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The effects of parameters such as applied pressure, die pre-heat temperature, delay time and retention
time of applied pressure on the temperature distributions within the casting have been considered. The
results using this method were compared with those of experimental and heat transfer differential equa-
tions’ methods and found to be about 1.7% higher in value. The semi-empirical equations’ method can be
used to predict the temperature distribution of other metals and alloys at any location, if the empirical
equations relating the heat transfer coefficients to applied pressures and solidifying temperatures for
their three stages of solidification are known.
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1. Introduction

Squeeze casting is regarded as a combination of gravity die-
casting and closed die forging in a single process. The process has
been known in recent times as an advanced casting process where
products with near-zero gas porosity, reduced metal wastage and
better mechanical properties are obtained. The pressure applied
on the solidifying molten metal plays a major role in the qual-
ity of the squeeze cast products that are produced. Application
of high pressure on the solidifying metal enhances the process
of heat transfer coefficients greatly, due mainly to direct contact,
the liquid metal has with the die inner surface. The casting pres-
sure applied on the melt during solidification is held on the melt,
while the metal solidifies. Squeeze casting employs low die filling
velocity with minimum turbulence and high-applied pressure to
produce good quality products. The improved properties of squeeze
cast products have been attributed to the flexibility of the pro-
cess.

Several authors have reported the superiority of properties of
squeeze cast products over the conventional casting process. This
is brought about by the flexibility of the squeeze cast parame-
ters. Casting parameters, as studied by different authors that have
been known to have significant influence on the squeeze cast
products are applied pressure, die pre-heat temperature and melt
temperature. In the work of Maleki et al. (2006), squeeze cast-
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ing products decrease in density at lower applied pressure and
increases with higher applied pressures. They concluded that this
increase becomes less significant at applied pressure of 100 Mpa.
In the report, it was also observed that with increase in applied
pressure, the cast specimens’ grain size becomes smaller coupled
with improved hardness. The melt temperatures of between 690°
and 660 °C might just be enough for squeeze casting of aluminium
and aluminium alloys respectively, as observed by Yang (2003).
It was reported by Yang (2007) that the shorter the solidifica-
tion time of casting, the higher is its density, yield strength and
ultimate tensile strength. Chattopadhyay (2007) applied a fixed
enthalpy formulation to model solidification for a cylindrical geom-
etry and found that solidification time decreased asymptotically
with increase in heat transfer coefficient. This phenomenon, he
posited was due to higher applied pressure on the solidifying cast
product. Investigating varying parameters of squeeze casting pro-
cess and its application, Ghomashchi and Vikhrov (2000) noted that
many advances in squeeze casting of aluminium and low melting
metals are leading to the application of the process to a high tem-
perature alloys. Santos et al. (2001) observed an increase in the
heat transfer coefficients with increasing melt superheat for hori-
zontal directional solidification and a reverse for a vertical upward
directional solidification.

The aim of the present study is to determine temperature dis-
tribution using semi-empirical equations’ method based on the
applications of heat transfer equations. The experimental empiri-
cal equations of heat transfer coefficients as obtained by Aweda and
Adeyemi (2009)related the applied pressure and solidification tem-
perature at the three stages of solidification, namely; super-heat,
solid-liquid (mushy zone) and solidified stages to heat transfer


http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:jacobaweda@yahoo.com
dx.doi.org/10.1016/j.jmatprotec.2009.06.005

5752 J.0. Aweda, M.B. Adeyemi / Journal of Materials Processing Technology 209 (2009) 5751-5759

Nomenclature

C specific heat

d spatial step size

do thickness of steel mould

G grid point at the steel mould-solidified metal inter-
face

h' convective heat transfer of the surrounding atmo-
sphere around the steel mould

hg initial height of cast specimen metal (without pres-
sure application)

he height of solidified specimen metal after pressure
application

I grid point

i time step

K Thermal conductivity

L¢ latent heat

M grid point at the solidified metal-liquid molten
metal interface

MM grid point at mushy zone-liquid metal interface

N grid point at the centre of the solidifying cast speci-
men metal

P pressure

R internal radius of steel mould

Rg external radius of steel mould

r radial axis/coordinate

z axial axis/coordinate

0 density of aluminium

T temperature

Tvm melting temperature of cast (aluminium) metal

Tp pouring temperature of liquid metal (super heat
temperature)

t time

X; thickness of solidified metal at a specified grid point-
radial direction

1) time interval

o thermal diffusivity

Subscripts

L liquid metal

st steel mould

S solidified metal

Ccs completion of solidification

SL solid-liquid amorphous portion

a ambient

coefficients. In that work the empirical equations for each of this
distinct phase changes were determined for the mean average
values of heat transfer coefficients as a function of applied pres-
sures and solidification temperatures. This method can be applied
to determine the temperature distributions of any metal when
the heat transfer coefficients as a function of solidifying temper-
ature and applied pressure are known at any of the phases. The
semi-empirical method is then used to determine the temperature
distributions within the squeeze cast region of aluminium under
the casting parameters such as die pre-heat temperature, applied
pressure, delay time and retention time of applied pressure. The
results obtained by this method were then compared with the
numerical (the heat transfer equations’ methods) and experimental
methods.

* Liquid
R
7y | Liquid-Solid metal phase change
B zone (moving boundary)
o -
2 Solidified Metal
X g Ro= (R +dy)
=
I[I=N _w_._._
Steel Mould
I=MM SR
I=M ______
-G

Fig. 1. Schematic representation of solidification front in one dimension.

2. Theoretical analysis

The heat transfer coefficient h, is mainly affected by the applied
pressure and casting temperature as Hu and Yu (2002) confirmed
while simulating squeeze casting of magnesium alloy. Aweda and
Adeyemi (2009) presented empirical equations, relating heat trans-
fer coefficient with the applied pressure and casting temperature
within the solidified portion, liquid portion and the mushy zones
during squeeze casting of commercial aluminium. The empirical
heat transfer coefficients’ equations were formulated from exper-
imental data obtained from the solidification of aluminium in the
cylindrical steel mould with varying applied pressures for three dis-
tinct stages of solidification given above. These empirical equations
developed were incorporated into the heat transfer equations and
solved numerically.

This model was developed based on one-dimensional heat flow
in cylindrical steel mould. The one-dimensional heat flow is ade-
quate due to the size of the cast products where the specimen’s
height is very small compared to its diameter. An algorithm was
developed to monitor the solidifying temperature of squeeze cast
aluminium in a cylindrical steel mould. Heat transfer equations gen-
erated were formulated for the steel mould, the cast metal and the
interfaces. In the numerical solution effects of melt temperature,
die-preheat temperature and applied pressure were considered.
The heat transfer equations generated were solved using the finite
difference method. The Beck’s (Beck, 1970) inverse heat conduction
problem based on non-linear estimation technique was adopted
to determine the values of interface heat transfer coefficients, as
a function of time during solidification of squeeze casting. Solid-
ification of squeeze casting of aluminium involves phase changes
and, therefore, thermal properties of aluminium are temperature
dependent, making the inverse heat conduction problem non-
linear.

2.1. Semi-empirical equations based heat transfer equations

The numerical simulation was based on solidification of molten
metal in the cylindrical steel mould and the process is systematic.
The heat transfer equations in the cast metal are due to conduction
and convection. Fig. 1 is the schematic diagram of the solidifica-
tion front in one-dimension, showing the liquid zone, the mushy
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(liquid-solid metal phase change zone) and the solidified zones
all as moving boundaries during the process of metal solidifi-
cation. The governing heat transfer equations in one dimension
obtained for squeeze casting of commercially pure aluminium in
the interface and in the cast region are represented by heat transfer
equations.

2.1.1. In the steel mould-atmosphere interface, I=1

The heat conducted from the molten metal to the steel mould
is convected to the ambient through outer surface of the mould at
I=1 represented mathematically:

My  2Kse OTq  2h*
= — T —T. 1a
ot PstCstdst Or Pstcstdst( ! a) (13)
within the boundary defined by:
st =Ro (1b)
Tst > Ta (1)

where, h” is the combined convective and radiative heat transfer
coefficient.
The finite difference form of Eq. (1a) is:

P |1 26Kt B 26h* j 26Kt i 268h* 7
! d?t Pst Cst dseoseCst | ! d?t Pst Cst 17 dgi psi Cst a
(1d)

2.1.2. In the steel mould region, =2 to (G—1)
The heat transfer within the steel mould material is by conduc-
tion for the region within (I=2) to (G — 1) and is expressed as:

e Ka 8Tse Kst 0Tt
o pstCst 02 pstCstTst O

This equation is applicable within the region defined by:

(2a)

R<rs¢ <Rg

The finite difference form of Eq. (2a) within the steel mould is:

Tj"+1 _ |:1 _ 20015t Sars :| Tj |:5ast i Sotst :| Tj Sorst Tj
i

d?t 7dstrst i dgt dselse | 11 dgt i-1
(2b)

where
_ Kst
PstCst

st (2¢)

2.1.3. First time analysis, [=G to N

For the first time analysis, the aluminium specimen is consid-
ered to be in the molten stage and at super heat temperature,
T, =720°C. The semi-empirical equation at the first time analysis
is introduced into the governing equation thus:

PLAILARL = E = hygon(r — An)(T],, —T))

~hy_ny (i + An (T - T_)) (3a)

where, hy is the empirical equation, relating the heat transfer coef-
ficients to temperature, T{., and at applied pressure, P on the molten
metal as presented by Aweda and Adeyemi (2009).

The empirical equations at the first time analysis within the cast
temperature above 660 °C are expressed as:

hyiy1) = 2.769T!

! | +2.518P +988.921 (3b)

hyi_1) = 2.769T! | +2.518P + 988.921 (3¢)

The finite difference form of Eq. (3a) is expressed as:

|1 Shygny(ri —du)  Shyioqy(ri +du) 7
i pLCLrdL pLCurdy !

Shyginy(ri —du) Shyi1y(ri + dL)Tj (3d)
pComdy i1 pComdy 1

This equation is subjected to the boundary conditions with:
T, = Tp = 720°C (3e)
r=R (3f)
2.14. In the solidified metal/steel mould interface, I=G

The governing equation at the solidified metal/steel mould inter-

face is expressed while incorporating the semi-empirical equations
at this interface thus:

i i 1 aTs 1 dT.
hs(iin)(rsi—Ars (T, = T]) + 5 PsCstsiArs TtsszStCStrStiArStTEt

oT:
+ Kstse TEt (4a)

The equation is subjected to the boundary condition within
Ts < 660°C (4b)

The finite difference formulation of Eq. (4a) is expressed as:

T =a [Z(Shs(m)(rsi —ds) + psCsrsids

- X X 26Ksrse |
— ,OSCSrSidS M—cC % - pStCStrStidSt + % T-i’
g X ox ]
- [25h5(,»+1)(r51 —ds) — psCsrsids M—¢C % T,
2a81<strst Jj
,distTF1 (4c)
where,
1 (4d)

a=

0sCstsids — pstCstTseidst
hs is the semi-empirical equation relating heat transfer coefficients
to temperature, Til+1 and at applied pressure, P on the solidified
metal.

hsis1) = 3.081T!

I, +1.303P - 232.942 (4e)

2.1.5. In the solidified metal region, I=(G+1)to (M—1)
The heat transfer equation at the solidified portion is expressed
as:

hsgiy1)(rsi — Ars)(T!

11— T = hgi_1)(rsi + Ars)(T! = T/_,)

i—

oT:
= psCstsiArs > (52)

Eq. (5a) is obtainable within the boundary condition:
Ts < 500°C (5b)

and applicable within the region defined by:

(R-X

Si)SrSSR
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The finite difference formulation of Eq. (5a) is expressed thus:

J+i j
[-G X5 —Xg
M-G ds

T = b lﬂsCsTSids — psCsrsids

— Shg(i1y(rsi — ds)T,j — Shg(i_1y(rsi + ds)] T,j +b

-G X - X
x [3h5(i+1)("51 —ds) + psCsrsids S St

M—-G ds

x T, |+ bdhs_1(rsi +ds)T!_| (5¢)
1
= — 5d
0sCsTsids (5d)
where
hsi_1) = 3.081T!_; + 1.303P — 232.942 (5e)

2.1.6. In the liquid/solid phase change boundary condition, = MM

For the phase change boundary condition, the equation mon-
itoring the moving front in the liquid/solidified metal phase is
expressed as:

axl, a1, .
SLi _ g 9L g 9IS
oLLe i - Ky o Ks o (6a)
within the region defined by:
- j j
r=R—(Xg +Xg;) (6b)
and applicable at melting temperature defined by:
TsL < 660°C (6¢)
The finite difference formulation of Eq. (6a) is:
i i 8K, SK. i 0K i 3K i
XE_x L S| L ST (6d
SLSL | puLehpr © prLehps | 1 pLLehpy "1 ppLhps i1 (6d)

2.1.7. In the amorphous liquid/solid metal zone, I=(M+1) to
(MM -1),

The heat transfer equation at this interface with empirical equa-
tion introduced into it is given as:

hsygieny(Tsii — ATsU(TL, ;= T)) — hsyio1)(rsui + ArsL (T~ T2 ,)

oTsy,

= ,OSLCPSLTSLiAFSLW (7a)
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This equation is applicable within the region defined by:

Jj J
[R— (Xg; +Xgy;

)] <o < (R—XL,)
Over the temperature range of:
500°C < Tsp <660°C
The finite difference form is:
j+1 J
X = XSi

J+1 S
i =C [pSLCPSLrSLidSL - IOSLCPSLrSLidSleT

I-M XG - Xy,
= PsLCesirstidst prr—r g

— Shgiiy1)(Tsi — dsL)

_ X+ _xi
T +C [pSL CpsyIspidsy ———t

— Shgi(i_1)(Tsti + dsL) i

J+1 Jj
[-M Xg; —Xg;
MM—M _ dg

+0s1.Cpst.Tstidst + Shgy(iy1)(Tszi — dst)

x T, | + Cohsy(i_1)(Tsii + ds.)T_,

(7b)
1

— 7c

0sLCsiTstidsL (7¢)

The empirical equations for heat transfer coefficients, hs; are

defined by:
hsiis1) = 10.420T}, | +5.641P — 4176.022 (7d)

hsyi1) = 10.420T!_, + 5.641P — 4176.022 (7e)

2.1.8. In the liquid portion, [=(MM+1)to (N—1)

The rate of internal energy generated within the liquid region
equals the difference in the rate of energy dissipated at the bound-
ary of the liquid. Therefore,

i1y — ArL)(T{H — T)) — hyny(ry + A (T - T)_))

aT
= pLCPLrLiArLT: (8a)

Eq. (8a) is applicable within the region defined by:

0= <[R—(Xg +Xg;)l

Steel Mould

(/L /A

dy
(a)

Steel Mould

I+1 =G

[/

(b)

T

ds

A

Fig. 2. a. Heat balance at the steel mould/atmosphere interface (I=1). b. Heat balance at the solidified metal/steel mould interface (I=G).
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and within the temperature boundary condition:
660°C < Ty <720°C

The finite formulation of Eq. (8a) is thus:

j+1 j
[-MM X5 —Xg

J+1
L™ =d [PLCPLrLidL = pLCpuridL s a

j+1 Jj
[-MM X5 — Xy

+ouCeidL g a

— Shyiy1y(ry — du) — Shy1)(r + dL)] T,j +d

MM X - X
x [5’1L(i+1)(ru —dp) + pLCpride S St

N — MM dy
I-mm X -xL | :
—PLCuriidL % T}, | + d8hyi_1y(ri + du)T]_,
(8b)
1
= oGty (8

2.1.9. At the completion of solidification, =G to N

At the completion of solidification, the cast region becomes
solidified metal, and with applied pressure, P, the governing heat
transfer equation becomes equation of solidified metal. The whole
region becomes a single phase and the governing heat transfer
equation is expressed as:

,OchsTSiArs(TtS = hg(i1)(rsi — Ars)(TL,, = T))

—hg(i_1)(rsi + Ars )(T{ - T,j,l) (9a)

This equation is subjected to the boundary condition within,
0<rs<R
over a temperature range of:
Ta < Ts < 500°C
the finite difference forms of Eq. (9a) becomes:
T{“ = F[psCcsTsidcs — Shs(iy1y(res — des) — Shg(i_1)(res + dcs)]T,j

+Fdhs(it1)(res — dcs)T{H + F8hg(i_1)(rcs + des)T_, (9b)

where

1

"~ psCesresdcs (99)
2.1.10. Effects of corner boundaries

The usual one dimensional heat transfer analysis does not take
into consideration heat losses at the corners. Heat loss at both the
external and internal corner nodes of the steel mould have been
considered and analysed as represented in Fig. 2a and b.

i. External corner effect (I=1):

Kst 0Tt 1 JTst _ H* _j j H* _j j
dg or 5 Pst st = dfst(Ti - Teo) + ﬁ(T,’ -T) (10)

the finite difference formulation of Eq. (10) is:

J+1 B 26Kt B 28H* _ 28H* j 26Kt j
Ti =11 2 d CH Ti 2 Ti+1
pstCstdst pStCSt st Pstlst ,ostCstdst
26H* 26H* i
— T 10a
l:pstcstdst Pst CstH:| 2 ( )
ii. Internal corner effect (I=G):
Ks 8Ts 1 st Kot 0Tse Kot 9Tt
S PS - =2t = 11
dy or 275 Tds o TH or (1)
The finite difference formulation of Eq. (11) is:
Pt _ [, 20Ks | (-G) X XDy 268Ky 26K
! psCsd2 (M —=G) ds psCsdsdst — psCsHdst
i 20Ks 208Kt 26Kt ‘
T - S s s J 11a
o psCsd2 1| psCsdsdse ~ psCsHdst | 11 (11a)

2.2. Stability equations

The stability criteria of the finite difference equations are defined
such that the coefficients of T{ should not contribute negatively to
the finite deference equations. The stability equations are:

2.2.1. In the mould/atmosphere Interface, [=1
From Eq. (1d):

0stCst

8< . (12a)
2[(Kst/dg;) + (h*/dst)]
2.2.2. In the steel mould region, [=2to (G—1)
From Eq. (2b):
L (12b)

8 <
2ast[(1/d§t) —(1/2dst 1st)]

2.2.3. First time analysis, =G to N
From Eq. (3d)

5 < oLCpridy
= [hyginy(ri — du) = by (s + du)]

2.2.4. In the solidified metal/steel mould interface, =G
From Eq. (4c):

5 < [psCsrsids(I-G/M — G)(XL ' —XL, /ds )+ psiCstTstidse— psCsTsids]
- [2hs(iy1)(rsi — ds) + (2Kstrst/dst)]

(12d)

2.2.5. In the solidified metal region, [=(G+1) to (M —1)
From Eq. (5¢)
psCstsids — psCsrsids(I — G/M — G)XL — XL, /ds)

12e
[hs(ir1)(rsi — ds) + hs(i—1)(Tsi + ds)] (12¢)

2.2.6. In the amorphous liquid/solid metal zone, I=(M — 1) to
(MM -1)
From Eq. (7b):
PsLCpsiTsLidsy — pSLCPSLrSLidSL(Xé;rl - Xéj/ ds)
5 —psi.Crsirsiidsi(I — M/MM — M)(XLT — XL . /ds;)
[hstgiz1y(Tsti — dsi) + hsy—1)(Tsti + dsi)]

(12f)
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2.2.7. In the liquid portion, [=(MM+1)to (N—1)
From Eq. (8b):

pLCeuriidy — prCouryidi(I — MM/N — MM)(X.T — XL /dy )

+oLCruriidi (1 — MM/N — MM)XG — X4,/d1)

8
- [hegiey(re — du) + 1) (r + du)]
(12g)
2.2.8. At the completion of solidification, =G to N
From Eq. (9b):
PsCcsresidcs
§< 12h
= [hs(ir1)(res — des) + hsi—1)(rcs + des)] (12h)
2.2.9. From Eq. (10a) external corner
5= - (12i)
(2/ pstCse [(Kse /dg ) + (H* /dst) + (H* /H)]
2.2.10. From Eq.(11a) internal corner
1- (1= G)/(M - OX(XI' - X})/ds) (12i)

= 2/psCs[(Kst/dsdst) — (Kst/Hdst) — (Ks/d2)]
2.3. Numerical solution

The heat governing equations generated at the cast portion and
interfaces were converted to finite difference forms while the steel
mould, the solidified layer and the mushy portions were discretized
appropriately. Solving the finite difference equations with the
appropriate boundary conditions the fixed grid enthalpy approach
as used by Voller and Prakash (1987) was adopted. Half the casting
domain was considered as shown in Fig. 1 owing to the axisymme-
try of the problem. The die cavity was assumed to have been filled
with the liquid metal at the start of simulation. The time of filling
was very small and heat loss was assumed to be negligible. The
molten aluminium was poured into the die cavity observing super-
heat temperature of 60°C, enough to remain molten throughout
the pouring period. It is noted that Santos et al. (2001) reported that
higher super heat temperature produces increase metal fluidity and
smoother surface, which results in increase in interfacial contact.
Huand Yu (2002) observed a dependency of interfacial heat transfer
coefficients on the values of applied pressure and casting temper-
ature. The semi-empirical equations relating the applied pressure
and casting temperature on the interfacial heat transfer coefficients
within each of the solidus, liquidus-solidus amorphous portion and
liquidus phases were inserted into the heat transfer equation. These
semi-empirical equations for each of the distinct phase changes
were incorporated into the appropriate heat transfer equations and
solved by finite difference technique using the explicit method. This
problem simulated a cylindrical geometry (125 x 40) for the effect
of squeeze casting parameters on the temperature distribution and
heat transfer coefficients of commercially pure aluminium. The die
wall temperature was assumed to be at pre-heat temperature with
convection at the outer surface of the mould. The stability criteria
were met by Egs. (12a)-(12)).

3. Experimental methods
3.1. Materials used
The material used for the present investigation was commer-

cially pure aluminium, of percentage composition of 99.5% of
aluminium and traces of other elements.

I
250 .

p125 | tC1| TC2

Fig. 3. Schematic diagram of squeeze casting test rig.

3.2. Squeeze casting rig

The rig used for the measurement of casting temperature is
made up of steel metal and is shown in Fig. 3. The steel mould was
constructed to accommodate two chromel-alumel thermocouples
positioned on the side of the cylindrical steel mould as TC2, and TC1
positioned in the cast aluminium metal in the cylindrical surfaces.

3.3. Temperatures versus time curves determinations

Two thermocouples of chromel-alumel type, 3 mm in diame-
ter were used to determine the solidifying temperatures of the cast
molten metal and heating temperatures of the steel mould at the
cylindrical surface with time, see Fig. 3. The solidifying tempera-
tures at the cylindrical surface of the cast molten aluminium metal
were monitored at a position 2 mm into the cast molten aluminium
metal, TC1 (from the surface of the steel mould/cast aluminium
metal interface) while the heating temperature of the steel mould
was at a position 4 mm, TC2 (from the surface of the cast metal
into the steel mould). The thermocouples were connected through
a cold junction (thermo flask) maintained at the temperature of
melting ice, 0°C to a chart recorder. The millivolt readings versus
time curves, from where the temperatures versus time curves were
deduced, were plotted on the chart recorder graph paper. For tem-
perature versus time curves in the cylindrical steel container (i.e.
position TC2) the voltage setting and speed of the chart recorder
used were 50 mV and 2 mmy/s, while the voltage setting and speed
of 100mV and 10 mmy/s were used for monitoring the tempera-
tures against times for solidifying aluminium metal (i.e. position
TC1, Fig. 3).

4. Results
4.1. Temperature/time curves under pressure application

Fig. 4 shows the comparison of temperature versus time curves
of solidifying squeeze cast aluminium metal measured at a position
of 2mm into the cast metal. The graph shows the compari-
son of results obtained by the experimental measurements with
the numerical results obtained by differential equations and by
semi-empirical equations’ methods. The maximum temperatures
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—&— Experimentally measured 2mm into the cast metal
180 A —+— Numerical results by differential equations method

Temperature, °C

80 —O— Numerical results by semi-empirical equations method

20 30 80 130 180 230 280 330 380 430
Time, Sec.

Fig. 4. Typical comparison of the effects of applied pressure on the solidification
temperature of aluminium metal (P=85.86 MPa).

obtained are 658°C, 718.59°C and 719.84°C for experimental,
differential and semi-empirical methods respectively. The temper-
ature values obtained by the semi-empirical equations’ methods
are slightly higher as compared with the two other methods. This
is because the semi-empirical equations’ method uses the aver-
age sum of all the heat transfer coefficients values to obtain the
semi-empirical equation.

4.2. Temperature/time curves with die heating

Fig. 5 is a typical graph, showing the effect of pre-heat tem-
perature (Ts¢ = 150 °C) on the solidification temperatures with time
of aluminium metal, measured at a position 2 mm into the cast
metal without pressure application. The graph shows the results
as obtained by experimental, heat differential equations and semi-
empirical equations’ methods. There is a good agreement between
the values obtained by the three methods with the semi-empirical
equation method giving the highest values.

Fig. 6 is the comparison of heating and cooling temperatures
of the steel mould (measured at the steel mould/cast metal inter-

800
7004
600
500+
400
3004

—&— Experimentally measured 2mm into the cast metal

200 —+— Numerical results by differential equations method

Temperature, °C

100 —O— Numerical results by semi-empirical equations method

25 25 75 1256 175 225 275 325 375 425
Time, sec.

Fig. 5. Typical effect of die pre-heat temperature on solidification temperature of
aluminium of aluminium metal without pressure application (Ts; = 150°C, P=0).
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Fig. 6. Typical effect of die pre-heat temperature and pressure on solidification
temperature of aluminium metal (Tsc = 150°C, P=85.86 MPa).
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Fig. 7. Typical effect of die pre-heat temperature and pressure on solidification
temperature of aluminium metal (P=85.86 MPa).

face) and solidifying aluminium metal (measured 2 mm into the
cast metal) respectively with the application of pressure. The heat-
ing temperatures with time at the steel mould/cast metal interface
as obtained by these methods are in close agreements with semi-
empirical equation method giving higher values than the heat
differential equations’ method. The peak temperatures obtained
2 mminto the cast metal after 5 s are 719.96 °Cand 728.87 °Crespec-
tively for differential and semi-empirical equations’ methods. Fig. 7
shows the effects of die pre-heat temperature on the solidification
time of cast metal with pressure application by differential method.
With increase in die pre-heat temperature, there is a corresponding
increase in the solidification time.

4.3. Effects of delay times on solidifying temperatures

The effects of delay times (time between die closure and pres-
sure application) on the solidification temperatures with time of
aluminium metal without die heating as obtained by differential
and semi-empirical equations’ methods are shown in Figs. 8-10.
Both methods show close relationship in the values of solidifying
temperatures with time obtained when the delay and retention

delay time=5sec., retention=5sec

—&— Differential equations method
—— Semi-empirical equations method

Temperature, °C
B
o
o

20 30 80 130 180 230 280 330 380 430
Time, sec.

Fig. 8. Typical effect of time on the solidification temperature of aluminium metal
without die pre-heating (Ts; =30°C, P=85.86 MPa).
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Fig. 9. Typical effect of delay time on the solidification temperature of aluminium
metal without heating (Tst =30°C, P=85.86 MPa).
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Fig. 10. Typical effect of delay time on the solidification temperature of aluminium
metal without die pre-heating (Tsc =30°C, P=85.86 MPa).

times of pressure are both 5s as portrayed in Fig. 8. The peak tem-
peratures obtained with delay time of 20s and retention time of
555 are 695.54°C and 710.04 °C respectively for heat differential
and semi-empirical equations’ methods under a delay time of 20's
and retention time of 55 s as seen from Fig. 9. From Fig. 10, the peak
temperatures obtained are 720.91 °C and 723.14 °C respectively for
heat differential and semi-empirical equations’ methods under an
applied pressure of 85.86 MPa observing a delay time of 5s and
retention time of 55s. From the graph, both methods show close
relationship in the values of solidifying temperatures with time
obtained.

5. Discussion
5.1. Temperature/time curve with pressure and die heating

Fig. 4 is the typical effect of pressure on the cast metal with-
out die heating while Fig. 5 represents the effect of die heating
without pressure application. Figs. 6 and 7 display the combined
effects of pressure and die pre-heat on the temperature distribution
of solidifying aluminium metal. Chattopadhyay (2007) reported
that a pressure of 60-100 MPa is considered to be optimal beyond
which little improvement is observed in terms of casting qual-
ity. Therefore, the pressure of 85.86 MPa as used in this work is
adequate to induce improve mechanical properties on the cast alu-
minium metal when applied at the appropriate time. The effect
of pressure from Fig. 6, on the cast metal increases the temper-
ature as compared to situation without pressure application of
Fig. 5. The combination of die pre-heat temperature and pressure
as in Figs. 6 and 7 leads to higher solidifying temperature and con-
sequently lengthens the total solidifying time of the cast metal
thus in line with the submission of Hu and Yu (2002). Application
of pressure brings about undercooling in an initially superheated
metal and thus increases nucleation frequency so bringing about a
finer grain. Ghomashchi and Vikhrov (2000) noted that the effect
of undercooling is appreciable if pressure is applied at the begin-
ning of crystallisation temperature. The rise in temperature with
higher mould pre-heat temperature as observed in Fig. 7 could be
attributed to the improved or better contact at the casting/mould
interface. Gafur et al. (2003) noted it and attributed it to the rela-
tive low initial temperature difference between the cast metal and
die internal surface. Therefore, reducing the die pre-heat tempera-
ture would reduce the total solidification time and enhance a better
cooling rate of the cast metal.

5.2. Effects of delay and retention times on the temperature
distribution

Fig. 8 illustrates the application of pressure on the solidifying
metal 5s after pouring of molten metal and retained for a period
of 5s. The period of pressure retention was short with maximum

temperature obtained as 715.31°C and 702.95°C in 8s for semi-
empirical and differential methods respectively. Longer retention
time raises the maximum temperature to 724.38°C and 713.95°C
respectively for semi-empirical and differential methods at the
removal of pressure as reflected in Fig. 9. The effect of longer reten-
tion time was not very significant on the temperature distribution
of the cast metal comparing results obtained from Figs. 8 and 9. The
reason for this behaviour as pointed out in the work of Hu and Yu
(2002) was that once the air gap formed between the cast metal
and internal surface of the die was eliminated, neither increase in
pressure nor length of application of pressure could lead to any
improvement in the cast metal.

The graph of Fig. 10 is the situation with pressure application
20 after pouring and retained for 55 s while the metal solidified,
indicating maximum temperature of 697.42°C and 695.54°C for
semi-empirical and differential methods respectively. It is noticed
from the graph that shortly after pouring and before pressure
application, the metal temperature begins to drop from 720°C to
660.50°C in 20s. This indicates the process of heat abstraction or
metal solidification is in progress immediately the molten metal is
introduced into the mould cavity even without the application of
pressure. The temperature rises again with pressure application to
695.54°C in 75s at the withdrawal of pressure see Fig. 10. Upon
the removal of pressure, the cast metal temperatures drop sharply
in a similar manner for both methods. Hu and Yu (2002) opined
that the sharp drop in temperature after the removal of pressure
suggests the start of solidification with corresponding decrease in
the heat flux with the outer portion cooling faster than the interior.
The finding of the present authors confirms that timing of pres-
sure application is critical to the product of squeeze cast aluminium
metal. There is good agreement between the other methods and
the semi-empirical equations’ method. The minor disparity noticed
may be due partly to assumptions made in the computations which
are results derived from the experimental data of squeeze cast of
aluminium as presented by Aweda and Adeyemi (2009).

6. Conclusion

The following conclusions could be made from this work:

1. Applied pressures, time of application and duration of applica-
tion of the pressure have significant effects on the temperature
distributions and cooling rates of the squeeze cast aluminium
metal. Appropriate timing of pressure application is crucial in
squeeze cast of aluminium to obtain improved properties.

2. A reduction in the die pre-heat temperature would reduce
the solidification time and enhance cooling rates thus produc-
ing better cast products. This agrees with the submission of
Chattopadhyay (2007) that cooling rate of squeeze cast material
is an important parameter as it affects the mechanical proper-
ties induced in the final product. Low die pre-heat temperature
coupled with pressure application subsequently leads to areduc-
tion in the solidification time produces products with enhance
properties.

3. The semi-empirical equations generated can be used to predict
the casting temperatures of other metals, if the empirical equa-
tions of heat transfer coefficient values related to the applied
pressure and solidifying temperatures at the three phase changes
are known. The temperature distributions obtained by semi-
empirical equations and other methods are close in values, and
hence can be used to determine temperature distributions of
squeeze casting of metals.

4. Regardless of the delay and retention times, the effect of applied
pressure becomes less significant on the temperature after 200 s
of solidification for both methods.
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