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A model is presented for the prediction of the interfacial heat-transfer coefficient during the unidirec-
tional solidification vertically upward of an Al-7 wt pct Si alloy cast onto a water cooled copper
chill. It has been experimentally determined that the casting surfaces were convex toward the chill,
probably due to the deformation of the initial solidified skin of the casting. The model was, therefore,
based upon a determination of the (macroscopic) nominal contact area between the respective rough
surfaces and, within this region, the actual (microscopic) contact between the casting and the chill
surfaces. The model produced approximate agreement with both experimentally determined values
of the heat-transfer coefficient and the measured curvature of the casting surface and showed a
reasonable agreement with measured temperatures in the casting and the chill also. A common
experimental technique for the experimental determination of the heat-transfer coefficient involves
the assumption of one-dimensional heat transfer only. An implication of the approach adopted in this
model is that the heat transfer in the region of the casting-chill interface may be two-dimensional,
and the subsequent error in the experimentally determined values is discussed.

I. INTRODUCTION occurred by conduction through the peaks of the rough sur-
faces of the casting and the chill in contact, and also by

THE production of castings has been greatly assisted by conduction through the atmosphere contained in the voids
the development of models of their solidification. These between the contact areas. As solidifcation progressed the
models require a knowledge of the thermophysical properties relative expansion and contraction of the chill and the casting
of the solidifying alloy and of the heat transfer between the altered the amount of contact and the size of the interfacial
casting and its mold. In the latter case, many experiments gap between the two surfaces. Eventually this led to their
have been carried out to measure the interfacial heat-transfer complete separation. In this case the heat transfer coefficient
coefficient for simple castings solidifying unidirectionally was greatly reduced as heat was extracted from the casting
against a chill. These have shown that the values obtained through a relatively insulating “air gap.”
can differ greatly and are dependent on many variables of Relatively low melting point alloys, such as aluminum,
the casting process. Particularly important factors appear were studied, so radiation made a negligible contribution to
to be the application of pressure (for example, in squeeze the heat-transfer process. Furthermore, the gap between the
casting), the orientation of the casting-mold interface with casting and the chill surfaces was sufficiently small so con-
respect to gravity (which would also have a strong influence

vection was not thought to have occurred. The authorson the pressure between the casting and the mould surfaces
pointed out that, while it is often convenient to assume thatat their interface), and the presence or absence of mould
the atmosphere in the interfacial region is air, it may also,coatings. The influence of many other factors (alloy super-
of course, contain other gases with differing thermalheat, composition, liquid alloy surface tension, mould or
conductivities.chill preheat, etc.) has also been recognized. The heat-trans-

Several quantitative models of the heat-transfer coefficientfer coefficients measured in the unidirectionally solidified
during casting solidification have been developed based onexperiments can, therefore, only be used as a guide in casting
this idea of an initial contact stage, in which the casting issolidification modeling. Alternatively, if the actual processes
in close contact with the die or chill surface, followed by athat influence the heat transfer at the casting-mold interface
stage in which an air gap formed. However, these modelscould be modeled, then the interfacial heat-transfer coeffi-
are mostly concerned with the development of the air gapcient could be predicted as part of the progress of the casting
rather than with the prior contact stage. For example, Nishidasolidification model itself.
et al., in 1986,[4] modeled the formation of the air gap usingThe mechanisms by which heat is transferred through the

interface between a casting as it solidified against a metal an analytical elastic model for predicting the movement of
chill (to represent a die) have been the subject of detailed the mold wall relative to the casting surface. Trovant and
investigation by Ho and Pehlke[1,2] and Pehlke.[3] They sug- Argyropolis[5] recently produced a numerical elastic model
gested that, initially, a thin skin of solidified metal formed of a casting to predict air-gap formation. Several models for
in contact with the chill surface, and that heat transfer predicting the air gap but involving only a consideration

of the thermal contraction of the casting have also been
presented.[6,7,8] In addition, Shahverdi et al.[9] predicted the
air gap formation in the case of a casting in a sand mold.
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air gap to predict the heat-transfer coefficient as part of
the model.[10,11]

In related work, Sharma and Krishnan[12] considered the
initial period of contact of the cast liquid alloy with the die
surface, and modeled the heat-transfer coefficient associated
with penetration of the liquid alloy into the valleys of the
roughness of the surface upon which it rested.

Models have also been proposed in which the individual
thermal resistances at the casting-mold interface have been
examined in detail for particular casting situations. For
example, Mathew et al.[13] analyzed the heat-transfer resist-
ances relevant to the solidification of lead against the base
of a stainless steel container, and Chiesa[14] proposed a model
of heat transfer through a coated die surface with the model
being constructed from the separate thermal resistances of
the die/coating/casting interface.

However, the qualitative model of Ho and Pehlke[2] is not
the only explanation of interfacial heat transfer that has
been put forward. For example, Svensson and Schmidt have
proposed a model of heat transfer through an entrapped film
of gas occurring between the liquid metal and the die
surface.[15]

Another alternative view of the mechanisms that govern
heat transfer at a casting-chill interface was advanced by
Griffiths[16,17] and Kayikci and Griffiths.[18] In their experi-

Fig. 1—Sketch of the experimental arrangement used to determine thements, the surfaces of Al alloy castings, unidirectionally interfacial heat-transfer coefficient during the unidirectional solidification
solidified against a plane Cu chill, were found to be convex of Al-7 wt pct Si alloys vertically upward.
toward the chill by amounts of around 10 to 20 mm. The
convexity of the casting surface was thought to have been
caused by the deformation of the solidifying skin of the

procedure. This has been described elsewhere in morecasting soon after its formation, as proposed by Niyama and
detail[17] but is also briefly given here.co-workers.[19,20] (A detailed model of this process has been

An alloy of Al-7 wt pct Si was cast into a cylindricalreported by Thomas and Parkman[21]). Since the deformation
refractory mold into the bottom of which was inserted a waterprobably occurred early in the casting process, perhaps even
cooled Cu chill (of 100 mm length) to induce unidirectionalduring pouring, it was suggested that it would have a signifi-
solidification. The refractory tubes were preheated to 9008Ccant effect on the subsequent heat transfer through the cast-
and allowed to cool before use in the experiment to eliminateing-chill interface.[17] This deformation of the initial
the production of any volatile gases during the pouring andsolidified casting skin may have occurred in many of the
subsequent cooling of the casting. This should have ensuredpreviously reported measurements of the interfacial heat-
that the atmosphere of the interface between the casting andtransfer coefficient and may occur in many commonly used
the chill was air, as assumed in the model. Before casting,casting processes.
the surface of the Cu chill was prepared using 240 gradeA model of the development of the heat-transfer coeffi-
SiC paper to obtain a reproducible surface finish. The castingcient with time for the experiment in which the deformation
dimensions were 200 mm in length and 25 mm in diameter,effect was observed (unidirectional solidification of Al-7 wt
and four castings were made, each poured at a temperaturepct Si alloy against a Cu chill[17]) has been developed and
of 7808C. The experimental arrangement was such that solid-is reported here. The model includes the heat transfer through
ification took place vertically upward, as shown in Figure 1.the actual contact area between a plane chill surface and a

The surface finish parameters of the chill and castingspherical casting surface and the heat transfer through the
surfaces were measured using an RS Surtronic 200 surfacevoids between, but also takes into account the local separa-
profileometer and are shown in Table I. In addition to surfacetion of the casting and the chill surfaces at the circumference

of the interface caused by the deformation of the initial
casting skin.

Table I. Measured Surface Roughness Data ObtainedThis approach, in conjunction with the models concentrat-
from the Chill and Casting Surfaces at their Interface*ing on the formation of the air gap, is an important step

toward the development of a predictive model of the interfa- Ra Rz Sm R
cial heat-transfer coefficient during casting solidification. Surface (mm) (mm) (mm) (m)

Chill 0.88 6.1 60.8 plane
Casting 1.50 9.8 140 6.9

II. THE EXPERIMENTAL DETERMINATION
*Ra is the arithmetic mean deviation of the surface profile, RzOF THE HEAT-TRANSFER COEFFICIENT is the mean peak-to-valley height measured in the traverse, while

Sm is the mean distance between profile peaks. R is the radius ofThe heat-transfer coefficient during unidirectional solidi-
curvature of the surface.fication was determined using the following experimental
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Table II. Physical Properties of the Cu Chill and Al-7 Wtroughness data, profiles were measured across the diameters
Pct Si Alloy Used in the Model of the Heat-Transferof the castings and the chills resulting in the observation

Coefficient*that the casting surfaces were not plane, but were convex
toward the chill.[17] The mean radius of curvature of these Property (Units) Value
surfaces is also shown in Table I.

Properties of copperThe casting and the chill each contained thermocouples
Thermal conductivity (W m21 K21) 416.51 2 0.05874 T(Figure 1), which were read at intervals of 0.5 seconds by Specific heat capacity (J kg21 K21) 351 1 0.11069 T

a computer controlled datalogger. The heat-transfer coeffi- Density (kg m23) 9095.11 2 0.4629 T
cients were calculated from this data by inversely solving Coefficient of thermal expansion (K21) 17.7 3 1026

the one-dimensional heat-transfer equation using an explicit Properties of Al-7 wt pct Si alloy (liquid)
finite difference method. Mean maximum values of the heat- Thermal conductivity (W m21 K21) 88.6
transfer coefficient of 7.1 kW m22 K21, in the case of upward Specific heat capacity (J kg21 K21) 1080
solidification, were obtained.[17] As pointed out in Section Density (kg m23) 2394
I, these experimentally determined heat-transfer coefficients Properties of Al-7 wt pct Si alloy (solid)
would be specific to these experimental conditions. How- Thermal conductivity (W m21 K21) 198

Specific heat capacity (J kg21 K21) 917ever, they provided a case of solidification that was capable
Density (kg m23) 2672of being readily described and for which a simple model of
Coefficient of thermal expansion (K21) 24 3 1026the interfacial heat-transfer coefficient could be developed.
Characteristics of Al-7 wt pct Si alloy
Latent heat (J kg21) 397,490

III. THE MODEL OF THE INTERFACIAL Liquidus temperature (K) 890
CONTACT AREA AND THE HEAT-TRANSFER Solidus (eutectic) temperature 850

COEFFICIENT DURING CASTING Fraction solid of the primary phase 0.5248
Partition coefficient 0.13SOLIDIFICATION
Effective specific heat capacity 3.415 3 103 1 8.0234

The temperature distributions within the chill and the 3 103 T 1 4.71754 T2

casting were calculated using an explicit one-dimensional
*The physical properties of the Cu are expressed as a functionfinite difference model (Reference 22, for example) with a

of temperature (T ) in Kelvin, while the physical properties of thetime-step of 0.001 seconds and a nodal distance of 1 mm
alloy are assumed to be independent of temperature.

in the chill and 2 mm in the casting. The number of elements
used in the calculation was increased to show that the solu-
tion obtained was not sensitive to the selected nodal distance.

immediately formed of negligible thickness but with a sur-Values of the thermophysical properties for both the chill
face roughness as measured after the casting experiment wasand the casting, as well as other data used in the calculations,
over. The initial temperature of the liquid alloy was assumedare shown in Table II.
to be 7278C (1000 K), determined from the casting experi-The thermophysical property data for the alloy and the
ments, and the initial chill temperature was assumed to bechill material were obtained from the published literature as
208C (293 K). Any effects from oxide films occurring onindicated in the table. However, the estimated value of the
the surface of the chill and on the liquid aluminum alloy werethermal conductivity of the liquid alloy was increased by a
assumed to be negligible. Heat transfer due to conductionfactor of 3 to take into account the enhanced heat transfer
between the contact areas between the solid alloy and thein the bulk liquid alloy due to fluid flow arising from the
chill surfaces was also assumed to be negligible for thispouring of the casting. This procedure has been found to
short initial contact stage.improve the accuracy of the experimentally determined heat-

The heat transfer in the initial contact stage was, therefore,transfer coefficients as shown, for example, in References
assumed to be by conduction alone from the thin solid casting23 (in which a factor of about 8.5 was used) and 24 (a factor
skin to the cold chill surface through the interfacial atmo-of 1.5). The latent heat evolved during solidification of the
sphere (assumed to be air). To determine the mean separationcasting was incorporated into an effective specific heat
of the casting and chill surfaces, the surface roughnesses ofcapacity, as is explained elsewhere.[17]

both were combined into a sum surface roughness as follows;The end of the casting away from the interface was
assumed to be insulated while the boundary condition away Rz(o) 5 !R2

z(chill) 1 R2
z(casting) [2]

from the interface in the chill (i.e., the end of the chill in
Here, the relevant parameter to describe the surfacecontact with the cooling water) was assumed to be described
roughness was considered to be Rz , the mean peak-to-valleyby a heat transfer coefficient given by a correlation for
height measured within a traverse of the profileometer.[25]forced cooling:[22]

Surface roughness measurements of the prepared chill sur-
hw 5 0.023Re0.8Pr0.3 [1] face before casting, together with casting surface roughness

data used in the model, are shown in Table I, and an explana-The velocity of the cooling water in the base of the chill in
tion of the various surface parameters used in the model isthis experiment was estimated to be 2.5 ms21.
shown schematically in Figure 2.

In moving from a gas to a solid surface, a discontinuity
A. The Calculation of the Heat-Transfer Coefficient in in temperature is observed. This has been described, by
the Initial Contact Stage Kennard,[26] for example, using a “temperature jump coeffi-

cient,” g, expressed in terms of the mean free path of theUpon casting of the liquid alloy it was assumed that the
liquid metal rested upon the chill surface and a solid skin gas, l. For example, g is equal to 2.7l in the case of air. This
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Fig. 2—Schematic to show the definitions of the surface roughness and other parameters used in the model of the chill-casting interface.

Table IV. The Mechanical Properties Used in the Model*Table III. Physical Properties of Air, and Other Data, Used
for the Calculation of the Temperature Jump Coefficient.[22]

Property (Units) Value
Property (Units) Value Alloy

Yield stress (Pa) 3.41 3 109 3 1020.00383TThermal conductivity 25.9958 3 1024 1 1.015 3
(W m21 K21) 1024 T 2 4.5616 3 1028 T 2 Youngs modulus (Pa) 71.0 3 109

Poisson’s ratio 0.331 1.307 3 10211 T 3

Density (kg m23) 0.5879 Chill
Youngs modulus (Pa) 115 3 109Dynamic viscosity (kg m21 s21) 3.018 3 1025

Prandtl number 0.682 Poissons ratio 0.33
Ratio of specific heats 1.4 *The mechanical properties for the alloy are those for an alloyBoltzman’s constant (J K21) 1.23 3 1023

of similar composition, Al-5.2 wt pct Si (as-cast, diecast condition),Molecular mass 4.824 3 10226

and the mechanical properties for the chill material are those forAccommodation coefficient[26] 0.8 commercially pure grade of Cu. These were obtained from the
Metals Handbook.[32] The properties are at room temperature.

suggests an additional resistance to heat transfer through an
interface containing a gas, which may be significant when

where a 5 the accommodation coefficient (which describesconsidering interfacial gaps of the dimension of the surface
the action of gas molecules in incompletely exchanging ther-roughness (but would not be significant when considering
mal energy with a surface), g 5 the ratio of specific heatsthe much larger interfacial gaps that would be created by
(Cp /Cv), and Pr 5 the Prandtl number.contraction of the casting away from the chill surface).

The temperature jump coefficient must be evaluated forThe temperature jump coefficient was included by calcu-
each surface. In this case, the accommodation coefficientlating the mean free path of the interfacial gas, assumed to
for the chill surface was assumed to be equal to that for thebe air, from
casting surface. The heat-transfer coefficient for the initial
contact stage, hi , was therefore determined froml 5

m
0.499rc

[3]

hi 5
kair

x 1 2g
[6]where m 5 dynamic viscosity, r 5 density, and c 5 mean

molecular velocity, obtained from
where kair is the thermal conductivity of the interfacial gas
(evaluated at the mean temperature of the chill and castingc 5 18kT

pm2
1/2

[4]
surfaces) and x is the mean separation of the two surfaces,
equal to Rz(()/2. This approach yielded a heat-transfer coeffi-where k 5 Boltzman’s constant, T 5 temperature, and
cient for the initial contact stage of about 7 to 8 kW m22 K21.m 5 the molecular mass of air. The physical properties of

air, and other constants used for the determination of the
temperature jump coefficient, are given in Table III. The B. The Model of the Deformation of the Initial Casting
temperature jump coefficient, g, was then calculated Skin
from[26,27]

Examination of the surfaces of the Al-7 wt pct Si alloy
castings at the chill-casting interface revealed that, althoughg

l
5

2 2 a
a

2g
g 1 1

1
Pr

[5]
the surface of the chill was plane, the shape of the cast surface
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was convex.[16,17,18] Niyama and co-workers had studied this limit of the area of nominal contact, ync, can be estimated
fromeffect[19,20] and showed that a droplet of liquid metal resting

on a chilled surface formed a thin solidified skin which then
ync 5 Rz1 2 d 1 v [10]deformed into a parabolic shape. This deformation occurred

almost immediately after contact of the liquid metal with The nominal contact area, Anc, was then determined from
the cold surface and once the solidified skin had reached a

rnc 5 2R( ync)0.5 [11]critical thickness.
A model of the deformation of the initial solidified skin

Anc 5 pr 2
nc [12]was developed by them[19,20] and was incorporated here.

Deformation was assumed to take place once the surface Here, Rz1 is the arithmetic sum of the Rz values of the two
node of the finite difference model of the temperature distri- surfaces, d is their separation (obtained as shown in the
bution in the casting reached the solidus temperature of the following section), and v is the compliance between the
alloy (850 K). Any possible undercooling was neglected. two surfaces.
The temperature gradient within the casting at the time of The compliance is defined as the distance points outside
deformation was calculated from the temperatures of the the deforming zone approach, i.e., the distance a point in the
surface and subsurface nodes of the casting rather than from casting would approach a point in the chill if no deformation
the temperature of the chill surface, as was originally pro- occurred between them.[34] In determining the compliance,
posed.[19,20] This gave a predicted curvature of the casting it was first necessary to determine whether elastic or plastic
skin that was closer to the measured values obtained in deformation of the surfaces was to be expected. A criterion
the experiments. for determining the onset of plastic deformation was

Neglecting the small effect of the critical skin thickness advanced by Greenwood[28] and Greenwood and William-
for deformation of the skin, the temperature gradient at the son.[29] Elastic deformation only was assumed to have
moment of deformation of the casting skin was calculated occurred if the compliance did not exceed some critical
from value, vp , given by

vp 5 R(H/E8)2 [13]G 5
Tsubs 2 Ts

Dx
[7]

Here, R is the radius of curvature of the casting skin (Eq.
where Tsubs 5 the temperature of the subsurface node of the [8]) and E8 combines the physical properties of the materials
casting, Ts 5 the temperature of the surface node of the of the two contacting surfaces as follows:
casting, and Dx 5 the spacing between nodes in the finite
difference calculation. 1

E8
5

(1 2 v2
1)

E1
1

(1 2 v2
2)

E2
[14]

The radius of curvature of the casting surface after defor-
mation was then obtained from

The term H is the microhardness of the softer material,
which in this case was assumed to be the solidifying alloy

R 5
1

aG
[8] and which was taken to be approximately 3 times the tensile

flow stress.[30]

where a 5 the coefficient of linear expansion of pure Al. The Temperature-dependant mechanical property data for the
displacement of the casting surface due to the deformation, y, model were estimated as follows. Values for the temperature-
at any point on the radius of the interface, r, was then dependent yield stress of the Al-Si alloy, at low temperatures,
determined from were obtained from data for a similar alloy (Al-5.2 wt pct

Si),[31] but the yield stress at the solidus temperature of the
y 5

r 2

2R
[9] alloy was estimated from the following considerations. Since

alloys begin to develop strength in their mushy phase, as
For example, the predicted deformation at the circumference the dendritic solid reaches the point of coherence, their yield
of the casting surface was 14.8 mm, 20 pct greater than the strength at the solidus temperature should be low but not
measured deformations of the casting surfaces which had a zero. For example, Forest and Bercovici[32] measured a ten-
mean value of 12.3 mm. sile strength of greater than 2 MPa at the solidus temperature

of an Al-Cu alloy. Therefore, a yield stress at the solidus
temperature of 1 MPa was adopted and a temperature-

C. The Nominal Contact Area between the Casting and dependant yield stress obtained by interpolation between
the Chill Surfaces this and the data for lower temperatures. The Young’s modu-

lus (E ) of both the alloy and the Cu chill were also assumedTo determine the area of nominal contact between the
curved casting surface and the plane chill surface, the two to be temperature dependent and to decline linearly to 70 pct

of their room temperature values at their respective solidusrough surfaces were considered to overlap to some extent,
or to be engaged, at the center of the interface. As the temperatures.[33] Poissons ratio was assumed to be indepen-

dent of temperature. This data is shown in Table IV.radial distance increased from the center of the interface,
the curvature of the casting surface would eventually cause The temperature distributions within the casting and the

chill obtained from the finite difference calculation at eachthe surfaces to disengage, and a localized gap would form
between them. If reference planes for the plane chill surface time-step were used to determine the expansion and contrac-

tion and the relative movement of the two surfaces at theirand the curved casting surface are imagined to be drawn
through the midpoints of their respective surface roughness interface. At each time-step, their geometric overlap (com-

pliance) was recalculated and compared to the plasticityprofiles, then the separation between the two planes at the
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criterion (Eq. [13]) for the duration of the solidification 1/(S2
m(()), and the standard deviation of asperity heights, s,

was assumed to be Ra(().and cooling of the casting. This suggested that only elastic
deformation at the chill-casting interface was to be expected. Greenwood[28] and Greenwood and Williamson[29] defined

a plasticity index, Pi , to determine the likelihood of plasticSince the spherical shape of the casting surface was
retained after cooling to room temperature, this also sug- flow of an asperity:
gested that it had experienced negligible plastic deformation

Pi 5 (s/b)0.5 (E8/H ) [18]during the experiment. The heating of the chill recorded
during the experiments showed that the chill would have specifying 1 as the limit above which the majority of asperi-
undergone considerable expansion, but because the casting ties would be expected to deform plastically. In this model,
surface was undeformed, this suggests that the casting was plastic deformation of asperities was assumed to occur as
simply pushed away by the expansion of the chill. In the calculated values of the plasticity index for the situation
model, the expansion and contraction of the casting and the considered here were greatly in excess of 1.
chill were calculated, and when the force due to the The deformation of the asperities was estimated using a
expanding chill matched that due to the metallostatic pres- simple ideal plastic model in which the plastically deforming
sure of the casting, it was assumed that thereafter the casting asperity was assumed to be truncated at the surface of contact
was pushed away by any further advance. Thus, the load at (i.e., no piling-up of material due to deformation was allowed
the casting-chill interface did not exceed that due to the for). Tabor[36] interpreted ideal plastic deformation such that
metallostatic pressure of the casting. the pressure at the contact was assumed to be distributed

Finally, another important assumption was that the surface evenly over the contact and to be given by P 5 cY, where
of the chill remained plane during the cooling of the casting, Y was the tensile yield stress, and c was some geometry-
despite the axial temperature gradient within it. dependent factor. For hemispherical asperities, c 5 3.

Having determined that only elastic deformation between For ideal plastic deformation, the contact area, Ac , is twice
the surfaces was to be expected, the compliance between that for elastic deformation:[30]

the casting and the chill surfaces was determined as follows.
Ac 5 2pbv [19]The elastic contact between a convex surface and a plane

surface is a classical problem in contact mechanics,[34,35] and
where v is now the compliance associated with deformationthe elastic force between them is given by[34]

of the asperity. The contact load, Lc , is therefore given by
W 5 (4/3)E8/R1/2v3/2 [15]

Lc 5 cY2pbv [20]
‘‘Hence, the compliance associated with the contact between

5 6Ypbv [21]the plane chill surface and the convex casting surface was
determined from’’ The contact radius, rc , is given by

rc 5 (2bv)0.5 [22]v 5 1 3W
4E8/R1/22

2/3

[16]

From these expressions, the number of asperities in contact
where W was the load due to the metallostatic pressure of and the load they support can be used to calculate their area
the casting acting over the area of the interface. and, therefore, the heat transfer due to the actual contact

between the casting and the chill surfaces.
Following the method of Greenwood and Williamson inD. The Actual Contact Area between the Casting and

their original model,[29] if two surfaces are brought togetherthe Chill Surfaces within the Nominal Contact Area
until they are a distance d apart, there will be contact with

Within the area of nominal contact, the load at the casting- an asperity whose height was originally greater than d. The
chill interface was supported by contacts between the asperi- probability of making contact at a given asperity of height
ties of the rough casting and chill surfaces. To make the z is described by
problem more tractable, the two rough surfaces were
summed as shown in Eq. [2]. Thus, the problem was made prob (z . d ) 5 e`

d
F(z)dz [23]

that of a sum rough surface in contact with a plane surface.
Data for the two rough surfaces was obtained using a

where F(z) is some function describing the distribution ofstylus type surface roughness measuring instrument to obtain
asperity heights. If there are N number of asperities on thevalues for Ra , Rz , and Sm. The term Ra is the arithmetic
surface, the expected number of asperities in contact, nc ,mean deviation of the surface profile, Rz is the mean peak-
will be given byto-valley height measured in the traverse, while Sm is the

mean distance between profile peaks (Table I and Figure 2).
nc 5 Ne`

d
F(z)dz [24]The mean radius of curvature of the asperity peaks, b, was

estimated from values for the mean radius of the asperities,
For plastic deformation, the area in contact is given by Eq.assumed to be Sm(()/2, and a suitable vertical height, assumed

to be Rz(()/2 [19]. Let v 5 z 2 d, then the mean contact area, Ac , is
given by

b 5
(Sm(() /2)2 1 (Rz(() /2)2

Rz(() /2
[17]

Ac 5 e`

d
2pb(z 2 d )F(z)dz [25]

This gave a radius of curvature of the asperities of about
5.6 mm. The area density of asperities was determined from The total area of all asperities in contact, At , is then given by
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where khm is the harmonic mean of the thermal conductivities
At 5 2pNb e`

d
(z 2 d )F(z)dz [26] of the two materials in contact

and the total load on the asperities in contact, Lt , is given by
khm 5

2k1k2

k1 1 k2
[38]

Lt 5 6YpbNe`

d
(z 2 d )F(z)dz [27] rc is the mean contact radius, and fcf is a geometrical factor

which models the constriction of the heat flow at the interface
If the area density of asperities, h, is given by through the areas of actual contact. This is given by[30,37,38]

fcf 5 (1 2 (At /Anc)0.5)1.5 [39]h 5
N

Anc
[28]

The heat-transfer coefficient, hv , through the void regions
and a dimensionless separation of the two planes in contact, of the nominal contact area was estimated from
j, is defined as

hv 5
kair

d/2 1 2g
[40]

j 5
d
s

[29]

where d/2 is the mean separation of the planes in contact
the number of asperities in contact, nc , is then given by (representing the casting and chill surfaces) determined by

the iteration procedure to balance the macroscopically andnc 5 hAncF0( j ) [30]
microscopically supported loads, and kair is the thermal con-
ductivity of the air in the interfacial gap. The dimension ofthe total area of the asperities in contact, At , is given by
the interfacial gap was increased by including the tempera-

At 5 2phAncbsF1( j ) [31] ture jump distance, g, evaluated as described in Section A.
The mean separation of the two surfaces in the annulusand the total load supported by the asperities in contact, Lt , is of local separation surrounding the area of nominal contact,

ya , was determined using the radius of curvature predicted byLt 5 6YpbhAncsF1( j ) [32]
the Niyama model (Section B). The heat-transfer coefficient

where the function Fn ( j ) is now used to describe the distribu- describing conduction through the annulus, ha , was
tion of asperity heights. If an exponential distribution of obtained from
asperity heights is assumed, the problem is readily solv-
able[29] having the solution ha 5

kair

ya 1 2g
[41]

Fn( j ) 5 n!e2j [33]
The overall interfacial heat-transfer coefficient, hi , was then

giving the following expressions for nc , At , and Lt obtained from
nc 5 hAnce2j [34]

hi 5
hc 1 hv

Anc /Ai
1

ha

Aa /Ai
[42]

At 5 2phAncbse2j [35]

where Ai was the overall area of the casting-chill interface,Lt 5 6pYbhAncse 2j [36]
and the area of the annulus of local separation, Aa , was

If the microscopic load supported by the contacts must equal given by Ai 2 Anc.
the load at the interface caused by the metallostatic pressure
of the casting, then the dimensionless separation of the two

IV. RESULTSsurfaces, j, is determined from Eq. [36]. The number of
asperities in contact between the casting and the chill and Experimentally determined heat-transfer coefficients,
the area of actual contact can then be determined from Eqs. obtained during upward solidification of the Al-7 wt pct Si
[34] and [35], respectively. alloy castings, are compared to the predicted heat-transfer

coefficient obtained using the model in Figure 3. (The experi-
mentally determined values shown here were also calculatedE. Calculation of the Heat-Transfer Coefficient
with the thermal conductivity of the bulk liquid increased
by a factor of 3.) As can be seen in the figure, a considerableOnce the mean separation of the two planes had been
scatter of results was obtained, probably due to uncontrolledestablished, then the overall heat-transfer coefficient was
variations in the casting procedure used, as is common inobtained as the sum (weighted by area) of the heat-transfer
these types of experiments. For example, of the four experi-coefficients for the area of nominal contact and the area of the
mentally determined values shown, one experiment resultedsurrounding annulus of local separation. The heat-transfer
in the formation of an air gap at 657 seconds (characterizedcoefficient for the area of nominal contact was obtained
by a rapid fall in the value of the heat-transfer coefficient),from the sum of the heat-transfer coefficients for the areas
but the remaining three experiments were terminated beforein contact and for the intervening voids.
an air gap occurred.The heat-transfer coefficient for the contact points, hc , is

Figure 4 shows a comparison between the temperaturesgiven by[37,38]

measured in the chill, 75 mm from the interface with the
casting, with the temperature at the same point calculatedhc 5

2khmnc/Ancrc

fcf
[37]

by the model. The agreement is reasonable, although the
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Fig. 3—Graph showing a comparison between the modeled heat-transfer
Fig. 4—Comparison of measured and calculated temperatures within thecoefficient and experimentally determined values for the unidirectional
copper chill at a point 75 mm from the casting-chill interface.solidification vertically upward of an Al-7 wt pct Si alloy casting.

V. DISCUSSION
calculated temperature is slightly less than the measured The approximate agreement obtained between the experi-
ones. Figure 5 shows a similar comparison for the point 75 mentally determined and modeled heat-transfer coefficients
mm within the casting from the interface. Agreement is good shown in Figure 3, and between the calculated and measured
at first, showing the utility of incorporating some provision temperatures in the chill and the casting (Figures 4 and 5),
for the role of heat-transfer due to fluid flow in the bulk liquid suggests that many of the principle mechanisms that govern
of the casting and showing the good agreement obtained by interfacial heat transfer between the unidirectionally solidi-
the arbitrary selection of a factor of 3 increase in liquid fied casting and the chill have been recognized and incorpo-
thermal conductivity. However, thereafter the agreement rated in the model. A precise agreement cannot be expected
diverges with the calculated temperatures being greater than because of the wide scatter in the experimentally determined
the measured temperatures. This is perhaps due to the ther- heat-transfer coefficients and because of the many assump-
mophysical properties of the solid alloy not being precisely tions and estimates involved in the model. Nonetheless,
known and assumed, for example, to be independent of because an important feature of the model was the inclusion
temperature. of the deformation of the initial solidified skin of the casting,

Additional detail about the nature of the casting-chill inter- the agreement obtained supports the suggestion that this was
face can be extracted from the model. The deformation of a significant factor in the transfer of heat between the casting
the initial solidified skin of the casting was predicted to and the chill.
occur at 3.6 seconds. The radius of the nominal contact area An overall interfacial heat-transfer coefficient has been
was estimated to be about 8.8 mm or about 50 pct of the modeled because this is how this type of unidirectional
total casting-chill interface area. The model suggested that solidification experiment is interpreted. However, the basis
within this area there were slightly more than 70 asperities of the model, of a central contact area surrounded by an
in contact when solidification of the casting began. The area annulus in which a local separation had taken place, implies
of actual contact between the casting and the chill surfaces that a macroscopic constriction effect can occur. Heat from
at the beginning of solidification was estimated to be about the regions of the chill adjacent to the annulus of separation
0.4 mm2. This was about 0.17 pct of the nominal contact could be conducted through the central nominal contact area
area or about 0.08 pct of the total area of the casting-chill at the interface. This is illustrated in Figure 6, which shows
interface. The mean separation of the two surfaces in the examples of the heat-transfer coefficients at 400 seconds in
nominal contact area was about 4.3 mm. However, the inclu- each case. With unidirectional heat transfer assumed, an
sion of the temperature jump coefficient, g, resulted in an overall heat-transfer coefficient of about 6480 W m22 K21

was predicted by the model, but the two-dimensional caseadditional gap width of 0.8 mm.
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Fig. 6—Graph showing a comparison of the interfacial heat-transfer coeffi-
cients with one-dimensional and two-dimensional heat transfer assumed atFig. 5—Comparison of measured and calculated temperatures within the
the casting-chill interface. This graph represent the heat-transfer coefficientsAl-7 wt pct Si alloy casting at a point 75 mm from the casting-chill interface.
occurring 400 s after pouring of the casting.

shows more realistically how the heat-transfer coefficient
would vary across the interface. The central region of nomi-

In view of this observation, the comparison of modelednal contact was associated with a heat-transfer coefficient
and experimentally determined heat-transfer coefficientsof about 11,300 W m22 K21, but this declined sharply around
shown in Figure 3 are probably not in as good agreementthe periphery of the interface as the separation of the curved
as they appear, although the compared temperatures in Fig-casting surface from the plane chill surface increased with
ures 4 and 5 are still valid. Revising the experimentallyradial distance.
determined heat-transfer coefficients to lower values wouldThis effect was explored further by calculating the temper-
suggest that the model predicted an interfacial heat-transferature distribution in the casting and the chill assuming one-
coefficient that lay slightly above (rather than within) thedimensional heat transfer, using an overall interfacial heat-
scatter of the experimentally obtained results.transfer coefficient, and two-dimensional heat transfer with

The possibility of two-dimensional heat-transfer close toa heat-transfer coefficient that varied across the interface,
the casting-chill interface has not been considered beforeas predicted by the model. The resulting calculated tempera-
and would be an additional source of error in this type oftures at 5 mm from the interface in the casting and the chill
experiment where the heat-transfer coefficient is determined(corresponding to the location of the thermocouples from
with the assumption of unidirectional heat transfer. The sizewhich the experimentally determined values of the interfa-
of this error in any experiment would depend on factorscial heat-transfer coefficient were derived) are shown in
associated with the extent of the deformation of the initialFigure 7. Assuming a constant heat-transfer coefficient
casting skin. These would include the casting radius andresulted in a slightly greater temperature gradient across the
the chill temperature, the thermal diffusivity of the metalscasting-chill interface.
involved, and the distance of the thermocouples from theThe implications of this were assessed by recalculating
casting-chill interface.overall heat-transfer coefficients using the two different sub-

The model described here necessarily contained severalsurface temperature data shown. This suggested that the
approximations and assumptions, and its accuracy could be(commonly adopted) assumption of one-dimensional heat
improved by the inclusion of additional detail, as follows.transfer in the experiment may not be valid in the region
In a practical casting situation, distortion of the casting andwhere the subsurface thermocouples are usually placed to
the mold due to thermal stress would affect the interfacialcollect the necessary time-temperature data, i.e., close to the
pressure between them and, therefore, the heat-transfer coef-interface. This could lead to an overestimate of the interfacial
ficient. In this case, distortion of the chill, which washeat-transfer coefficient which, in the experiment modeled

here, may have been as great as 30 pct. neglected in this work for simplicity, would be expected to
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so this assumption would not be expected to introduce seri-
ous errors into the model.

The surface roughness data used in the model was an
average of values obtained from the measurement of the
casting and the chill surfaces in the experiments. However,
a considerable scatter in measured values was observed.
Furthermore, to simplify the problem, an exponential distri-
bution of asperity heights was assumed. A Gaussian distribu-
tion may have been a more accurate representation of the
true problem, although this would have required a more
complex solution to determine the load supported by the
asperities.[29] Furthermore, only plastic deformation of the
asperities was assumed in the model, whereas it would have
been more realistic to take into account the elastic deforma-
tion of the underlying material as well. Finally, such vari-
ables as the radius of curvature of the asperity peaks,
estimated from the surface roughness measurements, should
be determined more accurately.

Nonetheless, despite the limitations and assumptions dis-
cussed here, the model described was capable of predicting
heat-transfer coefficients that were in approximate agreement
with experimentally determined values obtained in the simple
unidirectionally solidified castings used. Therefore, this
approach may be of considerable assistance in solidification
modeling. It could be used to obtain averaged values of an
interfacial heat-transfer coefficient, for simplicity, or, for
greater accuracy, used to yield locally valid values dependant
on the local heat-transfer mechanisms in the interface.

Fig. 7—Graph showing a comparison between the temperatures calculated
within the casting and the chill when one-dimensional (fixed h) and two-

VI. CONCLUSIONSdimensional (variable h) heat transfer was assumed at the casting-chill
interface. The comparisons are made for a point on the axis of the casting- A model has been developed to predict the interfacialchill arrangement, 5 mm from their respective interface.

heat-transfer coefficient during unidirectional solidification
vertically upward of an Al-7 wt pct Si alloy against a water
cooled copper chill. One of the most important features of
the model was the incorporation of the deformation of thebe convex towards the casting and would reduce the modeled
initial solidified skin of the casting. The agreement obtainedheat-transfer coefficient.
between the modeled and experimentally determined valuesAlthough the refractory fiber tubes in which the castings
of the interfacial heat-transfer coefficient supports thewere made were preheated before use to try to prevent them
hypothesis that this was a significant factor in the transferevolving further gases during the experiment, it is possible
of heat from the casting to the chill.that the gas in the interface between the casting and the chill

was not solely air, as was assumed. The presence of other
gases, such as hydrogen with a much greater thermal conduc- ACKNOWLEDGMENTS
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LIST OF SYMBOLSbe estimated.
Heat transfer during the initial contact stage is poorly a accommodation coefficient

understood, and an important factor that was neglected was A area of contact between the casting and the chill
the extent of the contact area between the cast alloy and Cp specific heat capacity (constant pressure)
the chill surface. The simplifying assumptions made in this Cv specific heat capacity (constant volume)
model must have led to a considerable underestimate of the c a geometry-dependent factor describing the
heat-transfer coefficient in the first few seconds before the pressure beneath an indentor
formation of the initial solidified skin of the casting and c mean molecular velocity
its deformation. d mean separation of the casting and the chill

Also, the effect of any oxide films on the surfaces of the E Young’s modulus
casting and the chill were not taken into account, although g temperature jump coefficient

G temperature gradientonly thin films of around 1 mm in thickness were expected,
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