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c Université de Bretagne-Sud, LIMAT B, rue de Saint-Maudé, 56321 Lorient, France
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a b s t r a c t

An analytical model is proposed to predict the time varying thermal conductance at the casting–die
interface during solidification of light alloys during High pressure Die Casting. Details of the topography
of the interface between the casting and the die are included in the model through the inclusion of solid
surface roughness parameters and the mean trapped air layer at the interface . The transitory phase of
the interfacial thermal conductance has been related to the degradation of contact as solidification
progresses through the casting thickness. The modelled time varying thermal conductance showed very
good agreement with experimentally determined values for different alloy compositions and casting
geometries. The analysis shows that the parameters that govern the thermal conductance are different
for the first stage of contact compared to the second stage of contact when the alloy begins to solidify.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

High Pressure Die Casting (HPDC) is a cyclical manufacturing
process suitable for the production of large numbers of low cost
components requiring high dimensional accuracy and complex
geometry. In HPDC the molten metal is injected into the die with
extremely high velocity (50–60) ms�1 followed by the application
of an intensification pressure (300–1000 bar) after the cavity filling
process is complete. This intensification pressure is applied in order
to minimise the porosity in the casting and to eliminate the effects
of contraction in the solidified casting [1]. It is maintained until the
complete solidification of the molten metal in the die. The heat is
primarily removed from the cast molten metal through the
casting–die interface and die blocks into the cooling medium, until
solidification of the casting is complete. Shortly after solidification,
the casting component is removed from the die. This process
results in the production of a uniform component with generally
good surface finish and good dimensional accuracy (�0.2%).

Even though the HPDC process was invented (in its preliminary
form) about a century ago, the scientific investigations seeking to
improve the various aspect of this process are quite recent since
x: þ33 5 63 49 32 42.
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much of the focus has previously been on the development of the
hydraulic, mechanical and control systems of the machine. It is only
over the last two decades that investigations of this process have
become increasingly important. There have been some publications
relating the quality of the produced component to solidification
conditions along with the heat transfer [2–8] Research issues
associated with tooling such as thermal fatigue and chemical
reaction between the die and the casting during solidification has
also become an increasingly important commercial issue as the
relatively short lifetime and the effective cost of the die play an
important role in the determination of the final cost of production.

The extreme complexity of experimental trials in a high pres-
sure die casting environment and the associated costs along with
the technical limitations inherent in the process, mean that
development of predictive tools to simulate various aspects of the
manufacturing process such as die filling, solidification, thermal
conditions of the die and subsequently die life for different die and
casting compositions is a high priority for the industry. Today, the
commercial softwares that simulate the filling stage in HPDC is
available and the have been considered reliable by industries.
Nevertheless, the most important stage (solidification) and the
associated heat transfer from the casting to the die is rarely
modelled.

A detailed knowledge of the solidification environment (cooling
rate, solidification path, and the cooling down of the casting) is an
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Nomenclature

as radius of microcontacts, m
C constant which characterises the layer of the solidified

alloy
fs solid fraction
h, h0 heat transfer coefficient, W m�2 K�1

L latent heat, J/kg
ns density of microcontacts, m�2

P1 pressure in the melt in the vicinityof the rough surface, Pa
P(g) pressure due to the surface tension of liquid, Pa
q, qmax heat flux density and its peak value, Wm�2

Ra arithmetic average of the absolute values of the
measured profile height deviations, m

Rq, s square root of the average of the square of the
deviation of the profile from the mean line, m

Rsm mean peak spacing, m
Rs thermal constriction and spreading resistance, K/W

St overall thickness of the casting, m
R thermal contact résistance, m2 K/W
T0 initial air temperature, K
Tm0 initial die temperature, K
T temperature, �C
TM alloy pouring temperature, K.
Y mean surface plane separation (mean trapped air

thickness), m
Val volume of theyalloy penetrated intothe microcavities, m3

Greek symbols
g surface tension of metal liquid, N/m
rs density of solid phase of casting, kg/m3

l thermal conductivity, W m�1 K�1

4(y) Gaussian (normal) distributions function of the
asperity heights

DT temperature difference at the interface, K
s standard deviation of the asperities heights, m
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essential element in the development of any predictive model.
Using the optimum set of process parameters such as filling
velocity, die cooling rate, pressure are linked indirectly to the
solidification mechanisms. Besides, it is well known that the
solidification rate is governed by the rate of the heat transfer at
the casting–die interface during solidification [9]. This is charac-
terised by the value of the thermal conductance or heat transfer
coefficient at the casting–die interface. Hence, in HPDC, the process
efficiency and the microstructural features of the produced castings
are strongly dependent on heat transfer through the casting–die
interface during solidification [10,11].

It has been reported in the previous publications of our research
group [12–15] that the heat transfer could be affected by number of
the process parameters such as piston velocity, die temperature,
casting thickness and also by the casting–die interface properties.
Nowadays, non of the commercialized simulation software for die
casting take into account the time and process parameters
dependence of the interfacial heat transfer during HPDC because of
the absence of meaningful information in this area. Thus, consid-
ering the role that heat transfer has during solidification in HPDC,
the effectiveness of the simulation work is limited. Therefore,
modelling and measuring the variation of heat transfer processes
with time and process parameters is presently a key requirement
for further development of the HPDC process simulation.

The present paper deals with an analytical predictive model for
the time varying thermal conductance during casting and solidifi-
cation of the metallic alloys in HPDC process. In the present paper,
Fig. 1. Schematic of the casting liquid–die contact (vertical scale exaggerated) showing the
and the temperature profile at the interface.
we will mention and discuss thermal contact conductance (h)
rather than thermal contact resistance as this term is more
commonly used by the chief investigators in the field.
2. Theoretical approach

2.1. Modelling of the initial thermal conductance

It is known that the die surface is rough at a microscopic scale.
The typical values of the roughness parameter, Ra, of the high
pressure die vary between (0.2 mm to 5 mm) depending on die life
and surface machining methods. When the cast liquid contacts the
die surface, an amount of air is entrapped between the surface of
the cast liquid and the die surface [16–20], typically, inside the
micro-cavities of the asperities. The only real contact occurs at the
areas around the top of the asperities and this is a small fraction of
the apparent contact area [20] as illustrated in Fig. 1. The heat flux is
then constricted by this interface and can only pass through these
real contact areas at the top of the asperities. This constriction of
heat flux leads to a temperature jump at the interface that char-
acterises the Interfacial Thermal Constriction Resistance (R) by the
following relationship:

R ¼ DT
q

(1)

The interfacial thermal conductance is simply the inverse of R.
constriction of the heat flux as it passes through the microcontact area at the interface
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Accurate modelling of R depends on an accurate character-
isation of the casting–die contact topography. When the liquid
casting contacts the die surface, air is expected to be entrapped at
the bottom of the microcavities of the die surface. The bottom levels
of the microcavities of the die surface are randomly situated and
distributed as shown in Fig. 1. They have to be considered while
modelling R at the casting liquid–die interface because they
quantify the entrapped air volume hence the quality of contact
between the casting and die surface.

In practice, the solid surface heights and distribution are
generally expressed in a format as measured by profilometers.
Profilometers characterise the solid surfaces from a mean plane
where the standard deviation of the heights is minimised reference
[21]. From the definition of Ra (Equation (2)) for a Gaussian surface,
one can note that the bottom microcavities can be considered in
fact as asperities. Using this definition, one can not quantify
reasonably the entrapped air while describing the topography of
the casting.

Ra ¼
ZþN

�N

fðyÞjyjdy (2)

Therefore, we propose to modify the surface profile of the solid to
have a common base as illustrated in Fig. 2. The summits are
supposed to be conical in shape with a similar normalised slope
(mn) and height distribution. Then there are no more valleys or in
other words the valleys have been brought at the same level (y¼ 0).
For this new equivalent die surface profile, we have to ensure that
the profile characteristics (Ra, Rq, Rsm) measurable by profilometers
remain representative of the new surface profile. In order to ach-
ieve this, we propose that the height (y) distribution of the peaks
for the normalised surface follow a new distribution fB(y) function
derived from Gaussian function which is expressed by Equation (3):

fBðyÞ ¼
2ffiffiffiffiffiffi
2p
p

s
exp

�
�y2

2s2

�
cy˛f0;þNg (3)

Fig. 2 shows the normalised die surface profile and the plot of its
distribution function, and fB(y) compared to the real surface profile
and the Gaussian distribution functions f (y) The main feature of
fB(y) is that it applies uniquely for y> 0 and it is double the value of
f (y) in the domain of validity.

Then, the new definition for the arithmetic average of the
modelled profile becomes
y

New surface profile

0

Fig. 2. Normalised surface profile equivalent to the real surface profile and the equi
< y >¼
Zy¼þN

f ðyÞy dy ¼
Zy¼þN

fðyÞjyjdy ¼ R (4)
y¼0

B

y¼�N

a

Therefore, the measurable parameters (Ra, Rq and Rsm) which
characterise the die surface profile remain representative of the
normalised surface profile.

With this normalised die surface profile, the casting–die contact
topography can be also normalised as shown in Fig. 3. The asper-
ities whose heights are above Y make contact with the liquid
surfaces while the smaller peaks do not. In other words, the mean
separation plane Y defines the density of the microcontact spots
and the constriction between the projected diameter of the
microcontact points (2as) and the projected diameter of the cone
bases (2bs). Then the density of the microcontact area at Y can be
given as follows

ns ¼ npic

Zy¼þN

y¼Y

fBðyÞdy (5)

The solution yields

ns ¼ npicerfc
�

Yffiffiffi
2
p

s

�
¼ 8

3p2

�
1

Rsm

�2

erfc
�

Yffiffiffi
2
p

s

�
(6)

The average radius of the projected contact area, as, for the asper-
ities which have a height that exceeds the entrapped air thickness Y
can be similarly determined from the proposed distribution func-
tion as follows:

< as >¼
Zy¼N

y¼Y

ðy� YÞ
mn

fBðyÞdy (7)

Solving this Equation gives

< as >¼
1
2

ffiffiffi
p

2

r
Rsm

s

 
2sffiffiffi
2
p

p
exp

 
� Y2

2s2

!
� Yerfc

�
Yffiffiffi
2
p

s

�!
(8)

Based on these equations, the thermal conductance has been
modelled as a function of the topography and mechanisms of
contact by the following equation [22]

ho ¼ ¼ 2ls < ns >
< as >�

1� 2 < as >

RSM

�1:5
(9)
φ (y)

φ
B
(y)

valent distribution function as compared to the Gaussian distribution function.
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Fig. 3. Normalised profile of the casting liquid–die contact (vertical scale exaggerated).
Ra is the arithmetic average of the absolute values of the measured profile height
deviations, s is RMS value and Rsm is the mean peak spacing.
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The above equations show that the number and the radius of the
contact spots and consequently the thermal conductance are deter-
mined by the mean separation plane, Y, (see Fig. 3) for a given
casting–die interface. As for Y, it characterises the amount of air that
could be entrapped during the sudden contact of the casting liquid
with the die. In HPDC, during the first stage of casting–die contact
when the casting is mostly liquid, Y is at its minimum value. This is
because the casting liquid spreads well over the surface of the die and
it can enter easily into the die surface roughness under the applied
pressure. The minimum value of Y for a given casting–die contact
means a maximum value for as and ns according to Equations (2) and
(3) which give a maximum value of h for this contact configuration.

2.2. Modelling of the variation of the thermal conductance during
solidification

The experimental determination of h reported by the present
authors [12,15] has shown that the value of h varies as a function of
solidification time. During the first instant of contact when the
casting is still liquid, the thermal conductance is at its maximum
value, followed by a sharp decrease when solidification develops. If
the explanation reported above (see Section 2.1) justifies the raison
for the maximum value of h during the first stage of contact, the
sharp decrease of h during solidification requires a profound
understanding of the heat transfer and solidification mechanisms
that occur during this process.

It has been reported that the drop of h at the casting–die
interface in HPDC is mainly due to the degradation of contact
between the casting and the die as a result of solidification [20]. It is
known that when a molten alloy is brought into contact with
a relatively cold die and heat is transferred from the melt to the die,
nucleation and grain growth should begin at the contact areas, and
more precisely, around the peaks of the asperities [20,23,24] where
the melt temperature is the lowest.

In the case of HPDC, due to the large applied pressure on the
casting, the number and the area of contact points are very impor-
tant and produce a large maximum value for the thermal conduc-
tance at the first stage of contact, when the molten alloy is still
mostly liquid. When the density of contact spots and h are large, the
nucleated grains around the peak of the asperities in contact reach
each other quite rapidly and form the first solidified film of the
casting or casting skin near the interface, hence, the liquid–solid
contact is transformed almost immediately into a situation of solid–
solid contact. When the casting skin forms, the thermal gradient in
the solidified film causes local shrinkage and possibly defects in the
solidified component. This contraction may cause the solidified skin
to partially separate from the die if the main contraction direction is
perpendicular to the interface mean plane. This contraction can also
be parallel to the interface mean plane. In that case the distance
between the two contact spots reduces. Because of the rigidity of
both solids and of the slope of the asperities, the interface neces-
sarily moves apart, resulting in the reduction of the number and the
area of the micro-contact spots. This is the main reason for the sharp
drop of the h as a function of solidification time.

Based on this interpretation, the time dependence of t h should
be a function of the solid fraction (fs), and the initial value (peak
value) of the thermal conductance (h0) at the casting die interface.

hðtÞ ¼ f ðfsðtÞ; h0Þ (10)

As explained before, h0 is associated with the first stage of
contact when Y¼ Y0. Then Equation (9) can be re-writing as
follows:

ho ¼ 2lsnsðYoÞ
< asðYoÞ >�

1�< asðYoÞ >
< bs >

�1:5
(11)

As discussed previously when solidification progresses, the sepa-
ration plane characterised by Y moves away from the die surface.
Therefore, ns and as must change. This necessarily results in
a change in the value of h from its initial value. Therefore, f(fs(t), h0)
can be replaced by an equation of the type of Equation (12) in which
Y is a function of fs; i.e. h(t)¼ h(Y(fs(t), h0).

In an attempt to model, we propose the following relation ship
for Y(t):

YðfsðtÞÞ ¼ Yo þ CfsðtÞ (12)

Where Yo is the initial value of Y which can be determined from the
following relationship driven from the perfect gas laws as
explained in reference [25]:

< Yo >¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

P0

ðP1 � pðgÞÞ
T1

T0

3

s
�

ffiffiffi
2
p

6

r
s (13)

We should note here that the P(g) accounts for surface tension back
pressure due to the liquid meniscus curvature inside the micro-
cavities between the peaks in contact.

The next step is to find a way to estimate the function fsðtÞ in
Equation (12) and the factor C.

For a unidirectional heat flow problem along the x direction the
heat conduction condition across a solid front is determined as
follows [11]:

rL
ds
dt
¼ ls

�
dT
dx
ðs; tÞ

�
s
�lL

�
dT
dx
ðs; tÞ

�
L

(14)

where ds=st is the velocity of the solidification front.
In the solid phase around the final eutectic solidification,

thermal gradient is lower than the liquid phase as a result of the
interface being the main heat transfer limitation. Therefore, the
solid contribution (right side of Equation (14)) can be neglected.
Then Equation (14) is transformed to equation (15).

rL ds ¼ q dt (15)

where q ¼ �lL½dT=dx�L.
The solidified casting thickness as a function of time can be

determined by integrating Equation (15) from t¼ 0 to t as follows:

sðtÞ ¼ 1
rL

Zt

0

q dt (16)
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Then the solid fraction in the casting, fsðtÞ can be estimated by
dividing s(t) by the half of the casting thickness (St) as it has been
assumed that the solidification is unidirectional, as follows:

fsðtÞ ¼
2

rLSt

Zt

0

q dt (17)

Substituting (17) into (12) yields

YðfsðtÞÞ ¼ Y0 þ
2C

rLst

Zt

0

q dt (18)

The above analysis is only valid if the solidification front is formed
during casting solidification. This can be verified with Equation (19)
that gives the order of magnitude of the mushy zone thickness
(Smushy) [11].

smushy ¼
lDT

q
(19)

Using the experimental results reported by the present authors in
[12,14,15], the numerical application of Equation (19) shows that
the mushy zone is very narrow in HPDC (0.27 and 0.2 mm
respectively for Al-9Si-3Cu and AZ91 D alloys) which corresponds
to less than 9% of half of the total casting thickness that was used in
the above mentioned references. Therefore Equation (18) can be
appropriately applied in the case of HPDC.

In the very first stages of the solidification process the heat flux
crossing the die–casting interface is at its highest value. When the
solidification progresses, the heat flux drops down to its minimum
in a very short time. The experimental results reported in [12,14,15]
shows that the drop of the heat flux at earlier stage of solidification
is continue as illustrated in Fig. 4. Therefore, the term

R t
0 q dt in

Equation (18) can be linearised. Moreover, this earlier stage of
solidification corresponds to the period when the heat transfer
experiences the major variation as illustrated in Fig. 4. Therefore, it
would seem reasonable to approximate this term by the following.

Zt

0

q dt ¼ hOðTM � TmOÞt (20)

Then equation (18) becomes

YðfsðtÞÞ ¼ Y0 þ 2Ch0
TM � Tm0

rLSt
t (21)
0
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Fig. 4. Heat flux and its integration with respect to time during casting of the AZ91 D
alloy in HPDC.
In this equation the constant C needs to be a distance variable.
Using Vaschy–Buckingham analysis, C is expected to be related to
the die surface roughness parameters such as asperities and valleys.
For this raison, we assume that C is a representative constant for the
valleys and peak density as the best option to estimate this
constant. It is determined empirically to be the half of the averaged
volume of the alloy inside the valleys of the asperities times the
peak density (Equation (22)).

C ¼ 1
2

Val � ns (22)

The volume of alloy, Val, inside the asperities is determined by
extracting the average volume of the entrapped air from the
average volume of the valleys based on the distribution function for
the modelled surface (fBðyÞ) presented above.

Val ¼
1
3

p
1

m2
n

Zy¼þN

y¼0

fBðyÞy3dy� 1
3

p

�
Y0

mn

�2 Zy¼Y0

y¼0

fBðyÞy dy

(23)

The solution for Equation (23) yields

Val ¼
p

3
s

m2
n

"
2

ffiffiffi
2
p

r
s� Y2

0
2ffiffiffiffiffiffi
2p
p exp

 
�Y2

0

2s2

!#
(24)

Substituting (24) in (22) and then in (21) yields

<YðtÞ>¼ Y0þ
"

ps

3m2
n
<nsðyÞ

>

 
2

ffiffiffi
2
p

r
s�Y2

0
2ffiffiffiffiffiffi
2p
p exp

 
�Y2

0

2s2

!!#�
h0

TM�Tm0

rsHSt
t
�

(25)

The average of the density (ns) and the radius of the micro-contact
points (as) are expressed by Equations (6) and (8). Now they can be
expressed as a function of time when using Y(t) instead of constant
Y as shown in Equations (26) and (27).

< nsðtÞ >¼
4

3p2

�
1

Rsm

�2

erfc
�

YðtÞffiffiffi
2
p

s

�
(26)

< asðtÞ >¼
1
2

ffiffiffi
p

2

r
Rsm

s

 
2sffiffiffi
2
p

p
exp

 
� Y2ðtÞ

2s2

!
� YðtÞerfc

�
YðtÞffiffiffi

2
p

s

�!

(27)

Combining Equations (26), (27) and (9), the thermal conductance at
the casting–die interface can be expressed by the following rela-
tionship as a function of time:

hðtÞ ¼ lsRsm

 
8

3p2

�
1

Rsm

�2

erfc
�

YðtÞffiffiffi
2
p

s

�!

�

 
1
2

ffiffiffi
p

2

r
Rsm

s

 
2sffiffiffi
2
p

p
exp

 
� YðtÞ2

2s2

!
� YðtÞerfc

 
YðtÞffiffiffi

2
p

s

!!!
�

Rsm
2 �

�
1
2

ffiffiffi
p
2

q
Rsm
s

�
2sffiffiffi
2
p

p
exp

�
� YðtÞ2

2s2

�
� YðtÞerfc

�
YðtÞffiffiffi

2
p

s

����1:5

(28)
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3. Assessing the validity of the model

The authors of the present paper have developed a new
measurement method to determine, experimentally, the thermal
conductance at the casting–die interface during high pressure die
casting (HPDC) of light alloys. The casting surface temperature was
measured using infra-red probes linked to pyrometric chain. The
temperatures inside the die, at different depths from the die
surface, were measured using a thermocouple arrays (f 0.25 mm).
The thermocouples measurements have been analysed using an
inverse method in order to evaluate the heat flux density at the
casting–die interface and the die surface temperature. Extra care
detailed in [12,14,26] has been taken to reduce measuring errors
with both pyrometer and thermocouples. Hence, the thermal
conductance and its evolution during solidification of the casting
are determined accurately for different casting conditions (alloy
type, applied pressure, etc). In addition, the error in the h
measurements due to the limitations in the inverse method, the
dynamics of thermocouples in transient heat transfer and other
deterministic uncertainties were evaluated. The details of the
experimental procedure, analysis and results have been reported in
reference [12,14].

The following analysis compares the reported experimental h in
references [12,14] to the results of the numerical application of the
present model for different casting conditions. All the input
parameters for the model such as surface roughness, temperatures,
pressure, etc were taken from these reported experimental
measurements. Their values are presented in the table integrated
into the following figures for the purpose of accuracy.

One of the interesting findings in the present analysis is the
contribution of the alloy composition through its density and latent
heat and the casting thickness to the evolution of h(t) during
solidification (see Equation (25)), although these properties do not
appear in the first stage of contact when h is at its peak value (see
Equation (13)). Fortunately, the authors of this paper have experi-
mentally determined the h(t) for two different alloys, AZ91D and
Al-9Si-3Cu, which have a different latent heat and density (see
reference [12,14]). We have also tested different thicknesses of the
castings. This provides the context for an effective comparison and
validation of the model.

Fig. 5 shows the variation of the modelled h at the casting–die
interface with time for both AZ91D and Al-9Si-3Cu alloys compared
to the experimentally determined evolution of h(t) reported for
both AZ91D and Al-9Si-3Cu alloys. The two curves h(model) and
h(experimental) for both alloys are in good agreement. They exhibit
the same trends versus time. In addition, the modelled and
experimentally determined h(t) shows almost the same trend with
the drop of h(t) in the case of AZ91D alloy sharper than with the Al-
9Si-3Cu alloy.

Furthermore, in Fig. 6, the experimental h(t) at the casting–die
interface for two different casting thicknesses (2 mm and 4 mm)
are plotted as a function of time for the AZ91D alloy. They are also
compared to those calculated from the model for the 2 mm and
4 mm thickness castings. As can be seen in the figures, the exper-
imentally determined and the calculated h(t) values have similar
trends versus time along with similar orders of magnitude. For both
the modelled and experimentally measured h(t), the drop of h(t)
with time is sharper for the thinner casting.

4. Discussion

There is good agreement between the model and the experi-
mental measurements. This agreement confirms the relevance of
our theoretical approach: the arguments used are reasonable
descriptions of the elements that contribute to the creation of the
peak value and the transitory phase of h during solidification of
metal in HPDC process. The results show that the peak value of h in
HPDC is governed by the contact topography and the mechanisms
of contact (pressure balance between the liquid, entrapped air and
surface tension). As for, the variation of h with time it is mostly
determined by the properties and geometry of the alloy that is cast
along with the nature of the phase changes that take place in the
casting during solidification.

The agreement between the sets of curves further confirms that
the drop in the h(t) is due to the reduction of the number and the
radius of contact spots between the casting and the die during
solidification as interpreted elsewhere by Loulou [20] from his
experimental analysis. In order to highlight this issue, as and ns have
been plotted in Fig. 7 as a function of time for the case of contact
between the AZ91D alloy and the die (H11). As shown, as and ns

reach their minimum values (around zero) at around 1.5 s but the
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h(t) reaches its minimum value after around one second. This
means that at 1 s the contact between the casting and the die is
completely transformed to solid–solid contact. Even under this
situation of solid–solid contact any pressure applied to the casting
should be transmitted to the die surface, hence, there are still a very
small number of microcontact areas where h(t) is around zero. It is
only after 1.5 s that ns and as drop to a zero value. At this time an air
gap is expected to form at the interface because of the global
shrinkage across its solidified thickness.

It is also worth noting that the drop in the experimental and
modelled h(t) has a sharper slope for the AZ91D alloy compared to
that present in the case of the Al-9Si-3Cu alloy. This is logical since
the low density and latent heat of the AZ91D alloy means that the
heat absorbed by the die during solidification of the AZ91D alloy is
small, compared to that of the Al-9Si-3Cu alloy. As a result, the
solidification time of the AZ91D alloy is shorter than that of the Al-
9Si-3Cu alloy for the same set of casting conditions. As solidification
becomes more rapid, the faster the contraction and the faster as and
ns decrease resulting in a sharper drop of the h(t) curve. These
results are also consistent with the conclusions reported in
Fig. 8. Thermal contact resistance substrate-Tin (Etain), Lead (Plomb) and Zinc inter-
stitial fluid: air [23].
reference [23] that deals with the effect of alloy type on the vari-
ation of the thermal contact resistance (R) with time. Fig. 8 shows
the experimental results of the evolution of R vs. time for Tin, Lead
and Zinc as reported in the mentioned reference. It has been
concluded that the cooling rate is strongly related to the volumic
latent heat of the material which is undergoing solidification. For
this reason the R curve for Lead decreases more rapidly than the R
curves for Tin and Zinc which have a greater latent heat.

As for the effect of casting thickness on h(t), it would seem
reasonable to relate it to the casting volume. The thicker casting is
associated with a larger volume of cast alloy which is associated
with a larger total latent heat to be absorbed. Thus, the time needed
to extract the larger amount of latent heat becomes more impor-
tant, if values for ho during the first stage of solidification are
identical (the same conditions of the casting process and contact
between the casting and the die). Consequently, the time for h(t) to
fall to its minimum value increases. Hence, the slope of the h(t)
curve becomes smaller for the larger thickness castings.

In addition to the contribution of the present analysis in the
understanding of the mechanisms of the transitory h(t) or R(t) at
the liquid–solid interface in general, the model also provides
a valuable tool for investigators to understand the effect of various
casting process parameters, die surface roughness, casting quality
and thickness on the h(t) during the HPDC process. These results
should be considered as a departure point directing the investiga-
tions towards modelling the solidification time in HPDC as a func-
tion of the casting–die contact conditions. As the model shows that
the slope of the drop in h(t) should increase regularly with casting
thickness as shown in Fig. 9 or with casting volume. Thus, it should
be possible to relate the time of solidification to these slopes. This
requires further experimental validation using a wide range of
casting thicknesses and materials.

5. Conclusion

An analytical approach has been proposed to model the tran-
sitory thermal conductance (h (t)) at the casting–die interface in
HPDC. The approach is based on a model which includes the initial
conditions of both the topography and contact mechanisms
between casting and its die and then incorporates the degradation
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of this contact with time as it is thought to occur as the solidifi-
cation of the casting progresses.

The degradation of contact has been related to the increase in
the separation plane between the casting and the die during
solidification which results in a decrease in the area and the density
of micro-contact points.

The results of the model show good agreement with the avail-
able experimental data for different alloys and casting thickness.

It has also been shown that that the peak value of the thermal
conductance is primarily determined by both the topography and
the mechanisms of contact between the casting and the die,
whereas, the transitory phase of h(t) is further governed by the
geometry and composition of casting.
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