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𝑑𝑓

𝑙𝑓

4 𝜇m

𝑑𝑓 4 nm 8 nm 𝑑̅𝑓
7 nm

𝑙𝑓̅ 1.2 𝜇m

𝑟 = 𝑙𝑓̅/𝑑̅𝑓 ≈ 176
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α̅𝑓

𝑑𝑓

8 nm 14 nm 𝑑̅𝑓 ≈ 12.6 nm

𝑙𝑓 50 nm
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𝑟
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𝑐 𝜙𝑓

𝑧

𝑧

𝑧 > 1

 

𝐷0 ℎ0 = 3.0 mm

µ = 

ℎ 𝐹 𝑡

ℎ̇ mm min−1 

150 mm min−1 𝜀0̇ = |ℎ̇/ℎ0|

0.001 s−1 0.8 s−1

𝜎 = 4|F|ℎ/(𝜋ℎ0𝐷0
2)

𝜀 = |ln (ℎ/ℎ0)| 𝜀

𝐸

≤ 𝜀 ≤

𝜎0.8 𝜀 =

𝜎

𝑡



  

7 
 

𝜀0̇ = s−1

𝜀

Δ𝜀𝑒/𝜀𝑐 Δ𝜀𝑒 𝜀𝑐

𝜙𝑓 = 5.1 𝜀0̇ = 0.05 𝑠
−1 𝐷0 =

𝜙𝑓 = 5.9
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𝐷0 ≈

𝐷0 =

 

 

 

 

𝜀0̇ 𝜙𝑓 = 5.1% 𝜙𝑓 = 0.8%

𝐸 𝜙𝑓 = 5.1% 𝜙𝑓 =

0.8% 𝜀0̇ 𝜎0.8
𝜀0̇
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𝜙𝑓

𝜎 𝜀

𝜀0̇

𝜀 ≈ 0.9

𝜀0̇
𝜎

𝜀

𝜙𝑓 𝜀0̇

𝜙𝑓

𝜀

𝐸

𝜀0̇
𝜎0.8 10−3

≤ 𝜀0̇ ≤ 10−1

𝜎0.8
𝜀0̇ > 10−1

 𝜙𝑓

𝜙𝑓

𝑟

𝑟 =

𝑟 =

𝐸/𝐸𝜙𝑓=0.04 

𝜙𝑓
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𝜙𝑓 𝜀0̇ = 10
−2

𝐸/𝐸𝜙𝑓=0.04 

𝜎0.8/𝜎0.8(𝜙𝑓=0.04) 𝜙𝑓

𝜀0̇ = 10
−2

𝜎0.8/𝜎0.8(𝜙𝑓=0.04)

𝑧
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0.1 % ≤ 𝜙𝑓 ≤

𝜎0.8
𝜙𝑓

𝜎0.8 𝜙𝑓

 

𝜙𝑓 = 5.1% 𝜙𝑓 = 17.9%

𝜀0̇ = 3 × 10
−2 𝜙𝑓 = 0.8%

𝜙𝑓 = 5.9% 𝜀0̇ = 3 × 10−2

𝜀



  

12 
 

𝜀c

Δ𝜀𝑒
𝜀c

Δ𝜀𝑒/𝜀c

Δ𝜀𝑒/𝜀c
𝜙𝑓 > 0.10

𝜙𝑓

Δ𝜀𝑒/𝜀c

𝛥𝜀𝑒 𝜀𝑐
𝜙𝑓

𝜙𝑓
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𝜀 ≥ 0.4

 

 

 

𝜀 𝜎𝑦

 𝜎

 𝜎 𝜀

𝜀

 𝜎0.8 𝜀̇

 𝜎0.8 𝜀̇

𝜎

𝜀̇ 𝐞𝑧 

{
 
 
 

 
 
 

𝜎 = 𝜏𝑧𝑧 − 𝜏𝑦𝑦 + 3𝜂𝜀̇

3

𝐸

𝜕𝜏𝑧𝑧

𝜕𝑡
−
6𝑎𝜀̇

𝐸
𝜏𝑧𝑧 +max (0,

|𝜏𝑑|−𝜎𝑦/√3

𝑘|𝜏𝑑|
𝑛 )

1

𝑛
𝜏𝑧𝑧 = 2𝜀̇

3

𝐸

𝜕𝜏𝑦𝑦

𝜕𝑡
+
3𝑎𝜀̇

𝐸
𝜏𝑦𝑦 +max (0,

|𝜏𝑑|−𝜎𝑦/√3

𝑘|𝜏𝑑|
𝑛 )

1

𝑛
𝜏𝑦𝑦 = −𝜀̇

|𝜏𝑑| = √
𝜏𝑧𝑧

2+𝜏𝑦𝑦
2−2𝜏𝑧𝑧𝜏𝑦𝑦

3 }
 
 
 

 
 
 

𝜂 𝑘 𝑛 𝐸

𝜎𝑦 

𝑎 ∈ [−1, 1] 𝑎 = 0
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𝑎 = 1 𝑎 = −1

𝜏𝑧𝑧
𝜏𝑦𝑦

 

𝜀̇

𝜀

𝜙𝑓 𝜙𝑓

𝐸 𝜎𝑦 𝑘 𝑛 𝜂
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