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ABSTRACT 

In the present paper the frrst experimental evidence for the absolute stability of a planar solid-liquid 
interface in a transparent organic alloy system is given. In-si tu observations of the interface 
morphology ofrapidly solidifying Succinonitrile-Argon alloys were performed. Reducing the solute 
content ofthe alloy, a morphological transition from deep cylindrical cells to a planar growth front 
was found. This transition developed in three different stages: (i) deep cells of circular cross section 
changed into a mixed pattem of elongated and cylindrical cells, (ii) which changed further into low 
amplitude cells and (iii) finally into the planar front. By increasing ( decreasing) the solidification 
velocity, the elongated and cylindrical cells arranged themselves into !arger structures which 
revealed the beginning ofthe transition to the planar front. For the low amplitude cells this 
transition could be observed directly by increasing (decreasing) the growth rate. Thesetransitions 
are located in the region near the Iimit point ofthe neutral stability curve on the branch for absolute 
stability. Results of experiments and of linear stability theory agree within the Iimits of uncertainties 
in the materials properties and in the thermal gradient. 

INTRODUCTION 

The classical paper of Mullins and Sekerka in 1964 [ 1] predicted the growth of a morphologically 
stable planar solid-liquid interface above the so-called Iimit of absolute stability, Vabs· For small 
concentrations, the Iimit of constitutional undercooling, Vc, and the Iimit of absolute stability, Vahs• 

join in the V- C0 plan to form a Iimit point located at (C0*, V*). For alloys with a concentration 
smaller than C0 *, the interface should always be stable independent of the growth velocity. 

In the last two decades the original analysis by Mullins and Sekerka has been extended in many 
ways. For example, Corriell and Sekerka [2] considered non-equilibrium effects at the liquid-solid 
interface. Their general expression for the velocity, concentration and temperature dependence of 
the distribution coefficient and the introduction of an expression considering attachment kinetics, 
led to the prediction that, at high velocities, where non-equilibrium conditions at the solid-liquid 
interface become important, the interface can not only be unstable with respect to steady 
morphological disturbances but also to oscillatory perturbations. Beettinger et al. [3,4] introduced a 
model for describing non-equilibrium effects on the liquidus slope. Using this modeland the 
velocity dependence ofthe distribution coeffi.cient [5], Davis et al. [6-8] studied the dependence of 
instabilities on solidification velocity for the thermal steady-state and the "frozen temperature 
approximation", i.e. equal thermal properties and vanishing latent heat. Recently, Huntley and 
Davis, have also included thermal effects [9] . 
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A standard technique for the in-situ observation ofthe morphology of a solid-liquid interface is the 
solidification oftransparent organic alloys. In the last two decades intensive studies ofthe dendritic 
and the cellular growth regimes in directional solidification as well as ofthe stability ofthe planar 
solid-liquid interface at low velocities were performed [10-12]. Trivedi et al. [13] investigated the 
solidification microstructure of a transparent organic alloy at high velocities in a thermal transient 
regime within a thin cell. They observed the transition from a dendritic to a fine cellular 
morphology with increasing velocity. A further increase ofthe growth rate could not be realised 
because of the tendency for thermal decomposition of the transparent material due to the necessary 
increase in the thermal gradient. Because of the experimental difficulties which occur at high 
growth rates, the direct observation of absolute stability has not yet been made. 

In the present paper the morphological transitions around the limit point ( C0 *, V*) are investigated 
by in-situ observations ofthe solidification pattems ofbulk samples in the Succinonitrile (SCN)
Argon system. Long, fine tubes of square cross section, filled with different SCN-Ar alloys, were 
pulled rapidly from a furnace with essentially zero superheat into liquid coolant. Thus heat was 
extracted rapidly, resulting in solidification rates as high as 1.5 mm/s, which is one order of 
magnitude higher than that achieved until now. The solidification front inside the tubewas observed 
in-situ through the coolant simultaneously from above and from the side with an optical 
microscope. 

EXPERIMENTALPROCEDURE 

The capillary tubes used in this work had an intemal cross section of 200 Jlm x 200 Jlm, 900 mm 
long, a wall thickness of 100 Jlm and were made ofborosilicate glass. They were filled with SCN, 
which had to be distilled under vacuum and zone-refined with more than 50 passes to achieve the 
desired purity. The alloying was performed by applying different Argon-gas pressures to the molten 
SCN. The concentration ofthe alloy inside the tubewas estimated by measuring the solid-liquid 
temperature interval !!.T0 and referring to the SCN-Ar phasediagram from M.A. Chopra [14]. 
Details concerning the purification procedure, the estimation of the solute concentration and the 
solidification apparatus are given in [15]. 

Due to the small cross section of the capillary tube, the high withdrawal velocity and the efficient 
cooling, solidification within the tube took place nearly perpendicular to the side walls. The first 
solid was formed within the edges of the tube, as flat surface dendrites. After lateral impingement of 
the four surface dendrites from the edges, the solid-liquid interface revealed a pyramidal geometry 
with four planes. Whilst viewing from above, the microscope was focused on the bottom interface. 
Although the depth of focus was limited, cellular morphologies were also visible on the side planes. 
The distance between the side planes was approximately 100 Jlm, which was typical for the 
Observation window used in the experiments (Fig.l ). 

Because ofthe flatness ofthe side planes ofthe pyramidal interface, the growth velocity could be 
regarded as constant and the solidification to be in steady state. The largest possible diffusion 
boundary layer in front of a solid-liquid interface is given by the boundary layer of a planar 
solidification front, dv = 2DIV. For the solidification velocities realised in the experiments, dv was 
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limited to 1.2 < dD < 6 11m with D = 8.8 x 10-10 m2/s from [14]. Thus an overlap ofthe diffusion 
boundary layers from opposite side planes should only appear within the final solidification process, 
which is not relevant to the results presented in this publication. 

Due to the four fold symrnetry ofthe pyramidal interface and the fact that the crystal growth was 
perpendicular to the solid-liquid interface, the actual growth rate was obtained from the angle a 
between the interface normal and the axis of the tube, by: V= V0 cos a, with V0 the actual 
withdrawal velocity. Depending on the temperature of the cooling liquid, the resulting 
solidification velocity varied between V= 0.3 mrn/s and 1.5 mrn/s. 

RESUL TS AND DISCUSSION 

By reducing the solute content of the alloy a morphological transition from deep cylindrical cells to 
a planar growth front was observed. Figure 1 shows exemples ofthe four different solidification 
morphologies which appeared by varying the Argon concentrations. For alloys with b.T0 = 415 mK 
and above, an interface morphology consisting of cylindrical cells was found (a). At b.T0 = 280 mK 
elongated cells appeared together with cylindrical ones (b). With !',.T0 = 235 mK the morphology 

Fig. 1. Transition from a cellular interface morphology to a grain-like planar interface, achieved by 
reducing the concentration in the SCN-Ar alloy: (a) b.T0 = 415 mK, (b) b.T0 = 280 mK, (c) 

!',.T0 = 235 mK, (d) b.T0 = 60 mK. The solidification velocities were similar, V"" 1.2 mrn/s. 



16 Solidification and Gravity 

changed to a coarse grain-like structure (c). The grain-like structure itselfrevealed a substructure 
indicated by the variation in the grey Ievel. At t-.T0 = 60 mK the substructure disappeared and only 
the grain structure was observed ( d). The solidification velocities were similar for all four cases 
(V ::z 1.2 mm/s). Assuming Aras the only solute and considering a constant distribution coefficient k 
and constant liquidus slope m, with k = 0.2 and m =- 4.7 K/wt.% [14], the alloy with t-.T0 = 415 mK 
contained C0 = 221 wt.ppm Argon. 

The size ofthe structures, where cylindrical cells together with elongated cells were present (fig. 
1 b ), decreased with increasing velocity. For the same solidification velocity, the width of the 
elongated cells was comparable to the diameter of the cylindrical cells. The relative amount of 
elongated cells increased with increasing solidification rate. At low and at high solidification 
velocities, relatively !arge areas with irregular appearance were observed. These areas, as weil as 
some elongated and cylindrical cells at small velocities, revealed a substructure. The orientation of 
the elongated cells changed slightly during an experimental run. Usually the elongated cells were 
aligned within an angle of 15° around the withdrawal direction, but sometimes the orientation ofthe 
elongated cells differed markedly from the withdrawal direction. 

The substructure in figure 1c) shows curved and ring-shaped configurations. Sometimes only a dark 
shadowing in the centre ofthe grain-like structure was found. At low and high solidification 
velocities the substructure disappeared. The size ofthe substructure was estimated to 'A. = 4.7 J.lm. 
Surface dendrites were found tobe at the origin ofthe grain-like structure (fig. 1c-d). Furtherdetails 
about the formation ofthe grain-like structure are given in [15] and on the surface dendrites in [16]. 
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Fig. 2. For GL = 5 x 104 K/m and D = 6 x 10"10 m2/s the neutral stability curve correlated best with 

the experimental observations. Note that the measuring error was± 40 mK for small !o.T0 and 
± 70 mK for the !arger ones. The measuring error for V was less than ± 0.07 mm/s. 
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Figure 2 summarises the experimental results in a V-!1T0 diagram by using four different types of 
markers to indicate the morphological changes. To compare the experimental results with the 
theoretical predictions, the neutral stability curve was calculated using the model of Huntley and 
Davis [9]. This model considers non-equilibrium effects at the interface due to Boettinger et al. [3,4] 
and Aziz [5], although, for the growth rates which occurred in our experiments, local equilibrium 
should be a reliable assumption. Thus oscillatory instabilities are neither expected nor observed. 
The material properties utilised in the calculations are given elsewhere [15]. The most critical 
parameters for the comparison between experiments and theory are the diffusion coefficient D and 
the interfacial temperature gradient in the liquid, Gr. Chopra calculated D from different theoretical 
diffusion models [14]. Thus D was assumed tobe limited to 5.3 x 10-10 m2/s < D < 11 x 10-10 m2/s. 
Gr could be approximated by assuming a linear temperature distribution between the centre axis of 
the tube (which is assumed tobe still at the temperature ofthe heater, Th) and the solid/liquid 
interface. For alloys with !1T0 = 235 mK, Gr was 104 K/m. This value must be regarded as a rough 
approximation because with an error function profile instead of a linear relation, Gr can be quite 
!arger and with a lower temperature at the centre axis than Th,, Gr can largely be eliminated. 

Assuming that (1) the grain structure without the substructure represents the plane front and (2) the 
substructure in the grain-like structure represents shallow perturbations growingjust above the Iimit 
of stability, the neutral stability curve for Gr = 5 x 104 K/m and D = 6 x 10-10 m2/s correlated weil 
with the experimental observations. The first assumption can be justified by the fact, that the grains 
are created from surface dendrites growing at the tube walls, even for the material with the highest 
purity (!1T0 = 60 mK). This might be due to recrystallisation. The second assumption is confirmed 
by the fact, that the critical wave length calculated for the onset of instability is similar to the size of 
the substructure. Although the measuring error oftbis quantity was large the agreement is quite 
good. The above values for Gr and D, which gave the bestfit to the experimental points, are in the 
expected range. 

Elongated cells were first observed in 1955 by Walton et al. [17]. They performed decantation 
experiments with dilute alloys (Sn-Pb) at the Iimit of constitutional undercooling. In this study and, 
in more detail, in their following investigation of the solidification of dilute Pb-Sn, Pb-Ag, Pb-Au 
alloys [18], they stated that in the transition region, the interface developed a pox-like structure as a 
stage of development prior to cell formation. The cells first appeared to be irregular and elongated. 
Further approaching the cellular region, the elongated cells subdivided to form smaller, almost 
regular, cells. In addition they found, that the direction ofthe elongated cell boundary coincided 
with a (111) trace on the interface - the orientation of the elongated cells revealed the underlying 
crystal orientation. At a grain boundary the elongated cells formed a weil defined angle (see fig. 13 
of ref. [18]). A solidification pattem similar to their figures 12, 15-16 are also found in our 
experiments. 

Biloni reported the appearance ofpox-like structures and elongated cells in dilute aluminium (Al-X) 
[19] and tin (Sn-Pb,Sn-Sb) alloys [20,21]. Similar observation for dilute solutions of arnmonium 
fluoridein water were made by Jones [22] . Cole and Winegard showed that elongated cells can also 
appear in dilute temary alloys (Sn-Pb-Sb) [23]. The effect of crystal orientation on the initial non
planar interface morphology were investigated by Morris and Winegard in more detail for a dilute 
Pb-Sb alloy [24]. They found, that when the growth direction was near a [100] or [111] nodes 
developed. Near [110] elongated cells developed. Experimentalobservations ofpox and elongated 
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cells in dilute Al alloys (Al-Cu, Al-Ti, Al-Cr, Al-Zn) were described in a series of publications by 
Sato and Ohira [25-28]. Tewari and Chopra observed elongated perturbations on the solid-liquid 
interface in a dilute SCN-acetone alloy also at the Iimit of constitutional undercooling [29]. That 
elongated cells may appear even in concentrated alloys was shown by Jamgotchian et al. in Pb-
30wt% Tl [30]. 

Allobservations of elongated cells reported in the Iiterature [17-30] were made with bulk samples at 
the limit of constitutional undercooling. Thin cell experiments with transparent organic substances 
can not show that the morphological transition from planar solid-liquid interface into cellular 
pattems take place by forming elongated cells prior to cylindrical ones. The presented results reveal 
that this intermediate stage of cell formation is not restricted to the low velocity Iimit of stability but 
occurs also at the Iimit of absolute stability. Whether nodes are also present here, can not be decided 
from these experiments as they might be to small for the resolution of our equipment. 

CONCLUSIONS 

The main conclusions of this work are as follows: 
• Reducing the solute content of a binary SCN - Ar alloy results in a morphological transition from 

deep cylindrical cells to a planar growth front. This transition developed in three different stages: 
(i) deep cells of circular cross section changed into a mixed pattem of elongated and cylindrical 
cells, (ii) which changed further into low amplitude cells and (iii) finally into the planar front. 

• At low and at high solidification velocities, relatively !arge areas with irregular appearance were 
observed. These areas revealed a substructure indicating the appearance of shallow cells. In this 
stage, cylindrical, elongated and shallow cells can coexist. 

• The appearance of elongated cells was also observed a the low velocity Iimit as weil as at the 
high velocity Iimit of stability. 

• For the alloy with t:.T0 = 235 mK, the shallow cells disappeared with decreasing and increasing 
growth velocity. Thus it is concluded that the experiments were performed near the Iimit point of 
the neutral stability curve. 

• Within the uncertainty ofthe material properties and the thermal gradient, the appearance of a 
transition from shallow perturbations into planar front correlated weil with linear stability theory. 
The size of the shallow perturbations is in reasonably good agreement with the critical wave 
length for the onset of instability. 
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