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d(AG,)

dr

r* can be determined by condition =0

d(AGT) i[%mﬂ?’AGv‘FZI‘Wz?/S_',]:O

dr dr

= %JrrzAGv +8mry,, =0

= 4w’ AG, +8mry, ,
—4m*AG, =8mry,

r_z__ _ 87[2/371'
¥ 47AG,
— 2}/54
AG

syuumeuiizanndennsanal (AG,) Faiudhgad
maqmam%aﬁaﬁﬂﬁuﬁﬁwﬁaﬂﬂdﬁﬁﬁ%qm (r*) SE UV
aandsnuatlasans r uioaaod liiues uad
VoSBT SaTuIAAT r* 3zUUzARNE A
Taeasidium r nievenodtiues

r <r¥

r

r>r¥ > 1! » Growth




_ .

AG,
' dy Foas
M AG, YUBYAVUUIAVYOI undercooling

AT = undercooling

e

AG, = %ZL
" arwdouurslumandoumeius
e 297,
LAT
Undercooling

AT =undercooling

3 3
Undercooling 22101031119

@ 8w = g
DATINIYUATTIALTIUN
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r*:gﬁ_—m

LAT

[ AT —— 1*|
AT —— r*]

' = 1A Fog & o a d? =4y ' de ' 9

At iumBueniidowdfifatulan rinaiflizauiso growth o li14
E ) 1

N RTUEIR r oy duie nucleation 14— growth

o & oA . Aa &2

AYUUEN undercooling U1 nucleus VIRV LG DY

500

Nuciet are stable
in this region

Embryos form in this
region and may redissolve

6 1 l 1
BX10™7 1o~ 15 X 108

Critical radius of particle, »*, cm




By substituting rinto  AG,  equation we get,

16 @
3 AG!

AGH*

From statistical thermodynamics,

AS, = klnZotn)
’ n'n,!

AG = AH —-TAS
=n,AG, —kT|(n, +n )In{n, + 1 )=n,Inn,—n, Inn,}
At equilibri NG g
t equilibrium, P .

r

AG:len[ i J

N, + R,

AG = kT ln[ i J

Hy+A,
If ng>>n,

n, [ AG J
", kT

Where n, is number of nuclei formed
Nq i number of particle/unit volume

NA

Y




Example
Calculate number of nucleus in Ni at its melting point, 1725 K. If r = 7 °A

DATA:
T, =1725K
Lo
T, mol K
J
}/34 :0'25W
s .
V=7x107°— N 4
mol =8.6x10%cm™
— 4 2 AL
AG =4 M+4ﬂr Yo AGVUKT)”(T T,)
2
24727 ys#
= 47(7x107°)*(0.25)
=1.54x10™"J
AG]
n, =1, eXp ——
{4
—18
= (8.6x10™)exp — 1'54)330
(1.38x1072)(1725)

nucleus

=7.08x10°% 7




number of nucleus

7.00E-05

5.00E-05

5.00E-05

4.00E-05

3.00E-05 4

2.00E-05

1.00E-05

0.00E+00

6.8E-10

6.9E-10 7.0E-10 7.1E-10 7.2E-10 7.3E-10 7.4E-10 7.5E-10

radius (m)

7.6E-10

Heterogeneous Nucleation

9
. &£

L) . o ~ r =) dif &
B 79 nucleation VINAVUUTNIUITDUNDNTDIOU ) WHH?

Y

9 = ' = o ol Y kY
PNLAYY YW HANUILYUNENVUTIUVSUUNTD, Tﬁ‘?‘f%

HRIAIMUHIT LT Ao

=} - o . A A g/ rﬁl 1)
B NOuHIDUNL homogeneous nucleation ABDNMITATNWUHND

= ] (] . = 9
LLa$ﬂ§3J’l¢1§°1‘1/‘i3J #1737 heterogeneous nucleation UN1FEI N

o
=Y v [ ° o 1
Aui Indeond1 Ml 14U 14810071 homogeneous

nucleation
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Heterogeneous Nucleation

ys—!

}/c—l
Liguid-solid surface 2 (1-cos @)
2 2
Catalyst-solid surface 7 (1-cos” §)

AG, =2mr*(1-cos @)y, +m’*(1—cos’ O)(y, . — Vet

- im3{(2+0059)(1—c059)2}

3 4
70)
_4 3 *z_m_zjiii
V—gm” f(6) e
_ 4 3 *_EW.\%—I
AG,, =" [(O)AG, AGr =TS ©O)
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Nucleation mﬂﬂmu“lmmmaﬁ Quclmumuamu Heterogeneous nucleation
Tagfien undercooling nareglugilavanm 0.1 - 10K Wi

[
Y

A18819U94 heterogeneous nucleation UanmlaRneiunia Tang laun

Tsenisnszswdiidumats nie {Snduluie “shufien Ins1d cact
i

2 . Y A4 qu d o 1 o ) i .
11l heterogeneous nuclei wdrva e siuday WYL, Silver lodine
[~ @ o Iy

ifud9ih19Aa nucleation

5/ 1
CaCl, GOV ERLLAR

¥ T
o o . . =
HVIH /Silver loding —————— 1913 AT

12




Rate of nucleation

\

Jump frequency of atom Activation energy for
movement of atom

V=V, exp(—

Jump frequency at the surface

AG=E(T, - T)

mn

Solidification rate = X

~v, exp[— “QM J(TAJ(T,,, -7

v, exp(- A;f” J

L
-

m

(7, -T) ™.

rate
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time

(a)

Grain boundaries

Crystals which
will form grains

1€ (2)
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‘Dendrite”

i

it

15




S

b

grain
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v g o a4 v q ¥

ﬂﬁﬁ']ﬂ']ﬁwu@l?‘ﬂlﬁqﬂqﬂ]ﬂ'lclﬁ
Y al a o '

Ulﬂlﬂiu‘ﬂﬂm'ﬂﬂﬂ 158071

“Chill Grain”

E
nasnminanas ) luau
v w o v o
AN NOATIMTITUA A1
-] Wy 0 -~ =4 Y =1
MlAuIuianfegt ool
msAmeaIu1n venead 1
¥

AWNAN AN IOA U MUY
Hﬁ"ﬂ ﬁﬂﬂ’h “Columnar

Grain”

Y 3 4 8w ¥ s o 1 1
L ‘H'GN‘ﬂWﬂUULﬁ@TﬁW%WQﬁ?MTﬂﬁH ATHAAUDSINAYDIINNTEHIN
' 9

3

= a w o a

FHUNUNDUHUGELDD Lﬂuﬂu’JUﬂ?'\N%}@u mﬂﬁmamammmwu
¥

-2 '

Y ] = 9 ' ot 1 )
IndiRusdulunaaz e Seldnsuvualngi luauegdufiamg

4
597 “Equiaxed Grain”

m geioiifTnssadevasemdofinny i asuawedu uied
($ Chill Grain Sagiinuufausann v5nufiiiu Columnar Grain
Auetinnuudaus e hividugafiems uSowidu Bquiaed Grain®
sefinamudausadindy Chill Grain

n Lﬁ@ﬂ%ﬂﬂgﬂﬁiﬂi\‘l a3 19nzBuaiei Inoculation, Modification,

Grain refinement
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External Shrinkage

Shrinkage

Internal Shrinkage
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Directional Solidification

dsfiuia 2 danuvn
daaninsnaduuazazie
maudadaneu

23123

diodaud 1 dansud e
Ramanadauas Wi Tang
Twarisnnaunu 3adn
Shrinkage cavity *?I'Tu

Fud lufedewirlfinad iy
Miufledan 1523
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1521ANYDI Riser

M Open riser

3 \ A o Y a W
— 1 riser MAlanMAUIVUARA DD TTONIA

¥ =

~ @MU IAR Solid film 111999103 Radiation tasyin v lave

@
duuuudsdaneu i lwi Tans T lva T @y Tuwoy mszine

e

aa@nen1euy riser

a 974

y . .
— uflu e 1% Exothermic compound Dg Exothermic sleeve it
Y v 0 q ¥ y e 2w
AU TOULN riser 1’]ﬂﬂl‘!_l‘uﬂﬂq@ﬂﬁmlﬂﬂﬂ'ﬁkﬂﬂﬁﬂ

|+ Casting
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1J521nNVD9 Riser

M Blind riser
— i riser wnvila iiatlosiunsifa Solid file RRIEAIY

=4 Qs 2
— U 20NUBEAD

-

" 1% Core Sand N ﬂmmmamﬂaﬁﬂm riser Yaofiunanaz

=

mflwuqmwg&mmmﬂawmwmﬂﬂ llmﬂﬂqmutgmmwaw

ai

Core Sand 3 Permeability

® pressure Blind riser ﬁmf}'aTawwﬁaﬁasﬂumﬁﬂﬂﬁ’ﬂaww
naouma luianaiona linseed 130 CaCo, Lmam"]:ﬂ
1,11E]’g’fiLIWﬁﬁ)m‘ﬂﬂMﬁﬁﬂ”LﬂﬂLLﬂﬁlﬂmliﬂﬂuNﬁﬂuﬂﬂ‘ﬁ asll
ANABII

Bry sand

P.aur.-iaig Cup
L o core

! {Peneil core}
¥ pory sand] 7~

Biind Riser Y

Riser nevk

Rised neck:
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AFMINIVUIA Riser 4289F Chvorinov

M Caine 1AY1015MA809MIHIUUIAUD riser WU

+c
yv—bh

A & . ) Y
W 110 x A freezing ratio NNV
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M y 79 volume ratio

v
VC

W 2 b, c AeAIAeRRa lans 1wy
— Cast Steel :a=0.12,b=005,c=1

— Brass:a=0.04,b=0017,c=1

_ﬂ"&’ " 2
4 xsmyme ).

| Ghripktye

Riser w!&m/cam‘;kg voliume

UL ST NN TR S ST TR VU N DO N R | :

138 - - — :
f8 38 W ¥V w7 ¥ ¥ TE M7 Ve 19 20 7 22

" i i s { vdlume ftagtiag)
& i Suriace Ares 5 2F
MREZINg TOLos e e | Fiverl

Eatenged Riger shape I;_ampaci_
Coripnet CG‘Sﬁl’."Q -SMFO Ertandwd
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1 W ! <
B #1931 Naval Research Laboratory Tawanndann Caine it
2 ] 1
sUt3IHLnUu Taaumuiiezld Volume ratio tldonunld Shape
factor 4N U

M Shape Factor ML

L+W
T

TY "RHL eageriiental ponts
: . Catculat e points {Cdine riethod}
) . ' At risers hove WD inrange 0510
..' . E 3
#5
ﬁ‘z K
i v
I 4

‘ . i . L g o 4 i -4 i
GO A R B WOROM B8 000 % o18W 3037 W% 3

- Shape fackor s
. Compact: S Exended
novil 7,21 sdnamniiniis venanane Bhape factor iy Riser

v:;;luma/ Lagting Volume
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Riser votume, dm?

| Riger heighteemy

: | Biger diamiter
Sk )

L TN

— 'yy T

Rive

ryeraa

T T Ry
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A19819MT VIV UIA Riser

B §53MIMUIBNIVIIAUOY riser TIMTUVIUNEDRTUNIA 500 x 500 x
50 13

B 357
L+W ~500+500
T 50

W 191 T1/v0A7 Volume ratio 91001014

20

Y, _ 0.25
”

c
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V,=0.5%0.5x0.05=0.0125m’

=12.5dm’

V.=V, %025
=3.125dm’

v laannnadla

H =100 13/8 D = 200 mm
H=13010D=175mm
H= 1759 D =150 mm

¥
TunsalNsuaunanil Branch
Piece N15ATHIMUUIA riser L

a1aoon il
V. = volume of casting TEmMsduaem
pr = volume of branch piece DRI IAIUIEHIN pr Te
T.= Thickness of casting LAIMIAT Coefficient of

pr = Thickness of branch piece Additional 919 Diagram
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dielddr 1) udy Sondniinseumdeswnnaums Vi =V +nV,

§200714

.“__.__,.I

Unit: cm
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L+W 60450
T

Shape factor =

=13.8

AnLEUNIN 7.21 14

v =(.3

VC

V. =8x50x60= 24,000cm’
Vi, =5%25x60 = 7,500cm’
Zr 22063

T 8

(4

nnns 724 e 1 =0.63

Vie =V, +1V,,
= 24,000 +(0.63x7,500)
=28.730cm’
SV =03xV. = 8,600cm’
1051 7.22 WA riser 7| H/D = 1

H =22.5¢cm
D =225cm




FLUZN1IN riser A1N1TOUA shrinkage 161

NIt Plate
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msﬁm’amnmmm%aﬁ’mmmuﬁa'@

ViA
p=—=
Jar
T, —T
y == PG,
pH,
2 1 a = OO for infinite plate

)8 =7 "‘\/"_;— + _C-IE = 4 for infinite eylinder

= 3 for sphere

Example

Determine the solidification time of the following iron castings, both
poured with no superheat into the molds.

a) A slab casting 100 mm thick

b) A spherically shaped casting 100 mm in diameter

Iron data: T, = 1808 K; H, = 2.27 x 10> J kg'?; p’ = 7210 kg m?

Sand data: k = 0.865 W m ' Kt p = 1600 kg m3; C,=1170 ) kgt K4,
sand temperature T, = 300 K

_ (1808—300)(1600)(1170) _
S (721002.72x10°)
0865
“ = 600)1170)

1.44

4.62%x10 7" m’s™




et

a) For slab

—‘; 0.100 =(0.050m

T2
2 ()0.44)

T

=1.62

=1.62

ba‘Co&Lf'Q

v/

aﬂ

(V14 (0.050)°
C(1.62) (1 627)(4.62x1077)

=2060s

b) For spherical casting

V_D_0100_ 4 6167m
4 6 6

g :’/[‘f*aﬂ
=1.88
le.SS

Jar

W4 (0.0167)°
T 088Ya (.88 )462x107)

34




J o (4
Ui 8 nTRAUNNTUIRTEY LTitad
T.ﬂﬂ’):ﬁ‘nm Wlodawer

3
- WWANNNT2AY Chvorinov 191 Modulus nAf
[ I'd 7 A 5 & o
LL‘sz‘nﬂﬂiL‘ﬁ’aﬁ:mmummﬂﬂ1'1 Modulus NATULINAN
A’ \ A{ £ b e W )
pdFuIae (M, > M) (W L limefudeidandd
UG

¢ M, mrinunn M, etz 1.2 - L4
=5 o’ [ s ﬂv ]
LaanitnnaIaiaed laweanas 1 ludusumase




[ Gasting |

AI = &% £ + X ) v . dg dlﬁ
L'lJ’BLﬂﬂﬂ”!ﬂl‘ﬂ\m’]'?ﬂﬂﬁf‘ﬂ?.l]illl‘ﬂum']‘lﬂ Riser HWUNNYD
“% !

Al g o 1 o tY & o ﬁ: .

dugunasia Ui M, onad i Linnsuedafl Riser 150
95 v

INUNAD LLa:iﬂﬂﬁm:nuEnﬁﬂﬂ‘lufﬁumuwéam‘lmumu

Ady
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JFMIMMAA Specific Shrinkage touninanfaiidmudy
C 1.0%, Mn 12%, Si 0.3%, Cr 2% ¥ 1500 'C

00 i 1.0%C 1500 °C A1 Shrinkage = 5.3%

Mn 12% = 0.0585 x 12 = 0.702%
si 0.3% = 1.03 x 0.30 = 0.309%
Cr 0.2% = 0.12 x 2,00 = 0.240%

il 6.251%
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et
WIUMAN Specific Shrinkage raanEnandaiiafidoundy
C 1.0%, Mn 12%, S 0.3%, Cr 2% i 1500 °C
0w 7 1.0%C 1500 °C fn Shrinkage = 5.3%

Mn 12% = 0.0585 x 12 = 0.702%

Si 0.3% = 1.03 x 0.30 0.309%

Cr 0.2% = 0.12 x 2.00 = 0.240%

77 6.251%
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Fusuiinansuzniuuie (Bar)

V=axbxl
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_V axbxl
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FuuvTanTzuanna N (Hollow Cylinder)

Vz(mﬂf —m’zz)b
= (5 = 1) + 1) x b
A=2m} - md )+ 2, b+ 27, x b
=2n(rn, +r2)[(13 -r~r2)+b]
V. om(n-n)ntr)xh
T4 27(r + 1) —r,)+b]
axb

Basic Area 2(a+b)

e IniuinRT M ged Cubic, Cylindrical
ua: Sphere mmf’{umuﬁumm a 9= lupdanndud
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= weight of chill
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= latent heat of fusion
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