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4.1.1. Homogeneous Nucleation

Driving force for solidification

Gt = HL-TSt AG=AH-TAS AG =0=AH-TAS
GS = H5-TSS L:AH=H\-HS \ AS=AH/T, =L/T,,
(Latent heat)
T= Tm AT AG :L'T(L/Tm)z(LAT)/Tm

Variation of free energy per unit volume
: obtained from undercooling (AT)




Melting and Crystallization are Thermodynamic Transitions

Solidification:

<Thermodynamic>

- Interfacial energy = ATy

Liquid Tm Undercooled Liquid

No superheatlng required!

« Interfacial energy — No AT,

Liquid — Solid

Solid

vapor
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Barrier of Heterogeneous Nucleation

3 3 _ 3
AG* — 167z7/2L S(0) = 167zy52L (2-3cosd +cos” 0)
3AG;, 3AG;, 4
9 ..é?hst....‘....?..(..‘?..).éﬁhefn .......
. . (2-3cosé+cos’H
m AGSub = AGhomo [ A ]
V. ] e
B V, 2—3C0sd+cos (9:8(6?)5
V, +V, 4

How about the nucleation at the crevice or at the edge?



Solidification:

Liquid=—Solid

e Nucleation in Pure Metals

« Homogeneous Nucleation

hom

=5(0).

AG

AG*

« Undercooling AT

* Interfacial energy
vs. / S(0) wetting angle
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5.4 Overall Transformation Kinetics — TTT Diagram

[f isothermal transformation,

The fraction of Transformation as a function of Time and Temperature

—  f(t,T)

Plotf vs logt.

- isothermal transformation (

- f~ volume fraction of § at any time; O~ \

(a)

[/
1

logt ——

Plot the fraction of

transformation (1%, 99%) T

in T-log t coordinate. s

(b) o > —

logt —

Fig. 5.23 The percentage transformation versus time
for different transformation temperatures.



Constant Nucleation Rate Conditions
consider impingement + repeated nucleation effects

df =(1—f)df, —— dg:-q—

1- f
f.=—In(1- )

* Short time:
1-exp(z)~Z (z <1)

f (t) =1- eXp(— fe (t)) =1- exp(_% IV3t4j * Long time:

t—oo, f —1

4
oc 1 Johnson-Mehl-Avrami Equation

before ;
impingement,

f=1- exp(— kt”)
T 13
k: 7'sensitive f(l, v) ——Iv
n: 1 ~ 4 (depend on nucleation mecnanism)

> t Growth controlled. Nucleation-controlled.

If no change of nucleation mechanism during phase transformation, n is not related to T.

i.e. 50% transform 0.7 Znps 0.9
DN kt'. =07 t,, = 3
Exp (-0.7) = 0.5 5 0.5

— .. =
1 0.5 1/4, ,3/4
kVn  —> N4y
Rapid transformations are associated with (large values of k),
or (rapid nucleation and growth rates)




Nucleation and Growth Rates

Nucleation Rate (sec'l)

1.E+08
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1.E+08 ©
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2E+07 ©
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Nulceation and Growth for Silica

| 2.5E-25
+ 2E-25
—e— Nucleation rate (sec-1) |
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Time-Temperature-Transformation Curves (TTT)

How much time does it take at any one temperature
for a given fraction of the liquid to transform
(nucleate and grow) into a crystal?

AT) ~ml(T)u(T)°th/3

where fis the fractional volume of crystals formed,
typically taken to be 109, a barely observable crystal

volume.

Nucleation rates Growth rates




Time Transformation Curves for Silica

T-T-T Curve for Silica

200 Lol Lo Lol Lol Lot Lol Ll
1 1E+13 1E+26 1E+39 1E+52 1E+65 1E+/8

Time (sec)
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* Time-Temperature-Transformation diagrams

200 L LT dlaQrams
|
|
LA N R A S N i
700 ——————————— , |
|
|
Coarse pearlite i
600 ' !
i
|
500 Fine pearlite ~ |
i
|
400 |
|
Bainite i
300 N |
\.\ '[
W S o “RSRIOS| E
200 |
|
1
|
100 ;
~ 1sec 1 min 1 hour 1 day }
B S |
0 Lo b L b | 11[|||| Pl Lo | J[]IHI_ :
0.1 1 10 102 10° 10* 10° 0 0.77
Time, seconds wt % C

FIGURE 10.11 A more complete TTT diagram for eutectoid steel than was given in
Figure 10.7. The various stages of the time-independent (or diffusionless) martensitic
transformation are shown as horizontal lines. M represents the start, Msy represents
50% transformation, and My represents 90% transformation. One hgtgdred percent
transformation to martensite is not complete until a final temperature (My) of —46°C.



* Continuous Cooling Transformation diagrams

e 7
- CCT diagrams
Iy NS NI I . I
700 B e S e
1 2""~ f‘?’(——--—-_---
v - e
~‘5 ” q‘#. A
600 “ o5 .
Y { [+ FesC
I +
¥ ““. % . 3
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500 N 5
%
\I\ ‘\
400 % v
N R
\\\ ~"
S o
300 ST -\\
A Y LS
Y i
200 oI e N N i ——
‘ M5z
N Moo
100
1 sec 1 min 1 hour 1 day
i ’
0 I IJ‘IIII | |J||i[| | |I| 1L I II[IlIl | II[lIH | R | IH\I_
0.1 1 10 10 103 10 10°

Time, seconds

Continuous cooling
transformation

Isothermal

transformation

Rapid cooling rate

Moderate cooling rate

3 mummemmmemmam=== Slow cooling rate

FIGURE 10.14 A continuous cooling transformation (CCT) diagram is shown
superimposed on the isothermal transformation diagram of Figure 10.11. The general
effect of continuous cooling is 1o shift the transformation curves downwayd and toward

the right. (After Atlas of Isothermal Transformation and Cooling Traniférmation
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Diagrams, American Society for Metals, Metals Park, OH, 1977.)



5. Diffusion Transformations in solid

: diffusional nucleation & growth

(a) Precipitation

a'—>a+pf

Metastable supersaturated
Solid solution

(b) Eutectoid Transformation

Composition of product phases

differs from that of a parent phase.

— long-range diffusion

Which transformation proceeds
by short-range diffusion?

M
o+

L
B
e
A (i)

B

y—>a+pf

15



5. Diffusion Transformations in solid

(c) Order-Disorder
Transformation

a—>o

Disorder Order
(high temp.) (low temp.) o

A (1) B A (ii) B

(d) Massive Transformation (e) Polymorphic

: The original phase decomposes into one or more new Transformation
phases which have the same composition as the parent
phase, but different crystal structures.

Stable metastable In single component systems,
different crystal structures are
Y stable over different temper-
- ature ranges.
« p |
x
A (i) B A (ii) B A

16




Temperature °C

* BB S20H DIMER T S| #3h

5.6. The Precipitation of Ferrite from Austenite (y—=a)
(Most important nucleation site: Grain boundary and the surface of inclusions)

Microstructure (0.4 wt%C) evolved

The Iron-Carbon Phase Diagram
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* A gkx A v A =23 EA o] W3}

Transformations & Undercooling

o Eutectoid transf. (Fe-Fe;C system): 4 =0 + Fe,C
o For transf. to occur, must 076 w%C P 6.7 Wi% C
cool to below 727° C 0.022/wih ©

(i.e., must “undercool”)

Fig. 11.23, Callister &
Rethwisch 9e.
[Adapted from Binary Alloy Phase
Diagrams, 2nd edition, Vol. 1, T. B.
Massalski (Editor-in-Chief), 1990.
Reprinted by permission of ASM
International, Materials Park, OH.]
~—~~
0]
=
-
c
a : &
| Eutgctoid: .
ferrite uil. Cooling: Ty ansf. = 727 7(;,70 )
sool AT a+Fe,C Q,
. |Undercooling by T <727° C )
~ o 9 BY ltransf. L
200E=—= | | | | |
0 <1 2 3 4 5 6 6.7

(Fe) C, wt%C 18



The Fe-Fe,C Eutectoid Transformation

« Transformation of austenite to pearlite:
Diffusion of C

Austenite (y) cementite (Fe;C) during tr

nsformation

grain
boundary
Adapted from pearlite
Fig. 11.14,
Callister & g rOWth
Rethwisch 9e. direction
C_arbqn
* For this transformation, 100 — o diffusion
rate increases with 2 o ol < €
: - arger 2
[Teutectoia — T ] (i.€., AT). § 50 | 50 = Adapted from
= = Fig. 12.12,
e\i aller) % Callister &
> | 100 & Rethwisch 9e.
U 103

Coarse pearlite > formed at higher temperatures — relatively soft

Fine pearlite > formed at lower temperatures — relatively hard

19



Generation of Isothermal Transformation Diagrams

Consider:

e The Fe-Fe;C system, for Co = 0.76 wt% C
» Atransformation temperature of 675°C.

3 100 ,
£ |T=675° g
>‘§ 50/

s o V.

° 1 102 104 time (s)
TC C) ——

y Austenite (stable) 0
700 [Austenite I ! I TE (727 C)

600

500

400

102 103 104

105 time (S)

Fig. 12.13, Callister & Rethwisch 9e.
[Adapted from H. Boyer (Editor), Atlas of
Isothermal Transformation and Cooling
Transformation Diagrams, 1977.
Reproduced by permission of ASM
International, Materials Park, OH.]
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Generation of Isothermal Transformation Diagrams

Consider:

Percent of austenite
transformed to pearlite

Temperature (°C)

100

o
o

o

700

600

500

400

e The Fe-Fe,;C system, for Co = 0.76 wt% C

« Atransformation temperature of 675°C.

| | | N | |
| ,
Transformation | Transformation
temperature 675°C | ends
; |
____________ ‘ j ]
|
Transformation | :
begins | |
N
1 10 ( 102 108 10* 10°
: Time (s)
| l l
|
| ———
' | — 1400
Austenite (stable) ‘ | Eutectoid temperature
e = e e e e N -_+£ o e o e T st e e
| Austenite
(unstable)
Pearlite e
50% Completion curve
— 1000
- \Completion curve
(~100% pearlite) 7
Begin curve — 800
- (~0% pearlite)
I | | J |
1 10 102 103 104 10°
Time (s)

Adapted from H. Boyer (Editor), Atlas of Isothermal Transformation and
Cooling Transformation Diagrams, 1977. Reproduced by permission of
ASM International, Materials Park, OH.

Temperature (°F)

Fig. 12.13, Callister & Rethwisch 9e.
[Adapted from H. Boyer (Editor), Atlas of
Isothermal Transformation and Cooling
Transformation Diagrams, 1977.
Reproduced by permission of ASM
International, Materials Park, OH.]
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Austenite-to-Pearlite Isothermal Transformation

» Eutectoid composition, C; = 0.76 wt% C
e« BeginatT>727° C
« Rapidly cool to 625° C
. HoId T (625° C) constant (|sothermal treatment)
1 min 1 day
| | | o |
A Austenite (stable) /’Eelzrrl:;ii;ﬁe 1400
700 =]
a Ferrite Coarse pearlite
_ — 1200
% 600 \Fe3c i
E Fine pearlite
4 . — 1000
500 — Austtgggf%raaa?;:”te it Denotes that a transformation
IS occurring —
| | | | | 800
1 10 16 103 il 10°

Time (s)

Adapted from H. Boyer (Editor), Atlas of Isothermal Transformation and Cooling Transformation Diagrams,

1977. Reproduced by permission of ASM International, Materials Park, OH.

Temperature (°F)

Fig. 12.14, Callister & Rethwisch 9e.
[Adapted from H. Boyer (Editor), Atlas of
Isothermal Transformation and Cooling
Transformation Diagrams, 1977.
Reproduced by permission of ASM
International, Materials Park, OH.]
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Coarse perlite Fine perlite

//II /17

From K. M. Ralls et al., An Introduction to Materials Science and Engineering, p. 361. Copyright © 1976 by
John Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc.)
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Transformations Involving noneutectoid compositions

Consider C, = 1.13 wt% C

TC C)

900

800 T (727° C)

700
600
500
| | | |
1 10 102 108 104
time (s)

Fig. 12.16, Callister & Rethwisch 9e.

[Adapted from H. Boyer (Editor), Atlas of Isothermal Transformation
and Cooling Transformation Diagrams, 1977. Reproduced by
permission of ASM International, Materials Park, OH.]

TC C
1600( )

1400 L
: +L

- V. 4
(austenite)
1000} I

1200

800

600 |

L
+
*
o
O
Fe,;C (cementite)

Fig. 11.23, Callister & Rethwisch 9e.

[Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol.
1, T. B. Massalski (Editor-in-Chief), 1990. Reprinted by
permission of ASM International, Materials Park, OH.]

Hypereutectoid composition — proeutectoid cementite

24



Bainite: Another Fe-Fe,C Transformation Product

» Bainite:
-- elongated Fe,;C particles in
a-ferrite matrix

-- diffusion controlled
 |sothermal Transf. Diagram,
Cy,=0.76 wt% C

800& Austenite (stable)
TC C
600

Te

Fig. 12.17, Callister & Rethwisch 9e.
(From Metals Handbook, Vol. 8, 8th edition,
Metallography, Structures and Phase Diagrams,
1973. Reproduced by permission of ASM
International, Materials Park, OH.)

400

200

-~
3
°

10°

Fig. 12.18, Callister & Rethwisch 9e. [Adapted

from H. Boyer (Editor), Atlas of Isothermal Transformation

and Cooling Transformation Diagrams, 1977. Reproduced 25
by permission of ASM International, Materials Park, OH.]



5.8.2 Bainite Transformation The microstructure of bainite depends mainly on

the temperature at which it forms.

Upper Banite in medium-carbon steel Lower Bainite in 0.69wt% C low-alloy steel

At high temp. 350 ~ 550°C, ferrite laths, K-S At sufficiently low temp. laths — plates
relationship, similar to Widmanstaten plates Carbide dispersion becomes much finer, rather like in tempered M.

Slipped y

SRR AR AR AN
SRR RV R RN N

Surface tilts by bainite trans. like M trans.
Due to Shear mechanism/ordered military manner

(b) Schematic of growth mechanism. Widmanstatten (b) A possible growth mechanism. o/y interface
ferrite laths growth into y,. Cementite plates advances as fast as carbides precipitate at interface 26
nucleate in carbon-enriched austenite. thereby removing the excess carbon in front of the a.



Spheroidite: Another Microstructure
for the Fe-Fe,C System

- 0T % Qe g g L,
Spheroidite: G\M %9%3{‘?3?,(

-- Fe3C particles within an a-ferrite matrix
-- formation requires diffusion

-- heat bainite or pearlite at temperature

just below eutectoid for long times

60 um
-- driving force — reduction Fig. 12.19, Callister &
. . . Rethwisch 9e.
of a-ferrite/Fe;C interfacial area (Copyright United States Steel

Corporation, 1971.)

27



Martensite: A Nonequilibrium Transformation Product

 Martensite:
-- y(FCC) to Martensite (BCT)

potential
C atom sites

 |sothermal Transf. Diagram

800

Austenite (stable)
—

TC G
600
Adapted from
Fig. 12.22,

Callister & 400
Rethwisch 9e.

200 -

-
-3
Adapted from Fig. 12.20, )
Callister & Rethwisch 9e. ©

0%
50%
90%

v C@>NAY 4
= \]artensite needles
Austenite

Fig. 12.21, Callister & Rethwisch 9e.
(Courtesy United States Steel Corporation.)

e yto martensite (M) transformation.
-- is rapid! (diffusionless)

-- % transformation depends only

on T to which rapidly cooled

10° time (S) 28



Martensite Formation

slow cooling

y (FCC) + Fe,C
| quenV
M (BCT) tempering

Martensite (M) — single phase

— has body centered tetragonal (BCT)
crystal structure

Diffusionless transformation BCTif C,>0.15wt% C
BCT > fewslip planes > hard, brittle

29



Isothermal Heat Treatment_Example Problems

On the isothermal transformation diagram for
a 0.45 wt% C, Fe-C alloy, sketch and label
the time-temperature paths to produce the
following microstructures:

a) 42% proeutectoid ferrite and 58% coarse
pearlite

b) 50% fine pearlite and 50% bainite
c) 100% martensite
d) 50% martensite and 50% austenite

30



Solution to Part (a) of Example Problem

a) 42% proeutectoid ferrite and 58% coarse pearlite

Isothermally treat at ~ 680° C

-- all austenite transforms
to proeutectoid a and
coarse pearlite.

C, - 0.022
0.76 — 0.022

pearlite

_ 0.45 - 0.022 _ 058
0.76 - 0.022

W, =1 - 058=0.42

Figure 12.39, Callister & Rethwisch 9e.

(Adapted from Atlas of Time-Temperature Diagrams for Irons and
Steels, G. F. Vander Voort, Editor, 1991. Reprinted by permission
of ASM International, Materials Park, OH.)

800

TC C)

600

Fe-Fe,;C phase diagram,
for C, = 0.45 wt% C

0
400 Y (start >o%
=M G0%) -
M @Q0%) _ - -
200~
0 | | | | |
0.1 10 3 105
time (sjl 31



Solution to Part (b) of Example Problem
b) 50% fine pearlite and 50% bainite

Fe-Fe;C phase diagram,

for C, = 0.45 wt% C

Isothermally treat at ~ 590° C 800 A+ g

— 50% of austenite transforms T (CC)[L.4_ . _/ -
to fine pearlite. |

|

600

Then isothermally treat

at~470° C e
— all remaining austenite 400, \ \ 50%
.- Sstart
transforms to bainite. e ]
L M@©90%) _ _ L.
200
Figure 12.39, Callister & Rethwisch 9e. 0 | | | | |

(Adapted from Atlas of Time-Temperature Diagrams for Irons and 0.1

Steels, G. F. Vander Voort, Editor, 1991. Reprinted by permission . .
of ASM International, Materials Park, OH.) t| me (S 32



Solution to Part (c) & (d) of Example Problem

c) 100% martensite — rapidly quench to room

temperature Fe-Fe,C phase diagram,

for C;=0.45 wt% C

d) 50% martensite 0
T( C)

& 50% austenite

-- rapidly quench to
~290° C, hold at this

600 =

temperature

P 400
200

Figure 12.39, Callister & Rethwisch 9e. 0

(Adapted from Atlas of Time-Temperature Diagrams for Irons and 0.1

Steels, G. F. Vander Voort, Editor, 1991. Reprinted by permission
of ASM International, Materials Park, OH.)




Phase Transformations of Alloys

Effect of adding other elements cCr, Ni, Mo, Si, Mn

Change transition temp. retard y = o + Fe,C reaction
(and formation of pearlite, bainite)

Temperature (°C)

500 T ] 500 | A |
A Eutectoid temperature | 1400 — 1400
R I e e e Eutectoid temperature
700 [— 700"
A 1200 1200
600 |— 600 | A
1000 . + 1000
500 — _ O 500 i [
‘?q_; “EJ' ',——' -------------- ‘-Ehj
_ = - = 1800 3
400 — 800 g E 400 A+ B\\ E
3 U . [
T o 50% 1 B Q
B Z 1600 §
300 — 600 & 300 _M(Start) ‘f IE
M(50%) M+ A -
Mistart) _ M(90%
200 (— M+ A 50% ~—{ 400 200=1E%) ={400
M(50%)
M(90%) | i
- L M
100 o 100 1200
Fig. 1|2.22 Ir(|)n (pur|e Fe)-c|arbon ?Iloy il Fi|g. 12.2|3 aIon|steeI (t|ype 43|40) -
0 0
107! 1 10 102 103 104 10° 1 10 102 103 104 10> 106 34

Time (s) Time (s)



Continuous Cooling Transformation Diagrams

Conversion of isothermal
transformation diagram to
continuous cooling
transformation diagram

(TTT vs CCT diagram)

Fig. 12.25, Callister & Rethwisch 9e.
[Adapted from H. Boyer (Editor), Atlas of
Isothermal Transformation and Cooling
Transformation Diagrams, 1977.
Reproduced by permission of ASM
International, Materials Park, OH.]

Temperature (°C)

L ______Eutectoid temperature | ' 407
700} P e
RN 1200
600 7 g\(/ |
/ ?.0‘;*8 . .
| ! Continugus cooling —11000
500/ |\ \\ transformation R
\ PA 7] L
\ 27N S
—— \\ Py
3 N —800 £
400 — \\ \\ ':,B'
AN N | e
N N Qo
oS s 600 £
300~ NS 2
\ R\ i
M(start) \ NS
200 {4
M(50%) 00
M(90%) -
100 — 200
Cooling curve
0 | J 1 | I
10-1 1 10 102 103 104 105

Time (s)
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800 | |

| |
1% 12.27 —{ 1400
4030 =79 d& I HEH =9} Eutectoid temperature
7 279 Yzt T4 37t e Y e T
Jojuh= Wejo] mE HF v Az SOREEN 200
~- A —
M E B 4 g9l 0 \ Austenite —
600 — \ Pearlite
\ s \
\ e n ||\ .U-) \
\Bainite "nose \o° \ — 1000
500 [— \ R 3 11 R &
& \ g S g
800 | Al ] U | l $1d — 800 %
~_ Eutectoid temperature __________ © 400 — Critical \ | 1@ g
7005= 5 cooling — \ | = s
1200 ¢ rate Austenite — Bainite | =
600/ = | | ‘ — 600
11000 300 ] l___________L_________l
g 300 & M (start) - . |
S R O S I A - < Austenite — Martensite | .
5 800 3 ! \ |
& 400/ & \
g 2 200 | ‘ | — 400
g ! {600 § | |
& 300 Mstart) | 1 , T e I ‘ I M+F
ME0%)  MAA . | A
M©0%) L I |/P+B
| 100 — | | | —{ 200
100 M ~{200 M =M +B l W+HE } F+P
+B —
110 102 103 104 105 10
Time () 1 10 107 102 10 10° 10°
Time (s)

Adapted from H. E. McGannon (Editor), The Making, Shaping and Treating of Steel,
9th edition, United States Steel Corporation, Pittsburgh, 1971, p. 1096.



Mechanical Props: a. Influence of C Content

Pearlite (med)

Pearlite (med) Cementite

ferrite (soft) (hard)

0)
Fig. 11.29, Callister & Rethwisch 9e. C0 < O 76 Wt/o C CO > O 76 \Nt% C Fig. 11.32, Callister & Rethwisch 9e.

(Courtesy of Republic Steel Corporation.) HypoeuteCtOId HypereuteCtOId (C:C;c;g)érrlgt?énl.)gn by United States Steel

er = - Hyper
TS(MPa), , oL %EL [ ] 80
YS(MPa) S _
L 100+ = Fig. 12.29, Callister &
- & Rethwisch 9e.
900 | o [Data taken from Metals
hardness 40 8 Handbook: Heat Treating,
B < Vol. 4, 9th edition, V.
700 — > Masseria (Managing
50 o Editor), 1981. Reproduced
B 8 by permission of ASM
500 ) International, Materials
- 0 = Park OH]
B ©
300 . - . Q
I Y ) | 0 I Y | §

@

©
0 0.5 '\ t%C 0 0.5 l\ t%C

Increase C content: TS and YS increase, %EL decreases
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Mechanical Props:

b. Fine Pearlite vs. Coarse Pearlite vs. Spheroidite

Hypo Hyper 90 er
320 - . lfine 0
i ' pearlite —_ - o
<
0 X 60 spheroidite
© 240 coarse S L
© N pearlite P
& spheroidite z |
— 160+ > 30F coarse
_8 i = B pearlite
m | B fine
800 b ol i [Peaite
0 0.5 1 0 0.5 1
wt%C wt%C

[Data taken from Metals Handbook: Heat
Treating, Vol. 4, 9th edition, V. Masseria
e UORA: fine < coarse < SpheI’OId ite (Managing Editor), 1981. Reproduced by
permission of ASM International, Materials Park,
OH.]
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Mechanical Props:

c. Fine Pearlite vs. Martensite

Hypo Hyper

0 600 :
4 martensite
_E -
£ 400-
[
g T
@
200 : _
i fine pearlite
o) A Y Y O
0.5 1
0 Wt% C

Fig. 12.32, Callister & Rethwisch 9e.
(Adapted from Edgar C. Bain, Functions of the
Alloying Elements in Steel, 1939; and R. A.
Grange, C. R. Hribal, and L. F. Porter, Metall.
Trans. A, Vol. 8A. Reproduced by permission
of ASM International, Materials Park, OH.)

« Hardness: fine pearlite << martensite.
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Tempered Martensite

Heat treat martensite to form tempered martensite
« tempered martensite less brittle than martensite
e tempering reduces internal stresses caused by quenching

TS(MPa)

YS(MPa)
1800

1600
Fig. 12.34,

Callister &
Rethwisch 9e. 1400

(Adapted from Edgar

C. Bain, Functions of 1200
the Alloying

Elements in Steel,

1939. Reproduced 1000 -

by permission of
ASM International,
Materials Park, OH.) 800

Figure 12.33,

Callister &

e Rethwisch 9e.
B%| (Copyright 1971 by

b United States Steel
8  Corporation.)

130

200 400 600

Tempering T(C C)

e tempering produces extremely small Fe,;C particles surrounded by a.
e tempering decreases TS, YS but increases %RA a1



18 12.32

T A OtEX0IEZ, & IHE = DHEIXIOIEZ [371°C & HHE], E2l0|E 22 EASEl HE 4= &k

Brinell hardness number

Percent Fe3C

0 3 6 9 12 15
! | | |
700 65
60
600 Martensite
500 50
400 :
Tempered martensite 40
(tempered at 371°C)
300
30
20
200 Fine pearlite
100
0 1 | | l l I |
0.2 0.4 0.6 0.8 1.0

Composition (wt% C)

Rockwell hardness, HRC

Adapted from Edgar C. Bain, Functions of the Alloying Elements in Steel,

1939; and R. A. Grange, C. R. Hribal, and L. F. Porter, Metall. Trans. A,
Vol. 8A. Reproduced by permission of ASM International, Materials Park, OH.

af
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Summary of Possible Transformations
In Fe-C binary phase diagram

. Adapted from
Austenite (y) Fig. 12.36,
Callister &
_ Rethwisch 9e.
slow rapid
cool guench

Pearlite Bainite Martensite
(a + Fe,C layers + a (a + elong. Fe;C particles) (BCT phase
proeutectoid phase) diffusionless
transformation
Martensite
< T Mar_te_nsne -
> bainite = Tempered
© fine pearlite ~ © Martensite
(0 | coarse pearlite O (a + very fine
spheroidite Fe,C particles)
General Trends
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