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Abstract

The interfacial heat transfer between a solidifying molten metal and a metallic substrate is critical in many processes
such as strip casting and spray deposition. As the molten metal cools down and solidifies, the interface undergoes a
change from the initial liquid/solid contact to a solid/solid contact, leading to very dynamic variations in the rate of
interfacial heat transfer. This article presents the results of an experimental study of the contact heat transfer when
molten nickel or copper droplets are dropped on an inclined metallic substrate. The interfacial heat transfer coefficient,
h, between the melt and the substrate is evaluated by matching model calculations with the top splat surface tem-
perature history measured by a fast-response pyrometer. The results suggest that a high value of the interfacial heat
transfer coefficient /2 (10* to 3 x 103> W/m? K) is achieved when the molten splat is in contact with the substrate, followed
by a smaller value (<10* W/m? K) during the later stages of solidification and the solid cooling phase. A parametric
study was performed to investigate the effect on £ of the metal/substrate materials combination, the melt superheat, and

the substrate surface roughness, and some of the results are also presented.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Interfacial heat transfer between a solidifying molten
metal and a colder substrate is a central issue in many
materials processes involving solidification, such as mold
casting, strip casting, and spray deposition. It affects the
selection of phases, the crystalline nucleation, and the
subsequent solidification process, and controls the mi-
crostructure development of the solidified products. As
the molten metal cools down and solidifies, the interface
undergoes a change from an initial liquid/solid contact
to a solid/solid contact, leading to a strong dynamic
variation in the rate of interfacial heat transfer. When
molten metal is first put in contact with a colder sub-

* Corresponding author.
E-mail address: gwang@uakron.edu (G.-X. Wang).

strate, a contact is formed between the molten metal and
the substrate only at the asperities protruding from the
surface due to the effect of the surface tension of the
liquid metal [1]. This non-perfect contact results in a
thermal resistance between the metal and the substrate.
When the molten metal cools down, crystalline phases
nucleate first on the contact points and then quickly
spread to form a solid shell over the substrate. There are
then numerous pores and gaps existing at the interface.
As the liquid metal further solidifies, a contraction of the
solid layer due to thermal stress may further enlarge the
gaps at the interface and thus may result in a larger
thermal resistance. A macroscopic gap may eventually
develop between the cast metal and the substrate,
dominating the thermal resistance at the interface.
Much work has been conducted in the literature at-
tempting to understand and quantify this interfacial
thermal contact resistance. Most of the earlier work,
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Nomenclature

b thickness of the splat (um)

Cy, C; constants in Egs. (5) and (6)

Gy specific heat (J/kg K)

h interfacial heat transfer coefficient (W/m? K)

ho interfacial heat transfer coefficient during
melt spreading (W/m? K)

h interfacial heat transfer coefficient in the

earlier stages of splat cooling and solid for-
mation (W/m?K)

hy interfacial heat transfer coefficient during so-
lidification or later stages of cooling (W/m? K)

h3 interfacial heat transfer coefficient after so-
lidification (W/m? K)

heo convective heat transfer coefficient between

the splat and the gas in the chamber (W/m? K)

H height of droplet free fall (mm)

K thermal conductivity (W/m K)

L latent heat of solidification (J/kg)

n exponent in Egs. (5) and (6)

q heat flux (W/m?)

R, arithmetic average roughness of the sub-
strate surface (um)

t time (ms or s)

4 transition time from % to 4; (ms)

t transition time from #; to 4, (ms)

t3 transition time from /4, to A3 (ms)

N calculated nucleation time (ms)

T temperature (K)

Ts initial substrate temperature (K)

Tm equilibrium melting temperature (K)

Tw average temperature at the splat bottom
surface (K)

Ty temperature at the splat top surface (K)

Tss average temperature of the substrate surface
(K)

T, temperature of the superheated melt upon
impact (K)

AT, melt superheat upon impact, 7, — Ty (K)
Ty gas temperature in the chamber (K)

Vi interface velocity (m/s)

y coordinate normal to the substrate (m)

Greek symbols

& average emissivity of the splat top surface
0 substrate inclination angle

0 density

Subscripts

L liquid

S solid

i interface

] stands for substrate, solid, and melt, Eq. (1)

however, focused on the formation and development of
the air-gap between casting metal and mold for systems
with large dimensions such as conventional mold casting
[2,3]. Recently, more attention was paid to the interfacial
heat transfer during the early stages of melt cooling and
solidification process, when an intimate contact exists
between the solidifying metal and the substrate surface
[4-8]. The heat transfer due to an intimate contact at the
early stage of the process is important because it may
ultimately determine the mechanical properties of the
material. This is true, in particular, for those processes
such as strip casting and spray deposition in which a thin
layer of molten metal is put in contact with a colder
substrate. In these processes, the melt cooling rate and
the solidification rate are controlled by the interfacial
heat transfer conditions between the casting and the
substrate [9-11].

To present the experimental data, a majority of re-
searchers in the field have used an “interfacial heat
transfer coefficient” (usually denoted by “%”) instead of
the conventional thermal conductance or thermal resis-
tance. Most of the early studies provided average values
of such an interfacial heat transfer coeflicient over an
unspecified but long time period covering initial melt

cooling, solidification, and solid phase cooling. Some of
these results can be found in a review by the present
authors [12].

The dynamic behavior of the interfacial heat transfer
between a solidifying molten metal and a substrate have
been also investigated recently by several authors using
low melting point metals such as tin, lead, and zinc.
Using measured temperature data, the interfacial heat
transfer coefficient can be estimated as a function of time
by solving an inverse heat transfer problem with the
interfacial heat transfer coefficient as the free parameter.
For example, we have estimated the dynamic variation
of the interfacial heat transfer by using two thermo-
couples buried in a solidifying tin melt on a copper
substrate [5]. Loulou et al. [6] and Wang and Qiu [7], on
the other hand, have used semi-intrinsic thermocouples
buried in the substrate. These studies have shown a
strong dynamic variation of the interfacial heat transfer
coefficient as the molten metal cools down and solidifies.
Loulou et al. [6] have also studied the effect of processing
conditions such as the melt super heat, surface rough-
ness, and also the cast material used.

Many engineering materials, however, have much
higher melting points than that of tin and zinc, which
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may lead to a very different thermal contact condition at
the interface. To quantify the interfacial heat transfer of
high-melting point materials, the present authors have
developed a splat cooling experimental method that is
usable for metals such as copper and nickel. In the splat
cooling experiment, a molten metal droplet is levitated
electromagnetically and then dropped onto a metallic
substrate to form a thin liquid splat, which is solidified
quickly into a solid splat. The splat surface temperature
is measured by an IR pyrometer. Using the measured
temperature data, the interfacial heat transfer coefficient
can be estimated by solving the inverse heat transfer
problem. The early results for nickel splats [8] were
obtained by using a two-color pyrometer with a rela-
tively slow response time (about 25 ms). These results
are valid only for the later cooling time period, after the
splat is solidified. Later on, we used a single-color py-
rometer with a much faster response time (about 1.5 ms)
for copper splats [13]. In the present article, we report on
a systematic study of the interfacial heat transfer during
the melt cooling and the early stages of solidification for
molten nickel or copper droplets quenched on various
substrates under different surface conditions.

First we will give a brief overview of our experi-
mental system. A discussion of the determination of the
surface emissivity of the solidifying splats is then pre-
sented, because the surface emissivity affects the accu-
racy of the measured temperature data. Section 3
presents the mathematical model for splat cooling and
the temperature matching method used to estimate the
interfacial heat transfer coefficient. The main results are
then presented in Section 4, with emphasis on the effect
of the melt superheat and surface roughness on the in-
terfacial heat transfer coefficient.

2. Experimental system and temperature measurements

A detailed description of the experimental system has
been given elsewhere [13,14], and only a brief summary is
presented here. The experimental system was designed to
provide a configuration that can be modeled as a one-
dimensional heat transfer and solidification problem so
that an inverse method can be easily used. This is ac-
complished by dropping a molten metallic droplet onto
an inclined metallic surface to form quickly a thin molten
layer that is rapidly solidified (see Fig. 1). The heat
transfer and solidification of the molten metal can then
be treated in a one-dimensional manner (Fig. 2), because
the splat thickness is much smaller than the dimensions
in other directions. An electromagnetic levitation system
was used to melt pure nickel or copper droplets without
contact with any solid surface. The molten droplet of a
diameter of about 4-6 mm was then dropped on an in-
clined cold substrate to form a thin splat. As the liquid
splat cools down and solidifies, the temperature of the
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Fig. 1. A schematic diagram of the experimental setup.

Too, Neo, €

y=b

Substrate %

OOV RS

Fig. 2. One-dimensional heat transfer and solidification model
for splat cooling.

top surface was measured by a one-color pyrometer. The
whole setup is enclosed in a stainless steel chamber filled
with an argon and helium mixture.

The one-color IR pyrometer used (IRCON 1100) has
a response time of about 1.5 ms and a temperature range
from 1573 to 2173 K. The pyrometer was connected to a
data-acquisition system controlled by a computer. A
two-color pyrometer with a response time of about 25
ms was also used to measure the temperature of the
molten copper droplet while levitating. The initial sub-
strate temperature was measured by a K-type thermo-
couple attached to the top substrate surface close to the
location where the molten metal droplet impacts.

After each experiment, a micrometer was used to
determine the splat thickness, b, by measuring the aver-
age thickness in the area viewed by the pyrometer. This is
necessary because the splat thickness can vary signifi-
cantly from the edge to the center. The analog readings of
the single-color pyrometer were then converted into
temperatures using an emissivity value determined based
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on the equilibrium melting points of the melting mate-
rials (nickel and copper), as described below.

Four metallic substrates were prepared for the pre-
sent experiments: copper, aluminum, steel (AISI 1080),
and stainless steel (AISI 440C). The substrates were
machined to 76 mm x 38 mm x 12.5 mm (except for the
stainless steel ones, which are only 10 mm in thickness).
All of the substrates were first surfaced by a grinder (a
finish referred to hereafter as “Ground” surfaces). Some
of them were then further polished using abrasive papers
of 240 and 600 grit. Some of the substrate surfaces were
bead-blasted. Two sizes of beads were used: coarse
beads with diameters ranging from 406 to 432 pum
(“Blasted-C” surfaces) and fine beads of 89-150 um
diameter (“‘Blasted-F”’ surfaces). Two additional sur-
faces were also prepared for the copper substrates: a
“Rough #1” surface as sawn, and a “Rough #2” surface
which was first end-milled and then finished with a steel
brush wheel. The arithmetic average roughness R, of
each substrate was measured by a stylus profilometer
(DEKTAK IIA, Sloan Technology). The diamond sty-
lus tip diameter is 12.5 um. The scanning length is 5.0
mm. The surface roughness data are given in Tables 2-5.

To convert the pyrometer output into temperature
readings, one needs to know the surface emissivity of the
splats. Little information is available for the emissivity
of liquid metals, however. In the case of copper, cali-
bration experiments were performed to determine the
surface emissivity of liquid copper and solidified copper
surface using a small ingot in an alumina crucible
[13,14]. The temperature of the copper ingot was mea-
sured by both a thermocouple and a pyrometer. The
comparison between the two provides information on
the surface emissivity of the liquid and solidified solid
copper. The copper ingot experiments showed that the
solidification plateau seen in the splat cooling curve can
give a good estimate of the surface emissivity of both the
liquid and solidified solid copper. Based on these find-
ings, the surface emissivity of the liquid and solidified
nickel was estimated based on the solidification plateau
in the nickel splat cooling curve, as shown in Fig. 3. Fig.
3a shows the pyrometer output when a molten nickel
droplet free-falls on a horizontal copper substrate. Since
the impacting velocity is relatively small (a few meters
per second), a rather thick splat of about 1 mm in
thickness was formed. As one can see in Fig. 3a, the
pyrometer output shows clearly a plateau indicating an
isothermal solidification. It also shows clearly the end of
solidification. Since pure nickel was used in the experi-
ment, the plateau in Fig. 3a corresponds to the equi-
librium melting temperature of the pure nickel,
Tm = 1726 K. Based on this temperature, one could es-
timate a value of 0.268 for the surface emissivity of
nickel for both liquid and solid surfaces. If we assume
further that the surface emissivity does not change sig-
nificantly with temperature, one can then use this
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Fig. 3. (a) Pyrometer readings and (b) conversion to temperature.
Note that the liquid and solid emissivities can be determined based
on the known equilibrium melting temperature of the metal.

emissivity to obtain temperature data during the entire
cooling process as shown in Fig. 3b. For the cases when
a thin splat was formed on an inclined substrate, the end
of the solidification plateau was sometimes less obvious,
as shown in Fig. 4a. In that case, some error is intro-
duced in the temperature data for the solid cooling pe-
riod. As the primary focus of the present work is on the
interfacial heat transfer during the early stages of melt
cooling and solidification, such an error can be toler-
ated. For all nickel splats considered, a rather consistent
value, ranging from 0.25 to 0.27, was found for the
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Fig. 4. (a) Pyrometer readings; (b) the converted temperature
variation of the splat top surface (solid dots) as well as the
corresponding model calculations (upper solid line—calculated
temperature of the splat top surface, lower solid line—calcu-
lated temperature of the splat bottom surface). Note the good
match between the calculations and measurements.

emissivity of liquid nickel surfaces. For solid surfaces,
however, the values ranged from 0.15 to 0.27, depending
on the splat surface condition. The emissivity of copper
was also estimated and is reported on elsewhere [13].

3. One-dimensional solidification model and procedure for
estimation of /(t)

A temperature matching method is used to estimate
the interfacial heat transfer coefficient for each splat

experiment [14]. The splat cooling and subsequent
solidification shown in Fig. 1 can be analyzed with a
one-dimensional model developed previously [15] and
illustrated in Fig. 2. The model simulates a thin molten
metal layer that is suddenly put in contact with a colder
substrate. An interfacial heat transfer coefficient is in-
troduced at the interface between the layer and the
substrate. The model can be solved numerically for any
given splat thickness (), the initial temperatures of the
molten metal (7,) and the substrate (7s), and the inter-
facial heat transfer coefficient (%), in order to obtain the
variations of the temperature 7sy of the splat top sur-
face. For fixed values of b, T,, and Ts, different values of
h will result in different splat surface temperatures. By
matching the model-predicted temperature with the
measured data, one can then estimate the interfacial heat
transfer coefficient, /.

For a thin liquid layer on a semi-infinite substrate,
the heat conduction equations in the solidifying metal
and the substrate can be written as [15]:

o, 0 (, 0T
chmg—a(&@> )

where p is the density, C, is the specific heat capacity, K
is the thermal conductivity, y is the coordinate normal to
the substrate surface, and the subscript j stands for the
substrate, solid, or melt. Since the splat is rather thick
(100-300 pm) in the cases considered here, no melt
undercooling needs to be taken into account. Solidifi-
cation is assumed to begin on the substrate surface at
time #y when the temperature of the molten metal at the
surface reaches the equilibrium melting temperature, Ty,
of the cast metal. A local equilibrium condition exists
then at the moving solid/liquid interface, i.e. the inter-
face temperature 7; = Ty;. The solidification velocity, ¥,
is then determined by the rate of latent heat removal at
the interface:

oTL 0T
L=K ol kS 2
oLV T 5 (2)

where L is the latent heat of solidification. At the in-
terface between the splat and the substrate, an interfacial
heat transfer coefficient, 4, is introduced:

q(1)
"= 10 - 0 ®
where ¢(¢) is the heat flux through the contact interface
from the splat to the substrate, 7y, (¢) is the average
temperature at the splat bottom surface in contact with
the substrate, and T (¢) is the average temperature of the
substrate surface. Ty, and T do, of course, vary some-
what with location, and the interfacial heat transfer
coefficient defined in Eq. (3) describes only an average
heat transfer at the interface between the splat and the
substrate. As the molten metal cools down and solidifies,
the contact condition at the interface changes from a
liquid-solid contact to a solid-solid contact, and it is
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expected that the interfacial heat transfer coefficient
varies strongly with time.

At the top surface of the splat (y = b) heat may be
lost by both convection and radiation:

orT 4 4
—Ki— | =ho(T(b,t) — To) + ea(T(b,0) = T
3|, =T ) +ea(T(b0)" —T2)

4)

where /., is the convective heat transfer coefficient be-
tween the splat surface and the surrounding gas, ¢ is the
surface emissivity of the splat, and o is the Stefan—
Boltzmann constant. The substrate is treated as a semi-
infinite body with the temperature far from the surface
remaining constant: 7(—oc,¢) = Ts. At the beginning of
the process, ¢ = 0, the splat is assumed to be at a uni-
form temperature 7,, and the substrate is at a uniform
temperature Tg.

This mathematical problem can be solved using the
control volume method, with a special treatment needed
to deal with the moving interface. Details can be found
elsewhere [13-15].

For any given splat thickness b, and initial temper-
atures 7, and T of the splat and the substrate, the model
can calculate the variation of the splat temperature, if
the interfacial heat transfer coefficient /(¢) is known.
Conversely, if one knows the splat temperature history,
the interfacial heat transfer coefficient can then be esti-
mated, but the inverse heat transfer problem is ill-posed,
mathematically speaking [5-7]. The accuracy of the es-
timated value of 4(¢) depends on the locations where the
temperature information is acquired, and the closer this
location is to the interface, the more accurate is the es-
timated /(¢). In these experiments, it is the temperature
at the splat top surface that is measured. Such temper-
ature information does not therefore guarantee an ac-
curate estimate of a continuously varying 4(f) as a
function of time, and as a result, only an average value
of h(t) over short time periods was estimated. Indeed, we
divided the splat cooling and solidification process into
three or four time periods, and an average value of /(t)
could be estimated for each time period by matching the
model-calculated splat surface temperature to the ex-
perimental data.

In our previous work with copper splats [13], the
entire splat cooling process was divided into four time
periods with corresponding values of 4: (1) initial melt
spreading (%), (2) liquid splat cooling (4,), (3) solidifi-
cation (%,), and (4) solid cooling (%3). It was found that
such a division provides a well-defined average value of
h(t) over each period. For the nickel splats considered
primarily in the present work, it was found that a good
match can be achieved in most cases by using only two
time periods after the initial spreading: the time period
covering the liquid splat cooling and the early stages of
solidification (4;) and the time period afterwards (4,).

Table 1
Physical properties of materials used in the calculations
Ni? Cu? Al? Steel> SSP

Ty (K) 1726
L (J/kg) 2.9 x 10°
Cor (J/kgK) 620
Cps (J’kgK) 595 389 984 548 460
L (W/mK) 43
s (W/mK) 80 394 238 46.8 24.2
pr (kg/m?) 7900
ps (kg/m®) 8450 8900 2700 7800 7800
4[19,20].

°[21].

Since the splat thickness keeps decreasing during
spreading but the temperature remains almost the same,
the estimated 4, during this early spreading period is not
very meaningful and will therefore not be included in
discussion.

Fig. 4 shows typical temperature measurements and
matching predictions for a nickel splat with an original
83 K melt superheat dropped on a fine-bead-blasted
copper substrate (Blasted-F) inclined at 45°. The free fall
distance of the molten droplet is # = 90 mm. A constant
emissivity of 0.270, estimated from the isothermal pla-
teau, is used to convert the original pyrometer readings
into the temperature data. The materials properties used
in the calculations are listed in Table 1.

As shown in Fig. 4b, the splat cooling process was
divided into three regions, each being represented by a
constant value of /: A, for the period from 0 to #; = 6.8
ms, i; from £ to t, = 16.3 ms, and 4, after #,. As one can
see, a good match between the model predictions (solid
lines) and the measurements (solid dots) is achieved if we
use by =4 x 10* Wm?K and 4, = 1.4 x 10> W/m? K.
(In the calculations, 4, = 1.5 x 10> W/m>K was also
used, but since 4y is not physically meaningful due to
melt spreading, it will not be included in the discussions
hereafter.) The model calculations suggest that solidifi-
cation starts at about #y = 7.0 ms which is very close to
the time # = 6.8 ms when spreading ends, suggesting
that /; corresponds mainly to a solid/solid contact at the
splat/substrate interface, and little information can be
generated for the initial liquid/solid contact in this par-
ticular case.

More examples of the matched cooling curves are
given in Figs. 5-7. Using the same matching method, the
interfacial heat transfer coefficient has been evaluated
for all splat cooling experiments and is given in Tables
2-5. With these results, one can examine the dynamic
features of the interfacial heat transfer during the splat
cooling, and the effect of the processing conditions, such
as melt superheat, substrate material, and surface
roughness, on the average value of /.

The uncertainty on the estimated 4, and A, results
primarily from the uncertainties in splat thickness b,
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and the temperature matching process itself, with the
other parameters contributing to a smaller extent. The
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Fig. 7. Matching of numerical predictions with experimental
data for nickel on a ground Al substrate. Solid dots—experi-
mental data, solid line—calculated temperature of the splat top
surface. (7, = 1853 K, b = 135 pm, H = 185 mm, 0 = 45°, Ty =
303 K, & = 0.264, &5 = 0.245).

Table 2
Estimated / for a nickel splat cooling on copper and aluminum
substrates (H = 90 mm, 0 = 45°)

Substrate R, T, h (10* hy (10% b
(um) (K)  W/m?’K) W/m?K) (um)
Cu Grit #600 0.07 1763 5.5 0.12 242
1820 15 0.7 419
1920 30 0.72 410
Cu Ground 0.29 1863 10 0.12 365
Cu Blasted-F  1.80 1809 4.0 0.14 254
1873 9.0 0.8 299
Cu Blasted-C~ 2.88 1858 4.5 1.7 229
1909 8.5 1.7 259
Al Grit #240  0.29 1766 1.2 266
1874 2.5 0.11 231
Al Ground 0.39 1813 0.9 199
1861 1.5 0.13 186
Al Blasted-F 1.04 1823 1.5 0.04 213
1868 1.9 0.12 248
Al Blasted-C ~ 1.12 1761 3.0 272
1818 2.5 0.17 252
1858 1.3 0.22 233
1905 3.2 0.083 259

uncertainty on the initial melt temperature 7, results
in turn mainly from the uncertainty in the estimated
surface emissivity ¢. The relative uncertainties on the
splat thickness, surface emissivity, and substrate tem-
perature are estimated to be about 0.20, 0.10, and 0.05,
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Table 3
Estimated % for a nickel splat cooling on copper, steel, and
stainless steel substrates (H = 185 mm, 0 = 45°)

Substrate R, T, hy (104 hy (10* b
(um) (K)  Wm?K) W/m?K) (um)
Cu Grit #600 0.07 1842 16 243
1859 26 0.65 283
Cu Ground 0.29 1858 6.0 0.55 182
1848 8.0 0.7 204
Cu Blasted-F 1.80 1848 10.0 0.2 206
1865 4.0 0.15 207
Cu Blasted-C 2.88 1853 10.0 0.1 215
1845 6.0 0.4 173
1853 4.0 0.4 201
Cu Rough #2  5.19 1863 10 0.46 300
Cu Rough #1 7.68 1858 4.0 0.6 200
Steel Ground 0.17 1846 12.0 0.7 211
1848 9.0 0.6 189
Steel Grit #240 0.29 1858 4.0 0.4 256
1858 2.0 177
Steel Blasted-F  0.60 1845 4.0 0.35 176
1843 4.5 0.62 155
Steel Blasted-C 1.49 1845 3.5 0.75 163
1852 4.0 0.7 154
SS Ground 0.19 1853 8.0 0.7 239
1853 2.1 0.75 124
SS Blasted-F 029 1853 1.2 - 135
1858 2.2 0.45 156
SS Blasted-C 0.78 1858 2.6 0.36 157

respectively. Using a standard uncertainty analysis
procedure, and considering also the possible errors in-
troduced by the matching process itself, the maximum
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uncertainty in /4, is estimated to be about 100%, and that
in &, is about 44% [14]. Considering the complexity of
this interfacial heat transfer problem involving solidifi-
cation, those numbers should be acceptable.

4. Experimental results and discussions

Our experiments involved two cast materials: nickel
and copper; and four substrate materials: copper, alu-
minum, steel, and stainless steel. Two droplet free-fall
heights H were used: 90 and 185 mm. In all cases, the
substrate was inclined at 45° to help generate thin splats.
The processing conditions focused on here are the melt
superheat, the substrate material, the substrate surface
roughness, and the cast material.

4.1. Variation of h during nickel splat cooling

Before we examine the effect of the processing con-
ditions on the interfacial heat transfer, it is interesting to
examine the dynamic characteristics of /(¢) during the
process. In a previous article on copper splat cooling
[13], a three-steps variation in interfacial heat transfer
coefficient had been assumed for the temperature
matching method, each representing an average value
over time: /; for the initial melt cooling period, 4, for
the isothermal solidification period, and #; for final solid
phase cooling. (The initial melt spreading time period
was not considered.) In that case, we found four types of
variation in h: (1) hy = hy > hs3; (2) hy > ho > h3; (3)

Table 4
Estimated /4 for a nickel splat cooling on aluminum substrates (H = 185 mm, 0 = 45°)
Substrate R, (um) T, (K) hi (10* W/m? K) hy (10* W/m? K) hs (10* W/m?>K) b (um)
Al Grit #600 0.18 1853 35 4.0 0.6 212
1855 3.0 39 0.4 200
Al Ground 0.39 1843 2.0 3.0 0.7 114
1853 2.5 6.0 1.0 135
Al Blasted-C 1.12 1846 2.0 4.6 0.6 132
Table 5
Estimated / for a Cu splat on various Cu substrates (H = 185 mm, 0 = 45°)
Substrate (Cu) R, (um) 7, (K) hy (10* W/m? K) hy (10* W/m? K) hy (10* Wm?K) b (um)
Grit #600 0.07 1523 9.0 0.08 0.08 266
Ground 0.29 1523 8.0 0.1 0.1 241
Blasted-F 1.80 1518 6.0 0.12 0.12 251
Blasted-C 2.88 1522 6.0 0.1 0.1 217
1528 6.0 0.09 0.09 234
Rough #2 5.19 1518 5.0 5.0 0.3 222
Rough #1 7.68 1519 4.8 0.3 0.3 236
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hy > hy = hs; and (4) h < hy (Wlth hy > hy and hy > ]’l;),
depending on the melt superheat, substrate material,
and surface condition. Examining the estimated / val-
ues in Tables 2-5, we see the third kind of pattern for
most of nickel splats, i.e. a much larger 4, followed by
small equal #, and h;. This indicates that the contact
condition at the interface remains relatively unchanged
during liquid cooling and the earlier stages of splat so-
lidification. The contact condition at the interface,
however, sees a dramatic change—in the middle of—or
near the end of solidification, probably because of
the thermal stresses that lead to separation of the splat
from the substrate and therefore to a much lower value
of h.

A type 4 variation of / is, however, also observed for
nickel splat cooling on aluminum substrates as shown in
Fig. 7 and also Table 4. In this case, a three-steps vari-
ation of /4 must be used in order to achieve a close match
between the calculations and the measurements. In
particular, a larger A, during the solidification period
must be used in order to have appropriate match be-
tween the calculated total solidification time and the
measured one. As pointed out previously [13], this kind
of variation of the interfacial heat transfer coefficient is
not expected from simple thermal contraction mecha-
nisms, and it might be related to substrate heating, gas
expansion or contraction in interstices, etc., at the in-
terface.

Further insight in the contact physics at the interface
and in the dynamic behavior of the interfacial heat
transfer may also be achieved by examining the time
variations of the calculated temperature in the splat. Fig.
4b shows the temperatures variation at the top and
bottom surfaces of the nickel splat quenched on a Cu
substrate. It is seen that the calculated nucleation time #y
is very close to the estimated time at which melt
spreading ends. This suggests that the high value of 4y,
4 x 10* W/m? K, reflects primarily a solid/solid contact
condition. One might think that an even better interfa-
cial contact condition exists during the earlier liquid/
solid contact, but could not be evaluated accurately by
the present experimental technique. (In the case of Fig.
4b, the initial time period during which a liquid/solid
contact exists overlaps with the interval during which
the melt is spreading and the splat is forming. As men-
tioned above, during this period of time our one-
dimensional model is not applicable because of the varying
splat thickness and the existence of melt flow.) Some
other experimental results suggest, however, that this
estimated /; value does represent, at least in an average
sense, the initial liquid/solid contact conditions as well.
This may be seen by referring to Fig. 5, which shows the
measured temperature history of the splat top surface
and the temperature calculations for nickel on a coarse
bead-blasted aluminum surface. In this case, the melt

spreading process ended before the calculated nucleation
time #y is reached (4, = 6.1 <ty = 11.7 < £, = 23.0 ms).
In other words, the matched 4, in this case should cor-
respond to both liquid/solid contact before solidification
and solid/solid contact after solidification. It is inter-
esting to note that the transition from a liquid/solid to a
solid/solid contact does not appear to be reflected by any
discontinuity in the measured splat surface cooling
curve. A good match was also obtained between the
calculations and the measured temperatures by using a
single value of / through the transition, which suggests a
stable contact condition during this period of time. This
may further suggest that the crystalline nucleation on
the substrate surface does not immediately change dra-
matically the thermal contact condition at the interface,
and that the variation of the thermal contact condition
there results from other mechanisms, e.g. solid con-
traction during cooling.

An examination of Fig. 4b also suggests that a very
large temperature difference exists in the splat during the
earlier stages of the process, e.g. about 85 K across the
splat when the splat top surface temperature reaches
melting temperature at about =16 ms. This large
temperature difference across the splat cannot be sus-
tained when the interfacial heat transfer changes from
the higher 4, to a much lower 4, at the transition time
t, = 16.3 ms, however. As seen in the figure, a sharp
temperature increase of the splat bottom surface is cal-
culated, and in a very short time (2-3 ms) the splat
bottom surface temperature reverts to close to melting
temperature. This sharp variation of the calculated splat
bottom surface temperature is, of course, an artificial
result of the assumption of a sudden change from a
higher 4, to a lower %,, and in reality, the variation of /
is likely much more gradual and so is the splat bottom
surface temperature variation.

4.2. Effect of the melt superheat on h for nickel splats

We investigated how the melt superheat affects the
interfacial heat transfer between the solidifying splat and
the substrate. For instance, melt with a higher superheat
typically has a smaller viscosity and surface tension, and
therefore may have a better contact with a rough sur-
face. As the melt superheat increases, uniform splats
become less likely to form, however. This is particularly
true on substrates made of stainless steel and carbon
steel. As the temperature becomes higher, oxidation
becomes more significant, which makes it more difficult
for the nickel melt to wet the substrate surface. As a
result, only limited data were obtained for those sub-
strates.

Fig. 8a and b show #/; and h,, respectively, as a
function of melt superheat for substrates made of cop-
per and aluminum with various surface roughness
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Fig. 8. Estimated interfacial heat transfer coefficients for 4; (a)
and £, (b) as a function of the melt superheat AT}, for a nickel
splat on four copper and four aluminum surfaces. (H = 90 mm,
0 = 45°).

conditions. All data are listed in Table 2 and were ob-
tained with substrates being inclined at 45° under a free-
fall distance of H = 90 mm.

Some observations can be derived from Fig. 8a. First,
the substrate material has a profound effect on the value
of h;. A much higher value of /4, is seen for nickel on a
copper substrate than on an aluminum substrate. For
the conditions studied here, 4; ranges from 4 x 10* to
30 x 10* W/m?K for nickel on copper substrates, but
only from 1 x 10* to 3 x 10* W/m?K on aluminum
substrates. For example, for similar melt superheat
(about 150 K) and a ground surface roughness, 4, is

about 10 x 10* W/m? K on a copper substrate but only
about 2 x 10* W/m? K for an aluminum substrate, a five
times ratio. This effect of substrate material on 4, results
likely from the difference in chemical compatibility of
the nickel metal with copper and aluminum.

Fig. 8a also shows a strong effect of the melt super-
heat on h; for copper substrates, with a higher melt
superheat giving a higher value of 4. The largest in-
crease in h; was observed for the smoothest copper
surface (Grit #600-Cu) used: a six-fold increase in 7,
when the melt superheat increases from 40 to 190 K. The
increase of A; with the melt superheat is, however, af-
fected by the surface roughness. For rough substrates,
the superheat has a weaker effect on 4. It is interesting
to note that this observation may be contrary to intu-
ition since a stronger effect of the melt superheat could
be expected on a rougher surface than on a smooth
surface, given that a highly superheated melt could
presumably conform more easily to the rough surface,
leading therefore to a better contact. Under these ex-
perimental conditions, however, the interface heat trans-
fer may also be influenced greatly by the gas pockets
entrapped underneath the splat bottom surface. A rough
surface may trap more gas pockets than a smooth sur-
face, resulting in a smaller affective contact surface
and therefore in a smaller value of /;. This phenome-
non is more visible on a copper substrate than on an
aluminum substrate. In the case of an aluminum sub-
strate, increasing the melt superheat also led in most
cases to an increase in 4;, but much less so than for
copper substrates. Except for the roughest surface,
Blasted-C Al, all three surfaces show a similar rate of
increase in &, with increasing melt superheat. In the case
of the Blasted-C Al substrate, increasing the superheat
leads to a reduction in 4, for superheats smaller than
about 150 K.

The effect of the melt superheat on the interface heat
transfer 7, during the later stages of nickel splat cooling
is shown in Fig. 8b for both copper and aluminum
substrate surfaces. Except for the coarse bead-blasted
copper surface, the values of 4, are all under 10* W/
m? K. The effect of the melt superheat on 4, shows no
clear trend in these tests. For some substrate surfaces,
such as the Blasted-F copper and aluminum surfaces, an
increase in the melt superheat increases /,. A similar
effect is seen for polished copper surface (Grit #600 Cu)
at low melt superheat, but no such effect can be seen
when the superheat is large. Rather large 4, values were
obtained for nickel quenched on a blasted (Blasted-
Coarse) copper substrate but no melt superheat effect
can be seen in that case. In addition, it appears that no
clear trend can be seen for the effect of surface roughness
on /,. On the other hand, the substrate material seems to
have a certain effect on h,, as larger values of &, are
generally seen for the copper surfaces than for the alu-
minum surfaces.
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4.3. The effect of the surface roughness on h

The effect of the substrate surface roughness on 4,
has also been investigated more quantitatively. The melt
superheat was kept at about the same level for given
material pairs, and a high melt superheat was generally
used to obtain more temperature data points in the
liquid cooling region. Meaningful data were obtained
when nickel was quenched on four substrate materials.
For copper splats, valid data were obtained only for
copper substrates, as most copper splats formed on
substrates other than copper usually contained many
small holes.

The estimated interfacial heat transfer coefficients (/;
and #,) for nickel splats on copper, steel, and stainless
steel are listed in Table 3 together with the corre-
sponding substrate surface roughness and the splat
thickness. The estimated interfacial heat transfer coeffi-
cients for nickel splats on the aluminum substrates are
given in Table 4, and in this case a three-steps variation
of & must be used in order to achieve close match be-
tween the calculations and the experimental measure-
ments. Table 5 lists the data for copper droplets on a
copper substrate, and as in the case of the aluminum
substrates, a three-steps variation was used in the tem-
perature matching process. For most cases, however, /4,
and A3 are the same.

In most cases, two or three runs were made for the
same substrate roughness in order to check the re-
peatability of the process, and for some metals a sig-
nificant scattering in the estimated 4, values was noted.
Even so, a clear trend can be seen in the data for 4;. No
such trend can be seen, however, for /,, and no dis-
cussion of 4, will be attempted hereafter. All these ex-
periments have been performed with H# = 185 mm and
0 = 45°.

4.3.1. Copper splats quenched on copper substrates

Table 5 lists all the estimated interfacial heat transfer
coefficients (%, h,, and h3) for the conditions studied. Six
different surface conditions of copper substrate were
used with the surface arithmetic average roughness R,
ranging from 0.07 um (Grit #600) to 7.68 um (Rough
#1).

Two runs on Blasted-C surfaces have been per-
formed, and, as seen in the table, very similar interfacial
heat transfer coefficients have been calculated even
though the melt superheat and the splat thickness are a
little different. Similar comparisons have also been per-
formed in other cases, and all the results confirmed that
the calculated interface heat transfer coefficients have a
rather good repeatability when copper is quenched on
various substrates.

In all cases listed in Table 5 except for the Rough #2
surface, we see a #; much larger than %, and 43, both of
which are the same (a Type 3 pattern). For the Rough
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Fig. 9. Estimated interfacial heat transfer coefficient 4; (10* W/
m? K) as a function of the arithmetic average roughness R, of
the substrate surface for copper splats quenched on copper
substrates (7, = 1520 K, A = 185 mm, 0 = 45°).

#2 surface, the variation of 4 is a Type 1 (same /; and
hy).

The effect of the surface roughness on the interfacial
heat transfer coefficient /#; can be more easily visualized
in Fig. 9 which plots 4, as a function of R,. (Note the
logarithmic scales used in these figures). As seen in Fig.
9, hy is affected by the surface conditions: the smoother
the surface, the better the thermal contact, and the
higher the value of %;. As the surface roughness de-
creases from 7.68 to 0.07 um, 4, increases from 4.8 x 10*
to 9 x 10* W/m? K, almost a factor of 2. The data can be
fitted quite well by a power—law relationship between #;
(W/m?K) and R, (um) as follows:

hy = CiR; (5)

with the constant C; = 6.52 x 10* and the exponent
n=—0.13.

Interestingly, the same power—law relationship was
also observed by Prates and Biloni [1] who cast an Al-
5%Cu alloy on a bare copper mold with varied surface
roughness. They polished the copper surfaces with em-
ery paper of various grit number, and the resulting
surfaces had roughness ranging from 0.02 to 6.0 pm root
mean square. The corresponding arithmetic average
roughness R, ranges approximately from 0.016 to 4.8 pm
if it is assumed that the surface profile can be approxi-
mated as a symmetrical Gaussian distribution [17].
Prates and Biloni estimated /4 using a linear fluidity test
with a low channel height and derived a relationship
between & and R, with the same exponent —0.13 as our
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Eq. (5). In their case, however, the constant C; is only
0.91 x 10*. This relationship is shown by a dashed line in
Fig. 9. Realistically, the same exponent of —0.13 ob-
served in both cases may be just a coincidence though,
considering the uncertainties in the measured surface
roughness, the different system configurations, and the
different thermal contact conditions. These relationships
do, however, demonstrate the dependency of the inter-
face heat transfer coefficient on the surface roughness.

4.3.2. Nickel splats on different substrates

Fig. 10 shows the estimated %, as a function of the
substrate surface roughness R, for a nickel splat cooling
on three substrate materials: copper, aluminum, and
steel (AISI 1080). (There is large uncertainty in the es-
timated 4, for stainless steel substrate, so the data is not
included here.) We see a large scattering in the estimated
hy, especially when nickel is quenched on a copper
substrate with large R,. (This is different from the case of
copper on copper for which repeatability is excellent.)
For example, when nickel was quenched on a Blasted-C
copper substrate, the estimated /; varied from 4 x 10* to
10 x 10* W/m?K, about a factor of 2. It should be
pointed out that this range is much larger than that
predicted by our uncertainty analysis, which suggests
that some factors other than those directly controlled in
our experiments may have a strong effect on thermal
contact as well. These factors could result, for example,
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Fig. 10. Estimated interfacial heat transfer coefficient h; (10*
W/m?K) as a function of the arithmetic average roughness R,
of the substrate surface for nickel on three substrates: copper,
steel, and aluminum. (7, = 1853 K, H = 185 mm, 0 = 45°).

due to surface oxidation from residual oxygen in the
vacuum chamber.

Nevertheless, a clear trend for the dependency of 4,
on the substrate surface roughness R, may still be noted
in Fig. 10. For all three substrate materials, similar
variations of 4; with the surface roughness R, can be
seen. In all cases, when R, is large, /; has a rather small
dependency on the surface roughness R,, but when R, is
small, decreasing R, will dramatically increase 4. It is
noted that similar variations of the interfacial heat
transfer with substrate roughness has also been observed
in twin-roll casting of steel [16]. In the present case, the
maximal value of R, at which its effect on 4, can still be
seen appears to be about R, = 0.5 pm for nickel splat
cooling, and about the same for the other substrate
materials as well. This suggests that the transition to 4,
being independent of R, is controlled primarily by the
surface tension of the liquid splat metal. The same type
of correlation can be obtained by curve-fitting the ex-
perimental data for the three substrate materials:

hi = C\R! + C, (6)

with different values of constants C; and C, but with the
same exponent n = —2. Table 6 shows the fitted con-
stants for three substrate materials, with 4, given in W/
m? K and R, in um. The constant C, represents the as-
ymptotic value of 4, at large R,. Evidently, there is a
strong dependence of this asymptotic value on the sub-
strate materials. As we can see, the copper surface gives
the highest value of C,, the steel surface is second, and
the aluminum surface has the lowest C, of the three. As
is also seen in Fig. 10, even though the exponent of R, in
the Eq. (6) is the same, the absolute variation of /; with
R, is quite different for the different substrate materials,
as quantified by rather different values of C.

Caution must be exercised as far as the constants in
Table 6 are concerned, however. Because a rough sur-
face typically exhibits a multiscale structure but the R, is
a scale-dependent parameter, the measured R, value may
strongly depend on the measuring instrument and on the
sample interval used [16]. Nevertheless, the relative
variations of #; with the surface roughness, and the
trends seen in Fig. 6 should likely remain valid regard-

Table 6
Constants in curve-fitted Eqs. (5) and (6) for various metals and
substrates

Metal Substrate C C, n

Nickel Copper 0.07 x 10*  6.70 x 10* -2
Steel 0.198 x 10* 3.38 x 10* -2
Aluminum  0.042 x 10* 1.97 x 10* -2

Copper Copper 6.52x 104 0 -0.13

Al-5%Cull  Copper 091 x 10* 0 -0.13
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less of the absolute accuracy of the surface roughness
measurements.

4.3.3. The effects of the type of cast metal on h

A comparison of 4; obtained for both nickel and
copper droplets quenched on the same copper substrates
is shown in Fig. 11. As can be seen, when R, > 0.5 pm
both metals show almost the same 4;. The difference in
h, between the two metals is greater when the surface
roughness is smaller than about 0.5 um, although there
is only one set of data for copper in this region, which
limits the generality of this observation. Interestingly—
and perhaps contrary to some expectations—, a better
thermal contact with the copper substrate was achieved
for nickel splats than for copper splats when the copper
substrate surface is very smooth.

The notion that similar thermal contact was achieved
for both nickel and copper splats on copper substrates
with large R, has been further supported by examina-
tions of the contact patterns seen on the bottom surfaces
of the splats. It was observed that the bottom surfaces of
both nickel and copper splats—when generated on the
same rough substrates (such as Rough #1, Rough #2,
and Blasted-C surfaces)—are very rough themselves and
very similar. In these cases, it appears that the splat
bottom surfaces are near mirror images of the substrate
surfaces. No obvious marks of gas entrapment in these
surfaces were seen for both nickel and copper splats on
Rough #1 and #2 surfaces as well as for the nickel splat
on the Blasted-C surface. Some small line-type gas
pockets were, however, occasionally observed on the
bottom surfaces of the copper splats generated on the
Blasted-C surface.

The bottom surface of nickel splats generated on
smoother substrates, such as the Blasted-F, Ground,
and Grit #600 ones, have very different surface features
from that of copper splats on the same surfaces. Con-
tinuous and web-like gas pockets (centered at the im-
pacting point of the splat) can be clearly seen on the
bottom surfaces of all the copper splats generated on
those smoother surfaces, but no obvious marks of gas
pockets can be seen on most of the nickel splats gener-
ated on the same surfaces (except that some isolated air
pockets can be seen with the naked eye on the nickel
splats obtained on the Blasted-F surface). This difference
in surface features between the nickel and copper splats
generated on the same substrate surface is likely to re-
flect a difference in the nature of the contact process,
which in turn would likely be the cause of the different
interfacial heat transfer coefficient seen in the range of
lower R,.

The existence of the macroscopic gas pockets on the
copper splat surface may be understood given its lower
surface tension compared to nickel. In addition, the
oxygen residues in the chamber environment may also
greatly decrease the surface tension of the copper [18].
When the molten copper impacts on the substrate and
then spreads, some gas underneath the melt could be
trapped. If the substrate surface is rough, like for the
Blasted-C, Rough #1 and #2 surfaces, these gas pockets
could likely be uniformly redistributed in the recesses of
the surfaces, that the melt cannot penetrate because of
its surface tension. If the surface is smoother, on the
other hand, there are not enough recesses for the gas to
infiltrate, and it will be forced to move with the melt and
form web-like gas pockets under the surface. On the
other hand, in the case of a nickel splat on a smooth
surface, it may not be as easy for its gas to be trapped
because of the larger surface tension of the nickel melt,
and, as the melt moves over the substrate, most of the
gas may be expelled from underneath the splat. This
would result in fewer macroscopic gas pockets seen on
the splat surface. Of course, since even our ‘“smooth”
surfaces are still microscopically rough, some micro-
scopic gas bubbles can still be seen with a microscope,
but as the substrate surface becomes smoother, the size
of these microscopic gas bubbles is noted to decrease.

5. Conclusions

A splat cooling experimental system was built to
determine the interfacial heat transfer coefficient (/) for
molten metal droplets quenched on a cold metallic
substrate. The effects on / of some processing conditions
such as the melt superheat, the substrate materials, and
the substrate surface finish were systematically investi-
gated, and the following conclusions can be drawn from
our study:
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(1) A larger h; (10°-3 x 10° W/m? K) between the splat
and substrate is estimated for the earlier stages of
melt cooling and solidification, followed by a lower
hy (<10* W/m? K) for the subsequent stages of the
process, including the later stages of solidification
and of solid phase cooling. This decrease in /1 may
be a consequence of the thermal contraction of the
splat.

(2) The interfacial heat transfer coefficient 4, is found to
be affected strongly by all the processing conditions
studied (the melt superheat, the cast metals, the sub-
strate materials, and the substrate surface condi-
tions). No obvious relationship can be observed,
however, between these process conditions and the
interfacial heat transfer coeflicient 4, under the ex-
perimental conditions used.

(3) In most cases, increasing the melt superheat in-
creases /y, i.e. improves the thermal contact between
the splat and the substrate. The effect of the melt su-
perheat on A, appears to depend on the substrate
material and the surface finish.

(4) A power-law relationship was obtained between A,
and R, for both copper and nickel splats. In the case
of the nickel splats, the same exponent (n = —2) is
found for all three substrate materials (copper, steel,
and aluminum).

(5) For the nickel splat cooling, the roughness appears
to have a weak effect on 4, when the surface is
rough, but a large one when the surface is smooth.
This transition appears to take place at a critical sur-
face roughness about 0.5 pm (arithmetic average),
which seems mainly determined by the cast metal,
and less so by the substrate material.

(6) The interfacial heat transfer coefficient 4, is also
strongly affected by the substrate material in the case
of nickel splats. The asymptotic 4, at large R, de-
creases from about 6.7 x 10* to 2 x 10* W/m?K
when the copper substrate is replaced by an alumi-
num substrate.
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