
Chapter Ⅱ Carbon Steel
§2-1  Structures and properties of pure iron

2.1.1  Crystallization of pure iron

THE END

1)  Cooling curve

The cooling curve 
of pure iron 
(partial)

1.  Super-cooling phenomenon and super-cooling degree

2)  Super-cooling phenomenon



THE END

3)  Super-cooling degree — TΔ

Cooling curves under different cooling rates

0 nT T TΔ = −
0T — Equilibrium crystallization temperature

— The true starting crystallization temperature 
nT



THE END

< 0S LF F FΔ = −
SF ---Free energy in solid state

Free energy in liquid stateLF ---

Changes in free 
energy of liquid and 
solid with 
temperature 

5)  Driving force of crystallization

4)  Necessary condition of crystallization

>0TΔ



3.  Fine grain strengthening

4.  Ways to fining grain in
cast processing 

THE END

Nucleating        Growing

The process of crystallization 
of pure iron

2.  Course of crystallization 



2.1.2  Crystal structure of pure iron 
1.  Basic concept of crystal structure
1)  Crystal

Internal structure of pure iron grainTHE END



3)  Common crystal
structures of metals { Body centered cubic (bcc)

Face centered cubic (fcc)
Close packed hexagonal (cph)

Three kinds of common cell of metals  a) bcc   b) fcc c) cphTHE END

2)  Crystal structure



THE END

BCC structure



THE END

FCC structure



THE END

CPH structure



{1)  Point defects
Vacancy
Interstitial atom

Schematic of point defect

THE END

Crystal defects { Point defects
Linear defect (dislocation)
Planar defects

2.  Basic concept of crystal defects



2)  Linear defect       dislocation { Edge dislocation
Screw dislocation

THE END

(1)  Edge dislocation





(2)  Screw dislocation 



3)  Planar defects { Grain boundary
Sub-grain boundary
Phase boundary

THE END

(1)  Single crystal and polycrystalline

Single crystal (a) and polycrystalline (b)
Anisotropy of single crystal and isotropy of 
polycrystalline 



(4)  Phase boundary THE END

Grain boundary (a) and sub-grain boundary (b)

(2)  Grain boundary

(3)  Sub-grain boundary



THE END

Crystal defect       Lattice distortion       Strengthening

Relationship between yield strength of metals 
and density of dislocation

4)  Strengthening effect of crystal defect on metal



Relationship between yield strength (a) and toughness (b) of 
pure iron and size of grains

THE END



THE END
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3.  Crystal structure and allotropic transformation of pure iron



2.1.3  Structure and properties of commercially 
pure iron

polycrystalline

1. Structure of commercially pure iron at 
room temperature

Microstructure of 
commercially pure iron  ×125

bcc structure

THE END

Feα −



2.  Properties of commercially pure iron at room temperature 
Low strength

= 100～170 MPasσ
= 180～230 MPabσ

High plasticity and toughness

= 30%～50%δ
= 70%～80%ψ
= 160～200J/cm2Ka

3.  Application of commercially pure iron  

Ferromagnetic

THE END



§2-2  The constituent of phase and structure in Fe-C 
alloy

1.  Solid solution ⎧
⎨
⎩ Interstitial solid solution
Substitutional solid solution

Schematic of 
Substitutional solid 
solution (a) and 
interstitial solid 
solution (b) 

THE END

Phase — Phases in alloy ⎧
⎨
⎩

Solid solution
Compound

2.2.1  Fe and C forming solid solution — ferrite and
austenite



Crystal structure of the ferrite          bcc
Maximum saturated solubility of ferrite        0.0218%

THE END

2.  Ferrite ( F or     )α



Crystal structure of the austenite         fcc
Maximum saturated solubility of C in austenite        2.11%

THE END

γ3.  Austenite ( A or     )



4.  Solid solution strengthening

Distortion of lattice as forming a) substitutional
solid solution and b) interstitial solid solution

5.  Feature in mechanical properties of the ferrite and
austenite
Higher hardness and strength (as compared with Fe)
Higher plasticity and toughness (as compared with         )Fe3C

THE END



2.2.2   Fe and C forming compound—cementite Fe3C

Crystal cell structure of Fe3C

Very complicated

1.  Crystal structure of Fe3C

2.  Mechanical propertie
features of Fe3C

Higher hardness
(as compared with F )

Higher brittleness
(as compared with F )

THE END



2.3.1   The basic concepts of Phase diagram
1.  The establishment of Phase diagram

Establishment of Cu-Ni phase diagram by thermal analysis method

Fe - Fe3C§2-3                   phase diagram

THE END



2.  What is a phase diagram

4.  The lever law 

3.  Analyzing crystallization process with a phase diagram

Analyzing crystallization process with a phase diagram a) 
and analogy of the lever law b) 

T1

T2

α1
L2

THE END



THE END

2.3.2   Analysis of                  phase diagram Fe - Fe3C

Phase fields in the                  phase diagramFe - Fe3C

1.  Phase fields in the                  phase diagramFe - Fe3C



2.  Points and lines in the                  phase diagramFe - Fe3C

THE END



3.  Triphase equilibrium transformation in Fe-C alloy
1)  Eutectic transformation

Micrograph of ledeburite at 
room temperature (×200)

1148
4.3 2.11 3( )CL Fe Cγ←⎯⎯→ +

o

 Ledeburite ( Ld ) 

The ledeburite is 
very hard and brittle

THE END



2)  Eutectoid transformation
727

0.77 0.0218 3( )C Fe Cγ α←⎯⎯→ +
o

 Pearlite ( P )

Micrograph of eutectic at 
room temperature (×500)

The pearlite has very
good composite
mechanical property

3)  Peritectic transformation 
1495

0.09 0.53
CLδ γ+ ←⎯⎯→

o

0.17 
THE END



Structure 

2.3.3  Analysis of crystallizing process of typical
Fe-C alloys

Typical alloys in the Fe-C phase diagram
THE END



THE END

Micrograph of 
hypoeutectoid steel at 
room temperature (×500)

Crystallizing 
process of 
hypoeutectoid steel 
(     =0.4%)Cw

1.  Hypoeutectoid steel (0.0218% ＜ ＜ 0.77% ) Cw

Structure at R.T. 
P + F 



THE END

Micrograph of eutectoid steel 
at room temperature (×500)

2.  Eutectoid steel (      = 0.77% ) Cw

Crystallizing process of eutectoid steel (       =0.77% )Cw

Structure at R.T. 
P 



THE END Micrograph of hypereutectoid steel at room temperature

Cw3.  Hypereutectoid steel ( 0.77%＜ ≤ 2.11% ) 

Crystallizing process of hypereutectoid steel (       =1.2% )Cw
Structure at R.T. P + Fe3CⅡ



Micrograph of 
eutectic white cast 
iron at room 
temperature (×200)

THE END

4.  Eutectic white cast iron (       = 4.3% )Cw

Crystallizing process of eutectic white cast iron (       =4.3% )Cw

Structure at R.T. 

dL′



THE END

Micrograph of 
hypoeutectic white cast 
iron at room 
temperature (×250)

5.  Hypoeutectic white cast iron ( 2.11% <       < 4.3% )Cw

Crystallizing process of hypoeutectic white cast iron (       =3.0%)Cw

Structure at R.T. 
dL′ + P + Fe3CⅡ



THE END

Micrograph of 
hypereutectic white 
cast iron at room 
temperature (×100)

6.  Hypereutectic white cast iron ( 4.3% <       < 6.69% )Cw

Crystallizing process of hypereutectic white cast iron (       =5.0% )Cw

Structure at R.T. 
dL′ + Fe3CⅠ



THE END

Micrograph of 
commercially pure iron at 
room temperature (×125)

7.  Commercially pure iron  (       ≤ 0.0218% )Cw

Crystallizing process 
of commercially pure 
iron (       =0.01% )Cw

Structure at R.T. 
F + Fe3CⅢ



THE END

2.3.4  The effects of carbon on the equilibrium
structures and properties of Fe-C alloy

The                phase diagram divided into different structure fieldsFe-Fe3C 

1.  The effects on equilibrium structures 



THE END



THE END

The effects of weight 
fraction of carbon on 
the mechanical 
properties of the slow 
cooling carbon steels

2.  The effects on mechanical properties



2.3.5  Practically use of the Fe-Fe3C phase diagram
1.  Providing a basis of selecting composition of the 

materials

THE END

The relationship 
between the process 
of casting and 
forging and                      
phase diagram  

Fe-Fe3C 

2.  Providing a basis of planning process of hot working



THE END

Casting 



THE END

Ingots 



THE END

Rolling



The relationship between service performance and phase diagram of alloy

2.3.6  Summary of relationship between property
and phase diagram of alloy 

1.  The relationship between service performance and
phase diagram of alloy 



THE END

The relationship 
between casting 
property and phase 
diagram of alloy

2.  The relationship between processing properties and
phase diagram of alloy 



THE END
2.  The effects of Si and Mn

§2-4 The effects of common impurity
elements on properties of steel 

1.  The effects of S and P

3.  The effects of gases



Macrostructures of quiet steel ingot
1—fine-grain zone in surface layer
2—columnar-grain zone
3—isometric-grain zone in center

§2-5 The structure and defect of steel ingot
1.  The structure of quiet steel ingot

Defects in quiet steel ingot
1—shrinkage cavity
2—bubble 
3—loose

2.  The defect in quiet steel ingot

THE END



THE END

An aluminum ingot



THE END

§2-6  The effects of press processing on
structures and properties of steel

2.6.1  The effects of cold press processing on
structures and properties of steel

Diagram of slipping through the dislocation movement

1.  The main mode of plastic deformation — slip



Diagram of slip line and slip band THE END



THE END

Micrograph of slip band in the surface of commercially pure iron

Slip band 



THE END

Microstructure of 
commercially pure 
iron with deformation 
of 80% (×125)

2.  The changes in structures of pure iron and steel in
the process of plastic deformation

The density of dislocation beinhg increased

The grains being elongated   



Diagram of texture in commercially pure iron

Forming deformation texture

THE END



THE END

3.  The changes in properties of pure iron and steel in 
the process of plastic deformation

Work hardening of commercially pure iron and low carbon steel
1—commercially pure iron      2— low carbon steel

Bring about work hardening (deformation strengthening)



Diagram of wire 
drawing

Ear-producing 
phenomenon of 
cold-punched 
component

Bring about anisotropy

Bring about residual stress THE END



THE END

Change in mechanical 
properties of cold-press-
processed  pure iron with 
heating temperature

Diagram of change in structures and 
properties of cold-deformed metal in 
process of heating at various temperature

2.6.2  The changes in structures and properties of
cold-deformed steel in process of heating

1.  Recovery and recrystallization and grain growth 



There is a critical degree of deformation 

The relationship between the size of recrystallized
grain and the degree of cold deformation

2.  Factors affecting the size of recrystallized grain     
1)  Degree of cold deformation

THE END



Minimum recrystallization temperature—Tr

Tr = 0.4 Tm

Tm(K) — melting
point of the metal 

2)  Annealing temperature

Recrystallization full 
figure of pure iron

As T＞Tr

The higher the T, the 
larger the grain size  

THE END



THE END
The grain size of recrystallized aluminum with different 

degree of cold deformation



3.  The application of recrystallization theory

Recrystallization — work-hardening relieving

Recovery — stress relieving 

Grain growth — single crystal preparing

THE END



THE END

2.6.3  The effects of hot-press working on structures
and properties of steel 

The deforming and recrystallizing of austenite grains in 
steel as it being hot rolled



1.  The difference between hot working and cold working 

For cold working: ,  no recrystallizingT＜Tr

T＞TrFor hot working: ,  recrystallizing

2.  The structures and properties of hot-press-worked steel

Welding pores

Refining structure

Forming hot-working flow lines

THE END



Diagram of arrangement of flow lines in crankshaft

THE END



THE END

§2-7  The classification and name and use 
of carbon steel

2.7.1  The classification of carbon steel

By usage { Carbon structural steel
Carbon tool steel

By content of carbon {
Low carbon steel ≤ 0.25%Cw
Medium carbon steel

Cw = 0.30%～0.60%
High carbon steel ＞0.60%Cw

By quality

Plain carbon steel ≤0.035%Sw{
Pw ≤0.035%

Quality carbon steel { ≤0.030%Sw
Pw ≤0.030%

High-duty carbon steel { ≤0.020%Sw
Pw ≤0.030%



2.7.2  The name and use of carbon steel
1.  Plain carbon structural steel 



THE END



THE END

2.  Quality carbon structural steel



THE END



THE END

3.  Carbon tool steel


