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Nucleation

Solidification
AG,=Ag,V+Ags

Ag, = AsAT

Homogenous nucleation

AG,.. =V (Ag, +Ag,)+Ag,s
AG, = %ﬂ:r3 (Agv + Agel)+ Arcr’y .
o =2y
om (AgV +Agel)
16 1
AG* = ?mﬁ .
(AgV T Agel )
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Nucleation statistics

Homogenous nucleation rate

_AG* +AG?

hom

kT
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Nucleation: precipitation sequence in Al-Ag
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Heterogeneous nucleation

AG,,, = V(Agv + Agel)_l_ vs—Ag,

YGs 0 1s |

T 0%
a wuﬁ

solid
o radius 7" :*}/ +y COS9
yGS LS GL

volume ¥

AGhet = V(Agv + Agel)+ ,}/aﬁsaﬁ — ’}/OCOZSOHX = V(AgV + Agel)+ ’}/aﬁsaﬁ o AGd

Y aa r;et — _zyaﬁ A G* _ 16 77:)/3
2Y o5 (Agy +Ag,) hom™ 3 (Agy+Ager)?

cos@ =

AG =16 Yos (2—3cosf+cos’6)
3 (Agv +Ag, )2 2

* 3
2Y o5 = Voo AG,, (2— 3cos 0 + cos 9)
2

AG:

hom
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Ratio of nucleation rates

- AG*,,+AG® AG*, +AG®
_ kT _ kT
L, =1;,.e Liom = Lo hom®
I I 0 A(}*hum_‘A(}*ifwt
het ,net
- e kT
Ihom IO Jhom
Nucleation at grain Io,her — é
boundaries IO,hom D
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Kinetics of transformation:
Johnson-Mehl-Avrami-Kolmogrov equation

V, = %nﬁ = %n(vtf

V, = %mf (t-7)°

Number of nuclei between r=0and ¢=dr
N =1Idt
Transformed volume

V=)V = %nlv?’j(t—*cf dt

0

/[
V="Ivt
3
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Derivation of JMAK equation

Transformed

Volume, V, Nuclei (real)

n

dn=dn +dn,

all the nuclei have
the same volume

dn, dV._ dX,
tran':%r:_med Virtual Nuclei dn dV dX

Volume, V,, n,

dp number of nuclei formed in the interval dt

dn. =V dp dn=Vdp
_ T
dX, _dn, _Vu V=V 1 x oox —1-¢ x==1vt*
dX dn V 1% 3

Johnson-Mehl-Avrami-Kolmogrov (JMAK) equation

T
——1 v3t4

X =1-¢

r
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Avrami form

Transformation
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Application of JMAK equation:
Solid-state crystallization of a Metallic glass

Crystallized Fraction

1.0 -
0.8 -

0.6 -

— Fit using x(t)=1-exp[—(k*(t—r))3]
Incubation time(t)= 7s
k=0.053 s

X(t) =1-exp(-(k(t—1)")
T = Incubationtime

n=3 avrami parameter
k =k, exp(—Q/«T)

k, ~10"s™

Q=23V

30 40 50
Time, s
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Nucleation statistics

oo=1-t number of nuclei/cm3

o AG* AG’
logt =log—+ +
I, kT kT

o AG’
T -0 logtzlogl + - T —>T, AG*— oo logt — oo
0

Temperature - Transformation Time (TTT) diagram

log Omin

O N L log® _

slope AG®/k

YT
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TTT diagram
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CCT diagram (Transformation with Continuous Cooling)
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Hardness

Hardness is a measure of a material’s resistance to
localized plastic deformation

Quantitative hardness techniques have been
developed where a small indenter Is forced into the
surface of a material.

The depth or size of the indentation Is measured, and
corresponds to a hardness number.

The softer the material, the larger and deeper the
iIndentation (and lower hardness numbers).

14
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Hardness Testers

A BUEHLER

4
R
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Hardness measurement

d2
A=— -
2sin(136° /2)
d2
" 1.8544
H, = F _ 1.8542|-4F
A d
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https://www.youtube.com/watch?v=7Z90OZ7C2jI

Hardness measurement

Table 7.5 Hardness-Testing Techniques

Shape of Indentation

Formula for
Test Indenter Side View Top View Load Hardness Number®
Brinell L(-mm sphere o D |e : P 2P
of st ‘l*l or ﬁdl .- J HB = —"
stee . , = g DA DD — D — ¢
tungsten carbide ,
e
Vickers Diamond 1367 d) N dy r HV = 1L854P4
0i ity : : ~g A 4 \
microindentation pyramid ‘,,, ( "
Knoop Diamond [J‘r — ¢ I b P HK = 142 P4*
microindentation pyramid - —— '_—L_ S— ~E
Wb =7.11 T ¢
bit =4.00 - ! -
: 120"~ — .
Rockwell and Diamond cone; 77l PNES Scale| Typeof | Initial | Major
Superficial IL ! 3 ! in / \\ indenter load | load Kind of material
6* 80 40 20 V- ; \ . .
Rockwell diameter RS L - (Dimension) | (Kg) | (Kg)
steel spheres h -~ ) A Cone, 120 10 50 Much harder such as carburized
degree steel, cemented carbides
B Ball, 1.58 10 100 | Soft steel, copper, aluminium,
2 ' mm brass, grey cast iron
J C Cone, 120 10 150 Spring steel, Ti, W, Va, etc
— Al degree

“ For the hardness formulas given, P (the applied load) is in ke, while D, d, d,, and [ ar¢ all in mm,
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Correlation between hardness and yield stress

Rockwell C hardness for 4340 & 4140 Steels 9/3/2007
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Transformations without diffusion (displacive)

Lattice-distortive
displocement

(a)
Shuffle displocement

y
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Invariant (habit) plane

(a)

Invariant plane

In austenite N-/::%‘;’/Mﬂneﬁégﬁ
| a3 iy .""j / pl':l.l"li"
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Geometric representation of the transformation:
research of an invariant plane

c 0 O O 0 O
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G l The transformation can be expressed
T ' " I ﬁ . R . . . . .
“;}';:”I']’}gngﬁ"!’/ ) Twinning  mathematically by 3 matrix operations: Rotation

strain

| (R), Shear (S), and Bain strain (B)

Parent matrix

r———

P=R-S-B
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Thermodynamics

(b)

AG=V(Ag, +Ag,)+7s

C

Ag, = 2H(fl (V)ui, + £, (V)ulzz)g

Ag,=A £ 5 AG= %n'achgV + %n'aczA +2ma’y
a

0AG _
dc

equilibrium at cooling 0

_AgV = 2A£ = 2Agel
a

equilibrium at heating and v
disappearance of the plate

IAG
0AG _ _

0
oc da
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Hysteresis

A, = ?*4“'::\v Agw Eﬁﬁﬁﬁg‘%
Fe—Nil4)
43¢°C
e |
306 #0060 5G0
<— COOLING CURVE o
s T —|  Measure the transition
r . :
3 {\ o A temperatures: calorimetry
HEATING CURVE —>
Ap
Temperature

thomas.lagrange@epfl.ch e www.epfl.che lumes.epfl.che moodle.epfl.che PHYS-307



Shape Memory effect
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https://www.youtube.com/watch?v=edvYfSs0MoY

Shape Memory Effect

A Austenite _ ‘r T
Above Austenite Finish Temperature
z Heating “‘....‘
2 $ 00000000
b
@
g Cooling ..‘.....
s 00000009
Loadi
oa\mg> .“““.
00000000
Twinned martensite Deformed martensite . & . o ’ O ‘ >
4
Load
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Stop and play the movie in-
situ NiTi deformation:
When Detwins, it Rains

Shockley partial dislocations
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Pseudo-elasticity (superelasticity)

sTRESs  (MPo)

200K
T<M, M <T<A AgCTCA,
100
195K 272K 231K 234K
om é.:._:Z W

100F 236K 244K /ﬁ; 297K
D

——PERCENT ST RAIN—>

Deformation of CuZnSn
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https://www.youtube.com/watch?v=vPnLbSPiNEM
https://www.doitpoms.ac.uk/tlplib/superelasticity/superelasticity1.php

Stop and play the movie of
T4 virus infecting cells:
martensitic transformations
in biological systems
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