
Αρτιχλε Ι∆ : ���� � ������������ � ���� � �� 

Ρεαχτιον τηερµ οδψναµιχσ ανδ κινετιχσ 

ον ιν2σ ιτυ Αλ � Ο�/ Χυ χο µ ποσ ιτεσ 
≠ 

← ⊃♣∏ ∉ℜ ⊃ ∈�李国彬� � � • ∏♠ ⊃ ℑ∈⊇ ∏∈�武建军� � � ♣∏ ∉ ±∏ ℑ∈⊆⊕ ⊃ �郭全梅� � � 

♠ ⊃ ℑ∈∩ ≠ℑ∈∅ ⊕ ⊃ �姜延飞� � �≥∪⊕∈ ≠∏  ⊃ ℑ∈�申玉田� � �← ⊕ ⊃×⊃ ∈∩∇∏ ℑ∈�雷廷权� � 

1 . ∆επαρτµ εντ οφ Ματεριαλ σ Σχιενχε ανδ Ενγινεερινγ , 

Ηεβει Υνιϖερσιτψ οφ Τεχηνολογψ , Τιανϕ ιν 300130 , Π. Ρ . Χηινα 

2 . Ματεριαλ σ Σχηοολ, Ηαρβιν Ινστιτυτε οφ Τεχηνολογψ , Ηαρβιν 150006 , Π . Ρ . Χηινα 

Αβσ τραχτ � ×∪ ⊕∠  ⊕ ∅ ⊕   ⊕ ⊗⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ∉∅ℑ ⊂∏⊆⊃ ∈∏⊆ ⊃ ∈ ≤∏ 2ϒ⊂ ℑ ⊂ ⊂∉∧ ⋅ℑ ∏  ⊕ ⊗ ∉ ∉ℜ  ℑ ⊃ ∈ ⊃ ∈2 ⊃  ∏ ϒ⊂ � ↓ � �≤∏ 

℘ ∉⊆∠ ∉ ⊃  ⊕ � ×∪ ⊕ ⊕ ⊃ ∈∅ ∉ ℘ ⊕⊆⊕ ∈∠ ℑ   ⊃ ℘ ⊂⊕ ⋅⊕  ⊕ ⊆ℑ ⊃ ∈⊂∧ Χ 2ϒ⊂ � ↓ � � ∉⊆⊕Η 2ϒ⊂ � ↓ � ℑ∈⊗ℑ⊂ ⊃   ⊂⊕Α 2ϒ⊂ � ↓ � � ×∪⊕ ⊆∉⊗ ∧2 
∈ℑ⊆⊃ ℘ ℑ∈ℑ ⊂∧ ⊕  ∪∉⋅  ∪ℑ  ∪⊕℘ ∪⊕⊆⊃ ℘ ℑ ⊂  ⊕ ℑ ℘  ⊃ ∉∈ℑ  ⊕ �≤∏ � ↓ � �ϒ⊂ � �≤∏� ϒ⊂ � ↓ � ∉�≤∏↓ � �ϒ⊂ � �≤∏� 

ϒ⊂ � ↓ � � ϒ  ⊕ ⊂ℑ  ⊕ ⊗⊕ ∇∏ ⊃ ⊂ ⊃ ℜ  ⊃ ∏⊆ ⊗ ⊃ ℑ∩  ℑ⊆ ⋅ℑ ⊗  ℑ⋅∈ � ×∪ ⊕⊕ ¬∠ ⊕  ⊃ ⊆⊕ ∈ ℑ∈⊗⊃ ∈√⊕   ⊃ ∩ ℑ  ⊃ ∉∈  ∪ ∉⋅  ∪ ℑ   ∪⊕∅ ∉⊆ℑ  ⊃ ∉∈ 

 ℑ  ⊕∉ ∅ ϒ⊂ � ↓ � ⋅ℑ ℘ ∉∈  ∉ ⊂ ⊂⊕ ⊗ℜ∧  ∪⊕⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ∉ ∅∉¬∧∩ ⊕ ∈ ⊃ ∈ ⊆ℑ   ⊃ ¬� 

Κεψ ωορδσ: ϒ⊂ � ↓ � �≤∏℘ ∉⊆∠ ∉ ⊃  ⊕ �⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ � ∪⊕ ⊆∉⊗ ∧∈ℑ⊆⊃ ℘ �⊄ ⊃ ∈⊕  ⊃ ℘  ∆οχυµεντ χοδε: Α 

1  ΙΝΤΡ Ο∆ΥΧΤΙΟΝ 

°∏  ⊕℘ ∉∠∠⊕ ℑ∈⊗⊃  ℑ ⊂ ⊂∉∧∪ℑ√⊕∩∉∉⊗⊕ ⊂⊕ ℘   ⊃ 2 
℘ ℑ ⊂ ℑ∈⊗ ∪⊕ ℑ ℘ ∉∈⊗∏ ℘  ⊃ √⊃  ∧ ℑ∈⊗ ∠∉∉ ⊆⊕ ℘ ∪ℑ∈⊃ ℘ ℑ ⊂ 

∠  ∉∠ ⊕   ⊃ ⊕  ∉  ∪ℑ  ∪⊕∧ ℘ ℑ∈∈∉∉∅  ⊕∈ ⊆⊕ ⊕  ∪⊕ 

∈⊕ ⊕⊗ ∉∅ ⊆∉⊗ ⊕  ∈ ⊃ ∈⊗∏    ∧ � ♥∈  ∪⊕ ℘ ∉∈⊗ ⊃  ⊃ ∉∈ ∉∅ 

⊄⊕ ⊕ ∠ ⊃ ∈∩ ∪ ⊃ ∩∪ ℘ ∉∈⊗∏ ℘  ⊃ √⊃  ∧ � ∪∉⋅  ∉⊃⊆∠  ∉√⊕ ∪⊕ 

⊆⊕ ℘ ∪ℑ∈⊃ ℘ ℑ ⊂ ∠  ∉∠ ⊕   ⊃ ⊕ � ⊕  ∠⊕ ℘ ⊃ ℑ ⊂ ⊂∧ ∪∉   ⊕∈∩  ∪ 

ℑ∈⊗  ∪⊕ ⊆∉  ℑℜ ⊃ ⊂ ⊃  ∧ � ⊃  ∉∈⊕ ∉∅  ∪⊕ ⊃ ⊆∠∉  ℑ∈ 

∠  ∉ℜ ⊂⊕⊆ ∪ℑ ⊆ℑ∈∧  ⊕  ⊕ ℑ  ℘ ∪⊕  ℑ  ⊕∠ℑ∧⊃ ∈∩℘ ⊂∉ ⊕ 

ℑ   ⊕∈ ⊃ ∉∈  ∉ ≈� ∗ � � → ∉⋅  ∪⊕  ⊕ ⊂ℑ  ⊕⊗  ⊕  ⊕ ℑ  ℘ ∪ 

⊆ℑ ⊃ ∈⊂∧ ℘ ∉∈℘ ⊕∈  ℑ  ⊕ ∉∈  ⊕ ℘ ∉∈⊗ ∠∪ℑ  ⊕ ⊗ ⊃  ∠ ⊕   ⊃ √⊕ 

   ⊕∈∩  ∪⊕∈⊃ ∈∩ 
≈� � � � 

↓¬ ⊃ ⊗ ⊕⊗ ⊃  ∠⊕   ⊃ √⊕   ⊕∈∩  ∪⊕∈⊃ ∈∩�↓⁄≥� ∏  ⊕  

 ⊃ ∈∧ ∉¬ ⊃ ⊗ ⊕ ∠ ℑ   ⊃ ℘ ⊂⊕ ℑ  ⊕ ⊃ ∈∅∉ ℘ ⊕  � ×∪⊕ √∉ ⊂∏⊆⊕ 

∅  ℑ ℘  ⊃ ∉∈ ∉∅ ∪⊕∉¬ ⊃ ⊗ ⊕ ⊃ ∉∈⊂∧ ℑ∅ ⊕⋅ ∠⊕  ℘ ⊕∈� ×∪⊕ 

∉¬ ⊃ ⊗ ⊕ ∏  ⊕⊗∪ℑ√⊕∩∉∉⊗ ∪⊕ ⊆∉  ℑℜ ⊃ ⊂ ⊃  ∧ � ⋅∪ ⊃ ℘ ∪⊗ ∉ 

∈∉⊗ ⊃   ∉ ⊂√⊕⊕√⊕∈ ∪⊕ ℑ  ⊃ ∈∩ ℑ ℑ ⊕⊆∠ ⊕  ℑ  ∏  ⊕ ∈⊕ ℑ  

 ∪⊕ ⊆⊕  ℑ ⊂ ⊆ℑ   ⊃ ¬ ⊆⊕ ⊂  ⊃ ∈∩ ∠∉ ⊃ ∈ � ×∪⊕  ⊕ ∅∉ ⊕� ∪⊕ 

⊗ ⊃  ∠ ⊕   ⊃ √⊕∉¬ ⊃ ⊗ ⊕ ∪ℑ√⊕ ∩∉∉⊗ ⊗ ⊃  ∠ ⊕   ⊃ √⊕   ⊕∈∩  ∪ 2 
⊕∈⊃ ∈∩⊕ ∅ ∅ ⊕ ℘ ℑ ℑ∈ ⊕ ⊂⊕ √ℑ  ⊃ ∈∩ ⊕⊆∠ ⊕  ℑ  ∏  ⊕ ≈� ∗ �� � ♥∈ 

 ∪ ⊃ ∠ ℑ∠ ⊕ ⊃ ∈2 ⊃  ∏ ϒ⊂ � ↓ � �≤∏℘ ∉⊆∠ ∉ ⊃  ⊕ ℑ  ⊕ ∠  ⊕ 2 
∠ ℑ  ⊕⊗ℜ ∧ ⊆⊕ ℑ∈∉∅⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ⊃ ∈ ∈⊃   ∉∩ ⊕∈ 

ℜ ℑ  ⊕ ℑ  ⊆∉ ∠∪⊕  ⊕� ×∪⊕ ⊆⊃ ℘  ∉   ∏ ℘  ∏  ⊕ ∉∅  ∪⊕ 

℘ ∉⊆∠∉ ⊃  ⊕  ⊃  ℑ∈ℑ ⊂∧∨⊕⊗� ×∪⊕  ∪⊕ ⊆∉⊗∧∈ℑ⊆⊃ ℘  

ℑ∈⊗ ⊄⊃ ∈⊕  ⊃ ℘  ∉∈  ∪⊕ ⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ∉∅ ℑ ⊂∏ 2 
⊆⊃ ∈∏⊆ ℑ  ⊕⊗ ⊃  ℘ ∏   ⊕⊗� 

2  ΕΞΠΕΡΙΜΕΝΤΑΛ ΜΕΤΗΟ∆Σ ΑΝ∆ Ρ Ε2 
ΣΥΛΤΣ 

≤∏ 2ϒ⊂ ℑ ⊂ ⊂∉∧ ∠∉⋅⊗ ⊕ ℑ∈⊗ ∉¬ ⊃ ⊗ ⊃ ∨⊕  ≤∏↓ ℑ∈⊗ 

≤∏ � ↓ ∠∉⋅⊗ ⊕ ℑ  ⊕∪⊕ ℑ  ⊕⊗ℑ ��� ε  ∉ ℑ⊄⊕∉¬ ⊃ ⊗ ℑ 2 
 ⊃ ∉∈ ℑ∈⊗ ⊕⊗∏ ℘  ⊃ ∉∈  ⊕ ℑ ℘  ⊃ ∉∈  ∉  ∪ℑ ℑ ⊂∏⊆⊃ ∈∏⊆ ⊃  

∉¬ ⊃ ⊗ ⊃ ∨⊕⊗ ∉ ∩⊕ ⊃ ∈2 ⊃  ∏ ϒ⊂ � ↓ � � ×∪⊕ ∠  ∉℘ ⊕  ∅ ⊂∉⋅ 

 ∉∅ ℑℜ  ⊃ ℘ ℑ  ⊕ ∪⊕℘ ∉⊆∠∉ ⊃  ⊕ ⊃ ℑ ∅∉ ⊂ ⊂∉⋅� 

ℑ  ∉⊆⊃ ∨ℑ  ⊃ ∉∈ ≤∏ 2ϒ⊂ ∠∉⋅⊗ ⊕ 
    � 

∉¬ ⊃ ⊗ ⊃ ∨⊕ ≤∏↓ ∉≤∏ � ↓ ∠ ∉⋅⊗ ⊕  

ℜ ⊂⊕∈⊗ ⊃ ∈∩ψ 

⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ψ ⊕⊗∏ ℘  ⊃ ∉∈ψ 
∠  ⊕   2⊆∉∏ ⊂⊗ ⊃ ∈∩ψ ⊃ ∈ ⊕  ⊃ ∈∩ 

ƒ⊃ ∩�� ⊃  ∪⊕   ℑ∈⊆⊃   ⊃ ∉∈ ⊕ ⊂⊕ ℘   ∉∈ ⊆⊃ ℘  ∉2 
 ℘ ∉∠ ⊕⊃ ⊆ℑ∩ ⊕∉∅ ϒ⊂ � ↓ � �≤∏℘ ∉⊆∠ ∉ ⊃  ⊕ �ƒ ∉⊆ ƒ⊃ ∩� 

��ℑ�⊃ ℘ ℑ∈ ℜ ⊕ ⊕ ⊕∈ ∪ℑ ϒ⊂ � ↓ � ∠ ℑ   ⊃ ℘ ⊂⊕ ∏∈⊃ ∅∉⊆⊂∧ 

⊗ ⊃    ⊃ ℜ∏  ⊕∉√⊕  ∪⊕℘ ∉∠∠⊕  ⊆ℑ   ⊃ ¬� ×∪⊕ ∪ℑ∠⊕∉∅ 

ϒ⊂ � ↓ � ∠ℑ   ⊃ ℘ ⊂⊕ ⊃  ∠∪⊕  ⊃ ℘ ℑ ⊂∉⊕ ⊂ ⊂ ⊃ ∠  ⊃ ℘ ℑ ⊂ ≈�� �×∪⊕ ⊃  

 ⊃ ∨⊕⊃ ∏  ∏ ℑ ⊂ ⊂∧ � ∗ �� ∈⊆ � ∪⊕ ℑ√⊕  ℑ∩ ⊕ ⊗ ⊃   ℑ∈℘ ⊕ 

ℜ ⊕  ⋅⊕ ⊕∈ ∪⊕∠ℑ   ⊃ ℘ ⊂⊕ ⊃ ℑℜ∉∏ �� ∈⊆ � ƒ⊃ ∩� ��ℜ� 

⊃ ⊕ ⊂⊕ ℘   ∉∈ ⊗ ⊃ ∅ ∅  ℑ ℘  ⊃ ∉∈ ∠ ℑ   ⊕  ∈ ℘ ∉  ⊕  ∠ ∉∈⊗ ⊃ ∈∩  ∉ 

ƒ⊃ ∩� ��ℑ� �♥∈⊗ ⊕¬⊕⊗ ⊕  ∏ ⊂ ∉∅ ∪⊕⊗ ⊃ ∅ ∅  ℑ℘  ⊃ ∉∈  ∠∉  

∂ ∉ ⊂��  λ ��       Τρανσ. Νονφερρουσ Μετ . Σοχ . Χηινα       ≥⊕ ∠����� 

≠ ″ ⊕ ℘ ⊕ ⊃ √⊕ ⊗ ϒ∏ ∩� �� ����� �ℑ ℘ ℘ ⊕ ∠  ⊕ ⊗ ⁄⊕ ℘� � �����



⊃  ∪∉⋅∈⊃ ∈ ƒ⊃ ∩� ��℘ � � ×∪⊕ℑ∈ℑ ⊂∧ ⊃  ⊕  ∏ ⊂   ∪∉⋅ 

 ∪ℑ  ∪⊕∠ℑ   ⊃ ℘ ⊂⊕ ⊃ ∈  ∪⊕ ƒ⊃ ∩� ��ℑ� ℑ  ⊕Χ 2 ϒ⊂ � ↓ � � 
 ∪⊕ ⊃ ℘  ∧  ℑ ⊂   ∏ ℘  ∏  ⊕⊃ ∈⊕ ℑ  ⊂∧ ∅ℑ ℘ ⊕℘ ⊕∈ ⊕ ℘ ∏ ℜ ⊃ ℘� 

♥∈ ƒ⊃ ∩� ��ℜ� � ∪⊕ ⊕ ∩∏ ⊂ℑ  ∠ ∉  ⊕ ∠  ⊕  ⊕∈℘ ∉∠∠ ⊕  

⊆ℑ   ⊃ ¬ ℑ∈⊗ ∪⊕ ∉∏∈⊗ ⊃ ∈∩   ℑ∈⊗∅∉ ∪⊕⊗ ⊃  ∠ ⊕  2 
 ⊃ √⊕ ϒ⊂ � ↓ � ∠ℑ   ⊃ ℘ ⊂⊕ � ×∪⊕ ÷2 ℑ∧ ⊗ ⊃ ∅ ∅  ℑ ℘  ⊃ ∉∈ ∠ℑ  2 
 ⊕  ∈ ∉∅ ∪⊕⊕¬  ℑ ℘  ⊃ ∉∈ ∠∉⋅⊗ ⊕ ∉∅ ∪⊕℘ ∉⊆∠∉ ⊃  ⊕  

ℜ∧ ∪ ⊃ ℘ ⊄ ∈⊃   ⊃ ℘ℑ ℘ ⊃ ⊗⊃  ∪∉⋅∈⊃ ∈ ƒ⊃ ∩� � �♥∈√⊕   ⊃ ∩ℑ 2 
 ⊃ ∉∈  ∪∉⋅ ∪ℑ  ∪⊕ ⊕¬  ℑ ℘  ⊃ ∉∈ ∠∉⋅⊗ ⊕  ⊆ℑ ⊃ ∈⊂∧ 

℘ ∉∈ ⊃   ∉∅ Χ 2 ϒ⊂ � ↓ � � ℑ ⊂ ⊃   ⊂⊕ Α 2 ϒ⊂ � ↓ � ℑ∈⊗ Η 2 
ϒ⊂ � ↓ � � ×∪⊕  ⊕  ∏ ⊂   ∏∠∠∉  ∪⊕  ⊕  ∏ ⊂   ∉∅  ∪⊕ 

⊕ ⊂⊕ ℘   ∉∈ ⊗ ⊃ ∅ ∅  ℑ℘  ⊃ ∉∈ ℑℜ∉√⊕� 

3  ΤΗΕΡ ΜΟ∆ΨΝΑΜΙΧΣ ΟΦ ΑΛΥΜΙΝΥΜ 

ΟΞΙ∆ΑΤΙΟΝ 

∝∠ ∉ ∈∉⋅ ∏  ⊃ ∈∩∉¬ ⊃ ⊗ ⊕∠∉⋅⊗ ⊕ ℑ ∉¬ ⊃ ⊗ ⊃ ∨⊕ ⊃  

 ∪⊕ ⊆∉ ℘ ∉⊆⊆∉∈ ℑ∈⊗ ∪⊕ℜ ⊕  ⊆⊕  ∪∉⊗∉∅⊃ ∈ ⊕  2 
∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ≈� � � � ♣⊕∈⊕  ℑ ⊂ ⊂∧ � ℑ ∅  ⊕  ≤∏ 2ϒ⊂ ℑ ⊂ ⊂∉∧ 
ℑ∈⊗∉¬ ⊃ ⊗ ⊃ ∨⊕ ∠∉⋅⊗ ⊕ ℑ  ⊕ℜ ⊂⊕∈⊗ ⊕⊗� ∪⊕ ⊆⊃ ¬ ∏  ⊕⊃  

 ⊕ ℑ ⊂⊕⊗⊃ ∈ ∉ℑ√ℑ ℘ ∏∏⊆ ℘ ∉∈ ℑ ⊃ ∈⊕ �×∪⊕∉¬ ⊃ ⊗ ⊃ ∨⊕ ⋅⊃ ⊂ ⊂ 

 ⊕⊗∏ ℘ ⊕ ∉ ∩ ⊕ ∉∅ ∅ ℑ℘  ⊃ √⊕ ∉¬∧∩ ⊕∈  ∉ ∉¬ ⊃ ⊗ ⊃ ∨⊕ ℑ ⊂∏ 2 
⊆⊃ ∈∏⊆ ⊃ ∈ ∉ ϒ⊂ � ↓ � ℑ ∪⊕ ℑ  ⊃ ∈∩� °∉  ⊃ ℜ ⊂⊕℘ ∪⊕⊆⊃ ℘ ℑ ⊂ 

 ⊕ ℑ ℘  ⊃ ∉∈ℑ  ⊕ℑ ∅ ∉ ⊂ ⊂∉⋅ ≈�� � 

�≤∏↓ ψ ≤∏ � ↓ � �����↓ � ��� 

≤∏↓ ψ ≤∏� �����↓ � ��� 

≤∏ � ↓ ψ �≤∏� �����↓ � ��� 

�ϒ⊂� �↓ � ψ �ϒ⊂ � ↓ � ��� 

�≤∏ � ↓ � �ϒ⊂ψ�≤∏� ϒ⊂ � ↓ � ��� 

�≤∏↓ � �ϒ⊂ψ�≤∏� ϒ⊂ � ↓ � ��� 

ϒ℘ ℘ ∉ ⊗ ⊃ ∈∩ ∉℘ ∪⊕⊆⊃ ℘ ℑ ⊂ ∪⊕ ⊆∉⊗ ∧∈ℑ⊆⊃ ℘ � ∪⊕ 

∅  ⊕ ⊕⊕∈⊕  ∩∧ ℘ ∪ℑ∈∩ ⊕∉∅℘ ∪⊕⊆⊃ ℘ ℑ ⊂ ⊕ ℑ℘  ⊃ ∉∈⊃  

∃ Γ = ∃ Γ � + Ρ Τ⊂∈ Θ π 
⋅∪⊕  ⊕  Θ π ⊃   ∪⊕ ℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ∠  ∉⊗∏ ℘  ∉∅ 

℘ ∪⊕⊆⊃ ℘ ℑ ⊂  ⊕ ℑ℘  ⊃ ∉∈ � • ∪⊕∈ ℑ ℘ ∪⊕⊆⊃ ℘ ℑ ⊂  ⊕ ℑ ℘  ⊃ ∉∈ 

 ⊕ ℑ ℘ ∪⊕  ∉ ⊕ ∇∏ ⊃ ⊂ ⊃ ℜ  ⊃ ∏⊆ ∃ Γ � � � ∪ℑ  ⊃  

∃ Γ � = − Ρ Τ⊂∈ Θ π 
ƒ ∉⊆ ∞∇∈� ��� � ⋅⊕℘ ℑ∈ ∩ ⊕  

∃ Γ � = − (�/ �) Ρ Τ⊂∈( π↓� / π ↓�� 
) 

ϒ∠∠ ⊂ ⊃ ℘ ℑ  ⊃ ∈∩ ∉∅  ⊕ ⊂ℑ  ⊕⊗ ∪⊕ ⊆∉⊗∧∈ℑ⊆⊃ ℘⊗ ℑ  ℑ 

ℑ∈⊗ ⊃⊆∠ ⊂ ⊃ ∅∧⊃ ∈∩�ℑℜ∉√⊕⊕ ∇∏ ℑ  ⊃ ∉∈℘ ℑ∈ ℜ ⊕℘ ∉∈√⊕   ⊕⊗ 

Φ ιγ .1  ≥  ∏ ℘  ∏  ⊕∉∅ ϒ⊂ � ↓ � �≤∏℘ ∉⊆∠∉ ⊃  ⊕  

�ℑ � ) × ∞↑ ⊃ ⊆ℑ∩ ⊕∉ ∅ ϒ⊂ � ↓ � �≤∏℘ ∉⊆∠ ∉ ⊃  ⊕ ��ℜ� ) ∞⊂⊕ ℘   ∉∈ ⊗ ⊃ ∅ ∅  ℑ ℘  ⊃ ∉∈ ∠ ℑ   ⊕  ∈ ��℘ � ) ⁄ ⊃ ∅ ∅  ℑ ℘  ⊃ ∉∈⊃ ∈⊗ ⊕ ¬ 

# � � � # × ℑ∈� → ∉∈∅ ⊕   ∉∏  ↑⊕  �≥∉℘�≤∪ ⊃ ∈ℑ       ≥⊕ ∠�����



Φ ιγ .2  ÷2 ℑ∧ ⊗ ⊃ ∅ ∅  ℑ ℘  ⊃ ∉∈ ∠ ℑ   ⊕  ∈ ∉∅⊕¬  ℑ ℘  ⊃ ∉∈ ∠∉⋅⊗ ⊕ ∉∅℘ ∉⊆∠∉ ⊃  ⊕  

 ∉� 
≠ ∅∉∞∇∈ � ��� �≤∏↓2≤∏ � ↓� � 
⊂∩π ↓� 

� � ����� � ����� Τ � �� � ���� 

≡  ⊃⊆⊃ ⊂ℑ  ⊂∧ �∅∉∞∇∈ � ��� �≤∏↓2≤∏ � � 
⊂∩π ↓� 

� � ����� � ���� Τ � �� � ���� 

≈ ∅∉∞∇∈ � ��� �≤∏ � ↓2≤∏ � � 
⊂∩π ↓� 

� � ����� � ��� Τ � �� � ���� 

…∅∉∞∇∈ � ��� �ϒ⊂ � ↓ � 2ϒ⊂� � 
⊂∩π ↓� 

� � ����� � ����� Τ � �� � ���� 

⋅∪⊕  ⊕ ∪⊕ ∏∈⊃ ∉∅ ∉¬∧∩⊕∈ ∠ℑ   ⊃ ℑ ⊂ ∠  ⊕   ∏  ⊕ ℑ∈⊗ 

 ⊕⊆∠ ⊕  ℑ  ∏  ⊕⊃ °ℑℑ∈⊗ ↔ ⊕  ∠ ⊕ ℘  ⊃ √⊕ ⊂∧ � 

′ℑ  ⊕⊗∉∈  ∪⊕∅∉∏ ⊕ ∇∏ ℑ  ⊃ ∉∈ℑℜ ∉√⊕ℑ∈ ⊕ ∇∏ ⊃ 2 
⊂ ⊃ ℜ  ⊃ ∏⊆ ⊗ ⊃ ℑ∩  ℑ⊆ ⊃ ⊗  ℑ⋅∈ ℑ ƒ⊃ ∩� � � ⋅∪ ⊃ ℘ ∪ ∪∉⋅ 

 ∪⊕⊕ ∇∏ ⊃ ⊂ ⊃ ℜ  ⊃ ∏⊆   ℑ  ⊕ℑ ⊗ ⊃ ∅ ∅ ⊕  ⊕∈℘ ∉∈⊗ ⊃  ⊃ ∉∈ � ϒ℘ 2 
℘ ∉ ⊗ ⊃ ∈∩ ∉ ƒ⊃ ∩�� � ≤∏↓ ∉≤∏ � ↓ ⋅⊃ ⊂ ⊂  ⊕⊗∏ ℘ ⊕ ∉ 

∩ ⊃ √⊕∉∅ ∅ ℑ ℘  ⊃ √⊕∉¬∧∩ ⊕∈  ∉ ∉¬ ⊃ ⊗ ⊃ ∨⊕ℑ ⊂∏⊆⊃ ∈∏⊆ ∠  ∉2 
√⊃ ⊗ ⊕⊗ ∪⊕∉¬∧∩ ⊕∈ ∠ℑ   ⊃ ℑ ⊂ ∠  ⊕   ∏  ⊕⊃ ℘ ∉∈  ∉ ⊂ ⊂⊕⊗⊃ ∈ 

 ∉⊆⊕ ℑ∈∩ ⊕ℑ ℑ℘ ⊕   ℑ ⊃ ∈  ⊕⊆∠ ⊕  ℑ  ∏  ⊕� ×∪⊕∪ ⊃ ∩∪⊕  

 ∪⊕∪⊕ ℑ  ⊃ ∈∩ ⊕⊆∠⊕  ℑ  ∏  ⊕ � ∪⊕∪ ⊃ ∩∪⊕  ∪⊕∉¬∧∩⊕∈ 

∠ ℑ   ⊃ ℑ ⊂ ∠  ⊕   ∏  ⊕ ℑ ⋅∪ ⊃ ℘ ∪ ∉¬ ⊃ ⊗ ⊃ ∨⊕ ℘ ℑ∈  ⊕⊗∏ ℘ ⊕ ∉ 

∉¬ ⊃ ⊗ ⊃ ∨⊕ ℑ ⊂∏⊆⊃ ∈∏⊆ � ∞∇∈���� ℑ∈⊗ ��� ∩ ⊃ √⊕∈ 

ℑℜ∉√⊕ℑ  ⊕∠ ∉  ⊃ ℜ ⊂⊕ℜℑ  ⊕⊗∉∈ ∪⊕ ∪⊕ ⊆∉⊗ ∧∈ℑ⊆⊃ ℘ � 

4  ΚΙΝΕΤΙΧΣ ΟΝ ΙΝΤΕΡ ΝΑΛ ΟΞΙ∆ΑΤΙΟΝ 

ΟΦ ΑΛΥΜΙΝΥΜ 

4 .1  Ρελατιον βετωεεν τηιχκνεσσ οφ Αλ 2 Ο 3 / Χυ 

λαψερ ανδ οξιδατιον τιµε 

Φ ιγ .3  ∞∇∏ ⊃ ⊂ ⊃ ℜ  ⊃ ∏⊆ ⊗ ⊃ ℑ∩  ℑ⊆ ∉∅ ⊕ ⊂ℑ  ⊕⊗ 

 ⊕ ℑ ℘  ⊃ ∉∈ ⊗ ⊃  ⊕ ℘  ⊃ ∉∈

  ′⊕ ℘ ℑ∏  ⊕ ∪⊕ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ℘ ∉⊕ ∅ ∅ ⊃ ℘ ⊃ ⊕∈∉∅ ∉¬∧∩ ⊕∈ 

⊃ ∈ ℘ ∉∠∠ ⊕ ⊃ ∅ℑ ⊂ℑ  ∩ ⊕  ∪ℑ∈  ∪ℑ ∉∅ ℑ ⊂∏⊆⊃ ∈∏⊆ � 

 ∪⊕ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ∉∅ ϒ⊂ ℑ  ∉⊆⊃ ∈ ℘ ∉∠∠ ⊕ ℘ ℑ∈ ℜ ⊕ ∈⊕ 2 
∩ ⊂⊕ ℘  ⊕⊗ℑ  ∅∉⊆⊃ ∈∩ ϒ⊂ � ↓ � �×∪⊕℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ⊗ ⊃  2 
  ⊃ ℜ∏  ⊃ ∉∈ ∉∅ ϒ⊂�↓ ⊃ ∈ ∪⊕ ⊆ℑ   ⊃ ¬⊃  ∪∉⋅∈⊃ ∈ ƒ⊃ ∩� 

� � ×∪⊕℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ∉∅∉¬∧∩⊕∈ ∉∈  ∪⊕⊃ ∈ ⊕  ∅ℑ ℘ ⊕ 

ℜ ⊕  ⋅⊕ ⊕∈ ≤∏↓�≤∏ � ↓� ℑ∈⊗ ≤∏ 2ϒ⊂ � ↓ � ⊃  Χ ⊆ � ×∪⊕ 
℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ∉∅∉¬∧∩ ⊕∈ ∉∈ ∪⊕⊃ ∈ ⊕  ∅ℑ ℘ ⊕ℜ ⊕  ⋅⊕ ⊕∈ 

# � � � # ∂ ∉ ⊂1�  λ 1�   ″ ⊕ ℑ ℘  ⊃ ∉∈ ∪⊕ ⊆∉⊗ ∧∈ℑ⊆⊃ ℘ ℑ∈⊗⊄⊃ ∈⊕  ⊃ ℘ ∉∈⊃ ∈2 ⊃  ∏ ϒ⊂ � ↓ � �≤∏℘ ∉⊆∠∉ ⊃  ⊕ 



≤∏ 2ϒ⊂ ⊆ℑ   ⊃ ¬ ℑ∈⊗ ≤∏ 2ϒ⊂ � ↓ � ⊃  Χ � � ×∪⊕℘ ∉∈℘ ⊕∈2 
  ℑ  ⊃ ∉∈ ⊗ ⊃ ∅ ∅ ⊕  ⊕∈℘ ⊕ ∃ Χ� Χ � � Χ ⊆ ⊃ ℑ℘ ∉∈  ℑ∈ℑ  

ℑ∩ ⊃ √⊕∈  ⊕⊆∠ ⊕  ℑ  ∏  ⊕� ϒ℘ ℘ ∉ ⊗ ⊃ ∈∩  ∉ ƒ⊃ ℘ ⊄. ∅ ⊃    

⊂ℑ⋅ � ∪⊕⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ∅ ⊂∉⋅ ∉∅∉¬∧∩ ⊕∈ 

⊗µ 
⊗τ 

= − ∆ � 
Χ � − Χ ⊆ 

ξ 
��� 

⋅∪⊕  ⊕ ξ ⊃  ∪⊕ ∪ ⊃ ℘ ⊄∈⊕  ∉∅⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ 

⊂ℑ∧⊕ � τ ⊃  ∪⊕ ⊃⊆⊕∉∅⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ � µ ⊃  
 ∪⊕ ⊆ℑ  ∉∅∉¬∧∩ ⊕∈⊃ ∈ ∪⊕≤∏ 2ϒ⊂ � ↓ � ⊂ℑ∧⊕ �⊗µ ⊃  

ℑ∈⊃ ∈℘  ⊕⊆⊕∈∉∅ µ ⋅⊃  ∪ ⊃ ∈ ⊗τ  ⊃ ⊆⊕⊃ ∈℘  ⊕⊆⊕∈ � 

Φ ιγ .4  ↑ ∉⊗ ⊕ ⊂ ∉∅∉¬∧∩ ⊕∈ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ 

′⊕ ℘ ℑ∏  ⊕ ⊗µ ⊃ ⊗ ⊃  ⊕ ℘  ⊂∧ ∠  ∉∠∉  ⊃ ∉∈ℑ ⊂  ∉  ∪⊕ 

⊃ ∈℘  ⊕ ℑ  ⊕⊃ ∈ ∪⊕ ∪ ⊃ ℘ ⊄∈⊕  ∉∅ ∪⊕⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ 

⊂ℑ ∧⊕ ⊗ξ � ∪ℑ  ⊃ ⊗ξ � Κ⊗µ � Κ⊃ ℑ℘ ∉∈  ℑ∈ � � 

⊗ξ = − Κ∆ � 
∃ Χ 
ξ 
⊗τ ��� 

• ∪⊕∈ ∞∇∈ � ��� ⊃  ∉ ⊂√⊕⊗� ⋅⊕℘ ℑ∈ ∉ℜ  ℑ ⊃ ∈ 

ξ � � Κχτ ��� 

⋅∪⊕  ⊕ Κχ ⊃  ∪⊕∠ ℑ  ℑℜ∉ ⊂ ⊃ ℘ ℑ  ⊕℘ ∉⊕ ∅ ∅ ⊃ ℘ ⊃ ⊕∈ � Κχ 
� � Κ∆ � � Χ ⊆ � Χ � � �ƒ⊃ ∩��  ∪∉⋅ ∪⊕⊃ ∈∅ ⊂∏ ⊕∈℘ ⊕ 

∉∅⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ℘ ∉∈⊗ ⊃  ⊃ ∉∈∉∈  ∪⊕ ∪ ⊃ ℘ ⊄∈⊕   

∉∅⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ⊂ℑ∧⊕ �♥⊃ ℘ ⊂⊕ ℑ  ∪ℑ  ∪⊕  ⊕ 

⊃ ℑ ∠ℑ  ℑℜ∉ ⊂ ⊃ ℘ ∏ ⊂⊕ ℜ ⊕  ⋅⊕ ⊕∈  ∪⊕ ⊃ ⊆⊕ ∉∅⊃ ∈ ⊕  ∈ℑ ⊂ 

∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ℑ∈⊗ ∪⊕ ∪ ⊃ ℘ ⊄∈⊕  ∉∅⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ 

⊂ℑ∧⊕ � ×∪⊕  ⊕ ∅∉ ⊕�  ∪⊕ ⊂∉∈∩⊕   ∪⊕  ⊃⊆⊕�  ∪⊕ 

 ∪ ⊃ ℘ ⊄⊕  ∪⊕⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈⊂ℑ∧⊕ � 

4 .2  Εφφεχτ οφ ιντερναλ οξιδατιον τεµ περατυρε 

×∪⊕ ∠ℑ  ℑℜ ∉ ⊂ ⊃ ℘ ℑ  ⊕ ℘ ∉⊕ ∅ ∅ ⊃ ℘ ⊃ ⊕∈ Κχ  ⊕ ⊂ℑ  ⊕ ∉ 

 ∪⊕ ℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ⊗ ⊃ ∅ ∅ ⊕  ⊕∈℘ ⊕ ∃ Χ� ∪⊕ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ 

℘ ∉⊕ ∅ ∅ ⊃ ℘ ⊃ ⊕∈∉ ∅∉¬∧∩⊕∈⊃ ∈ ≤∏ 2ϒ⊂ � ↓ � ⊂ℑ∧⊕ ℑ∈⊗ ∪⊕ 

Φ ιγ .5  ∞∅ ∅ ⊕ ℘ ∉∅ ⊃⊆⊕∉∈ ∪ ⊃ ℘ ⊄∈⊕  ∉∅⊃ ∈ ⊕  ∈ℑ ⊂ 

∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ⊂ℑ ∧⊕  

ℑ ⊂∏⊆⊃ ∈∏⊆ ℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ Χ ϒ⊂ ℑ  ∪⊕⊃ ∈ ⊕  ∅ ℑ ℘ ⊕ ℜ ⊕ 2 
 ⋅⊕ ⊕∈ ∪⊕≤∏ 2ϒ⊂ � ↓ � ⊂ℑ∧⊕ ℑ∈⊗≤∏ 2ϒ⊂ ⊆ℑ   ⊃ ¬�′⊕ 2 
℘ ℑ∏  ⊕ ∪⊕ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ℘ ∉⊕ ∅ ∅ ⊃ ℘ ⊃ ⊕∈∉∅ ∉¬∧∩ ⊕∈ ⊃ ∈  ∪⊕ 

⊆ℑ   ⊃ ¬⊃ ⊆∏ ℘ ∪∩  ⊕ ℑ  ⊕  ∪ℑ∈ ∪ℑ ∉∅ℑ ⊂∏⊆⊃ ∈∏⊆ ⊃ ∈ 

 ∪⊕ ⊆ℑ   ⊃ ¬� ∪⊕⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ∉∅ℑ ⊂∏⊆⊃ ∈∏⊆⊃ ∈ ∪⊕ ⊆ℑ 2 
  ⊃ ¬℘ ℑ∈ ℜ ⊕⊃ ∩∈∉ ⊕⊗� Χ ϒ⊂ ℘ ℑ∈ ℜ ⊕ ℑ⊄⊕∈ ℑ ℑ℘ ∉∈2 
  ℑ∈ ∪ℑ ⊕ ∇∏ ℑ ⊂ ∪⊕ℑ ⊂∏⊆⊃ ∈∏⊆ ℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ∉∅ 

≤∏ 2ϒ⊂ℑ ⊂ ⊂∉∧ � ×∪⊕∠ℑ  ℑℜ ∉ ⊂ ⊃ ℘ ℑ  ⊕℘ ∉⊕ ∅ ∅ ⊃ ℘ ⊃ ⊕∈ Κχ⊃  
⊆ℑ ⊃ ∈⊂∧ ℑ ∅ ∅⊕ ℘  ⊕⊗ ℜ ∧ Χ ϒ⊂ ℑ∈⊗  ∪⊕  ⊕⊆∠ ⊕  ℑ  ∏  ⊕ 

⋅∪ ⊃ ℘ ∪℘ ∪ℑ∈∩ ⊕∉ℜ√⊃ ∉∏  ⊂∧  ∪⊕℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ⊗ ⊃ ∅ ∅ ⊕  2 
⊕∈℘ ⊕ ∃ Χ� ∉¬∧∩⊕∈ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ℘ ∉⊕ ∅ ∅ ⊃ ℘ ⊃ ⊕∈ ∆ � � ′⊕ 2 
℘ ℑ∏  ⊕ Χ ⊆ µ Χ � �  ∉ Χ ⊆ � Χ � Υ Χ ⊆ � Κχ Υ 
� Κ∆ � Χ ⊆ � 

ƒ∉≤∏ 2ϒ⊂ � ↓ � ℑ ⊂ ⊂∉∧  ∧  ⊕⊆ ≈�� � 

∆ � � � � ���⊕¬∠� � ����� Τ� 

Χ ⊆ � ��⊕¬∠� � ������ Τ� 

∆ � Χ ⊆ � � � ���⊕¬∠� � ������ Τ� ���� 

⋅∪⊕  ⊕  Χ ⊆ ⊃  ℑ∈ ∉¬∧∩⊕∈ ℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ⊕ ∇∏ ⊃ ⊂ ⊃ 2 
ℜ  ℑ  ⊕⊗ ⋅⊃  ∪ ≤∏↓ ∉ ≤∏ � ↓ � ∆ � ⊃  ∪⊕ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ 

℘ ∉⊕ ∅ ∅ ⊃ ℘ ⊃ ⊕∈∉∅ ∉¬∧∩⊕∈ ⊃ ∈ ≤∏ 2ϒ⊂ ℑ ⊂ ⊂∉∧ � ≥∉ ∆ � Χ ⊆ 
√ℑ ⊂∏ ⊕⊗ ⊃  ⊕ ℘  ⊂∧  ⊕ ∅ ⊂⊕ ℘   ∪⊕⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ℑ  ⊕� 

℘⊆ � �� ×ℑ⊄⊕⊂∉∩ ℑ  ⊃  ∪⊆ ∅∉∞∇∈ � ���� �  ∪⊕  ⊕⊃  

⊂∩∆ � Χ ⊆ � � ������ Τ � � � ��� ���� 

∞∇∈ � ����  ∪∉⋅ ∪ℑ  ⊂∩∆ � Χ ⊆ ∪ℑ ⊂ ⊃ ∈⊕ ℑ  ⊕ ⊂ℑ  ⊃ ∉∈ 

⋅⊃  ∪�� Τ � ∞⊂⊕ √ℑ  ⊃ ∈∩ ∪⊕ ⊕⊆∠ ⊕  ℑ  ∏  ⊕⊃ ℜ ⊕∈⊕ ∅ ⊃ 2 
℘ ⊃ ℑ ⊂  ∉  ∪⊕ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ∉∅ ∉¬∧∩ ⊕∈ ℑ∈⊗ ∅∉⊆⊃ ∈∩ 

ϒ⊂ � ↓ � � 

# � � � # × ℑ∈� → ∉∈∅ ⊕   ∉∏  ↑⊕  �≥∉℘�≤∪ ⊃ ∈ℑ       ≥⊕ ∠�����



4 . 3  Κινετιχσ µ οδελ οφ ιντερναλ οξιδατιον οφ 

Χυ2Αλ αλλοψ 
ϒ℘ ℘ ∉ ⊗ ⊃ ∈∩  ∉ ⊕¬∠ ⊕  ⊃ ⊆⊕∈  ℑ∈⊗ ⊗ ⊃  ℘ ∏   ⊃ ∉∈ 

ℑℜ∉√⊕�⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈⊃ ℘ ∉∈  ∉ ⊂ ⊂⊕⊗ℜ∧ ↓ ℑ  ∉⊆ 

⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ⊃ ∈ ℘ ∉∠∠ ⊕  ⊆ℑ   ⊃ ¬� ϒ  ∏⊆⊕  ∪⊕ ≤∏ 2ϒ⊂ 
∠∉⋅⊗ ⊕ ⊃  ∠∪⊕  ⊃ ℘ ℑ ⊂�ℑ  ∪∉⋅∈⊃ ∈ ƒ⊃ ∩� � � ×∪⊕ ℑ 2 
⊗ ⊃ ∏ ∉∅ ∪⊕ ∠∪⊕  ⊕⊃  Ρ � Α � ℑ∈⊗ Α � ⊃ ℑ ∠ ℑ  ∉∅ 

⊃ ∈ ⊃ ⊗ ⊕ℑ∈⊗∉∏   ⊃ ⊗ ⊕ ∠∪⊕  ⊕ ∏  ∅ℑ ℘ ⊕ ⊕ ∠ℑ  ℑ  ⊕ ⊂∧ � ξ ⊃  

 ∪⊕ ∪ ⊃ ℘ ⊄∈⊕  ∉∅⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ⊂ℑ ∧⊕ � ⊗ξ ⊃  

ℑ∈⊃ ∈℘  ⊕⊆⊕∈∉∅ ξ � Χ ⊆ ℑ∈⊗ Χ � ℑ  ⊕ ∪⊕ ∉¬∧∩ ⊕∈ 

℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ∉∈ Α � ℑ∈⊗ Α �  ⊕  ∠ ⊕ ℘  ⊃ √⊕ ⊂∧ � ×∪⊕ 

℘ ∉∈℘ ⊕∈  ℑ  ⊃ ∉∈ ∉∅ℑ ⊂∏⊆⊃ ∈∏⊆ ⊃ ∈ ≤∏ 2ϒ⊂ℑ ⊂ ⊂∉∧⊃  Χ ϒ⊂ � 
∆ � ⊃  ∪⊕⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ℘ ∉⊕ ∅ ∅ ⊃ ℘ ⊃ ⊕∈∉∅∉¬∧∩⊕∈⊃ ∈ ≤∏ 2ϒ⊂ 
ℑ ⊂ ⊂∉∧ � ×∪⊕ ∉¬∧∩ ⊕∈ ⊕∈ ⊕  ⊕⊗ ⊃ ∈ ∉ √∉ ⊂∏⊆⊕ ∏∈⊃  

� Α � ⊗ξ�  ∪ ∉∏ ∩∪⊗ ⊃ ∅ ∅∏  ⊃ ∉∈⊃  

− ∆ � 
Χ � − Χ ⊆ 

ξ 
Α � ⊗τ Υ 

Χ ⊆ ∆ � 
ξ 

Α � ⊗τ ���� 

♥∈ ∪⊕√∉ ⊂∏⊆⊕∏∈⊃  ∪⊕ ⊆ℑ  ∉∅ℑ ⊂∏⊆⊃ ∈∏⊆ ⊃  

Χ ϒ⊂ Α � ⊗ξ � ⋅∪ ⊃ ℘ ∪∈⊕ ⊕⊗ ∉¬∧∩⊕∈ ∉∅� � � Χ ϒ⊂ Α � ⊗ξ 

 ∉ ∉ℜ  ℑ ⊃ ∈ ℑ ⊂∏⊆⊃ ∈∏⊆ ∉¬ ⊃ ⊗ ⊕� ×∪∏  

Χ ⊆ ∆ � 
ξ 

Α � ⊗τ = � .� Χ ϒ⊂ Α � ⊗ξ ���� 

×∪⊕ ℑ⊗ ⊃ ∏ ∉∅ Α �  ∠∪⊕  ⊕⊃  Ρ � ∪ℑ ∉∅ Α � ⊃  Ρ � 

ξ . ≥∉ ⊂√⊃ ∈∩∞∇∈ � ���� ∅∉ ⊂ ⊂∉⋅⊃ ∈∩ ⊕  ∏ ⊂ ℘ ℑ∈ ℜ ⊕∉ℜ 2 
 ℑ ⊃ ∈⊕⊗ 

ξ � = 
� Χ ⊆ ∆ � 

Χ ϒ⊂ 
τ ���� 

• ∪⊕∈⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈⊃ ∅ ⊃ ∈⊃  ∪⊕⊗ℑ∈⊗ ξ � Ρ 

Ρ � = 
� Χ ⊆ ∆ � 

Χ ϒ⊂ 
τ ���� 

≥∏ℜ   ⊃  ∏  ⊕ Χ ⊆ � ∆ � ℑ∈⊗ Χ ϒ⊂ ⋅⊃  ∪ ∪⊕⊕¬∠ ⊕  ⊃ ⊆⊕∈2 
 ℑ ⊂ ⊗ ℑ  ℑ � ℑ  ⊕ ⊂ℑ  ⊃ ∉∈ ∪ ⊃ ∠ ℑ⊆∉∈∩  ∪⊕  ℑ⊗ ⊃ ∏  Ρ � 

 ⊃ ⊆⊕ τ ℑ∈⊗ ⊕⊆∠⊕  ℑ  ∏  ⊕ Τ⊃ ∉ℜ  ℑ ⊃ ∈⊕⊗ℑ ∅∉ ⊂ ⊂∉⋅� 

τ = � .������ Ρ � ⊕¬∠(�����/ Τ) ���� 

∞∇∈ � ���� ⊃  ∪⊕ ⊕  ∏ ⊂ ∉ ∅ ℑ∈ ⊃ ⊗ ⊕ ℑ ⊂ ∠∪⊕  ⊃ ℘ ℑ ⊂ 

Φ ιγ .6  ↔ ⊃ ∈⊕  ⊃ ℘⊆∉⊗ ⊕ ⊂ ∉∅⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ 

⊗ ⊃ ∅ ∅∏  ⊃ ∉∈�♥∈  ∪ ⊃ ℘ ℑ  ⊕ ≤∏ 2ϒ⊂ ∠ℑ   ⊃ ℘ ⊂⊕  ⋅∉∏ ⊂⊗ ℜ ⊕ 

 ∏   ∉∏∈⊗ ⊕⊗ℜ∧ ∪⊕∉¬ ⊃ ⊗ ⊃ ∨⊕ ∠∉⋅⊗ ⊕ �ℑ  ∪∉⋅∈ ⊃ ∈ 

ƒ⊃ ∩� � �′∏  ⊃  ⊃ ∈∉ ∪⊕℘ ℑ  ⊕ℜ ⊕ ℘ ℑ∏  ⊕ ∪⊕∉¬ ⊃ ⊗ ⊃ ∨⊕  

∠∉⋅⊗ ⊕ ⊃  ∈∉⊆ℑ ⊂ ⊂ ℑ∈⊗ ⊆∏ ℘ ∪ ⊕∈∉∏ ∩∪  ∉  ∏  2 
 ∉∏∈⊗ ≤∏ 2ϒ⊂∠ℑ   ⊃ ℘ ⊂⊕ �♥∈∅ℑ ℘  � ↓ ℑ  ∉⊆ ∪ℑ ∉¬2 
⊃ ⊗ ⊃ ∨⊕ ∩ ⊕ ∉∅ ∅ ℘ ℑ∈∈∉ℜ ⊕ ⋅∪∉ ⊂ ⊂∧ ℑℜ  ∉ ℜ ⊕⊗ ℜ ∧ ϒ⊂� 

×∪⊕  ⊕ ∅∉ ⊕�∞∇∈ � ���� ℘ ℑ∈ ℜ ⊕ ⋅ ⊃   ⊕∈ ℑ ∅∉ ⊂ ⊂∉⋅ 

ξ � = 
ΑΧ ⊆ ∆ � 
Χ ϒ⊂ 

τ ���� 

⋅∪⊕  ⊕ α⊃ ℑ∅ℑ ℘  ∉ ∪ℑ  ⊃ ⊂⊕   ∪ℑ∈ � �• ∪⊕∈ ∪⊕ 

⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ∩∉⊕  ∉ ∪⊕⊕∈⊗� ∪⊕ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ 

⊗ ⊃   ℑ∈℘ ⊕⊃  Ρ � ∪∏  

Ρ � = 
ΑΧ ⊆ ∆ � 
Χ ϒ⊂ 

τ ���� 

Φ ιγ .7  ≤∏ 2ϒ⊂ ∠ℑ   ⊃ ℘ ⊂⊕ ∏   ∉∏∈⊗ ⊃ ∈∩ℜ ∧ 

∉¬ ⊃ ⊗ ⊃ ∨⊕ ∠∉⋅⊗ ⊕  

≥∏ℜ   ⊃  ∏  ⊕ Χ ⊆ � ∆ � ℑ∈⊗ Χ ϒ⊂ ⋅⊃  ∪ ∪⊕⊕¬∠ ⊕  ⊃ 2 
⊆⊕∈ ℑ ⊂ ⊗ ℑ  ℑ�ℑ ⊕ ⊂ℑ  ⊃ ∉∈ ∪ ⊃ ∠ℑ⊆∉∈∩ ∪⊕ ℑ⊗ ⊃ ∏  Ρ � 

 ⊃⊆⊕ τ ℑ∈⊗ ⊕⊆∠ ⊕  ℑ  ∏  ⊕ Τ ⊃ ∉ℜ  ℑ ⊃ ∈⊕⊗ℑ ∅∉ ⊂ ⊂∉⋅2 
⊃ ∈∩⊕∇∏ ℑ  ⊃ ∉∈ � 

τ � = βΡ 
� ⊕¬∠(�����/ Τ) ���� 

⋅∪⊕  ⊕ β ⊃ ℑ℘ ∉∈  ℑ∈� ƒ∉≤∏ 2� �� � ϒ⊂� ⊆ℑ   
∅  ℑ ℘  ⊃ ∉∈� � � ℑ ⊂ ⊂∉∧ � Χ ϒ⊂ � � � ��� ��� �ℑ   ∏⊆⊃ ∈∩ 
Ρ � � � � ����℘⊆� � �� ⊆⊕  ∪� �ϒ℘ ℘ ∉ ⊗ ⊃ ∈∩ ∉ ∞2 
∇∈� ���� �ℑ∈⊗����� ℑ⊄⊃ ∈∩ β � � � ��� � ∪⊕ ⊕ 2 
⊂ℑ  ⊃ ∉∈ ℘ ∏  √⊕ ℜ ⊕  ⋅⊕ ⊕∈⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ⊕⊆∠⊕  ℑ 2 
 ∏  ⊕ℑ∈⊗ ∈⊕ ⊕⊗ ⊕⊗ ⊃ ⊆⊕℘ ℑ∈ ℜ ⊕⊗  ℑ⋅∈ ℑ  ∪∉⋅∈ ⊃ ∈ 

ƒ⊃ ∩�� � ≤∉⊆∠ℑ  ⊃ ∈∩  ∪⊕  ⊕ ℘ ∏  √⊕ ⊃ ⊃ ℘ ⊂⊕ ℑ  ∪ℑ  

 ∠∪⊕  ⊕⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ∈⊕ ⊕⊗  ∪∉  ⊕  ⊃ ⊆⊕∉⊂∉⋅⊕  ⊕⊆2 
∠ ⊕  ℑ  ∏  ⊕� ×∪⊕ ⊕ ⊂⊕ ℘   ⊃ ℘ ℑ ⊂  ⊕  ⊃   ℑ∈℘ ⊕ ⊃  ⊆⊕ ℑ  ∏  ⊕⊗ 

ℑ ∅  ⊕ ⊗ ⊃ ∅ ∅⊕  ⊕∈∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ⊃⊆⊕� ×∪⊕∠  ∉∠ ⊕   ∧ ⋅⊃ ⊂ ⊂ 

ℜ ⊕ ∈⊕ ℑ   ⊕ ℑ⊗ ∧ ℑ ∅  ⊕  ℑ ∠ ⊕  ⊃ ∉⊗ ∉∅  ⊃⊆⊕� ⋅∪ ⊃ ℘ ∪ 

 ∪∉⋅ ∪ℑ  ∪⊕ ⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ∠  ∉℘ ⊕   ∪ℑ  

ℜ ⊕ ⊕∈ ℘ ⊂∉ ⊕ ∉ ℘ ∉⊆∠ ⊂⊕  ⊕� ×∪⊕⊕¬∠⊕  ⊃⊆⊕∈ ℑ ⊂ ⊕  ∏ ⊂  

⊃ ℑ ⊂  ∉ ⊆ℑ  ⊄⊕⊗⊃ ∈  ∪⊕ ƒ⊃ ∩� � � ×∪⊕ ∠  ⊕⊗ ⊃ ℘  ⊃ ∈∩ ⊕ 2 
 ∏ ⊂  ∪ℑ   ℑ⊆⊕  ⊕∈⊗ ⊕∈℘ ∧ ℑ   ∪⊕ ⊕¬∠ ⊕  ⊃ ⊆⊕∈ ℑ ⊂ 

 ⊕  ∏ ⊂  � 

# � � � # ∂ ∉ ⊂1�  λ 1�   ″ ⊕ ℑ ℘  ⊃ ∉∈ ∪⊕ ⊆∉⊗ ∧∈ℑ⊆⊃ ℘ ℑ∈⊗⊄⊃ ∈⊕  ⊃ ℘ ∉∈⊃ ∈2 ⊃  ∏ ϒ⊂ � ↓ � �≤∏℘ ∉⊆∠∉ ⊃  ⊕ 



Φ ιγ .8  ″ ⊕ ⊂ℑ  ⊃ ∉∈ ∪ ⊃ ∠ℜ ⊕  ⋅⊕ ⊕∈ ⊕⊆∠ ⊕  ℑ  ∏  ⊕ℑ∈⊗ 

 ⊃ ⊆⊕ℑ ℘ ⊕   ℑ ⊃ ∈ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈⊂ℑ∧⊕ ⊗ ⊕ ∠  ∪ 

5  ΧΟΝΧΛΥΣΙΟΝΣ 

��� ×∪⊕ ⊕ ⊃ ∈∅∉ ℘ ⊕⊆⊕∈∠ ℑ   ⊃ ℘ ⊂⊕  ∪ℑ ⊃ ∈ ⊕  2 
∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ∉ℜ  ℑ ⊃ ∈ ⊆ℑ ⊃ ∈⊂∧ Χ 2ϒ⊂ � ↓ � �ℑ⊂ ⊃   ⊂⊕Η 2 
ϒ⊂ � ↓ � ℑ∈⊗Α 2ϒ⊂ � ↓ � �×∪⊕ϒ⊂ � ↓ � ∠ℑ   ⊃ ℘ ⊂⊕ ∏∈⊃ ∅∉⊆2 
⊂∧ ⊗ ⊃    ⊃ ℜ∏  ⊕⊃ ∈  ∪⊕℘ ∉∠∠ ⊕ ⊆ℑ   ⊃ ¬� ×∪⊕ ∪ℑ∠ ⊕∉∅ 

ϒ⊂ � ↓ � ∠ℑ   ⊃ ℘ ⊂⊕ ⊃  ∠∪⊕  ⊃ ℘ ℑ ⊂ ∉⊕ ⊂ ⊂ ⊃ ∠  ⊃ ℘ ℑ ⊂� ×∪⊕ ⊃ ∨⊕ 

∉∅ ∪⊕⊆ ⊃ � ∗ �� ∈⊆ � ∪⊕ℑ√⊕  ℑ ∩ ⊕⊗ ⊃   ℑ∈℘ ⊕∉∅ ∪⊕ 

∠ ℑ   ⊃ ℘ ⊂⊕ ⊃ ℑℜ∉∏ �� ∈⊆ � 

��� ≤∏↓ ∉≤∏ � ↓ ⋅⊃ ⊂ ⊂ ⊕⊗∏ ℘ ⊕ ∉ ∩ ⊃ √⊕∉∅ ∅ℑ ℘ 2 
 ⊃ √⊕ ∉¬∧∩ ⊕∈  ∉ ∉¬ ⊃ ⊗ ⊃ ∨⊕ ℑ ⊂∏⊆⊃ ∈∏⊆ ∠  ∉√⊃ ⊗ ⊕⊗  ∪⊕ 

∉¬∧∩ ⊕∈ ∠ ℑ   ⊃ ℑ ⊂ ∠  ⊕   ∏  ⊕⊃ ⊂∉⋅⊕  ∪ℑ∈  ∪⊕ ⊃ ⊗ ⊕ 2 
℘ ∉⊆∠∉ ⊃  ⊃ ∉∈ ∠  ⊕   ∏  ⊕� ∝ ⊃ ∈∩ ≤∏↓ ℑ  ∉¬ ⊃ ⊗ ⊃ ∨⊕ � 

 ∪⊕℘ ∪⊕⊆⊃ ℘ ℑ ⊂  ⊕ ℑ ℘  ⊃ ∉∈ ⊃  �≤∏↓ � �ϒ⊂ � �≤∏ � 

ϒ⊂ � ↓ � �♥∅ ≤∏ � ↓ ⊃ ∏  ⊕⊗ℑ ∉¬ ⊃ ⊗ ⊃ ∨⊕  ∪⊕℘ ∪⊕⊆⊃ ℘ ℑ ⊂ 

 ⊕ ℑ ℘  ⊃ ∉∈⊃ �≤∏ � ↓ � �ϒ⊂� �≤∏� ϒ⊂ � ↓ � � ϒ℘ ℘ ∉ ⊗ 2 
⊃ ∈∩ ∉ ∪⊕ ⊆∉⊗ ∧∈ℑ⊆⊃ ℘ � ≤∏↓ ⊃ ℑ∈ ⊃ ⊗ ⊕ ℑ ⊂ ∉¬ ⊃ ⊗ ⊃ ∨2 
⊕ �

  ��� ×∪⊕ ∅∉⊆ℑ  ⊃ ∉∈  ℑ  ⊕ ∉∅ ϒ⊂ � ↓ � ⊃ ℘ ∉∈2 
  ∉ ⊂ ⊂⊕⊗ ℜ∧  ∪⊕ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ∉∅ ∉¬∧∩ ⊕∈ ⊃ ∈ ≤∏ 2ϒ⊂ � ↓ � 
⊂ℑ∧⊕ � ×∪⊕  ⊕⊃ ℑ ∠ ℑ  ℑℜ∉ ⊂ ⊃ ℘ ⊕ ⊂ℑ  ⊃ ∉∈ ℜ ⊕  ⋅⊕ ⊕∈  ∪⊕ 

 ∪ ⊃ ℘ ⊄∈⊕  ∉∅ ∪⊕⊃ ∈ ⊕  ∈ℑ ⊂ ∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ⊂ℑ∧⊕ ℑ∈⊗⊃ ∈2 
 ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ⊃⊆⊕�∞⊂⊕ √ℑ  ⊃ ∈∩ ∪⊕ ⊕⊆∠ ⊕  ℑ  ∏  ⊕ 

ℑ∈⊗∠  ∉ ⊂∉∈∩ ⊃ ∈∩ ∪⊕ ⊃ ⊆⊕∉∅⊃ ∈ ⊕  ∈ℑ ⊂∉¬ ⊃ ⊗ ℑ  ⊃ ∉∈ ℑ  ⊕ 

∪⊕ ⊂∠ ∅∏ ⊂ ∉ ∉¬∧∩⊕∈ ⊗ ⊃ ∅ ∅∏  ⊃ ∉∈ ℑ∈⊗ ∪⊕∅∉⊆ℑ  ⊃ ∉∈ ∉∅ 

ϒ⊂ � ↓ � � ×∪⊕  ∪⊕ ∉ ⊕  ⊃ ℘ ℑ ⊂ ∠  ⊕⊗ ⊃ ℘  ⊃ ∈∩ √ℑ ⊂∏ ⊕  ⋅⊃  ∪ 

 ∪⊕ ⊆⊕ ℘ ∪ℑ∈⊃ ⊆ ℘ ∉ ⊃ ∈℘ ⊃ ⊗ ⊕ ⋅⊕ ⊂ ⊂ ⋅⊃  ∪  ∪⊕ ⊕¬∠⊕  ⊃ 2 
⊆⊕∈ ℑ ⊂ ⊕  ∏ ⊂  � 

Ρ ΕΦΕΡ ΕΝΧΕΣ 

�  ′ ∉∧⊂⊕ ≥ ∞ � ϒ∈⊗ ⊕   ∉∈ ↔ ″ � ♣ ∉∨ℑ♠ ″ ετ αλ. ↑ ⊕  ℑ ⊂ ⊂ 

× ℑ∈ϒ ����� ���ϒ ����� ∗ ���� � 
�  ↑∉  ⊃  ↑ ϒ ℑ∈⊗ ↑ ∉  ⊃ ⁄ ♣ � ↑ℑ  ⊕ ≥℘ ⊃∞∈∩����� � 

ϒ��� � ��� ∗ ��� � 
�  ×⊃ ℑ∈ ≥ �≥∪ ℑ ∉ ♦ �≡∪∉∏←ετ αλ . ≤∉  ∉ ⊃ ∉∈ ≥℘ ⊃ ⊕ ∈℘ ⊕ℑ∈⊗ 

° ∉ ⊕ ℘  ⊃ ∈∩ ×⊕ ℘ ∪∈∉ ⊂∉∩∧ ����� ����� ���� ∗ � � 
�  ≤∉  ⊕ ⊃ ℑ♠′ � ≤ℑ ⊂⊗ ℑ  ↑ ° �≥∪ ∉∪ ∉ ⊇ ⊃→ ετ αλ . ↑ ℑ  ⊕ ≥℘ ⊃ 

← ⊕   � ���� � ����� � ��� ∗ ��� � 
�  ÷⊃≥∪⊕ ∈∩∇ ⊃� ±∏ ÷⊃ ℑ ∉∧ℑ∈ ℑ∈⊗≡∪⊕ ∈∩ ÷⊃ ∏ ⊂ ⊃ ∈ � ×∪⊕ ≤∪ ⊃ 2 

∈⊕  ⊕ ♠ ∉∏  ∈ℑ ⊂ ∉ ∅ → ∉∈∅ ⊕   ∉∏  ↑⊕  ℑ ⊂� �⊃ ∈ ≤∪ ⊃ ∈⊕  ⊕� � 

���� ����� � �� ∗ �� � 
�  ♣ ∉∨ℑ ♠ ∉ℑ∈∈ℑ� ♠ ∉∏  ∈ℑ ⊂ ∉ ∅ ↑ℑ  ⊕  ⊃ ℑ ⊂  ∞∈∩ ⊃ ∈⊕ ⊕  ⊃ ∈∩ ℑ∈⊗ 

°⊕  ∅ ∉⊆ℑ∈℘ ⊕����� � ���� ���� ∗ ��� � 
�  •  ⊃ ∩∪ ″ →� ↑ℑ  ⊕ ≥℘ ⊃∞∈∩� ���� �ϒ��� ���� ∗ ��� � 
�  → ℑ∩ ∉ ⊄ℑ ↑ ≥ � ← ∏ ℘ ℑ  ♣ ∞ ℑ∈⊗ ← ⊕ √⊃ ≤ ♣ � ↑ ⊕  ℑ ⊂ ⊂ 

× ℑ∈� ���� ���ϒ � ��� ∗ ��� � 
�  ♣ ∉∨ℑ ♠ ″ ℑ∈⊗ ♣⊃ ℜ ⊕ ⊂ ⊃ ∈∩ ♠ ≤ � ↑ ℑ  ⊕ ≥℘ ⊃∞∈∩����� � 

ϒ��� � ��� ∗ ��� � 
��  ↑∉  ⊃ ⁄ ♣ ℑ∈⊗ ↑ ∉   ⊃  ↑ ϒ � ↑ℑ  ⊕ ≥℘ ⊃∞∈∩����� � 

ϒ��� ���� ∗ ��� � 
��  ≥∪ ⊃≡ ℑ∈⊗ • ℑ∈∩ ⁄�♠ ↑ℑ  ⊕ ≥℘ ⊃← ⊕   � ���� ������ � 

��� ∗ ��� � 
��  ← ⊃ ≠∏  ∉∈∩� ⁄∉∈∩ ≡∪ ⊃ ∨∪∉∈∩ ℑ∈⊗ ±⊃ ≡⊕ ∈∩  ∪ ⊕ ∈∩� ♠ 

≤∉⊆∠∉ ⊃  ⊕����� � ����� � �� ∗ �� � 
��  ≠ℑ∉ ≠∏∈ℜ ⊃ ∈ � ÷⊃ ⊕ ×ℑ ∉ ℑ∈⊗ ♣ℑ∉ ≠⊃ ∈∩⊆⊃ ∈ � °∪∧ ⊃ ℘ ℑ ⊂ 

≤∪ ⊕⊆⊃    ∧ ♦ℑ∈⊗ ℜ∉∉⊄� �⊃ ∈ ≤∪ ⊃ ∈⊕  ⊕� � ≥∪ ℑ∈∩∪ ℑ ⊃� 

≥∪ℑ∈∩∪ℑ ⊃≥℘ ⊃ ⊕ ∈℘ ⊕ℑ∈⊗ ×⊕ ℘ ∪∈∉ ⊂∉∩∧ ° ⊕  ����� ���� 
∗ ��� � 

��  °ℑ   ∉ ⊕⊄ ″ ←ℑ∈⊗ ″ ℑ∠∠ ″ ϒ �× ℑ∈ ↑⊕ ≥∉℘ϒ♥↑ ∞ � 

���� � ��� � ���� � 

(Εδιτεδ βψ Ηε Ξυεφενγ) 

# � � � # × ℑ∈� → ∉∈∅ ⊕   ∉∏  ↑⊕  �≥∉℘�≤∪ ⊃ ∈ℑ       ≥⊕ ∠�����


