A Model of the Interfacial Heat-Transfer Coefficient during
Unidirectional Solidification of an Aluminum Alloy

W.D. GRIFFITHS

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.

[. INTRODUCTION

THE production of castings has been greatly assisted by
the development of models of their solidification. These
model s require aknowledge of thethermophysical properties
of the solidifying aloy and of the heat transfer between the
casting and its mold. In the latter case, many experiments
have been carried out to measure theinterfacial heat-transfer
coefficient for simple castings solidifying unidirectionally
against a chill. These have shown that the values obtained
can differ greatly and are dependent on many variables of
the casting process. Particularly important factors appear
to be the application of pressure (for example, in squeeze
casting), the orientation of the casting-mold interface with
respect to gravity (which would also have a strong influence
on the pressure between the casting and the mould surfaces
at their interface), and the presence or absence of mould
coatings. The influence of many other factors (alloy super-
heat, composition, liquid alloy surface tension, mould or
chill preheat, etc.) has also been recognized. The heat-trans-
fer coefficients measured in the unidirectionally solidified
experiments can, therefore, only beused asaguidein casting
solidification modeling. Alternatively, if the actual processes
that influence the heat transfer at the casting-mold interface
could be modeled, then the interfacial heat-transfer coeffi-
cient could be predicted as part of the progress of the casting
solidification model itself.

The mechanisms by which heat is transferred through the
interface between a casting as it solidified against a metal
chill (to represent a die) have been the subject of detailed
investigation by Ho and Pehlke!*? and Pehlke.®! They sug-
gested that, initially, a thin skin of solidified metal formed
in contact with the chill surface, and that heat transfer
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occurred by conduction through the peaks of the rough sur-
faces of the casting and the chill in contact, and also by
conduction through the atmosphere contained in the voids
between the contact areas. As solidifcation progressed the
relative expansion and contraction of the chill and the casting
atered the amount of contact and the size of the interfacia
gap between the two surfaces. Eventualy this led to their
compl ete separation. In this case the heat transfer coefficient
was greatly reduced as heat was extracted from the casting
through a relatively insulating “air gap.”

Relatively low melting point alloys, such as aluminum,
were studied, so radiation made a negligible contribution to
the heat-transfer process. Furthermore, the gap between the
casting and the chill surfaces was sufficiently small so con-
vection was not thought to have occurred. The authors
pointed out that, while it is often convenient to assume that
the atmosphere in the interfacial region is air, it may also,
of course, contain other gases with differing thermal
conductivities.

Several quantitative model s of the heat-transfer coefficient
during casting solidification have been developed based on
this idea of an initial contact stage, in which the casting is
in close contact with the die or chill surface, followed by a
stage in which an air gap formed. However, these models
are mostly concerned with the development of the air gap
rather than with the prior contact stage. For example, Nishida
et al., in 1986,[4 modeled the formation of the air gap using
an analytical elastic model for predicting the movement of
the mold wall relative to the casting surface. Trovant and
Argyropolis®™ recently produced a numerical elastic model
of acasting to predict air-gap formation. Several models for
predicting the air gap but involving only a consideration
of the therma contraction of the casting have also been
presented.[578l In addition, Shahverdi et al.[% predicted the
air gap formation in the case of a casting in a sand mold.
More detailed thermomechanical model s of the casting solid-
ification process using the finite element method have been
carried out, and some have incorporated a prediction of the
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air gap to predict the heat-transfer coefficient as part of
the model [0

In related work, Sharma and Krishnan*? considered the
initial period of contact of the cast liquid aloy 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 aso 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.[**! analyzed the heat-transfer resist-
ances relevant to the solidification of lead against the base
of astainless steel container, and Chiesa™ proposed amodel
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 Pehlkeé? is not
the only explanation of interfacial heat transfer that has
been put forward. For example, Svensson and Schmidt have
proposed amodel of heat transfer through an entrapped film
of gas occurring between the liquid metal and the die
surface.[*"

Another aternative view of the mechanisms that govern
heat transfer at a casting-chill interface was advanced by
Griffithd 6171 and Kayikci and Griffiths.[*®! In their experi-
ments, the surfaces of Al aloy castings, unidirectionally
solidified against a plane Cu chill, were found to be convex
toward the chill by amounts of around 10 to 20 xm. The
convexity of the casting surface was thought to have been
caused by the deformation of the solidifying skin of the
casting soon after its formation, as proposed by Niyamaand
co-workers.[1%29 (A detailed model of this process has been
reported by Thomas and Parkman(?Y), Since the deformation
probably occurred early in the casting process, perhaps even
during pouring, it was suggested that it would have asignifi-
cant effect on the subsequent heat transfer through the cast-
ing-chill interface*! This deformation of the initial
solidified casting skin may have occurred in many of the
previously reported measurements of the interfacial heat-
transfer coefficient and may occur in many commonly used
casting processes.

A model of the development of the heat-transfer coeffi-
cient with time for the experiment in which the deformation
effect was observed (unidirectional solidification of Al-7 wt
pct Si aloy against a Cu chill*) has been developed and
isreported here. Themodel includesthe heat transfer through
the actual contact area between a plane chill surface and a
spherical casting surface and the heat transfer through the
voids between, but also takes into account the local separa-
tion of the casting and the chill surfaces at the circumference
of the interface caused by the deformation of the initial
casting skin.

Thisapproach, in conjunction with the model s concentrat-
ing on the formation of the air gap, is an important step
toward the development of a predictive model of theinterfa-
cia heat-transfer coefficient during casting solidification.

[I. THE EXPERIMENTAL DETERMINATION
OF THE HEAT-TRANSFER COEFFICIENT

The heat-transfer coefficient during unidirectional solidi-
fication was determined using the following experimental
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Fig. 1—Sketch of the experimental arrangement used to determine the
interfacial heat-transfer coefficient during the unidirectiona solidification
of Al-7 wt pct Si aloys verticaly upward.

procedure. This has been described elsewhere in more
detaill* but is also briefly given here.

An aloy of Al-7 wt pct Si was cast into a cylindrical
refractory mold into the bottom of which wasinserted awater
cooled Cu chill (of 200 mm length) to induce unidirectional
solidification. The refractory tubes were preheated to 900°C
and allowed to cool before usein the experiment to eliminate
the production of any volatile gases during the pouring and
subsequent cooling of the casting. This should have ensured
that the atmosphere of the interface between the casting and
the chill was air, as assumed in the model. Before casting,
the surface of the Cu chill was prepared using 240 grade
SiC paper to obtain areproducible surfacefinish. The casting
dimensions were 200 mm in length and 25 mm in diameter,
and four castings were made, each poured at a temperature
of 780°C. The experimental arrangement was such that solid-
ification took place vertically upward, as shown in Figure 1.

The surface finish parameters of the chill and casting
surfaces were measured using an RS Surtronic 200 surface
profileometer and are shownin Tablel. In addition to surface

Tablel. Measured Surface Roughness Data Obtained
from the Chill and Casting Surfaces at their Interface*

Ra R, Sn R

Surface (um) (um) (um) (m)
Chill 0.88 6.1 60.8 plane

Casting 1.50 9.8 140 6.9

*R, is the arithmetic mean deviation of the surface profile, R,
is the mean peak-to-valley height measured in the traverse, while
S is the mean distance between profile peaks. R is the radius of
curvature of the surface.
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roughness data, profiles were measured across the diameters
of the castings and the chills resulting in the observation
that the casting surfaces were not plane, but were convex
toward the chill.[*) The mean radius of curvature of these
surfaces is also shown in Table I.

The casting and the chill each contained thermocouples
(Figure 1), which were read at intervals of 0.5 seconds by
a computer controlled datalogger. The heat-transfer coeffi-
cients were calculated from this data by inversely solving
the one-dimensional heat-transfer equation using an explicit
finite difference method. Mean maximum val ues of the heat-
transfer coefficient of 7.1 kW m~2K %, inthe case of upward
solidification, were obtained.''”? As pointed out in Section
I, these experimentally determined heat-transfer coefficients
would be specific to these experimental conditions. How-
ever, they provided a case of solidification that was capable
of being readily described and for which a simple model of
the interfacial heat-transfer coefficient could be developed.

1. THE MODEL OF THE INTERFACIAL
CONTACT AREA AND THE HEAT-TRANSFER
COEFFICIENT DURING CASTING
SOLIDIFICATION

The temperature distributions within the chill and the
casting were calculated using an explicit one-dimensional
finite difference model (Reference 22, for example) with a
time-step of 0.001 seconds and a nodal distance of 1 mm
inthe 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 sel ected nodal distance.
Values of the thermophysical properties for both the chill
and the casting, aswell as other data used in the calculations,
are shown in Table II.

The thermophysical property data for the alloy and the
chill material were obtained from the published literature as
indicated in the table. However, the estimated value of the
thermal conductivity of the liquid alloy was increased by a
factor of 3 to take into account the enhanced heat transfer
in the bulk liquid alloy due to fluid flow arising from the
pouring of the casting. This procedure has been found to
improvethe accuracy of the experimentally determined heat-
transfer coefficients as shown, for example, in References
23 (inwhich afactor of about 8.5 was used) and 24 (afactor
of 1.5). The latent heat evolved during solidification of the
casting was incorporated into an effective specific heat
capacity, as is explained elsewhere.l'”]

The end of the casting away from the interface was
assumed to be insulated while the boundary condition away
from the interface in the chill (i.e., the end of the chill in
contact with the cooling water) was assumed to be described
by a heat transfer coefficient given by a correlation for
forced cooling:?4

hy = 0.023Re®8Pr03 [1]

The velocity of the cooling water in the base of the chill in
this experiment was estimated to be 2.5 ms™2.

A. The Calculation of the Heat-Transfer Coefficient in
the Initial Contact Stage

Upon casting of the liquid alloy it was assumed that the
liquid metal rested upon the chill surface and a solid skin
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Tablell. Physical Properties of the Cu Chill and Al-7 Wt
Pct Si Alloy Used in the Model of the Heat-Transfer
Coefficient*

Property (Units) Value

Properties of copper

Thermal conductivity (W m™* K™%
Specific heat capacity (Jkg ! K™Y)
Density (kg m~3)

416.51 — 0.05874 T
351 + 0.11069 T
9095.11 — 04629 T

Coefficient of thermal expansion (K1) 17.7 X 107
Properties of Al-7 wt pct Si aloy (liquid)

Thermal conductivity (W m™ K™% 88.6
Specific heat capacity (Jkg™t K™%) 1080
Density (kg m~3) 2394
Properties of Al-7 wt pct Si alloy (solid)

Thermal conductivity (W m™* K™% 198
Specific heat capacity (Jkg™! K™%) 917
Density (kg m~3) 2672
Coefficient of thermal expansion (K1) 24 X 1078
Characteristics of Al-7 wt pct Si alloy

Latent heat (J kg™Y) 397,490
Liquidus temperature (K) 890
Solidus (eutectic) temperature 850
Fraction solid of the primary phase 0.5248
Partition coefficient 0.13

3415 X 10° + 8.0234
X 10° T + 4.71754 T2

*The physical properties of the Cu are expressed as a function
of temperature (T) in Kelvin, while the physical properties of the
aloy are assumed to be independent of temperature.

Effective specific heat capacity

immediately formed of negligible thickness but with a sur-
face roughness as measured after the casting experiment was
over. Theinitial temperature of theliquid alloy was assumed
to be 727°C (1000 K), determined from the casting experi-
ments, and the initial chill temperature was assumed to be
20°C (293 K). Any effects from oxide films occurring on
the surface of the chill and on theliquid aluminum alloy were
assumed to be negligible. Heat transfer due to conduction
between the contact areas between the solid aloy and the
chill surfaces was also assumed to be negligible for this
short initial contact stage.

The heat transfer intheinitial contact stage was, therefore,
assumed to be by conduction alonefrom thethin solid casting
skin to the cold chill surface through the interfacial atmo-
sphere (assumed to be air). To determine the mean separation
of the casting and chill surfaces, the surface roughnesses of
both were combined into asum surface roughness asfollows;

Rus) = Reanily + Récasting) (2]

Here, the relevant parameter to describe the surface
roughness was considered to be R,, the mean peak-to-valley
height measured within a traverse of the profileometer.[?)
Surface roughness measurements of the prepared chill sur-
face before casting, together with casting surface roughness
data used in themodel, are shown in Table I, and an explana-
tion of the various surface parameters used in the model is
shown schematically in Figure 2.

In moving from a gas to a solid surface, a discontinuity
in temperature is observed. This has been described, by
Kennard,[® for example, using a “temperature jump coeffi-
cient,” g, expressed in terms of the mean free path of the
gas, A. For example, gisequal to 2.71 in the case of air. This
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A, is the nominal area of contact between

the casting and the chill surfaces which >

supports the load at the interface.

R, - the mean difference in
peak heights and valley depths

R, - the mean distance between
the surface profile and the

reference line, (-~0). ,//

in the surface profile.

Reference 1ine

1 1, etc.

S. - the mean distance between
intersections of the surface
profile with the reference line.

B is the estimated radius of
curvature of the asperity peaks
of the sum rough surface.

d represents the distance between

a reference plane at the base of
the sum rough surface and the smooth
plane in contact. (j = d/o).

A. represents the actual area of
contact between the surfaces.

Fig. 2—Schematic to show the definitions of the surface roughness and other parameters used in the model of the chill-casting interface.

Tablelll. Physical Properties of Air, and Other Data, Used
for the Calculation of the Temperature Jump Coefficient.[?d

Value
—5.9958 X 107* + 1.015 X
1074T — 45616 X 107872
+ 1.307 x 1071713

Property (Units)

Thermal conductivity
WmtK?Y

Density (kg m~3) 0.5879
Dynamic viscosity (kg m™* s7%) 3.018 X 107°
Prandtl number 0.682
Ratio of specific heats 14
Boltzman's constant (J K1) 1.23 X 102
Molecular mass 4.824 x 107%
Accommodation coefficient!2® 0.8

suggests an additional resistance to heat transfer through an
interface containing a gas, which may be significant when
considering interfacial gaps of the dimension of the surface
roughness (but would not be significant when considering
the much larger interfacial gaps that would be created by
contraction of the casting away from the chill surface).

The temperature jump coefficient was included by calcu-
lating the mean free path of the interfacial gas, assumed to
be air, from

_ M

A 0.4990C (3]
where . = dynamic viscosity, p = density, and € = mean
molecular velocity, obtained from

172
&

m

where k = Boltzman's constant, T = temperature, and
m = the molecular mass of air. The physica properties of
air, and other constants used for the determination of the
temperature jump coefficient, are given in Table I1I. The
temperature jump coefficient, g, was then calculated
from[26:27]

2—-—a 2y 1
a y+1br

(9]

>l
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TablelV. The Mechanical Properties Used in the Model*

Property (Units) Value
Alloy
Yield stress (Pa) 3.41 X 10° x 1000087
Youngs modulus (Pa) 71.0 x 10°
Poisson’s ratio 0.33
chill
Youngs modulus (Pa) 115 x 10°
Poissons ratio 0.33

*The mechanical properties for the alloy are those for an aloy
of similar composition, Al-5.2 wt pct Si (as-cast, diecast condition),
and the mechanical properties for the chill material are those for
commercialy pure grade of Cu. These were obtained from the
Metals Handbook.[*3 The properties are at room temperature.

where a = the accommodation coefficient (which describes
the action of gas moleculesin incompletely exchanging ther-
mal energy with a surface), y = the ratio of specific heats
(Cy/Cy), and Pr = the Prandtl number.

The temperature jump coefficient must be evaluated for
each surface. In this case, the accommodation coefficient
for the chill surface was assumed to be equal to that for the
casting surface. The heat-transfer coefficient for the initial
contact stage, h;, was therefore determined from

_ Kar
hi_x+2g

6]

where kj, is the thermal conductivity of the interfacial gas
(evaluated at the mean temperature of the chill and casting
surfaces) and x is the mean separation of the two surfaces,
equal to R,x)/2. This approach yielded a heat-transfer coeffi-
cient for theinitial contact stage of about 7to SkW m—2K 1,

B. The Model of the Deformation of the Initial Casting
Sin
Examination of the surfaces of the Al-7 wt pct Si alloy

castings at the chill-casting interface revealed that, although
the surface of the chill was plane, the shape of the cast surface
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was convex.[1617.18 Njyama and co-workers had studied this
effect!%2% and showed that a droplet of liquid metal resting
on achilled surface formed a thin solidified skin which then
deformed into a parabolic shape. This deformation occurred
almost immediately after contact of the liquid metal with
the cold surface and once the solidified skin had reached a
critical thickness.

A model of the deformation of the initial solidified skin
was developed by them’®2% and was incorporated here.
Deformation was assumed to take place once the surface
node of the finite difference model of the temperature distri-
bution in the casting reached the solidus temperature of the
aloy (850 K). Any possible undercooling was neglected.
The temperature gradient within the casting at the time of
deformation was calculated from the temperatures of the
surface and subsurface nodes of the casting rather than from
the temperature of the chill surface, as was originally pro-
posed.l'*2% This gave a predicted curvature of the casting
skin that was closer to the measured values obtained in
the experiments.

Neglecting the small effect of the critical skin thickness
for deformation of the skin, the temperature gradient at the
moment of deformation of the casting skin was calculated
from

_ Tsubs B Ts

where Tg,ns = the temperature of the subsurface node of the
casting, T, = the temperature of the surface node of the
casting, and Ax = the spacing between nodes in the finite
difference calculation.

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

1
=G (8]

where a = the coefficient of linear expansion of pure Al. The
displacement of the casting surface dueto the deformation, y,
a any point on the radius of the interface, r, was then
determined from

R

r2
=R [9]

For example, the predicted deformation at the circumference
of the casting surface was 14.8 um, 20 pct greater than the
measured deformations of the casting surfaces which had a
mean value of 12.3 um.

y

C. The Nominal Contact Area between the Casting and
the Chill Surfaces

To determine the area of nominal contact between the
curved casting surface and the plane chill surface, the two
rough surfaces were considered to overlap to some extent,
or to be engaged, at the center of the interface. As the
radial distance increased from the center of the interface,
the curvature of the casting surface would eventually cause
the surfaces to disengage, and a localized gap would form
between them. If reference planes for the plane chill surface
and the curved casting surface are imagined to be drawn
through the midpoints of their respective surface roughness
profiles, then the separation between the two planes at the
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limit of the area of nominal contact, y,., can be estimated
from

Vie= Ry —d+ w [10]

The nominal contact area, A,., was then determined from
Fnc = 2R(Ync)® [11]

Anc = 7 he [12]

Here, R, isthe arithmetic sum of the R, values of the two
surfaces, d is their separation (obtained as shown in the
following section), and « is the compliance between the
two surfaces.

The compliance is defined as the distance points outside
the deforming zone approach, i.e., the distance apoint in the
casting would approach apoint in the chill if no deformation
occurred between them.®¥ In determining the compliance,
it was first necessary to determine whether elastic or plastic
deformation of the surfaces was to be expected. A criterion
for determining the onset of plastic deformation was
advanced by Greenwood?® and Greenwood and William-
son.!?? Elastic deformation only was assumed to have
occurred if the compliance did not exceed some critical
value, wp, given by

w, = RH/E')? [13]

Here, R is the radius of curvature of the casting skin (Eq.
[8]) and E’ combinesthe physical properties of the materials
of the two contacting surfaces as follows:

1_0-¥, a-¥
E' E, E,

[14]

The term H is the microhardness of the softer material,
which in this case was assumed to be the solidifying alloy
and which was taken to be approximately 3 timesthetensile
flow stress.%

Temperature-dependant mechanical property data for the
model were estimated asfollows. Valuesfor the temperature-
dependent yield stress of the Al-Si alloy, at low temperatures,
were obtained from data for a similar aloy (Al-5.2 wt pct
Si),[U but the yield stress at the solidus temperature of the
aloy wasestimated from the following considerations. Since
aloys begin to develop strength in their mushy phase, as
the dendritic solid reaches the point of coherence, their yield
strength at the solidus temperature should be low but not
zero. For example, Forest and Bercovicil®@ measured a ten-
sile strength of greater than 2 MPaat the solidus temperature
of an Al-Cu alloy. Therefore, a yield stress at the solidus
temperature of 1 MPa was adopted and a temperature-
dependant yield stress obtained by interpolation between
thisand the datafor lower temperatures. The Young's modu-
lus (E) of both the alloy and the Cu chill were also assumed
to be temperature dependent and to decline linearly to 70 pct
of their room temperature values at their respective solidus
temperatures.*3 Poissons ratio was assumed to be indepen-
dent of temperature. This data is shown in Table IV.

The temperature distributions within the casting and the
chill obtained from the finite difference calculation at each
time-step were used to determine the expansion and contrac-
tion and the relative movement of the two surfaces at their
interface. At each time-step, their geometric overlap (com-
pliance) was recalculated and compared to the plasticity
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criterion (Eg. [13]) for the duration of the solidification
and cooling of the casting. This suggested that only elastic
deformation at the chill-casting interface was to be expected.

Since the spherical shape of the casting surface was
retained after cooling to room temperature, this also sug-
gested that it had experienced negligible plastic deformation
during the experiment. The heating of the chill recorded
during the experiments showed that the chill would have
undergone considerable expansion, but because the casting
surface was undeformed, this suggests that the casting was
simply pushed away by the expansion of the chill. In the
model, the expansion and contraction of the casting and the
chill were calculated, and when the force due to the
expanding chill matched that due to the metallostatic pres-
sure of the casting, it was assumed that theresfter the casting
was pushed away by any further advance. Thus, the load at
the casting-chill interface did not exceed that due to the
metallostatic pressure of the casting.

Finally, another important assumption wasthat the surface
of the chill remained plane during the cooling of the casting,
despite the axial temperature gradient within it.

Having determined that only elastic deformation between
the surfaces was to be expected, the compliance between
the casting and the chill surfaces was determined as follows.
The elastic contact between a convex surface and a plane
surfaceisaclassical problem in contact mechanics,!*+ and
the elastic force between them is given by

W = (4/3)E'/RV203? [15]

‘“Hence, the compliance associated with the contact between
the plane chill surface and the convex casting surface was

determined from”
3W 2/3
©= (ﬁ) 4l

where W was the load due to the metallostatic pressure of
the casting acting over the area of the interface.

D. The Actual Contact Area between the Casting and
the Chill Surfaces within the Nominal Contact Area

Within the area of nominal contact, the load at the casting-
chill interface was supported by contacts between the asperi-
ties of the rough casting and chill surfaces. To make the
problem more tractable, the two rough surfaces were
summed as shown in Eq. [2]. Thus, the problem was made
that of a sum rough surface in contact with a plane surface.

Data for the two rough surfaces was obtained using a
stylustype surface roughness measuring instrument to obtain
values for Ry, R,, and S,. The term R, is the arithmetic
mean deviation of the surface profile, R, is the mean peak-
to-valley height measured in the traverse, while S, is the
mean distance between profile peaks (Table | and Figure 2).
The mean radius of curvature of the asperity peaks, B, was
estimated from values for the mean radius of the asperities,
assumed to be Syyx)/2, and asuitable vertical height, assumed
to be RZ(E)/Z

(Sn)/2)? + (Ryx)/2)*
RZ(Z) 2

This gave a radius of curvature of the asperities of about
5.6 mm. The area density of asperities was determined from

B= [17]
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1/(Shys)), and the standard deviation of asperity heights, o,
was assumed to be Ry).

Greenwood®® and Greenwood and Williamson[?? defined
aplasticity index, P;, to determine the likelihood of plastic
flow of an asperity:

P, = (a/B)*° (E'IH) [18]

specifying 1 as the limit above which the majority of asperi-
ties would be expected to deform plasticaly. In this model,
plastic deformation of asperities was assumed to occur as
calculated values of the plasticity index for the situation
considered here were greatly in excess of 1.

The deformation of the asperities was estimated using a
simpleideal plastic model in which the plastically deforming
asperity was assumed to betruncated at the surface of contact
(i.e., nopiling-up of material dueto deformation wasallowed
for). Taborl®® interpreted ideal plastic deformation such that
the pressure at the contact was assumed to be distributed
evenly over the contact and to be given by P = cY, where
Y was the tensile yield stress, and ¢ was some geometry-
dependent factor. For hemispherical asperities, ¢ = 3.

For ideal plastic deformation, the contact area, A., istwice
that for elastic deformation:*

A = 2mBw [19]

where w isnow the compliance associated with deformation
of the asperity. The contact load, L., is therefore given by

L. = cY27Bw [20]
= 6Y7Lw [21]

The contact radius, r., is given by
re = (2Bw)*® [22]

From these expressions, the number of asperities in contact
and the load they support can be used to calculate their area
and, therefore, the heat transfer due to the actual contact
between the casting and the chill surfaces.

Following the method of Greenwood and Williamson in
their original model,[*! if two surfaces are brought together
until they are a distance d apart, there will be contact with
an asperity whose height was originally greater than d. The
probability of making contact at a given asperity of height
Z is described by

prob (z> d) = fd " d(2dz [23]
where ®(2) is some function describing the distribution of
asperity heights. If there are N number of asperities on the

surface, the expected number of asperities in contact, n.,
will be given by

n. = Nfd d(2)dz [24]

For plastic deformation, the area in contact is given by Eq.

[19]. Let w = z — d, then the mean contact area, A., is
given by

A= fd " 278z — d)®(2)dz [25]

Thetota area of all asperitiesin contact, A, isthen given by
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A = 27NB fd “(z— d)D(9dz [26]
and the total load on the asperitiesin contact, L;, is given by
L, = 6Y7BN fd (2 - d)P(9dz [27]
If the area density of asperities, 7, is given by
N
=— 28
7= AL [28]

and a dimensionless separation of the two planesin contact,
j, is defined as

=2 [29]

the number of asperities in contact, n., is then given by

Ne = 7AcFo(]) [30]

the total area of the asperities in contact, A, is given by
A= 2mnAacBota(]) [31]
and the total |oad supported by the asperitiesin contact, L, is
L = 6Y7B7AcoF(]) [32]

wherethefunction F,,(j) isnow used to describethe distribu-
tion of asperity heights. If an exponentia distribution of
asperity heights is assumed, the problem is readily solv-
able?! having the solution

Fno(j) = nle’ [33]
giving the following expressions for n;, A, and L;
Ne = 7Awe”) [34]
A = 2mnApoe’) [35]
L, = 67YBnA0e [36]

If the microscopic load supported by the contacts must equal
the load at the interface caused by the metallostatic pressure
of the casting, then the dimensionless separation of the two
surfaces, j, is determined from Eq. [36]. The number of
asperities in contact between the casting and the chill and
the area of actua contact can then be determined from Egs.
[34] and [35], respectively.

E. Calculation of the Heat-Transfer Coefficient

Once the mean separation of the two planes had been
established, then the overall heat-transfer coefficient was
obtained as the sum (weighted by area) of the heat-transfer
coefficientsfor theareaof nominal contact and the areaof the
surrounding annulus of local separation. The heat-transfer
coefficient for the area of nominal contact was obtained
from the sum of the heat-transfer coefficients for the areas
in contact and for the intervening voids.

The heat-transfer coefficient for the contact points, h, is
given by[37,38]

— Zkhm nc/Anch

h
‘ bes

[37]
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where k., isthe harmonic mean of the thermal conductivities
of the two materials in contact

_ 2keko
ko = k, + ko

T is the mean contact radius, and ¢ is a geometrical factor
which model sthe constriction of the heat flow at theinterface
through the areas of actual contact. This is given by!03738

b = (1 = (AdA*)*® [39]

The heat-transfer coefficient, h,, through the void regions
of the nominal contact area was estimated from

h :._JEK__
Voodi2 + 29

where d/2 is the mean separation of the planes in contact
(representing the casting and chill surfaces) determined by
the iteration procedure to balance the macroscopically and
microscopically supported loads, and k;, is the thermal con-
ductivity of the air in the interfacial gap. The dimension of
the interfacial gap was increased by including the tempera-
ture jump distance, g, evaluated as described in Section A.

The mean separation of the two surfaces in the annulus
of local separation surrounding the area of nhominal contact,
Ya, was determined using the radius of curvature predicted by
the Niyamamodel (Section B). The heat-transfer coefficient
describing conduction through the annulus, h,, was
obtained from

(38]

[40]

_ ke
Yat 29

The overall interfacial heat-transfer coefficient, h;, was then
obtained from

[41]

a

h. + h h
hi _ _cC v + a
AnclA AdlA

where A; was the overall area of the casting-chill interface,
and the area of the annulus of local separation, A,, was

given by A — A

[42]

IV. RESULTS

Experimentally determined heat-transfer coefficients,
obtained during upward solidification of the Al-7 wt pct Si
aloy castings, are compared to the predicted heat-transfer
coefficient obtained using the model in Figure 3. (The experi-
mentally determined values shown here were al so cal culated
with the thermal conductivity of the bulk liquid increased
by afactor of 3.) Ascan be seen in thefigure, aconsiderable
scatter of results was obtained, probably due to uncontrolled
variations in the casting procedure used, as is common in
these types of experiments. For example, of the four experi-
mentally determined values shown, one experiment resulted
in the formation of an air gap at 657 seconds (characterized
by arapid fall in the value of the heat-transfer coefficient),
but the remaining three experiments were terminated before
an air gap occurred.

Figure 4 shows a comparison between the temperatures
measured in the chill, 75 mm from the interface with the
casting, with the temperature at the same point calculated
by the model. The agreement is reasonable, athough the
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Fig. 3—Graph showing a comparison between the modeled heat-transfer
coefficient and experimentally determined values for the unidirectional
solidification vertically upward of an Al-7 wt pct Si aloy casting.

calculated temperature is dlightly less than the measured
ones. Figure 5 shows a similar comparison for the point 75
mm within the casting from the interface. Agreement isgood
at first, showing the utility of incorporating some provision
for therole of heat-transfer dueto fluid flow inthebulk liquid
of the casting and showing the good agreement obtained by
the arbitrary selection of a factor of 3 increase in liquid
thermal conductivity. However, thereafter the agreement
diverges with the calculated temperatures being greater than
the measured temperatures. This is perhaps due to the ther-
mophysical properties of the solid alloy not being precisely
known and assumed, for example, to be independent of
temperature.

Additional detail about the nature of the casting-chill inter-
face can be extracted from the model. The deformation of
the initial solidified skin of the casting was predicted to
occur at 3.6 seconds. The radius of the nominal contact area
was estimated to be about 8.8 mm or about 50 pct of the
total casting-chill interface area. The model suggested that
within this area there were dightly more than 70 asperities
in contact when solidification of the casting began. The area
of actual contact between the casting and the chill surfaces
at the beginning of solidification was estimated to be about
0.4 mm?. This was about 0.17 pct of the nominal contact
area or about 0.08 pct of the total area of the casting-chill
interface. The mean separation of the two surfaces in the
nominal contact areawas about 4.3 um. However, the inclu-
sion of the temperature jump coefficient, g, resulted in an
additional gap width of 0.8 um.
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Fig. 4—Comparison of measured and calculated temperatures within the
copper chill at a point 75 mm from the casting-chill interface.

V. DISCUSSION

The approximate agreement obtained between the experi-
mentally determined and modeled heat-transfer coefficients
shown in Figure 3, and between the calcul ated and measured
temperatures in the chill and the casting (Figures 4 and 5),
suggests that many of the principle mechanisms that govern
interfacial heat transfer between the unidirectionally solidi-
fied casting and the chill have been recognized and incorpo-
rated in the model. A precise agreement cannot be expected
because of the wide scatter in the experimentally determined
heat-transfer coefficients and because of the many assump-
tions and estimates involved in the model. Nonetheless,
because an important feature of the model was the inclusion
of the deformation of theinitial solidified skin of the casting,
the agreement obtai ned supports the suggestion that thiswas
asignificant factor in thetransfer of heat between the casting
and the chill.

An overdl interfacial hest-transfer coefficient has been
modeled because this is how this type of unidirectional
solidification experiment is interpreted. However, the basis
of the model, of a central contact area surrounded by an
annulusin which alocal separation had taken place, implies
that a macroscopic constriction effect can occur. Heat from
the regions of the chill adjacent to the annulus of separation
could be conducted through the central nominal contact area
at the interface. Thisisillustrated in Figure 6, which shows
examples of the heat-transfer coefficients at 400 seconds in
each case. With unidirectional heat transfer assumed, an
overall heat-transfer coefficient of about 6480 W m=2 K1
was predicted by the model, but the two-dimensional case
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Fig. 5—Comparison of measured and calculated temperatures within the
Al-7wt pct S aloy casting at apoint 75 mm from the casting-chill interface.

shows more redlistically how the heat-transfer coefficient
would vary across the interface. The central region of nomi-
nal contact was associated with a heat-transfer coefficient
of about 11,300 W m~2K 2, but this declined sharply around
the periphery of the interface as the separation of the curved
casting surface from the plane chill surface increased with
radial distance.

Thiseffect was explored further by cal cul ating the temper-
ature distribution in the casting and the chill assuming one-
dimensional heat transfer, using an overal interfacial heat-
transfer coefficient, and two-dimensional heat transfer with
a heat-transfer coefficient that varied across the interface,
as predicted by the model. The resulting cal culated tempera-
tures at 5 mm from the interface in the casting and the chill
(corresponding to the location of the thermocouples from
which the experimentally determined values of the interfa-
cia heat-transfer coefficient were derived) are shown in
Figure 7. Assuming a constant heat-transfer coefficient
resulted in a dlightly greater temperature gradient across the
casting-chill interface.

The implications of this were assessed by recalculating
overall heat-transfer coefficients using the two different sub-
surface temperature data shown. This suggested that the
(commonly adopted) assumption of one-dimensional heat
transfer in the experiment may not be valid in the region
where the subsurface thermocouples are usualy placed to
collect the necessary time-temperature data, i.e., closeto the
interface. Thiscould lead to an overestimate of theinterfacial
heat-transfer coefficient which, in the experiment modeled
here, may have been as great as 30 pct.
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Fig. 6—Graph showing a comparison of theinterfacial heat-transfer coeffi-
cients with one-dimensional and two-dimensional heat transfer assumed at
the casting-chill interface. Thisgraph represent the heat-transfer coefficients
occurring 400 s after pouring of the casting.

In view of this observation, the comparison of modeled
and experimentally determined hest-transfer coefficients
shown in Figure 3 are probably not in as good agreement
as they appear, although the compared temperatures in Fig-
ures 4 and 5 are still valid. Revising the experimentally
determined heat-transfer coefficients to lower values would
suggest that the model predicted an interfacial heat-transfer
coefficient that lay dlightly above (rather than within) the
scatter of the experimentally obtained results.

The possibility of two-dimensional heat-transfer close to
the casting-chill interface has not been considered before
and would be an additional source of error in this type of
experiment where the heat-transfer coefficient is determined
with the assumption of unidirectional heat transfer. The size
of this error in any experiment would depend on factors
associated with the extent of the deformation of the initial
casting skin. These would include the casting radius and
the chill temperature, the thermal diffusivity of the metals
involved, and the distance of the thermocouples from the
casting-chill interface.

The model described here necessarily contained several
approximations and assumptions, and its accuracy could be
improved by the inclusion of additional detail, as follows.
In apractical casting situation, distortion of the casting and
the mold due to thermal stress would affect the interfacial
pressure between them and, therefore, the heat-transfer coef-
ficient. In this case, distortion of the chill, which was
neglected in this work for simplicity, would be expected to
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Fig. 7—Graph showing a comparison between the temperatures cal cul ated
within the casting and the chill when one-dimensional (fixed h) and two-
dimensional (variable h) heat transfer was assumed at the casting-chill
interface. The comparisons are made for a point on the axis of the casting-
chill arrangement, 5 mm from their respective interface.

be convex towards the casting and would reduce the model ed
heat-transfer coefficient.

Although the refractory fiber tubes in which the castings
were made were preheated before use to try to prevent them
evolving further gases during the experiment, it is possible
that the gasin the interface between the casting and the chill
was not solely air, as was assumed. The presence of other
gases, such as hydrogen with amuch greater thermal conduc-
tivity than air, would increase the predicted heat-transfer
coefficient.

Several other factors are also poorly known. The model
required a knowledge of the mechanical properties of the
aloy at temperatures close to its solidus temperature and, as
thereislittle datain the literature concerning the mechanical
properties of aloys at high temperatures, these could only
be estimated.

Heat transfer during the initial contact stage is poorly
understood, and an important factor that was neglected was
the extent of the contact area between the cast alloy and
the chill surface. The simplifying assumptions made in this
model must have led to a considerable underestimate of the
heat-transfer coefficient in the first few seconds before the
formation of the initial solidified skin of the casting and
its deformation.

Also, the effect of any oxide films on the surfaces of the
casting and the chill were not taken into account, although
only thin films of around 1 um in thickness were expected,
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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 exponentia distri-
bution of asperity heightswasassumed. 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.?! Furthermore, only plastic deformation of the
asperities was assumed in the model, whereas it would have
been more redlistic 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 coefficientsthat werein approximate agreement
with experimentally determined valuesobtainedinthesimple
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 toyield locally valid values dependant
onthelocal heat-transfer mechanismsin the interface.

VI. CONCLUSIONS

A model has been developed to predict the interfacial
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 the
initial solidified skin of the casting. The agreement obtained
between the modeled and experimentally determined values
of the interfacial heat-transfer coefficient supports the
hypothesis that this was a significant factor in the transfer
of heat from the casting to the chill.
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LIST OF SYMBOLS

accommodation coefficient

area of contact between the casting and the chill

specific heat capacity (constant pressure)

specific heat capacity (constant volume)

a geometry-dependent factor describing the
pressure beneath an indentor

mean molecular velocity

mean separation of the casting and the chill

Young's modulus

temperature jJump coefficient

temperature gradient
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heat-transfer coefficient

microhardness

dimensionless separation of the casting and chill
surfaces (d/o)

thermal conductivity

Boltzman's constant

load on the contact area between the casting and
the chill

molecular mass of a gas

number of contacts

number of asperities

plasticity index

Prandtl number

radius of contact area

radius of curvature of the casting surface

arithmetic mean deviation of a surface profile

mean peak-to-valley height within a surface
profile

arithmetic sum of R, values for the casting and
chill surfaces

mean distance between profile peaks within a
surface profile

load at casting-chill interface

mean distance between chill and casting surfaces

displacement due to deformation of the cast-
ing surface

mean separation between the casting and the
chill in the annulus surrounding the area of
nominal contact

tensile yield stress

asperity height

Subscripts
annulus of local separation

contact between the casting and the chill surfaces
harmonic mean (thermal conductivities)
interface

nominal contact

total

void

Greek symbols
coefficient of thermal expansion

radius of curvature of asperity peaks

ratio of specific heats (C,/C,)

area density of asperities

mean free path of a gas molecule

standard deviation of surface roughness (~R,)

sum surface roughness parameters

dynamic viscosity

Poisson’s ratio

function describing the distribution of asperity
heights

factor describing heat flow constriction through
asperity contacts

density

compliance (geometrical overlap) between two
surfaces
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