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The aim of this paper is to correlate interfacial heat transfer coefficient (IHTC) to applied external pressure,
in which IHTC at the interface between A356 aluminum alloy and metallic mold during the solidification of
casting under different pressures were obtained using the inverse heat conduction problem (IHCP) method.
The method covers the expedient of comparing theoretical and experimental thermal histories. Temperature
profiles obtained from thermocouples were used in a finite difference heat flow program to estimate the
transient heat transfer coefficients. The new simple formula was presented for correlation between external
pressure and heat transfer coefficient. Acceptable agreement with data in literature shows the accuracy of the
proposed formula.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The contact interface between a mold and a casting has the great
influence on cooling rate and solidification time. In the case of perma-
nent mold casting, due to higher cooling rate as compared to sand
casting, better control of the heat transfer and solidification phenom-
ena is needed to improve the mechanical properties and soundness
of the casting [1]. There is a considerable thermal resistance between
cast and mold, because of gap existence among them. The heat transfer
coefficient variation with time after pouring is the key factor to control
the solidification. Several studies have attempted to quantify the tran-
sient interfacial metal/mold heat transfer coefficient, hi, emphasizing
different factors which affect heat flow across such interfaces during so-
lidification [2–6]. These factors include the thermo-physical properties
of contacting materials, casting geometry, orientation of casting–mold
interface with respect to gravity (contact pressure), mold temperature,
pouring temperature, roughness of mold contacting surface and mold
coatings [7–10].

The way the heat flows across the metal and mold surfaces directly
affects the evolution of solidification, and plays a notable role in deter-
mining the cooling conditions within the metal, mainly in foundry
systems of high thermal diffusivity like chill castings [4]. The metal/
mold interface is in the form of imperfect junction, and this results in
temperature drop. Two different contacting surfaces are illustrated in
Fig. 1. Because the two surfaces in contact are not perfectly flat, when
rights reserved.
the interfacial contact pressure is reasonably high, most of the energy
passes through a limited number of actual contact spots [11,12].

In the present study variation of interfacial heat transfer coefficient
(hi) during solidification of Al-A356 was evaluated. Effect of different
loads on the solidifying metal was investigated using mathematical
modeling coupled with experimental. Results show that as the external
load increases the heat transfer in the mold/metal improves by the
decrease of gap. Consequently the heat transfer coefficient increases
by the increase of external load, which a new and simple formula was
proposed from experimental data.

2. Governing equations

The heat flow across the metal–mold interface can be character-
ized by a macroscopic average metal/mold interfacial heat transfer
coefficient (hi) given by:

hi ¼
q

A TC−TMð Þ ð1Þ

where q is the average heat flux across the interface; TC and TM are
casting and mold surface temperatures (K), respectively. Development
of the used mathematical model is based on the general equation of
heat conduction [11] expressed in cylindrical coordinate:

ρCP
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where ρ is density, CP is heat capacity, k thermal conductivity of alloy,
_q the heat source and r, z and φ are the cylindrical.
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Fig. 1. Heat flow across permanent mold–casting interface for cylindrical coordinate.
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Considering radial flow of heat as dominant heat transfer direction,
Eq. (1) can be reduced to one-dimensional form. Thus, the direction z
of heat extraction can be neglected, once it is not significant regarding
the heat flow in r and φ directions. In the case of ingots with a sym-
metrical section, the heat flow in theφ direction can also be neglected,
resulting in a simplified equation. Therefore, the one dimensional
transient heat equation in cylindrical coordinates will be:

ρCP
∂T
∂t ¼ k

r
∂
∂r r

∂T
∂r

� �
þ _q: ð3Þ

The term of the heat generation of energy ( _q) in the unsteady state
condition is:

_q ¼ ρ:ΔHm:
∂f s
∂t : ð4Þ

ΔHm is the latent heat of fusion and ∂fs is the fraction of solid
formed during the phase transformation which:

∂f s
∂t ¼ ∂f s

∂T ⋅ ∂T∂t : ð5Þ

For short or long freezing range alloys, the latent heat evolution
was taken into account by using Scheil's equation until the remaining
liquid reached the eutectic composition.

f s ¼ 1− Tm−T
Tm−TL

� � 1
.
ðk0−1Þ

��
ð6Þ

where k0 is the distribution coefficient, Tm and TL are melting point
and liquidus temperature. By simplifying Eqs. (3)–(6) we have:
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Expanding the partial derivatives in relation to the radius and con-
sidering the material as isotropic, rearranging Eq. (7), it follows that:
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where:

_C ¼ CP−ΔHm:
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ð9Þ
and the cylindrical coordinate equation is reduced to:
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Using the finite difference method (FDM) for the development of
Eq. (8), we have:
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Considering themetal/mold interface, the following thermal balance
can be applied:

TM=m

nþ1 ¼ Δt
ρi:
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where Ta, is ambient temperature, rm, is the external radius of the cylin-
drical ingot; TM/m, is the metal/mold interface temperature and h, it is
the overall heat transfer coefficient between the casting surface and air.

The heat flow across the casting–mold interface can be character-
ized by Eq. (1) and h can be determined provided that all the other
terms of the equation, namely q, TC and TM, are known [4]. However,
it is difficult to measure these parameters because accurate locating
of the thermocouples of finite mass at the interface is not an easy
task, and they can distort the temperature gradient at the interface.
To overcome this experimental impediment, the methods of calcula-
tion of hi existing in the literature are based on knowledge of other
conditions, such as temperature histories at interior points of the
casting or mold, together with mathematical models of heat flow dur-
ing solidification. Among these methods, those based on the solution
of the inverse heat conduction problem have been widely used in the
quantification of the transient interfacial heat transfer [12]. Since
solidification of a casting involves both a change of phase and tem-
perature variable thermal properties, the inverse heat conduction
becomes nonlinear. Most of the methods of calculation of time-
dependent hi existing in literature are based on numerical techniques,
generally known as methods of solving the inverse heat conduction
problem [13–16]. IHCP method is based on a complete mathematical
description of physics of the process, supplemented with experimen-
tally obtained temperature measurements in metal and/or mold.
The inverse problem is solved by adjusting parameters in the mathe-
matical description to minimize the difference between the model



Table 2
Casting and mold properties used for simulating of heat transfer.

Properties Metal Mold

ks(Wm−1K−1) 185 46
kl(Wm−1K−1) 180 –

Fig. 2. Flow chart for the determination of metal/mold heat transfer coefficients.
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computed values and the experimental measurements. Nonlinear
estimation techniquewas used by Beck [15] for the numerical solution
of this class of problem.

It has advantage over the other numerical in that Beck [15] studied
the problem from the standpoint, effective treatment of experimental
data, taking into account inaccuracies concerning the locations of
Table 1
Nominal composition of the commercial aluminum A356 used in this work.

Element Si Mg Mn Fe Cu Zn Ti Al

Amount (wt.%) 7.1 0.4 0.1 0.16 0.04 0.01 0.11 Bal

Cs(J.kg−1.K−1) 1084 527
Cl(J.kg−1.K−1) 1130 –

ρs(kg.m−3) 2600 7860
ρl(kg.m−3) 2500 –

ΔHm(J.kg−1) 421 –

K0 0.17 –

Ts 609 –

Tl 559 –

image of Fig.�2


Fig. 3. Mold assembly and thermocouple position.
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thermocouple places, statistical errors in temperature measurement
and uncertainty in material properties. In the present work, a similar
procedure used to determine the value of hi which minimizes an
objective function defined by Eq. (14):

F hð Þ ¼
Xn
i¼1

Test−Texp

� �2 ð14Þ
Fig. 4. Schematic representation of the experimental setup
where Test and Texp are, respectively, the estimated and experimentally
measured temperatures at various thermocouple locations and times,
and n is the iteration stage. A suitable initial value of hi is assumed and
with this value, the temperature of each reference location in casting
and mold at the end of each time interval Δt is simulated by using
an explicit finite difference technique. The correction in hi at each
iteration step is made by a Δhi value, and new temperatures are esti-
mated. With these values sensitivity coefficients (ψ) are calculated
for any iteration; given by:

ψ ¼ Test hi þ Δhið Þ−Test hið Þ
Δhi

: ð15Þ

The sequence of the equations involves the calculation of the
sensitivity coefficients for measured temperatures. The assumed value
of h is corrected using Eq. (16):

hi newð Þ ¼ hi oldð Þ � Δhi: ð16Þ

Thementioned procedure is repeated for a new h, and is continued
until Δhi/hib0.01. Calculation of h as a function of time is continued
until the end of the desired period. The flow chart, shown in Fig. 2,
gives an overview of the solution procedure.

3. Experimental procedure

The commercial aluminum A356 with the nominal composition
shown in Table 1 is used for the present study. The alloy was melted in
an electric resistance-type furnace up to a predetermined temperature.
Pouring temperature was approximately 730 °C (superheat=0.2 TL).
The mold was made of carbon steel and its inner surface was coated
with graphite. The mold was preheated to 300 °C and, before pouring
became stable using non-conductive materials. External loads were
applied by an apparatus which was controlled by a hand crane and
applied 10 s after pouring. Maximum available load is 300 kg.
connected to the data acquisition and analysis system.

image of Fig.�3
image of Fig.�4


Fig. 6. Cooling curves of cast and mold body without any external pressure.
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The thermophysical properties of metal and mold for experimen-
tation are summarized in Table 2. Temperature measurement was
carried out using K-type thermocouples which are embedded both
in mold and metal area. These thermocouples on the other side are
connected to data acquisition system (DAQ) in personal computer
by analog to digital (A/D) transformer. Mold dimension and five ther-
mocouple layout (named A to E) are shown in Fig. 3. Experimental
apparatus and also data gathering system are schematically shown
in Fig. 4. Due to provide easier ejection of the casting from the mold
after each test, the mold was built in three parts [17] as it illustrated
in right-down corner of Fig. 4.

4. Results and discussion

In the case of casting made under atmospheric pressure the shrink-
age defects were confined at the top of the casting (Fig. 5a), whereas for
the castings made under pressure, these defects were trapped within
the body of the castings (Fig. 5b and c). The forced thermal gradient
which is made by ramrod creates a directionally solidifying media for
the cast. As the external load increased the free surface (up surface) of
the melt encounters the low temperature of ramrod. This makes the
melt to solidify more and solidified layers move downward in to the
middle of the melt.

Fig. 6 shows experimental temperature curves obtained through
pouring aluminum into the mold without external load. The variation
of hwith time it is mostly determined by the properties and geometry
of the alloy that is cast along with the nature of the phase changes
that take place in the casting during solidification. The thermocouples
in this casting recorded oscillations in the first 5 s of the experiment
which correspond to turbulent liquid flow in the bulk. The cooling
curve data was read to the FDM program and the heat transfer coeffi-
cient for cylindrical surfaces was calculated as it illustrated in Fig. 7.
As shown in Fig. 7 the empirical equations, relating interface heat
transfer coefficients to the time, is:

hi ¼ 4559t−0:44
: ð17Þ
Fig. 5. Position of the shrinkages in the cast part. (a) At the top of the cast part (under
atmospheric pressure). (b) Between the top and the middle of the cast part (1.14 MPa).
(c) In the middle of the cast part (1.66 MPa).
When the metal is completely liquid and has perfect contact with
mold surface, the heat transfer coefficient reaches its maximum value
of about 2885 (w/m2k) in no pressure application which shows good
agreement with the last researches [18]. As the time passes a thin
stable skin of solidified metal is formed on the outer layers of metal
because the steel mold extracts heat from the molten metal. The
interface is pressed against the mold by the hydrostatic pressure of
the liquid metal, and results in decrease of IHTC. The IHTC reaches
its minimum value after around 40 s, which corresponds to solidifica-
tion time (42 s estimated from cooling rate curves). This means that
after about 40 s the contact between the casting and the die is trans-
formed to solid–solid contact. The effect of hydrostatic pressure de-
creases with the increasing of the solid skin thickness. In this stage,
some parameters, such as the wettability of the liquid on the mold
surface, the amount of melt super heat, surface roughness, mold tem-
perature, pouring momentum of melt, thermal conductivity of mold,
hydrostatic pressure and turbulence of melt, affect the heat transfer
coefficient. After formation of an adequate solid metal, the perfect
contact between the mold and the solidified casting no longer exists
because of contraction of the solidified casting. In addition, the ther-
mal conductivity of the liquid is much higher than that of the solid.
This makes decrease in amount of IHTC. Solidification orientation,
thermal conductivity and surface roughness of the chill are the most
Fig. 7. The relationship between interfacial heat transfer coefficient and time (without
load).

image of Fig.�6
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Fig. 10. Cooling curves of cast and mold body under 1.66 MPa pressure.
Fig. 8. Cooling curves of cast and mold body under 1.14 MPa pressure.
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important parameters of the heat transfer coefficient in this stage of
process.

Temperature curves obtained through applying a load of 1.14 MPa
after 10 s is shown in Fig. 8. The sharp drop down of the cooling curve
in the edge point of molten metal is the clear effect of pressure usage.
In the mentioned point, temperature decreases rapidly by the in-
crease of heat loss, since the pressure accelerates the formation of
the perfect contact. In other words, the quantity of heat which passes
through the mold casting interface becomes greater in comparison
with the no pressure usage. Another effect of external pressure is
increase of cooling rate in the whole cast. Consequently the solidifica-
tion time decreases. The other point is that the cooling curve inmiddle
area of metal (marked with triangle) was also affected by presence of
pressure, although it is around 10 °C. The IHTC for cylindrical surfaces
in the presence of 1.14 MPa was determined and shown in Fig. 9. IHTC
in the first 10s with no pressure decreases as the time passes. After
10 s and application of pressure IHTC starts to increase. This agrees
with the temperature drop down illustrated in Fig. 8. IHTC reaches
it maximum value and then decreases as the fraction of solidified
metal increased.
Fig. 9. Relationship between interfacial heat transfer coefficient and time in the presence
of 1.14 MPa external pressure.
Application of more external pressure causes more increase of
cooling rate for molten metal in the metal/mold interface and also
whole cast. As it seen in Fig. 10 not only the cooling rates are in-
creased, but also the heat content in the mold body is increased,
since the heat pass from melt to mold is more. Calculated IHTC in
the presence of 1.66 MPa load is shown in Fig. 11. By the increase of
pressure from 1.14 to 1.66 MPa the maximum value of IHTC was

increased from 2923 W
m2k

� �
to 3345 W

m2k

� �
. To correlate the external

pressure and IHTC, the maximum values of IHTC (around 22 s after
pouring) were used to propose a new and simple formula. The empir-
ical equation proposed to correlate between the IHTC and external
pressure is written below:

h ¼ 0:0011P3−0:112P2 þ 6:605P þ 2924:57: ð18Þ

The data from literature was used to validate the proposed for-
mula. Aweda and Adeyemi [19] evaluated the heat transfer coefficient
during the squeeze casting of aluminum. Data values from the Aweda's
work were obtained using point value measuring by GetData Graph
Fig. 11. Relationship between interfacial heat transfer coefficient and time in the presence
of 1.66 MPa external pressure.
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Fig. 12. Effect of pressure on the peak values of heat transfer coefficients of aluminum metal at liquidus stage [19].
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Digitizer software. The proposed formula applied to their range of work
and the results were compared with the experimental data whichwere
carried out by them. Effect of pressure on the peak values of heat trans-
fer coefficients of aluminum metal from Aweda's work was illustrated
in Fig. 12. Fig. 13 shows the comparison between our proposed formula
and data in literature [19].

5. Conclusion

Investigation on solidification of aluminum A356 alloy under dif-
ferent external loads shows that the pressure has remarkable effect
on the heat transfer condition in the metal/mold interface. The main
effect of the pressure relies in the variation of metal/mold contact,
which varies from fully imperfect contact to perfect one. So as the
pressure increases the probability of perfect contact increases and re-
sults in high cooling rates. These results were reported a lot in differ-
ent academic papers, but the correlation between interfacial heat
transfer coefficient (IHTC) and applied pressure was not formulated.
A simple third order equation was proposed and compared with
data in literature, which shows good agreement. Finally, from the pre-
sent investigation the following conclusions can be made:

1) By increasing pressure, position of the shrinkages in the cast part
changed, and shifts to down and trapped within the cast part.

2) Heat transfer from the casting to themold was improved consider-
ably by applying pressure load during solidification to make good
contact between mold and casting.
Fig. 13. Comparison of IHTC between proposed formula and literature.
3) In the case of no pressure existence, the heat transfer coefficient
decreases as the time passes and their correlation is written below:

hi−4559t−0:44
:

4) As the external pressure increased the heat transfer coefficient
increases. The empirical equations, relating interface heat transfer
coefficients to the applied pressures are also derived:

h ¼ 0:0011P3−0:112P2 þ 6:605P þ 2924:57:
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