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Abstract

This paper presents an experimental study of transient heat transfer in the early stages of solidi_cation of some pure
metals on water cooled substrate\ quanti_ed in terms of two parameters] thermal contact resistance at the interface and
heat ~ux[ Experiments were performed to measure the thermal contact resistance during solidi_cation of tin\ lead and
zinc drop on nickel substrate[ The study is focused on the heat transfer aspects of this process and the identi_cation of
parameters a}ecting the heat transfer mechanism[ To this end\ the in~uence of casting process variables such as substrate
surface roughness\ casting material\ metal superheat and lubricant on heat transfer has been analyzed[ Þ 0888 Elsevier
Science Ltd[ All rights reserved[

Nomenclature

Cp heat capacity
L latent heat
Ra surface roughness
R"t# thermal contact resistance
r contact radius
St Stefan number
DT superheat
T temperature
Tc"a\ t# casting surface temperature
Ts"a\ t# substrate surface temperature
tc time delay[

Greek symbols
a thermal di}usivity
l thermal conductivity
m dynamic viscosity
r density
s surface tension
u contact angle
8"t# heat ~ux[

�Corresponding author[ E!mail] loulouÝisitem[univ!nantes[fr

Subscripts
c casting
Ch chromel
Ni nickel
s substrate[

Superscripts
i initial
m melting[

0[ Introduction

In the companion paper\ we have shown that heat
transfer through the melt:mold interface is an important
aspect of the solidi_cation of materials which is of par!
ticular interest in materials processing\ metallurgy\ puri!
_cation of metals\ continuous casting and other various
solidi_cation operations[ Previous studies\ presented in
the companion paper\ have demonstrated that heat
extraction from the casting is controlled by the casting:
mold interface[ The fundamental mechanisms that con!
trol the thermal contact between a solidifying molten
metal and the mold wall are not well understood[ The
thermal behavior of the interface is characterized by the
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thermal contact resistance coe.cient which is known to
vary with time and along the mold:casting interface[
Several numerical and experimental results indicate that
the interfacial thermal conductance is indeed often the
controlling factor of the solidi_cation rates which in turn
determine the properties of the produced materials[ On
the other hand\ the quality of solidi_ed metal depends on
the thermal conditions evolution during solidi_cation[

When studying the thermal behavior of the casting:
mold interface\ many experimental and numerical studies
consider the steady state case of the interfacial resistance
while others consider the unsteady state[ To di}erentiate
the two cases\ one must consider the ratio between the
time required to form a stable shell and the total time of
casting solidi_cation[ If the ratio is about 0\ the unsteady
nature of the interfacial resistance must be taken into
consideration[ In the case of continuous casting of the
thin ~at products\ the unsteady state of the thermal con!
tact resistance between casting and mold must be con!
sidered[

As mentioned before\ the measurement of this thermal
contact resistance is challenging\ and few experimental
data are available in the literature[ Using temperature
measurements in both casting and mold\ several studies
ð0Ð09Ł have attempted to quantify the transient interfacial
heat transfer during solidi_cation[ All these authors have
discussed the physical mechanisms of the interfacial
resistance development due to imperfect contact between
the solidifying metal and the mold[ They have also inves!
tigated the in~uence of casting parameters such as super!
heat\ mold materials\ melt materials\ mold geometry and
surface roughness\ contact pressure\ mold coatings\
initial temperature of mold and casting and ther!
mophysical properties of both media\ on the interfacial
heat transfer and the cast quality "microstructure of the
solidi_ed material#[

Many types of heat extraction devices are used in near
net shape continuous casting of ~at products] single roll\
twin roll\ twin belts\ etc[ ð00Ł[ In the case of the single roll
device\ molten metal is allowed to solidify directly on a
solid wall "substrate#[ To study the evolution of thermal
contact conditions in this kind of device\ we simulate the
casting process by the fall of a liquid metal drop on a
solid substrate ð01Ł[ All previous cited studies indicate
that the most important part of heat extraction takes
place in the _rst stages of thermal contact[ To get thermal
information "9 ³ t ³ 0 s#\ local and accurate measure!
ment tools are prepared in both sides] solidifying drop
and substrate ð01Ł[

The experimental work developed here focuses on tran!
sient heat transfer in the _rst stages of solidi_cation of
pure metals on water!cooled substrate under various con!
ditions[ The _rst objective was to experimentally inves!
tigate the thermal contact evolution in terms of interfacial
thermal conductance and heat ~ux\ and the in~uence
of process parameters such as initial melt temperature\

thermophysical properties of casting\ substrate surface
roughness\ lubrication at the interface and superheat of
the molten metal[

1[ Experimental setup

To analyze the thermal contact resistance occurring at
the interface between the metal casting and the mold\ an
experimental investigation is conducted[ As explained in
Ref[ ð01Ł\ the experiment consists of a falling molten
metal drop on an implemented substrate[ For this
purpose\ an experimental set up\ shown in Fig[ 0\ was
realized[ It is constituted of three main parts[

The _rst part is an electric mini!furnace to melt and
to preserve the liquid metal at high temperature[ The
temperature regulation is allowed by a thermocouple
installed in the lower part of the furnace[ At the center
of this lower part\ an electromagnetic shutter can be
opened to ensure the sudden falling of the liquid metal
on the center part of the substrate[

The second part is the wall which receives the molten
metal drop[ The wall has a cylindrical shape of 49 mm in
diameter and 09 mm in height[ It is essentially constituted
of two layers[ The _rst one is in nickel "2 mm#[ The
second layer is in copper "6 mm#[ The nickel layer which
constitutes the substrate of the metal drop\ is deposited
by electrolytic process on the copper layer[ The copper
layer is maintained on support which is regulated in tem!
perature by a thermostatic water circulation[ The surface
state of the nickel layer is carefully chosen in order to
investigate the e}ect of roughness on thermal contact
resistance[

Four semi!intrinsic micro!thermocouples "each one
constituted of one wire of 14 mm in diameter# are planted
carefully in the nickel layer along its axis[ For an accurate
implementation of the wires\ the substrate is cut along an
axial symmetric plane\ in two parts[ On one of these parts
and at di}erent depths "Xmin ³ xi ³ Xmax# from the active
surface\ each wire is soldered on its end on the center line
and placed in a thin crack parallel to the nickel surface
to minimize the heat drain[ The exact position of the
sensor junctions with respect to the active surface\ given
in Table 0\ are measured by an optical pro_lometer before
the two parts are precisely re!assembled[ The molten
metal drop comes on the center of the nickel surface and
covers a thermocouple stretched parallel to the nickel
surface[ The exact position of this thermocouple "see
Table 0#\ is measured after the experiment by cutting the
solidi_ed metal drop[ The height of fall is chosen to avoid
drop bursting during the fall[ The drop and the substrate
are shown in Fig[ 0[

To verify precisely the position of the measurement
point inside casting\ the solidi_ed drop is cut in two parts
and the thermocouple junction is located in the solidi_ed
metal[ Then the distance is measured with respect to the
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Fig[ 0[ Experimental setup[

Table 0
Roughness and thermocouple positions with respect of the contact interface in mm

TC0 TC1 TC2 TC3 TC4 Casting Roughness Ra

Substrate 0 * 077 217 370 0996 0199 9[22
Substrate 1 025 144 262 409 514 0199 9[55
Substrate 2 * 080 259 347 639 0199 04[47

bottom surface "contact surface#[ During our experiment
tests we observed a small displacement of the measure!
ment point inside the casting and the error is about 2Ð
4)[

The third part is a cooled radiation shield which is
placed before the drop falling between the furnace and
the substrate to eliminate any radiation between them[

1[0[ Principle of the substrate surface temperature
measurement

Many di}erent methods have been developed for mea!
suring surface temperature in heat and ~uid ~ows ð02Ł[
Unfortunately\ the accurate direct measurement of a sur!
face temperature is very di.cult[ The implementation of
sensors at the active surface causes perturbations which
result in signi_cant heat disturbances[

An alternative way to eliminate the thermal dis!
turbance is to develop indirect measurements[ The prin!
ciple consists in using measured temperature inside the
body\ immediately underlying the active surface\ "see Fig[

0#\ and at di}erent depths "Xmin ³ xi ³ Xmax#\ to deter!
mine the surface temperature by extrapolation of di}er!
ent theoretical or empirical laws[ This method presents a
good advantage because the imbedded sensors are less
perturbed than a surface sensor and they do not disturb
the measurements of the surface temperature[ But this
method is very sensitive to the errors on the sensor
locations and formally mainly applies to steady phenom!
ena[

Recently\ great progress in inverse heat conduction
analysis allows its use in various unsteady heat transfer
phenomena\ and in particular those being developed
from the active surface body to the back side[ The inverse
method used in our case is described in detail in the
companion paper ð01Ł[

1[1[ Semi!intrinsic thermocouple measurement

The principle of the semi!intrinsic method ð03\ 04Ł con!
sists in using the material itself as one thermocouple
element "string chromel^ see Fig[ 0#[ Consequently\ the
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semi!intrinsic method can be applied only on electrically
conducting materials[ Sensors are constituted of a thin
string "chromel# embedded in the nickel substrate on the
vertical axis of the wall[ The di}erent strings of chromel
metal are situated parallel to the active surface to min!
imize the heat losses[ The surface of the wire is electrically
insulated from the nickel metal[ The choice of the chromel
metal leads to the maximum sensitivity of the metal cou!
ple chromel!nickel[ This kind of thermocouple presents
several advantages]

+ The thermocouple inertia is very low[ It is extremely
important in the case of transient phenomena[ The
time delay is of the order of the characteristic time of
the micro!constriction establishment phenomenon[ It
can be shown\ that this time delay\ at 86) is given by]

tc �
099r1

a
"0#

where r is the junction size "equal to the radius of the
chromel element# and a the thermal di}usivity of the
nickel medium[ The best performance is obtained for
a string "chromel metal# with the lowest radius "f14
mm was chosen in building the sensor#[ For the case
of our experiment the time delay is about tc ³ 09−3 s[

+ The error of temperature measurement is about
9[914>C which is considerably reduced in comparison
with the error introduced by a classical thermocouple
with two wires[

+ The heat losses are divided by two\ and the in~uence
of thermal contact resistance between nickel medium
and chromel sensor is reduced in the ratio
lNi:"lCh¦lNi#[ So that the error is globally divided by
lNi:1"lCh¦lNi#[

The disadvantages of the semi!intrinsic thermocouple are
essentially the need for in situ calibration\ the risk of
signi_cant electric noise and the di.cult arrangement of
the wire in the thin wall partly due to the small distance
from the active surface[

2[ Experiments

The _rst experiments are conducted using a pure metal]
pure tin on a nickel substrate[ The molten metal falls
freely\ as a drop\ on the solid substrate at room tempera!
ture[ The fall height is equal to 0[4×09−1 m[ The weight
of the molten metal is 2[4×09−2 kg[ As explained in ð01Ł\
during the drop fall\ the stretched thermocouple near the
substrate surface is drowned in the solidifying metal[
When the molten metal drop touches the substrate\ it
becomes ~at at its lower part[ At the end of the sol!
idi_cation process\ the drop looks like a portion of a
sphere[ Using a CDD camera\ we have visualized the ~ow
of the molten metal during its impact on the substrate[
In the _rst stages of the contact\ the molten metal spreads

on the substrate[ The spreading process is stopped when
the viscous forces equilibrate the kinetic ones\ acquired
during the liquid metal fall\ and solidi_cation starts from
the side surface[ Then the remaining molten metal gets
accumulated in the middle of the splat and forms a por!
tion of a sphere at the end of the ~ow and solidi_cation
processes[ The size of the solidi_ed metal drop is about
09Ð00×09−2 m in diameter and 3Ð4×09−2 m in height[
Our experiments are conducted on substrates of three
di}erent roughnesses\ all of them in the nickel[

In the following section\ we _rst discuss a typical exper!
imental measurement pro_le[ These measurements rec!
orded in the casting and substrate regions are shown in
Fig[ 1[ In this speci_c case\ the initial temperature of
casting and substrate are respectively 299 and 19>C[ Tests
are conducted in the ambient room "interstitial ~uid] air#
and on the third substrate "Ra � 04[47 mm#[ The _rst four
thermocouple recordings correspond to measurements in
the substrate region[ The _fth one matches the measure!
ment done in the casting region[ In the substrate region\
the temperature measurements quickly reach a maximum
value\ once the contact is established with the liquid
metal\ and then decrease slowly close to room tempera!
ture[ This result is similar to that observed in the literature
ð05\ 06\ 3Ł[ The substrate is heated by the melt superheat
transferred from the casting to the substrate through the
interface and by the latent heat of solidi_cation[

Local heat ~ux and thermal contact resistance between
the substrate and the solidifying metal are estimated by
solving the appropriate heat transfer problem in both
regions[ One dimensional heat transfer is assumed in the
substrate and casting regions because of the very close
distances between sensors and the surface[ The for!
mulation and numerical solution procedure used in this
model is described in detail in our previous paper ð07Ł[

The source of errors is estimating the parameters which
de_ne the evolution of the thermal contact conditions
are di}erent] temperature measurement\ thermocouple
locations\ thermophysical properties of medium\ esti!
mation procedure\ etc[ A detailed error analysis\ shows
that the estimation error of Tc"a\ t#−Ts"a\ t#\ 8int"t# and
R"t# are respectively about 5\ 5 and 01)[

2[0[ Validation of the inverse method

In the _rst stage\ temperature measurements inside the
substrate are used to validate the inverse heat conduction
algorithm[ This validation consists of estimating the tem!
perature evolution at the location of the fourth ther!
mocouple[ To do that temperature readings of the other
three thermocouples are used as an additional infor!
mation[ The comparison shows a good agreement
between measured and estimated temperature[ The vali!
dation test and the estimated substrate surface tem!
perature are shown in Fig[ 2[
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Fig[ 1[ Measured temperatures[

Fig[ 2[ Temperature evolution in the substrate side[

The temperature evolution at the bottom layer of the
drop "interface# and at the measurement point installed
in the casting region is shown in Fig[ 3[

The evolution of the thermal contact resistance at the
interface is shown in Fig[ 4[ The time!dependent resist!
ance is given by the ratio between the temperature jump
and the heat ~ux at the interface[ After quickly decreasing
in the _rst stages of contact\ the thermal resistance
stabilizes a short moment and then starts to increase

slowly[ In the following section\ we try to characterize its
time evolution in four principal steps A\ B\ C and D[
A schematic representation of the solidi_cation process
during the three main steps is shown in Fig[ 5[

The _rst stage A is characterized by a very quick
decrease due to some factors occurring during the drop
fall] As the melt spreads on the substrate\ the contact
surface increases[ In the beginning of the process\ the
melt!substrate contact is better because the melt is still



T[ Loulou et al[:Int[ J[ Heat Mass Transfer 31 "0888# 1018Ð10311023

Fig[ 3[ Temperature evolution in casting[

Fig[ 4[ Evolution of thermal contact resistance at the interface[

liquid[ In this stage\ the molten metal is in contact with
the substrate\ just through the roughness picks[ The
superheat is removed\ mainly by conduction\ throughout
the contact areas[ The interstitial air is eliminated pro!
gressively but not completely[ A small volume remains
trapped in the roughness microcavities[ Then an equi!
librium is established between the surface tension of the
liquid and the trapped air pressure[ The liquid metal
tends to maintain a better thermal contact with the sub!

strate which explains the weak value of thermal contact
resistance[

During step A\ thermal contact resistance is a function
of the substrate roughness\ surface tension of the liquid
metal\ wettability and the contact angle of the surface\
nature of the trapped gas and pressure of liquid metal[

At the end of this stage\ the wetted surface and heat
~ux are maximum[ Thermal contact resistance is mini!
mum[ The thermal contact is established just on the
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Fig[ 5[ Schematic representation of the solidi_cation process evolution at the interface[

roughness picks and from these contact areas starts the
solidi_cation process[ The nucleation begins\ precisely\
from the triple line contact "molten metal\ substrate
surface\ trapped air# where the temperature is the lowest[
Step A corresponds to Fig[ 5"a#[

Step B is characterized by a quasi!stability of thermal
contact resistance around a minimum value[ Around
each local roughness pick\ the nucleation phenomenon
continues to progress and forms around the roughness
pick a solidi_ed ring "see Fig[ 5"b##[ As there are numer!
ous contact zones\ we have as much local solidi_cation
fronts[ On the other hand\ there are a lot of local small
solidi_cation fronts[ At this stage of the phenomenon\ we
have an almost equal!distribution in the crystal growth
orientation[ The ring grows and its inner diameter
decreases to zero[ Finally the roughness pick is com!
pletely covered by a solidi_ed cap of metal\ Fig[ 5"c#[ As\
the solidi_ed cap increases\ the resulting thermal gradient
is more important[ Then the metal contracts from the
roughness peak because of volume change upon sol!
idi_cation and simultaneously and the roughness peak
expands[ As a result\ it generates a shear strain at the
contact interface of the solidi_ed cap and roughness peak
"see Fig[ 5"d##[ On the other hand\ the interfacial gap
grows due to thermal contraction of casting and the mold
expansion[ As a consequence\ thermal contact resistance
starts to increase slowly[ At the end of this step\ all the
local fronts unite and form an unique solidi_cation front\
Fig[ 5"e#[ Then a _ne stable crust of solidi_ed metal is
formed and shrinkage phenomenon becomes more
important[

Step C is characterized by regular growing of thermal
contact resistance[ The thickness of solidi_ed metal crust
increases progressively and contracts from the substrate
which increases in the same time the size of the interfacial

gap[ The important temperature gradient in the solidi_ed
crust causes its shrinkage from the substrate surface[ The
width of contact zones and their number is reduced
gradually[ The interfacial gap tends to be stable when
the solidi_ed crust metal is su.ciently thick[ Then the
interface contact is reduced to a solid*solid contact[ The
end of this step is distinguished by a stabilization of
thermal contact resistance which corresponds to the
beginning of the D step[

Step D characterizes the end of the transient state of
thermal contact resistance[ The solidi_ed metal crust is
thick enough and the contact is reduced to a stabilized
solid!solid contact[ The heat transfer is a function of
temperature\ coating _lm\ oxide _lms at the interface
and pressure if the solidi_ed metal and mold are under
pressure[

During the four stages A\ B\ C and D\ the heat transfer
at the interface is by conduction through contact peaks
between the substrate and casting\ conduction through
the trapped gases in the interfacial gap and radiation
between the surfaces forming the gap[ Heat transfer by
radiation is more important when the temperatures are
high[

2[1[ Rou`hness surface analysis and effect of lubricant
type

To precisely analyze the common contact surface of
the melt and the substrate\ we have analyzed the rough!
ness on two facing parts of the contact[ This analysis
allows us to see the e}ect of the substrate roughness\
surface tension and wettability on the thermal contact
resistance evolution[ The roughness of solidi_ed metal
must represent in the negative the substrate roughness[

The surface roughness was determined with an optical
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surface roughness analyzer "UBM# that is able to mea!
sure both the roughness and waviness components of the
surface texture[ The roughness is given in terms of the
arithmetic mean of the departures of the amplitude pro!
_le from the mean line "Ra in mm# which is the most used
international parameter of roughness[ The characteristics
of the analyzer are] measurement resolution 19×09−8 m\
measuring spot diameter 0 mm\ measurement range 249
mm[

The roughness analysis is bidimensional and done
upon a square of 1 mm of side[ The analysis resolution
is 0999 point per mm[ We note that the surfaces on both
sides are not isotropic[ The mean roughness parameter is
Ra � 04[47 mm for the substrate while the mean rough!
ness of the solidi_ed metal is Ra � 01[16 mm[ The sol!
idi_ed metal approximately replicates the substrate
texture[ We observed a clear di}erence between the two
surface morphologies[ The solidi_ed metal surface is
smoother than the substrate one and shows that the wett!
ability\ which depends on surface tension\ is not perfect
and that gases are still trapped in the bottom of the
roughness microcavities[ Moreover\ the shrinkage
phenomenon in the solidi_ed metal and the thermal
expansion of the substrate tend to separate two surfaces
in contact[ The e}ective heat conduction surface
"throughout liquid or:and solidÐsolid contact# is smaller
than the nominal contact surface[ This analysis will be
used in the future to build a contact model and to pre!
cisely determine the contact surface[

We conducted di}erent tests\ with the same exper!
imental conditions\ on three substrates presenting a
di}erent roughness\ and with di}erent interstitial

Fig[ 6[ Evolution of heat ~ux vs the substrate coating for a roughness � 04[47 mm[

mediums\ gas "air# or _lm coating "oil\ grease#[ The e}ect
of an interfacial medium on heat ~ow in terms of the
evolution of heat ~ux and thermal contact resistance is
shown in Figs[ 6 and 7[ These results are obtained using
the rougher substrate "Ra � 04[47 mm#[ Table 1 presents
the results of the di}erent test cases[ The nature of the
lubricant seems to in~uence the heat transfer rate at the
casting!substrate surface[ The presence of oil or grease at
the interface contributes to improve the heat transfer rate
by minimizing the e}ect of numerous microcavities _lled
by air[ It is seen that there is a general enhancement in
the heat ~ux and heat transfer rate when the interfacial
medium is a better thermal conductor than air[

For the other tests\ corresponding to lower roughness
substrates "Ra � 9[29 mm and Ra � 9[55 mm#\ we
observed that the solidi_ed metal is rougher than the
substrate[ This result is opposite to the result for a large
value of the surface roughness "Ra � 04[47 mm#[ A similar
behaviour was observed by Muojekwu et al[ and Prates
et al[ ð08\ 3Ł[ This means that between these should exist
a critical roughness value "Ra#cr for which this change of
behavior occurs[ In Fig[ 8\ we have plotted the time
evolution of the thermal contact resistance as a function
of substrate roughness "in the case of air as an interstitial
medium#[ We observe that when the roughness decreases\
the thermal contact resistance decreases\ leading to an
improvement in the heat transfer rate[

2[2[ Effect of melt superheat

To see the melt superheat e}ect on thermal contact
conditions\ we conducted a series of tests\ on the same
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Fig[ 7[ In~uence of coating _lm on thermal contact resistance[

Table 1
Comparison between substrate roughness and solidi_ed metal
roughness vs _lm coating

Film Substrate 0 Substrate 1 Substrate 2
coating Ra � 9[29 Ra � 9[55 Ra � 04[47

Air 0[09 0[31 01[16
Oil * 9[70 2[55
Grease * 3[91 4[76

substrate "Ra � 04[47 mm# and with the same exper!
imental conditions[ The evolution of thermal contact
resistance as a function of superheat is presented in Fig[
09[ Results are presented with three di}erent melt super!
heats[ In general\ thermal contact resistance presented
approximately the same evolution as before[ We observe
that when the superheat of the casting increases\ heat
~ux grows and thermal contact resistance decreases[ This
behavior can be readily understood from the variation in
slowness of the cooling of solidi_ed metal[

The results of surface roughness measurements of sol!
idi_ed metal are presented in Fig[ 00 as a function of
metal superheat[ Measurements of surface roughness of
the solidi_ed metal indicate that it reaches the substrate
one as superheat increases for the same substrate surface
micropro_le[ This means that the surface contact is
increased\ thereby leading to higher heat transfer rate[
When the superheat is higher\ the molten metal ~uidity
is increased and its spreading on the substrate is better[
In conclusion\ the higher the melt superheat\ the better

the liquid metal substrate contact and heat transfer rate
and the lower the thermal contact resistance[

2[3[ Effect of the castin` nature

To investigate the e}ect of the casting nature\ three
materials are used] tin\ lead and zinc covering a wide
range of thermophysical properties as shown in Tables 2
and 3[ These experiments are conducted without any
lubricant at the interface "in ambient air#[ The initial melt
temperatures are given in Table 3[

The time evolution of the heat ~ux at the interface is
shown in Fig[ 01[ The temperature jump at the interface\
for the three materials is shown in Fig[ 02[ Its evolution
as a function of time is approximately the same[ The
temperature jump decreases quickly in the _rst stages
corresponding to step A of the evolution of thermal con!
tact resistance\ described previously[ A more important
temperature drop is observed in the case of zinc[

The evolution of thermal contact resistance as a func!
tion of time corresponding to three materials is shown in
Fig[ 03[ Step B is approximately the same[ The period of
liquid metal contact is still similar in the three cases[ Step
B is the same just for the tin and zinc[ Lead presents a
shorter step B than tin and zinc\ due to its weak latent
heat[ On the other hand\ lead gets cooled faster[ This
establishment is extended to step C compared to the
others[ The cooling rate is more important and a constant
value of thermal contact resistance is rapidly reached[ In
the zinc case\ the thermal contact resistance increasing
"step C# is slow in comparison with tin and lead[ An
underlying cause of slowness in growth is probably its
very important latent heat[
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Fig[ 8[ Thermal resistance evolution vs substrate roughness[

Fig[ 09[ Thermal resistance evolution for di}erent superheat values[

Table 3 shows the physical data related to the contact
conditions of the materials used in this study ð19Ł[ The
roughness analysis of the three solidi_ed materials is also
given in Table 3[

Regarding the surface roughness analysis and the three
drops morphology\ the material which has the lowest
surface tension and the lowest contact angle "see Table
3# presents the nearest surface roughness to the substrate
one[ This result suggests that the quality of the contact

depends of the surface tension and contact angle of the
melt[

The dynamic viscosity at melting temperature "given
in Table 3# is approximately the same for the materials[
This means that their falls and ~owing on the substrate
surface is similar and do not a}ect the contact quality[
This result is proved by the same evolution of thermal
contact resistance in the _rst stages of contact[

Another interpretation of these results could be found



T[ Loulou et al[:Int[ J[ Heat Mass Transfer 31 "0888# 1018Ð1031 1028

Fig[ 00[ Evolution of casting roughness vs the superheat parameter[

Table 2
Thermal conductivity and heat capacity of used materials

Thermal conductivity Heat capacity
Nature
of metal Solid Liquid Solid Liquid

Tin 54[43−9[914T 14[43¦9[919T 112[410¦9[04T 160[57−9[983T
Lead 24[19−9[902T 09[24¦9[905T 016[86¦9[932T 041[62−9[904T
Zinc 015[56−9[959T 13[52¦9[959T 264[58¦9[07T 368[78

Table 3
Comparison between the experimental thermal conditions

Thermophysical properties Unit Tin Lead Zinc

Initial substrate temperature T i
s >C 19 19 19

Initial casting temperature T i
c >C 299 319 430

Melting temperature Tm
c >C 121 216 319

Superheat DT T i
c−Tm

c >C 57 83 010
Latent heat L kJ kg−0 48 13[7 001
Speci_c heat at T i

c C i
p J kg−0 K−0 132 035 368

Contact angle on nickel substrate u > 39 37 *
Surface tension at Tm

c s Nm−0 9[35 9[43 9[67
Dynamic viscosity at Tm

c m Pas×09¦2 1[60 1[09 2[06
Substrate roughness Ra mm 04[47 04[47 04[47
Solidi_ed metal roughness Ra mm 02[58 01[16 6[76

Stefan number St �
CpiDT

L
* 9[17 9[48 9[41
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Fig[ 01[ Heat ~ux evolution vs nature of metal[

Fig[ 02[ The jump temperature at the interface as function of metal nature[

taking into consideration the competition between super!
heat energy Cp"T i

c−Tf# and latent heat energy charac!
terized by the Stefan number "St#[ The values of this
number are also given in Table 3[ It can be seen that the
Stefan number is approximately the same for lead and
zinc[ However\ the behaviour for lead and zinc is di}er!
ent[ This means that this Stefan number is not su.cient
to control the behavior of thermal contact conditions in

the stage C[ Moreover\ the in~uence of solidi_cation rate
and volume change can be analyzed in considering the
time where the solidi_cation front reaches the sensor
installed in casting and the value of contraction par!
ameter r�^ see Table 3[ It appears that this time is the
same for tin and lead and twice for the case of zinc[ It
means that the buckling and shrinkage phenomena\ due
to the volume change\ must occur later in zinc[
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Fig[ 03[ Thermal contact resistance evolution as function of metal nature[

3[ Conclusion

An experimental setup was used to investigate the sol!
idi_cation\ cooling and thermal contact conditions of
small molten metal drops spreading on solid substrate[
A _ne instrumentation was used to record temperature
histories on both sides] casting and substrate[ The simple
numerical procedure developed for measurements pro!
cessing ð01Ł is validated experimentally[

The study has been developed to understand the fun!
damental heat transfer mechanisms at the casting!sub!
strate interface[ A parametric study has been performed
using our experimental setup[ The e}ect of various pro!
cessing variables\ such as melt superheat\ substrate
roughness\ lubricant type and melt materials[ Three pure
molten metals were used "tin\ lead and zinc# with various
melt superheat in the case of tin[ Three substrates with
the same material "nickel# but with various surface
roughness were used[

Step!wise variation of the thermal contact resistance\
during the solidi_cation process has been proposed and
analyzed\ step A covering the earlier stages of molten
metal!substrate contact and the period of liquid metal
cooling^ step B representing the established contact per!
iod and the beginning solidi_cation process^ setup C rep!
resenting the growth of the solidi_cation process and the
cooling phase in the casting region[ This thermal analysis
can be used to build an empirical model for the prediction
of thermal contact resistance and heat ~ux at the inter!
face[ It comes from the above analysis\ that the model
must take into account the thermophysical properties of
mold and casting[

The obtained results\ for the same metal\ indicate that
the increase of superheat improves the wettability of the
substrate surface and provokes a decreasing of the ther!
mal contact resistance[ The e}ect of lubricant type at the
interface was also found to be important[ The presence
at the interface of a better thermal conductor than air
leads to high quality of heat transfer[ The cooling rate of
solidifying metals is closely related to their latent heat
and superheat[ It is seen that the highest latent heat\ the
lowest thermal contact resistance[ The surface tension
and contact angle have also the same e}ect[ The highest
surface tension and contact angle the lowest wettability
solidi_ed metal[

Looking to the literature\ the numerical and exper!
imental procedure developed in this study seem to give a
good estimate of thermal contact conditions during the
solidi_cation process[ All factors mentioned are going to
increase the complexity of thermal contact resistance in
metal casting[ Furthers investigations should be done to
analyze further the e}ect of these factors[
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