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In directional solidification experiments an alloy is placed in the thermal gradient assembly and kept stationary to achieve a
steady-state thermal profile. During this time an interface motion occurs that is experimentally characterized and shown to generate
a solute boundary layer at the interface whose thickness depends on the time the sample is kept stationary before the external veloc-
ity is imposed. This boundary layer must be included in the theoretical description of the initial transient during a planar front

growth.
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The dynamics of solid-liquid interfaces plays a
crucial role in the evolution of microstructures during
directional solidification of alloys. The most basic pro-
cess is the motion of a planar interface in a binary alloy
system that is controlled by the development of a solute
boundary layer with time until a steady-state condition
is reached. Theoretical models have been proposed by
using approximate analytical treatments or numerical
simulations [1-6]. In all the models proposed so far,
the sample is considered to solidify from one end so that
the initial composition in the liquid is uniform. In con-
trast, in directional solidification experiments, a solid
alloy of uniform composition is placed in a thermal gra-
dient stage. The sample is generally held stationary until
a steady-state thermal profile is established and a planar
interface forms [7]. The sample is then moved at a fixed
rate to achieve directional solidification.

When the sample is placed in the thermal gradient
stage (Fig. 1a) the liquid and solid are at the initial alloy
composition far from the interface, but the liquid and
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solid compositions at the interface must be different
for local equilibrium to be present. Therefore, solute
boundary layers develop, as schematized in Figure 1b,
which in turn influence the concentration field when
the sample is directionally solidified, and must be taken
into account in the description of the initial transient
during the planar front growth.

Nguyen Thi et al. [8] first characterized the presence
of an initial solute boundary layer in an Al-1.5 wt.% Ni
alloy. They discussed the homogenization process by
temperature gradient zone melting process in the mushy
zone, and concluded that when liquid diffusion is the
mode of transport, the limiting condition of a homoge-
neous liquid may not be fulfilled due to the very long
time required.

The present study examines the dynamics of the planar
interface that forms quickly in a dilute alloy of a transpar-
ent system in the presence of a thermal gradient but no
externally imposed velocity. We seek to determine the
position or temperature of the interface when the inter-
face stabilizes and remains stationary within the temper-
ature gradient. For a pure material the interface will be at
the melting point isotherm. However, in a binary system
the interface temperature can have any value between
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Figure 1. (a) Experimental setup in which a solid of initial uniform
composition, Cp, is placed in the thermal gradient stage with zero
imposed velocity. Composition profiles develop in the solid and liquid
to maintain local equilibrium at the interface while the interface
recoils, as illustrated in the schematic snapshot in (b) with boundary
layer equivalent profiles in (c). The temperature profiles obtained from
two thermocouples, shown in (d), overlap when relatively displaced by
the distance between the thermocouples, hence confirming a homoge-
neous thermal gradient G = 1.8 °C mm ™.

the liquidus and the solidus temperatures, and the inter-
face must stabilize between these two temperatures.

Experiments were carried out with succinonitrile
(SCN)-0.25 wt.% camphor. As-received SCN was first
purified by distillation and a zone-refining process. Cam-
phor with initial purity of 98 wt.% was sublimated twice
at a temperature of 353 K under vacuum of 45 Pa.
High-purity SCN was then mixed with a camphor in a
glovebox filled with an inert environment of nitrogen to
obtain the SCN-0.25 wt.% camphor mixture. The liquid
alloy was introduced into the sample cell and cooled
quickly to obtain a solid sample of fine microstructure
that consisted of equiaxed dendrites and eutectic. A rect-
angular sample 100 um thick was used to minimize con-
vection in the liquid. Two additional cells, identical to
the sample cell, were also prepared, and calibrated ther-
mocouples were placed in these two cells. The cells with
thermocouples were placed on the two sides of the sample
cell, and the three-cell assembly was placed in the temper-
ature gradient stage. The hot and cold baths were main-
tained at 73 and 48 °C, respectively, yielding a nominal
thermal gradient of 1.8 °C mm ',

The thermocouples in the outer cells were placed at a
fixed distance from each other in the growth direction,
such that the solid-liquid interface in the center sample
was present between these two thermocouples. First the

sample assembly was directionally solidified at a fixed
growth rate, and the temperature profiles given by the
two thermocouples were characterized. When displaced
by the distance between the thermocouples, the tempera-
ture profiles from the two thermocouples overlapped, as
shown in Figure 1d, hence confirming the presence of
steady-state thermal field. The temperature gradient mea-
sured in the region between the two thermocouples was
1.8 °C mm ™!, identical to a direct calculation from the
measured temperature at the two thermocouples divided
by the distance between them, hence confirming a linear
temperature profile in the sample near the interface.

The temperature profiles are linear and continuous
through the solid-liquid interface since the thermal con-
ductivities of solid and liquid SCN are nearly equal, at
0.225 and 0.223 W K" m™', respectively [9]. Thus, the
interface temperature can be calculated at any time from
the thermal gradient value and the location of the interface.

A fresh sample cell was prepared and placed in the
thermal gradient for quantitative measurements of inter-
face position with time with no imposed velocity. Once
the sample was placed in the thermal gradient stage,
melting in the hot zone occurred rapidly above the liqui-
dus temperature and a planar solid-liquid interface
formed. Since the sample is held stationary the thermo-
couple positions remain fixed and only the interface posi-
tion changes with time. The evolution of the interface
location was measured from a fixed reference position,
which was taken as the sharp edge of the cold chamber.
The initial position of the interface was then taken as
x =0, and the positive x direction was taken towards
the cold stage. The measured position of the interface
with time, x,(t), appears in Figure 2.

Given the constant temperature gradient, the variation
of interface temperature with time is calculated, as shown
on the right hand side of Figure 2. From the expression
given by Teng and Liu [10], the liquidus temperature for
the alloy of composition Cy= 0.25 wt.% camphor is
T; = 57.73 °C. The solidus temperature at Cy measured
as the interface temperature during steady-state planar
interface growth is T = 56.45 °C. Hence, assuming lin-
ear liquidus and solidus lines from the melting tempera-
ture of pure SCN, T,, with T;=57.73°C and
Ts=56.45 °C, and using a solute partition coefficient,
k=0.21[10], the liquidus line of the alloy follows
T = Ty + mC; with Ty, = 58.07 °C and a liquidus slope
m=—1.361°C wt.% '. Therefore, we can plot the
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Figure 2. Experimental measurement of the time evolution of interface
position xf#) (left y-axis) and corresponding calculated evolution of
the interface temperature and liquid interface composition (right axes).
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variation of the interface composition in the liquid, as
shown on the right-hand side of Figure 2.

First, the interface moves towards the cold stage so
that the interface temperature decreases with time. The
interface temperature goes through a minimum at =
57.43 °C (i.e. an interface composition maximum of
~0.47 wt% camphor). Then the direction of the interface
motion changes, moving towards the hot stage with
decreasing rate until the interface approaches a fixed
position. The final stationary position of the interface
is at a temperature 57.58 °C. Since the freezing range
of the alloy is ATy=Ty — Ts=1.28°C, the final
interface undercooling is AT =0.15°, i.e. a dimension-
less undercooling AT/AT,=0.117, and a final liquid
interface composition of 0.36 wt% camphor.

Hence, the solid first melts and then solidification
occurs until the interface velocity slowly approaches zero.
Initially when the sample is placed in the thermal gradient
stage, a small region of two-phase structure is observed
behind the interface in the solid matrix that contains
droplets of liquid. These droplets migrate towards the
interface due to temperature gradient zone melting [8].
The liquid bubbles of high solute concentration get incor-
porated into the liquid at the interface, hence causing the
liquid interface composition to increase and the interface
to melt. When all the droplets are removed, the liquid
interface composition is maximum, and then decreases
until a constant interface composition is reached.

One important observations is that when the interface
is not subject to an externally imposed velocity it
approaches a stationary position after a long time at
which point the velocity of the interface approaches zero
and the interface stabilizes at a temperature below the
alloy liquidus. In our experiment, the interface velocity
approaches zero after 14 days. This is not an equilibrium
condition since that would require constant composi-
tions in the liquid and in the solid, or more accurately
constant chemical potential of the solute in the system
since the temperature is not homogeneous. Global equi-
librium will not occur due to kinetic limitations because
of the slow diffusion in solid.

To estimate the dynamics of the interface in a
purely diffusive regime, we solve numerically the one-
dimensional sharp-interface problem of two equations
controlling the dynamics of the interface, namely the
diffusion equation in the bulk phases:

2
%2t 1)
ot Ox?
and the Stefan’s condition, i.e. the flux balance at the
interface:

. oC
(1 = k)Citi(1) = D . D (2)
where Dg and D are the solute diffusion coefficients in
the solid and liquid, respectively, x{¢) is the position of
the interface with its time derivative x;(¢), and the sub-
script S (L) in the right-hand side of Stefan’s condition
stands for the composition gradient on the solid (liquid)
side of the interface at x = x{¢). For numerical conve-
nience, we apply the change of variable y = x/x1), such
that the constitutive equations of the model become:
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Figure 3. Calculated evolution of the solid-liquid interface position xz)
(a) and solute composition profiles (b,c) as predicted by a sharp-interface
1-D diffusion model, i.e. Egs. (1) and (2), with k =0.21, D, =2.4 10710
m?s~! and Dg/D; = 0.3. Snapshot symbols in (a) correspond to the
composition profile snapshots represented at the scale of the interface
motion in (b) and at the much larger scale of diffusion in (c¢), with similar
symbols marking the interface position x,(¢) on the bottom axis of (b).
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We solve these two equations numerically using finite
differences and an explicit Euler time scheme. Figure 3
shows the results of the model for C;=0.25wt.%,
k=0.21, a liquid diffusivity D, =2.410"'"m?s~'[10],
an illustrative solid diffusivity Dg = 0.3 D;, and a temper-
ature gradient of 1.8 °C mm~'. These calculations do not
account for the presence of the two-phase region with
high-concentration liquid bubbles, and therefore do not
predict the maximum recoil value seen experimentally.
However, Figure 3a shows the steep initial slope of x[1),
and the interface quickly stabilizes to a fixed position,
even though composition profiles on both sides of the
interface are still evolving toward a complete equilibrium
at much longer time and length scales, as seen in Figure 3b
(close to the interface) and Figure 3c (at a larger length
scale). These results show that only when diffusion in
the two phases is considered, a finite amount of initial
undercooling is present at the interface that is associated
with a solute boundary layer in the liquid.

We now examine the factors that determine the mag-
nitude of the interface undercooling when the interface
velocity approaches zero for a stationary sample. In a
semi-infinite phase, the 1-D moving boundary problem
admits a well-known analytical solution (e.g. Appen-
dix 1 in Ref. [9]) that appears by taking x =0 at the
interface and combining x and ¢ into z= x(Dt)*l/ 2
hence changing the diffusion Eq. (1) to:
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integration of which yields the similarity solution for the
composition profile:

0, (5)

Clx,t) = C* 4 (C° = C)erf (\/%5) (6)
with .
erf(z) = % /0 exp(—u?) du, )

and the integration constants identified through the
boundary conditions C(0,f) = C* at the interface and
C(00, 1) = Cp far away in the bulk. These composition pro-
files are present in both phases with C* = C; in the liquid
and C* = kC; in the solid, if x is the distance to the inter-
face. Given the error function composition profiles in both
phases, we can introduce the diffusion lengths in the solid
dgand in the liquid §,, as illustrated in Figure Ic, and write
the flux balance at the interface (2) with x;(¢) = 0 as:

kC; — Cy Co—C;
D —D
T o ba
By defining the diffusivities ratio « = Dg/D;, the flux
balance at the interface yields:

(Ci=Co) s
(Co—kC)) 3, ®)

In addition to the interfacial flux balance, one must
also satisfy the total solute mass balance of the system
that requires that the depletion of solute in the solid
be equal to the build-up of solute in the liquid, which
can be written as:

(Ci - CO)(éL) = (Co - kci)(és)- (10)

Substituting the resulting value of d¢/6; into the
interface flux balance one obtains:

G 1+ @'
Co 1+k()?

This result, which can be identically obtained using
the exact error function profiles, shows that the compo-
sition at the interface when the interface velocity
approaches zero depends on the ratio of the diffusivities
in the solid and the liquid.

We now consider the limiting cases. For zero diffu-
sion in the solid, i.e. « =0, C; = Cy and the interface is

~ 0. (8)
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Figure 4. Predictions of the solid-liquid interface position evolution
x{(t) calculated by the sharp-interface model for different values of the
diffusivity ratio o = Dg/D;.

at the liquidus temperature; for o — oo, C; = Co/k and
the planar interface is at the solidus temperature. Thus
the stationary interface temperature will vary from the
liquidus to the solidus temperature as the ratio of diffu-
sivities varies from zero to infinity. This is confirmed by
the simulation results in Figure 4, where we show the
time evolution of the interface for different values of
the diffusivity ratio. Since Dg= oo is not realistic, the
largest value of Dg is considered to be D;, so that
o =1 and thus C;/—[2/(1 + k)]Cy. Additionally, by mea-
suring the recoil of the planar interface, this analysis can
yield a valuable estimate of the diffusivity ratio, e.g. here
o~ 0.3 since the recoil measured experimentally is
~70 um (see Figs. 2 and 4). Note that this value of the
ratio is overestimated since the presence of the two-
phase region in the solid is not considered in the model.

We have established the presence of solute boundary
layers while an alloy sample is kept stationary in the ther-
mal gradient zone. The diffusion dynamics are very slow,
so that a very long time would be required to approach
constant interface compositions. The presence of solute
boundary layers before the sample is moved will signifi-
cantly influence the subsequent solute build-up dynamics
when a planar interface growth is initiated by moving
sample, as shown recently by Fabiettiet al. [11]. To deter-
mine the precise interface transient dynamics after the
sample translation is initiated, one needs to characterize
the initial solute boundary layer. While this is not impor-
tant to obtain a zero interface velocity, which may take a
very long time, it is critical to measure the interface tem-
perature at the start of the directional solidification in
order to estimate the initial composition profile in front
of the interface and use it as initial condition for the anal-
ysis of directional solidification when the sample is trans-
lated with respect to the thermal gradient. Simple
measurements of interface position vs. time are not suffi-
cient since they do not provide any information on the
extent of the initial boundary layer present.
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