛷𝐵𝐵 = (
𝜕𝑙𝑛𝑎𝐵
𝜕𝑙𝑛𝑋𝐵

)
𝑝,𝑇,𝑋𝐴



𝛷𝐵𝐴 =
𝑋𝐴

(1 − 𝑋𝐴)
[
(1 − 𝑋𝐵)

𝑋𝐵
. 𝛷𝐴𝐵 +𝛷𝐵𝐵 −𝛷𝐴𝐴]

𝐷𝐴𝐵𝐶
𝐴∗

𝐷𝐴𝐵𝐶
𝐵∗

𝐷𝐴𝐵𝐶
𝐶∗

𝐷𝐴𝐴
𝐶 𝐷𝐴𝐵

𝐶 𝐷𝐵𝐴
𝐶 𝐷𝐵𝐵

𝐶 𝐷𝐶𝐴
𝐶 𝐷𝐶𝐵

𝐶

�̃�𝐴𝐴
𝐶 �̃�𝐴𝐵

𝐶 �̃�𝐵𝐴
𝐶 �̃�𝐵𝐵

𝐶

𝛷𝑖𝑗 = 𝛿𝑖𝑗 + 𝑋𝑖
𝜕𝑙𝑛𝛾𝑖
𝜕𝑋𝑗

𝛿𝑖𝑗

∇𝜇𝑖

𝑋𝑖
𝑅𝑇
∇𝜇𝑖 = ∑𝛷𝑖𝑗

𝑛−1

𝑗=1

∇�⃗�𝑗

𝐷𝑁𝑖𝐶𝑟
𝐶𝑟∗ 𝐷𝑁𝑖𝐶𝑟

𝑁𝑖∗ 𝐷𝐹𝑒𝑁𝑖𝐶𝑟
𝐶𝑟∗ 𝐷𝐹𝑒𝑁𝑖𝐶𝑟

𝐹𝑒∗ 𝐷𝐹𝑒𝑁𝑖𝐶𝑟
𝑁𝑖∗





�̃�𝐶𝑟𝑁𝑖
𝐹𝑒 �̃�𝑁𝑖𝐶𝑟

𝐹𝑒

�̃�𝐶𝑟𝐶𝑟
𝐹𝑒 �̃�𝑁𝑖𝑁𝑖

𝐹𝑒



𝐷𝑒𝑓𝑓
𝐴∗ = 𝑔𝐷𝐺𝐵

𝐴∗ + (1 − 𝑔)𝐷𝐵𝑢𝑙𝑘
𝐴∗

𝑔 =
𝑞𝛿

𝑑

δ

𝐷𝐵𝑢𝑙𝑘
∗ 𝐷𝐺𝐵

∗

1E-31

1E-29

1E-27

1E-25

1E-23

1E-21

1E-19

1E-17

1E-15

1E-13

5 6 7 8 9 10 11 12 13 14 15 16 17 18

D
X

*
N

i-
C

r
m

².
s-1

(1/T).104 K-1

PWR + SFR

550°C 300°C

   −  
  ∗ =  .   .     −  

−       
  ⁄

   −  
  ∗ =  .   .     −  

−       
  ⁄

1E-30

1E-28

1E-26

1E-24

1E-22

1E-20

1E-18

1E-16

1E-14

1E-12

5 6 7 8 9 10 11 12 13 14 15 16 17 18

D
X

*
Fe

-N
i-

C
r 

m
².

s-1

(1/T).104 K-1

PWR + SFR

   −  −  
  ∗ =  .   .     −  

−       
  ⁄

   −  −  
  ∗ =  .   .     −  

−       
  ⁄

   −  −  
  ∗ =  .   .     −  

−       
  ⁄

1E-31

1E-29

1E-27

1E-25

1E-23

1E-21

1E-19

1E-17

1E-15

1E-13

1E-11

5 7 9 11 13 15 17

D
X

*
Fe

-N
i-

C
r 

(m
².

s-1
)

(1/T).104 K-1

1E-31

1E-29

1E-27

1E-25

1E-23

1E-21

1E-19

1E-17

1E-15

1E-13

5 6 7 8 9 10 11 12 13 14 15 16 17 18

D
X

*
N

i-
C

r 
(m

².
s-1

)

(1/T).104 K-1

PWR + SFR

550°C 300°C

   −  
  ∗ =  .   .     −  

−       
  ⁄

   −  
  ∗ =  .   .     −  

−       
  ⁄

PWR + SFR

550°C 300°C

   −  −  
  ∗ =  ,   .     −  

−       
  ⁄

   −  −  
  ∗ =  ,   ,     −  

−       
  ⁄

   −  −  
  ∗ =  ,   ,     −  

−       
  ⁄

1E-29

1E-27

1E-25

1E-23

1E-21

1E-19

1E-17

1E-15

1E-13

1E-11

1E-09

1E-07

6 8 10 12 14 16 18

D
if
fu

s
io

n
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o
e
ff

ic
ie

n
t 

(m
2
.s

-1
)

1/T (104 K-1)

PWR + SFR

550°C 300°C

𝑫𝑩   
∗

𝑫 𝑩
∗

d = 50 nm

d = 50 µm

d = 1 mm

δ = 0.5 nm

A B



 

δ



η

 

 

χ

χ

χ

χ



τ-carbide

η-carbide

γ

γ

γ

γ

γ

σ

σ γ

σ γ

σ γ

σ γ

→σ 

η

η γ

η

γ

η γ

η γ 

or  η γ

χ
(Fe/Ni)15Cr26Mo 

(Fe/Ni)36Cr12Mo3Ti7

χ γ

χ γ, 

χ γ





 

 

𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝑈235 → 𝑋 + 𝑌 + 𝑘𝑛𝑓𝑎𝑠𝑡 + 𝛾

𝑛𝑓𝑎𝑠𝑡 + 𝑃𝑢239 → 𝑋 + 𝑌 + 𝑘𝑛𝑓𝑎𝑠𝑡 + 𝛾

𝐻2 + 𝐻3 → 𝐻𝑒4 (3.5 𝑀𝑒𝑉) + 𝑛 (14.1 𝑀𝑒𝑉)



𝐵10 + 𝑛 → 𝐿𝑖7 + 𝐻𝑒4

𝑁𝑖58 + 𝑛 → 𝑁𝑖59 + 𝛾 𝑁𝑖59 + 𝑛 → 𝐹𝑒56 + 𝐻𝑒4

 





 

~

• 

• 

𝑐𝑉
𝑒𝑞

• 𝑐𝑉
𝑒𝑞
< 𝑐𝑉

𝑖𝑟𝑟 + 𝑐𝐼
𝑖𝑟𝑟

𝐸𝐼
𝑚 > 𝐸𝑉

𝑚

• 𝑐𝑉
𝑒𝑞
≫ 𝑐𝑉

𝑖𝑟𝑟 + 𝑐𝐼
𝑖𝑟𝑟

{
 
 

 
 
𝑑𝑐𝑉
𝑑𝑡

= 𝑲 −  𝒄𝑰𝒄𝑽 −∑ 𝑽𝒔
 𝑫𝑽(𝒄𝑽 − 𝒄𝑽

  
)

𝒔

𝑑𝐶𝐼
𝑑𝑡

= 𝑲 −  𝒄𝑰𝒄𝑽 −∑ 𝑰𝒔
 𝑫𝑰𝒄𝑰

𝒔

𝑘𝑃𝐷𝑠
2



 

~

𝑁𝑑,𝐾𝑃(T) =
𝑇

2𝐸𝑑

D
if
fu

s
io

n
 c

o
e
ff
ic

ie
n

t 
(m

².
s

-1
)

Inverse temperature (K-1)

Dth

Dbal

Drad,s
Drad,r

High T
Intermediate T

Low T
RIS RECOMBINATION

Higher flux

Higher  𝒔
 

THERMAL BALLISTIC MIXING



𝑁𝑑,𝐾𝑃(𝑇) = 0 𝑁𝑑,𝐾𝑃 = 1

𝑁𝑑,𝐾𝑃(𝑇) =
𝐸𝑐

2𝐸𝑑

 

 

 

 

 

 

 

�̅�

𝑁𝑑,𝑁𝑅𝑇(z) = 𝜅
�̅�(𝑧)

2𝐸𝑑

�̅�

�̅� 𝜅

𝑁𝑑,𝑁𝑅𝑇(z) �̅�

𝑑𝑝𝑎(𝑧) =
𝑁𝑑,𝑁𝑅𝑇(z)  𝜑  t

N

𝜑 𝑁

ϕ



𝑑𝑝𝑎 = 𝜎𝑑𝛷

𝜎𝑑
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γ

γ

 



 

 

 

~

~

A B

C

20 nm



∆𝑉/𝑉

𝑇2 − 𝑇1 =

𝑘𝐵𝑇1
2

𝐸𝑚
𝑣 + 2𝐸𝑓

𝑣 𝑙𝑛 (
𝐾02
𝐾01

)

1 −
𝑘𝑇1

𝐸𝑚
𝑣 + 2𝐸𝑓

𝑣 𝑙𝑛 (
𝐾02
𝐾01

)

Dose (dpa)

Sw
el

lin
g

(%
)

A B

DC

1%/dpa



𝐾0 𝐸𝑚
𝑣 𝐸𝑓

𝑣

 

�⃗⃗� = 𝑎 3⁄

𝑎

3
[111] +

𝑎

6
[112̅] →  

𝑎

2
[110]

𝑎

3
[111] +

𝑎

6
[21̅1̅] +

𝑎

6
[1̅21̅] →  

𝑎

2
[110]

𝑎

6
〈112〉

𝑎

2
〈110〉

𝑎

2
〈110〉

~



~

1

2
(1̅3̅1)
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C D

100 nm

FL

PL
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γ

~



𝐽𝑉 = − 𝐽𝐴 + 𝐽𝐵 𝐽𝑉 = −𝐽𝐴 + 𝐽𝐵 𝐽𝐼 = 𝐽𝐴 + 𝐽𝐵

Inverse Kirkendall effect Vacancy drag Interstitial drag

𝑫𝑩 < 𝑫𝑨

B

A

  

  

 A

  

depletion

A

B

 𝐴

 𝐵

𝐽𝑉 = − 𝐽𝐴 + 𝐽𝐵 𝐽𝑉 = −𝐽𝐴 + 𝐽𝐵 𝐽𝐼 = 𝐽𝐴 + 𝐽𝐵

Inverse Kirkendall effect Vacancy drag Interstitial drag

𝑫𝑩 < 𝑫𝑨

B

A

  

  

 A

  

depletion

A

B

 𝐴

 𝐵

𝐽𝑉 = − 𝐽𝐴 + 𝐽𝐵 𝐽𝑉 = −𝐽𝐴 + 𝐽𝐵 𝐽𝐼 = 𝐽𝐴 + 𝐽𝐵

Inverse Kirkendall effect Vacancy drag Interstitial drag

𝑫𝑩 < 𝑫𝑨

B

A

  

  

 A

  

depletion

A

B

 𝐴

 𝐵



ENRICHMENT DEPLETION

Defect type Ni Si Mo P B Cu C S Fe Cr Mo Mn C Cu

Grain 

boundary
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6
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7 2 7 7
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Dislocation 
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7
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Frank loop 9 9 9 9 9
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11
11 11 11 11 11

Cavity

3

9 

12

3

9
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3

9

12

3

9

12

9

12

Ni-Si 

cluster
5

4a

4b

5

Ni-Si-Mn 

cluster
1

ASS grades APT STEM-EDS

304/304L 1 7 8 / 4a 10 12

316/316L 2 4b 11 / 5 6 / 3 9

1 2
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4b5
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T
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Dose rate (dpa.s-1)

10-8 10-210-310-410-510-7 10-6

BACK DIFFUSION

RECOMBINATION

RADIATION INCUCED 
SEGREGATION

Neutrons

Protons Heavy ions

A B

C

GB

Fe Cr Ni Si Mn Cu P C B S

STEM BF Fe Cr

Ni Si Mn

A

B



 

• 

{
 
 
 
 

 
 
 
 
𝜕𝑐𝑉
𝜕𝑡

= −∇. 𝐽𝑉 + 𝐾0 − 𝑅𝑐𝐼𝑐𝑉 −∑𝑘𝑉𝑆
2 𝐷𝑉(𝑐𝑉 − 𝑐𝑉

𝑒𝑞
)

𝑆

𝜕𝑐𝐼
𝜕𝑡

= −∇. 𝐽𝐼 + 𝐾0 − 𝑅𝑐𝐼𝑐𝑉 −∑𝑘𝐼𝑆
2 𝐷𝐼𝑐𝐼

𝑉

𝜕𝑐𝐴
𝜕𝑡

= −∇. 𝐽𝐴

𝜕𝑐𝐵
𝜕𝑡

= −∇. 𝐽𝐵

𝐽𝐴 + 𝐽𝐵 = −𝐽𝑉 + 𝐽𝐼

 

𝐽𝐴 = 𝐽𝐴𝑉 + 𝐽𝐴𝐼 𝐽𝐵 = 𝐽𝐵𝑉 + 𝐽𝐵𝐼 𝐽𝑉 = −(𝐽𝐴𝑉 + 𝐽𝐵𝑉) 𝐽𝐼 = 𝐽𝐴𝐼 + 𝐽𝐵𝐼

𝐽𝑖𝑉 = 𝑗𝑖
𝑉 − 𝑗𝑉

𝑖 𝐽𝑖𝐼 = 𝑗𝑖
𝐼 + 𝑗𝐼

𝑖

{
 
 

 
 𝐽𝐴𝑉 = −𝐿𝐴𝐴

𝑉 ∇(𝜇𝐴 − 𝜇𝑉)−𝐿𝐴𝐵
𝑉 ∇(𝜇𝐵 − 𝜇𝑉)

𝐽𝐵𝑉 = −𝐿𝐵𝐵
𝑉 ∇(𝜇𝐵 − 𝜇𝑉)−𝐿𝐴𝐵

𝑉 ∇(𝜇𝐴 − 𝜇𝑉)

𝐽𝐴𝐼 = −𝐿𝐴𝐴
𝐼 ∇(𝜇𝐴 + 𝜇𝐼)−𝐿𝐴𝐵

𝐼 ∇(𝜇𝐵 + 𝜇𝐼)

𝐽𝐵𝐼 = −𝐿𝐵𝐵
𝐼 ∇(𝜇𝐵 + 𝜇𝐼)−𝐿𝐴𝐵

𝐼 ∇(𝜇𝐵 + 𝜇𝐼)



𝑑𝑖𝑗 =
1

6
𝜆𝑗
2𝑍𝑗𝜔𝑖𝑗

λ ω

𝑗𝑖
𝑗
= 𝑑𝑖𝑗𝑥𝑗Ф∇𝑐𝑖 𝑗𝑗

𝑖 = 𝑑𝑖𝑗𝑥𝑖∇𝑐𝑗

𝐷𝑉 = 𝑑𝐴𝑉𝑥𝐴 + 𝑑𝐵𝑉𝑥𝐵 𝐷𝐼 = 𝑑𝐴𝐼𝑥𝐴 + 𝑑𝐵𝐼𝑥𝐵 𝐷𝐴 = 𝑑𝐴𝑉𝑥𝑉 + 𝑑𝐴𝐼𝑥𝐼 𝐷𝐵 = 𝑑𝐵𝑉𝑥𝑉 + 𝑑𝐵𝐼𝑥𝐼

{
 
 

 
 𝐽𝐴 = 𝑗𝐴

𝑉 + 𝑗𝐴
𝐼 − 𝑗𝑉

𝐴 + 𝑗𝐼
𝐴 = −𝐷𝐴𝛷∇𝑐𝐴 + (𝑑𝐴𝑉∇𝑐𝑉 − 𝑑𝐴𝐼∇𝑐𝐼)𝑥𝐴

𝐽𝐵 = 𝑗𝐵
𝑉 + 𝑗𝐵

𝐼 − 𝑗𝑉
𝐵 + 𝑗𝐼

𝐵 = −𝐷𝐵𝛷∇𝑐𝐵 + (𝑑𝐵𝑉∇𝑐𝑉 − 𝑑𝐵𝐼∇𝑐𝐼)𝑥𝐵

𝐽𝑉 = −(𝑗𝐴
𝑉 + 𝑗𝐵

𝑉 − 𝑗𝑉
𝐴 − 𝑗𝑉

𝐵) = (𝑑𝐴𝑉 − 𝑑𝐵𝑉)𝑥𝑉𝛷∇𝑐𝐴 − 𝐷𝑉∇𝑐𝑉

𝐽𝐼 = 𝑗𝐴
𝐼 + 𝑗𝐵

𝐼 + 𝑗𝐼
𝐴 + 𝑗𝐼

𝐵 = −(𝑑𝐴𝐼 − 𝑑𝐵𝐼)𝑥𝐼𝛷∇𝑐𝐴 − 𝐷𝐼∇𝑐𝐼

𝛷 ∇𝑐𝐵 −∇𝑐𝐴

𝑥𝐵 = 1 − 𝑥𝐴

 

{
  
 

  
 

𝜕𝑐𝐴
𝜕𝑡

= −∇. [−𝐷𝐴𝛷∇𝑐𝐴 + (𝑑𝐴𝑉∇𝑐𝑉 − 𝑑𝐴𝐼∇𝑐𝐼)𝑐𝐴Ω]

𝜕𝑐𝑉
𝜕𝑡

= −∇. [(𝑑𝐴𝑉 − 𝑑𝐵𝑉)𝑐𝑉Ω𝛷∇𝑐𝐴 − 𝐷𝑉∇𝑐𝑉]+𝐾0 − 𝑅𝑐𝐼𝑐𝑉 −∑𝑘𝑉𝑆
2 𝐷𝑉(𝑐𝑉 − 𝑐𝑉

𝑒𝑞
)

𝑆

𝜕𝑐𝐼
𝜕𝑡

= −∇. [−(𝑑𝐴𝐼 − 𝑑𝐵𝐼)𝑐𝐼Ω𝛷∇𝑐𝐴 − 𝐷𝐼∇𝑐𝐼] + 𝐾0 − 𝑅𝑐𝐼𝑐𝑉 −∑𝑘𝐼𝑆
2 𝐷𝐼𝑐𝐼

𝑉

Ω

𝐸𝑏
𝐴𝑖 



{
  
 

  
 
𝑐𝐴𝑖 = 𝑐𝑖

𝑐𝐴  𝑒
𝐸𝑏
𝐴𝑖

𝑘𝐵𝑇
⁄

𝑐𝐴  𝑒
𝐸𝑏
𝐴𝑖

𝑘𝐵𝑇
⁄

+ 𝑐𝐵

𝑐𝐵𝑖 = 𝑐𝑖
𝑐𝐵

𝑐𝐴  𝑒
𝐸𝑏
𝐴𝑖

𝑘𝐵𝑇
⁄

+ 𝑐𝐵

𝐽𝐴 = 𝐽𝐵 = 0 𝐽𝑖 = 𝐽𝑉

𝑀𝐴 =
∇𝑐𝐴
∇𝑐𝑉

=
𝑐𝐴𝑐𝐵𝑑𝐵𝐼𝑑𝐴𝐼

𝛷(𝑑𝐵𝐼𝑐𝐵𝐷𝐴 + 𝑑𝐴𝐼𝑐𝐴𝐷𝐵)
 (

𝑑𝐴𝑉
𝑑𝐵𝑉

−
𝑑𝐴𝐼
𝑑𝐵𝐼
)

𝑑𝐴𝑉
𝑑𝐵𝑉

−
𝑑𝐴𝐼
𝑑𝐵𝐼

> 0

𝑑𝐴𝑉

𝑑𝐵𝑉

𝐷𝐴𝐵
𝐴∗

𝐷𝐴𝐵
𝐵∗

• 



{
  
 

  
 𝐽𝐴 = 𝐽𝐴𝑉 + 𝐽𝐴𝐼 = 𝑗𝐴

𝑉 + 𝑗𝐴
𝐼 − 𝑗𝑉

𝐴 + 𝑗𝐼
𝐴

𝐽𝐵 = 𝐽𝐵𝑉 + 𝐽𝐵𝐼 = 𝑗𝐵
𝑉 + 𝑗𝐵

𝐼 − 𝑗𝑉
𝐵 + 𝑗𝐼

𝐵

𝐽𝐶 = 𝐽𝐶𝑉 + 𝐽𝐶𝐼 = 𝑗𝐶
𝑉 + 𝑗𝐶

𝐼 − 𝑗𝐶
𝐵 + 𝑗𝐶

𝐵

𝐽𝑉 = −(𝐽𝐴𝑉 + 𝐽𝐵𝑉 + 𝐽𝐶𝑉) = −(𝑗𝐴
𝑉 + 𝑗𝐵

𝑉 + 𝑗𝐶
𝑉 − 𝑗𝑉

𝐴 − 𝑗𝑉
𝐵 − 𝑗𝑉

𝐶)

𝐽𝐼 = 𝐽𝐴𝐼 + 𝐽𝐵𝐼 + 𝐽𝐶𝐼 = 𝑗𝐴
𝐼 + 𝑗𝐵

𝐼 + 𝑗𝐶
𝐼 + 𝑗𝐼

𝐴 + 𝑗𝐼
𝐵 + 𝑗𝐼

𝐶

𝑗𝑖
𝑗
= 𝑑𝑖𝑗𝑥𝑗Ф𝑖∇𝑐𝑖 𝑗𝑗

𝑖 = 𝑑𝑖𝑗𝑥𝑖∇𝑐𝑗

{
 
 

 
 𝐽𝐴 = −𝐷𝐴𝛷𝐴∇𝑐𝐴 + (𝑑𝐴𝑉∇𝑐𝑉 − 𝑑𝐴𝐼∇𝑐𝐼)𝑥𝐴

𝐽𝐵 = −𝐷𝐵𝛷𝐵∇𝑐𝐵 + (𝑑𝐵𝑉∇𝑐𝑉 − 𝑑𝐵𝐼∇𝑐𝐼)𝑥𝐵

𝐽𝐶 = −𝐷𝐶𝛷𝐶∇𝑐𝐶 + (𝑑𝐶𝑉∇𝑐𝑉 − 𝑑𝐶𝐼∇𝑐𝐼)𝑥𝐶

𝐽𝑉 = (𝑑𝐴𝑉 − 𝑑𝐶𝑉)𝑥𝑉𝛷𝐴∇𝑐𝐴 + (𝑑𝐵𝑉 − 𝑑𝐶𝑉)𝑥𝑉𝛷𝐵∇𝑐𝐵 − 𝐷𝑉∇𝑐𝑉

𝐽𝐼 = −(𝑑𝐴𝐼 − 𝑑𝐶𝐼)𝑥𝐼𝛷𝐴∇𝑐𝐴 − (𝑑𝐵𝐼 − 𝑑𝐶𝐼)𝑥𝐼𝛷𝐵∇𝑐𝐵 − 𝐷𝐼∇𝑐𝐼

𝑥𝐶 = 1 − 𝑥𝐴 − 𝑥𝐵

{
 
 
 
 

 
 
 
 

𝜕𝑐𝐴
𝜕𝑡

= −∇. [−𝐷𝐴𝛷∇𝑐𝐴 + (𝑑𝐴𝑉∇𝑐𝑉 − 𝑑𝐴𝐼∇𝑐𝐼)Ω𝑐𝐴]

𝜕𝑐𝐵
𝜕𝑡

= −∇. [−𝐷𝐵𝛷𝐵∇𝑐𝐵 + (𝑑𝐵𝑉∇𝑐𝑉 − 𝑑𝐵𝐼∇𝑐𝐼)Ω𝑐𝐵]

𝜕𝑐𝑉
𝜕𝑡

= −∇. [(𝑑𝐴𝑉 − 𝑑𝐶𝑉)Ω𝑐𝑉𝛷𝐴∇𝑐𝐴 + (𝑑𝐵𝑉 − 𝑑𝐶𝑉)Ω𝑐𝑉𝛷𝐵∇𝑐𝐵 − 𝐷𝑉∇𝑐𝑉]+𝐾0 − 𝑅𝑐𝐼𝑐𝑉 −∑𝑘𝑉𝑆
2 𝐷𝑉(𝑐𝑉 − 𝑐𝑉

𝑒𝑞
)

𝑆

𝜕𝑐𝐼
𝜕𝑡

= −∇. [−(𝑑𝐴𝐼 − 𝑑𝐶𝐼)Ω𝑐𝐼𝛷𝐴∇𝑐𝐴 − (𝑑𝐵𝐼 − 𝑑𝐶𝐼)Ω𝑐𝐼𝛷𝐵∇𝑐𝐵 −𝐷𝐼∇𝑐𝐼] + 𝐾0 − 𝑅𝑐𝐼𝑐𝑉 −∑𝑘𝐼𝑆
2 𝐷𝐼𝑐𝐼

𝑉

Ω. 

{
 
 
 
 

 
 
 
 
𝑐𝐴𝑖 = 𝑐𝑖

𝑐𝐴  𝑒
𝐸𝑏
𝐴𝑖

𝑘𝐵𝑇
⁄

𝑐𝐴  𝑒
𝐸𝑏
𝐴𝑖

𝑘𝐵𝑇
⁄

+ 𝑐𝐵 + 𝑐𝐶

𝑐𝐵𝑖 = 𝑐𝑖
𝑐𝐵

𝑐𝐴  𝑒
𝐸𝑏
𝐴𝑖

𝑘𝐵𝑇
⁄

+ 𝑐𝐵 + 𝑐𝐶

𝑐𝐶𝑖 = 𝑐𝑖
𝑐𝐶

𝑐𝐴  𝑒
𝐸𝑏
𝐴𝑖

𝑘𝐵𝑇
⁄

+ 𝑐𝐵 + 𝑐𝐶



{
  
 

  
 𝑀𝐴 =

∇𝐶𝐴
∇𝐶𝑉

=
𝐶𝐴(𝑑𝐴𝑉𝑑𝐵𝐼𝐶𝐵𝐷𝐶 + 𝑑𝐴𝑉𝑑𝐶𝐼𝐶𝐶𝐷𝐵 − 𝑑𝐴𝐼𝑑𝐵𝑉𝐶𝐵𝐷𝐶 − 𝑑𝐴𝐼𝑑𝐶𝑉𝐶𝐶𝐷𝐵)

𝑑𝐴𝐼𝐶𝐴𝐷𝐵𝐷𝐶 + 𝑑𝐵𝐼𝐶𝐵𝐷𝐶𝐷𝐴+𝑑𝐶𝐼𝐶𝐶𝐷𝐴𝐷𝐵

𝑀𝐵 =
∇𝐶𝐵
∇𝐶𝑉

=
𝐶𝐵(𝑑𝐵𝑉𝑑𝐶𝐼𝐶𝐶𝐷𝐴 + 𝑑𝐵𝑉𝑑𝐴𝐼𝐶𝐴𝐷𝐶 − 𝑑𝐵𝐼𝑑𝐶𝑉𝐶𝐶𝐷𝐴 − 𝑑𝐵𝐼𝑑𝐴𝑉𝐶𝐴𝐷𝐶)

𝑑𝐴𝐼𝐶𝐴𝐷𝐵𝐷𝐶 + 𝑑𝐵𝐼𝐶𝐵𝐷𝐶𝐷𝐴+𝑑𝐶𝐼𝐶𝐶𝐷𝐴𝐷𝐵

𝑀𝐶 =
∇𝐶𝐶
∇𝐶𝑉

=
𝐶𝐶(𝑑𝐶𝑉𝑑𝐴𝐼𝐶𝐴𝐷𝐵 + 𝑑𝐶𝑉𝑑𝐵𝐼𝐶𝐵𝐷𝐴 − 𝑑𝐶𝐼𝑑𝐴𝑉𝐶𝐴𝐷𝐵 − 𝑑𝐶𝐼𝑑𝐵𝑉𝐶𝐵𝐷𝐴)

𝑑𝐴𝐼𝐶𝐴𝐷𝐵𝐷𝐶 + 𝑑𝐵𝐼𝐶𝐵𝐷𝐶𝐷𝐴+𝑑𝐶𝐼𝐶𝐶𝐷𝐴𝐷𝐵

{
M𝑖 > 0 → i depletion
M𝑖 < 0 → i enrichment
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𝐺
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𝜉𝐺 =
𝜋. 𝑉𝑐 . cos(2𝜃ℎ𝑘𝑙)

𝜆. 𝐹𝐺

𝑉𝑐 𝜃ℎ𝑘𝑙 𝐹𝐺

𝜉𝐺

𝐼𝐺 = (
𝜋

𝜉𝐺
)
2 𝑠𝑖𝑛2(𝜋. 𝑡. 𝑠𝐺)

(𝜋. 𝑠𝐺)
2

𝑥

𝑠𝐺

𝐼𝐺 = 1 − 𝐼0

~

𝐼𝐺 = (
𝜋

𝜉𝐺
)
2 𝑠𝑖𝑛2(𝜋. 𝑡. 𝑠𝐺,𝑒𝑓𝑓)

(𝜋. 𝑠𝐺,𝑒𝑓𝑓)
2

𝑠𝐺,𝑒𝑓𝑓 𝜉𝐺,𝑒𝑓𝑓

|𝑠𝐺,𝑒𝑓𝑓| = √𝑠𝐺
2 + 𝜉𝐺

−2

𝜉𝐺,𝑒𝑓𝑓 =
𝜉𝐺
√1 + (𝜉𝐺 . 𝑠𝐺)

2⁄

 , |𝑠𝐺,𝑒𝑓𝑓| = 𝜉𝐺
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or b

or b

or b

or b

A B G

G G

A B

CASE 1 CASE 2



=

• 

or b

or b

or b

or b

A B
G

G G

A B



• 

𝜌𝐷𝑁 =
𝑙

𝑉
=
𝑙

𝐴𝑡

𝑙 =
4

𝜋
𝑙𝑝:

A B

C D



~

𝑙 = 𝜋𝑑

~

𝑙 =∑𝑙𝐹𝐿
4

+
1

6
 ∑𝑙𝑃𝐿

4

𝑙𝐹𝐿 𝑙𝑃𝐿

• 

 



~

β  

1

3
[11̅1̅] (1̅11)

1̅

 

A B

D E

C

F

H

G

+G BF TEM

+G BF STEM

A

B

C

D

E



 

π

~



− 

− 

− 

− ~

− 

− 

− 

− 

− ~2

− 

− 

− 

− 

A B C

D

E

F



 

• 

 

CBA



• 

1̅ B~ 1̅ G  B ~  

G   2̅2̅  

B~  γ τ/η 

γ  τ/η 

A B C

D E F

G

H

I J K



|∆𝐺|

𝑑𝑡𝑚 = |∆𝐺|
−1 =

𝑑1

1 −
𝑑2
𝑑1

𝑑𝑟𝑚 = |∆𝐺|
−1 =

𝑑

2𝑠𝑖𝑛
𝛽
2

𝑑 𝑚

=
𝑑1𝑑2

((𝑑1 − 𝑑2)
2 + 𝑑1𝑑2𝛽

2)1/2



 

 

∼

∼

∼

LOCAL 
ELECTRODE

REFLECTRON

TIME & POSITION 
SENSITIVE DETECTOR

ATOMIC TERRACES AROUND 
CRISTALLOGRAPHIC POLES

FIELD IONIZATION & 
FIELD EVAPORATION

TIP CURVATURE 
RADIUS ~ 50 NM 

time



• 

𝐹 =
𝑉

𝑘𝐹𝑅

fi

~



 

fl

 

tend



• 

𝑛𝑒𝑉 =
1

2
𝑚𝑣2

 

𝑣 =
𝐿𝑓

𝑡𝑓

𝑚

𝑛
=
2𝑒𝑉𝑡𝑓

2

𝐿𝑓
2

𝑚

𝑛

𝑀

𝛥𝑀x%

𝛥𝑀x%



fi

. 

 

 

 

∆

∆

∆



• 

z

∆

𝜉𝑅 (𝑚 + 1)𝑅 𝜉

θ θ

𝜉 =
tan𝜃

tan𝜃 ′
≈
𝜃

𝜃′

. 



𝑋

𝑥
=
𝑌

𝑦
=
𝐷

𝑑
= 𝑀

𝑆

𝑠
= 𝑀2  

𝑀 =
𝐿

𝜉𝑅
  

𝑥 =
𝜉𝑅

𝐿
𝑋 𝑦 =

𝜉𝑅

𝐿
𝑌

𝑧 = 𝑑𝑧 + 𝑑𝑧′

𝑉𝑒𝑣 = 𝑠. 𝑑𝑧 = 𝑁. 𝑉𝑎𝑡

𝑁 =
𝑁𝐷
𝑄

evaporated volume

A

B



𝑉𝑒𝑣 = 𝑠. 𝑑𝑧 =
𝑁𝐷
𝑄
. 𝑉𝑎𝑡

𝑠 =
1

𝑀2  𝑆 𝑆 = 𝜋
𝐷𝐷
2

4

𝑅 =
𝑉

𝐹.𝑘𝑓

𝑑𝑧 =
𝑁𝐷
𝑄
. 𝑉𝑎𝑡

𝑀2

𝑆
=
𝑁𝐷 . 𝑉𝑎𝑡
𝑄. 𝑆 

(
𝐿

𝜉𝑅
)
2

=
𝑁𝐷 . 𝑉𝑎𝑡
𝑄. 𝑆 

(
𝐿

𝑉

𝐹. 𝑘𝑓

𝜉
)

2

𝑑𝑧′ = 𝑅 − 𝑐 = 𝑅 − 𝑅. cos 𝜃 = 𝑅(1 − cos 𝜃)

𝑑𝑧′ = 𝑅 (1 − √cos2 𝜃) = 𝑅 (1 − √1 − sin2 𝜃)

𝑑𝑧′ = 𝑅(1 − √1 − (
𝑑

𝑅
)
2

) = 𝑅(1 − √1 −
𝑥2 + 𝑦2

𝑅2
)

𝑑𝑧′ =
𝑉

𝐹. 𝑘𝑓

(

 
 
1 −

√
1−

𝑥2 + 𝑦2

(
𝑉
𝐹. 𝑘𝑓

)
2

)

 
 

𝑧 = 𝑑𝑧 + 𝑑𝑧′ =
𝑁𝐷 . 𝑉𝑎𝑡
𝑄. 𝑆 

(
𝐿

𝑉

𝐹. 𝑘𝑓

𝜉
)

2

+
𝑉

𝐸. 𝑘𝑓

(

 
 
1 −

√
1−

𝑥2 + 𝑦2

(
𝑉
𝐹. 𝑘𝑓

)
2

)

 
 

𝑧𝑖 = (∑(
𝐿

𝑉𝑖
 
𝐹. 𝑘𝑓

𝜉
)

2
𝑉𝑎𝑡(𝑖)

𝑄  𝑆

𝑖

1

)+
𝑉𝑖
𝐸. 𝑘𝑓

(

 
 
1−

√
1 −

𝑥𝑖
2 + 𝑦𝑖

2

(
𝑉𝑖
𝐹. 𝑘𝑓

)
2

)

 
 



(x𝑖, y𝑖 , z𝑖) =

(

  
 𝜉𝑉𝑖
𝐿𝐹. 𝑘𝑓

𝑋,
𝜉𝑉𝑖
𝐿𝐹. 𝑘𝑓

𝑌, (∑(
𝐿

𝑉𝑖
 
𝐹. 𝑘𝑓

𝜉
)

2
𝑉𝑎𝑡(𝑖)

𝑄  𝑆

𝑖

1

) +
𝑉𝑖
𝐸. 𝑘𝑓

(

 
 
1 −

√
1 −

𝑥𝑖
2 + 𝑦𝑖

2

(
𝑉𝑖
𝐹. 𝑘𝑓

)
2

)

 
 

)

  
 

𝑘𝑓 𝜉

𝑘𝑓

𝜉

𝜌 =
𝑛

𝑛0

휀𝐵 =
𝐹𝐵

𝐹𝐴

R
e

d
u

ce
d

d
e

n
si

ty
ρ

Reduced electric field εB

Low-field

Equal-field

High-field

Low-field High-field

A B



• 

reduced density r (r5n/n0 with

n the measured density and n0 the expectedreduced density r (r5n/n0 with

n the measured density and n0 the expected

(e B5EB /EA)

Spherical precipitates containing only B atoms embedded in pure A solid solution

CA B

Equal-fieldLow-field
High-field

Z R
e

d
u

ce
d

d
e

n
si

ty
ρ

R
e

d
u

ce
d

d
e

n
si

ty
ρ

R
e

d
u

ce
d

d
e

n
si

ty
ρ

Z (nm)Z (nm) Z (nm)

T

F

laser pulse

voltage pulse

Φ
FDC
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 ~

 



 

 

(x𝑖 , y𝑖 , z𝑖) =

(

  
 𝝃𝑉𝑖
𝐿𝐹.   

𝑋,
𝝃𝑉𝑖
𝐿𝐹.   

𝑌, (∑(
𝐿

𝑉𝑖
 
𝐹.   

𝝃
)

2
𝑉𝑎𝑡(𝑖)

𝑄  𝑆

𝑖

1

)+
𝑉𝑖
𝐸.   

(

 
 
1 −

√
1−

𝑥𝑖
2 + 𝑦𝑖

2

(
𝑉𝑖
𝐹.   

)
2

)

 
 

)

  
 

𝑅 =
𝑉

𝐹. 𝑘𝑓

(x𝑖 , y𝑖, z𝑖) = (
𝝃  
𝐿
𝑋,
𝝃  
𝐿
𝑌, (∑(

𝐿

𝝃  
)
2 𝑉𝑎𝑡(𝑖)

𝑄  𝑆

𝑖

1

) +  (1 − √1 −
𝑥𝑖
2 + 𝑦𝑖

2

  
2 ))

𝑘𝐹 𝜉

𝜉

α 𝜉



• 

ξ 𝑑ℎ𝑘𝑙
𝑓𝑎𝑙𝑠𝑒

𝑑ℎ𝑘𝑙
𝑡𝑟𝑢𝑒

𝑘𝑡𝑟𝑢𝑒 = 𝑘𝑓𝑎𝑙𝑠𝑒√
𝑑ℎ𝑘𝑙
𝑡𝑟𝑢𝑒

𝑑ℎ𝑘𝑙
𝑓𝑎𝑙𝑠𝑒

  

𝐷

 𝜃

𝜉 =
𝐿𝜃

𝐷

𝜉



• 

α

α

 

 



𝑋𝑛+𝑚

𝐶𝑟2+54 𝐹𝑒2+54

𝑁𝑒𝑥𝑝(27) = 𝑁𝑟𝑒𝑙( 𝐶𝑟2+)54 +𝑁𝑟𝑒𝑙( 𝐹𝑒2+)54

 𝑁𝑒𝑥𝑝(27)  at 

 

𝐶𝑟2+54 𝐹𝑒2+54

𝐶𝑟2+54 𝐹𝑒2+54

𝑁𝑟𝑒𝑙( 𝐶𝑟2+)54 =
𝑁𝑡ℎ( 𝐶𝑟2+)54

𝑁𝑡ℎ( 𝐶𝑟2+)54 +𝑁𝑡ℎ( 𝐹𝑒2+)54  𝑁𝑒𝑥𝑝(27)  

𝑁𝑟𝑒𝑙( 𝐹𝑒2+)54 =
𝑁𝑡ℎ( 𝐹𝑒2+)54

𝑁𝑡ℎ( 𝐶𝑟2+)54 +𝑁𝑡ℎ( 𝐹𝑒2+)54  𝑁𝑒𝑥𝑝(27)  

𝐶𝑟2+

𝑁𝑡ℎ( 𝐶𝑟2+)54 = 2.365  𝑁𝑡ℎ(𝐶𝑟2+)

𝐶𝑟2+ 𝐶𝑟2+

𝑁𝑡ℎ(𝐶𝑟2+) =
𝑁𝑒𝑥𝑝( 𝐶𝑟2+)50 +𝑁𝑒𝑥𝑝( 𝐶𝑟2+) +52 𝑁𝑒𝑥𝑝( 𝐶𝑟2+)53

4.345 + 83.789 + 9.501
  

𝑁𝑡ℎ( 𝐶𝑟2+)54 =
2.365

97.635
 (𝑁𝑒𝑥𝑝( 𝐶𝑟2+)50 +𝑁𝑒𝑥𝑝( 𝐶𝑟2+) +52 𝑁𝑒𝑥𝑝( 𝐶𝑟2+)53 )  

50Cr2+

4.345%

51V2+

52Cr2+

83.789%

53Cr2+

9.501%

54Cr2+

2.365%

54Fe2+

5.845%

56Fe2+

91.754%

57Fe2+

2.119%

58Fe2+

0.282%

58Ni2+

68.077%

60Ni2+

26.223%

61Ni2+

1.140%

62Ni2+

3.635%

64Ni2+

0.926%

55Mn2+



𝐹𝑒2+

𝐹𝑒2+ 𝑁𝑖2+

𝑁𝑡ℎ( 𝐹𝑒2+)54 =
2.365

91.754 + 2.119
 (𝑁𝑒𝑥𝑝( 𝐹𝑒2+)56 +𝑁𝑒𝑥𝑝( 𝐹𝑒2+)57 )  

𝑎𝑏𝑒𝑥𝑝( Cr2+50 ) = (
𝑁𝑒𝑥𝑝( 𝐶𝑟2+)50

𝑁𝑒𝑥𝑝( 𝐶𝑟2+)50 +𝑁𝑒𝑥𝑝( 𝐶𝑟2+) +52 𝑁𝑒𝑥𝑝( 𝐶𝑟2+) + 𝑁𝑐𝑎𝑙( 𝐹𝑒2+)5453 )  100  

𝑁𝑖2+

𝑁𝑡ℎ( 𝑁𝑖2+)62 =
3.635

26.223 + 1.140 + 0.926
 (𝑁𝑒𝑥𝑝( 𝑁𝑖2+)60 +𝑁𝑒𝑥𝑝( 𝑁𝑖2+)61 +𝑁𝑒𝑥𝑝( 𝑁𝑖2+)64 )

𝑁𝑖2+

𝑃+ 𝑁𝑏3+

𝑁( 𝑃+)31 = 𝑁𝑒𝑥𝑝(31) − 𝑁𝑡ℎ( 𝑁𝑖2+)62

𝑁( 𝑁𝑏3+)93 = 𝑁𝑒𝑥𝑝(31) − 𝑁𝑡ℎ( 𝑁𝑖2+)62

𝑃+ 𝑁𝑏3+

 

≠

 



• 

𝑁 =
𝑁

𝑉𝑐𝑒𝑙𝑙
𝑄 ~ 31 𝑎𝑡𝑜𝑚𝑠. 𝑛𝑚−3

𝑉𝑐𝑒𝑙𝑙

σ

• 

Distance (nm) σ

σ

Ci-1 Ci Ci+1

  =
  

 𝒔   

  ,    =     +   −   − +   +   + 

negligible



• 

σ

• 

• 



• 

𝑅𝐺 = √
5

3
𝑅 

𝑅 = √
∑ {(𝑥𝑖 − 𝑥0)

2 + (𝑦𝑖 − 𝑦)
2 + (𝑧𝑖 − 𝑧0)

2}𝑛
𝑖=1

𝑛

𝑅𝑆 = √
3𝑛𝑉𝑎𝑡
4𝜋𝑄

3

EROSION 1
Clim, Dmax and 

Nmin definition
EROSION 2ISOPOSITION

10 nm

Si/N

Nb
P

core

shell

matrix

core shell matrix

Z

Y

X



𝑓𝑉 =
𝑁𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠
𝑁𝑚𝑎𝑡𝑟𝑖𝑥

𝑓𝑉 = 𝑁𝑉
4

3
〈𝑅3〉

𝑓𝑉 =
𝐶0 − 𝐶𝑚
𝐶𝑐 − 𝐶𝑚

𝐶0 𝐶𝑚 𝐶𝑐

Evaporation 
direction

Z

Z Z

X X

Y Y

𝐹𝑀 = 𝐹𝑃 𝐹𝑀 < 𝐹𝑃 𝐹𝑀 > 𝐹𝑃

A B C



 





 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

  

  

  

  

  

  



 

 

 

 

𝑋𝑡(𝑧) − �̅� = 𝐴𝑡 cos[g(Λ)𝑧]

𝑋𝑡(𝑧) �̅�

𝐴𝑡 = 𝐴0𝑒
−g(Λ)

2
�̃�𝐴𝐵,𝛬𝑡



𝐴0 �̃�𝐴𝐵,𝛬 �̃�𝐴𝐵,𝛬

�̃�𝐴𝐵,𝛬 =
ln(𝐴0) − ln(𝐴𝑡)

g(Λ)2𝑡

�̃�𝐴𝐵,𝛬

�̃�𝐴𝐵 �̃�𝐴𝐵,𝛬

• 

g(Λ) =
2𝜋

𝛬
�̃�𝐴𝐵,𝛬 = �̃�𝐴𝐵

• 

�̃�𝐴𝐵,𝛬 ≠ �̃�𝐴𝐵

• 

• 

10%

~ ~

~



𝛬 > 𝛬 <

𝛬 > 6𝑑

𝛬 <

𝛬

𝛬 <

𝛬

𝜕𝑋

𝜕𝑡
= �̃�𝐴𝐵 (

𝜕𝑋

𝜕𝑧
)
2

𝜕𝑋

𝜕𝑡
= �̃�𝐴𝐵 (

𝜕𝑋

𝜕𝑧
)
2

− �̃�𝐴𝐵
2𝜅

𝑓0
′′ (
𝜕𝑋

𝜕𝑧
)
4

𝜕𝑋

𝜕𝑡
=
�̃�𝐴𝐵
𝑑2

(
𝜕𝑋

𝜕𝑧
)
2

−
�̃�𝐴𝐵
𝑑4

2𝜅

𝑓0
′′ (
𝜕𝑋

𝜕𝑧
)
4 𝜕𝑋

𝜕𝑡
= �̃�𝐴𝐵 [1 +

2𝜂2𝑌

𝑓0
′′ ] (

𝜕𝑋

𝜕𝑧
)
2

− �̃�𝐴𝐵
2𝜅𝑐
𝑓0
′′ (
𝜕𝑋

𝜕𝑧
)
4

𝑔(𝛬)2 (
2𝜋

𝛬
)
2

(
2𝜋

𝛬
)
2

2

𝑑2
[1 − cos (

2𝜋𝑑

𝛬
)]

2

𝑑2
[1 − cos (

2𝜋𝑑

𝛬
)]

�̃�𝐴𝐵  �̃�𝐴𝐵,𝛬

�̃� = �̃�𝛬→∞
�̃�𝐴𝐵 = �̃�𝐴𝐵,𝛬 �̃�𝐴𝐵 (1 +

2𝜅

𝑓0
′′ 𝑔(𝛬)

2) = �̃�𝐴𝐵,𝛬 �̃�𝐴𝐵 (1 +
2𝜅

𝑓0
′′ 𝑔(𝛬)

2) = �̃�𝐴𝐵,𝛬 �̃�𝐴𝐵 (1 +
2𝜂2𝑌

𝑓0
′′ +

2𝜅

𝑓0
′′ 𝑔(𝛬)

2) = �̃�𝐴𝐵,𝛬

𝜅 𝜂 =
𝑑𝑙𝑛𝑎

𝑑𝑐
𝑓0
′′ =

𝜕2𝑓0

𝜕𝑋2
,

𝑌 𝑌<111> =
6(𝐶11+2𝐶12)𝐶44

4𝐶44+𝐶11+2𝐶12
𝑌 =

𝐸

(1−𝜈)
𝐶𝑖𝑗

ν



�̃�𝐴𝐵 �̃�𝐴𝐵,𝛬

𝑓0
′′

𝜅

𝑓0
′′ =

1

�̅�(1 − �̅�)
− 2𝑍𝛺

𝛺 𝛺 = 𝐸𝐴𝐵 −
1

2
(𝐸𝐴𝐴 + 𝐸𝐵𝐵)

. 

𝜅 = 2𝛺

 

{
𝑋𝐴,𝑡 − 𝑋𝐴̅̅ ̅ = [𝛼𝐴𝐴𝑒

−g(Λ)2�̃�1𝑡 + 𝛼𝐴𝐵𝑒
−g(Λ)2�̃�2𝑡] cos(g(Λ)𝑧)

𝑋𝐵,𝑡 − 𝑋𝐵̅̅̅̅ = [𝛼𝐵𝐴𝑒
−g(Λ)2�̃�1𝑡 + 𝛼𝐵𝐵𝑒

−g(Λ)2�̃�2𝑡] cos(g(Λ)𝑧)

𝛼𝑖𝑖 𝐴𝐴(𝑡 = 0) = 𝛼𝐴𝐴 + 𝛼𝐴𝐵 𝐴𝐵(𝑡 = 0) = 𝛼𝐵𝐴 + 𝛼𝐵𝐵

�̃�1 �̃�2

{
 
 
 
 

 
 
 
 �̃�𝐴𝐴 =

�̃�𝐴 T𝐴 − �̃�𝐵 T𝐵
T𝐴 − T𝐵

�̃�𝐴𝐵 = −
(�̃�𝐴  − �̃�𝐵)T𝐴 T𝐵

T𝐴 − T𝐵

�̃�𝐵𝐵 = −
�̃�𝐴 T𝐵 − �̃�𝐵 T𝐴
T𝐴 − T𝐵

�̃�𝐵𝐴 =
�̃�𝐴  − �̃�𝐵
T𝐴 − T𝐵

T𝐴 =
𝛼𝐴𝐴

𝛼𝐵𝐴
T𝐵 =

𝛼𝐴𝐵

𝛼𝐵𝐵



�̃�1
𝛼𝐴𝐴

𝛼𝐴𝐴+𝛼𝐴𝐵

 

 

 



  

�̃�𝛬 = �̃�

https://materialsdata.nist.gov/handle/11256/942


 



�̃� �̃�𝛬 = �̃�



 



FCC + BCC
FCC + BCC

FCC + BCCFCC + BCC

Cr

Fe

Ni Cr

Fe
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Cr

Fe

Ni
Cr
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A B



≥ 



~

 

 

 

 

         

         



 



α

~

STEM BF

TEM BF

A B

C

D

500 nm



 

 



~



 



𝑘𝑠
2

𝑘𝑠
2 = 𝑘𝐺𝐵

2 + 𝑘𝑁𝑇
2 + 𝑘𝑆𝐹

2 + 𝑘𝐹𝐿
2 + 𝑘𝑁𝐿

2

𝑘𝐺𝐵
2

𝑘𝐺𝐵
2 =

15  𝑓(𝜃, 𝛾)

𝑅2

𝑓(𝜃, 𝛾) 𝛾

𝜃 𝑓(𝜃, 𝛾) = 1 0 ≤ 𝑓(𝜃, 𝛾)  ≤ 1

𝜃 𝛾 𝑓(𝜃, 𝛾)

~

𝑘𝑁𝑇
2

𝑘𝑁𝑇
2 =

12

𝑡2

~

~

~

𝑘𝑆𝐹
2

𝑘𝐹𝐿
2

𝑘𝐹𝐿
2 = 2  𝜋  

𝑑

2
 𝑁𝑑

𝑁𝑑

𝑘𝑁𝐿
2



𝑘𝑁𝐿
2 =

12  𝜂

ℎ2

𝜂 𝜂

𝜂

𝜂

δ,

δ

~ δ

𝑘𝑠
2







 



Ni
Cr
Fe

Ni
Cr

5nm

2nm

Ni {111} 

Cr layers

Ni {111} 

Cr layers

A B



 
 

 

 
 

 
 

 
 

 
 

  

 
 

 
 

 
 

 
 

 
 

 
  

 
 

 

 
 

 
 

 
  

  

 
 

 
 

 
 

 
 

  
  





 

 

Cr Fe Ni O

ANNEALED
9.2 
 0.5

12.4 
 0.6

78.2 
 1.2

0.2 
 0.1

IRRADIATED
9.4 
 0.4

9.6 
 0.6

80.8 
 0.5

0.3 
 0.2

Composition in at.% (after erosion)

Isoposition (before erosion)
[Fe]>2.2at.%

Nmin=8 at/cluster

ANNEALED IRRADIATED

Isoposition (before erosion)
[Fe]>2.2at.%

Nmin=5 at/cluster

10 nm

10 nm

10 nm

10 nm



 

 

 

 

Φ Λ



Ni
Cr

90°

GB

10 nm
10 nm

A B

5 nm

A
Ni
Cr

B C



 



�̃�𝛬

 

 

Ni/Ni-20Cr  
λ=4.3  0.3 nm

�̃� =         
             

�̃� =        
             

�̃� =        
             

�̃� =        
             

440°C 

0.001 dpa

0.05 dpa

48h

Meas. method #2

A
t/

A
0

Extra. 440°C Extra. 430°C Extra. 450°C



 

�̃�

�̃�

�̃�

𝐷𝑁𝑖𝐶𝑟
𝑋∗

�̃�



𝜅

𝑓0
′′

�̃� �̃�𝛬

2𝜅

𝑓0
′′ =

4  𝛺

1
𝑐̅(1 − 𝑐̅)

− 2  𝑍  𝛺

𝛺

𝛺

𝑐̅



�̃�

 

 

�̃�𝑏𝑎𝑙𝑙𝑖𝑠𝑡𝑖𝑐

�̃�𝑟𝑎𝑑,𝑒𝑓𝑓

�̃�𝑟𝑎𝑑,𝑒𝑥𝑝 = �̃�𝑏𝑎𝑙𝑙𝑖𝑠𝑡𝑖𝑐 + �̃�𝑟𝑎𝑑,𝑒𝑓𝑓

�̃�𝑟𝑎𝑑,𝑒𝑓𝑓 = 𝑋𝐵𝐷𝐴,𝑟𝑎𝑑,𝑒𝑓𝑓 + 𝑋𝐴𝐷𝐵,𝑟𝑎𝑑,𝑒𝑓𝑓



𝐷𝐴,𝑟𝑎𝑑,𝑒𝑓𝑓 𝐷𝐵,𝑟𝑎𝑑,𝑒𝑓𝑓

{
𝐷𝐴,𝑟𝑎𝑑,𝑒𝑓𝑓 = 𝑑𝐴𝑉𝑋𝑉 + 𝑑𝐴𝐼𝑋𝐼,𝑟𝑎𝑑

𝐷𝐵,𝑟𝑎𝑑,𝑒𝑓𝑓 = 𝑑𝐵𝑉𝑋𝑉 + 𝑑𝐵𝐼𝑋𝐼,𝑟𝑎𝑑

𝑑𝑖𝑗

𝑋𝑗

�̃�𝑟𝑎𝑑,𝑒𝑓𝑓 = 𝑋𝐵(𝑑𝐴𝑉𝑋𝑉 + 𝑑𝐴𝐼𝑋𝐼,𝑟𝑎𝑑) + 𝑋𝐴(𝑑𝐵𝑉𝑋𝑉 + 𝑑𝐵𝐼𝑋𝐼,𝑟𝑎𝑑)

�̃�𝑟𝑎𝑑,𝑒𝑓𝑓 = 𝑋𝑉(𝑋𝐵𝑑𝐴𝑉 + 𝑋𝐴𝑑𝐵𝑉) + 𝑋𝐼,𝑟𝑎𝑑(𝑋𝐵𝑑𝐴𝐼 + 𝑋𝐴𝑑𝐵𝐼)

𝑋𝑉 = 𝑋𝑉,𝑟𝑎𝑑 + 𝑋𝑉,𝑒𝑞

�̃�𝑟𝑎𝑑,𝑒𝑓𝑓 = 𝑋𝑉,𝑟𝑎𝑑(𝑋𝐵𝑑𝐴𝑉 + 𝑋𝐴𝑑𝐵𝑉) + 𝑋𝑉,𝑒𝑞(𝑋𝐵𝑑𝐴𝑉 + 𝑋𝐴𝑑𝐵𝑉) + 𝑋𝐼,𝑟𝑎𝑑(𝑋𝐵𝑑𝐴𝐼 + 𝑋𝐴𝑑𝐵𝐼)

�̃�𝑡ℎ = 𝑋𝑉,𝑒𝑞(𝑋𝐵𝑑𝐴𝑉 + 𝑋𝐴𝑑𝐵𝑉)

�̃�𝑟𝑎𝑑,𝑒𝑓𝑓 = �̃�𝑡ℎ + 𝑋𝑉,𝑟𝑎𝑑(𝑋𝐵𝑑𝐴𝑉 + 𝑋𝐴𝑑𝐵𝑉) + 𝑋𝐼,𝑟𝑎𝑑(𝑋𝐵𝑑𝐴𝐼 + 𝑋𝐴𝑑𝐵𝐼)

�̃�𝑟𝑎𝑑 = 𝑋𝑉,𝑟𝑎𝑑(𝑋𝐵𝑑𝐴𝑉 + 𝑋𝐴𝑑𝐵𝑉) + 𝑋𝐼,𝑟𝑎𝑑(𝑋𝐵𝑑𝐴𝐼 + 𝑋𝐴𝑑𝐵𝐼)

�̃�𝑟𝑎𝑑,𝑒𝑥𝑝 = �̃�𝑏𝑎𝑙𝑙𝑖𝑠𝑡𝑖𝑐 + �̃�𝑟𝑎𝑑 + �̃�𝑡ℎ

�̃�𝑏𝑎𝑙𝑙𝑖𝑠𝑡𝑖𝑐 ~

�̃�𝑡ℎ

𝑋𝑗

𝑑𝐴𝑉 𝑑𝐵𝑉

𝑑𝐴𝐼 𝑑𝐵𝐼

�̃�𝑟𝑎𝑑 �̃�𝑟𝑎𝑑,𝑒𝑥𝑝 

�̃�𝑟𝑎𝑑 �̃�𝑡ℎ

𝑑𝐴𝐼 𝑑𝐵𝐼

𝑋1



𝑑𝑝𝑎1. 𝑋1. [
𝑡1𝜑1
𝑡2𝜑2

] . [

𝑇1
𝑇2
𝑇3

] + 𝑑𝑝𝑎1. 𝑋1. [
𝑡1𝜑1
𝑡2𝜑2

] 𝑇𝑐𝑟𝑦𝑜 = 8 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠

𝑑𝑝𝑎 φ

�̅�1

�̃�𝑟𝑎𝑑

�̃�𝑟𝑎𝑑,𝑒𝑥𝑝



 

 

Si
Ti

0.2 µm

Nanolayers
1 µm

{111} {111}

{111}

{111}

{111}

{111}
{200}

{200}

{200}

FFT B=<011>

Nanotwins

DD
A

C

B

DD



• 

•   

•   

•   

•   

  

•   

  

•   

• 𝑘𝑠
2

[204].





 

Defects Fe-35Ni-25Cr/Fe-45Ni-20Cr

Vacancy loopStacking fault Interstitial loop

A B C

D



                       

                       

                       

                       





 



 



 

�̃�𝑖𝑗

 �̃�𝐶𝑟𝐶𝑟  

 �̃�𝐶𝑟𝑁𝑖  

 �̃�𝑁𝑖𝐶𝑟  

 �̃�𝑁𝑖𝑁𝑖  

�̃�𝑖𝑗

�̃�𝑖𝑗

�̃�𝑖𝑗 ≅ �̃�𝑖𝑗,𝛬

Fe-25Cr-35Ni/Fe-20Cr-45Ni λ=5.3  0.1 nm

0.001 dpa

0.01 dpa

48h 0.001 dpa 0.01 dpa 48h

Fe-25Cr-35Ni/ Fe-20Cr-55Ni  
λ=5.3  0.1 nm

A
t/

A
0

C
r

Extra. 440°C Extra. 430°C

Extra. 450°C Meas. method #2

A
t/

A
0

N
i

Extra. 440°C Extra. 430°C

Extra. 450°C Meas. method #2

Fe-25Cr-35Ni/ Fe-20Cr-55Ni  
λ=5.3  0.1 nm

A B



(
𝐴𝐴,𝑡1
𝐴𝐴,0

)
𝑟𝑎𝑑,𝑒𝑥𝑝

φ

(
𝐴𝐴,𝑡1
𝐴𝐴,0

)
𝑟𝑎𝑑,𝑒𝑥𝑝

= (
𝐴𝐴,𝑡1
𝐴𝐴,0

)
𝑏𝑎𝑙𝑙𝑖𝑠𝑡𝑖𝑐

+ (
𝐴𝐴,𝑡1
𝐴𝐴,0

)
𝑟𝑎𝑑

+ (
𝐴𝐴,𝑡1
𝐴𝐴,0

)
𝑡ℎ

− 2

→

φ →



�̃�𝐴𝐴,𝑡ℎ
𝐶 �̃�𝐴𝐵,𝑡ℎ

𝐶 �̃�𝐵𝐴,𝑡ℎ
𝐶 �̃�𝐵𝐵,𝑡ℎ

𝐶

𝐷𝐴𝐴,𝑡ℎ 𝐷𝐵𝐵,𝑡ℎ 𝐷𝐶𝐶,𝑡ℎ

 

{
 
 

 
 
�̃�𝐴𝐴,𝑡ℎ
𝐶 = (1 − 𝑋𝐴)𝐷𝐴𝐴,𝑡ℎ + 𝑋𝐴𝐷𝐶𝐶,𝑡ℎ

�̃�𝐴𝐵,𝑡ℎ
𝐶 = 𝑋𝐴(𝐷𝐶𝐶,𝑡ℎ + 𝐷𝐵𝐵,𝑡ℎ)

�̃�𝐵𝐴,𝑡ℎ
𝐶 = 𝑋𝐵(𝐷𝐶𝐶,𝑡ℎ + 𝐷𝐴𝐴,𝑡ℎ)

�̃�𝐵𝐵,𝑡ℎ
𝐶 = (1 − 𝑋𝐵)𝐷𝐵𝐵,𝑡ℎ + 𝑋𝐵𝐷𝐶𝐶,𝑡ℎ

 

{

𝐷𝐴𝐴,𝑡ℎ = 𝑑𝐴𝑉𝑋𝑉,𝑒𝑞
𝐷𝐵𝐵,𝑡ℎ = 𝑑𝐵𝑉𝑋𝑉,𝑒𝑞
𝐷𝐶𝐶,𝑡ℎ = 𝑑𝐶𝑉𝑋𝑉,𝑒𝑞

𝑑𝑖𝑉

{
 
 

 
 
�̃�𝐴𝐴,𝑟𝑎𝑑
𝐶 = (1 − 𝑋𝐴)𝐷𝐴𝐴,𝑟𝑎𝑑 + 𝑋𝐴𝐷𝐶𝐶,𝑟𝑎𝑑

�̃�𝐴𝐵,𝑟𝑎𝑑
𝐶 = 𝑋𝐴(𝐷𝐶𝐶,𝑟𝑎𝑑 + 𝐷𝐵𝐵,𝑟𝑎𝑑)

�̃�𝐵𝐴,𝑟𝑎𝑑
𝐶 = 𝑋𝐵(𝐷𝐶𝐶,𝑟𝑎𝑑 + 𝐷𝐴𝐴,𝑟𝑎𝑑)

�̃�𝐵𝐵,𝑟𝑎𝑑
𝐶 = (1 − 𝑋𝐵)𝐷𝐵𝐵,𝑟𝑎𝑑 + 𝑋𝐵𝐷𝐶𝐶,𝑟𝑎𝑑

{

𝐷𝐴𝐴,𝑟𝑎𝑑 = 𝑑𝐴𝑉𝑋𝑉,𝑟𝑎𝑑 + 𝑑𝐴𝐼𝑋𝐼,𝑟𝑎𝑑
𝐷𝐵𝐵,𝑟𝑎𝑑 = 𝑑𝐵𝑉𝑋𝑉,𝑟𝑎𝑑 + 𝑑𝐵𝐼𝑋𝐼,𝑟𝑎𝑑
𝐷𝐶𝐶,𝑟𝑎𝑑 = 𝑑𝐶𝑉𝑋𝑉,𝑟𝑎𝑑 + 𝑑𝐶𝐼𝑋𝐼,𝑟𝑎𝑑



𝑋𝑉 = 𝑋𝑉,𝑟𝑎𝑑 + 𝑋𝑉,𝑒𝑞 𝑋𝐼,𝑟𝑎𝑑

{
 
 
 

 
 
 𝑑𝐴𝐼 =

1

𝑋𝐼
[𝐷𝐴𝐴,𝑟𝑎𝑑 − 𝐷𝐴𝐴,𝑡ℎ

𝑋𝑉,𝑟𝑎𝑑
𝑋𝑉,𝑒𝑞

]

𝑑𝐵𝐼 =
1

𝑋𝐼
[𝐷𝐵𝐵,𝑟𝑎𝑑 − 𝐷𝐵𝐵,𝑡ℎ

𝑋𝑉,𝑟𝑎𝑑
𝑋𝑉,𝑒𝑞

]

𝑑𝐶𝐼 =
1

𝑋𝐼
[𝐷𝐶𝐶,𝑟𝑎𝑑 − 𝐷𝐶𝐶,𝑡ℎ

𝑋𝑉,𝑟𝑎𝑑
𝑋𝑉,𝑒𝑞

]

𝑑𝑖𝐼

𝑋1

𝑋1. [

𝑡1
𝑡2
𝑡3
𝑡4

] . 𝑇1 + 𝑑𝑝𝑎1. 𝑋1. [

𝑡1𝜑1
𝑡2𝜑2
𝑡3𝜑3
𝑡4𝜑4

] . 𝑇1 + 𝑑𝑝𝑎1. 𝑋1. [

𝑡1𝜑1
𝑡2𝜑2
𝑡3𝜑3
𝑡4𝜑4

] . 𝑇𝑐𝑟𝑦𝑜 = 12 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠

𝑑𝑖𝐼

𝑋1. [

𝑡1
𝑡2
𝑡3
𝑡4

] . [
𝑇1
𝑇2
𝑇3

] + 𝑑𝑝𝑎1. 𝑋1. [

𝑡1𝜑1
𝑡2𝜑2
𝑡3𝜑3
𝑡4𝜑4

] . [
𝑇1
𝑇2
𝑇3

] + 𝑑𝑝𝑎1. 𝑋1. [

𝑡1𝜑1
𝑡2𝜑2
𝑡3𝜑3
𝑡4𝜑4

] . 𝑇𝑐𝑟𝑦𝑜 = 36 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠



 

• 

~



• 

 



• 

 

 

 



 

 

𝑤 ≈ √�̃�𝑡  

 

 



 





 
 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 



 

 

 



d ≈ 50 µm
GB : 10-55°

austenite > 99%A

B

50 % of twin boundaries

C

D
ND

RD1

ND

RD1

ND

RD1

random



Cr-K Ni-K

Si-K Mn-K Mo-L

Fe-K

400 µm

[X]out

[X]in

[X]in/[X]out

Element X

Ferrite

A

B



 

In
te

n
si

ty
(c

o
u

n
ts

)

X-ray energy (keV)

Nb-L and Mo-L rays 
overlap but 

distinguishable

A

B



≤
≤ < ≤ ≤ ≤ ≤

 

  
 

  
 

      

 

 

      
 

        

AR

10 nm

Cr Fe Ni Mo Si/N Mn C Nb

AR

10 nm

Cr Fe Ni Mo Si/N Mn C Nb



�̅�

�̅� = 1.3  0.6  1014 𝑚−2

1010 1013 𝑚−2 𝑚−2

1014 𝑚−2

 

Twin boundaries

A B

C



β

α





  0.4   

δ



 

 



 

specimen

7° angled block (to 
prevent channeling effect)

sample-holder

screw washer

TB

A

B

C
Temperature (°C)

593°C

393°C 450°C

450°C



∆𝑇 =
2𝐽

𝑘𝑇
(
𝑘𝑇𝑡

𝜌𝐶𝑇
)

1
2⁄

ρ

𝐽 = 𝛷  𝐸  𝑒

𝛷

𝛷

 

 



 

 

 

T

T

T

T

A B



~

 

APT grid
holder

FIB adaptator

W TEM grid with
pretips

TEM holder

ANALYSED AREA

TEM grid

APT puck

A B

C D





Grain orientation 
chosen close to 

B=<011>

FIB
SEM-BSE

TEM

Redeposition
during milling

W 
pretip

Carbon 
contamination

(TEM-EDS)

STEM-HAADFSTEM-BF

A

B

C

D

5 µm



 

 

 

011̅

~[011̅]
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