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Solid refers to a form of matter which
has structural rigidity and has a firm
shape which cannot be changed
easily.
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Liquid is a substance, that flows
freely, having a definite volume but
no permanent shape.

Solid
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Solidification

Solidification is a Liquid-to-Solid phase
transformation usually driven by Heat
Extraction
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Heat Extraction (s 1~

To transport heat from Liquid to the environment (or cooling system)
bae 4 b 5l L5 ols Jlal

Changes the energy of the phases (solid and liquid) in two ways:
Sl 3oyl 90 5l (el g b)) os8 Il jo s
Decrease in Sensible heat (Lugusxo sl )5 0 iols)

A decreases in the enthalpy of the phases due to cooling,
i.e. temperature. It deals with the vibration of particles

Sl olge Dl iz 4y bgyye oS Lo a5 b ol Jds 4 baold JLl o alS
Decrease in Latent heat (i (b5 5 2al5)
A decrease in the enthalpy due to phase transformation

AH, <0 for solidification (L — S)

AHz :Lf de

from liquid to solid. It deals with the bonding and L= latent heat of fusion
arrangement of particles
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Heat Extraction

A dT df’
Vv
—q.| = |=c| — |+L; | ==
V dr dr
extracted decre;eftse n decrgglse n
g. = external heat flux heat sensible heat latent heat

A = area of heat transfer

L} = =latent heat per unit volume

fs =solid mass fraction

g
E2

Cooling Curve

How would be the cooling curve?

T

o

Superheat

Ty [ N

Recalescence

Supercool
(undercool)

Temperature, 7

0 time, ¢
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Superheat / Supercool i’-%ﬁ s
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Undercooling-The temperature to which the liquid
metal must cool below the equilibrium freezing
temperature before nucleation occurs.

Recalescence-The increase in temperature of an
undercooled liquid metal as a result of the liberation of
heat during nucleation.

Temperatura, T

Thermal arrest-A plateau on the cooling curve during
the solidification of a material caused by the evolution 0 time, ¢
of the latent heat of fusion during solidification.

Total solidification time-The time required for the gy g by
i idi R %7 = Cooli uperhea
casting to solidify completely after the casting has been i |
pou red £ Thermal arrest |
% Lopal
Local solidification time-The time required for a " time
particular location in a casting to solidify once nucleation has sohdfi?ifa'mn 1
begun. e
Jin

Solidification of an Alloy % ;% ‘

dif ina
< normally so“d; :
The a“:Zmperatu'e rangs [
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Cooling Curves
are used to
produce phase
diagrams
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Gibbs Free Energy %‘ S

G=H-TS
T-\ measure of

Entropy randomness of
Enthalpy Temperature the system

H=E+ PV A system is in

equilibrium when it is
measure of / -\ at its .most stable state
heat content = Internal Energy + Pressure Volume when it has the lowest

of the system value of the Gibbs free

energy
Kinetic + Potential Energy dG - 0

for condensed phases PV =0 and thus H = E

Driving Force for
Solidification

Enthalpy
H
A | ;
G Stable | Stable
solid | liquid AL 7 Hsolid)
| ¥
1 - slope = Cp
S TiK)
S N 0
solid W & 298
solid stable | liquid stable
~
> v Slope =-5
Temperature S

G fiequidt)
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Driving Force for L &5

Solidification

G =H -TS
al Stable Stable . s @ AH -TAS
solid liguid GS = HS _TsS
*yqu-d AH=H, -H
AS=S§ -§
| “d@ At equilibrium AG =0 S
! i AG=AH T s =0
AT —» 6
! AS, = ‘ﬁf = L entropy of fusion (nearly
. — > f T T a constant = R)
Temperature L) )
L
AG=L -TT
m

for small AT we get AG = L__‘?_T = AS
m

undercooling

Solidification La

To get the solidification process started, the liquid
phase must be undercooled, cooled to a
temperature below the freezing point.

Stable
solid

Stable
liquid

Once a nucleus forms, it can proceed to grow as
fast as the latent heat of solidification and specific
heat can be carried away.

Controlled by:

thermal conductivities

relative masses

shapes of the melt, the solid, and mold

Temperature Nucleation: occurs when a small piece of solid

forms in the liquid and must attain a minimum
critical size before it is stable

Growth: occurs as atoms from the liquid are
attached to the tiny solid until no liquid remains 20

10
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What happens at the beginning of solidification? l%l ke ‘

Thermodynamics of Liquid-Solid phase transformation

Energy

Solid

Solidification

Driving force for solidification (Gv) % 3% ‘

When a liquid is cooled below the melting temperature, there is a driving force for solidification L S
AG\-‘ - G\' - GVA

At temperature T
GL=HL-T'st
Gi=H:-T'S}
AG,=AH_ -T'AS,
At temperature T
AG. =AHY -T ASY =0
AHT

T,

m

ASD =

. &

« For small undercooling AT we can assume that AHvand ASvare T Ty
independent of temperature (neglect the difference in Cp between

+AHY  AHTAT
T, T,

m m

liquid and solid)
AG, =AHT - T
« At any temperature below Tmthere is a driving force for
solidification. The liquid solidify at T < Tm. If energy is
added/removed quickly, the system can be significantly
undercooled or (supercooled).
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Undercooling
Thermal Undercooling \

AT;J”H = T — Thulk

Curvature Undercooling
NJAT, =2 T/r

Pressure Undercooling [sphere of radius r. and I is the Gibbs-Thomson coefficien

~ =

AT, = AP AV/AS,

E It
g
8 solid, r< =
This equation is known as the Clapeyron equation g
soid, r=
Pl -
T, rem T, r=x
Temperature

Curvature Undercooling

In two dimensions the curvature of a function is the change in slope, &, over
a length of arc, &, (Figure 2.4) becomes:

K = 80/d = 50/(rd0)=1/r

In three dimensions, the curvature is the variation in surface area divided by the i
. e . o
C{ll'l'l’_‘!-i]')ﬂl'lli'li'lg varation in \r'()li.[TI'IC: r
aold rew
» i i rd
K=dAldv=1/r, +1ir,
- wold, r %
where r; and rs are the principal radii of curvature (minimum and maximum value I Tope

Froa snergy

for a given surface). i
For a sphere rn="r and thus K=2r
For a eylinder ry=wyry=r and thus K=1/r.

For a spherical crystal AT, = 2-I'/r. Using this equation it follows that for AT, =
2°C, r = 0.1um, and for AT, = 0.2 °C, r = lum. Thus, the S/L interface energy is
important only for morphologies where » < 10pm, i.e., nuclei, interface perturba-
tions, dendrites and eutectic phases.

12
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Curvature Undercooling '?' i’% @

I" is the Gibbs-Thomson coefficient.
The Gibbs-Thomson coefficient is a measure of the energy required to form a new surface (or
expand an existing one),

For most metals I' = 107 K-m. In some calculations molar
AHyand AS; are used, for which the units are J-mole” and J mole™ K", respectively.
Then the Gibbs-Thomson coefticient becomes:

[=v,7/AS,

"
where v, 15 the molar volume in m/mole

Nucleation & i

Nucleation can be supercooled
Homogeneous — solid nuclei liquid
spontaneously appear within the
undercooled phase.
Let’s consider solidification of a liquid
phase undercooled below the melting
temperature as a simple example of a
phase transformation.
Heterogeneous — the new phase appears
on the walls of the container, at impurity
particles, etc. homogeneous heterogeneous
nucleation nucleation

liquid

13
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What happens at the beginning of solidification? J%( % ) Y
During Solidification the atomic arrangement changes from a random or
short-range order to a long range order or crystal structure.
Nucleation occurs when a small|nucleus|begins to form in the liquid, the
nuclei thenas atoms from the Tiquid are attached to it.
QR ¥ © O O O O ) Q
O AL QX0 O o 00
QX0 XXy &
© gt ® julh © Q 'O \ Q
The crucial point is to understand it as a balance between the free
energy available from the driving force, and the energy consumed in
forming new interface. Once the rate of change of free energy
becomes negative, then an embryo can grow. .
What happens at the beginning of solidification? % 2‘% 2 ‘

A Cluster of atoms gathered together
having crystalline structure

o®
>, b )y ()
o= -0

Clustering Nucleation Growth
Olala Eodls w5

-

14
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Y .
\\ Homogeneous Nucleation

b ol ;30 a0 g (lond oS 5 ptd oo mole 5B sl macsd aliwsg 4l 516
0gh (oo obml ()15 ol b

Grain boundiares

Liguid

Crymlals which
will form grains

Homogeneous nucleation

liquid
supercooled

liquid

v Is the transition from undercooled liquid to a solid spherical particle in the
liquid a spontaneous one?
v' That is, does the Gibbs free energy decreases?

The formation of a solid nucleus leads to a Gibbs free energy change of AG =G, - G, = Vg (G‘_‘L — GYS) + ASLYSL
\ | 1 |

Vs— volume of the solid sphere

AsL— solid/liquid interfacial area T
ysL— solid/liquid interfacial energy negative below T
AGV = GVL - GVS is the difference between free energies per always

unit volume of solid and liquid positive

atT<Tm, Gvs< Gw—solid is the equilibrium phase

15
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25 5131 33 e 15T (65 531 &l i
r gleis 4 gl Cluster

AG'+AGY
=0, A +AGYV

AG

o = interface energy

Ag = Gibbs free energy difference between Solid/Liquid

4
AG =0y 4rr’ +AG, 57[1”3

4
=0y 4rr’ —As AT gmﬂ3

o ||

=
wiin
=)

Liquid

Radius r

Solid-liquid A =472

interface .

r gleis 4 ¢! Cluster

AG =AG, +AG,

1 T>T'

AG®

4
=c4nr’ —As, AT gﬂr3 °

The phenomenon of nucleation of a crystal from its melt depends mainly on two processes: thermal
fluctuations which lead to the creation of variously sized crystal embryos (clusters), and creation of an
interface between the liquid and the solid. The free energy change, AG,, which is associated with the
first process is proportional to the volume That is, it is it to the cube of the

cluster radius. The free energy change, AG;, which is associated with the second process is i

to the area of solid/liquid interface formed. That is, it is proportional to the square of the cluster radius.
At temperatures, 7, greater than the melting point (a), both the volume free energy (AGy) and the
surface free energy (AG;) increase monotonically with increasing radius, 7. Therefore, the total free
energy, AG, which is their sum, also increases monotonically. At the melting point (b), the value of
AG; still increases monotonically since it is only slightly temperature dependent. Because, by
definiti i ilibrium exists between the solid and liquid at the melting point, the |
value of AGy is zero. Hence AG again increases i with i ing radius. Ata |
below the equilibrium melting point (c), the sign of AG, is reversed because the liquid is. now
metastable, while the behaviour of AG; is still the same as in (a) and (b). However, AGy has a 3rd-
power dependence on the radius while AG; has only a 2nd-power dependence. At small values of the
radius, the absolute value of AG, is less than that of AG;, while at large values of r the cubic
dependence of AGy predominates. The value of AG therefore passes through a maximum at a critical
radius, r°. Fluctuations may move the cluster backwards and forwards along the AG-r curve (c) due to
the effect of random additions to, or removals of atoms from, the unstable nucleus (d). When a
fluctuation causes the cluster to become larger than 7°, growth will occur due to the resultant decrease in

the total free energy. Thus, an embryo or cluster (r<r°) becomes a nucleus (- = r°) and a grain
r >>r%).

16
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AG =AG'+AGY

= O-SLA +AGVV i I’

1/
4 4 — i
= O'SL472'I"2 +AG, EﬂrS = O'SL47Z'I"2 —As AT 572'7'3 7 fqvwr o
] 7
P G 1y o oo il U 02l o0 35 Lo plladio (30591 sy sl j d 7
. 315 Hly8 yoo plp 2 //,d"' ~ ( AGr=Total Free Energy
for the maximum AG 5| e .

QAGr - gnro-4nr?AG,=0 5 0= - g
d(AG =38nro Tr 0= ? - 1 v radius,r
u =0 - or 5 \_\ : )

dr 4am r(26 —r AG,) =0 u N \
[ A
fir \I‘ \

.. . LN o oAy :inr%Gu
Cr‘lTICGI Radlus i nuclei : \ nuclei 8
(S glas) shrink grow

a6,z 2T Homogeneous Nucleation
. 20V, 20V, T,
r =

ATAS, ~ ATAH,

4x10° — 1 T T T L |
Nucleation Barrier or Activation Energy
(3l b 5,51 b 555 aslaz o) | ®—e Volume term
[©) (SR RCS R A—A Areca term
— AG(R)
3 . 2x10°F 7]
AG. = low oy 'E
homo 2 =
3 (As,AT) =
f
§ .
3712 2 5 :
16nc " TV 8 v
AGT="__ ™ "™ & g™ ; i
22X i
3(AT AH,,)? i
. . -15 ) 1 L 1 s 1 .R“ | " L .
The total free energy of the solid-liquid -4x10 g X0t 210 310t 4axi0® sxao® exio®
system changes with the size of the solid. R (m)

The solid is an embryo if its radius is
less than the critical radius, and is a
nucleus if its radius is greater than the
critical radius

17
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° B e
Nucleation o b
TABLE 8-1 W Values for freezing temperature, latent heat of fusion, surface energy, and maximum
undercooling for selected materials
Solid-Liquid Typical Undercooling
Freezing Heat of Interfacial for Homogeneous
Temperature Fusion Energy Nucleation

(Tm) (AHf) (ﬂs/) (A T)
Metal () (Jfem®) (Jem?) (c)
Ga 30 4838 56 x 1077 76
Bi 271 543 54 x 1077 90
Pb 327 237 33 x 1077 80
Ag 962 965 126 x 1077 250
Cu 1085 1628 177 x 107 236
Ni 1453 2756 255 % 1077 480
Fe 1538 1737 204 x 10”7 420
NaCl 801 169
CsCl 645 152
H,0O 0 40

[D. R. Askeland et al., Sci. Eng. Mater., 6th ed., 2010]

Homogeneous Nucleation

An undercooling is necessary for a nucleolus

of any radius to be stable.
AG

i 2 YSI.Tm 1
AH AT

m

AG;

o (16m(ym)T2) 1
G _[ 3(am, ) ](AT)2

Both r* and G* decrease with increasing undercooling

18
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Nucleation
Example:

Calculate the size of the critical radius and the
number of atoms in the critical nucleus when solid
copper forms by homogeneous nucleation.

For FCC copper: a,=0.3615 nm

D5 (5 alg o) 5l AT e Gl Slyow diler S (Slim glads o5l
o o3l ol a1l dilgm ) S dsloma |, 45,5 IS

[D. R. Askeland et al., Sci. Eng. Mater., 6th ed., 2010]

SOLUTION

From Table 9-1 for Cu:

AH:= 1628 J/em’
ag= 177 x 1077 ], em?®
Thus, r* is given by

20 4T IH1TT % 10771358 . s
= - = = 1251 X 10 em
AHAT (1628)(236)

Note that a temperature difference of 1°C is equal to a temperature change of 1 K,
or AT = 236°C = 235 K

The lattice parameter for FCC copper is ay = 0.3615 nm = 3.615 x 1078 cm.
Thus, the unit cell volume is given by

¥ P = (3615 x 1075 = 4724 x [0 ¥ e

uniteell = 1D

The volume of the critical radius is given by

13 $1 5 n—H3 o o2 3
Vo =37 = (37 )0251 x 107% = 8200 x 10" *¢m

The mumber of unit cells in the critical nucleus is
Virest 8200 % 107 :

= el - 227 —; = 174 unit cells

Ve o 4724 < 1072
Since there are four atoms in each FCC unit cell, the number of atoms in the criti-
cal nucleus must be

(4 atoms/cell)(174 cells/ nucleus) = 96 atoms/ nucleus

In these types of calculations, we assume that a micleus that is made from only a few
hundred atoms still exhibits properties similar to those of bulk materials. This is not
strictly correct and as such is a weakness of the classical theory of nucleation.

[D. R. Askeland et al., Sci. Eng. Mater., 6th ed., 2010]

19
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Heterogeneous nucleation ISCL;’.I ke

supercooled

liquid

the new phase appears on the walls of the
container, at impurity particles, grain

boundaries, etc.
Yic— liquid container interface,
Yis— liquid-solid interface,

Ysc— solid-container interface.

. L]

Liguaiat solid

nucleus

solid

Yic=Ysc+ Yiscos(0)

wetting angle

Heterogeneous nucleation lSCL;’.l 25

awidely spread dioplet that
rasily penetrates the surface

A phobic surface hasa
contact angle of S0° or
more. making 2 droplet
A small contact angle means R e alt

Nanctexturing a surface can introduce
tayers of airor lubncant beneath a droplet.
increasing the effective contact angle and
creating ‘superphobic” surfaces

= L~
e

20
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Heterogeneous nucleation ﬁ?_‘ Sl ‘

JSid adgl slo 30 s LallBl) Gldn 50 950 ol Slgo 59y (Fod sl ) dilg>

Dgb (o0 plnil B 651923 59, b b (2wl b b il 550 (ous

Iy sl ailgs JuSeid (6l 403y o131 (6591 dicmd 55 ailg 35T 50 a5 dol> Slgo oyl

KT X ® ‘_;.\bl:
E—— Liquid
Solid
Nucleating
agent
Heterogeneous nucleation 1%1 SlE ‘
Liquid Solid Tl 55) 2 oS ez JSS 4 allex S a5 ol 281

3 09250 Jul> callBbi B o)lg0) Clie b wled o sl
—— Impurity JSid (Slde ;0 09290 delz 58 ;o U 1 dlg> oole «olde
/ WS oo e (RS 70 A el (555 95

AGhet = -V AG, + ASLySL + ASCySC _ ASCyLC
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Heterogeneous nucleation % e N
The formation of the nucleus leads to a Gibbs free energy —
Change of . "
AGrhcl = .V AG, + AS[..YSL =0 AbC.},SL‘ - ASCYE,C llqu1d Solid
-
&@\‘ nucleus
V=71 (2 +cos(0)) (1 —cos(0))*/3 g
SL— 2 — SC = 2 ain ~
A 2nr (1 —cos(8)) and A T r* sin-(0) YLC e YI‘S

A = {-%7{ r’AG , + 4y }s(e): AG T S(8)

S(®)=(2+cos0)1—cosB) /4

Heterogeneous nucleation % 3 §‘
AG ! = { %n r’AG | + 4 ry" }S(e)= AG ™ S(0)

where S(0)=(2+cos® )l —cos0) /4 <1

Atr=r* dA G,
dr

= (-4nr2AG, +8nry™)s(0)=0

. 24"

= same as for homogeneous nucleation

v

AG 3
SL
AGY. = S(e)lf%’;(}”’—)zl = 5(0)AG |,

22
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Heterogeneous nucleation J%l e ? :\j
AG”
Active nucleation
r * starts
AG het AG hom /
Vv —— -
cr cr AT
AT het <:’ AT hom
Heterogeneous nucleation % 3 §‘
. 2y" . .
r ! AG het — S(e )AG hom
AG |
X1 e

23
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Heterogeneous nucleation

Table 2.1: CRITICAL DIMENSIONS AND ACTIVATION ENERGY FOR THE
NUCLEATION OF A SPHERICAL NUCLEUS IN A PURE MELT (Ag = AsgaT)

L4

Homogeneous Nucleation

Heterogeneous Nucleation

critical dimension

o 20 20

r N X

ne (32my (9 y? (327 (O _Pr(9)
3! Ag 3v' AQ

activation energy
167

3 o3
AGH? & T (g 16
P homogeneous - E- heterogencous o
2
— ] |
melt b =
. ) nucler
e
. &f
_-wall 4 .
i nucle -~ : ~ ol
b « 1 f
£ - ' melt ’
ke :
s rrs

o ||

Heterogeneous nucleation

Table 2.2z VALUES OF THE EXPRESSIO N;
£ 0) = (1/4)2 + cos B)1 - cos )2

(8

f(°) Type of Nueleation
0 complete wetting no nucleation barrier (8) 0

10 0.00017
20 0.0027
30 0.013
40 0.038
50 0.084
70 heterogeneous 0.25
90 0.5
110 0.79
130 0.92
150 0.99
170 0.9998
180 no wetting homogeneous 1

§ immediate growth can occur

¥k

Liquid /®

-

Solid

| — Impurity

24
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Heterogeneous nucleation

1(6)= (2+cosB)1—cos8)

4

| S
0 40 &0 80 100 120 140

teta

=18

o ||

L4

134

thermodynamic barrier ratio

Heterogeneous nucleation

© 0909 9090 90
N G B~ 0 O N 0 O =
U I I SN I I I E—

o
-
I

o

0 0.5 1 1.5 2 25

wetting angle

AG, | AG,

he ho

vs. wetting angle

v B
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Normal cooling  D-E: Isothermal
QA / of liquid solidification Lil,l % ‘
\ / by j-Ts

e =~ T~ Tineling
/ .
\ ./ \ (a) Cooling curve for a pure metal that
/ \¢g/ N
Time —» has not been well inoculated.
B-C: Undercooling is C-D: Recalescence
necessary for nucleation ( Homogeneous)
to oceur
(a)

\

\ .
/ %!l" = Cooling rate Superheat

< el (b) Cooling curve for a well inoculated, but
E Local ' .

S Hsmmi?f;mn H\\ otherwise pure metal (Heterogeneous)

E

S

time

A
Total \
e——solidification ————

time

Time

i Y

¥+ 5

Assume that homogenous nucleation occurs with cylindrical nuclei which have a d/I ratio equal to
one. Derive critical radius of cylindrical nuclei, taking AG,, = AS; AT

o smegle s 58 g e ol Jpbos 8 s b yolilno] sladilnls Fat Sidlee a8

(AG, = AS AT 555 a0 L) o ,gl cans a1, lailginl slaailg>
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Ol Sy algz ol 5l aS s del> Sl mo dilsx SO0y 5 Cow
A5 il 307 (Suigs 5 agly 38,5 5 0 bl b S S

Liquid

/ ?;mm

Solid

From Table 9-1 for Cu:

AH; = 1628 J/cm®

T, = 1085 + 273 = 1358K

— | I ]
o =177 % 107" J/em*~

3(AG )

SL ¥
865 =@ ) s,

S(®)=(2+cosO)1—cosb) /4

S(0)= (2+0.86)(1-086)"2 /4=0.014

AGy=AS;AT

= L~
e
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Rate of homogeneous nucleation

N.=Nexp (-AG;/kT)

. N..=Nexp —ﬁ = Nexp

167

¥ [

3

kT 3(AG, VKT

|= by ozt 4 3o la p.s‘ R 3,lg us,.»X g5;|):;Ls sl wlg> sloas

I=fx N+
\-b

I = nhr’(os.VSI_ where o, is the number of atom surrounding the surface of a critical nucleus

Vg is the atom jumping frequency.

In many phase transformations, it is difficult to achieve the
level of undercooling that would suppress nucleation due to
the drop in the atomic mobility (regime 3 in the previous
slide). The nucleation typically happens in regime 2 and is
defined by the probability of energy fluctuation sufficient ;
to overcome the activation barrier G*:: L

167 (v )12

|

1

Using AG | = ‘ — | -
i s(anr) ) (ATYy
M
There is critical undercooling for :
homogeneous nucleation ATer = o A
there are virtually no nuclei until - N =ILexp| - (AT )1
A Ter is reached, and there is an
“explosive” nucleation at A Ter. very strong temperature
dependence!
0 AT AT
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Variation of r* and r_ with AT L &5

e Although we now know the critical values for an embryo @
to become a nucleus, we do not know the rate at which
nuclei will appear in a real system. o

o To estimate the nucleation rate we need to know the

population density of embryos of the critical size and the
rate at which such embryos are formed.

® The population (concentration) of critical embryos is
given by
A6,
n.=ne

4Ty AT
k is the Boltzmann factor, n_ is the total number of atoms in the system
AG, is the excess of free energy associated with the cluster

Homogeneous Nucleation Rate

N
taking a AG equal to AG™ then the concentration of
clusters to reach the critical size can be written as:
AG, |

hom

C'=Ce T clusters/m’

The addition of one more atom to each of these
clusters would convert them into stable nuclei f

If this happens with a frequency fo,

AL
Nyw =F.Coe T nuclei/n’®
_A
Ny = 1,C 8 BT pucleilm® A= Leny; I, .

3T

The effect of undercooling on the nucleation rate is drastic, because of the non-linear
relation between the two quantities as is shown in the plot

58
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Steady—State Distribution of Subcritical Clusters

number of atoms in cluster/volume

59

Rate of Heterogeneous nucleation

1=l emdye 4 sz sl @il o 35 ey X Gl (sl allsz Sl

I=fxX N~

B (5 e olosd
Sl b v as
&l odw
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Heterogeneous nucleation ﬁ?_‘ Sl ‘

heterogeneous nucleation starts at a lower undercooling

Nhom ~ exp [_ Ai];;om ) N N het N hom
N het exp | — AG het
kT
N het S>> N hom

AT

Heterogeneous nucleation ¥k §‘
' Hm o2 G ‘

Nucleation rate 1

J \

Supercooling AT

Nucleation rate for: (1) Heterogeneous nucleation with

small wetting angle. (2) Heterogeneous nucleation with large wetting.
(3) Homogeneous nucleation.
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Calculate the homogeneous nucleation rate in
liquid copper at undercoolings of 180, 200 and
220 K, using the following data:

45 (a1 33 ASS el Ol (o 3 [y (PRe (5,105 dnd g yuo
oolisius! 3§ (sl 01031 .oy ¢y oS 4z yo YYo Yoo VA« ol 0y il 3
WA

1.88 x 10° J m~3, T, = 1356 K, vs. = 0.177 I m™2,
fo=10"s"1 Cy=6 x 10%® atoms m™>, k = 1.38 x 1072 J K.

o
Il

$
-

AGhom .
Nhom = foCo exp (— k;" ) nuclei m™3 7!

—16n’y§LTﬁ1_ 1
3L2kT  AT?

Nhom = fGCO exp [

where T =T, — AT

From which the following values are obtained:

AT K Niom m 2§71 Nyom cm 371
180 0.7 7 x 1077
200 8 x 10° 8

220 1 x 10*? 1 x 10°
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hom

v B

0

o
ATy AT

The homogeneous nucleation rate as a function of undercooling AT. ATy is
the critical undercooling for homogeneous nucleation.

T'

faqi —=

LNV —

%
o 4 l%‘%

°

t -

[Kurz and Fisher, Fundamentals of Solidification, 1998]

v B

Figure 2.1: THERMAL HISTORY OF EQUIAXED DENDRITIC SOLIDIFICATION.
The above temperature-time curve is one which might well be obtained during &
solidification sequence such as that pietured in figure 1.9a. The usual eooling
ceurve (a) begins to deviate slightly at the undercooling where nucleation oecurs,
AT, At this point, the first fraction of solid, fs, appears(d). With further
cooﬂng, the nucleation rate, I, rapidly increases to a maximum value(e) which
corresponds to a minimum in the temperature/time curve (a). At this point, the
growth rate, V, of the grains (i.e. of the dendrite tips) is at its highest. The
subsequent increase in temperature is due to the high internal heat flux, gj,
arising from the rate of trensformation, fg (=dfg/dt), and the latent heat
released (c). Note that [ is much more sensitive to temperature changes than is V
{e). The final solidification which takes place after impingement of the grains
involves dendrite arm coarsening at a tip growth rate, V, equal to zero. During
this time interval, the number of grains, N, remains constant.
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Grain boundary

2 AN AT LA
LR
ORI
QR
R

Schematic grain boundary Polycrystalline structure

L ails Sy 65;95:’ >

Og (o0 ploil als> yo g0 jo by dils JSld
(03950 b Oigen) cowl (J) «ilgzr Jgl al> po
a8l o BT Sloy B ld aild aly g (o0 oSl d 410 g 00,5 uly b ailgs pgo al> o o

(09 LiBgio (yLibudy 9 03,5 0)95 p Suuso 4 b ol a5

e 4 @ SARY {}"f B Y
T Gy
LK BT P
: / Vi\% =
R / s o “7]1
la 4l pa J&m\ bl a2y Saadl 5 G Sl Jbals

37



17/01/2025

fbly adbls (Flogas 4z wb oollo gl ailgar olgo
agl5-)
4315) oples 15 ailgzr oobo- ¥
(Sdga 5 6ol ceoluw Wb
Cldw 38 o eliw Jilio 5o 1,
oS 15 dilg> o KA PLENCC VN
bl O 32y b Egdge w9d los -¥
915 ailgz ojlail 31 b 1 dilg>
b o slowi a3l b o3 slos
L (3e) ol ol o2 b Gl 0 80
P L 1) dilgs ol
Jo oo 45 b
P 1wl

Tl ails Jluogas 4 Wb gl (gl alga Slgo

ailgs b — O
bl 25 Wbl
15 alg> colo -#
Cod Ho Wilgs Wb
Al S dyd Wb laS Ged ol Y
LS ‘SLoé))ﬂ ..\.a::l.v wl.'\.o
asLsl .olfé.b 30 gu\.o
e 15 dilg g0 s
I3 dilger wdl
P> )0 Q59 Loy
a9 alai |y olde

Pyt an
SERBEE TS

38



17/01/2025

kil axils luogas 4z b oslhe gly alyz dlpe gl 1t @E_ﬂ
-t

009 Suoy -1

5 &b caldl> uo ) -
39 A dwl> )Jgs{.w... J.o 9 -\
oS 39 & ol S g i L
Sagb &G il g 1
4 Ghlaz oo po T L
abl e85 Ky o JLail (g9
L Ygorog Y esaiils
9 Gk Hbele S0y
ASs 031! s
L g o3 o s

0.8< :L<1.2

¥ 5

OC | Undercooling of Liquid Iron °Cc | Undercooling of Liquid Iron
0 60 4
o L]
T o No ZrN added 4 o L] °
o ZtN added | fmmmmmm T meacmguanmmannn TEEEL
0] o 1 .
0o 1 ot *
4 o o o E
201 20 4
4 - L] ] o No Hf C added
g TanmmmpneRmpmmms ® Hf C added
D T T T T T T T T T ? T T T T T 0 T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Freezing Cycle Number Freezing Cycle Number
Undercooling of liquid iron, nec- Undercooling  of liquid iron,
essary for solidification, with and without addi- necessary for solidification, with and without
tion of zirconium nitride ZrN according to Bram- addition of hafnium carbide HfC according to
fitt. Reproduced from Springer © 1970. Bramfitt. Reproduced from Springer © 1970.
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Nucleating agents of liquid iron

Nucleation Agent Characteristic undercooling °C

Mismatch relative ferrite % Relative judgement

TiN 1.7
TiC 1.8
ZrN 7.0
ZrC 13.6
wC 16.1

3.9 Very effective
5:9 Very effective
11.2 Rather effective
14.4 Least effective
294 Least effective

S
L S ves

Metal or alloy

Inoculant

Cast iron

Mg alloys
Cu-base alloys
Al-Si alloys
Pb alloys

Zn-base alloys

FeSi, SiCa, graphite
Zr, carbon

Fe, Co, Zr

P, Ti,B

As, Te

Ti
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|

A

Of what importance is the angle of a mould-wall crack in heterogeneous
nucleation? Of what importance is the width of the crack at its mouth?

§ Commnz (yR0al (6,185 s j0 LB o)lgrd 0 I 5 aygly Comon

A | Heterogeneous nucleus

Consider a cone-shaped

crevice with semiangle A
as shown below:

at same AT

-

82
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The wetting angle between nucleus and mould wall (0) is fixed by the
balance of surface tension forces (Equation 4.14). The activation
energy barrier (AGyk,) depends on the shape of the nucleus as deter-
mined by the angles « and 6.

From Equation 4.23, for a given undercooling (AT), AG, and r*
are constant, such that the following equalities apply
_ AGhe _ View

N

T AGEm Viom
AGy,, _ Volume of the heterogeneous nucleus

AGlm  Volume of a sphere with the same nucleus/
liquid interfacial radius

ie. §=

It can be seen that the shape factor (S) will decrease as o decreases,
and on cooling below Ty, the critical value of AG* will be reached at
progressively lower values of AT, i.e. nucleation becomes easier.

When a < 90 — 8, § = 0 and there is no nucleation energy barrier.
(It can be seen that a = 90 — 8 gives a planar solid/liquid interface,
i.e. r = o even for a negligibly small nucleus volume.)

Once nucleation has occurred, the nucleus can grow until it reaches
the edge of the conical crevice. However, further growth into the
liquid requires the solid/liquid interface radius to pass through a
minimum of R (the maximum radius of the cone). This requires an
undercooling given by

2ys _ LAT
R~ Ta
o ar-Yals
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THE END
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