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1) Equilibrium Solidification : perfect mixing in solid and liquid
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* Equilibrium solute concentration
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2) Non-equilibrium Solidification: No Diffusion in Solid, Perfect Mixing in Liquid
Mass balance: non-equilibrium lever rule (corina_structure)

When cooled by dT from any arbitrary T, '
determine the followings. &

. solute ejected into the liquid = ?

|
|
— solute increase in the liquid | &,
I
I
|
|
|
|
|
I
|

Ignore the difference in molar volume % -
between the solid and liquid.

>< U
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fs: volume fraction solidified

solute ejected into the liquid=? — proportional to what? df, (X - Xg)
solute increase in the liquid=? — proportional to what? (1-f.) dX,

(X, —Xg)dfg =(1-1)dX, Solve this equation.

when fs=0 — Xg, X ? Xg = kXpand X, =X,

Initial conditions



. x. dX
.[xo X, x —[ —kX :jxo XL(l—Lk)

jofs A-K)(-DdIn@- f;) = [“dInX,

In%z(k—l)ln(l— o)

k-1 Te b L -
X = kXg (1-f5 ) / i
.......................................................... | i
- non-equilibrium lever rule | L
(Scheil equation) Xo o X
(a) Xsolute ==

— quite generally applicable even for nonplanar solid/liquid interfaces provided
here, the liguid composition is uniform and that the Gibbs-Thomson effect is negligible.
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“If k<1: predicts that if no diff. in solid, some eutectic always exist to solidify.”
(Xs < X1)



“Alloy solidification”

- Solidification of single-phase alloys

* No Diffusion on Solid,
Diffusional Mixing in the Liquid

Interface temperature

T T; T,

kX i N R * Steady-state at T;. The composition
0 ] i D/v solidifying equals the composition of
[ : liquid far ahead of the solid (X,).




* Constitutional Supercooling No Diffusion on Solid, = Steady State
Diffusional Mixing in the Liquid
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Constitutional

* Actual temperature gradient in Liquid supercooling

T L Ty

* equilibrium solidification temp. change

At the interface,

equil. Solid —=}=— Liquid

quil.

Distance x —»

T,' > (T;-T3)/(D/v) : the protrusion melts back == Planar interface: stable

T,'Iv < (T,-T3)/D [ Constitutional supercooling— cellular/ dendritic growth 6




Cel I u I ar SO I | d |f| C at| ON: formation by constitutional supercooling in superheated liquid

If temperature gradient ahead of an initially planar interface is gradually reduced
below the critical value, (constitutional supercooling at solid/liquid interface)

Break down of th

interface: formation

Lower Te Formation of
other protrusions

Solute
pile up:

Local melting

First protrusion ) j—pt

%4

- < Protrusions develop into long
arms or cells growing parallel

of cellular structure Heat flow to the direction of heat flow

(a) (b) (c) (e)

Fig. 4.24 The breakdown of an initially planar solidification front into cells
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Solidification of Pure Metal : Thermal gradient dominant

{

Solidification of single phase alloy: Solute redistribution dominant

a) Constitutional supercooling

Planar — Cellular growth — cellular dendritic growth — Free dendritic growth

SAAN =P BIJS] T | - xAN apPodod =t 47Fste crystal2 BE| QARG

thin zone /4ol Q1% Cel Mtte] matujegA/ shx] HES Az AgZ o2 hEE
Dome JH| AT / FHO|  =0] square array/ Dendrite o olsf ¥7d

hexagonal array NRMapsEE 0 2 A AHusE ws) Dendrite 4%} 913F/ Branched

rod-type dendrite
— “Nucleation of new crystal in liquid”
d7dol dojy = interface B} =2 2%

b) Segregation

. normal segregation, grain boundary segregation, cellular segregation,
dendritic segregation, inversegregation, coring and intercrystalline
segregation, gravity segregation



Q: Various different types of
eutectic solidification (L-a + 3) ?



4.3.2 Eutectic Solidification: L—a + B

(€) (d)

(e) (N

ario
Fig. 14 Schematic representation possible ineutectic structures. (a), (b) and (c) are

alloys shown in fig. 13; (d) nodular; () Chinese script; (f) acicular;
(g) lamellar; and (h) divorced.



4.3.2 Eutectic Solidification

Various different types of eutectic solidification —» Both phases grow simultaneously.

Normal eutectic

both phases have low entropies of fusion.

‘J

o

Fig. 430 Rod-like eutectic. Al;Fe rods in Al matrix.
Transverse section. Transmission electron
micrograph { x 70000).

Anomalous eutectic

One of the solid phases is capable of faceting,
i.e., has a high entropy or melting.

The microstructure of the Pb-61.9%Sn (eutectic) alloy

presented a coupled growth of the (Pb)/BSn eutectic.
There is aremarkable change in morphology increasing
the degree of undercooling with transition
from regular lamellar to anomalous eutectic.
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http://www.matter.org.uk/solidification/eutectic/anomalous_eutectics.htm



Eutectic Divorced Eutectic




Q: Thermodynamics and Kinetics of
eutectic solidification (L-a + 3) ?
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This section will only be concerned with normal structures, and deal mainly with lamellar morphologies.

2. Eutectic Solidification (Thermodynamics)

T

A B A B

Plot the diagram of Gibbs free energy vs. composition at T; and T,.

What is the driving force for the eutectic reaction (L —a + B)at T, at C,,;?

What is the driving force for nucleation of a and p? “ AT ”
14



Eutectic Solidification (Kinetics)
: AT- formation of interface + solute redistribution

If a Is nucleated from liquid and starts to grow, what would be
the composition at the interface of o/L determined?

— rough interface (diffusion interface) & local equilibrium

How about at B/L? Nature’s choice? Lamellar structure

— G = Gpuy * Gintertace = Go YA | i2,A71 ¥ 4G5 = minimum:
Interface energy + Misfit strain energy
« B-rich liquid _ o _
) Eutectic solidification
_ | 1 B A . diffusion controlled process
Interlamellar p A-rich liquid .
: e T 1) A | — eutectic growth rate 1
spacing — )5)a
. > Brich liquid ~ but 2) A | — o/ interfacial E, y,,1

> — lower limit of A
B —_ V
=) fastest growth rate at a certain A

What would be arole of the curvature at the tip?

— Gibbs-Thomson Effect

15



Eutectic Solidification (Kinetics) :

. AT— a) formation of interface + b) solute redistribution

How many o/B interfaces per unit length? —»1/4x2 *

a) Formation of interface: AG
For an interlamellar spacing, A, there is a total of (2/ A) m?

of a/B interface per m? of eutectic.

LAT Molar volume
AG=duzTo 5 AG =A,u:%xvm

Driving force for nucleation = Total interfacial E of eutectic phase

N NN NN S

For veryv lar i i ~ Total undercooling
y large values of A, interfacial E~ 0 AH ATO
)\—>°°, AG((X)):A”:
No interface (ideal case) TE
AG (/1) =7 = —AG (OO) +
With interface (real case) A Inteffacial E tefm |
Solidification will take place if AG is negative (-). A X; Xs— B

m

a) All AT- use for interface formation=min. A ;i

What would be the minimum A? i Critical spacing, 4" :AG(A17)=0 ¢

. 2TV
AG(w) = m 2 =Sl
0

16



Gibbs-Thomson effect

Cf)r*_zysL :£@mj 1

A== ™ — identical to critical radius T AG, L, )aT)

AH o
of dendrite tip in pure metal | . 3tent heat per unit volume
[ = AH =H!- HS

* Growth Mechanism: Gibbs-Thomson effect in a AG-composition diagram?

1) At A=A* (<),

i The cause of G increase is the curvature of the o/L
and B/L interfaces arising from the need to balance
the interfacial tensions at the o/ B/L triple point,

therefore the increase will be different for the two
phases, but for simple cases it can be shown to be

2YapVm for both.
A

2YaVin 1) If A=A*, growth rate will be /nfinitely
N slow because the liquid in contact with
both phases has the same composition,

X¢ in Figure 4.32.

\.
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_ * If o> A > A*, G, and Gg are correspondingly reduced
2) At A= (c0>) A (>A%), because less free energy is locked in the interfaces. — XBL/“ > XB"/B

G @ T -AT, * Eutectic growth rate, V
Concentration of B must be higher ahead of the a phpse — if a/L and B/L interfaces are highly mobile

— proportional to flux of solute through liquid

oD (X - X

Formation of :

J interface: 0G i o 1/effective diffusion distance.. 1/A

|
| } 2Y{1BVm
I A
A xy/P X/ B
( ) B concentratipn ahead B concentration ahead . - ey
a of the B phas [— of the|a phase 1= , AX =0 y)
¥ B : AX =AX,(1-—) i (2)
vV A =0, AX =AX, R
i Y Y L ST g oo e
—— e — AXO oC ATO (3)
AT, . A,
@2+@) > @) v=k,D—>(1-=)
B « e A 4.
» A > Maximum growth rate at a fixed AT, A = 21*

(b) Fig. 4.33 (a) Molar free energy diagram at (T - AT,) for the case A* < A < oo,

showin%the composition difference available to drive diffusion through the liquid 13
(AX). (b) Model used to calculate the growth rate.



AX will it self depend on A. ~ maximum value, AX,

* : If undercooling is small
, A=AAX=0 L AX = AX (1__) E>AX oc AT,
r A = 0, AX = AXO Eeeerrrr e ——— e ——

* Total Undercooling

AT, = AT. + AT,

Undercooling required to overcome
the interfacial curvature effects

A Tr Undercooling for curvature, r

/ 7 N N A TD Undercooling for Diffusion
H———- C L N St
Undercooling required to give a sufficient
Y composition difference to drive the diffusion
AX
Y
AX,
(A =o0)
A Xy —> B

Fig. 4.34 Eutectic phase diagram showing the relationship
between AX and AX, (exaggerated for clarity) 19



_ * If o> A > A*, G, and Gg are correspondingly reduced
2) At A= (c0>) A (>A%), because less free energy is locked in the interfaces. — XBL/“ > XB"/B

G @ T -AT, * Eutectic growth rate, V
Concentration of B must be higher ahead of the a phpse — if a/L and B/L interfaces are highly mobile

— proportional to flux of solute through liquid

oD (X - X

Formation of :

J interface: 0G i o 1/effective diffusion distance.. 1/A

|
| } 2Y{1BVm
I A
A xy/P X/ B
( ) B concentratipn ahead B concentration ahead . - ey
a of the B phas [— of the|a phase 1= , AX =0 y)
¥ B : AX =AX,(1-—) i (2)
vV A =0, AX =AX, R
i Y Y L ST g oo e
—— e — AXO oC ATO (3)
AT, . A,
@2+@) > @) v=k,D—>(1-=)
B « e A 4.
» A > Maximum growth rate at a fixed AT, A = 21*

(b) Fig. 4.33 (a) Molar free energy diagram at (T - AT,) for the case A* < A < oo,

showin%the composition difference available to drive diffusion through the liquid 20
(AX). (b) Model used to calculate the growth rate.



Closer look at the tip of a growing dendrite

different from a planar interface because heat can be conducted

away from the tip in three dimensions.

Assume the solid is isothermal (TS’ —

From KSTS' = KLTL' +vL,,
If TS =0 v =ttt
: L, |

A solution to the heat-flow equation
for a hemispherical tip:

Te

AT, =T -T,
KT, ;KL.ATC VoL

L LT r

T, (negative) =

Vv

Thermodynamics at the tip?

Gibbs-Thomson effect:
melting point depression

0)

4\ /
L/
v
solid Y~

~
A

Heat flow

However, AT also depends onr.
How?

_2yT
r I_Vr

2y

27 AT
r

AG AT, =

r

Ly
Tm



Minimum possible radius (r)? Tl F)
Curvature AT,
Ti _ # ?ATO
AT _) AT T T _) r T[ Composition AT
sesreennn : The crit.nucl.radius gradient
:r* 27/Tm Y ’
= 29T,
LVATO ATr - L\/r // Liquid
.............................. ,
. sid Y
Express AT, by r,r and AT,. ot - x
N = Heat flow
AT __ATO \\

___________________________________________________________________________________

v—>0 asr —>r due to Gibbs-Thomson effect
as r - o due to slower heat condution

Maximum velocity? s r=2r"

22



Undercooling A7,

AT, AT, HAT,| = AG

r

total

Curvature CompositioW

=|AG

r

+AG, —> v=kD =t (-2

<«

By varying the interface

Zyayvm AGD — free energy dissipated undercooling (AT,) it is possible
AGr = T in diffusion to vary the growth rate (V) and
spacing A) independently.

— free energy dissipated
in forming a/ B interfaces

Therefore, it is impossible to predict the spacing that will be
observed for a given growth rate. However, controlled growth
experiments show that a specific value of A Is always

associated with a given growth rate.

G

AT

o
il
| e R

(A=0c0)
A T A— B

ATp

@ Te-47,

Fig. 4.34 Eutectic phase diagram showing the relationship 23
between AX and AX, (exaggerated for clarity)



Undercooling A7,

AT, S AT, HAT,| = AG,,, =|AG, +AG,| =} V=KD -

Curvature CompositiOW / s eessssesasssasensassasss s e se ;

< By varying the interface

2}/a},Vm AGD — free energy dissipated undercooling (AT,) it is possible
AGr = T in diffusion to vary the growth rate (V) and
spacing A) independently.

__) free _energy dI_SSIDated Therefore, it is impossible to predict the spacing that will be

in forming e/ B interfaces observed for a given growth rate. However, controlled growth
experiments show that a specific value of A Is always
associated with a given growth rate.

* For example,
Maximum growth rate at a fixed ATg—> 10 =24 /

@ v=kp @ L) m> v, =k,DAT /47| ®

From Eq. 4.39 /1* N 2TE7Vm

AT, c1/ 1| (8)

AHAT,
So that th? following . ‘ ...... Vﬁzzk(constant) ......... Ex) Lamellar eutectic in the Pb-Sn system
relationships are predicted: 0“*0 3 :
: ks~ 33 um3/s and k,~ 1 pm/s-K?
B)+(6) —— v, o 33 pmiys and fum 1w

mp V=1pm/s, o =5 pm and AT, = 1K




* Total Undercooling . .
Strictly speaking,

ATO — ATr _|_ ATD ATi term should be added but, negligible for high mobility interfaces
pad Ny

Driving force for atom migration across the interfaces

Undercooling required to overcome Undercooling required to give a sufficient
the interfacial curvature effects composition difference to drive the diffusion

ATD —> Vary continuously from the middle of the a to the middle of the B lamellae

ATO = CONSL <« Interface is essentially isothermal.

ATD _) AT The interface curvature will change across the interface.

Should be compensated

* A planar eutectic front is not always stable.

Binary eutectic alloys “Form a cellular morphology”
contains impurities or ) analogous to single phase solidification
other alloying elements restrict in a sufficiently high temp. gradient.

=) The solidification direction changes as the cell
walls are approached and the lamellar or rod
structure fans out and may even change to an
irregular structure.

=) |mpurity elements (here, mainly copper)
concentrate at the cell walls.

25



A planar eutectic front is not always stable.

Binary eutectic alloys Form a cellular morphology

contains impurities or
other alloying elements restrict in a sufficiently high temp. gradient.

analogous to single phase solidification

=) The solidification direction changes as the cell
walls are approached and the lamellar or rod
structure fans out and may even change to an
irregular structure.

= Impurity elements (here, mainly copper)
concentrate at the cell walls.

[ Cell Cell Boundary
boundary matrix node

0.10

5 Fe

o 0.08F

g .

S e

2 0oer ﬂ Lowest
0.04 - Y measurable

' ﬂ Cu Cu concentration
002 ——=—Ft——————————— "———\:_/
=1 - 0 ~
' e : SN istance
i RS
Fig. 4.35 Transverse section through the cellular structure Fig. 4.36 Composition profiles across the cells in Fig. 4.35b.

of an Al-AlgFe rod eutectic (x3500).




Q: Off-eutectic Solidification?

27



4.3.3 Off-eutectic Solidification Pb-Sn system

(a) Equilibrium solidification

|
|
!
|
|
|
|
|
|
1
I
|
|
|

40 60 80 Sn
Weight percent tin

FIGURE 10-12 The solidification and microstructure of a hypoeutectic alloy
(Pb-30% Sn). 28



4.3.3 Off-eutectic Solidification Pb-Sn system

(a) (b)

FIGURE 10-13 (a) A hypoeutectic lead-tin alloy. (b) A hypereutectic lead-tin alloy. The
dark constituent is the lead-rich solid «, the light constituent is the tin-rich solid f, and
the fine plate structure is the eutectic | x 400). )



Temperature across
solidification front

4.3.3 Off-eutectic Solidification

Heat flow (b) Non-equilibrium solidification

yl a. primary a + eutectic lamellar

T - Primary a dendrites form at T,.
SRR - - ¥ Rejected solute increases X, to Xg;

0§ Q@ RHIRUVE" eutectic solidification follows.
LEEe L

YN
AN
r:}’u"g”

£
L

‘eutectic’ with an overall
composition X, instead of Xg.

i
1
o+ B 'b. The alloy solidifies as 100%
i
i
1

—
[p]
—

x A X, Xg Xz 30



Q: Peritectic Solidification (L + a - 3)?

31



Solidification and microstructure
that develop as a result of the peritectic reaction

(a) Equilibrium solidification

0.10  0.20 K o o
_ 0301 040 050 060 0‘7CFIGURE 10-24 The peritectic reaction in a

Weight percent carbon Cd-10% Cu alloy begins when rounded

32



4.3.4 Peritectic Solidification

Temperature across
solidification front

}

m—mmmm— e — — e —— T\ |-

a+L

e
+
-
L -
5. -
o =
e e — —

(b) Non-equilibrium solidification

. T - :
- i Ly
» s & .
. B e i i Sl — S— —— — ——— — —— i
. .
’

- L+ a— B, difficult to complete. B

- a dendrites first form at T; B+y
Liquid reaches the composition ‘c’;
B forms as the result of the peritectic reaction;
a coring is isolated from further reaction
finally B + y eutectic forms.

(c) P



Two of the most important application of solidification :
“*Casting” and “Weld solidification”

Q: What Kinds of ingot structure exist?

Ingot Structure

- Chill zone

- Columnar zone

- Equiaxed zone

34



4.4 Solidification of Ingots and Castings

an object or piece of machinery which
has been made by pouring a liquid
such as hot metal into a container

Later to be worked, e.g. by rolling, Permitted to regain their shape afterwards,
extrusion or forging>> blank (smal) OF reshaped by machining

:':-» *lt;‘ WH M' " f” "w' ;",;
.L_\‘{w W )

a lump of metal, usually
shaped like a brick.

Ingot Structure

‘_

- outer Chill zone
. equiaxed crystals

- Columnar zone
. elongated or column-like grains

- central Equiaxed zone

Chill zone

- Solid nuclei form on the mould wall and begin to grow into the liquid.

1) If the pouring temp. is low: liquid~ rapidly cooled below the liquidus temp. —
big-bang nucleation — entirely equiaxed ingot structure, no columnar zone

2) If the pouring temp. is high: liquid~remain above the liquidus temp. for a long
time — majority of crystals~remelt under influence of the turbulent melt
(“convection current”) — form the chill zone



Columnar zone

After pouring the temperature gradient at the mould walls decreases
and the crystals in the chill zone grow dendritically in certain
crystallographic directions, e.g. <100> in the case of cubic metals.

— grow fastest and outgrow less favorably oriented neighbors

N ERE WP <100> ol
& 2 2732 42 95
1
|
Nucleation N /
sites N\ _ /
\" - * MOId
N | ‘ | wall =™
\' | | Nucleation
Mold | + sites
wall
‘—

Heat flow
\
\

L L L L L Ll
/
/
~
-~

Fig. 4.41 Competitive growth soon after
pouring. Dendrites with primary arms
normal to the mould wall, i.e. parallel to the
maximum temperature gradient, outgrow
less favorably oriented neighbors.

Mushy zone (or pasty zone)

depends on temp. gradient and
New primary armnon-equil. Freezing range of
grows from here the alloy

T el |
T +++++1+ One
_t:__-__lt_-lti.-lt.i: — F ,colurr}nar
e ek o ot I e N N S B
REES) G oy SRR o o TSR AN
TEEF  Hento, Fri+
T

Fig. 4.42 Favorably oriented dendrites
develop into columnar grains. Each
columnar grain originates from the same
heterogeneous nucleation site, but can
contain many primary dendrite arms.
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1) In general, the secondary arms
become coarser with distance
behind the primary dendrite tips.

2) The primary and secondary dendrite
arm spacing increase with increasing
distance from the mold wall.

(" a corresponding decrease in the
cooling rate with time after pouring)

YV

\

|

W EANE YR

—> Mushy zone (or pasty zone)

E .\
depends on temp. gradient and non- = :
equil. freezing range of the alloy = e

= I‘i y'

FJ
=

Aal

|
iy

|

il”il'“- b L ddid
R
") Ty

Fig. 4.28 Columnar dendrites in a transparent organic alloy.
(After K.A. Jackson in Solidification, American Society for Metals, 1971, p. 121.)



Equiaxed zone

The equiaxed zone consists of equiaxed grains randomly oriented
In the centre of the ingot. An important origin of these grains is
thought to be melted-off dendrite side-arms + convection current

Fig. 4.40 Schematic cast grain structure.
(After M.C. Flemings, Solidification Processing, McGraw-Hill, New York, 1974.) 38



S . . -

Nuclei | "\ Chill grains

Columnar grains ﬁ Equiaxed grains
/




Q: What Kind of segregations exist?

40



4.4.2 Segregation and Shrinkage in Ingots and Castings
(a) Segregation
- Macrosegregation : Large area

composition changes over distances comparable to the
size of the specimen.

- Microsegregation: In the secondary dendrite arm
occur on the scale of the secondary dendrite arm spacing.

Four important factors that can lead to macrosegregation

a) Shrinkage due to solidification and thermal contraction.

b) Density differences in the interdendritic liquid.

c) Density differences between the solid and liquid.

d) Convection currents driven by temperature-induced density
differences in the liquid.

41



Fig. Simulation of macrosegregation formation in a large steel casting, showing
liquid velocity vectors during solidification (left) and final carbon macrosegregation
pattern (right).
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Fig.
Freckles in a single-crystal nickel-based superalloy prototype blade (left) and close-
up of a single freckle (right) (courtesy of A. F. Giamei, United Technologies Research Center).




Fig.
Sulfur print showing centerline segregation in a continuously cast steel slab
(courtesy of IPSCO Inc.).

t, center




(10 X 10 X 20 ynr)

Austenite B. Austenite

The result obtained by APT analysis. (a) 3D Atom map of Boron steel containing
100 ppm Boron and (b) composition profile showing solute segregation withings
retained austenite and grain boundary Korean J. Microscopy Vol. 41, No. 2, 2011




* Segregation: undesiable ~ deleterious effects on mechanical properties
— subsequent homogenization heat treatment, but diffusion in the solid far to slow

— good control of the solidification process
Inverse segregation (ZHA): As the

“A” Segregates columnar dendrites thicken solute-
rich liquid (assuming k<1) must

Concentrates f ;:f+ 3:,,:*,,:*‘*1 +‘5; flow back between the dendrites to
under hot-top — | § &~ W L ‘i compensate for (a) shrinkage and
segregation P X ‘, “positive” this raises the solute content of the
Poie g 1R outer parts of the ingot relative to
\ M S S the center.
+ 35+ ”
: r * —“V” Segregates  Ex) Al-Cu and Cu-Sn alloys with a wide
i ETE " freezing range (relatively low k)
“Bands”/ |. . +wj- i
: = 3«’; Negative segregation: The solid is
ToZzi % “negative” usually denser than the liquid and
PoEED G sinks carrying with it less solute (x
. Cone 'Df 7lgnmshthan the bulk composition
ey negative (assuming k<1). This can, therefore,
zzz= || segregation lead to a region of negative

=== segregation near the bottom of the
ingot. ((b) Gravity effects)

Fig. 4.43 Segregation pattern in a large killed steel ingot. + positive, - negative
segregation. (After M.C. Flemings, Scandinavian Journal of Metallurgy 5 (1976) 1.) 46



Q: Shrinkage in Solidification and Cooling?
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(b) Shrinkage

Crystallization is Controlled by Thermodynamics

Volume is high as a hot liquid
Volume shrinks as liquid is cooled
At the melting point, T, the liquid

crystallizes to the
thermodynamically stable
crystalline phase

More compact (generally)

crystalline phase has a smaller

volume

The crystal then shrinks as it is

further cooled to room
temperature

Slope of the cooling curve for
liquid and solid is the thermal

expansion coefficient, o

Volume

aliquid > > acrystal

crystallization

crystal

acrystal

Temperature

T

|
— >

Tk %m TQM:E) A

\pluwme, V' I 6.6% Qummngw,




Shrinkage in Solidification and Cooling

Reduction in
level due to
liquid contraction

Starting level
immediately
after pouring

Initial
solidification

Iten metal
NIGHS at mold wall

(0) (1)

* Shrinkage of a cylindrical casting during solidification and cooling:
(0) starting level of molten metal immediately after pouring; (1)
reduction in level caused by liquid contraction during cooling
(dimensional reductions are exaggerated for clarity).



Shrinkage in Solidification and Cooling

Reduction in (primary shrinkage)

height due to
solidification
shrinkage
—}— (Secondary
shrinkage)
cavity

Solid thermal

contraction |_"’ "‘
X B

Molten metal

Solid metal
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Shrinkage in Solidification and Cooling

« Can amount to 5-10% by volume

« Gray cast iron expands upon
solidification due to phase changes

 Need to design part and mold to take
this amount into consideration

TABLE 5.1
Volumetric Volumetric
solidification solidification
Metal or allov contraction (%o) Metal or allov contraction (%)
Aluminum 6.6 70%Cu—30%Zn 4.5
Al-4.5%Cu 6.3 90%Cu—-10%Al 4
Al-12%S1 3.8 Gray iron Expansion to 2.5
Carbon steel 2.5-3 Magnesium 4.2
1% carbon steel 4 White iron 4-55
Copper 4.9 Zingc 6.5

Source: After R. A. Flinn.
* Volumetric solidification expansion: H,0 (10%), Si (20%), Ge

ex) Al-Si eutectic alloy (casting alloy)— volumetric solidification contraction of Al
substitutes volumetric solidification expansion of Si.

Cast Iron: Fe + Carbon (~ 4%) + Si (~2%)
— precipitation of graphite during solidification reduces shrinkage.



Q: What is continuous casting?
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4.4.3 continuous casting: a number of dynamic industrial process

The molten metal is poured continuously into a water-cooled mold from which the
solidified metal is continuously withdrawn in plate or rod form. (solid-liquid interface)
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“Dynamic process: importance of isotherm distribution”
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4.4.3 continuous casting
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4.4.3 continuous casting
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