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Contents for previous class
e Overall Transformation Kinetics — TTT Diagram

- Johnson-Mehl-Avrami Equation N
k : sensitive to temp. (N, v)

n:1~4

Growth controlled.

f =1-—-exp (- kt"):
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Nucleation-controlled.

e Precipitation in Age-Hardening Alloys
OLO Quenching + Isothermal ::1;

.....

Quenched-in Vacancies
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Contents for today’s class

Spinodal Decomposition

o Particle Coarsening (Ostwald Ripening)
 Precipitation of Ferrite from Austenite

« Eutectoid Transformation

 Bainite Transformation

e Massive Transformation



5.5.5 Spinodal Decomposition

Spinodal mode of transformation has no barrier to nucleation

) O e How does it differ between
: : Chemical

spinodal inside and outside the inflection
point of Gibbs free energy curve?

1) Within the spinodal d°G
dX?

: 2Ol A2 250 ol A&2|/up-hill diffusion

<0

2) If the alloy lies outside the spinodal,
small variation in composition
leads to an increase in free energy

and the alloy is therefore metastable.

: |
A A',,_ X, }I 2 The free energy can only be
decreased if nuclei are formed
Fig. 5.38 Alloys between the spinodal points are unstable and can decompose ; i ;
into two collm?-;nt phases o anlf:li o, witlfmut overcoming an activation em:li'g}' with a com posSI tion very different

barrier. Alloys between the coherent miscibility gaps and the spinodal are

metastable and can decompose only after nucleation of the other phase. from the matrix.
— nucleation and growth 4

: down-hill diffusion



5.5.5 Spinodal Decomposition

1) Composition fluctuations 2) Normal down-hill diffusion

within the spinodal Outside the spinodal
up-hill down-hill
diffusion diffusion

coefficient
D<0

Increasing
time

interdiffusion ‘

4 T PR N X1 .

Distance Distance
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5.5.5 Spinodal Decomposition

* The Rate of Spinodal decomposition

Rate controlled by interdiffusion coefficient D
within the spinodal D<0 & composition fluctuation oc exp(—t/r)

e rrrerssassesesesssesasarasararas . t: characteristic time constant

T — —/12 /472'2D XUz 78S I,

L: wavelength of the composition modulations

— Kinetics depends on A. Transf.rate T as A |

£| 20| A gho] EXSHH, 1 2t O[S0 M s AL T £57h YOILER| ghC



5.5.5 Spinodal Decomposition

* Free Energy change for the decomposition

1) Decomposition of Xjinto X, + AX and X, - AX

What would be an additional energy affecting spinodal decomposition?
AHZE YojLts =Y 2829| npH S A LtsEH,

2) interfacial energy

3) coherency strain energy

1) Decomposition of X,into X, + AX and X, - AX AGchem R (AX )2

e e e EEEEEEEERE AR EEEEEEREEnEE =

f(a+h)=f(a)+f'(a)h+ ;. Jhe 4
] G”(XO)

— G(X, +AX) = G(X,)+G'(X,)AX + AX?

G"( )

AX?

— G(X, —AX) = G(X,)-G'(X,)AX +
_ G(X, +AX) +G(X, — AX)

chem — 2
" 2

=G(X°)Ax2=£d€Ax2 8

2! 2 dX

AG

_G(Xo)




5.5.5 Spinodal Decomposition

2) During the early stages, the interface between A-rich and B-rich
region is not sharp but very diffuse. — diffuse interface

. 2
Interfacial Energy : AX ) :
(gradient energy) EAGy — _/1 :
OI_’S_ _?I;_III-Al-Olgl 7E:|-6J¢7|- :lllllllllllllllllllllllllll:
S7tst7| uj 2o ‘47d K: 5% =2 0|Z atomic pairE2| bond energy0j| H|#|3}= H|2j| A4

AEHE Fd5ts HXL| 27|17t M2 L2, Z/EX0] AX~HEHYE oL X| AGsE FE

Y Goain ene > s=(da/dX) AX/
strain Energy ~ AGg oc EO (da ) a

(atomic size difference) &: misfit, E: Young's modulus, a: lattice parameter

AG n*(AX)’EV,, W'EEWZ;[:(],E':EIUV) AGst A 22

n: fractional change in lattice parameter per unit composition change

-xo| gEo= M7 2 2
MH| XIS EQ| H3E} AG = d Ci 25 + 2772E'\/ (AX)
1) + 2) + 3) dX A 2 9




5.5.5 Spinodal Decomposition

2 2
AG = {d G L 2K oEN }(AX)

dX* A° 2
<0

* Condition for Spinodal Decomposition deZK """""""""
2Us 18H 7 EeHHH E|of ——— >+ 2n°EV,
A0cg B8 B & U =A : dX° A ;

* The Limit for the decomposition e

AL E 2oi7t 7HsE 229 T AR : —21°EV

: 2 m:

A o 1 S :

lllllllllllllllllllllllllllllllllllllllllllllllll

Wavelength for coherent spinodal Elz /(de
: >

— The minimum possible wavelength decreases with increasing

undercooling below the coherent spinodal. 0



5.5.5 Spinodal Decomposition

- JREE This is the line defining the equilibrium
Coherent MISCIbIlIty Gap compositions of the coherent phases that

result from spinodal decomposition.

Incoherent © =
miscibility Chemical
gap spinodal
Coherent
miscibility

gap

Coherent
spinodal

Combosition
- AT between the coh. and incoh. Miscibility gap, or the chemical and coh.

Spinodal : dependent of ‘?}7‘
11

- Large atomic size diff. — ‘?}" large HEO X ZIHE FE7| QM= 0|1 2 IHHE 2



M| Aol G ZH0| X|A 7} Ol Hj= 24

5.5.6. Particle Coarsening
Two Adjacent Spherical Precipitates with Different Diameters

(@)

G).,\(1 < x2-®

"
2
(Glbbs Thomson effect)

MHzto] £

[

X< X, Xg ——=
-.;} + _:'1.\'. —_— \_l-"" .
o " R T T

J AT

g0 Dy EEe Aoz B0

Hof AXtE}H,
(F) -1, =kt
where K oc Dy X,

(Xe: B2 2 YUXtete| WHENE)

tdr Kk
. o
KoL
D and X, ~ exp (-Q/RT) I
r |

~Q
12

(Ostwald Ripening)



5.5.6. Particle Coarsening

The Rate of Coarsening
with Increasing Time and Temp.

Increasing

f’é_.

time
r, . mean radius at time t=0
r ~n2xze| 7|H4™ EM} UH™
ZOist7t YojLtH Z e ZhA 3 7|A 1A

How can you design an alloy

with high strength at high T?
dr Kk

hint) = * 72 kaDyX,

Temperature

1) lowy

heat-resistant Nimonic alloys
based on Ni-Cr

— ordered fcc
Ni/y'o| #m etz
D20 M= OjMst =
— creep 54

Ni3(Ti,Al) (=Y')
LA (10 ~ 30 md m2)

_L4

2) low X,

fine oxide dispersion (£:tz3}
ThO, (thoria) for W and Ni
SE0M AtstEo| e gajzof 7|9l

3) low D

Cementite — high D of carbon
Of < it =2 A =L}
a. substitutional alloying element
segregated in the carbide

b. strong carbide-forming elements
(also low X,) 13



5.6. The Precipitation of Ferrite from Austenite

(Grain boundary and the surface of inclusions)

The Iron-Carbon Phase Diagram Microstructure (0.4%C) evolved
by slow cooling (air, furnace) ?
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5.6. The Precipitation of Ferrite from Austenite

oC-

9S00
860

820}
7801
740r
700F
660}

Diffusional Transformation of Austenite into Ferrite

N\

Fe-0.15%C

After being austenitized, held at
(a) 800°C for 150 s

(b) 750°C for 40 s
(c) 650°C for 9 s

¢ (C)

620
580
540

Aj (d) 550°C for 2 s and
then quenched to room T.

—_— What would be the

oy gy o poaplibgdily o MICrostructures?
04 0-6 0-8 1:0 1-2

15



5.6. The Precipitation of Ferrite from Austenite
Microstructures of an Fe-0.15%C alloy austenitized

errite = Z7H/FE YAHZREH 4%
for 150's 7o pyhliing s, e S Otk Sl BSE S LY k. for9s
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(b) 750°C
for 40 s
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5.6. The Precipitation of Ferrite from Austenite
Relative Velocity of Incoherent & Semicoherent Interfaces

At small undercoolings, it is proposed that both semi-coherent and incoherent
Interfaces can migrate at similar rates, while at large undercoolings only

iIncoherent interfaces can make full use of the increased driving force.
(Continuous growth) *

v (incoherent)
vV (semicoh)

Widmanstatten
U} SAE
o ojN3HA =

Allotriomorphos

72| Equiaxed &4t

-

Undercooling AT

The reason for the transition from grain boundary allotriomorphs to Widman
-statten side-plates with increasing undercooling is not fully understood.

Intragranular ferrite: ferrite can also precipitate within the austenite,grains
iInclusions and dislocations/ large-grained specimen



5.6. The Precipitation of Ferrite from Austenite

Typical TTT curve for y — a transformation

— T(t,T)

900
860
8204 Y

780F A,
740}

700F A1
660
620
580

widmanstatten

LOg time

A TTT diagram for the precipitation of ferrite
in a hypoeutectoid steel will have a typical C shape. 18



5.6. The Precipitation of Ferrite or Fe;C from Austenite
1000

900

a00

/700

e
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Temperature ("C)

Pearlit_?
and

500

400 F Bainite bainite
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(b) Weight percent carbon




Eutectoid Transformation

Pearlite Reaction in Fe-C Alloys Pearlite nodule 2 UA|O|M S A 8tH
ol YH 2E2 AURjOtoz AEBH}

y > a + FeC

DC-
900
8601
820F % A
a ¢(Q
780H As
ol $®
700F Aj
660 L (c)
620
580}
(d) Wt % C
540E ? ] L | L 1 L | 1 1
0-2 04 06 08 1:0 1.2

* Al O[3t BYET B FL,
P MYE HEO|E =EO| 7 HEN M ME Wolwx| ¥ WL FHER Y
*IYETH 2 FL,

(S S0 HM 7hsE

rol-

BE QX0 HAN YOjLL 2E UA 7 WRlo|E REE HE.



Pearlite Reaction in Fe-C Alloys

Z

(i) (i) (i)

il

Semi- | Incoherent
coherent

iy (ii)

(c)

(iv)

Branching

"

(iii)

\{

==
N\\ =
N O -—

Pearlite grows into the austenite grain
with which it does not have an
orientation relationship.

21



Growth of Pearlite

Relative Positions of the Transformation curves
for Pearlite and Bainite in Plain Carbon Eutectoid Steels.

FerriteQ} Cementite7} =ZghEl
MES A

Log (time)

22



Bainite Transformation ols®z£ Bainitert ¥MEl= 2=0f ozt Zatz

Upper Banite in medium-carbon steel Lower Bainite in 0.69wt% C low-alloy steel
350 ~ 550°C, laths, K-S relationship, ZH: 22 >y
similar to Widmanstaten plates EISlE 0 O|M|SHA| 2 4H MOA L} S AL
Hato[Ll e A HEHO] FerriteR} ALO|OfA| M EFE Fe,C

N = 23

(c)




5 ST @éé\%r Egges T D SR TR e et SRR Sl B SR T RN R
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i L el E

Hfprt s

Fig. 5.62 Hypoeutectoid steel (0.6% C) partially transformed for 30 min at 710 G
inefficiently quenched. Bainitic growth into lower grain of austenite and pearlitic
growth into upper grain during quench (X 1800). (After M. Hillert in Decomposition
of Austenite by Diffusional Processes, V.F. Zackay and H.1. Aaronson (Eds.), 1962,
by permission of the Metallurgical Society of AIME.)

Pearlite : no specific orientation relationship
Bainite : orientation relationship

24



5.8.4. Continuous Cooling Transformation diagrams

Temperalure, C

. Lower bainite

Coarse pearlite

Fine pearlite

Uppar bainite

1,000

TTT diagrams
200
- Eutectoid temperature
= == Pearlite arigians b glalns foig Wb
700 |- {EEEsE — —-
Transformation
600 | T ends
5|:H:| .---:-.r ------------------- 'f.-l + FEE{: ________
k)
400 P —= Bainits
Transtormation =
200 | begins 50%
Mo = T Sy
100 1= 1\ .\\- s Martensite
0
1 10 100
Time, sec,

«— Hardness

10,000

25



5.8.4. Continuous Cooling Transformation diagrams

CCT diagrams

I.EI‘:.F {5% F 700
T e
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09 1! 10 17 104 10

Coaling lime, sec.
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Massive Transformation XL
1100 :

glo] 2¥F=7t
Ee Yoz Fof

'Cu-Zn] Free energy-composition

1000} Phase Diagram | curves for a and B at 850°C,
800°C, 700°C and 600°C?
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Massive Transformation
Massive HE|: 243 600 °C 0|5}0j|A B 4 £X|, 0] 2E0f|M oo 2 HHI2H| HE|

Free energy-composition curves for a and [

850 C . G* 6%, ~800°C

X,n=0+38

Fig. 5.77 A schematic representation of the free energy-composition curves
for o and £ 1n the Cu-Zn system at various temperatures.

o =2 T A [y

L SOl MM B 1 IhAE HE= BHUEAEO| T, 2 0[oto] 24 HHLHYME Loj 4 QUX|TH
M2 OJALS HEjE HE BYMEHEO| CHATHOIMT Yojtiths NEH ST} Ho| HuE.



Massive Transformation

Massive o formed at the GBs of 3 and grow rapidly into the surrounding .
D FHS| =4ko] ofL| 2t Cult Zn AXIE0| o/ AH 7IRZXZ2E S22 HE (fa =g = B =)
QS 27 20 o/f AH2 ERET 2SS 7H.

29




e Massive, Martensite Transformation
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Massive Transformation

Effect of Cooling Rate on the Transformation Temperature of Pure Iron

£ 900
g Oriented nucleation and growth
E 800 Massive
%i Martensitic L .
E 700,_ l""ﬂlp T \ _1[- } ""\ “ --f_ ;‘_;E;;
QL i - Fo N
= 11 | I L1 1 | A M . Lx/«\;w e
O 10 20 30 40 50 @ === - |
Cooling rate, 10°K/s Massive a in an Fe-0.002wt%C

P ETH A oo LA 7SS E.

31



Massive Transformation

Metastable phases can also
form massively.

It is not even necessary for the
transformation product to be a single
phase: two phases, at least one of
which must be metastable, can form
simultaneously provided they have the
same composition as the parent phase.

32



5. Diffusion Transformations in solid

(a) Precipitation

a—>a+f

A () 2

Homogeneous Nucleation Heterogeneous Nucleation

AG :'_VAGV—FA?/ +VAGS EAGhet = _V(AGV _AGs)+A7/_AGd§

--------------------------------------------------------------

(b) Eutectoid Transformation

Composition of product phases
differs from that of a parent phase.
— long-range diffusion

Which transformation proceeds
by short-range diffusion?




5. Diffusion Transformations in solid

(c) Order-Disorder l
Transformation . a |

a—>ao

(d) Massive Transformation (e) Polymorphic
: XA W3} @lo] ZM LTI CHE THA = CHAto 2 B3| Transformation

: M .
| i

a

. A 34

c 25 Yo mEt MROHE 2™ AT S
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