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𝜂 =  
Σ̇11
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Σ11
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〈𝝐𝒆𝒒
𝒗𝒑〉𝒈𝒓 〈𝝈〉𝒈𝒓

𝐸𝑒𝑞
𝑣𝑝
= [〈𝝐𝒗𝒑〉𝒑𝒐𝒍𝒚]

𝒆𝒒
Σ = 〈𝝈〉𝒑𝒐𝒍𝒚.
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10−3 𝑠−1 𝑉 = 30𝑏³ 𝑉 =

300𝑏³



𝐸𝑣𝑝 ≈ 10−4

0

0.2

0.4

0.6

0.8

1

0.0 1.0 2.0 3.0

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized equivalent viscoplastic strain

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

V=30b³, dE/dt=10-3 s-1

Evp ≈ 1 -4

0

0.2

0.4

0.6

0.8

1

0.0 1.0 2.0 3.0

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized equivalent viscoplastic strain

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

V=30b³, dE/dt=10-3 s-1

Evp ≈ 1 -2

0

0.2

0.4

0.6

0.8

1

0.0 1.0 2.0 3.0

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized equivalent viscoplastic strain

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

V=300b³, dE/dt=10-3 s-1

Evp ≈ 1 -4

0

0.2

0.4

0.6

0.8

1

0.0 1.0 2.0 3.0

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized equivalent viscoplastic strain

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

V=300b³, dE/dt=10-3 s-1

Evp ≈ 1 -2

0

0.2

0.4

0.6

0.8

1

0.0 1.0 2.0 3.0

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized equivalent viscoplastic strain

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

V=30b³, dE/dt=10-3 s-1

Evp ≈ 1 -3

0

0.2

0.4

0.6

0.8

1

0.0 1.0 2.0 3.0

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized equivalent viscoplastic strain

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

V=300b³, dE/dt=10-3

s-1

Evp ≈ 1 -3



10−3

𝑉 = 300𝑏³,

𝐸𝑣𝑝 ≈ 10−2

𝑉 = 30𝑏³ 𝑉 = 300𝑏³

 

10−3 𝑠−1

𝑉 =

300𝑏³



0

0.2

0.4

0.6

0.8

1

-0.5 0.0 0.5 1.0 1.5 2.0 2.5

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized stress

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

Ev p ≈ 1 -2

V=300b³, dE/dt=10-3 s-1

0

0.2

0.4

0.6

0.8

1

0.0 0.5 1.0 1.5 2.0 2.5

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized stress

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

Ev p ≈ 1 -3

V=300b³, dE/dt=10-3 s-1

0

0.2

0.4

0.6

0.8

1

0.0 0.5 1.0 1.5 2.0 2.5

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized stress

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

Ev p ≈ 1 -4

V=30b³, dE/dt=10-3 s-1

0

0.2

0.4

0.6

0.8

1

0.0 0.5 1.0 1.5 2.0 2.5

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized stress

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

Ev p ≈ 1 -3

V=30b³, dE/dt=10-3 s-1

0

0.2

0.4

0.6

0.8

1

0.0 0.5 1.0 1.5 2.0 2.5

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized stress

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

Ev p ≈ 1 -2

V=30b³, dE/dt=10-3 s-1

0

0.2

0.4

0.6

0.8

1

0.0 0.5 1.0 1.5 2.0 2.5

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il
it

y

Normalized stress

FE Computations

Kroner

Kroner-Tangent

Kroner-Secant

Ev p ≈ 1 -4

V=300b³, dE/dt=10-3 s-1



 

 

Σ𝑟𝑒𝑙𝑎𝑥 𝑡ℎ 10−3 𝑠−1

𝐸 = 5%

𝑡ℎ Σth Σo

Σ𝑟𝑒𝑙𝑎𝑥 = Σth − Σo.
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𝑉 = 100𝑏³ 𝐸̇ = 10−3 𝑠−1 𝐸 = 5%
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𝑉 = 100𝑏³ 𝐸̇ =

10−3 𝑠−1 𝐸 = 5%
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𝑉 = 100 − 200𝑏³ 𝑄 = 1.5 − 2.0 𝑒𝑉
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𝐸 = ±0.5% 𝐸 = ±1.3%
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𝑉 = 150𝑏3,𝐸̇ = 10−3 𝑠−1, 𝐸 = ±0.5%
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Υinc = 350𝐺𝑃𝑎 νinc =

0.287 Υmat = 150𝐺𝑃𝑎 νmat = 0.3 
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𝑛
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𝜂𝑠𝑒𝑐 = Σ11/𝐸̇11
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Σ𝑚𝑖𝑛 < −150 𝑀𝑃𝑎
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𝑖 ⨂ n𝑖)

m𝑖 n𝑖  

𝜏𝑖 𝜏𝑐,𝑖
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∗

𝜏𝑖
∗ = |𝜏𝑖| − 𝜏𝑐,𝑖 ≥ 0

 𝜏𝑐,𝑖

𝜏𝑐,𝑖 = 𝜏0 + 𝜇𝑏√∑ℎ𝑖𝑗𝜌
𝑗
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𝜅
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𝜅𝑠𝑖𝑛𝑔𝑙𝑒 = 300) 𝜅𝑚𝑢𝑙𝑡𝑖 = 30)

𝜅𝑠𝑖𝑛𝑔𝑙𝑒
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= 15 nm

 

 𝑒 ℎ𝑚𝑎𝑥

ys = 4.2546 (γSFE/μb)^1.5397
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𝜎̇ = Σ̇ + 2𝜇(1 − 𝛽) (𝐸̇𝑣𝑝 − 𝜖̇𝑣𝑝) + 2𝜇(1 − 𝛽) 𝜂−1  (Σd − 𝜎𝑑)
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𝜅𝑠𝑖𝑛𝑔𝑙𝑒 = 400

𝜅𝑚𝑢𝑙𝑡𝑖 = 25

𝛾𝑝 = 2%
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𝐸 =
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(𝐸̇ = 3.10−4𝑠−1 𝐸 = ±0.6% 𝐸̇ =

3.10−4𝑠−1 (Σ = 50 ± 250 𝑀𝑃𝑎 𝐸̇ = 3.10−4𝑠−1

𝑬 = 𝟑%)

𝝆𝟎 → (𝟏𝟎𝟗 ; 𝟏𝟎𝟏𝟏) 𝒎−𝟐 −0.03% ;  0.16% −0.01% ;  0.22% −0.46% ;  0.39%

𝒚𝒆 → (𝟎. 𝟔 ; 𝟏. 𝟖) 𝒏𝒎 0.11% ; −0.21% 4.51% ; −4.37% −4.41% ;  10.53%

𝒚𝒔 → (𝟕. 𝟓 ; 𝟐𝟐. 𝟓) 𝒏𝒎 0.19% ; −0.11% 10.79% ; −1.18% −7.50% ;  0.94%

𝑲𝒔𝒊𝒏𝒈𝒍𝒆 → (𝟐𝟎𝟎 ; 𝟔𝟎𝟎) +0.00% ; −0.00% 0.35% ; −0.10% −0.07% ;  0.06%

𝑲𝒎𝒖𝒍𝒕𝒊 → (𝟏𝟐. 𝟓 ; 𝟑𝟕. 𝟓) 8.79% ; −3.08% 3.89% ; −1.68% −15.06% ;  7.50%
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𝛾𝑆𝐹𝐸/𝜇𝑏



 

 



 

• 

• 

• 
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𝑅 𝜏𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦

𝜏𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝑅𝑐𝑟𝑖𝑡

𝑅𝑐𝑟𝑖𝑡 =

0,97 𝑅𝑐𝑟𝑖𝑡

𝐸 = 17%



Evp < 1%

𝐸𝑣𝑝 = 0.1% 𝐸𝑣𝑝 = 1% 𝑖 |𝛾𝑖
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| > 10−4
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𝛾𝑆𝐹𝐸/𝜇𝑏
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𝛾𝑆𝐹𝐸/𝜇𝑏

𝛾𝑆𝐹𝐸/𝜇𝑏

𝜙 < 1𝜇𝑚



𝐿1 = 𝐿2 ≫ 𝑒

 

𝐿

∀ 𝑖 = 𝑗 →
ρ̇𝑖
γ̇𝑖
=
1

 
∙
√ℎ0𝜌𝑖
𝐾𝑠𝑒𝑙𝑓



∀ (i, j)copla  →
ρ̇𝑖
γ̇𝑖
=
1

 
∙
∑ √hcopla𝜌𝑖j ∈ copla i

 copla

∀ (i, j)Hirth ou (i, j)Lomer ou (i, j)gliss →
ρ̇𝑖
γ̇𝑖
=
1

 
∙
√hijρ𝑖

 jonction
 

ρ̇𝑖
γ̇𝑖
=
1

𝑏
∙ (

√hijρ𝑖

 jonction
+
∑ √hcopla𝜌𝑖j ∈ copla i

 copla
+
√ℎ0𝜌𝑖
𝐾𝑠𝑒𝑙𝑓

)

𝐾𝑠𝑒𝑙𝑓 𝐾𝑐𝑜𝑝𝑙𝑎 𝐾𝑗𝑜𝑛𝑐𝑡𝑖𝑜𝑛

 

𝑠 𝑒

ρ̇e
i =

2

 L
∙ γ̇s
i ∙ sign (

γ̇s
i

γs
i
) −

2ye
 
∙ ρe
i ∙ |γ̇e

i | − 2ρe
i ∙
hmax − ye

 
∙ |γ̇e

i |



ρ̇s
i =

2

 L
∙ γ̇e
i ∙ sign (

γ̇e
i

γe
i
) −

2ys
 
∙ ρs
i ∙ |γ̇s

i |

𝐿

L = min

[
 
 
 
 

(

 
√hijρj

 jonction
+

∑ √hcoplaρ
j

j ∈ copla i

 copla
+
√ℎ0ρ

j

𝐾𝑠𝑒𝑙𝑓
)

 

−1

; ϕ

]
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𝑲𝒄𝒐𝒑𝒍𝒂
𝑲𝒔𝒆𝒍𝒇
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𝐾𝑐𝑜𝑝𝑙𝑎 𝐾𝑠𝑒𝑙𝑓

𝐾𝑐𝑜𝑝𝑙𝑎 𝛾
𝑆𝐹𝐸
/𝜇𝑏   
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𝐾𝑗𝑜𝑛𝑐𝑡𝑖𝑜𝑛

𝛾𝑆𝐹𝐸/𝜇𝑏
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𝜏𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦/𝜏𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝐸 = 3%

𝜏𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦/𝜏𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝐸 = 3%

 

𝐸 = 0.2%
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𝑑𝐵𝐺

α

𝛾𝑆𝐹𝐸/𝜇𝑏

𝐿1 = 𝐿2 ≫ 𝑒

Epaisseur moyen des bandes : 

Distance inter-bandes : 

Grain 
taille moyenne, 

Matrice 
élastique



 

 

𝑖

τ𝐵𝐺
𝑖 = 𝜎: (m𝑖 ⨂ n𝑖) 𝑚⃗⃗⃗𝑖

𝑛⃗⃗𝑖

< 111 >

 

𝐿1 = 𝐿2 = 𝜙 𝑒𝐵𝐺 ≪ 𝜙

 𝑑𝐵𝐺 ≪ 𝜙 𝑑𝐵𝐺

 

𝑒𝐵𝐺

𝑑𝐵𝐺

𝜙 𝑓𝐵𝐺

𝑓𝐵𝐺 = 𝑒𝐵𝐺/𝑑𝐵𝐺



𝑖

γi
p
= γe,i + γs,i

τ𝐵𝐺
𝑖 = Τ𝑖 − 𝜇

𝑒𝐵𝐺
𝜙
γi
p

Τi

ϵp = fBG ∙ γi
p
∙
1

2
∙ (nimi

T +mini
T)

σ = Σ − μ ∙
𝑑𝐵𝐺 − 𝑒𝐵𝐺
𝑑𝐵𝐺 + 𝜙

∙ ϵ𝑝

𝑑𝐵𝐺−𝑒𝐵𝐺

𝑑𝐵𝐺+𝜙

 

𝛾𝐵𝐺,𝑐𝑟𝑖𝑡
𝑝

𝑖

NBG,i = entier [(
ϕ

eBG
) ∙ (

γi
p

γBG,crit
p )] + 1

dBG,i

dBG,i =
ϕ− NBG,i ∗ eBG
NBG,i + 1

𝑓𝐵𝐺 , 𝑖



𝑓𝐵𝐺,𝑖 = 𝑒𝐵𝐺/𝑑𝐵𝐺,𝑖

γBG,i
p

= γi
p
∙ (
ϕ

eBG
) − γBG,crit

p
∙ (NBG,i − 1)

𝜖p = 𝑓𝐵𝐺,𝑖 ∙ [
(𝑁𝐵𝐺,𝑖 − 1) ∙ 𝛾𝐵𝐺,𝑐𝑟𝑖𝑡

𝑝
+ 𝛾𝐵𝐺,𝑖

𝑝

𝑁𝐵𝐺,𝑖 
] ∙
1

2
∙ (𝑛𝑖𝑚𝑖

𝑇 +𝑚𝑖𝑛𝑖
𝑇)

𝜎 = Σ − 𝜇 ∙
𝑑𝐵𝐺,𝑖 − 𝑒𝐵𝐺
𝑑𝐵𝐺,𝑖 + 𝜙

∙ 𝜖

 

𝒆𝑩𝑮 𝒅𝑩𝑮 𝛄𝐁𝐆,𝐜 𝐢 
 

0.02𝜇𝑚 0.1𝜇𝑚

0.1𝜇𝑚 − 0.2𝜇𝑚 0.7𝜇𝑚 − 2𝜇𝑚

0.27

0.35𝜇𝑚 0.4

𝛾𝑆𝐹𝐸/𝜇𝑏

𝑒𝐵𝐺𝐶𝑢 ≈ 205𝑛𝑚



𝛾𝑆𝐹𝐸/𝜇𝑏

𝛾𝑆𝐹𝐸/𝜇𝑏

 𝑑𝐺𝐵

𝑑𝐵𝐺
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𝒆
𝑩
𝑮
(𝝁
𝒎
)

𝜸𝑺𝑭𝑬
𝝁𝒃⁄ (𝟏𝟎−𝟑)

𝑒𝐵𝐺 = 0.0991 ln
𝛾𝑆𝐹𝐸
𝜇𝑏

+0.0558

𝑅2 = 0.9992
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        −𝒆𝑩𝑮 = 𝟐𝟎𝒏𝒎 −𝒅𝑩𝑮 = 𝟎.𝟏 𝝁𝒎
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)

316L SS - 𝝓 = 𝟏𝟎𝟎𝝁𝒎
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𝜸𝑺𝑭𝑬 𝝁𝒃  𝟏𝟎−𝟑

𝐾𝐻𝑃

𝜇 𝑏
= 0.3436

𝜸𝑺𝑭𝑬
𝝁𝒃 

 𝟏𝟎−𝟑
−𝟎.𝟑𝟗𝟒

  

𝑅2 =0.9675
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Σ𝐸=1.0% = 115.24 + 0.2965 ∗ 1 𝜙 

Σ𝐸=0. % = 80.15 + 0.1646 ∗ 1 𝜙 

Σ𝐸=0.2%= 35.327 + 00497 ∗ 1 𝜙 
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𝜸𝑺𝑭𝑬 𝝁𝒃  𝟏𝟎−𝟑
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𝐾𝑗𝑜𝑛𝑐𝑡𝑖𝑜𝑛 𝐾𝑐𝑜𝑝𝑙𝑎 𝐾𝑠𝑒𝑙𝑓

𝐾𝑐𝑜𝑝𝑙𝑎 𝐾𝑠𝑒𝑙𝑓

𝐸𝑝 = 10%

𝐾𝑗𝑜𝑛𝑐𝑡𝑖𝑜𝑛 𝐾𝑐𝑜𝑝𝑙𝑎

𝐾𝑠𝑒𝑙𝑓



𝐸𝑝 = 10%



 

 



 

 

 



𝑡𝑤 𝑤

 𝑡𝑎 𝑎

𝐶𝑠𝑜𝑙

𝐶𝑠𝑜𝑙 = 𝐶𝑠𝑎𝑡 (1 − e p (−
𝑡𝑎
𝛿0
)

2
3
)

𝐶𝑠𝑎𝑡 

𝛿𝑜

𝛿𝑜

𝛿0 = (
𝐶𝑠𝑎𝑡
𝐶0
)

2
3 𝜅𝐵𝑇𝑏

2

3. 𝑈𝑐𝑟. 𝐷
𝐶𝑟

 

Temps 

: Éléments en solution : Dislocation 



𝜅𝐵 𝑅 𝑇

 𝐶0.

𝑈𝑐𝑟

𝐷𝐶𝑟

𝐷𝐶𝑟 = 𝐷𝑜
𝐶𝑟 ∙ e p (−

𝑄𝛾
𝐶𝑟

𝑅𝑇
)

𝑡̇𝑎 = 1 − 𝑡𝑎/𝑡𝑤

 𝑣̅

𝑣̅ = λ̅/𝑡𝑤

𝜆̅

𝜆̅ = 1/√𝜌𝑡

𝛾̇𝑣𝑝 = 𝑏𝜌𝑚𝑣̅ 𝛾̇𝑣𝑝

𝜌𝑚

𝑡𝑤 =
(𝜌𝑒

i + 𝜌𝑠
i) ∙ 𝑏

|𝛾̇𝑖,𝑒
𝑣𝑝
+ 𝛾̇𝑖,𝑠

𝑣𝑝
| ∙ √𝜌𝑡



𝛿0

𝛿0

 𝐶0 ≅

0,17 𝑄𝛾
𝐶𝑟

𝐷𝑜
𝐶𝑟

𝑈𝑐𝑟, 𝛿0

𝛾̇𝑣𝑝 = 𝑀. 𝐸̇𝑣𝑝

𝑀 = 3,06 𝑡𝑤 ≈ 𝑡𝑎 𝜌𝑚 = 1011 𝑚−2

𝜌𝑡𝑜𝑡 = 10
14 𝑚−2

1.0E-2

1.0E+0

1.0E+2

1.0E+4

1.0E+6

1.0E+8

1.0E+10

473 573 673 773 873 973

Température (K)



𝐶𝑠𝑜𝑙

𝐶𝑠𝑜𝑙

𝜏𝑐,𝑖 = (1 + 𝑓𝐷𝑆𝐴. 𝐶𝑠𝑜𝑙) ∙ 𝜇𝑏√∑ℎ𝑖𝑗𝜌
𝑗
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Exp. Choudhary, 2014
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e
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é
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n
,

Température (K)

Domaines des 
serrations
(Effet PLC)



𝜏𝑐,𝑖 = 𝜇𝑏√∑ℎ𝑖𝑗𝜌
𝑗

12

𝑗=1

+ 𝜏𝐷𝑆𝐴

𝜏𝐷𝑆𝐴 = 𝑓𝐷𝑆𝐴 ∙ 𝜇 ∙ 𝐶𝑠𝑜𝑙

𝑓𝐷𝑆𝐴

𝑓𝐷𝑆𝐴 ≅ 0,136𝜖𝑎
4
3⁄

𝜖𝑎

𝑎0) 𝜖𝑎 = Δ𝑎 𝑎0 .

𝑓𝐷𝑆𝐴

𝑓𝐷𝑆𝐴

𝑓𝐷𝑆𝐴

𝑓𝐷𝑆𝐴

𝑓𝐷𝑆𝐴

𝒂𝑭𝒆𝒓 𝒂𝑪𝒉𝒓𝒐𝒎𝒆 𝒇𝑫𝑺𝑨

 





𝜌̇𝑃𝐿
𝑖 = 2𝜌𝑠

𝑖 ∙
ys −  𝑒
𝑏

∙ |𝛾̇𝑠
𝑖| −

2 𝑒
𝑏
∙ 𝜌𝑃𝐿

𝑖 ∙ |𝛾̇𝑒
𝑖|

ys

 



𝜏 = 𝐾𝑠𝑖𝑚
𝜇𝑏

𝑑𝑐𝑒𝑙𝑙
𝑑𝑐𝑒𝑙𝑙

𝑑𝑐

𝑑𝑤 𝐾𝑠𝑖𝑚

𝐾𝑠𝑖𝑚
𝑐  

𝑑𝑐𝑒𝑙𝑙
𝑑𝑐 𝑑𝑤

𝑑𝑐𝑒𝑙𝑙
𝑑𝑐 𝑑𝑤



𝜏 = 𝛼̅𝜇𝑏√𝜌  𝛼̅

𝐾𝑠𝑖𝑚
𝛼̅

= 𝑑𝑐𝑒𝑙𝑙√𝜌.

𝐾𝑠𝑖𝑚

𝛼𝑐

𝐾𝑠𝑖𝑚,𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑒
𝛼̅𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑒

=
𝐾𝑠𝑖𝑚,𝑐𝑦𝑐𝑙𝑖𝑞𝑢𝑒

𝛼̅𝑐𝑦𝑐𝑙𝑖𝑞𝑢𝑒
= 𝑐𝑜𝑛𝑠𝑡.

𝛼𝑠𝑖𝑚 𝐾𝑠𝑖𝑚
𝑐

𝛼

0.122 ≤ 𝛼̅𝑐𝑦𝑐𝑙𝑖𝑞𝑢𝑒 ≤ 0.136

2.9 ≤

𝐾𝑠𝑖𝑚 ≤ 3.4 𝐾̅𝑠𝑖𝑚 = 3.26

𝛼̅𝑐𝑦𝑐𝑙𝑖𝑞𝑢𝑒 𝐾𝑠𝑖𝑚
𝑐

𝛼̅𝑐𝑦𝑐𝑙𝑖𝑞𝑢𝑒 𝐾𝑠𝑖𝑚
𝑐
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𝐿 = min((
√hijρ𝑖

 jonction
+
∑ √hcopla𝜌𝑖j ∈ copla i

 copla
+
√ℎ0𝜌𝑖
𝐾𝑠𝑒𝑙𝑓

)

−1

, 𝜙 , 𝑑𝑐𝑒𝑙𝑙)

𝜌𝑑 𝜌𝐵𝑃

𝜌𝑒 𝜌𝑠

(𝜌𝑑 + 𝜌𝑃𝐿) > (𝜌𝑒 + 𝜌𝑠)

(𝜌𝑑 + 𝜌𝑃𝐿)/𝜌𝑡𝑜𝑡  > 0.5

(𝜌𝑑 + 𝜌𝑃𝐿)/𝜌𝑡𝑜𝑡

𝐸𝑎
𝑣𝑝

𝐸̇ 𝑇

 

𝜈

𝜌̇𝑑
𝑐𝑙 = −

𝜌𝑑
𝑡𝑐𝑙



𝑡𝑐𝑙

ℎ𝑚𝑎𝑥

𝑡𝑐𝑙 =
1

2. √2
∫

𝑑ℎ

𝑣𝑐𝑙(ℎ)

ℎ  𝑥

ℎ   

𝑣𝑐𝑙

𝜈𝑐𝑙 ≈ 2𝜋𝑐𝑗
𝐷𝑠𝑑𝜏𝑐𝑙𝑏

2

𝜅𝐵𝑇

𝐷𝑠𝑑

𝐷𝑠𝑑 = 𝐷0
𝑠𝑑 e p(

𝑄𝑠𝑑  

𝜅𝐵𝑇
)

𝐷0
𝑠𝑑  𝑄𝑠𝑑

𝜎𝑐𝑙

𝜎𝑛𝑜𝑟𝑚

𝜎𝑒𝑙𝑎𝑠

𝜎𝑐𝑙 = 𝜎
𝑛𝑜𝑟𝑚 + 𝜎𝑒𝑙𝑎𝑠

𝜎𝑒𝑙𝑎𝑠(h) =
𝜇𝑏

√2𝜋(1 − 𝑣)ℎ

𝑡𝑐𝑙 =
𝜅𝐵𝑇(1 − 𝜈)

4𝜇𝑏3𝑐𝑗𝐷
𝑠𝑑
𝑟𝑜
2 [𝐻 − 𝑌𝑒 + ln (

1 + 𝑌𝑒
1 + 𝐻

)]

𝑟𝑜 =
𝜇𝑏

√2𝜋(1−𝜈)∙σ
   ,   𝑌𝑒 =

ℎ𝑚𝑖𝑛

𝑟𝑜
  𝐻 =

ℎ𝑚𝑎𝑥

𝑟𝑜

• 𝑐𝑗 = 1.



• ℎ𝑚𝑎𝑥

 ℎ𝑚𝑎𝑥 =
𝜇𝑏

8𝜋(1−𝑣) 

• Σ

𝜎𝑛𝑜𝑟𝑚 𝜎𝑛𝑜𝑟𝑚 = 𝜎 = Σ/M M = 3,06 

𝑡𝑐𝑙 ≈
𝜇𝜅𝐵𝑇𝑀²
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𝜈 = 264 𝑘𝐽. 𝑚𝑜𝑙−1

𝑡ℎ

𝐸 = ±0.3%
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𝜌̇𝑃𝐿
𝑐𝑙 = −

𝜌𝑃𝐿
𝑡𝑐𝑙

 

 

i

𝜏𝑖 = 𝜎: (m
𝑖 ⨂ n𝑖)

𝜏𝑖
∗ = |𝜏𝑖| − 𝜏𝑐,𝑖 ≥ 0

i

𝜏𝑐,𝑖 = 𝜇𝑏√∑ℎ𝑖𝑗𝜌
𝑗

12

𝑗=1

+ 𝜏𝐷𝑆𝐴

𝛾̇𝑖,𝑒
𝑣𝑝
= 2𝑣𝐷𝑏

2𝜌𝑒
𝑖 ∙ 𝑒𝑥𝑝 (−

𝑄

𝜅𝑏𝑇
) ∙ 𝑠𝑖𝑛ℎ (

𝑉𝜏𝑖
∗

𝜅𝑏𝑇
)

𝛾̇𝑖,𝑠
𝑣𝑝
= 2𝑣𝐷𝑏

2𝜌𝑠
𝑖 ∙ 𝑒𝑥𝑝 (−

𝑄

𝜅𝑏𝑇
) ∙ 𝑠𝑖𝑛ℎ (

𝑉𝜏𝑖
∗

𝜅𝑏𝑇
)

𝜏𝐷𝑆𝐴 = 𝑓𝐷𝑆𝐴 ∙ 𝜇 ∙ 𝐶𝑠𝑜𝑙

𝐶𝑠𝑜𝑙 = 𝐶𝑠𝑎𝑡 (1 − e p (−
𝑡𝑎
𝛿0
)
2 3 

)



𝑡̇𝑎 = 1 −
𝑡𝑎
𝑡𝑤

𝑡𝑤 =
(𝜌 
i+𝜌 

i )∙𝑏

|𝛾̇ , 
𝑣𝑝
+𝛾̇ , 

𝑣𝑝
|∙√𝜌𝑡

𝛿0 = (
𝐶𝑠𝑎𝑡
𝐶0
)

2
3⁄ 𝜅𝐵𝑇𝑏

2

3. 𝑈𝑐𝑟 . 𝐷
𝐶𝑟

𝐷𝐶𝑟 = 𝐷𝑜
𝐶𝑟 ∙ e p (−

𝑄𝛾
𝐶𝑟

𝑅𝑇
)

𝜌̇𝑒
𝑖 =

2

𝑏𝐿
∙ |𝛾̇𝑖,𝑠

𝑣𝑝
| ∙ 𝑠𝑖𝑔𝑛 (

𝛾̇𝑠
𝑖

𝛾𝑠
𝑖
) −

2 𝑒
𝑏
∙ 𝜌𝑒

𝑖 ∙ |𝛾̇𝑖,𝑒
𝑣𝑝
|

− (2𝜌𝑒
𝑖 ∙
ℎ𝑚𝑎𝑥 −  𝑒

𝑏
∙ |𝛾̇𝑖,𝑒

𝑣𝑝
| −

2 𝑒
𝑏
∙ 𝜌𝑑

𝑖 ∙ |𝛾̇𝑖,𝑒
𝑣𝑝
|)

𝜌̇𝑠
𝑖 =

2

𝑏𝐿
∙ |𝛾̇𝑖,𝑒

𝑣𝑝
| ∙ 𝑠𝑖𝑔𝑛 (

𝛾̇𝑒
𝑖

𝛾𝑒
𝑖
) −

2 𝑠
𝑏
∙ 𝜌𝑠

𝑖 ∙ |𝛾̇𝑖,𝑠
𝑣𝑝
|

− (2𝜌𝑠
𝑖 ∙
ys −  𝑒
𝑏

∙ |𝛾̇𝑠
𝑖| −

2 𝑒
𝑏
∙ 𝜌𝑃𝐿

𝑖 ∙ |𝛾̇𝑒
𝑖|)

𝜌̇𝑑
𝑖 = 2𝜌𝑒

𝑖 ∙
ℎ𝑚𝑎𝑥 −  𝑒

𝑏
∙ |𝛾̇𝑖,𝑒

𝑣𝑝
| −

2 𝑒
𝑏
∙ 𝜌𝑑

𝑖 ∙ |𝛾̇𝑖,𝑒
𝑣𝑝
| −

𝜌𝑑
𝑡𝑐𝑙

𝜌̇𝑃𝐿
𝑖 = 2𝜌𝑠

𝑖 ∙
ys −  𝑒
𝑏

∙ |𝛾̇𝑠
𝑖| −

2 𝑒
𝑏
∙ 𝜌𝑃𝐿

𝑖 ∙ |𝛾̇𝑒
𝑖| −

𝜌𝑃𝐿
𝑡𝑐𝑙

L = min

[
 
 
 
 

(

 
√hijρi

 jonction
+

∑ √hcoplaρ
i

j ∈ copla i

 copla
+
√ℎ0ρ

i

𝐾𝑠𝑒𝑙𝑓
)

 

−1

; ϕ;  𝑑𝑐𝑒𝑙𝑙

]
 
 
 
 

𝑠𝑖
 (𝜌𝑑 + 𝜌𝑃𝐿)

𝜌𝑡𝑜𝑡
 > 0,5 → 𝑑𝑐𝑒𝑙𝑙 =

𝐾𝑠𝑖𝑚

𝛼̅𝑐𝑦𝑐√𝜌𝑡𝑜𝑡
 

𝑠𝑖𝑛𝑜𝑛 𝑑𝑐𝑒𝑙𝑙 = 𝜙

ℎ𝑚𝑎𝑥 =
𝜇𝑏

8𝜋(1 − 𝑣)𝜏𝑖

𝑡𝑐𝑙 =
𝜇𝜅𝐵𝑇

32𝜋2𝐷  𝑏  
2

𝐷𝑠𝑑 = 𝐷𝜈𝑐𝑣
0 = 𝐷0

𝑠𝑑 e p (
𝑄𝑓
𝜈

𝜅𝐵𝑇
)



 

𝜎̇ = Σ̇ + 2𝜇(1 − 𝛽) (𝐸̇𝑣𝑝 − 𝜖̇𝑣𝑝) + 2𝜇(1 − 𝛽) 𝜂−1  (Σd − 𝜎𝑑)

  𝛽 =  
2(4−5𝜈)

15(1−𝜈)

𝜂−1 =  0 𝜂 =  
Σeq

𝐸̇eq
𝑣𝑝

𝜎𝑑 𝜎̇ 𝜖̇𝑣𝑝

Σd

Σ̇ 𝐸̇𝑣𝑝  Σeq 𝐸̇eq
𝑣𝑝

𝜂−1 = 0
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𝒉𝒄𝒐𝒑𝒍𝒂

𝒉𝑳𝒐𝒎𝒆𝒓

𝒉𝑯𝒊𝒓𝒕𝒉
𝒉𝒈𝒍𝒊𝒔

𝒉𝒄𝒐𝒍𝒍

𝑫𝟎
𝒔𝒅

𝐐𝐬𝐝

𝑫𝒐
𝑪𝒓

𝑸𝜸
𝑪𝒓

𝑼𝒄𝒓

𝑪𝟎

𝑪𝒔𝒂𝒕

𝑲𝒔𝒊𝒎
𝜶̅𝒄𝒚𝒄

𝒗

𝑲𝒔𝒆𝒍𝒇

𝑲𝒄𝒐𝒑𝒍𝒂

𝑲𝒋𝒐𝒏𝒄

𝐶𝑠𝑎𝑡

𝐾𝑠𝑒𝑙𝑓 𝐾𝑐𝑜𝑝𝑙𝑎 𝐾𝑗𝑜𝑛𝑐𝑡𝑖𝑜𝑛

ℎ𝑖𝑗



 

Υ

T

Υ = 217500 − 80,9 ∙ T

𝑏

T

 = 0,25267 + 4,93159. 10−  × T

 𝑠
𝐶𝑎𝑙𝑐𝑢𝑙 =

𝜇𝑏

2𝜋𝜏𝑖𝑛𝑡
sin 𝜃

𝜃 𝜃 ≈ 71°

𝜏𝑖𝑛𝑡 𝜏𝐼𝐼𝐼

𝜏𝐼𝐼𝐼
𝜇
= 𝐴1 (1 −

𝑏

𝑑0
)
2

.
𝛾𝑆𝐹𝐸
𝜇𝑏

− 𝐴2 (
𝛾𝑆𝐹𝐸
2

𝜇3𝑏5
)𝜅𝐵𝑇 = 𝐴1. 𝛼1 − 𝐴2. 𝛼2. 𝑇

𝐴1 𝐴2 𝑑0

𝑑0 =
𝜇𝑏2

16𝜋𝛾𝑆𝐹𝐸
⁄

𝜏𝐼𝐼𝐼



 [𝐴1. 𝛼1]
𝐶𝑢 = 1.4 10−3  [𝐴2. 𝛼2]

𝐶𝑢 = 2.2 10−  𝐾−1

𝜇𝐶𝑢 = 45 𝐺𝑃𝑎 𝛾𝑆𝐹𝐸
𝑐𝑢 = 50 𝑚𝐽.𝑚−2 𝑏 = 0.256 𝑛𝑚

𝐴1 = 0.53 𝐴2 = 6.4 10
3

𝛾𝑆𝐹𝐸

𝛾𝑆𝐹𝐸
31 𝐿𝑁 = 30𝑚𝐽.𝑚−2

𝑑0

 𝜏𝐼𝐼𝐼

𝜏𝐼𝐼𝐼
31 𝐿(𝑁)

= 79.65 − 0.056𝑇; 𝑅2 = 0.989

 𝑠
𝐶𝑎𝑙𝑐𝑢𝑙

 𝑠
𝐶𝑎𝑙𝑐𝑢𝑙

 𝑠,293𝐾
𝑒𝑥𝑝

= 15𝑛𝑚



 

𝑉 𝑄 𝑓𝐷𝑆𝐴.
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2.10−  𝑠−1 2.10−5 𝑠−1

2.10−3 𝑠−1

𝑄𝛾
𝐶𝑟 = 243 𝑘𝐽.𝑚𝑙−1 ≡ 2.5 𝑒𝑉

(𝑄𝑠𝑑 = 284 𝑘𝐽.𝑚𝑙−1 ≡ 2.9 𝑒𝑉

𝑓𝐷𝑆𝐴

𝜏𝑚𝑜𝑦
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𝜏𝑚𝑜𝑦
∗ 𝐸 =

0.5% 𝜏𝑖
∗

|𝛾𝑖
𝑣𝑝
| = 10−5, (𝑖 = 1,12)
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𝐸̇ = 10−4𝑠−1
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 α𝑐𝑦𝑐

ρ(∗)(𝑡) ∝ e p (−
𝑦(∗)

𝑏
∙ 𝛾̇(∗) ∙ 𝑡) (∗)  = 𝑒, 𝑠

 𝑒 ≪  𝑠

 𝑒
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𝑅 = ΔΣ/(2. 𝑅𝑝0,2%).
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