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Heat flow at the casting/mold interface was assessed and studied during solidification of Al-Cu-Si (LM 21)
alloy in preheated cast iron molds of two different thicknesses, coated with graphite and alumina based
dressings. The casting and the mold were instrumented with thermocouples connected to a computer
controlled temperature data acquisition system. The thermal history at nodal locations in the mold and
casting obtained during experimentation was used to estimate the heat flux by solving the one-dimensional
inverse heat conduction problem. The cooling rate and solidification time were measured using the com-
puter-aided cooling curve analysis data. The estimated heat flux transients showed a peak due to the
formation of a stable solid shell, which has a higher thermal conductivity compared with the liquid metal
in contact with the mold wall prior to the occurrence of the peak. The high values of heat flux transients
obtained with thin molds were attributed to mold distortion due to thermal stresses. For thin molds,
assumption of Newtonian heating yielded reliable interfacial heat transfer coefficients as compared with
one-dimensional inverse modeling. The time of occurrence of peak heat flux increased with a decrease in
the mold wall thickness and increase in the casting thickness.

Keywords casting/mold interface, heat conduction, inverse
modeling, Newtonian heating, solidification

1. Introduction

The success of simulation-based process design of castings
to predict accurately the thermal history and to locate hot spots
inside the casting depends to a large extent on a reliable data-
base on the heat transfer boundary conditions specified at the
casting/mold interface (Ref 1-4). Further, when the metal and
the mold have good rates of conductance, the boundary be-
tween the two becomes the region of dominant resistance
(Ref 5).

A perfect contact between the metal and the mold surfaces
may not be realized in actual practice as the surface irregulari-
ties of the solidifying skin results in irregular contacts to be
established between the die-wall and the skin. The degree of
thermal resistance at the interface is a function of actual contact
area, thermal and physical properties of the materials in con-
tact, and interstitial fluid present in the voids formed by the two
contacting surfaces (Ref 6, 7). The thermal resistance to heat
transfer results in a temperature drop at the interface. The heat
transfer at the interface can be characterized either by interfa-
cial heat flux q or by an interfacial heat transfer coefficient h,
defined as the ratio of the interfacial heat flux to the tempera-

ture drop at the interface. Mathematically h is expressed as:
h = q/�T.

When conditions are favorable, a skin of solidifying casting
may physically separate from the mold wall resulting in a gap
of finite thickness. The mold configuration and Biot number
have been shown to be important parameters affecting the for-
mation of the gap (Ref 8). Once the air gap forms, the heat
transfer across the interface drops rapidly. Conduction is the
predominant mode of heat transfer through the gap at lower
temperatures. While the radiation heat transfer depends on the
surface temperatures and emissivities, conduction heat transfer
depends on the thermal conductivity of the gas in the gap and
the air gap size as well. The heat transfer coefficients due to
radiation (hr) and conduction (hc) are expressed as:

hr =
�T c

2 + T m
2 ��Tc + Tm�

1

�c
+

1

�m
− 1

hc =
kg

�

Tc and Tm are the casting surface and mold surface tempera-
tures, respectively; �c and �r are the emissivities of the casting
and mold surfaces; and kg and � are the thermal conductivity of
the gas in the gap and the width of the gas gap, respectively.
Complexities of material behavior, metallostatic pressure, and
mold geometry make the calculation of air gap formation very
difficult. Further, the air gap does not start simultaneously at all
points in the casting and the magnitude of the air gap continu-
ously varies with time (Ref 9, 10). Gravity die-casting, pressure
die-casting, investment casting, continuous casting, and twin-
roll casting are some of the processes where the product quality
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is affected by interfacial heat transfer conditions (Ref 11-14).
The quantification of heat transfer across the interface depends
on the knowledge of many factors like interface temperatures,
thermal properties of the gas in the gap, surface texture of the
mold surface, coating material and composition, etc. (Ref 15-
17). Modeling of the casting/mold interfacial heat transfer is,
thus, one of the critical problems in numerical simulation of
casting solidification.

In the present work, thermal contact heat transfer at the
interface between plate type castings of Al-Cu-Si alloy (LM
21), solidifying in thick and thin cast iron molds, was assessed
and investigated.

2. Experimental Method

Cast iron mold halves of thicknesses 10 and 38 mm were
fabricated to cast aluminum alloy plates of dimensions 100 ×
70 × 12 mm and 100 × 70 × 22 mm. Figure 1 shows a sche-
matic diagram of the experimental setup. Two K-type thermo-
couples (2 and 3) of 0.45 mm diameter were introduced at
different nodal locations inside the mold. For the 10 mm mold,
thermocouples 2 and 3 were located at 2 and 6 mm from the
mold surface in contact with the casting. The corresponding
locations for the 38 mm mold were at 2 and 26 mm, respec-
tively. The geometric center of the casting was also instru-
mented with a similar thermocouple (1) to monitor the solidi-
fication of the casting. The thermocouples were connected by
means of compensating cables to a temperature data logger. All
the experiments were carried out with a coating on the inner
surface of the mold. The mold halves were heated to about
180 °C and coating material was sprayed on their surface to a
thickness of 100 �m using a spray gun. Alumina and graphite
based die coats were used for this purpose. Table 1 gives the

composition of the coating materials used. The molds were
preheated to 100 °C prior to pouring of castings.

LM 21 alloy ingots were melted in an electric resistance
furnace. Table 2 gives the composition of the alloy. The pour-
ing temperature was maintained at around 700 °C. The data
logger was activated a few seconds before pouring. After ex-
perimentation, the thermocouple signals stored in the tempera-
ture data logger were transferred to a computer by an off-line
procedure. Table 3 gives the thermophysical properties of the
alloy and the cast iron mold material.

Beck’s nonlinear estimation technique (Ref 18) was used to
estimate the mold surface heat flux from knowledge of mea-
sured thermal history at nodal locations inside the mold. The
one dimensional heat conduction equation:

�

�x �k
�T

�x� = �cp��T

�t � (Eq 1)

was solved inversely subject to the following boundary and
initial conditions.

T �2, t� = Y�t�

T �3, t� = B�t�

T �x, 0� = Ti�x�

Fig. 1 Schematic sketch of the experimental setup

Table 1 Composition of mold dressings

Coating
type

Composition, wt.%

Alumina Graphite
Sodium
silicate Water

1 17 … 11 72
2 … 16 4 80
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To find the heat flux at the casting/mold interface, the follow-
ing function based on a least squares analysis was minimized.

F�q� = �
i=1

I=mr

�T�+i − Y�+i�
2 (Eq 2)

The variable r is the number of future time temperatures +1,
and m is the �� /�t. �� and �t are the time steps for heat flux
and temperature, respectively. Yn+i and Tn+i are the measured
and calculated temperatures, respectively, at the temperature
node (TC1) located in the mold near to the casting/mold inter-
face. The future temperatures are the calculated temperatures at
time steps greater than the present time steps estimated using
the measured temperatures at location TC3 as the known
boundary condition. The unknown heat flux q(0,t) was approxi-
mated by some arbitrary value in the initial time step.

Minimizing Eq 2 with respect to q, by setting the partial
derivative to zero, the correction term for heat flux was ob-
tained as:

	qM+1
1 =

�
i=1

I

�Yn+i − Tn+i
l−1�
i

l−1

�
i=1

I

�
i
l−1�2

(Eq 3)

where 	qM+1
l � qM+1

l − qM+1
l−1.

The procedure was then repeated for a new heat flux value.
The iteration was continued until:

	qM+1
l

qM+1
l−1 � 0.005 (Eq 4)

the final iterated value of q was used as the initial heat flux for
estimating the heat flux for the next time step. The calculation
of the heat flux was continued for the desired time period.

The partial derivative in Eq 3 is called the sensitivity coef-

ficient and is a measure of the change in the estimated tem-
peratures with a small change in the boundary condition.

It was calculated by using Eq 4:


i
l−1 =

Tn+i�qM+1
l−1 �1 + ��� − Tn+i�qM+1

l−1 �

�qM+1
l−1 (Eq 5)

where the numerator is the difference in temperatures calcu-
lated using an explicit finite difference scheme at the monitored
node at the same time step for temperature (�T), using the
boundary conditions q and q + �. � is a small number and was
taken as 0.001 in the present investigation.

3. Results and Discussion

Figures 2 and 3 show the typical thermal histories in the
casting and the mold during solidification of the alloy in the
mold coated with graphite based dressing. The liquid metal
cools rapidly from the pouring temperature to the liquidus tem-
perature. At the liquidus and solidus temperatures, the cooling
curve shows a rapid change in the slope due to the evolution of
the latent heat. It is also observed that during solidification of
the alloy the locations in the mold near the mold surface in
contact with the solidifying casting heated rapidly to the maxi-
mum temperature.

Analysis of casting and the mold thermal history indicated
the following:

• The peak temperature attained by the mold during solidi-
fication increased with a decrease in the mold wall thick-
ness. This is attributed to the lower volumetric heat capac-
ity (�CpV) of the thin walled molds.

• The peak mold temperature increased with an increase in
the casting thickness due to its higher heat content.

• The change in the coating material had a significant effect

Table 2 Composition (wt.%) of the Al-Cu-Si alloy
(LM21)

Si Cu Ni Zn Fe Mg Ca Na Ti Al

5.6 3.07 0.31 2.02 0.47 0.47 0.0028 0.0011 0.02 balance

Table 3 Thermophysical properties of the mold material
and casting alloy

Material
Density,
kg/m3

Thermal
conductivity,

W/m � K
Specific heat,

J/kg � K

Mold:
Cast iron 7200 72 502

Casting:
LM21 alloy

Liquid 2560 90 1254
Solid 2690 194 1164

Fig. 2 Casting and mold thermal history during solidification of 12
mm thick casting in a 38 mm thick graphite coated mold
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on mold thermal history. The molds coated with the graph-
ite-based mold wash exhibited higher temperatures com-
pared with those coated with the alumina based mold coat.

Figures 4 and 5 show the computed heat flux transients for
typical casting/mold combinations. As the liquid metal filled
the mold, superheat is dissipated from the liquid metal to the
casting. This is shown in the cooling curve as a rapid decrease
in casting temperature. Below the liquidus temperature a solid
skin is formed. The casting skin may be pushed against the
mold wall by the metallostatic pressure of the liquid metal
resulting in a conforming contact. The good contact at the
casting/mold interface increases heat transfer from the solidi-
fying casting to the mold, which causes a drop in the casting
skin temperature. The peak in the heat flux transient can be
associated with the formation of a stable shell at the casting/
mold interface.

The initial heat flux transients were low for all of the ex-
periments. It is expected that the true heat flux begins at a high
value and then declines with time. One of the methods adopted
to approximate the true value of the peak heat flux is to ex-
trapolate the heat flux transient curve at the point of peak heat
flux to meet the ordinate at zero time. However, due to the
asymptotic nature of the curve it results in very high values of
the peak heat flux to be justified by the type of experiment.
Further, the peak in the heat flux transient curve is always
identified with the solidification of the casting surface in con-
tact with the chill. For the aluminum alloy LM21, the thermal
conductivity of the solid (ksolid � 194 W/m � K) is more than
twice the thermal conductivity of liquid (kliquid � 90 W/m � K).
Hence, the heat flux at the point of casting skin solidification is
greater than the heat flux at the liquid metal/chill interface. An
increase in the heat flux is, therefore, expected during the for-
mation of a stable solidified shell.

As the thickness of the solidified shell increases, its strength
increases, which can resist the metallostatic pressure, allowing

possible contraction away from the mold wall. This could re-
sult in a nonconforming contact in the casting/mold interfacial
region causing a sharp decrease in the heat flux transients. If
the conditions are favorable, a gas gap may form at the inter-
face. The formation of the gas gap during solidification of an
aluminum alloy against a metallic chill has been experimen-
tally proved by Prabhu and Campbell using real-time x-ray
imaging (Ref 19).

The graphite coated molds showed higher heat flux tran-
sients compared with that obtained with alumina-coated molds.
This is due to the higher thermal conductivity of the graphite-
based mold coats. It was also observed that the 10 mm thick
mold resulted in high heat flux transients and the heat flow was
found to be higher compared with 38 mm thick molds. On the
contrary, the solidification time and the cooling rates increased
with increase in the mold wall thickness. A similar result was
observed by Prabhu and Campbell (Ref 19) during solidifica-
tion of an aluminum alloy against metallic chills. Copper and
cast iron chills of 10 mm thickness appeared to show abnor-
mally high values of heat transfer coefficients. It was inferred
that the thin 10 mm chills, being relatively flexible, expand as
their front face heats up on contact with the solidifying casting.
The improved contact will cause the front face to heat up
further, enhancing the distortion toward the casting. On the
other hand, the thick chills, having greater rigidity, keep their
shape and location while the casting contracted, leading to a
nonconforming contact/gas gap. It is also likely that the heat
transfer might not be truly unidirectional and one-dimensional
inverse analysis may not be applicable in the case of thin chills/
molds. In light of contradicting results obtained with thin
molds, it is necessary to reassess the heat transfer at the casting/
thin mold wall interface.

In the present investigation, for thin molds, the thermal
histories at all locations inside the mold wall were approxi-
mated by a single mold heating curve determined by taking the
mean of the temperatures at two different locations (2 and 3)

Fig. 3 Casting and mold thermal history during solidification of 12
mm thick casting in a 10 mm thick graphite coated mold

Fig. 4 Estimated heat flux transients for 12 mm thick casting solidi-
fying in graphite coated molds
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inside the mold. The casting/mold interfacial heat transfer co-
efficients were then estimated by adopting Newtonian heating
analysis. The following equation is used to estimate the heat
transfer coefficient for 10 mm molds.

h =
�VCp

�T

�t

A�Tc − Tm�
(Eq 6)

�, Cp, and V/A are the density, specific heat, and volume-to-
surface area ratio of the mold, respectively. Tm is the mold
temperature obtained as the mean of the temperatures at mold
locations 2 and 3. �T/�t is the heating rate of the mold calcu-
lated by taking the derivative of the heating curve Tm(t). Tc is
the casting temperature measured at location TC1.

Figure 6 shows the interfacial heat transfer coefficients es-
timated using Newtonian heating for the alloy solidifying
against 10 mm thick molds coated with graphite- and alumina-
based dressings. The peak heat transfer coefficient was nearly
700 W/m2K for the graphite-coated mold. The corresponding
mold temperature was 162 °C. Assuming the peak to be asso-
ciated with the formation of solid shell, the peak flux at this
point was calculated as:

Q�A = q = h �Tsolidus − Tm� = 700 �525 − 162� = 254,100 W�m2

= 254.1 kW�m2

This value is significantly less compared with the peak heat
flux (380 kW/m2) obtained by inverse analysis for the mold of
same thickness and also the peak heat flux estimated for the

thick mold. Further, the Biot number corresponding to the peak
heat transfer coefficient is calculated as:

Bi =
hl

k
=

�700��0.01�

72
= 0.0972

The corresponding peak heat flux and the Biot number for the
alumina-coated mold are found to be 154 kW/m2 and 0.055,
respectively. In both cases, the Biot number is less than 0.1
indicating that in 10 mm thick molds, the temperature at the
surface of the mold in contact with the solidifying casting did
not differ greatly from the temperature at the center by more
than 5%. Hence, the assumption of a uniform temperature for
the 10 mm mold is valid. The heat transfer boundary conditions
calculated by using Newtonian heating analysis seem to be
more reliable as compared with the heat flux transients esti-
mated by inverse analysis for thin molds. However, the New-
tonian heating analysis cannot be applied for thick molds where
the Biot number is greater than 0.1 due the higher thermal
resistance (l/k) offered by the mold.

It was also observed that the time for the occurrence of peak
heat flux increased with the decrease in mold wall thickness
and increase in casting thickness. For example, the increase in
the casting thickness from 12 to 22 mm resulted in an increase
in the time of occurrence of the peak value from 16 to 21 s.
With a decrease in mold wall thickness, the ability to extract
heat from the casting decreases. The solidifying metal at the
interface remains a liquid for a longer time. With an increase in
mold wall thickness, a solid shell of the metal forms early at the
interface, corresponding to the peak in the heat flux transients,
and as the solidified shell gains strength it contracts away from
the mold wall. Similarly, with an increase in casting thickness
the total heat content of the casting to be extracted by the mold
of similar thickness increases, leading to a delay in the forma-
tion of the solid shell at the casting/mold interface.

Fig. 5 Estimated heat flux transients for 12 mm thick casting solidi-
fying in alumina coated molds

Fig. 6 Heat transfer coefficients estimated assuming Newtonian
heating for 10 mm thick molds
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4. Conclusions

Based on the preceding results and discussion the following
conclusions were drawn:

• The mold wall, casting thicknesses, and the coating mate-
rial of the mold significantly affect the thermal behavior of
the mold, and hence, the solidification of the casting.

• The interfacial heat flux transients (q) estimated by inverse
analysis were found to be higher for thin molds, although
the solidification times were lower. The contradictory re-
sults obtained with thin molds were attributed to mold
distortion due to thermal stresses.

• For thin metallic molds, where the Biot number is small,
assumption of Newtonian heating yielded realistic and re-
liable assessment of the casting/mold interfacial heat trans-
fer compared with one-dimensional inverse modeling.

• The time of occurrence of peak heat flux associated with
the formation of a stable solid shell at the interface in-
creased with decrease in the mold wall thickness and in-
crease in the casting thickness.

• The use of graphite coating on the inner surface of the
mold increased the peak heat flux by about 20%.
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