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“And now, as you graduate to begin anew, 

 I wish that for you: stay hungry, stay foolish.” 

Steve Jobs 
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10−6 ∕ °𝐶

 





 



cm3)

 



σ σ σ



 

 

μ



μ

μ

𝐿𝑐

𝐿𝐶 =
𝜎𝑓

∗𝑑

2𝜏𝑐



 

0∘



 



 

𝜎𝑓
∗ 𝜎𝑚

∗ 𝜀𝑓
∗ 𝜀𝑚

∗



𝜀𝑦𝑚

𝜀𝑓
∗

 



𝜈𝑓 𝜈𝑚

𝐹 =  𝜎𝐴

𝜎𝑐𝐴𝑐 = 𝜎𝑚𝐴𝑚 +  𝜎𝑓𝐴𝑓

𝐴𝑐

𝜎𝑐 = 𝜎𝑚

𝐴𝑚

𝐴𝑐
+ 𝜎𝑓

𝐴𝑓

𝐴𝑐

𝐴𝑖 𝐴𝑐⁄

𝑉𝑖

𝜎𝑐 = 𝜎𝑚𝑉𝑚 +  𝜎𝑓𝑉𝑓

𝜀𝑐 = 𝜀𝑚 =  𝜀𝑓

𝜎𝑐

𝜀𝑐
= 𝑉𝑚

𝜎𝑚

𝜀𝑚
+  𝑉𝑓

𝜎𝑓

𝜀𝑓

𝐸𝑖 =  
𝜎𝑖

𝜀𝑖

𝐸𝑖

𝐸𝑐 = 𝐸𝑚𝑉𝑚 +  𝐸𝑓𝑉𝑓

 

𝜈𝑚 𝜈𝑓



ν

𝜈 = −
𝜀𝑡

𝜀𝑙

𝐺12

𝐺12

𝐺12 =
𝐺𝑓𝐺𝑚

𝐺𝑓𝑉𝑚 +  𝐺𝑚𝑉𝑓

𝐺𝑓 𝑉𝑓 𝐺𝑚

𝑉𝑚 𝐺𝑓

𝐺𝑚

𝐺𝑓 =
𝐸𝑓

2(1 + 𝜈𝑓) 

𝐺𝑚 =
𝐸𝑚

2(1 + 𝜈𝑚)

 

𝜎𝑐 = 𝜎𝑚 =  𝜎𝑓



𝜀𝑐 = 𝜀𝑚𝑉𝑚 + 𝜀𝑓𝑉𝑓

𝜎𝑐

𝐸𝑐
= 𝑉𝑚

𝜎𝑚

𝐸𝑚
+ 𝑉𝑓

𝜎𝑓

𝐸𝑓

𝐸𝑐 =  
𝐸𝑚𝐸𝑓

𝑉𝑚𝐸𝑓 + 𝑉𝑓𝐸𝑚

 



 

 



 

ω



 



 









 



 



 



𝐸𝑀𝐶𝑁𝑇 =
𝐸𝑀

8
[5 (

1 + 2𝛽𝑑𝑑𝑉𝐶𝑁𝑇

1 − 𝛽𝑑𝑑𝑉𝐶𝑁𝑇
) + 3 (

1 + 2(𝑙𝐶𝑁𝑇/𝑑𝐶𝑁𝑇)𝛽𝑑𝑙𝑉𝐶𝑁𝑇

1 − 𝛽𝑑𝑙𝑉𝐶𝑁𝑇
)]

𝐸𝑀 ,  𝑙𝐶𝑁𝑇 𝑑𝐶𝑁𝑇

βdl  e βdl  variáveis de substituição, em que

𝛽𝑑𝑙 =
(𝐸11

𝐶𝑁𝑇/𝐸𝑀) − (𝑑𝐶𝑁𝑇/4𝑡𝐶𝑁𝑇)

(𝐸11
𝐶𝑁𝑇/𝐸𝑀) + (𝑙𝐶𝑁𝑇/2𝑡𝐶𝑁𝑇)

𝛽𝑑𝑑 =
(𝐸11

𝐶𝑁𝑇/𝐸𝑀) − (𝑑𝐶𝑁𝑇/4𝑡𝐶𝑁𝑇)

(𝐸11
𝐶𝑁𝑇/𝐸𝑀) + (𝑑𝐶𝑁𝑇/2𝑡𝐶𝑁𝑇)

𝐸11
𝐶𝑁𝑇 𝑡𝐶𝑁𝑇 𝑉𝐶𝑁𝑇

𝑉𝐶𝑁𝑇 =
𝑤𝐶𝑁𝑇

𝑤𝐶𝑁𝑇 + (
𝜌𝐶𝑁𝑇

𝜌𝑀 ) − (
𝜌𝐶𝑁𝑇

𝜌𝑀 ) 𝑊𝐶𝑁𝑇

𝑊𝐶𝑁𝑇 𝜌𝐶𝑁𝑇 𝜌𝑀

𝜈𝑀𝐶𝑁𝑇 𝜌𝑀𝐶𝑁𝑇

𝜈𝑀𝐶𝑁𝑇 =  𝜈𝑀

𝜌𝑀𝐶𝑁𝑇 = 𝑉𝐶𝑁𝑇𝜌𝐶𝑁𝑇 + 𝑉𝑀𝜌𝑀

𝜈𝑀

𝐺𝑀𝐶𝑁𝑇

𝐺𝑀𝐶𝑁𝑇 =
𝐸𝑀𝐶𝑁𝑇

2(1 + 𝜈𝑀𝐶𝑁𝑇)
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𝐋𝟎 𝐋𝟏 𝐋𝟐 𝐋𝟑 𝐛𝟏 𝒃𝟐 𝒉

± ± ≥ ± ± ± 





 



 





𝐋𝟏 𝐋𝟐 𝐋𝟑
𝐛𝟏 𝒃𝟐

𝒉

 

 







 

 











 



 



 

ν

σ ε

 

 

ρ (kg/𝑚3

ν12



11,5 × 10−3

1,5 ×  10−9

335,4 ×  10−7

𝑉𝑓



°C. 

𝑤𝑓 = 𝑚𝑓

𝑚𝑐⁄

𝜌𝑐 =
1

𝑤𝑓

𝜌𝑓 +
𝑤𝑀

𝜌𝑀

𝑉𝑓 = 𝑤𝑓 ×
𝜌𝑐

𝜌𝑓

𝑤𝑓 𝑉𝑓 𝑚𝑓 𝜌𝑓

𝑤𝑀 𝜌𝑀

𝜌𝑐

𝑉𝑓



𝑉𝑓

 



𝒘𝒇 𝝆𝒄(𝒈/𝒄𝒎𝟑) 𝑽𝒇 𝑽𝒇
̅̅̅̅ 𝑫. 𝑷𝒂𝒅𝒓ã𝒐

 

𝜈12

𝑉𝑓



𝑽𝑪𝑵𝑻 𝒎𝟑 𝝆 𝒌𝒈/𝒎𝟑 𝑬
𝑬

4,66 × 10−5

2,33 × 10−4

𝑬𝟏𝟏 𝑬𝟐𝟐 𝑬𝟏𝟏 𝑬𝟐𝟐
𝝂𝟏𝟐

𝐸11 𝜈12, 

𝑽𝒇 𝑬𝟏𝟏 𝝂𝟏𝟐

𝐸22

𝑽𝒇 𝑬𝟐𝟐



𝐸11

𝐸22

𝐸11

𝐺12

𝐺𝑀 𝐺𝑓 𝐺𝑀𝐶𝑁𝑇

𝑮𝑴(𝑷𝒂) 𝑮𝒇
𝑮𝑴𝑪𝑵𝑻(𝑷𝒂) 𝑮𝑴𝑪𝑵𝑻 (𝑷𝒂)

1,24 × 109 1,00 × 1011 1,25 × 109 1,27 × 109

𝑮𝟏𝟐

𝑽𝒇 𝑽𝒇

2,55 × 109 2,50 × 109

2,56 × 109 2,56 × 109

2,61 × 109 2,61 × 109



 

 

𝐿𝑇 𝐿𝑇

𝑏𝑇 𝑏𝑇 𝑏𝑇



𝐋𝟑 𝐛𝟏



 







 



𝑭𝒎𝒂𝒙 𝜟𝒍𝒎𝒂𝒙 𝝈∗

𝑭𝒎𝒂𝒙 𝜟𝒍𝒎𝒂𝒙 𝝈∗



𝑭𝒎𝒂𝒙 𝜟𝒍𝒎𝒂𝒙 𝝈∗

𝐹𝑚𝑎𝑥

𝜎∗

𝜎∗ = 𝐹𝑚𝑎𝑥 𝐴⁄  

ε

𝜀1 𝜀2

𝜀𝑚𝑎𝑥

ε ε

𝜀1  =  0,25 ×  𝜀𝑚𝑎𝑥 𝜀2  =  0,50 ×  𝜀𝑚𝑎𝑥



𝜀∗ = 𝜎𝑚𝑎𝑥 𝐸⁄  

𝜺∗ �̅� 𝑫. 𝑷𝒂𝒅𝒓ã𝒐

𝜺∗ �̅� 𝑫. 𝑷𝒂𝒅𝒓ã𝒐



𝜺∗ �̅� 𝑫. 𝑷𝒂𝒅𝒓ã𝒐

ν

ν �̅� 𝑫. 𝑷𝒂𝒅𝒓ã𝒐

𝛎𝟏𝟐 �̅�𝟏𝟐 𝑫. 𝑷𝒂𝒅𝒓ã𝒐



𝛎𝟐𝟏 �̅�𝟐𝟏 𝑫. 𝑷𝒂𝒅𝒓ã𝒐

ν21

ν12 ν21





 

 

𝐸11 𝐸22

𝑬

𝑬𝟏𝟏

𝑬𝟐𝟐







 

𝑬𝟏𝟏 𝑬𝟐𝟐
𝑬𝟏𝟏 𝑬𝟐𝟐



 

ν 

ν

𝜈12 

𝝂𝟏𝟐

𝜈21

𝝂𝟐𝟏



𝜈12

𝜈12

𝜈21

ν



 



 



 



 

 



 



 



 

 

 













 



 



 

 



 



 





 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 

ε

ε

ε

ε



 

ε

ε

ε ε

ε

ε



 

ε ε

ε

ε

ε

ε



 

ε

ε

ε

ε



 

ε

ε

ε

ε



 

ε

ε

ε

ε



 

ε

ε

ε

ε



 

ε

ε

ε

ε



ε

ε

ε

ε


