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1.5  (Basic Manufacturing) 
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2.1  (Structure of Metals) 
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 2.1.1   (Crystal structure of metal) 

    (Unit cell) 
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1. - -  (Body-center cubic  BCC) 

 BCC  2.3  BCC  

       
 

 
( ) ( ) ( ) 

 2.3   BCC ( )  ( )   

( )  
 

2. - -  (Face-centered cubic  FCC)  FCC 

  

FCC  2.4       
 

 
( ) ( ) ( ) 

 2.4  FCC ( )  ( )   

( )  
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 3. - -  (Hexagonal close-packed  HCP) 

 HCP   6   

2.5   
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( ) ( ) ( ) 

 2.5   HCP   ( )  ( )   
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2.1.2   (Imperfection of crystal structure) 

  (Point defect)   

  

(Vacancy) 

    2.6 ( )  

     

  

(Interstitial defect) 
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 (Substitutional defect) 

  

 2.6 ( )  ( )  
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 (Schottky) 
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 (Frenkel) 
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( )  ( )  (Schottky) ( )  (Frenkel)  

( :  , 2556) 
 

 (Line defect)   (Dislocation) 
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(Edge dislocation)  (Screw dislocation) 

(Edge dislocation) 

 (Edge dislocation line) 
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(Screw dislocation)  2.7 ( ) 

  

    

 (Planar defect) 
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2.1.3   (Grain and grain boundary) 

     

      (Solidification of 

metal)  
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   (Nuclei)  
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(Dendrite)   

    

  (Grain)   

(Grain boundary)  2.8 ( ) 
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( )  ( : Abner S.H., 1974) 
  

2.1.4   (Plastic deformation of metal) 
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   (Elastic deformation)  

  

    

(Plastic deformation)  

      

      

 

 

 

  

 

  2.9   

   

  
 

 
 

 2.9   ( )  ( )   ( )  HCP 

 ( )  HCP   ( : Smith W.F., 2006) 
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(Slip band)  
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 ( : Timing R., 1998), ( )   

( : Callister W.D.Jr., 2003) 
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(Recovery, recrystallization and grain growth) 
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energy)   

  

 

   

(Heat treatment)   (Annealing) 

   (Recovery)  (Recrystallization) 
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( )  4  (580 C), ( )  8  (580 C), ( )  15  (580 C)  

( : Callister W.D.Jr., 2003) 
 

 (Grain growth)  

    (Grain growth) 

        

 

  

 
 

2.1.6   (Hot and cold working) 

  (Hot working)   

(Recrystallization temperature)  
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( :  , 2556) 
 

  (Recrystallization temperature)  

  

 
 

  

  

 0.4 Tm (Kelvin)  Tm  

  0.7 Tm  2.1 

 

 (Cold working)  

  

   (Strain 

hardening) 

   (Percent cold work, CW) 

 

 %CW 100
A
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o
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    Ao    

          Ad    
 

 2.1   

 
 

C F C F 

 

 

 

 (99.999 wt%) 

 (99.999 wt%) 

 (50Cu-40Zn) 

 (99.99 wt%) 

 

 

-4 

-4 

10 

80 

120 

475 

370 

450 

1,200 

25 

25 

50 

176 

250 

887 

700 

840 

2,200 

327 

232 

420 

660 

1,085 

900 

1,455 

1,538 

3,410 

 

620 

450 

788 

1,220 

1,985 

1,552 

2,651 

2,800 

6,170 

 

( : Callister W.D.Jr., 2003) 
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( : Moniz B.J., 1994) 

2.2  (Mechanical Properties and Testing) 

 (Mechanical properties)  

       

    

    

  

  

  
 

2.2.1   (Stress and strain) 

  (Stress)   
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 (Tensile stress)  (Compressive stress)   (Shear stress) 
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F
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 2.17  ( )  ( )  

  ( )   

( : Callister W.D.Jr., 2003) 
 

 

  (Strain)    

 (Elastic strain)   (Plastic strain) 

  

  (Engineering 

strain)   
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2.2.2   (Tensile test) 

   

(Static load)   

  

    2.18  

 

 

( )                       ( ) 
 

 2.18  ( )  ( : CBN Materialtest Co., Ltd.) ( )  

 ( : Askeland D.R and Phulé P.P., 2003) 

  (F)   (Load) 

 (Strain gage  Extensometer) 

 

    

 (Engineering stress-strain curve) 

 (Engineering stress) 

 (Engineering strain)  (2.2)  (2.3) 

  

   (Engineering stress-strain curve) 

 2.19     

 



 2    |  

 

 

 
 

 2.19   
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 (Yield point)    
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 (Fracture point)  

 (Ultimate tensile strength) 

     (Tensile strength)  
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    SAE 1340   370 C (700 F)  
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( : Smith W.F., 2006) 
 

   (Yield strength; YS  y)  

  100% 

    (Slip) 

     (Elastic 

deformation)  (Plastic deformation) 
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 0.2% (0.2% Offset)    0.002 /   2.21 ( ) 

 

 
( )           ( ) 

 

 2.21  ( )    0.2%  (0.2% Offset) ( : Smith W.F., 1993) 

( )  ( : Askeland D.R and Phulé P.P., 2003) 
 

   

 0.2%     

 0.2%     (Proof stress) 

     

2.21 ( )  2    (Upper yield point) 

  (Lower yield point) 

 (Tensile strength; TS  UTS  u)   

   M  2.22   

 (Necking)   

      (Ultimate 

tensile strength; UTS) 
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( :  , 2556) 
 

 (Modulus of elasticity; E)  

    

 (Young’s modulus)  E   E 

 (Proportional limit) 

 (Hooke’s law)   

   
 

         E  (2.4) 

 

  %EL  %RA  

(Ductility) 

  

   (% Elongation; %EL  %e)   

  % EL
o

of

l

ll
 100  (2.5) 

 

   lf    

         lo    

     % EL    
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    (% Reduction of 

area; %RA)   (2.6)  

 % RA
o

fo

A

AA
 100  (2.6) 

  RA    

        Ao    

        Af    
 

 2.2     

 
   , 

%EL   / 2 / 2 

 
 

 (1020) 
 

 
 (70%Cu-30%Zn) 

 
 

565 
450 
180 
138 
130 
75 
69 
35

82 
65 
26 
20 
19 
11 
10 
5

655 
520 
380 
480 
262 
300 
200 
90

95 
75 
55 
70 
38 
44 
29 
13 

35 
25 
25 
40 
45 
68 
45 
40 

( : Callister W.D.Jr., 2003) 
 

 (True stress and true strain) 

  

   

       (True 

stress)    (True strain)  

  2.23 

 

 

 t
A

F
                                      (2.7) 

 

 
l

dl

o
l

l
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A

A
ln O      (2.8) 

   A      F  
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 2.23    

( : Smith W.F., 2006) 

 

 (Strain hardening)  2.24 

-      yo  

 D   

   yi   

   yo  yi 

 2.24  -    

 yo  yi  D ( : Callister W.D.Jr., 2003) 
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2.2.3   (Hardness test) 

 (Indentation) 

 (Scratching)  

  

   

 (Brinell hardness test ; HB  BHN)  . . 

 (J. A. Brinell)  1900  (Indenter) 

  10-30  

 2.3   

   BHN 

(Brinell hardness number)  2.3  

     

   

   550 BHN  450 HB  

 (Rockwell hardness test; HR)   . . 

 (S.P. Rockwell)   1922  

   

  (Indenter)  (Load)  2   

    

 2  (Scale) A-V 

  

 2   HRC  HRB   HRC 

  HRB  

   60 HRC  45 

HRB  

 (Vickers hardness test; HV)   

 1-200 .  

  136   2.3   
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10-30    

  

 2.3   

 
( : Kalpakjian S. and Schmid S.R., 2008) 

  

 (Knoop hardness test; HK  KHN)  .  

(F. Knoop)   1939  

    

    130   

170  30   2.3 

 

 (Shore scaleroscope hardness test) 

 1/12   10   

  

  

 0.15875 

. 

 

0.3175 . 
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 2.25   

( : Kapakjian S. and Schmid S.R., 2006) 
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 (Mohs’s scale)    

.  (F. Mohs)  1822  10   

 2.25   

  1  

 10  

  

   7  

 7  

   

 

  

  

  2.25 

     

 

2.2.4   (Impact test) 

 

 (Dynamic load)   

 

  

(Toughness)  

 (Hammer)   

   2.26  

 

    

 (Joule) 
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( ) ( ) 

 

 2.26  ( )  ( : Black J.T. and Kohser R.A., 2013)  

( )  ( : Smith W.F., 2006) 
 

 2    (Charpy test)  (Izod test) 

 

   

2.27 ( )  

  2.27 ( ) 

 
( ) ( ) 

 

 2.27   ( )  ( )   

( : Callister W.D.Jr., 2003) 
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2.2.5   (Fatigue test) 
  (Cyclic load) 

  

    

    

  

  

    

   

2.28 ( )  

   

 

 (Stress)  (Number of cycles) 

 2.28 ( )   S-N (S-N curve)  

 S-N   N 

  

  (Fatigue strength)   

   

(Fatigue failure)   N 

    

 (Endurance limit)  

 
( ) ( )

 2.28  ( )  ( : Askeland D.R, 1994)  

( ) -  (S-N curve) ( : Pollack H., 1988) 
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2.2.6   (Creep test) 

 

     

      

 (Creep)  

 

  

 2.29    (Creep curve)  

 

 
 

 2.29    

( : Askeland D.R and Phulé P.P., 2003) 
 

  2.29    3   

    

 (Dislocation climb)   

(Creep rate)   

 

    (Steady state) 

 (Recovery)  

 (Creep rate)  
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2.2.7   (Failure of materials) 

  

  

 

    

   

 

  

 (Ductile fracture) 

 (Transgranular)   

  (Necking) 

 

  

   

 (Microvoids)   2.30  

 

 

 
 

 2.30    

( : Smith F.W., 2006) 
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 45    

 (Cup-and-cone)  2.31 

 
 

 

 

 

 
( ) ( ) ( ) 

 

 2.31  ( )  ( : Callister W.D.Jr., 2003)    

( )    

 ( )    
 ( : Askeland D.R and Phulé P.P., 2003) 

 (Equiaxed)  2.31 ( )   

    

 2.31 ( )    

 

 (Brittle fracture) 

    

  

 

 

  

 2.32 ( )  
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 (Intergranular)  2.32 ( ) 

 (Transgranular or transcrystalline)   2.32 ( ) 

 
 

 
 

 2.32  ( )  ( )   

( )  ( : Callister W.D.Jr., 2003)    
 

 (Fatigue fracture) 

 

     3    

 (Crack initiation) 

  

 (Crack propagation)  

   

 (Final failure) 

  

   

  2.33 ( ) 

  

  2  

 2    (Beachmarks)    (Striation)  

   

 



 2    |  

 

 

   (Clamshell mark)  

2.33 ( )   
 

 
 2.33  ( )  ( ) 

 ( )  SEM  

( : Askeland D.R and Phulé P.P., 2003)  

 

    

  

  

    

 2.33 ( )  

 

  

2.3  (Physical Properties of Materials) 

      

      

 

      

    

    

2.3.1   (Density) 

   

     2.4 



 |  

 

 

  

  

   
 

 2.4   

 
(kg./m.3) 

 
( C) 

 
(J/kgK)

 
 

(W/mK)
 

( m/m C) 

      

 
 

 
 

 
 

 
 

2,700 
8,970 
19,300 

6,920-9,130 
11,350 
1,745 
8,910 
4,510

660 
1,082 
1,063 

1,371-1,532 
327 
650 

1,453 
1,668 

900 
385 
129 

448-502 
130 

1,025 
440 
519

222 
393 
317 

15-52 
35 
154 
92 
17

23.6 
16.5 
19.3 

11.7-17.3 
29.4 
26.0 
13.3 
8.35 

      

 
 

 
 

 

2,300-5,500 
2,400-2,700 
1,900-2,200 
900-2,000 
400-700

- 
580-1,540 

- 
110-330 

-

750-950 
500-850 

840 
1,000-2,000 
2,400-2,800

10-17 
0.6-1.7 

5-10 
0.1-0.4 
0.1-0.4

5.5-13.5 
4.6-70 
7.86 

72-200 
2-60 

( : Kalpakjian S. and Schmid S.R., 2006) 

 

 (Strength-to-weight) 

    (Specific strength)  

(Stiffness-to-weight ratio)   (Specific modulus)   

   

  

  

 

  2.34 
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 2.34     

( : Kalpakjian S. and Schmid S.R., 2006)  

 

2.3.2   (Thermal property) 

 

     

 

 

  (Melting point)    

   2.4   

     

     

  

   

 

/  (m x 106) 
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 (Heat capacity)  

 

 (Specific heat)  

 1  

  

    

    (Elastic wave)      (Phonon)   

  

 2.4 

 (Thermal expansion)   ( /

/ )  

   

 (Linear coefficient of thermal expansion) 

 

 

  

  

 

 (Thermal conductivity)  

  2  1  
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2.3.3     

(Electrical, magnetic and optical properties) 

  (Electrical property) 

     

      

    

   (Conductivity) 

 (Resistivity)     

       

    

   

 (Charge carries)  

  (Positive charge carries)  (Negative charge carries)  

  (Electron holes) 

   

   

 (Electron conduction)   

 (Ionic conduction) 

  

    

   

  

 

 (Dielectric)  
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(Dielectric constant)  

   

   

(Polarization)    

  (Dielectric constant) 

   

 (Capacitor)     

  

   (Piezoelectric;  Piezo   (Pressure)) 

   (Lead zirconium titanate; PZT)  

  

  (Actuator)  

(Sensor)    

      

 (Magnetic property) 

   

    

  

 

   

 (Paramagnetism)  
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 (Ferromagnetism)  

  

      

(BCC)    

 

   

  (Valence electron)  

  

 (Optical property) 

   

  

   (Refraction)  (Reflection)  (Absorption)  

(Transmission)   

(Luminescence)    

2.4  (Chemical Properties of Materials) 

  

     

   

     
 

2.4.1   (Corrosion) 

 

  

 (Electrochemical corrosion)   

   

 

    

 

     






