Chapter5

Phase Transformation
Part I

Zo%H: JIAMEZE (MFA9009)

¥
A D ANATYBS L

YJEONG@CHANGWON.AC.KR

AP A #452-212 M3} 055-213-3694

HOMEPAGE: HTTP://YOUNGUNG.GITHUB.IO



mailto:yjeong@changwon.ac.kr
http://youngung.github.io/

Recap

70

H

r
0|0
S
H T
Ew T
ol K
H =
ol ol
= S
vk
ol K

O =

Jo [ |
Hz M
o1 X0 k0 gl
BB X0 K
=0

<0
K0

ol

KK




Objectives and outlines

M SHROIA LIEFLES 2¢2¢0] ]| T4 Q1K (O] I X))
O] M| & 2}0| E —fine pearlite
2Ll E2}O| E - coarse pearlite
A IH| 2 O| C}O| E — spheroidite
H| O| L} O| E — bainite
OFEIALO| E — martensite

B 2l =l OrEIAFO| E — tempered martensite
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== HE - Eutectoid reaction
o Eutectoid transf. (Fe-Fe;C system): y = a+FesC
d X
« For transf. to occur, must 0.76 wt% C 7‘ 6.7 wt% C
cool to below 727°C 0.022 wt% C
(i.e., must “undercool”)
7(°C)
1600 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.]
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=2 HE - Futectoid reaction

* Transformation of austenite to pearlite:

_ _ Diffusion of C
Austenite (y) cementite (Fe3C) during transformation
grain D -
boundary

Adapted from pea rlite

Fig. 11.14,
Callister & g .rOWt.h
Rethwisch 9e. direction
* For this transformation, 100 — o caron
rate increases with 2 ar |600°C) L €
. - arger © 7
[Teutectoia — T] (i.€., AT). 3 50 | 130 § Adapted from
o 675°C c Fig. 12.12,
2 Tsmallef) © Callister &
~—" Q .
~, ‘ ‘ ‘ 100 & Rethwisch 9e.
0 1 10 102 103

Time (s)

Coarse pearlite > formed at higher temperatures — relatively soft

Fine pearlite = > formed at lower temperatures — relatively hard



== HEE- Eutectoid reaction

©
| % 100 T = 675°C / Transformation rate: é
Aq@ 50r----me /
(© !
o; oL—t AR | _
1 102 104 time (s)
T(°C) .
Austenité (stable) o
700 [Austenite | I TE (727 C) o
“F=Isothermal transformation at 675° C
600 Pearlite
500
400 | | | . Fig. 12.13, Callister & Rethwisch Ye.
t|me (S) [Adapted from H. Boyer (Editor), Atlas of

1 1 O 1 02 1 03 1 04 1 05 Isothermal Transfprmation and Cooling
Transformation Diagrams, 1977.
Reproduced by permission of ASM
International, Materials Park, OH.]



== HEE- Eutectoid reaction

« Eutectoid composition, Cy = 0.76 wt% C

 Beginat T>727°C
» Rapidly cool to 625°C

« Hold T (625°C) constant (isothermal treatment)

7(°C)
700

Austenite (stable)

Austenite
(unstable)

Pearlite
0, 5,
’%&AO
%
| | | | |
1 10 104 109

T2 (727°C)

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.]



coarse) pearlite, O| Al (fine) pearlite

Tyl -
Growth rate, G Coarse
QL
= |
=
©
9]
o Overall
g transformation
= rate
Nucleation rate, N Fine
Rate
1ls 1 min 1h 1 day
A | l UK TSEB l Eutectoid —l 1400 f-
727°C ustenite (stable) /emperature coarse ne
YO i pearlite  pearlite
b’ a Ferrite Coarse pearlite
_ —{ 1200 _
o &
° °
2 600|— FesC 2
2 7 g
5 Fine pearlite 5
= —
—| 1000
500 |— Austenite —>pearl|te Denotes that a transh i
transformation e ; eno es' at a transtormation
IS occurring -
i
(a) / )
| | | | | 800 F/'rgnlkl nln RaII 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.)
1 10 10° 103 10* 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.




Recap:
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|
|
|
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Austenite (stable)

| Austenite
700 (unstable)

Pearlite

)

o 600—

% 50% Completion curve
9]

Q.

£ \ _

e Completion curve

(~100% pearlite)

500 |— \
Begin curve

(~0% pearlite)

400 —

| | ]
Eutectoid temperature 1400
A

1200

— 1000

— 800

1 10 102 103
Time (s)

104

10°

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)

2| 9| diagramoﬂi
Z240| U300 7

HI7EX] M| 2F(constraint)
2| SHAY,

S diagram= = 40| 2t FESILY.
= L[HE _7F_’é3'(chem|cal composition) & &=
CHE HEH 2| diagram2 = A H =L,

Transformation rate, & 'HEf & = (& HEL O

AR 5= AZHe] ) 20 et
HoHCH S=HEl == BH30| A E|=
S EEot 2 & 7| HEfO

A% 0= CHE IO,

O|ZH 8ot 2= E FAIt HEfO A2
SHE| HEE HEA5= 2R O0[7|0f O|2}
€2 A2 52 HE| X (isothermal

transformation diagram) = A|Zh-2 &

HE =M (time-temperature-transformation

curve; =0 A TTT curve) 2t SFLC},
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HEH L= Non-eutectoid reaction

Consider C; = 1.13 wt% C

OC)
1600
1400 :'q_';
1200} ___—t+Fed ©
(austeplte) )
1000 GEJ
| y+Fe3C &)
800 \\ !
; | 727°c— 5
600 : | G+Fe3C L?_)
| ol
400 i '\I'I | | | | |
07 ™ 2 3 4 5 6 67
(Fe) C, wt%C

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]
QOOT( C)
800 A
B 0
LA Te (727°C)
500
| | | |
1 10 102 103 104
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.]

Hypereutectoid composition — proeutectoid cementite



Bainite: another Fe-Fe;C transformation product

- Bainite: Bainite= MAISI0|Z2 20t 40| 75T
-- elongated Fe;C particles in 735; O] M[SFCY.
a-ferrite matrix £ 7 FL
- diffusion controlled (diffusion = &)
* Isothermal Transf. Diagram,
Cy,=0.76 wt% C

800 k Austenite (stable) T
T(°C) :

600

400
H| O] Lt+O

| E=
SO e

= BE| =0 [Mef
L=l

T2z g =Lt




Bainite

o | - tl_dt o .~ Nose: HE} =71 Z|CH QI A,
utectold temperature e
o ZHtectopdtemp S O| £ 7|ZE2 £ O|S}= diffusion
700 [— 2 & 7t nucleationOf| H| Sl O
1200 2| L}, t2k A diffusion control
600 |— =
s UK\ 77 — 1000 _ 1 O &2 nuclei ‘40| =2|Ct.
s o f | | = s [T 2F A nucleation control.
g lgo0 &
E 400 5
i | -
ool —| 600
200 — ==
100 | |
107! 1 10 102 103 10% 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.



Spheroidite

Spheroidite: a\fuxo 3 %m‘%
o TH 9| FesC particles 0| a-ferrite 0
7| X[(matrix)0fl 2}5] /= 25
o Formation requires diffusion of carbon
o bainite2} pearliteE =4 =X O|5}0f| A
QEHEOL HZ TSl A.

Aol == .,.° AL
o Driving force — reduction of a-ferrite/Fe;C ;,-;dg@i%sg:;w;&:;?;’f"??;;g'.g@
interfacial area SRR HLe
= 60 um
Fig. 12.19, Callister &
T &9 FeyC particle; T2 2| HEHZ BISHHN (Copyiaht Unitad it St

_I?I_El |c:3|' interface% % O|_I |:|- Corporation, 1971.)



Martensite: a non-equilibrium transformation product

 Martensite: y(FCC) to Martensite (BCT)

Fe atom sites

sites

potential C atom

* |sothermal Transf. Diagram

800

T(°C)

600

400

200

Austenite (stable)_TE

0%

50%

90%

= |\|grtensite needles
Austenite

d * vy to martensite (M)
transformation.

. Rapid! (diffusionless,
athermal transformation)

. Amount of transformation

10° time (S) depends only on T, to which vy is

rapidly cooled



Quenching?




Martensite

Temperature (°C)

800
| R | | | !
Eutectoid temperature — 1400
_________A_C_____p_____
700 |—
A 1200
600 |—
1000
500 |—
800
400 |—
300 — 600
M(start)
200 |— 400
M(50%) M+ 8
M(90%) -
100 |— —! 55
0 | | | | |
107! 1 10 102 103 10% 10°
Time (s)

Temperature (°F)

O Martensite:

NucleationZ} diffusionO| Of - B2 A (S5 TS W= A))
2l A[ZHOf| F2SHC- 2IEHOA =B MO 2 LEEE
Ms temperatureS & I 2 X}, Ms T.2t M(50%), M(90%)
BA= AlZHof| R85t @ & & A(quench) &=

2L 0to| gh=2 LIEFHC Ol 2ot ZF2| HEfE

H| & X HHEl (athermal transformation)O|2t11 SHC} -
2HA0| St He2 5= (&) HEl = thermally
activated (phase) transformation.

U Martensite is a non-equilibrium phase:

Martensite= & = 0f| A| H& 20| OtL| L}, Ferrite+Fe,C7t
& SLX| 2 42 0| A Martensite — Ferrite + Fe,C
HEH= O =2|CF.

slow cooling
y (FCC) > + Fe;C
quench
tempering

M (BCT)




o] =t —1 O E 800
£l 9[0| LSSt 12 A4S0 T
HERE LS| 5 2X|2F 220 o o e
é)l- o|-°|_|' tﬂgl' = L I:l'- o
Austenite vs. Bainite nose2] shift. c00 A
Bainite nose2| =2 1000
500 |
g &
e 4 —{800 ¢
§ 400 | 5 . | *g
5 3
— [
300 Mstart) e
| M@©B0%)
M(90%)
200 i sl T =400
100 | — 200
0 | | |
1 10 102 103 104 10° 108

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.



800 |
A ] — 1400
Eutectoid temperature
-
i < T — 1200
P r/
00 //,»" P
A/ r'/+ AI/' —
/
- ——4\——‘\———- ————— - —{ 1000
500 N
s )M _
A \ s N 8
o NN e
s M N © —|800
Bl |
(o] = (&)
= \\ N [
N — 600
300 N S e
N
b \ N _|
(b) \ 1 N||
M(start) I No
~
200 ~_—400
______ M0% Vb ]
1 |
______ ;71121 SR R SRR SR RS,
100 —1{ 200
(b) (c) (a)
100% 50% Pearlite 100%
Martensite 50% Bainite Bainite .
2 | | |
107! 1 10 102 108 104 10°

Time (s)



TITO[ N At et A9 2 /A7 st S 2K M= 580N HE0H7[7F o= W7}
&

ULH HEZ UM EXE|l= &27X| AKX 2445 ottt S=2 HEl ==
AKHO 2 W2 JENO| M= AFE 0| &7+ - =8 &[0 OF StC}
800 = , ,
I _____Eutectoid temperature | 4%
TTT-CCT 700~ D —
g ~11200
A2t x| @ -
~11000
R T T2 2 shift g e
2 400l |80 5
e . ©
8 g
§ 300/ 600 §
o Mstarty N S
2001 1509 — 400
o MO0%) .
100/ : —200
Cooling curve
0 | | | | L
101 10 102 103 104 105

Time (s)



800 800
‘ ‘ l | [ | |
— 1400 S Eutectoid temperature — 1400 _
. Futectodtemperature | R oF -I S99l A= =
- 700 :IIA, |=||:|EI—I—EEHOS€E
e
— 1200 1200 H ol A Ol |-i7‘| H 2| |-
ShlftETAAL_— I_EH x C
600
- o|%|o S o
_ Nose ?X|2| Rtz £2
(full anneal) 1
LHZF & |.-'-|_ _| |. ro) P i
500 |— 500 = (@
. 1 5 s a4 S orortbhere .
g B g ol A o| asEo H S
2 - 23 S, 800 3 o o
§ 400~ 500 BE 400 \‘%,) \\% c -Il;-l_l__ o O_E EE T
a jSig=3 2] a
£ Moderatel — £ @ \ n .
: iy e N \ ¢ martensite2| 20| &2tA
300|— (hormalizing) — 600 300 |— gggl'icnag' /7‘\ \\ — 600 A O]
| ZSE \ | == ULt (Hardenability)
M(start) 1 \ M(start)
200 [— — 400 200 — \ \ — 400
M(50%) | \\
M(90%) 1 l| \ N
- \
o HHHHH Denotes a — 200 100 : Martensite | . — 200
transformation ——Martensite ——j<— + u Pearlite
during cooling Fine Coarse _| Pearlite -
o ‘ ‘ | pear\ite‘ | pearlite 0 | | | | |
10! 1 10 102 108 104 10° 107! 1 10 102 108 10* 10°
Time (s) Time (s)

Bainite’s YEHHO 2 S HENIHS SSIA L ROJEICt - Nose] 42

AH

A ALO[ 2]



TTT and CCT of 4030

800 i i ~ 800 |
A
— 1400 1400
Eutectoid temperature Eutectoid temperature
700 T ° 700 =S/ S <
N
\ ‘0o
1200 \N o 1200
\¢ stenite —
00— A 600 \ carlite |
\
\
1000 —1 1000
500 500 — T o
g £ o S
E 800 £ o — 800 %
& 400 § ® 400 [— Critical \ 1 g
o [} — €
e IS coolmg ~>‘
iz 2 qét rate Austenite — Balnlte ‘| 2
300 | Mistart) 600 2 | | l | — 600
300 A
Moo T [t |
| MG0%) . ‘ (start) p cteite —= Martensite | | | -
L MOO®) 400 \ i :
200 f i i 200 | 1 ‘ || —1 400
— 1 ‘| I M+F+
il | \ | I/P+B
100 i — 200 100 — lI 1 » || /‘ — 200
M <M+ B>tMEF i
— +B ]
" 1 | J | . | |
2 3 4 5 6
1 10 10 10 10 10 10 1 10 102 103 104 105 106
Time (s) Ti )
Adapted from H. Boyer (Editor), Atlas of Isothermal Transformation and Cooling 1S 15

Transformation Diagrams, 1977. Reproduced by permission of ASM International

J Adapted from H. E. McGannon (Editor), The Making, Shaping and Treating of Steel,
Materials Park, OH. 9th edition, United States Steel Corporation, Pittsburgh, 1971, p. 1096.
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HEH &= : y-austenite — o-Ferrite + Fe;C eutectic reaction2| 0| 2 &1 =

104 time (s)

g100 7

e |T=675C /.

- L 1
>2 50fkmmmm e 1
s / .

° 1

= ol L 1

1

1

1

T ) C 1 ; 1
0 Austerlite (stablé)
700 |rustenite [P

Te (727°C)

60,

~

From K. M. Ralls et al., An Introduction to Materials Sci
’ John Wiley & Sons, New York. Reprinted by permissior

and Engineering, p. 361. Copyright © 1976 by
shn Wiley & Sons, Inc.)

e ( Zrf oAl

pearlite pearlite
800 = T 800
\ I | I 1400 & 1400
= %400 Eutectoid temperature Eutectoid temperature
700}~ 700
1200
1200
1200 600
600~
’/ - 1000
1000 sool_ '|‘ 1000 ol
3 ° \ £ e | (|
@ " ] o H E
g g = 800 ¢ § 400 g
e 800 2 400 3 & g
£ : g g ? ®
5 8 g- CEL 300 Mistart) —16©
600 @ 3001 600 @ M(50%) MAA
Moo
| Mstarty Gy TR . 200 400
200 — —{400 i
0,
M(50%) 400 M(50%)
M%) S 1 s i ~{200
100 . 200
200
Cooling clirve : S I N |
_ 1 10 10° 10 10° 10 10f
0 | | | | | 0 ! L L ! L Time (s)
101 1 10 102 103 104 108 10-1 1 10 102 103 104 105 TAr::,:;s:i mf:;r:nggof:;(sE(:\’g;), s ofsothermal vain§for;nfa§g&and Cooling
Time () Time (s) greme, AL 4

Materials Park, OH.




