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Investigation of casting/chill interfacial heat transfer 
during solidification of Al-11% Si alloy by inverse 
modelling and real-time x-ray imaging 
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Heat transfer at the casting/chill interface during 
solidification of Al-11% Si eutectic alloy (LM 6) 
was investigated. Experiments were carried out 
for various combinations of chill thickness, 
casting height and chill material. The thermal 
history at nodal locations in the chill was used to 
estimate the interfacial heat flux by inverse 
modelling. A new parameter called the heat flux 
penetration time was proposed to model the 
transformation of the interfacial condition from a 
perfect contact to a nonconforming contact. The 
heat transfer coefficient was modelled as a 
function of the chill thickness, casting height and 
the thermal diffusivity of the chill material. 

Real time x-ray imaging technique was adopted 
to observe the casting/chill interface during 
solidification of the alloy. The video pictures 
indicate that a gas gap forms in the case of thin 
chills. The formation of the gap in thick chills 
could not be detected. The widths of the gap 
formed at the interface were measured by an 
image analyser which revealed that the width of 
the gap not only varies with time but also with 
position along the chill surface. 

Keywords: casting/chill interface, interfacial heat flux, solidification, 
inverse modelling, gas gap, real-time x-ray imaging 

Introduction 
Modelling of heat transfer at the metaUmould interface is 
one of the critical problems in the simulation of casting 
solidification. When molten metal is poured into a mould, 
the rate at which it can lose heat is controlled by a number 
of resistances. 1 The resistances to heat flow from the 
interior of the casting can be grouped into five heads, 
namely, liquid metal, the solidified metal, the metaU 
mould interface, the mould and the surroundings of the 
mould. Resistances due to the liquid metal and surround
ings of the mould can be negligible in practice. Further
more, when the metal and the mould have good rates of 
conductance the boundary between the two becomes the 
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region of dominant resistance. Thus in many casting 
processes, heat flow is controlled to a significant extent 
by the resistance at the metaUmould interface. 2-

6 Gravity 
die casting, pressure die casting and continuous casting are 
some of the processes where product quality is affected by 
interfacial heat transfer conditions. Hence solidification 
modelling of these processes require a precise knowledge 
of the interface heat transfer characteristics. 

During solidification of the casting there can exist three 
different thermal contact conditions at the casting/mould 
interface. 

1 Conforming contact where the metal is in almost 
perfect contact, touching the mould surface at many 
locations 

2 Nonconforming contact where the metal is in imperfect 
contact, touching the mould surface only at a few 
locations. 

3 A clear gap where the skin of the solidifying casting 
physically separates from the mould wall surface. 

The transformation of the interfacial condition from a 
nonconforming contact to a clear gas gap results in a 
drastic drop in the heat flow at the interface. At lower 
temperatures, the mode of heat transfer through the gas 
gap has been suggested to be predominantly due to 
conduction in the gap. 7 

Many researchers8
-

10 have attempted to estimate the 
interfacial heat transfer coefficient. Inverse solution to the 
transient heat conduction equation and the measurement 
of mould and casting movements using suitable transdu
cers to estimate the air gap thickness have been the most 
popular techniques. However so far no attempts have 
been made to observe the gas gap directly. 

This paper is devoted to the modelling of heat flux 
transients at the casting/chill interface during solidifica
tion of Al-11% Si eutectic alloy (LM 6). LM 6 alloy is 
commonly used for large and intricate castings where 
corrosion resistance and ductility is required. It is 
convenient for this study because it freezes as a eutectic 
at the single temperature 577 °C. For the first time, a 
real-time x-ray imaging technique has been adopted to 
observe directly the formation of the gas gap and study 
its variation with time and position along the chill 
surface. 
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Fig. 1 Experimental set-up 

Experimental method 
The alloy was melted in a clay/graphite crucible in a 
medium frequency induction furnace. The pouring tem
perature was maintained at 720 °C. The composition of 
the alloy is given below. 

Si 
10.99 

Fe 
0.6 

Cu 
0.08 

Mn 
0.31 

Mg 
0.06 

Ni 
0.01 

Sand moulds were prepared using pepset process. Fig. 1 
shows the mould with a cylindrical chill located at the 
base. One end of the chill was exposed to ambient 
conditions to simulate the conditions existing in the 
environment of a metallic mould. Mineral insulated 
chromel-alumel (K-Type) thermocouples of diameter 
0.8 mm were located in the chill exactly at the finite 
difference nodal points. Table 1 gives the thermocouple 
locations in the chill material. Casting thermocouples 
4 & 5 were located at the centre of the casting and 5 
mm from the casting/chill interface respectively to moni
tor the solidification process. The tips of the thermo
couples were protected by coating them with an alumina 
based paint. All of the thermocouples were interfaced 
to a computer-aided data acquisition system using 

800 
u 
::... 600 
w a:: i 400 
w 
ii 200 
w ... 

0 
0 200 

Narayan Prabhu and Campbell 

400 
TIME(a) 

-TC5 
-TC4 
-TC1 
-TC2 
-TC3 

600 800 

Fig. 2 Thermal history inside a casting and chill. 
Casting height: 50 mm, Chill: 80 mm copper 

compensating cables. For the direct observation of the 
formation of the air gap, a real-time 160 kV x-ray imaging 
system was used. The mould was placed between the x-ray 
source and a fluorescent screen, which converted the x-ray 
shadow image into a light image. The image thus obtained 
was electronically enhanced and recorded on videotape. 
The measurement of the width of the gas gap was carried 
out using an image analyser. Experiments were also carried 
out with the chill surface coated with a graphite based wash 
(Foseco Dycote 36) to study its influence on the gas gap. 

Zn 
0.04 

Pb 
0.02 

Cr 
0.01 

Sn 
0.01 

Ti 
0.02 

AI 
balance 

The non-linear estimation technique of Beck11 was 
adopted to analyse the transient heat transfer at the 
metal/mould interface. The one-dimensional Fourier heat 
conduction equation, 

a (aT) (aT) ax ax = pCP at (1) 

was solved inversely. In this inverse technique the surface 
heat flux density was estimated from a knowledge of 
measured temperatures inside a heat conducting solid. 
This was done by minimising, at regular finite difference 
time intervals, the function, 

Mr 

F(q) = L(Tn- Y0 )
2 (2) 

i=l 

Table 1 Thermocouple locations from the casting/chill interface in the chill material 
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Thermocouple No 

Radial Distance (mm) 

Chill Thickness (mm) 
10 
20 
40 
80 

Thermocouple Locations 

0 

Distance from the casting/chill 
2 
2 
2 
2 

2 3 

-10 +10 

interface in the chill material (mm) 
6 10 

14 20 
22 40 
22 80 
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Fig. 3 Estimated heat flux transients for casting 
height Hm =50 mm and chill height 
Hc=80mm 

where M= !:J.{)fi:J.t and r= a small integer. Tn and Yn are 
calculated and measured temperatures respectively at a 
location close to the surface of the solid. !:J.() and At are the 
time steps for the estimation of heat flux and temperature 
respectively. Applying the condition for minimisation, 
the correction for heat flux (Vq) at each iteration step 
was estimated. The procedure was continued until the 
ratio (Vq/q) was less than a predetermined limit. The 
inverse modelling technique adopted here simultaneously 
yields the chill surface temperatures and the interfacial 
heat flux. 

Results and discussion 
Fig. 2 shows the typical thermal history inside a casting 
and chill during solidification of the alloy. Heat flux 
transients obtained with 80 mm and 10 mm copper, cast 
iron and steel chills are shown in figures 3-8. The heat 
flux transients show a peak soon after pouring. The results 
were checked for repeatability and Fig. 9 compares the 
heat flux curves generated for different runs of the same 
test conditions. It seems possible that the time of occur
rence of the peak, denoted by tg, is associated with the 
transformation of the interfacial condition from a con
forming contact to a nonconforming contact or a gas gap. 
Assuming that the temperature of the casting skin in 
contact with the chill surface is at 577 °C (i.e. the freezing 
point of the alloy) at the time of occurrence of the peak 
heat flux, peak heat transfer coefficient is estimated from 
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Fig. 4 Estimated heat flux transients for casting 
height Hm =50 mm and chill height 
Hc=10mm 
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Fig. 5 Estimated heat flux transients for casting 
height Hm = 200 mm and chill height 
Hc=80mm 

the equation, 

(3) 

where h is the interfacial heat transfer coefficient corre
sponding to the peak heat flux qmax and Tc is the chill 
surface temperature. 

Higher heat flux values were obtained with thinner 
chills, contrary to the expectations based on conventional 
wisdom. Copper and cast iron chills of 10 mm thickness 
appeared to show abnormally high values of heat flux 
transients and heat transfer coefficients. It seems that the 
10 mm chill, being thin, is relatively flexible, so that as its 
front face heats up and expands, its face distorts towards 
the casting. As a result of this action, the improved 
contact with the casting will cause the front face to heat 
further, enhancing the distortion towards the casting. Thus 
this is a classic case of a runaway instability. The exam
ination of the pattern of oxidation on the chill surface in 
contact with the casting revealed that the solidifying shell 
had contacted to the chill surface only at a few, limited 
points close to the centre of the chill. Conversely, the 
thick chills, having greater rigidity, appeared to keep their 
shape and location while the casting contracted away, 
leading to a nonconforming contact. 

This strongly indicated that the heat flow was not 
truly one dimensional in the case of thin chills, so that 
the one-dimensional inverse heat conduction modelling 
was probably inappropriate, falsely indicating very high 
values of heat flux transients. This is also reflected in 
the thermal history of 10 mm chills where in most of the 
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Fig. 6 Estimated heat flux transients for casting 
height Hm = 200 mm and chill height 
Hc=10mm 
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Fig. 7 Estimated heat flux transients for casting 
height Hm=500mm and chill height 
Hc=80mm 

cases the thermocouple at the surrounding air/chill inter
face showed a higher temperature than the thermocouple 
located inside the chill material. 

It was observed that only the chill height, He, and the 
thermal diffusivity, a, of the chill material had a signifi
cant effect on the time of formation of the gas gap tg, 
irrespective of the metal height Hm. Fig. 10 shows the 
effect of (H;)Ia on tg. It is interesting to note that the term 
(H~)Ia has the dimensions of time and effectively repre
sents the heat penetration time in a given solid. The best
fit equation was found to be (excluding the data from 10 
mm copper and cast iron chills): 

or approximately, 

(
H2)o.465 

tg(s) = 1.5 ac 

tg(s) = 1.5 (a~5) 

(4) 

(4a) 

Furthermore, it can be seen that the metal height Hm, chill 
height He and the thermal diffusivity a of the chill 
strongly influenced the magnitude of the heat transfer 
coefficient. The variation of peak heat transfer coefficient 
with the term (Hc1Hm)2/a is shown in Fig. 11. It seems 
likely that the dimensionless ratio of the chill height to 
metal height might be useful as a design parameter for 
solidification modelling. The best-fit regression equation 
(again excluding the results of 10 mm copper and cast 
iron chills) is; 

h(W/m2K) = 10 801 (Hc~m) ( 
2) -0.187 
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i 3000 
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Fig. 8 Estimated heat flux transients for casting 
height Hm = 500 mm and chill height 
Hc=10mm 
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Fig. 9 Heat flux transients for different runs of the 
same test conditions. Casting height 
Hm = 200mm and chilli height=80mm 

Fig. 12 shows the variation of peak heat flux with the 
temperature drop (.:lT) at the casting/chill interface. The 
peak heat flux decreased linearly with increase in .:lT. 
The best-fit equation is; 

qmax(kW/m2
) = -4.734(.:lT) + 2901 (6) 

To observe the contact at the casting/chill interface directly, 
200 mm high castings solidifying against 1 0 mm and 80 mm 
chills were subjected to real-time x-ray imaging techni
que. The video images captured for I Omm copper chills 
are shown in Figs 13-16. 

The formation of the gap was detected only in the case 
of 10 mm chills. Assuming that the gap contained an 
equimolar mixture of air and hydrogen, the heat transfer 
coefficient was calculated using the relation, 

(7) 

where kg is the thermal conductivity of the gas in the 
gap and o is the gap width calculated by image analysis 
of the video frames of the real-time x-ray imaging 
experiments. The thermal conductivity of the gap at the 
casting/chill interface interface containing a equimolar 
mixture of air and hydrogen at 800 K was calculated using 
the thermal conductivity of hydrogen (khydrogen = 
0.378W/mK) and air (kair=0.0573W/mK) 12 and was 
found to be 0.1548 W/m K. The data on the variation of 
gap width with time and position on the chill surface are 
given in Tables 2 & 3. The results clearly show that the 
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Fig. 10 Effect of (H~)/a on t9 
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Fig. 11 Variation of heat transfer coefficient with 
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/01 

gas gap not only varies with time but also with position on 
the chill surface. This confirms, of course, that the heat 
transfer is not truly one dimensional in the case of thin 
chills. The heat transfer coefficient (h) was calculated 
using equation (7) at different time steps and locations 
shown in Tables 2 & 3. The values of h estimated in 
this manner are given in Tables 4 & 5. These values 
determined in this way are much less than those obtained 
by using the one-dimensional inverse analysis, and seem 
to be more realistic. The x-ray video also confirmed 
that normally, the liquid metal contacted the chill satis
factorily, only forming a gas gap later. However, in the 
case of graphite coated chills, there was initially a metaV 
chill coating reaction resulting in the expansion of a 
vapour bubble, of perhaps I ml volume, which tempora
rily displaced the melt from the chill surface (Fig. 14). 
After 6 seconds the vapour bubble deflated and the 
liquid appeared to resettle on the chill surface. This 
effect was ignored in the calculation of heat transfer 
coefficient. 

Conclusion 
1 Heat transfer analysis carried out during the solidifica

tion of Al-11% Si (LM 6) alloy showed the strong 
dependence of the heat flux transients on the height of 
the chill, the height of the casting and the thermal 
diffusivity of the chill material. 

4000 
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E 
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~ 
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1000 E 
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0 
0 200 400 600 
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Fig. 12 Variation of peak heat flux with temperature 
drop at the casting/chill interface 
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Casting 

Chill 

No clear 
gas gap 

Fig. 13 Video image of the casting/chill interface. 
Chill: 80 mm copper, Time after pouring: 15 
minutes 

2 Heat flux transients showed a peak several seconds 
after pouring which could be attributed to the transfor
mation of the interfacial conditions from a conforming 
contact to a nonconforming contact or a gas gap. The 
time of occurrence of peak heat flux was associated 
with the time of formation of gas gap (tg)· A new 
parameter called the heat penetration time given by 
(H~)/01 was proposed to assess tg. 

3 The magnitude of the heat transfer coefficient asso
ciated with the formation of gas gap was modelled as a 
function of the dimensionless ratio of the chill height to 
the metal height (HcfHm) and the thermal diffusivity 
(01) of the chill material. 

4 Chills of only 10mm thickness appeared to show very 
high heat flux transients compared to chills of 80 mm 
thickness. This was attributed to (i) the real effect of 
chill distortion and (ii) an apparent effect due to the 
heat flow being not truly one dimensional. 

5 The observation of the casting/chill interface using real
time x-ray imaging technique indicated the formation of a 
clear gap in the case of 10 mm chills. Such a gap could not 
be detected in the case of 80 mm chills. The width of the 
gap varied not only with time but also with position along 
the chill surface, confirming the error in the assumption of 
one-dimensional heat transfer in the case of thin chills. 

6 Heat transfer coefficients were estimated using the 
width of the gas gap and thermal conductivity of the 
gas in the gap. The estimated values seem to be more 
realistic than those obtained by inverse analysis. 

Gas gap Casting Gas gap 
--... ..===----~---=::; .-

Chill 

Fig. 14 Video image of the casting/chill interface. 
Chill: 10mm copper uncoated, Time after 
pouring: 15 minutes 
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Casting 

Chill 

Vapour 
bubble 

/ ............. 

Fig. 15 Video image of the casting/chill interface. 
Chill: 10 mm copper with graphite coating , 
Time after pouring: 15 seconds 
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Casting 

Gas gap 

Chill 

Fig. 16 Video image of the casting/chill interface. 
Chill : 10 mm copper with graphite coating , 
Time after pouring : 20 minutes 

Table 2 Variation of gap width with time & position for 10 mm uncoated copper chill 

Gas gap width o (!Lml at radius r (mm) 
Time 
(minutes) r= -25 r= -20 

5 
10 
15 

*Gap too small to measure (< 100 !Lml 

365 
553 
730 

180 
180 
550 

* 
* 
* 

r=25 

* 
* 

550 

Table 3 Variation of gap width with time & position for 10 mm graphite coated copper chill 

Time 
(minutes) r= -25 

5 720 
10 925 
15 1036 
20 1233 

*Gap too small to measure (<100/Lm) 

Gas gap width o (!Lm) at radius r (mm) 

r= -20 r= -15 r=O 

611 * * 
729 463 * 
922 922 922 

1233 1233 1233 

r=25 

* 
* 

768 
768 

Table 4 Heat transfer coeficients estimated from measurement of gas gap for 10 mm uncoated 
copper chill 

Heat Transfer Coefficient h (W/m2 K) at radius r (mm) 
Time 
(minutes) 

5 
10 
15 

r= -25 

459 
303 
229 

*Gap width too small to measure (< 100 !Lml 

142 

r= -20 

931 
931 
335 

* 
* 
* 

r=25 

* 
* 

335 
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Table 5 Heat transfer coeficients estimated from measurement of gas gap for 10 mm graphite 
coated copper chill 

Heat Transfer Coefficient h (W/m2 K) at radius r (mm) 
Time 
(minutes) r= -25 r= -20 

5 232 273 
10 181 362 
15 162 182 
25 136 136 

*Gap width too small to measure(< 100~-tm) 
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