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Abstract

The present work investigated the effect of flat, concave,
and convex mold contours on heat transfer during the
solidification of an aluminum AlSi11Cu3Fe (ADC-12)
alloy. Experiments were designed with copper/steel cylin-
drical and flat molds to study the effect of convex and flat
casting/mold interface on heat transfer. To examine the
effect of a concave and flat interfaces, an experimental
setup consisting of a cylindrical and square bar chill was
fabricated. Casting/mold (chill) interfacial heat flux was
estimated by solving an inverse heat conduction problem
(IHCP). The temperatures measured at locations inside the
mold/chill were used as input to the inverse solver. It was
observed that the flat contour yielded higher heat flux than
a convex contour for both copper and steel molds.
Although the volume to surface area (V/A) ratio for

castings solidified against a flat and convex interface are
the same, the larger mold volume associated with the flat
interface yielded higher heat flux transients. Experiments
involving chills suggested that the flat interface resulted in
higher heat transfer when the (V/A) ratio for the chill was
the same. To study and compare the combined effect of
mold material and contour on heat transfer during casting
solidification, the molds must have the same volumetric
thermal effusivity per unit surface area available for heat
transfer.

Keywords: mold contour, chills, (V/A) ratio, thermal
effusivity, interfacial heat flux, Al-Si alloy

Introduction

Casting simulation tools are vital in industries as they

enable accurate prediction of casting defects, optimize

process parameters, and reduce cost by minimizing phys-

ical trials and errors. They enhance productivity and ensure

the production of high-quality castings with improved

efficiency and reduced time-to-market.1,2 The accuracy of

any casting simulation package depends on the use of

precise thermophysical data and boundary conditions of the

mold/chill under investigation. Initially, as the melt is

poured into the mold cavity at room temperature, it loses its

heat to the mold and undergoes a phase change. As the

solidification progresses, the casting shrinks away from the

mold, hindering the heat flow at the casting/mold interface.

Hence, solidification modeling of the process requires a

precise understanding of the interfacial heat transfer

characteristics. In the past few decades, many researchers

have worked on estimating the interfacial heat transfer

coefficient (IHTC) at the casting/mold interface during

solidification, which is an important boundary condition in

the simulation models.3–6 Prabhu et al. adopted an inverse

technique to estimate the heat flux transients at the

die/casting interface. Three different casting materials were

cast in three different mold materials. They formulated a

peak heat transfer regression model to calculate the max-

imum heat transfer at the casting/mold interface for any

metal/mold combination having a thermal diffusivity ratio

between 0.17 and 9.4.7 The dependence of IHTC on dif-

ferent casting alloys and mold materials was also demon-

strated in the work of Bazhenov et al. They showed that the

solidification time of the aluminum alloy (A356) cylindri-

cal ingots in steel mold was nearly twice as long as those

for graphite molds with relatively higher thermal conduc-

tivity. Also, the solidification time of aluminum alloy

(A356) and Zinc alloy (AZ81) in the graphite mold was

almost the same. In contrast, there is a significant
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difference in the solidification time of the alloys cast in

steel molds.8 Asif and Sadik conducted experiments to

investigate the effect of melt pouring temperature, casting

material on the interfacial heat flux transients during the

cylindrical casting of zinc and aluminum. They concluded

that at the same pouring temperature, the casting/mold

interfacial heat flux is independent of the casting material.

At the same time, the IHTC is dependent on the properties

of the casting.9 The influence of alloy composition on the

heat transfer process at the casting/die interface in high-

pressure die casting is shown in the work of Helenius and

Lohne.10 Zhang et al. found that the maximum value of

IHTC at the interface was highly dependent on the casting

material.11 Kasprzak et al. studied the effect of melt tem-

perature and cooling rate on the microstructure of the Al-20

% Si alloy. It was concluded that the primary Si crystal size

is dependent on the melt temperature, whereas the sec-

ondary dendritic arm spacing (SDAS) was a function of the

cooling rate and not affected by the difference in melt

temperature.12 The dependence of SDAS on the cooling

rate is also shown in the work of Ayabe et al. They

employed two different die material with 50 % difference

in thermal conductivity. The casting solidified against the

die with higher thermal conductivity resulted in a finer

SDAS and thus increasing its strength.13 Cho and Kim also

showed a strong proportional relationship between den-

dritic arm spacing and cooling rate in high-pressure die

casting of aluminum (ADC-10 and ADC-12) alloys.14 Kim

et al. studied the effect of ceramic and carbon coating on a

cylindrical copper mold. They categorized IHTC into three

regimes according to the physical state of the casting

material during solidification. An increase in IHTC was

reported for ceramic coating than carbon coating.15 Prabhu

and Suresha attributed the increase in peak heat flux values

for graphite-lined steel mold than steel mold to the higher

thermal conductivity of the graphite lining.16 Kan numer-

ically investigated the effect of mold temperature on the

IHTC during the solidification of aluminum alloy (A383)

and reported a 10 % increase in IHTC when the mold

temperature was raised by 20 %.17 The influence of oil

tempering on permanent die temperature control was

investigated in the work of Vossel et al. Solidification in

smaller melt reservoirs is significantly influenced by

changing oil tempering settings at near-interface posi-

tions.18 Yavuz and Ertugrul conducted numerical studies to

analyze the cooling performance of ring-type air cooling

channels in low-pressure die casting of aluminum wheel.

They optimized the cooling performance by having the

right combination of the number of cooling inlets, the

number of cooling outlets, air pressure, and the ratio

between inlet and outlet areas.19 Experimental and

numerical investigation of the cooling channels in the

permanent metal mold was performed by Kan and Ipek. It

was shown that the additively manufactured cooling

channel achieved a 48 % increase in heat transfer rate away

from the molten metal compared to conventionally drilled

cooling channels.20 Tian et al. proposed a physical model

to predict the complex temperature field during solidifica-

tion of steering knuckle casting of aluminum alloy. The

simulated temperature results were used to predict the

shrinkage holes and were consistent with the metallo-

graphic analysis of the casted samples.21 Boydak et al.

carried out a computer simulation of the high-pressure die

casting to optimize the mold filling, solidification, tem-

perature distribution, and porosity. They instigated the

importance of process simulation by achieving sound

casting using the simulated results.22 In low-pressure die

casting, the occurrence of macroporosity in the junction of

small spokes in aluminum alloy wheel casting is arrested

by prolonging the solidification time at thin-walled loca-

tions with the aid of insulation spots and an improved

cooling system.23 In squeeze casting, increasing the

squeeze pressure to over 90 Mpa completely eliminated the

shrinkage porosity due to high cooling rate.24 Vossel et al.

determined the IHTC during the gravity die-casting process

while considering the presence of local air gap and contact

pressure. They combined the experimental evaluation and

numerical simulation techniques to investigate the IHTC

characteristics.25 Shamil et al. estimated a radially depen-

dent IHTC between a solidifying aluminum alloy droplet

and metal substrate. The IHTC was found to decrease with

increase in the radial distance from the center of the

solidified melt droplet due to an increase in gap width for

solidification on copper substrate.26 Aksoy and Koru esti-

mated the IHTC at the casting/mold interface in pressure

die casting by artificial intelligence methods.27

Metallic chills are used in sand casting to control solidifi-

cation by promoting directional solidification. Directional

solidification is very important for the casting process to

overcome casting defects like shrinkage porosity, hot tear,

crack, etc. Chill decreases the local solidification time,

produces high-quality castings with improved mechanical

properties, dimensional accuracy, and reduced defects, and

aids in increasing the casting yield.28 Kumar and Prabhu

studied the effect of different chill materials and thick-

nesses on the casting/chill interfacial heat flux during the

solidification of aluminum base alloys. The heat flux

transients at the casting/chill interface indicated a maxi-

mum shortly after pouring and then dropped off gradually

with solidification progress. They showed that the peak

heat flux was a power function of the ratio of chill thick-

ness and its thermal diffusivity.29 Ramesh and Prabhu

studied the effect of different chill materials and casting

materials on the IHTC during the downward solidification

of zinc and zinc base alloy. The casting/chill peak IHTC is

found to be increasing with an increase in thermal diffu-

sivity of chill material, melt pouring temperature, and heat

capacity of the casting.30 In the work of Prabhu et al., it

was shown that even though aluminum and graphite have

similar thermal diffusivities, aluminum chills resulted in a

higher cooling rate of the casting compared to graphite

chills, and it was attributed to the higher heat diffusivity of

the aluminum.31 Gafur et al. reported that the effect of chill
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thickness on the interfacial heat flux transients falls after

peak occurrence, as the heat diffuses into the chill’s interior

and affects the external surface temperature, while the

effect of an increase in melt superheats was significant till

the occurrence of peak heat flux as it increases the peak

heat flux values.32 The increase in casting/chill interfacial

heat flux transients with casting height was demonstrated in

the work of Prabhu and Campbell.33 They have modeled

the heat transfer coefficient as a function of the dimen-

sionless ratio of chill height to the casting height and

thermal diffusivity of chill material. The direction of

solidification for gravity also affects the heat flux transients

at the casting/chill interface. Spinelli et al. reported a

higher heat flux for an upward directional solidification of

Al-Si alloy than downward solidification. In upward

solidification, the metallostatic pressure increases due to

gravity as the melt head is raised above the chill. It pro-

motes perfect contact at the casting/chill interface resulting

in higher heat flux transients at the casting/chill interface.34

A discussion on solidification simulation using commer-

cially available software packages like AUTOCAST,

MAGMA, ProCAST, and SolidCAST are presented in the

review papers.35,36 A data base on the boundary flux

transients as a function of mold contours would improve

the accuracy of simulation when complex geometries are

encountered. Heat flow into the convex surface is diver-

gent; therefore, the heat flows more rapidly than into the

plane mold. In contrast, heat flow into the concave surface

is convergent and less rapid than into the plane mold wall37

(Figure 1). Although the effect of mold contour on heat

transfer was described qualitatively, an attempt has not

been made to quantify the effect.

In the present work, experiments with varying mold con-

tours were conducted. The effect of convex, flat, and

concave mold contours on the interfacial heat transfer

during the solidification of AlSi11Cu3Fe alloy (ADC-12)

was assessed.

Experimental Procedure

The following two sets of experiments were performed.

a. Solidification in metallic molds.

Figure 2 shows the schematic sketch of the

experimental arrangement to study the effect of

flat and convex mold contours on heat transfer

during solidification. The molten metal was

poured into metallic molds, wherein the effect

of flat and convex interface on heat flux transients

was studied. The mold dimensions were selected

to maintain a constant volume-to-surface area (V/

A) ratio of the casting and are given in Table 1.

The metallic molds are fabricated into two halves

using mild steel and copper and are clamped

together before the experiment. Molds were

instrumented with three K-type thermocouples

along the thickness, as shown in Figures 3 and 4

to record the thermal history of the mold. The

holes were drilled to a depth of half of the height

of their respective geometry. Thermocouple holes

are drilled by electrical discharge machining

(EDM). The molds are thermally insulated at

the bottom using refractory bricks while pouring.

b. Experiments involving dipping metallic chill into

molten metal.

In this experimental setup, a small metallic probe

was introduced into the melt, and the molten

metal was allowed to solidify around the probe to

assess the effect of concave and flat contours on

casting/chill interfacial heat flux transients (Fig-

ure 5). Cylinder and square bar chills were used

to obtain concave and flat contours, respectively.

The dimensions are selected to maintain a

constant (V/A) ratio of the chill and the casting

volume and are given in Table 2.

Chills were fabricated using mild steel and are instru-

mented with K-type thermocouples at a depth of 35 mm

from the top as shown in Figures 6 and 7, to record the

Figure 1. Effect of mold contour on heat transfer at the casting/mold interface.37
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thermal history of the chills. Mild steel chills were also

coated with graphite by dip coating to assess the effect of

coating on the interfacial heat transfer.

A semi-automatic table lifter was designed and fabricated

in-house. The machine consists of a frame holding an

instrumented chill vertically upright and a horizontal

table to lift the mold with molten metal (Figure 8a). The

table is coupled to a ball screw and nut assembly. A 12 volt

DC motor powers ball screw and nut assembly. As the

horizontal table lifts up the mold, the chill gets immersed

into the melt. Chills are immersed into the molten metal to

a height of 60 mm at the rate of 20 mm/s. Chills are

positioned stationary to avoid errors in the recorded ther-

mal history. Molds made of mild steel are used, and their

dimensions are shown in Figure 8b. The molds are also

heated to the melt temperature to prevent solidification of

the casting against the mold wall and to ensure heat transfer

occurs predominantly at the casting/chill interface.

AlSi11Cu3Fe alloy (ADC-12) was used in the present

investigation. The chemical composition of aluminum

alloy is given in Table 3.

The alloy was melted in a resistance-heating furnace to a

temperature of 680�C. The melt pouring temperature and

the melt in dipping experiments were all maintained at

680�C. Hexachloroethane tablet was added to the melt as a

degasser to prevent defects like porosity. After removing

the crucible from the furnace, the oxide layer at the top of

the melt is skimmed off before pouring. Thermocouples

were connected to a computer through a data acquisition

system (NI-c-DAQ 9213) (Figure 9). The sampling rate

was 0.2 s during temperature data acquisition. The recor-

ded thermal histories and thermophysical properties of the

mold/chill were used as input to the inverse heat conduc-

tion model to determine the heat flux transients at the

casting/mold (chill) interface. The thermophysical proper-

ties of copper and mild steel used in the numerical esti-

mation of heat flux transients at the interface are given in

Table 4.

Figure 2. Schematic representation of (a) pouring molten metal into metallic molds, and (b) the
corresponding heat flow directions.

Table 1. Dimensions of Molds Used in the Experiment

Mold contour Dimensions, cm Mold Volume,
cm3

Casting volume,
cm3

Mold surface area,
cm2

Mold V/A ratio,
cm

Flat mold Side (a) 9.5 705.4 152 152 4.64

Thickness (t) 2.75

Cylindrical
mold

Outer diameter
(D)

7.6 524.8 201.1 201.1 2.61

Inner diameter (d) 4.0

Height (h) 16
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Boundary conditions for estimating interfacial heat flux

transients are schematically represented for different mold

and chill contours in Figure 10 and 11, respectively. Heat

transfer from the casting surface into the mold/chill was

estimated by Beck’s nonlinear estimation technique of

solving the inverse heat conduction problem. The aim was

to compare the effect of casting contour on heat transfer

from casting into the mold/chill. TmmFe Inverse solver

(Thermet Solutions, Bangalore) was used for this purpose.

It is assumed that the heat flow within the mold/chill is one-

dimensional (perpendicular to the mold/chill surface in

contact with the casting).

Figure 3. Schematic sketch of the cylindrical mold.

Figure 4. Schematic sketch of the flat mold.
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Figure 5. (a) Schematic representation of dipping of chills in the molten metal, and (b) the
corresponding heat flow directions.

Table 2. Dimensions of Chills Used in the Experiment

Chill contour Dimensions, cm Chill volume, cm3 Chill surface area, cm2 (V/A) ratio of chill, cm Casting volume, cm3

Square bar chill Side (a) 1.27 10.5 34.6 0.3 49.5

Height (h) 6.5

Cylindrical chill Diameter (d) 1.27 8.2 27.2 0.3 49.5

Height (h) 6.5

Calculated (V/A) ratio of the chills used in the experiment are given in italics

Figure 6. Schematic sketch of the cylindrical chill.
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The one-dimensional heat conduction equation (Equa-

tion 1) is solved using the following boundary and initial

conditions.

o

ox
k
oT

ox

� �
¼ qCp

oT

ot

� �
Eqn: 1

T (Lj, t) = Y (t) (Measured thermocouple temperature at

different locations from the mold/chill surface), T (L, t) =

B (t) (Thermal boundary condition at the outer surface of

the mold/chill), T (L, 0) = Ti (Initial temperature).

where L is the mold/chill thickness.

To determine the unknown heat flux transients (q(t)) at the

casting/mold (chill) interface, an error function F(q),

expressed as in Equation 2, has to be minimized with

respect to q. F(q) represents the sum of squared error

Figure 7. Schematic sketch of the square bar chill.

Figure 8. (a) 12 volt DC motor operated table lifter, (b) Dimensions of the steel mold.
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between the measured temperature Ynþi;j

� �
and the calcu-

lated temperature Tnþi;j

� �
at different thermocouple loca-

tions. The time is vectorized as time step numbers.

Subscripts n and i correspond to the global time step

number and the future time step, respectively. m is the total

number of future time steps. j and k correspond to the

thermocouple location and total number of thermocouples,

respectively.

F qð Þ ¼
Xk
j¼1

Xm
i¼1

Tnþi;j � Ynþi;j

� �2 !
Eqn: 2

Initially, for the first global time step number qnð Þ is

arbitrarily assumed (say 100 W/m2). The heat conduction

equation is then solved for m future time steps with a

constant value of heat flux. An iteration method was

employed to estimate qn, and the minimization of F(q) led

Table 3. Chemical composition of AlSi11Cu3Fe alloy
(ADC-12)

Elements Nominal composition
(wt%)

Analyzed composition
(wt%)

Si 9.60–12 10.81

Cu 1.50–3.5 2.95

Zn 1.0 1.07

Fe 1.30 0.81

Mg 0.30 0.10

Mn 0.30 0.11

Ni 0.50 0.04

Pb 0.30 0.14

Ti 0.2 0.02

Al Balance 83.86

Figure 9. Schematic representation of experimental setup. (1), (2), (3), and (4) are the different
molds/chills used, (a) K-type thermocouples, (b) connecting wires, (c) data acquisition system, and
(d) Laptop computer.

Table 4. Thermophysical Properties of Copper and Mild
Steel38

Material Thermal conductivity
(k), W/m K

Density (q),
kg/m3

Specific heat
(Cp), J/kg K

Copper 398 8910 385

Mild
steel

40.3 7882 441
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to a correction term for heat flux, as shown in Equation 3.

The superscript l indicates the iteration number.

rqln ¼
Pk

j¼1

Pm
i¼1 Ynþi;j � Tl�1

nþi;j

� �
;l�1
i;jPk

j¼1

Pm
i¼1ð;l�1

i;j Þ2
Eqn: 3

The sensitivity coefficient /l�1
i;j , defined as the change in

calculated temperature (Tn?i,j) when the heat flux qn is

increased by a small value qln ¼ ql�1
n þ eql�1

n

� �
, is

calculated as shown below.

;l�1
i;j ¼

Tnþi;jðql�1
n 1þ eð Þ � Tnþi;j q

l�1
n

� �
eql�1

n

Eqn: 4

The correction term is added to the heat flux obtained in the

previous iteration, as shown in Equation 5.

qln ¼ ql�1
n þrqln Eqn: 5

The iteration was continued until
rql

n

ql�1
n

\0:005. The final

iterated value of q was used as the initial heat flux for the

next global time step.39,40

Results and Discussion

Effect of Convex and Flat Mold Contour
on Interfacial Heat Transfer

Figures 12 and 13 show the thermal history of molds

during the solidification of alloy against different mold

materials and contours.

The thermal history of mild steel molds indicates that after

the liquid metal was poured, the location near the interface

was heated rapidly to the highest temperature. This can be

seen from the recorded thermal history measured by the

thermocouple near the interface (TC-1) for mild steel

molds. At locations away from the interface, the tempera-

ture gradually increases and remains nearly constant after a

certain period of time. The temperature profile of TC-1

rises to a peak value when the molten metal makes a

conforming contact with the surface of the mold,

Figure 10. Boundary conditions for solving Inverse Heat Conduction Problem in (a) flat and
(b) convex mold contour.

Figure 11. Boundary conditions for solving Inverse Heat
Conduction Problem in flat and concave chill contours.
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irrespective of the mold contour. The change in the heating

rate of the mold after the peak at TC-1 is because of the

non-conforming contact/evolution of air gap at the

casting/mold interface caused by the contraction of the

solidified skin layer away from the mold surface. The

thermocouples located away from the mold surface

Figure 12. Thermal history inside mild steel molds for (a) flat contour, and (b) convex contour during
solidification of the alloy.

Figure 13. Thermal history inside copper molds for (a) flat contour, and (b) convex contour during
solidification of the alloy.
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Figure 14. Thermal plots of flat contoured mold at 5 s after pouring for (a) Mild steel, and (b) Copper.

Figure 15. Thermal plots of convex contoured mold at 5 s after pouring for (a) Mild steel, and
(b) Copper.

Figure 16. Heat flux transients at the casting/mold
interface for mild steel molds with flat and convex
contour.

Figure 17. Heat flux transients at the casting/mold
interface for copper molds with flat and convex contour.
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continue to heat slowly until all the thermocouples instru-

mented in the mold approach equilibrium.

For mild steel mold with flat contour, a very large differ-

ence in temperature of about 131 �C was observed between

the thermocouples TC-1 and TC-2 after 5 s from pouring.

In contrast, the difference is only 66 �C for the mold with

convex contour. For copper molds, the temperature dif-

ference between TC-1 and TC-2 at 5 s is 22 �C and 7.5 �C
for flat and convex contours, respectively. Thermal plots of

the heating chills at 5 s after pouring are shown in Fig-

ures 14 and 15.

The thermal plots show the isotherms indicating heat

penetration inside the mold. The mild steel mold’s lower

thermal conductivity and diffusivity results in a steeper

temperature gradient and slower heat conduction from the

casting/mold interface to the outer surface. The thermal

field images also showed that the heat transfer within the

chill is one-dimensional throughout the experiment.

Heat Flux Transients

Figures 16 and 17 show the heat flux transients estimated at

the casting/mold interface during solidification of the alloy

against copper and mild steel molds with flat and convex

mold contours. The estimation of heat flux transients at the

casting/mold interface is done by using the boundary con-

ditions shown in Figure 10. At the casting/mold interface,

the heat flux shows a maximum shortly after pouring of the

liquid metal. Liquid metal first establishes contact with the

surface of the mold resulting in a rapid increase in heat flux

followed by a peak (qmax). A solidified shell forms, and as

the thickness of solidified shell increases with time, the

casting skin contracts away from the chill, leading to non-

conforming contact at the interface. The decrease in the heat

flux after a peak is due to the change of conforming to non-

conforming contact at the interface. For mild steel molds,

the time of occurrence of peak heat flux is 4.8 s and 3.8 s for

flat and convex contours, respectively. The peak heat flux

for copper molds occurs early at 3 s and 2.2 s for flat and

convex contour, respectively. The estimated peak heat flux

transients and the area under the curve for the aluminum

alloy solidifying in different molds are listed in Table 5. The

area under the curve indicates the total amount of heat

extracted per unit area.

Peak heat flux transients were higher for molds with flat

contour than convex contour. An increase in peak heat flux

of 23 % and 8 % was observed with flat contour compared

to convex contour for mild steel and copper molds,

respectively. The peak occurs early for copper mold with a

flat contour. This is attributed to the high thermal con-

ductivity of copper. The occurrence of peak heat flux is

more influenced by the thermal diffusivity of the mold

material than its contour. The total energy absorbed by the

flat contour was about 17-22% higher than the convex

contour for both mold materials. Even though, the (V/A)

ratio of casting is constant for both the contour, the (V/A)

ratio of the mold with flat contour (4.6 cm) is greater than

the (V/A) ratio of the mold with convex contour (2.6 cm) in

the experiments carried out. The volumetric heat capacity

of mild steel mold calculated for flat contour is 2452 J.K-1,

35 % more than that of the mold with convex contour

(1821 J.K-1). The higher the (V/A) ratio of mold higher

will be the heat transferred to the mold per unit area.

Hence, contrary to the expectation of higher heat flux, the

convex interface resulted in a lower flux. The study sug-

gests that to compare the effect of mold contour, the (V/A)

ratio of the molds must be the same.

The experimental setup involving dip experiments uses

chills with different contours with the same (V/A) ratio.

Figure 18 thermal behavior of uncoated and graphite-

coated chills dipped into the steel mold during solidifica-

tion of the alloy. The corresponding variations in heat flux

with time are given in Figure 19. The values of peak heat

flux of coated and uncoated chills are given in Table 6.

The thermal history of the chills shows that the chill with

flat contour is heated faster than the chill with a concave

contour. Higher peak heat flux is recorded for both

uncoated chill contours. The peak heat flux in the case of

graphite-coated chill is low because of thermal resistance

between the outer graphite coating and the inner steel wall.

In order to reduce the casting/mold heat transfer, the molds

are pre-heated to 650�C before the experiment. This is

done primarily to ensure that the heat transfer occurs pre-

dominantly at the casting/chill interface rather than the

casting/mold interface. For uncoated chills, a 37% increase

in the peak heat flux was observed with the flat chill con-

tour compared to concave contour when steel mold is used.

A 96 % increase in peak heat flux was observed for chills

coated with graphite. Thermal resistance offered by the

graphite coating layer of *96 lm are 2.20 x 10-4 K/W and

2.80 x 10-4 K/W for flat and concave surfaces, respectively.

Thus, when the chill is heated at a slower rate due to the

additional thermal resistance offered by the coating, the

Table 5. Estimated Peak Heat Flux Values and Total Heat
Removed for the Molds

Molds qmax, kW/
m2

Total heat removed, kJ/
m2

Copper-flat contour 2248 23506

Copper-convex
contour

2081 20142

Mild steel-flat contour 1649 19587

Mild steel-convex
contour

1339 16098
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effect of chill contour on the peak heat flux becomes more

significant. A significant increase in the total energy

absorbed by the chill was observed with flat contour than

the concave chill contour. The total energy absorbed by the

flat and concave contours are 16620 kJ/m2 and 8394 kJ/m2,

respectively, for uncoated chills. For coated chills, the

corresponding values are 14339 kJ/m2 and 7333 kJ/m2,

respectively. The flat interface yielded higher heat flux

Figure 18. Effect of chill contours on temperature history of (a) bare mild steel chills, and
(b) graphite coated mild steel chills, mold material: steel.

Figure 19. Heat flux transients at the casting/chill interface for (a) bare, and
(b) graphite-coated mild steel chills dipped into the molten metal; mold material:
steel.
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transients in all the experiments compared to concave

interface, which is in agreement with the observation

reported in the literature.37 As the (V/A) ratio of chill and

casting volume is maintained constant, the change in heat

flux transients is solely attributed to the contour effect.

It is also important to note that while comparing the effect

of contours of different mold materials, the volumetric

thermal effusivity (VTE) per unit area of the surface (A) in

contact with the casting has to be considered. The volu-

metric thermal effusivity is defined as (HkqCp)(V). For
example, in the present investigation for mild steel molds,

the VTE/A of flat mold (549 Ws1/2m-1K-1) was found to be

greater than the mold with the convex contour (309 Ws1/

2m-1K-1); hence, higher heat flux transients are obtained.

The corresponding VTE/A of copper mold were 1715 Ws1/

2m-1K-1 and 964 Ws1/2m-1K-1, respectively. The effect of

VTE/A on peak heat flux and total heat removed is shown

in Figure 20. The argument holds good for chills as well.

Conclusions

An experimental setup was designed and fabricated to

study the effect of casting contour on interfacial heat flux

transients. The heat flux increased rapidly as the liquid

metal filled the mold cavity and reached a peak value. The

decrease in the heat flux is due to the change of thermal

contact condition from conforming to non-conforming at

the interface. The effect of three different casting contours

on the interfacial heat transfer during the solidification of

AlSi11Cu3Fe alloy (ADC-12) was investigated. Based on

the results and discussion, the following conclusions are

drawn:

1. The thermal fields within the mold material

estimated using the inverse analysis show that

the heat transfer within the mold is one-dimen-

sional throughout the experiment.

2. With both square and cylindrical molds repre-

senting flat and convex interfaces, heat flux was

higher for the flat interface. This was due to the

higher mold volume to surface area associated

with the square mold.

3. For the same (V/A) ratio of the casting, the flat

interface resulted in higher heat flux than the

convex interface.

Table 6. Estimated Peak Heat Flux Values and Total Heat
Removed for the Chills

Mild steel chill
contour

Coating Mold qmax,
kW/m2

Total heat
removed, kJ/m2

Concave Nil Steel 1083 8394

Flat Nil Steel 1487 16620

Concave Graphite Steel 494 7333

Flat Graphite Steel 969 14339

Figure 20. Effect of volumetric thermal effusivity per unit area on (a) peak flux and (b) total heat
removed.
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4. Copper molds resulted in higher heat flux tran-

sients than steel molds for all contours.

5. Molds with higher volumetric thermal effusivity

per unit heat transfer surface area (VTE/A) result

in higher heat flux transients. Copper molds with

a higher VTE/A ratio yielded higher heat flow

rates. Thus, with both copper and steel molds, the

flat contour resulted in higher heat flux than

convex contour.

6. For steel chills with the same (V/A) ratio, the

magnitude of the heat flux transients and the heat

flow are higher with flat and lower with the

concave interface.

7. The contour effect becomes more significant for

coated chills due to additional thermal resistance.

8. To assess the effect of mold contour on heat

transfer during solidification, it is essential that

(VTE/A) ratio of the mold and the casting volume

have to be maintained constant.
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22. Ö. Boydak, M. Savaş, B. Ekici, A numerical and an

experimental investigation of a high-pressure die-

casting aluminum alloy. Int. J. Metal cast. 10, 56–69
(2016). https://doi.org/10.1007/s40962-015-0004-4

23. D. Sui, Z. Cui, R. Wang, S. Hao, Q. Han, Effect of

cooling process on porosity in the aluminum alloy

automotive wheel during low-pressure die casting. Int.

J. Metal cast. 10(1), 32–42 (2016). https://doi.org/10.

1007/s40962-015-0008-0

24. S.A. Hassasi, M. Abbasi, S.J. Hosseinipour, Paramet-

ric investigation of squeeze casting process on the

microstructure characteristics and mechanical proper-

ties of A390 aluminum alloy. Int. J. Metal cast. 14,
69–83 (2020). https://doi.org/10.1007/s40962-019-

00325-0

25. T. Vossel, N. Wolff, B. Pustal, A. Bührig-Polaczek,
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