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Table 4.2. Solidification contraction of various metals and alloys

Matenal Volumetric solidifica- | Matenal Jolumetric solidifica-
tion contraction, %o tion contraction, %s
carbon steel 25w3 Cu-30%7Zn 4.5
1% carbon steel 4 Cu-10%0A1 4
white iron 4t05.5 alumimm 6.6
oray won -2.5 (expansion) to 1.6 | Al-4.5%Cu 6.3
ductile iron =45 {expansion) to 2.7 | Al-12%51 i
copper 49 Magnesim 42
| zme 6.5
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Fluid Flow during Solidification
SIS 4 dsi g slezxil e P L]

Shrinkage Flow:

*  The vast majority of metals and alloys shrink during solidification
* Solidification contraction:

Vi Vs  Ps—Ps
p=-"t—2=
VL Ps

Table 4.2. Solidification contraction of various metals and alloys

Material Volumetric solidifica- Material Volumetric solidifica-
tion contraction. % tion contraction. %
carbon steel 2503 Cu-30%Zn 45
1%5 carbon steel 4 Cu-10%Al 4
white iron 4105.5 aluminum 6.6
gray iron -2.5 (expansion) to 1.6 | Al-4.5%Cu 6.3
ductile iron -4.5 (expansion) t0 2.7 | Al-12%Si 3.8
copper 4.9 magnesimmn 4.2
zine 6.5
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Fluid Flow during Solidification

Shrinkage Flows2/"5 455 9 slezil (> (2 LA

Assumptions:

> Heat is extracted from the wide faces of the plate by convection with a
constant heat transfer coefficient(h).

» Temperature gradients within the plate are negligible.
» The solid fraction at any given time is uniform through the plate.
» Temperature range of solidification is not too large.

> Fluid flow within mushy zone is modeled as fluid flow through a porous
media with interconnected pores (Darcy Law).

> Liquid fraction is treated as fraction of porosity in porous media.

> Physical properties of each phase is assumed to be constant.

| > A fixed dendritic network is assumed.

Fluid Flow during Solidification
Metal Shrinkage and feeding(risering)

o Solidification Liquid
El contraction contraction
2
p 2 g
= 3
= s
; " Melting Solid
£ | — [ temperature contraction
s g |
o
o i
Ty Ts TI:
T'CC) Temperature

For effective feeding to occur during solidification four main requirements
must be satisfied:

e a feeding source (riser) that solidifies after the region to be fed:

* sufficient liquid must be available to feed the shrinkage:

o umrestricted feeding channels (path of flow from the feeder to the
shrinkage):

e sufficient pressure on the liquid to make it flow toward the shrinkage
region.
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Fluid Flow during Solidification
Metal Shrinkage and feeding(risering):

>  Calculation of feeder volume:

The volume of the feeder has to be adapted in such a way
that two conditions are fulfilled:

e The solidification time of the feeder must be equal to or
longer than that of the casting. Then the melt in the feeder
compensates for the solidification shrinkage of the casting.

# The volume of the feeder must have a size which at least

is large enough to enclose the whole solidification shrink-
age inside the feeder.

» Time condition of the feeder and casting:
» This condition assumes that solidification time of feeder has to be greater or
equal to solidification time of casting:
. [ 21

7 feeder Feasting

Heat Transfer in mold

Modes of heat transfer: <+

» Conduction
» Convection

» Thermal radiation

14
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Heat Transfer in mold

+ Basic Law of Thermal Conduction under Stationary Conditions

AQ g =2 Ty dy T
Ar F2 / d7ay /4 dQrdr /g

[ [T A
do dr 0 yy+dy L
s (e T
d& dy Ty

where

Q = amount of heat
1 = time
k = thermal conductivity
A = cross-section area of bar
L = length of bar
T, — Ty = temperature difference between the ends of
the bar.

15

Heat Transfer in mold

e

1D steady state heat conduction <

area and unit time) can be The heat flux (amount of heat per unit >
written as:

T
d_q = —k(—) Fourier’s first law

where ¢ = amount of heat per unit area = Q/A.

16
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Heat Transfer in mold

¢ Thermal conductivity of some elements and alloys.

Material k
at20 °C (W/m K)
Cu 390
Cu (s, 1083 °C) 334

Al 237

Al (s, 600 °C) 218
Fe 83

Fe (s, 1535 °C) 31

Fe 0.85%C 45

Fe 18%Cr 8%Ni ~15
Water 0.60
Air (0°C) 0.024

Heat Transfer in mold

All bodies emit electromagnetic radiation or thermal radiation
to their surroundings.

dOW" = eapA(T* — T3 )dt

dQpg = opATdt Boltzmann's law rad

Material FPC) £

Al film 100 0.09
Oxidized Al 150-500 0.20-0.30
Polished steel 100 0.066
Casl iron 22 0.44

Cast iron 880-990 0.60-0.70
Low carbon steel 230-1065 0.20-0.32

18
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Heat Transfer in mold

One type of convection present in the casting of a metal melt is caused <+
by cooling the surface of the solidified metal or the mould with water

The cooling of a mould by flowing water is an example of forced convection. v/

One example of natural convection is the cooling of a metal surface in contact with v*
the air without any measures being taken to make the air circulate.

%: htxm[T oo Tﬁ)

where
h.on = heat transfer coefficient of convection
T =temperature of the surface of the metal
Ty, =temperature of cooling medium.
19

between Temperature drop across the interface «¢ - T
materials with different temperatures two

d o 2
d—'f:—m (T2 —T1) =) -

of air Poor contact between the materials will result in a thin layer <
the heat transfer will between them. Air is a poor thermal conductor and
layer appears decrease considerably when an air
h=—
0
With applying Fourier’s law and the hea here
transfer Equation on the thin layer of air  j — peat transfer coefficient of air

k = themmal conductivity of air
20 & = thickness of air layer.
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Heat Transfer in mold

% Thermal Conduction through Several Layers and across Several
Interfaces, Coupled in Series, under Stationary Conditions

L L, Ly
L il B X5 g Ly
kA = "|A] +k2¢“.3 k;ﬂg +<’!4A4 ’15445
hyAy B As
i kA kA ks Ay ]
Heat Transfer in mold

General Heat transfer with phase change Equation
* To be derived based on thermal Energy
conservation in the system

* Rate of Heat input — Rate of Heat output + Rate of Heat
generation — Rate of Heat consumption =
Rate of change of Heat content of the system
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g(pcp T)+V-(pc, VT)=V-(kVT)+5

k=15 WimK ., p=T900 kg, C, =400 kg K. C, = 800 Vkg.K, T,=1370°C, T,=25°C.
AT, =290 klimol

Temperature profile in the mold and in the casting for different assumptions «*

mold  solid liquid mold  solid liquid
|
gr r
ER e
g g
¢ €
g7 £
& ° o °
= =
0 0
Distance Distance
a) resistance in the mold b) resistance at the mold /solid interface

24
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The governing equation oT /ot = a‘(azT/ 6x2)

T'=C;+Crerf(u) where u= x/(Z\/E)

mold solid liquid

erf(u) 1s the error function |
2 % i g7
erf (x)=— exp(—x‘ )dx =
7 1,
(=N
£
'—-
25 D
Distance
BC1 at X =-o0 =T,
BC2 at  x=0 T=T,

where Ty is the fusion temperature of the metal, and 7, is the ambient temperature.

from BC1: T =C +Cerf(—n) =C,—Cerf(x)=C,—C,
from BC2: T, =C +Cerf(0)=C

T=T, +(1, -1, )erf (x/(2/at))

oT dx
& |E| =—p a, &
26 m( ax 1(:0 pS 4 df




YN/ F/VFES

V¥

T=T, +(1, T, )erf (x/(2/at))

Let us now try to evaluate the thickness of casting, I, solidified over some time
t. Heat flux balance at the solid /mold interface gives:

oT dx
~E | —=—p NEH T
’"( ox LO P

or 3] x k (T —T) k pc
k| =k 1, -1) Ly 2| =Cm i el | PmCm(p T
m(axe_o m(f O{axerfz\/af]ro Jf{af p (f o)

27

By analogy with Ohm’s law the resistance in the mold can be defined from g =
I AT/Ax = AT/(Ax/k) as:

1 Tt 2 Tf_Ta 1/2
R, =— |—— L=— Vkmpmcm'r
" A kmpmcm ]r(pSAHf

2
AH ’ "\
=2 ke (v} :cf.-(}] = ct.- M?
4\ kyp Poen N T, -T, | \ 4 A

This equation 1s known as the Chvorinov equation

where M 1s the casting modulus.
28
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Relation between Solidification Time and the Ratio V/A
for Spherical and Cylindrical Moulds

where
or PT noT r = the radius of the casting
A, = Ofmeud \ 37+ 7 72 1t ol
ot ot r or n = 1 for a cylinder
n = 2 for a sphere.

Vi Ti — T 2 k 7
metal _ i 0 N \/kmouldpmm]dcg]m]d \/Fta—m] + FAmouldtotal
VT 2r

A Pmetal (_AH)

31

Then,

) )

32

A4
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Example

Determine the solidification time for a steel cylinder with
a diameter of 15¢m that is cast in a sand mould. The
height of the cylinder is much larger than its diameter.
The sand mould and the steel have the following material

=

constants:
The thermal conductivity
of the sand kmoua =063 I/mK s
The density of the sand Prmouta = 1.61 x 10° kg/m®
The thermal capacity
of the sand cmould — 1,05 x 10° kg K
Solidification temperature
of the steel TL=T;=14:90 °C
Temperature of the
surroundings To=23°C
Solidification heat of
. the steel —AH =272 kl/kg.
Solution:
Vinetal Ti—Ty

i mou]drlcnal
= 1 )\/r
A Poea (—AH) ( (\/ mould P mould Cp' ot )

We introduce the given values and the height L of the
cylinder:
Li-Th, 1490 — 23
Pmeat(—AH) (7.8 x 103) x (272 x 103)

=0.691 x 105K m?/J

5
IR .= \/{).63 % (1.61 x 10%) x (1.05 x 10*) = 1.16 x 10°J/m* K %3
I

34
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Vet 7wr’L r 7.5 5
v _EHrLZEZ T:3.75>< 107" m
Hkmoujd . 1 x 0.63

- =42 J/m’sK
2r 2 x0075 fms

3.75 x 1072 = 0.691 x 107° (1.16 x 10 \/from1 + 4.2 tiotal)

tiotal + 276 /Trgm1 — 12921 =0 Vioa = —138 & v/ 1382 + 12921

Vioal = — 138 + 179 = 41; tigta = 1681 s = 28 min

35

The basic assumption is that heat transfer from the solid to the mold is by «*
convection. This is particularly valid when an air gap forms at the
interface in such processes as permanent molding or die-casting.

h(Tf 1 ): —ps AH ; dx/dt mold  solid _liquid

R,s = 1/(4h)

o

&

Temperature

36 .
Distance
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14

After the integration of the flux balance equation, betweent =0 <«
andt =t, and between x = 0 and x =1, itis obtained that:

1=t T oeflos arT,) 1=l
Ps AHf v

", o) 4

This equation 1s valid when AT, 1s large compared with AT or AT,

ATws>> ATswhen 1/h>> L Jks
or AT,,s >> AT,, when l/h >> [jr t/(km P, <, )]m

37

sleasil Loy opl2
ol
— agdal —— glea plal S oailE
&,188
dgdis R AT
= - ey s alold 8
..9)'3
dekal gy cos ) IS e i
(G el —
le a5l
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Metul utilization of feeders of various forms moulded in xand. The {a) exlindrical and (b)
henrispherical heads have been treated with normal feeding compounds; (c) the efficiency of the reverse
tuper heads depends on detailed geametry (Heine, 1982, 1983); {d) shaws an exothermic sleeve
{Beeley, 1972).
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Fluid Flow during Solidification
Metal Shrinkage and feeding(risering):

> Calculation of feeder volume :

» For sand casting Chvorinove’s rule is applied:

2

WL : V -
=G A_) tr = C-i( ;n) Vin= Ve = (V. + V)
f

a=p

Fluid Flow during Solidification
Metal Shrinkage and feeding(risering):

> Efficiency of Feeder (volume condition):

Vi Vi Vi — Vamn = B(Vs + V)
E ———————
Vy
Tnsulation Pipe
|
T
Ve — fvV. 14%
== lI'I]! Sand mould mould Sand mould
£ =
|2 /] Solid metal
Part of the casting | | Part of the casting |

A feeder will work in a satisfactory way only if both the
time and volume conditions are fulfilled.

Y
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Fluid Flow during Solidification
Metal Shrinkage and feeding(risering):

Example 10.1

A cube with side 20) cm will be cast in carbon steel, which
solidifies as austenite. To obtain a4 compact casting, a cubic
feeder is used. Owing to heat losses, the temperature of the
melt in the casting is lowered 200 °C below the temperature
of the feeder, when the casting starts to solidify. How large
must the side of the feeder at least be in order to give a
compact casting? The solidification shrinkage is 0.050.

. — T [p(=AH) +cpp(T; - )] 1 - p(-AH))? 1
= InL-To | Kenowa g “T4|n -1 J k P g
o 'mould ©p L (i} mould Fmould Yp
o ~AH = Vi A (G —~AH A
e [A¢—] {]—ﬁ}—t=—' =) 4p= — - t—‘.—ﬂ
Ce  |[(-AH)+ (T —T1) Vo A \G (—AH) 4+ cp(Te — T1L) A,

¥ 276 532

0.95 x — = — 2 10050 —
020 267 045 %300 5x0208 %0 = x=0.173m

Fluid Flow during Solidification

Example of prediction of feeder volume based on volume condition

FExample 10.2

10 o

A square plate with side 10 cm and height 1.0 cm is to be
cast. What volume should the feeder at least have to ensure
that the casting will be compact?

The efficiency of the feeder is 14 9% and the solidificatdon
shrinkage of steel is 4 9.

Serlution:

The height of the casting is small compared with its side. [tis
reasonable to use the volame condition for calculation of the
feeder volume. Equation ( 10.14) will therefore be used:

BVe  0.04 > 0.01 = 0107

- — & 3
t—p5 0.14 — 0.04 = A 10

Ve —

Answers:
The feeder volume must be at least 40 cm”. which corre-
sponds to 40 % of the volume of the casting.
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Shape Feeding distance in inches

‘Without Chill With Chill
A) Plate without end effect 3.6 JT or2T 116 JT -3.2
B) Plate with end effect 11.6 /T -5.2 1.6 JT -3.2
C) Bar without end effect (Horizantal) 15T 6JT +T

D) Bar with end effect

6 JT 6/T +T

T ---- thickness of casting in inches
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