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Abstract Since the exact analytical solutions for rapid
solidification process are available only for special
boundary conditions, numerical techniques have to be ap-
plied for more general boundary conditions. In this paper
we will describe a finite difference method for simulation
of rapid solidification that is based on control volume
methodology and interface-tracking technique. Heat
transfer computer study will be realized for solidification
with and without melt undercooling at the interface. Such
numerical method will be applied for thermal history
analysis of solidifying nickel on copper substrate.

Introduction

Rapid quenching of the melt has attracted much attention
because of the large potential for new material properties
originating in the refinement of the cast structure, extended
solid solubility, metastable crystalline phases and amor-
phous alloys [1]. To get rapidly quenched samples of high
temperature materials, many techniques have been devel-
oped. Some of them, such as splat cooling, melt-spinning,
spray deposition and strip casting are based on bringing the
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melt in intimate contact with a substrate. However, rapid
solidification is not easily accessible experimentally due to
the simultaneously small time and spatial scales. Especially
because of the high cooling rates realized it is difficult to
measure the relevant process parameters. Therefore at-
tempts have been made to calculate the operating condi-
tions for the formation of crystalline and amorphous alloys
from heat flow models. Even more, numerical investigation
of these processes becomes very important for the under-
standing of the underlying physics together with informa-
tion, such as local temperature distribution, solid-liquid
interface velocity etc.

Generally speaking, complex solidification kinetics can
be solved only by using numerical techniques. Numerical
methods for simulation of solidification processes can be
categorized as fixed-grid or interface tracking schemes.
Unfortunately, former one cannot accurately track a sharp
solid-liquid interface. Tracking the interface location
accurately can be provided by modification of fix-grid
schemes, such as, for example, the node-jumping scheme
[2] or the element subdivision method [3]. Interface-
tracking techniques can be used for solidification without
undercooling [4, 5] as well as for solidification with und-
ercooling [6].

Recently Nikolic et al. [7] adopted numerical model to
analyze heat transfer process during solidification of sam-
ple melted in Arc-image furnace [8, 9], where the melt
cooling rate and the solidification rate are controlled by the
interfacial heat transfer conditions between spherical
sample and colder substrate. The governing heat conduc-
tion equations for solidifying sample and substrate as a heat
sink were derived assuming spherical symmetry. It should
be noted, however, that both contact resistance and und-
ercooling are also very important issues in modeling this
type of solidification, especially under non-equilibrium
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conditions where large undercooling may exist. Therefore,
in this paper we will describe a finite difference method
based on control volume methodology and interface-
tracking technique for simulation of solidification with and
without undercooling. Such numerical method can be use
for thermal history analysis in both sample and substrate,
including the phase change phenomena. Also, the effects of
process parameters on solidification of sample on substrate
can be investigate numerically. The parameters include
sample size, contact area size between the sample and
substrate and degree of undercooling associated with rapid
phase change and moving interface.

Mathematical modeling
Problem description

We will define two-dimensional (2-D) heat transfer model
by considering solidification of the solid spherical sample
placed on the solid substrate of a finite size and cooled by
water. Numerical method that will be defined will simulate
the solidification process on whole. This radially sym-
metric heat-conduction model problem can be solved
numerically if we assume a non-uniform temperature dis-
tribution inside the sample, and symmetric about the
growth axis (which coincides with direction substrate—
sample), because the solidification starts at some discrete
points on the contact surface between substrate (heat sink)
and sample. It means that this problem becomes 2-D
(multi-dimensional effects are believed to be small for
cooling and solidification processes).

The governing heat conduction equations for solidifying
sample on the substrate, assuming constant conductivity,
can be written as

o°T, N 0T, _ 0y 0T, W
oxz  0y? Ay Ot

where T is temperature, p is the density, c is the specific
heat capacity, A is the thermal conductivity, ¢ is time, and
the subscript p =1, 2 or 3 represents melt, solid and
substrate, respectively. For numerical solution of these
equations we will assume that the rectangular experimental
region is replaced by finite difference mesh containing a
finite number of grid points where the mesh is defined by
grid spacings Ax and Ay for Cartesian coordinates x and y,
respectively. In this 2-D computational space we will put
sample and substrate as separated and by interface
connected domains. Using control-volume (CV) definition
[8], the domain will be a region that is equitably divided
into n interconected boundary and internal CVs halfway
between neighboring grid (node) points (x; ,yx), i.e.
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D={ CV*} ={CV(xi,m)} (k=1,2,...,n).

If the mesh spacing is constant (Ax = Ay) the internal grid
points will be at the center of the CVs.

The entire solidification process will be divided into
three stages: (i) melt (liquid) cooling, (ii) melt solidifying,
and finally (iii) solidified sample cooling. For each stage
corresponding numerical model will be defined. At the
beginning of the solidification process, the spherical sam-
ple is assumed to be at a uniform temperature 7, the water-
cooled substrate at uniform temperature 7T, and the sur-
rounding medium (air) at temperature 7T,,;, (ambient tem-
perature). The latter two temperatures are well-bellow the
equilibrium melting temperature of the sample (7).

Melt cooling

Since there are no heat sources inside the sample, the
sample surface temperature starts to decrease due to the
heat transfer from the sample to the colder substrate and to
the ambient. The thermal contact between the sample and
the substrate is quantified by an interfacial heat transfer
coefficient defined as

q(1)

<Tsam> -

h = ,
<Tsub>

where ¢(t) is the time-dependent heat flux through the
interface from the sample to the substrate, and (T, and
(T, are the average temperatures of the sample and the
substrate at the contact interface, respectively. If the
coefficient % is known, then the temperature at the interface
can be computed by equations

—Zp an(x,y) =h ((Tam) —

ay , <Tsub> )7

where the subscript p = 1,2,3 has the same meanings as in
Eq. 1.

(i, 5+1)

(1,3)

(L-l,j)

‘ (i+l rJJ

(1,3-1)

Fig. 1 Interior control volume with its four first neighbors and
corresponding grid points
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For an approximate solution of the Eq. 1 on interior grid
points (Fig. 1) of the sample and the substrate, the explicit
method [9] will be used. Since the boundary CVs of the
sample can be exposed to some convection boundary
condition, the temperature at the sample surface must be
computed differently than on interior CVs. In that sense,
several CV configurations should be considered and for
each of them corresponding nodal energy balance equation
with stability criterion will be used [9]. In these equations
Biot number defined in the finite-difference form as

 hoAx
T

provides a measure of the internal conduction resistance
relative to the external heat transfer resistance, where A, is
the convective heat transfer coefficient. If the sample
surface is adiabatic, the energy balance equations and
corresponding stability criterions should be modified by
setting Bi equal to zero. In our approach we will also
include an effective Biot number defined by using the
combined heat transfer coefficient as a sum of the
convective and the radiative heat transfer coefficients, i.e.

Bi

T4(x,y) — T:mb

he +hy, = h, + ¢ ,
T(xa y) - Tamb

(2)

where ¢ is the total hemispherical emissivity and o is
Stefan—-Bolzmann constant.

Since the sample is much smaller than the water-cooled
substrate, boundary condition for rectangular substrate far
away from the interface sample—substrate is assumed to be
constant (Tgyp).

Nucleation and solidification

Let we assume that the interface substrate—sample is stable
through the entire solidification process. We further assume
that solidification starts at time #; on the sample surface
across the contact interface with the substrate at the
nucleation temperature 7,. During this process interface
starts to change from an initial liquid—solid contact
(interfacial area defined by CVs on the interface) to a so-
lid—solid contact. After that the liquid—solid interface po-
sition, which follows the axisymmetric geometry for this
model experiment (Fig. 2), will be defined by the local
equilibrium condition at the solid-liquid interface

0T,

el I Pl
Oy ¢

I dy ®)

pviL = A

where T, and T are the temperatures of the melt and solid
phase, respectively, L is the latent heat of solidification, and

dw

- @)

Vi
is the velocity of the solid-liquid interface, where w is the
thickness of the solidified layer.

Introduction of CVs will allow us to track interface
across the neighboring CVs in horizontal and vertical
directions inside the sample with increased interface
tracking resolution. Let CV(xy,yx) = CV,; is the central
control volume and CV, ;, CV,,;, CV;;. and CV,j,, are
its first neighbors, as depicted in Fig. 1. During solidifi-
cation these CVs can be partially or fully liquid or solid. If
two adjoined CVs are of different states then the interface
solid-liquid in between them exist. Our analysis showed
that according to the states of neighboring CVs and the
position of interface between them within elemental cell
(Fig. 1) several different configurations exist, where the
typical one is sketched in Fig. 3. For computation of time-
dependent temperature, T(x,y,t), we will now use implicit
finite difference equations [9], which will be solved using
Gaussian elimination algorithm. Our numerical method
will be adopted to track the location of the curved interface
solid-liquid between CVs of different state as well as
across CVs that represent solid or liquid phase. Such ap-
proach will be able to calculate accurately the interface
parameters, such as interface velocity and interface tem-
perature. Heat transfer study will be realized as solidifi-
cation without undercooling and as solidification
characterized by melt undercooling at the interface.
Mathematical model for interface tracking with and with-
out undercooling will be similar to approach of Wang and
Matthys [3] but adopted for spherical sample—substrate
solidification model and extended for 2-D case.

Solidification without undercooling

We will assume that solidification with no undercooling
begins on the bottom sample surface across the contact
interface with the colder substrate when the sample surface
temperature reaches the equilibrium melting temperature
(local equilibrium condition at the solid-liquid interface,
i.e., T(x,y) = T,,). Since the solidification rate is determined
by the rate of heat removal at the interface, the consecutive
positions of the interface solid-liquid (Fig. 2) will be di-
rectly computed by solving Eq. 3 in both horizontal and
vertical directions.

If the interface solid-liquid is 2-D in nature and has a
symmetry axis going from the bottom sample (nucleation
region) to the top of the sample or from the sample surface
toward its interior, then the discrete value of the interface
velocity (4) can be replaced by
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Fig. 2 Sketch of solid-liquid interface positions during solidification

i
Fig. 3 Possible interface shape and location and the configuration of

solid and liquid CVs during solidification. Liquid CVs are dark and
solid CVs are gray features. Interface is drawn by black dashed line

n+1 n
W — Wy

Vi(k) = A

where the superscripts # and n + 1 indicate the positions of
the interface for previous and current time steps, and the
subscript k stands for either horizontal (i) or vertical (j)
directions. Fixing the interface temperature to the melting
temperature, and if 777 and Tf']:" are the temperatures of
solidified CV,;_; and liquid CV;; at previous time step, then
the new interface position between them can be computed
by the equation

J—1 s
witl =y o Ag WL

alx bAx

At T, — T" T — T,
rp . ) (5)

where aAx and bAx are the distances between the interface
position (wj) and the centers of CV,;; and CV,
respectively. Equation 5 produces uniform solid-liquid
interface displacement. The only problem can be the
temperature gradient in front of the interface during early
stage of solidification. It can dominate and then has
destabilizing influence on the interface computation.
Similar equations will be written for the interface
between solidified CV,; ; and liquid CV/;
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as well as between solidified CV;,,; and liquid CV;;

At
Wit =wi+—
pL

A

i

cAx T dAx

s

T, — 50 Tf/n i Tm‘|
)

where cAx and dAx are the distances between the interface
position (w}) and the centers of corresponding solidified
and liquid CVs.

Solidification with undercooling

When the undercooling is introduced as a variable, it is
convenient to assume that the interface recalesces to the
equilibrium melting point immediately after nucleation
[10]. For this type of solidification, however, we will
introduce physical model by focusing on the relationship
between the interface velocity (the interface undercooling)
and relevant process variables. Since the interface solid—
liquid positions are dictated by the undercooling, for small
to moderate undercooling the interface velocity can be
related to the interface undercooling ATy = T,, — Ty) by
the linear kinetics relationship [10]

vl(k> = ,umATk, (6)

where p,, is the linear kinetic coefficient and Ty, is the
interface temperature in direction k. If Ty, is the interface
temperature at previous time step, then the new interface
position will be determined by the interface velocity vy
= v (Tiw) from the equation

Wit = wi 4 Vi At (7)

New temperature distribution in the sample including new
interface temperatures will be now computed by solving
the full system consisting of implicit schemes for
numerical solution of Eq. 1 [9] and the implicit schemes
for the interface nodes

n+l )“S sn+l Ay Tf,n+1

A.S Ay _ n
atx P hax] 0 T aax it Tpac T T Aok

where the distances aAx and bAx will be determined by the
Eq. 7. Similar equations will be written for the interface
between solidified CV;; and liquid CV;; as well as be-
tween solidified CV,,,; and liquid CV,;.

At time #, all CVs in the sample will be solidified and
next solidification stage starts.
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Solidified sample cooling

The time-dependent temperature distribution inside the
solidified sample will be computed on the same way as
during melt cooling taking corresponding simulation
parameters for solid phase.

Results and discussion

The numerical model described above will be applied for
the theoretical study of the solidification of nickel spherical
sample placed on metallic water-cooled copper substrate.
In our study we will illustrate simulation of both types of
solidification with and without undercooling. However, it
should be noted that the mathematical formulation and the
solution methodology developed are general and can be
applied for any type of sample materials. In that sense, in
our forthcoming paper [11] we will investigate solidifica-
tion of alumina experimentally and numerically.

The model-experiment will be nickel sample of the
diameter 0.003 m placed onto Cu substrate of the diameter
0.05 m, and assumed substrate—sample circular contact
surface of the diameter 0.001 m during solidification. For
the initial temperature of the sample we will assume melt
to be superheated uniformly by 1858 K (7,, + 132 K),
and for the substrate and the ambient uniform room tem-
peratures, Ty, = 300 K and T, = 300 K, respectively.
The values of thermophysical properties used in simulation
are given in Table 1, where the properties are assumed to
be independent of solidification temperature, but different
for the liquid and solid phases. The interfacial heat transfer
coefficient will be assumed to be constant. Although the
initial solid—solid point contact between the sample and the
substrate will be replaced by solid—liquid surface contact
during heating and by solid—solid surface contact during
solidification, shrinkage during solidification, as well as
separation between sample and substrate due to shrinkage

Table 1 Physical properties of Ni and Cu used for present calcula-
tions

Ni Cu
T,, (K) 1726

L (J/kg) 2.9 % 10°

o (J/kg K) 620

s kg K) 595 389
J¢ (W/m K) 43

s (W/m K) 80 394
pe (kg/m?) 7900

s (kg/m>) 8450 8900
h, (W/m?* K) 5% 10°

will be neglected. The mesh grid used will be 50 x 50
nodes in both the sample and the substrate.

As it was mentioned above our approach is based on
explicit and implicit finite difference schemes for different
solidification regimes. Since the explicit schemes impose
restriction on time interval, it will be define as the minimal
value of all time intervals obtained by the stability crite-
rions [9]. The same time interval will be used for the im-
plicit schemes, because they do not impose any time
interval restriction (unconditionally stable).

The thermal history of nickel will be now determined by
the time-dependent balance between the released latent
heat and the heat removed from the sample by conduction,
convection and radiation. Later one will be consider by
using the effective heat transfer coefficient defined by (2).
We will consider separately solidification without und-
ercooling and solidification with undercooling.

Solidification without undercooling

After heating (in an Arc-image furnace) nickel sample
starts to cool down due to the external heat extraction and
internal heat conduction combined with solidification.
When the sample bottom surface reaches the equilibrium
melting temperature solidification starts immediately and
the interface (solidification front) changes from an initial
liquid—solid to a solid—solid contact.

The thermal history shown in Fig. 4 reflects the com-
petition between the external heat extraction and internal
heat conduction during early solidification period. Al-
though the solidification already started the average sample
temperature and the temperature at the sample top are still
above T,,; former one due to the temperature in the sample
middle which is at that time still close to 7T, and latter one
due to slow heat extraction (h, = 5 x 10*> W/m? K). Be-
cause of the large temperature difference between the
sample and the substrate and the large interfacial heat
transfer coefficient (h = 1 X 10* W/m? K), the rate of heat
conduction dominates the rate of solidification. The inter-
face solid-liquid with fixed interface temperature (7,,)
moves into the superheated melt and the heat is conducted
away through the solidified sample and the substrate.

Due to the heat conduction just prior to nucleation the
substrate interface temperature increases up to the some
plateau temperature ~315 K (Fig. 4), which forms a tem-
perature jump at the contact surface (Fig. 5a). This rapid
increase of the substrate interface temperature is a conse-
quence of the large and fast heat transfer (high heat flux
over a short time) in direction sample—substrate, finite
thermal diffusion in substrate (not enough time for heat
energy to diffuse into the substrate), but also very good
contact between the nickel melt and the substrate. At t;
= 9.2 ms the solidification starts and temperature gradients
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Fig. 4 Time-dependent temperature profiles for the sample (top
surface temperature and the average temperature, T,.g) and the
substrate interface surface during solidification of nickel on copper
substrate (without undercooling)
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Fig. 5 Temperature evolution across the sample center during
solidification of nickel on copper substrate (without undercooling)
in (a) vertical (substrate—sample) and (b) horizontal directions. The
inset gives corresponding time-dependent solid fraction
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on both sides across the contact surface decrease signifi-
cantly as the interface liquid—solid moves far away from
the sample bottom increasing solid fraction of the sample.
It can be seen (Fig. 5) that at the beginning the solidifi-
cation rate (change in fraction of solid with time) is low but
after ~150 ms it approaches almost constant and much
higher value (~ 215 %/s from the inset in Fig. 5a). The
substrate interface temperature starts to decrease too. The
temperature gradient in the liquid part of the sample de-
creases as the process continues (Fig. 5a). For the late stage
of solidification temperature jump approaches uniform
value. When the solidification process ended (f, = 0.57 s)
the sample starts to cool down only.

Figure 5b shows the time-dependent temperature pro-
files for the middle of the sample in horizontal direction
across the center of the sample. It can be seen that main
solidification process occurs along growth axis (substrate—
sample) mostly due to the heat transfer through the inter-
face sample—substrate, but followed by the solidification on
both left and right side along the sample surface. Just after
nucleation (0.01 s) the temperature in the center of the
sample is close to T,, whereas on both left and right sides
much lower due to the heat extraction through the sample
surface. During further solidification temperature along the
central line decreases but all CVs are still liquid. At 0.1 s
initial convex interface starts to change to concave profile
due to formation of solidified layers (solid ‘‘shell’’ in three
dimensions) on the sample surface boundary. After that
solidification progresses by simultaneously solidification of
the central part of the sample as well as of solidified layers,
which increase in thickness and in height. At 0.3 s the
solidification front is already above the sample middle and
the solidified layers very close to the sample top. Concave
solidification front located now close to y-axis goes up and
at 0.55 s only the sample top is still liquid. The cooling rate
of the sample center during solidification can be estimated
to be on the order 0.5 x 10° K/s. Then solidification ends
and solidified sample cools down at approximately the
same rate everywhere.

Figure 6 shows the influence of the interfacial heat
transfer coefficient to the solidification process. Since &
defines the rate of heat transfer from the sample to the
substrate, it is expected that the shortest solidification time
(0.36 s) will be obtained for & =5 x 10* W/m* K, com-
pared to 0.41 s obtained for & = 3 x 10* W/m? K. It can be
seen that higher heat transfer from the sample to the sub-
strate increases the substrate interface temperature even to
over 360 K in very short time prior to nucleation. How-
ever, as the bottom sample nucleates and solidifies, the
substrate surface temperature starts to decrease with higher
rate corresponding to higher heat transfer coefficient.
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Solidification with undercooling

Rapid solidification process is usually accompanied by a
large undercooling prior to nucleation at the contact
interface substrate—sample, which basically changes
solidification kinetic conditions, as it was mentioned
above. In our approach the solidification starts when the
sample bottom surface reaches the nucleation temperature
T,., — AT due to the heat conduction and the interface
changes from an initial liquid—solid to a solid—solid con-
tact. The solidification front moves into a supercooled melt,
where the melt itself absorbs most of the latent heat and the
recalescence takes place. The velocity of moving interface
solid-liquid becomes now directly proportional to the
undercooling by the linear relationship (6). If the kinetic
coefficient y,, is considerably large one can expect large
interface velocity at least in the early stage of the rec-
alescence. However, if this velocity is extremely large the
interface can become (numerically) unstable (the negative
average gradient due to dominated negative gradient in
front of the interface), when some temperature restriction
on the solid side must be introduced. During later stage of
recalescence melt undercooling is exhausted and this sta-
bility problem does not exist any more. In our simulation it
will be assumed that y,, = 0.02 m/s K.

Figure 7 shows the thermal history for solidification of
nickel with the undercooling AT = 100 K. It is seen that
the solidification is delayed because a longer time is needed
to cool down melt to the nucleation temperature. When the
sample bottom surface temperature drops down just bellow
the nucleation temperature (1626 K), the sample top sur-
face cools down bellow the melting temperature due to the
heat convection and the radiation, which local minimum
depends on the heat transfer coefficient h.. For

1800 - \
v 1600 + h1=3x10" W/m’K
— 1 t1=5.3ms
o 1400 t2=0.41s
) ] h2=5x10" W/m’K
*,é 1200 4 ti~2.6ms ™2 h1
:aj t2=0.36s Sam Sam
e 360 4 o2
340 ] sub -
1 TSub
320
300 U : : , I
0.0 0.2 0.4 0.6
Time [s]

Fig. 6 Dependence of the sample top surface temperature (7s,,) and
the substrate interface surface temperature (7s,,) on the interfacial
heat transfer coefficient during solidification of nickel on copper
substrate (without undercooling)

h. =5 x 10> W/m? K this minimum is above the nucle-
ation temperature because the heat extraction through the
contact surface dominates before nucleation. At the same
time, the average temperature of the sample is above 7,
due to large superheating that still exist inside the sample.
After that nucleation occurs (#; = 33 ms) and the interface
recalesces close to the equilibrium melting temperature
depending on the interface velocity (6) and the underco-
oling. This process is followed by the liberation of great
amount of latent heat, which will heat up the liquid sample
in front of the interface solid-liquid. It also means that the
interface starts to move with high velocity inside the liquid
sample, which then produces high solidification rate (up to
more than 20% solid fraction in very short time, Fig. 8).
Since this released latent heat cannot be transferred through
the substrate immediately, the substrate interface temper-
ature reaches its maximum. At this stage the temperature at
the interface solid-liquid is already very close to the
melting temperature. Therefore the interface velocity starts
to decrease and solidification rate decreases too (~530 %/s
using the inset in Fig. 8a). The heat transfer through the
substrate can continue and the substrate interface temper-
ature decreases. When the solidification ends (¢; = 0.183 s)
the solidified sample starts to cool down.

Figure 8 shows the temperature profiles in vertical and
horizontal directions across the center of the sample during
solidification. The main solidification process occurs in
growth axis direction substrate—sample due to the heat
transfer through the contact interface sample—substrate. At
0.02 s the melt cools down continuously, whereas the
interface is still at temperature above the nucleation tem-
perature, the lateral surfaces above the melting temperature
and the middle of the sample just bellow the initial tem-
perature, T,. At 0.05 s solidification, which started at
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1809 un=0.02 m/sK
™\ : Top Sample ;. AT=100 K
£ ]
1600 -
o
S
5
i)
o
o 14004 | ;
E‘ 215 F ‘Substrate Interface
a | - H
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310 ; i
i ; 1t2=0.183s
s0s )] £1=0.033s
300 T T T T T T
0.0 0.1 0.2 0.3
Time [s]

Fig. 7 Time-dependent temperature profiles for the sample (top
surface temperature and the average temperature, T,.g) and the
substrate interface surface during solidification of nickel on copper
substrate (with undercooling)
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Fig. 8 Temperature evolution across the sample center during
solidification of nickel on copper substrate (with undercooling) in
(a) vertical (substrate—sample) and (b) horizontal directions. The inset
gives corresponding time-dependent solid fraction

0.033 s, developed the concave solidification front with
rather thick lateral solidified layers. The sample middle is
now at lower temperature but still liquid. This process
continues up to 0.12 s. Then the sample middle solidified
and for 0.16 s almost 80% of the sample is solidified,
whereas at 0.18 s melt exist only around the sample top
surface. Using computed temperature profiles (Fig. 8b) the
cooling rate of the sample center during solidification can
be estimated to be on the order 1 x 10* K/s. This value
agrees with typical cooling rates of the spherical arc-melted
specimens that were estimated to be higher than 10° K/s
[12]. Full solidification of the sample takes place at 0.183 s
and single phase cooling down continues.

Although the undercooling determines kinetics of
solidification, the heat transfer through the substrate
defined by the heat transfer coefficient is also important
parameter. Figure 9 shows two temperature profiles (for
h=3x 10*W/m?>K and h =5 x 10* W/m? K) for the
sample (at its top and the average temperature) and the
substrate. Increasing % at constant u ,, enhances the rate of
internal heat extraction through the substrate producing

@ Springer

shorter solidification time (from #, = 0.16 s to t, = 0.13 s)
and shorter cooling time (higher cooling rate) after solidifi-
cation.

Conclusion

In this paper we have proposed computer-based method for
simulation of rapid solidification of spherical sample on
colder substrate as heat sink. Introduction of CVs for def-
inition of the sample domain allowed us to track curved
interface solid-liquid across neighboring CVs of different
phases in both horizontal and vertical directions. Assuming
that the interface configuration sample—substrate is stable
during the entire solidification process, we have defined 2-
D finite difference heat conduction model with moving
solid-liquid interface for solidification with and without
undercooling. The method is semi-implicit with the explicit
schemes during single phase cooling (melt cooling and
solidified sample cooling) and with fully implicit schemes
for rapid solidification (two phase). The model developed
includes the effects of the heat transfer through the sub-
strate, but also through the sample surface by the convec-
tion and the radiation. Although the mathematical
formulation and the solution methodology developed are
general, pure nickel spherical sample on copper substrate is
used as model experiment in order to illustrate the validity
of the method. Computed thermal histories for both
solidifications without and with undercooling showed that
this technique is able to study quantitatively the whole
solidification process, including the recalescence in the
case of undercooled melt. We believe that with some
modification this method can also be used, as predictive

hl 4 2
h1=3x10 W/mK
1800 Avrg £1=9. 4ms
t2=0.16s
2 1600 hz=5x10" W/m’K
= Avrg ti~4dms
[0} t2=0.13s
o
3 1400 4
8 hl
@ Sam
£ 1200 om
0] - h2
B 3601 L
340]
9 hl
320 Tew
g un=0.02 m/sK AT=100 K
300 ; T " T " T
0.0 0.1 0.2 0.3

Time [s]

Fig. 9 Dependence of the sample top surface temperature (7s,), the
average temperature (Tay,) and the substrate interface surface
temperature (Ts,p) on the interfacial heat transfer coefficient during
solidification of nickel on copper substrate (with undercooling)
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method for control of rapidly solidifying sample for
achieving desired sample microstructures and properties.
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