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Abstract. Directional solidification experiments were conducted in a succinonitrile-0.24 wt% camphor alloy
with an emphasis on the planar front interface temperature dynamics using different sample thicknesses.
The interface temperature was found to depend significantly on the thickness due to non-negligible convec-
tion effects in the thicker samples. The results were interpreted with the help of an order of magnitude analy-
sis and a boundary layer model, which permitted estimation of the solute macrosegregation profile. The ex-
periments and corresponding analyses performed in this work constitute an experimental characterization
of convection effects as a function of sample thickness.
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2 Fatima L. Mota et al.

Résumé. Des expériences de solidification dirigée ont été menées dans un alliage succinonitrile-0,24% en
poids de camphre en se concentrant sur la dynamique de la température de I'interface du front plan en uti-
lisant différentes épaisseurs d’échantillons. La température d’interface s’est avérée dépendre de maniere si-
gnificative de 1'épaisseur en raison d’effets de convection non négligeables dans les échantillons plus épais.
Les résultats ont été interprétés a I'aide d’'une analyse d’ordre de grandeur et d'un modele de couche limite,
qui ont permis d’estimer le profil de macroségrégation du soluté. Les expériences et les analyses correspon-
dantes réalisées dans ce travail constituent une caractérisation expérimentale des effets de convection en
fonction de I'épaisseur de I'échantillon.

Keywords. Directional solidification, Planar interface dynamics, Convection, Succinonitrile-camphor binary
system, Solute boundary layer.

Mots-clés. Solidification dirigée, Dynamique des interfaces planes, Convection, Systéme binaire
succinonitrile-camphre, Couche limite solutate.

1. Introduction

Macrosegregation, i.e. the non-homogeneous macroscopic distribution of alloy components in
the solidified casting, can significantly deteriorate the mechanical properties and the processing
characteristics of the material. While macrosegregation can usually be kept within acceptable
margins, it is desirable to control and minimize it in order to improve and optimize the product
quality and process efficiency [1-4]. The metallurgical industry typically faces difficulties in the
production of materials free from macrosegregation. Several processes can contribute to the ex-
istence of segregation such as long-range diffusion, liquid flow due to shrinkage, melt convec-
tion, solid deformation and transport of solid grains/fragments. Natural convection in the melt
disturbs the homogeneity of processing conditions in bulk samples and, hence, microstructure
formation [5-8]. Two ways are available to get rid of this natural convection in the melt during ex-
periments: under low-gravity conditions or using thin-samples to limit the extent of convection
through confinement.

Directional solidification techniques permit study of situations ranging from metal casting
to model experiments on interface pattern selection and dynamics [9-11]. It has long been rec-
ognized that it is convenient to introduce length scales in the theoretical analysis and model-
ing of alloy solidification. Two of them can be defined by considering steady-state solidifica-
tion with planar front: the solutal diffusion length I given by the ratio D;/V, with D; the so-
lute diffusion coefficient in the melt and V the pulling velocity; and the thermal diffusion length
It = (k—1)mpCy/ kG, with k the solute partition coefficient, m the liquidus slope, Cy the nomi-
nal concentration and G the thermal gradient. The use of thin-sample geometries, where the dis-
tance between specimen walls is smaller than, or comparable to, the characteristic microstruc-
ture spacing, makes easier the comparison to two-dimensional theories and numerical calcula-
tions. This is in part justified by the fact that the solutal diffusion length is typically much larger
than the sample thickness [12]. The geometrical confinement imposed in thin-samples is a way
to influence the solidification microstructures formation.

Studies on eutectic growth have shown that there is a decisive influence of geometrical con-
straints on the array geometry, and morphologies in thin specimens vary between the two ex-
treme limits of perfectly circular rods and completely lamellar structures with several distorted
rod geometries in between [13, 14]. Confinement can trigger a transition from rods to lamellae,
even for growth conditions and alloy compositions where rods would be the preferred morphol-
ogy in extended systems [15]. The confinement effect on dendritic and cellular microstructures
has been extensively studied both experimental and numerically [12, 16-28]. It has already been
proven that sample thickness has an influence on cellular branches [29-35] and cell-dendrite
transition [36] in directional solidification of binary alloys; the physical reason being that the
thickness is shorter than the solutal diffusion length at low velocities [37]. Liu et al. [38] and
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Fatima L. Mota et al. 3

Athreya et al. [16] experimental and numerically studied the effect of dimensionality on mi-
crostructures in directional solidified succinonitrile-salol alloys. They were studying the role of
confinement in dendritic growth and found that its effects became important when the container
size is on the order of the primary dendrite spacing.

In contrast, very little information is available on finite-size effects on the planar front tem-
perature during directional solidification of binary alloys. If local equilibrium conditions at the
interface are satisfied and growth is controlled by diffusion, the planar interface temperature at
steady-state corresponds to the solidus temperature at the nominal alloy concentration Cy. How-
ever, convection in the liquid can be present during growth and makes the steady-state temper-
ature at the front deviate from the solidus temperature. For a given thermal gradient G, there
are two critical experimental parameters playing a role on the convection effects: the growth rate
and the sample thickness. The convection effects can be made negligible by increasing the growth
rate or reducing the sample thickness. Since low velocities are required to maintain a stable pla-
nar front during growth, the only choice is to check if the thickness is small enough to make
convection effects negligible. The effect of crucible diameter reduction on the convection and
macrosegregation has been raised during directional solidification of Pb-Sb alloys [39, 40]. The
solutal profiles obtained during plane front solidification are clearly not those expected from a
diffusive mass transport. Their segregation pattern indicates extensive convection and mixing
during directional solidification. The extent of macrosegregation, however, shows a systematic
decrease with the decreasing crucible diameter. So, the intensity of convection decreases while
the crucible diameter decreases.

Since the pioneering work of Burton, Prim and Slichter (BPS) [41], simplified models for pre-
dicting the longitudinal macrosegregation during crystal growth have been developed by consid-
ering the general non-stationary diffusion problem within a zone of extent § in front of the in-
terface, with a melt of spatially uniform composition outside this diffusion layer [42]. Karma et
al. [43] (KRFT) assumed a non-constant interface velocity, and their model reduces to the pre-
vious ones only in the case of both the concentration field and interface velocity being con-
stant. When no convection effects are present in the melt, the purely diffusive limit is found,
equivalent to Warren and Langer model [44], which physically corresponds to a boundary layer
thickness much larger than the solutal diffusion length I;. In the case of convection effects be-
ing present, in the limit of an infinite sample length, the melt composition remains constant and
equal to the alloy composition, which is equivalent to the well-known segregation equation de-
veloped by BPS [41]. In KRFT model, the composition in the solid C; is governed by the non-
dimensional boundary layer thickness Axgrr = 6 V/Dy: the limiting case of diffusive growth oc-
curs when Axgrr — oo where C = Cp; and complete mixing in the liquid occurs when Aggpr — 0
where Cs = kCy. The KRFT model is then an improvement of the previous models of macroseg-
regation, and its basic equations, initially developed for peritectic systems, can be easily adapted
to interpret the growth of other binary alloys with a planar solid-liquid interface.

An order of magnitude analysis (OMA) was developed by Camel and Favier [45, 46] for a two-
dimensional rectangular solidification system with the growth planar interface parallel to the
gravity vector g. They assumed: negligible convective heat flow (low Prandtl number), adiabatic
upper and lower walls, laminar regime (convection not too strong), two-dimensional fluid veloc-
ity field and steady fluid motion, a Newtonian fluid and transport properties independent of the
temperature and concentration. Their technique consists in non-dimensionalizing the equations
of the problem, taking into account the expected variable variations. Then, the non-dimensional
coeflicients are compared and their order of magnitude evaluated. Different regimes can be de-
fined as a function of the non-dimensional numbers, Grashof-Schmidt GrSc= frgZ*/vDy and
Péclet Pe = VZ /Dy, where Br is the thermal expansion coefficient, Z is the smallest sample
dimension between height (H) and length (L) of the confined liquid zone, v is the kinematic
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viscosity, and Dy is the diffusion coefficient in the liquid. The corresponding limiting lines can
be drawn in a diagram that permits analysis of the segregation behavior as a function of the prob-
lem’s data (Figure 7 of [45] or Figure 4 of [46]). A variety of Péclet number definitions can be found
in the literature, the main difference between them lies in the underlying assumptions about so-
lute transport. The authors choose to use the structural definition previously given, where the
characteristic length of the system is related to the Bridgman growth configuration.

For a sample of infinite length L (aspect ratio A = L/H much higher than 1), two different
regimes can be distinguished: a convective-diffusive boundary layer regime where the dominant
driving force is the thermal buoyancy driven convection; and a diffusive boundary layer regime
where the dominant driving force is the solute rejection at the interface. The convecto-diffusive
transition is found when the maximum fluid flow velocity becomes of the order of the diffusion
rate imposed by solidification (i.e. the growth rate) [47]. The transition is given by:

GrSc=Pée* if {Pe>5and GrSc> 625} )}
1 125
GrSc=125Pe if {Z < Pe and 7 < GrSc< 625}. 2)

For a sample of finite length, there is an additional limited diffusion regime where solute
diffusion extends over the whole liquid length (Pe < 1/ A and GrSc < 125/ A). Looking at (1) and
the definitions of Pe and GrSc, for a given thermal gradient G on Earth (g = 9.81 m/s?), the
convecto-diffusive transition depends only on the pulling rate V. However, in the region defined
by (2), dependence is seen on the pulling rate V and the smallest dimension of the sample.

There is a good qualitative agreement between this analysis and experimental results obtained
during solidification of metallic alloys and semiconductors (Figure 4 of [46]). In order to get rid
of convection effects, one can rather increase the pulling rate or decrease the sample thickness.
Based on the previous equations, for a given pulling rate V and thermal gradient G, the critical
dimension limiting the transition between convective—diffusive boundary layer and diffusive
boundary layer regimes can be estimated using the relation:

125V )3
c:( ) . (3)

BrgG

The OMA described above was developed for the solidification of a doped metal or semicon-
ductor in a simplified horizontal Bridgman crystal growth configuration. These kind of materials
have a low Prandtl number (Pr), which means that the thermal diffusion is very quick in com-
parison to the momentum transport diffusion. However, as evidenced in their work, there is a
wide range of control parameters where solute convective transport occurs, while heat transfer
remains mainly conductive. For example, for an aluminum (Al)-0.4 wt% copper (Cu) alloy, whose
thermal diffusion length is one order of magnitude higher than the solutal diffusion length, one
may have a solutal diffusion-controlled growth if the experiments are performed in reduced grav-
ity. The comparison between the obtained laws of the OMA and experimental literature results
did not concern any organic material that, in general, presented Prandtl numbers higher than 1.
In the present work, the validity of this OMA will be tested for the organic transparent alloy succi-
nonitrile (SCN)-camphor (Pr = 20). This transparent organic analog behaves like metallic alloys
concerning solidification and its main advantages are: transparency to visible light, so that in situ
and real time observation of the interface can be made by classical optical techniques; and low
melting temperature (=58 °C), which simplifies the design of the Bridgman furnace. Based on the
material properties (Table 1) and the imposed experimental conditions (described in later sec-
tions), one would have solidification controlled by solutal diffusion. But it will be shown that there
is arange of parameters for which itis not the case. In that way, thin-sample directional solidifica-
tion experiments with stable planar front growth were realized with different sample thicknesses.
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The experimental data were further interpreted using a boundary layer model of planar interface
dynamics allowing to access quantitatively the effect of convection [43].

2. Experimental procedure

The SCN was purified by distillation under vacuum followed by zone refining as in previous
works [48]. The purity was characterized by the freezing range (0.003 °C) which corresponds to
99.9998%. Camphor was sublimated under vacuum from the 98% commercial product. An alloy
0f 0.24 wt% camphor composition was prepared inside the glovebox under the protection of high-
purity nitrogen. Nitrogen atmosphere was preferred over argon because previous studies have
shown that the addition of argon provides a dilute solute with SCN [49, 50].

For the directional solidification experiments, the liquid alloy was introduced into rectangular
thin sandwiched glass cells (4 x 300 mm) of different thicknesses (from 12.5 to 200 um) inside the
glovebox under high-purity nitrogen atmosphere. Two additional cells, identical to the sample
cells, were also prepared with pure SCN and eutectic composition (23.6 wt% camphor). These
additional cells were placed on the two sides of the sample cell, and the three-cell assembly
was placed in the temperature gradient stage for stabilization. The hot and cold baths were
maintained at 97 and 3.5 °C, respectively, yielding a nominal thermal gradient of 78 ° C/cm based
on the pure SCN and eutectic positions and their respective known temperatures (58.08 and
37.7°C [51]). The gradient measurement was double checked using a sample similar to those used
in directional solidification experiments but filled with a K-type thermocouple and pure SCN.
The gradient was measured by pushing the thermocouple into the hot zone one centimeter and
pulling it out at a velocity of 2.5 um/s. This allowed the measured position of the thermocouple
to be related to the sampled temperature by time. The measured gradient, 74 °C/cm, was the
result of a linear fit of the temperature-distance relationship. The samples were then directionally
solidified at a constant pulling velocity V for a long time until the presence of steady-state growth
was established. The evolution of interface position with time was measured and the interface
temperature was determined from its position knowing the pure SCN position and the thermal
gradient.

3. Results and discussion

The binary alloy, SCN-0.24 wt% camphor, was solidified by pulling through a fixed thermal
gradient. The planar solid-liquid interface can be destabilized by increasing the velocity, thus
giving rise to cellular or dendritic microstructures. The critical velocity V; leading to the transition
from a planar to a cellular front can be calculated using the Mullins-Sekerka linear stability
analysis [52], V; = kGDr/(k—1)mpCy, and is equal to 0.48 pm/s (material properties given in
Table 1). Although, the main focus of this work was on planar front temperature (V should be
lower than V;), some directional solidification experiments were performed with a pulling rate
higher than V; (V =1 um/s) using samples of thicknesses between 25 and 100 um. Under these
experimental conditions, the morphological instability appeared at the interface after the initial
transient, and cellular patterns were obtained in steady-state growth (Figure 1). For V =1 um/s,
the solutal diffusion length (270 wm) is higher than the sample thickness leading to effects on
cellular branches. As previously reported in the literature [16, 35, 38], the confinement has an
effect on the primary spacing A, defined as the distance between the cell center and its closest
neighbors. The characteristic microstructure spacing, which is higher or comparable to the
distance between specimen walls, decreases with the increase of thickness. In order to keep a
stable planar front till steady-state growth, a pulling rate of 0.3 um/s («V,) was chosen in the
following experiments.

C. R. Mécanique — 0000, 1, n° 0, 000-000



6 Fatima L. Mota et al.

Figure 1. Steady-state growth morphology of SCN-0.24 wt% camphor alloy directionally
solidified at V =1 um/s and G = 78 °C/cm in samples of different thicknesses. The sample
thickness and the primary spacing (1) are given in each picture.

Table 1. Properties of succinonitrile and succinonitrile-0.24 wt% camphor alloy

Thermal expansion coefficient (87) [53] 7.85x 1074 K~ !
Solutal expansion coefficient (8.) [54] 1.73x 1074 wt% !
Kinetic viscosity (v) [55] 2.6 mm?/s
Liquidus slope (my) [56] —1.365 K/wt%
Liquidus temperature (T7) [56] 57.7°C
Solidus temperature (Ts) [51] 53.5°C
Solute partition coefficient (k) [51] 0.07
Solute diffusion coefficient in the liquid (Dy) [56] 270 umzl S
Thermal diffusion coefficient (D) [56] 1.15x 10° umzl S

The sample thicknesses were selected based on the universal diagram developed by Camel
and Favier [45,46], reproduced in Figure 2 for the Péclet (Pe) and Grashof-Schmidt (Gr Sc) ranges
used in this work. In the definition of the Pe number used by these authors, Z is the smaller of
the dimensions between the height and length of the confined liquid region. In thin-samples,
the thickness (or height) is much lower than the length, and is then used as the characteristic
dimension of the system to estimate Pe number. For the experimentally applied thermal gradient
G =78°C/cm, several red dashed lines were drawn in Figure 2, which represent constant pulling
rate with increasing sample thickness H along the line. Applying (3) with V' = 0.3 um/s, a critical
dimension of 117 pm was found, corresponding to the transition between convecto-diffusive
and diffusive regimes. Given this critical value, different sample thicknesses (H) were selected

C. R. Mécanique — 0000, 1, n° 0, 000-000
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Figure 2. Grashof-Schmidt versus Péclet number diagram [45, 46], where the white region
corresponds to convective—diffusive boundary layer regime and the grey shaded region
correspond to diffusive boundary layer regime. The red dashed lines represent constant
pulling velocity V. The square markers represent different sample thickness H.

to perform directional solidification experiments, evidenced by the different markers over the
V =0.3 pm/s line in Figure 2.

For some of the samples directionally solidified at V = 0.3 um/s, the interface broke up
before reaching a steady state with a temperature below the theoretical solidus temperature.
This happened in the samples with thicknesses 12.5, 25 and 50 pm. The most likely reason
was the presence of a meniscus, which deformed the interface and shifted the threshold of
critical velocity to a lower value [57, 58]. Furthermore, a linear relationship between the break
time and the sample thickness was observed. The interface position data as function of time
were manipulated in order to obtain the interface velocity and the solid composition at the
interface. The constitutional supercooling criterion [59, 60] assumes that any perturbation at the
flat interface will grow if G — m; G, < 0, where G, is the concentration gradient in the liquid at
the interface. This criterion was fulfilled for thicknesses lower than 75 um, as evidenced by the
evolution of the concentration gradient in the liquid at the interface (Figure 3). These results are
in agreement with the previous findings of De Cheveigné et al. [57]. They found that the meniscus
affects a distance of about 50 pm, which is of the order of the sample thickness range over which
the threshold pulling rate is seen to vary.

Figure 4(a) shows the evolution of the planar front interface temperature for samples of differ-
ent thicknesses (higher than 50 um), directionally solidified at V = 0.3 pm/s and G = 78 °C/cm.
There was a non-negligible effect of the thickness on steady-state temperature. The criterion ap-
plied to stop the experiments was that the difference between the interface temperature was not
visible for a period of time higher than 30 h. The thermal diffusivity in organic alloys is several or-
ders of magnitude higher than the solute diffusivity (Dy, and Dj, respectively, in Table 1), which
means that heat diffusion is much faster than solute diffusion. Thus, slow solute diffusion is of-
ten the limiting physical process and the solute diffusion length I; = D;/V is the most impor-
tant scale (or in the time scale, t; = D;/V?). For the SCN-0.24 wt% camphor alloy solidified at
V =0.3 um/s, I =900 um and ¢; = 0.83 h, which means that 30 h of plateau are more than 30
times longer than this limiting time scale. The planar front temperature found for the sample

C. R. Mécanique — 0000, 1, n° 0, 000-000
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Figure 3. Concentration gradient in the liquid at the interface, m; G, as function of time ¢
for the SCN-0.24 wt% camphor alloy solidified at V' = 0.3 pm/s and G = 78 °C/cm in thin-
samples of different thicknesses.

59 + 1 1 1 1

100

t (hr)

Figure 4. Planar interface temperature T as function of (a) time ¢ and (b) solidified frac-
tion f, for a SCN-0.24 wt% camphor alloy directionally solidified at V' = 0.3 pm/s and
G =78 °C/cm in samples of different thicknesses. The curves in (b) correspond to the cal-
culated profiles using KRFT model [43] with different A values.

of thickness 100 um (53.5 °C) is in good agreement with the previously reported solidus tem-
perature T [51]. Teng and Liu [56] measured the steady-state planar interface temperature dur-
ing directional solidification of a SCN-0.35 wt% camphor alloy on 200 um thick samples, and
found a steady-state temperature of 55.7 °C. The result obtained in this work for a sample of
thickness 200 pm (55.8 °C) also highlights the reproducibility of the results: a slightly higher tem-
perature was measured for a slightly lower concentration, as theoretically predicted by the phase
diagram [51].

These results can be further interpreted using a boundary layer model of transient planar
interface dynamics. Considering the growth of only one solid phase, the basic equations of the
KRFT model [43] were used to fit the experimental data of the planar interface temperature

C. R. Mécanique — 0000, 1, n° 0, 000-000



Fatima L. Mota et al. 9

Table 2. Non-dimensional boundary layer thickness using KRFT model [43] and OMA
analysis [45,46,61], and relative importance of solutally driven flow [62] defined by the ratio
Vel Vr

Sample thickness (um) Aggpr A AxrrT,e Vel Vr

75 7.8 1.00 1.00 14.4
100 7.8 1.00 1.00 8.1
125 4.0 0.83 0.98 3.6
150 3.1 0.48 0.95 0.8
200 23 020 0.90 0.1

(Figure 4(b)). The calculations were realized assuming a sample length of 725 mm in the model,
but the solidified fraction f in Figure 4(b) was calculated as the ratio between the solidified length
V't and the experimental sample length L = 300 mm. All these experiments were performed
with the same control parameters (Cy, G and V), the only difference being the sample thickness.
Considering an infinite sample length (L > [; = 900 um), different Aggpr values were used to fit
the experimental data which increased with decreasing sample thickness (Table 2). This means
that the boundary layer decreases with sample thickness, and becomes of the same order as the
diffusion layer for the highest thickness. It should be mentioned that the curves for the 100 and
75 um thickness samples were labeled with Axgprr = 7.8, but any value of A higher than 7.8 leads
to similar results, which in turn correspond to those of the Warren and Larger model [44]. This
means that this value of Aggpr is slightly higher than the threshold at which convection effects
become negligible.

As previously mentioned, the experiments were stopped after about 100 h of solidification
because the interface was not moving, at least for the last 30 h, so steady-state was considered to
have been reached. However, the model curves show that this was the case only for the 100 and
75 um thickness samples (Figure 4(b)). In all the other experiments, the interface was still moving
but at a very slow drifting rate (<0.15 °C/day), that it was very difficult to see, if not impossible,
within the experimental error. For example, based on the KRFT model results,the planar interface
temperature of the 125 um thick sample would take at least another 47 days to reach the solidus
temperature. It would be exceedingly difficult to perform a solidification experiment during such
a long period of time. One of the advantages of the model is that it allows the experimental data
to be extrapolated and, consequently, the results to be better interpreted.

The segregation profiles could be calculated using the KRFT model [43] (Figure 5). In the
limiting case of diffusive growth (dashed line), the solute distribution can be divided into three
regions, i.e. initial transient, steady state growth and the final transient region. The complete
mixing in the liquid is traduced by a convex profile (dotted line). For intermediate values of
Axgrt, the S-shaped segregation profiles are very different from the two boundary profiles. The
calculated profiles soon deviate from the diffusion profile, thus illustrating the blocking of the
pure diffusion profile over a finite distance ahead of the interface. However, even for the highest
sample thickness, 200 pm, the complete mixing is still a long way off. Sample thickness does
indeed have a non-negligible effect on the longitudinal macrosegregation.

In their order and magnitude analysis, Camel and Favier [45, 46] also included a solute
boundary layer 6 (or A = 6V/Dy), which can be determined as function of the problem data.
With this parameter, boundary layer models can be used to discuss longitudinal segregation: in a
diffusive regime A = 1; in a convective-diffusive regime A = 125(Pe/ Gr Sc) (Figure 5 of [46]). The
A values were estimated based on Figure 2 for the studied thicknesses (Table 2), and they are
quite different from those used in the KRFT model (Figure 4b and Agggr in Table 2). However,
as discussed in detail by Camel and Favier [61], the Axgpr Values should not be compared directly
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Figure 5. Segregation profiles calculated using KRFT model [43] with different Axgpr values
as function of the solidified fraction f’. f’ is the ratio of the solidified length to the sample
length used in the model. SCN-0.24 wt% camphor alloy, V = 0.3 pm/s and G =78 °C/cm.
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Figure 6. (a) Correction of the non-dimensional boundary layer thickness used in models
like KRFT [43]. (b) Dimensionless undercooling (AT/ATp) as a function of Péclet number
(Pe) for different solidified fractions f.

with those arising from the boundary layer A, but they should be corrected Axgpr,c = 1— @ AKRFT
(Figure 6(a)). Even if there is still a difference between the corrected values Axgrrr, and the
boundary layer A (Table 2), both results underline that there is a sample thickness between 100
and 125 pm corresponding to the dominant transport mode transition.

A weakness of the OMA developed by Camel and Favier [45,46] is that the relative importance
of solutally driven flow is not estimated. Garandet and Alboussiere [62] proposed to estimate this
relative importance, at the scale of the boundary layer thickness, using the ratio of the solute-
driven [V(0)] and thermally [V (6)] driven natural convection flow velocities:

Ve®)  BcGe ( A )2

Vr(©6)  BrG \Pe

4)
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with B, the solutal expansion coefficient and G, the composition gradient at the interface (G, =
VCy(1—k)/Drk). The solute driven fluid flow was at most, of the same order for the smaller
thicknesses, meaning that solutal convection dominated thermal convection, in contrast to the
highest thicknesses (Table 2). For 125 um, the solutal convection appeared to be dominant, but
the effects of thermal convection cannot be neglected, as evidenced by the previous analyses.
The effect of thickness can also be analyzed by representing dimensionless undercooling as
function of Péclet number (Figure 6(b)). The dimensionless undercooling was estimated using

the relation:
e relation AT T -T

ATy  Tp-Ts ®
where T; and T are the liquidus and solidus temperatures for SCN-0.24 wt% camphor, respec-
tively 57.7 and 53.5 °C, and T is the interface temperature. The green triangles in Figure 6(b) cor-
respond to the experimental data; experiments were stopped after 100 h of solidification which
corresponds to a solidified fraction of f = 0.3. The red squares and blue diamonds correspond to
f’ equal to 0.4 and 0.6, respectively, and could be represented using the boundary layer model
results. For solidified fractions higher than 0.6, the segregation profiles have a strong effect of
the sample end and the final transient, leading to a rapid decrease in the interface temperature
(Figure 5). This was the reason why solidified fractions higher than 0.6 were not compared with
the experimental results. Two different regions can be distinguished: one where the dimension-
less undercooling is constant and does not depend on f; and another where the dimensionless
undercooling depends on Pe and also on f. The existence of these two different regimes is an
evidence of the change in the dominant transport mode. Tendency curves were plotted for each
data-set and for each of the regions. For each data-set, the tendency curves of the two regions
intersect at Pe = 0.12, corresponding to a thickness H = 112 um. This value is very close to the
estimated using the order and magnitude analysis of Camel and Favier [45,46] (H, = 117 pm).

4. Conclusion

The effect of sample thickness on interface stability and cell/dendrite shape during directional
solidification had already been examined in the literature. However, the effect of thickness on the
interface temperature during steady-state planar front growth had not been studied. In this work,
directional solidification experiments were performed on a succinonitrile-0.24 wt% camphor
alloy using sample thicknesses between 75 and 200 pm. The imposed experimental conditions,
pulling rate V = 0.3 pm/s and thermal gradient G = 78 °C/cm, were set in order to keep a planar
front throughout the experiment. The temperature of the planar front was found to depend on
the sample thickness. The experiments were stopped after 100 h of solidification because the
interface temperature was not changing in several consecutive measurements, so steady-state
growth was considered to have been reached. The experimental results were analyzed using a
boundary layer model of transient planar interface dynamics. In some experiments, in particular,
those with sample thickness higher than 125 pm, the interface was still moving when they were
stopped, but at such a slow rate that it was not possible to notice it visually. An order and
magnitude analysis allowed to realize that for a given growth velocity and thermal gradient,
there is a critical Péclet number (equivalent to thickness) above which convection effects became
non-negligible. This critical thickness was estimated to be 117 pm, which is in good agreement
with that estimated based on the experimental and boundary layer model results (112 pm). The
experimental results and the respective analyses showed that above a given thickness, another
mechanism besides diffusion was activated, that contributed to the solute removal in front of
the interface. This mechanism is associated with convection of thermal origin. The results found
in this work provide experimental proof of the effect of thickness on macrosegregation profiles
during planar front directional solidification.
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