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Contact heat transfer coefficientswere characterizedfor a die cast semi-solidA356 aluminum

alloy. Temperatureswere measuredin the mold as castingswere producedand an inverse heat

conduction technique was used to obtain coefficients that were consistent with these

measurements. Transient and steadystate regimeswere observedin the evolutionof the contact

coefficients. The transient regime showeda peak of approximately3.5 kW/m2K that appeared

early in the heat transfer process and this was followed by an exponential decay. During the

steady state regime, the contact coefficientwas approximately0.25 kW/m2K. The measured

coefficients were inserted in a mathematicalmodel to simulate the cooling of the part during

casting. The results showed it could be ejected from the press within 30 s, in agreementwith

what was observedduring the actual castingexperiments. The feedstockused for this work was

producedwith a new slurry-on-demandprocesscalled SEED.

Introduction

The predominant resistance to heat flow in the die casting process is at the interface between

the die and the casting [1]. This resistance is the inverse of the conductance,the latter being

more generally known as the contact heat transfercoefficient. Values of these coefficientsare

necessary inputs for mathematicalheat transfer models used to optimize mold design, adjust
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process parameters and reduce the number of casting trials prior to the mass production of

castings. Several factors may affecthowthey evolve;amongthem are the mold materialand its

surface condition, lubricant, temperature and geometry of the mold, initial solid fraction and

composition of the feedstock metal, intensificationpressure and time. These coefficients are

thus the result of a set of operating conditionsand may become inaccurate when used out of

their context. Although mathematical modeling has become commonplace, there are few

reports on contactheat transfercoefficientsparticularlyfor semi-solidprocessing [2,3].

The study described in this paper is part of a larger research to characterize heat transfer in

pressure die casting of aluminum alloys and to obtain a predictivemodel for the contact heat

transfer coefficients. The experimentalwork consisted in measuringtemperaturesin the mold

as castings were produced under a given set of operating conditions. Parameters such as

pressure, initial temperaturesof the mold and the aluminum,lubricant,etc, were kept constant,

the influenceof their variation to be investigatedin a later experimentalcampaign. An inverse

heat conduction technique was used to determinethe contact coefficientsthat were consistent

with the measured temperatures. These were carried out at two different locations in the mold

in order to determinethe effect of geometryon the coefficients. The resultingvalues were then

inserted in a mathematical model and a simulationof the heat flow between the mold and the

casting was carried out.

Experimental Procedure

The castings were produced with a semi-solid mixture of A356 alloy prepared with a new

slurry-on-demand process developed by Akan International Limited and called Swirled

Enthalpy EquilibrationDevice (SEED). Details on the preparationof the feedstock have been

given by Doutre et al. [4]. After exiting the SEED reactor, the feedstock, having a mass of

approximately2 kg and a solid fraction of 50%, was transferredto the shot sleeve of a BUhler

SC N/53 die casting machine and then injected in the mold. The cast part represented an

automobile suspension componentas depicted in Figure 1. Also shown in this Figure are the

thermocouplelocationswith respectto the mold wall.

The mold consisted of H13 tool steel onto which was sprayed a lubricant (Dasco Cast 1130)

using an automatic sprayingsystem (Rimrock 195extractor). The temperaturerise in the mold

during casting was monitored at two different locations. One of them was near the feeding

systemwhere the geometrywas cylindricalwhilethe otherwas near a section of the casting that

was rectangular (Figure 1). For each location, two type-K thermocoupleswith exposed hot
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junctions were inserted into drilled holes at differentdepths near the mold wall. Springs were

used to insure a good mechanicalcontactbetweenthe hotjunctions and the bottom of the holes.

Several parts were cast before the measurementsto allow the press to attain its steady state.

Five castings were then produced under identicalconditions to evaluate the reproducibilityin

the temperaturemeasurements. The operatingparametersfor the press are listed in Table I.

~)I!f>
9mm ~

Location1

j
era2

Table I. CastingParameters

I 100mm I

Figure 1. Casting with thermocouplepositionsin the mold.

Characterization of the Contact Heat Transfer Coefficients

The heat transfer at the interface between the mold and the casting is governed by Newton's

law of cooling:

q(t) = h(t){T/ (t) - T~ (t») (1)

It is seen from this equation that the contact heat transfer coefficient,h(t), can be determined

from knowledge of the heat flux, q(t), as well as the casting and mold surface temperatures,

T/ (t) and T~(t) . Distinct steps were used to determine these parameters. One of them

consisted in solving a classicalinverseheat conductionproblem to obtain the heat flux per unit

surface area entering the mold, q(t). This consisted in measuring temperatures in the mold

and determining interfacial heat fluxes that best reproduced these measurements. For this

purpose, the sequential function specification method [5,6] was used and it called upon the

followingiterationformula:

Metal Temp. (DC) 585

Sleeve Temp. (DC) 315

Mold Temp. (DC) 170

Ram speed - prefilling (mIs) 0.75

Ram speed - filling (mIs) 0.45

Pressure (MPa) 700-850
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t f [Ym+i-I,j- Tm+i-I,j(q;)] Z;+i-I,j
n+1 - n + i=1 j=1qm - qm r J

LL (Z;+i-I,j Y
i=1 j=1

(2)

In this equation, J is the number of thermocouplesand r is the numberof future time steps - a

feature that reduces the sensitivity of the solution to measurement errors. Z~+i-I,j is a

sensitivitycoefficientfor sensorj givenby :

zn - Tm+i-I,j(q; (1+ 8»)- Tm+i-I,j(q;)
m+i-I,j- 8 nqm

(3)

Ym+i-I,jrefers to a measured temperature at the time interval m + i -1 with sensor j, while

Tm+i-I,j(q;) and Tm+i-I,j(q: (1+ 8») are calculated temperatures for that sensor location when

fluxes q; and q; (1+ 8) are imposed at the interface. Finite differenceapproximationsof the

Fourier equation were used to calculate the entire temperature profiles in the mold from which

Tm+i-I,j(q;) and Tm+i-I,j(q; (1+ 8) ) could be obtained. 8 is a small quantity that incremented

q;, and the superscript On'refers to the nth iteration. Equation (2) was iterated until negligible

changes occurred, Le.,

n+1 n

qm -qm (0.005n
qm

(4)

When the above condition was met, the interfacial heat flux that reproduced a measured internal

mold temperature was found. It should be noted that this procedure not only yielded

Tm+i-I,j(q;) and Tm+i-I,j(q~ (1+ 0) ) in equations (2) and (3) but also the surface temperature of

the mold, T~(t). Thus, the solution to the inverse heat conduction problem provided two inputs

for equation (1), the interfacial flux per unit area, q(t), as well as the surface temperature of the

mold, T~(t). From equation (1), it is also seen that the contact heat transfer coefficient, h(t),

could be calculated if the surface temperature of the casting, Tcs(t), were known. This

temperature was obtained assuming that the heat flux entering the mold, + q(t), was the same

as the heat flux exiting the casting, - q(t). Thus by solving the Fourier equation with - q(t) as

an interface condition for the casting and the initial temperature for the aluminum given in

Table I, the surface temperature of the casting, T/(t), was calculated. The calculation of this

surface temperature amounted to solving a direct heat transfer problem rather than an inverse

one. The thermophysical properties of the mold material are listed in Table II and the

properties of the A356 alloy were taken from the ProCAST databank [7]. The latter were very

close to those published elsewhere [8].
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Table II: Thermophysical Properties of the Mold.

Results and Discussion

Figure 2 illustrates the internal mold temperatures measured during casting as well as those

calculated at the surface of the mold. The reproducibility in the temperature measurements was

good and the curves that are shown are averages for the five tests that were performed. In this

graph, t=O s was arbitrarily chosen as the onset of the temperature rise detected by the

thermocouples.
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Figure 2. Temperatureevolutionin the moldat locations 1 (Figure2a) and 2 (Figure2b).

H13 steel Ref

CD= 3.22.102 + 4.23.10-1T (J kg-1Kl) 9

k = 25.15 - 1.158.10-3T (W m-l Kl) 10

P =7800 (kg m-3) 10
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In Figure 3, the heat fluxes at the two investigatedlocationsare shown. These fluxes are those

that reproduced the measured temperaturesin Figure 2. It is noted that one curve is smoother

than the other. This could be a consequenceof the meshing in the mold and the number of

future time steps in equation (2) used to obtain the heat fluxes. In addition, location I had

thermocouples further from the mold wall and this can also have an incidence on the

calculations. Peaks are observedin both cases at approximately1000kW/m2. At location 1,

the peak was reached in approximately2 s while at location 2 it was reached at initiation. The

geometry of the casting near location 1 was cylindricalwhilethat of location2 was rectangular.

Although the flux at location 1 dropped more slowly than at location 2, this was probably

caused by the thicker solidified sectionrather than the radial componentof the heat flux for the

cylindrical configuration. For both locations, two heat transfer regimes were observed;

transient followed by steady state. The heat flux at location 2 became very small during the

steady state regime, especiallyafter 15 s. This is consistentwith the measuredtemperaturesat

this location. It is seen in Figure 2b that the temperature gradient in the mold became very

small after this time and this generateda smallheat flux.
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Figure 3. Heat flux evolution with respect to time.

The contact heat transfer coefficientsare illustratedin Figure4. It is seen that as with the heat

fluxes, these coefficients varied considerably with time and the two regimes (transient and

steady state) are also present. Maximum values for the coefficients are at approximately3.5

kW/m2 K and appeared early. This was followed by an exponential decay and stabilization.

The main difference between the two curves in this Figure is the necessary time for

stabilization. This was achievedafter approximately15 s for location 1 and 10 s for location 2.

As with the heat flux curves, this can be explained by the fact that a thicker section had to

solidify at location 1 than at location2. The two geometries,cylindricaland rectangular,do not

appear to have as strong an influence on the coefficients as the thickness of the solidified
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section but this will require further tests to validate. These sections were 10 mm at location 1

and 4 mm at location 2. The rapid decrease in the values of the heat transfer coefficients is

explainedby the loss of thermalcontactbetweenthe mold and the casting due to contractionof

the latter during cooling. A steady state value between0.1 and 0.5 kW/m2K can be observed
for the two locations.
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Figure 4. Evolutionof the contactheat transfercoefficientswith respect to time.
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The peak values for the heat transfercoefficientsin this studyare smaller than those of Schnorf

et al. where values between 20 to 60 kW/m2were obtained [3]. In their experiments, the

thermocouples were reported to be directly at the mold surface and no interior temperatures

were measured. Their maximum surfacemold temperaturesreached 450 °c and this is higher

than those in this study, shown in Figures2a and 2b to be the range of 300 to 325°C. In both

studies the mold temperature was initially close to 200 °c and thus the difference in the

measured temperatures is probably the main factor accounting for the difference in the peak

values for the coefficients. In our work, the surfacemold temperatureswere not measured but

rather calculatedwith the inversemethodusing the interiormold temperaturesas input data.

An idealizedcurve for the contactcoefficientis shownin Figure5. The two regimesmentioned

earlier are identified, the transient followed by the steady state. The transient regime is

characterizedby a rapid rise to a peak value that may remainconstant for a shortperiod and an

exponential decay. During steadystate, the coefficientis characterizedby a low value. Similar

heat transfer models have been proposed [11,12]. Further work will be necessary to have a

predictive model for the length of the transientand steadystate regimesas well as the peak and

steady-state values. As stated in an earlier section, several factors may affect how the
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coefficientsevolve. Determiningthe influenceof mold lubricantsand thermocoupleposition in

the mold is of interest.
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Figure 5. Idealizedcurve for the evolutionof the contactheat transfercoefficient.

When actual suspensionparts are cast, experience in the laboratoryhas shown that after 30 s,

they have sufficientlycooled and can be ejected from the mold. The coefficientsillustrated in

Figure 4 were thus used as interfacialconditionsto simulatethe heat flow and to determine the

temperature evolution in the casting. The simulationwas carried out with ProCAST [7] and

Figure 6 illustrates the results at four differencetimes. After 30 s, the average temperature in

the casting is approximately 250°C while in the feeding system is around 375 °c. The

calculation thus shows that the casting could be ejected from the mold after 30 s, in fair

agreementwith the time observedwhenparts were cast.

.T;(Joecc

T:c20sec.

ISi:a10., /-I 15min I

Figure 6. Mappingof temperatureevolutionduringcasting of a suspensionpart.
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The contact heat transfercoefficientsthat were characterizedin this study showedthat that they

strongly varied with time. Two regimes were observed;transient and steadystate. During the

transient regime, a peak of approximately3.5 kW/m2K was followedby an exponential decay.

During the steady state regime, the contactcoefficientwas approximately0.25 kW/m2K. The

coefficients were also characterized for two types of geometry, cylindrical and rectangular.

This did not seem to have as strong an influence on the coefficients as the thickness of the

solidified section. The coefficients obtained in this study were used with the ProCAST

software to simulate the temperatureevolution in the casting. The simulationpredicted that a

period of 30 s was sufficient to eject the part from the press, in fair agreementwith what was

observedduring castingtrials.
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