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Abstract-This paper presents, for the first time, experimental evidence for absolute stability in a 
transparent alloy. The succinonitrile- argon system was used to investigate the morphological transition 
from a cellular to a planar solid- liquid interface at high solidification velocities. Directional solidification 
of the organic contained in thin capillary tubes was observed in situ with an optical microscope. At the 
maximum interface velocity of 1.5 mm/s, a reduction of the solute content of the alloy resulted in a 
morphological transition from a cellular to a planar growth front. This transition developed in three 
stages: (i) transition from deep cylindrical cells to mixed patterns of cylindrical and elongated cells; (ii) 
transition from cylindrical and elongated cells to low amplitude cells; (iii) transition from low amplitude 
cells to plane front. Within the Iimits of uncertainties with respect to the material properties and the 
thermal gradient, correspondence between the experimental results on plane front transition and linear 
stability theory exists. It is shown that the transitions observed are located in the region near the Iimit 
point of the neutral stability curve on the branch for absolute morphological stability. Copyright © 1996 
Acta Metallurgica Inc. 

1. INTRODUCTION 

During directional solidification of alloys, the 
microstructures which form depend on the alloy 
composition, C0, and the process parameters: 
temperature gradient, G, and solidification velocity, 
V. At the origin of any solidification microstructure 
is the development of morphological instabilities of a 
smooth (stable) crystal melt interface [!]. Under 
conditions of directional solidification (G > 0) the 
stable solid- liquid interface is planar. Above a critical 
velocity, Vc, the plane front breaks down to form 
cellular patterns. Further increase of V results in the 
development of dendritic microstructures and finally, 
at very high rates, in a reverse transition from 
dendrites to cells and finally to plane front [2]. This 
restabilisation of the plane front has been predicted 
by linear stability analysis of Mullins and Sekerka 
(MS) already in 1964 [3] and is called absolute 
stability. The corresponding velocity is known as the 
Iimit of absolute stability, Vabs · A range of 
perturbation wavelengths is obtained (Fig. I) for a 
given growth rate between Vc and Vabs · The range of 
wavelengths is limited; at the upper bound by 
diffusion and at the lower side by capillary forces. 

The original MS analysis, which was based on the 
assumption of local equilibrium, has been extended in 
several ways. -In their general expression Coriell and 

tPresent addr~SS: Gießerei-Institut, Rheinisch-Westfälische 
Technische· · Hochschuie Aachen, D-52056 Aachen, 
Germany. " ·,. 

Sekerka [4] considered the solute distribution 
coefficient, k, to be a function of velocity, 
concentration and temperature, and introduced 
attachment kinetic effects. This led to the prediction 
that, at high velocities where non-equilibrium 
phenomena at the solid-liquid interface become 
important, the interface may not only be morphologi
cally unstable but may also display oscillatory 
instabilities. 

Parallel to this, the velocity dependence on the 
distribution coefficient has been derived by Aziz [5] 
and non-equilibrium effects were presented in a 
thermodynamically consistent way by Boettinger and 
Coriell [6, 7] following the original work by Baker 
and Cahn [8] . Davis et al. [9- 12] subsequently studied 
the various branches of morphological and oscil
latory instabilities when non-equilibrium conditions 
prevail at the interface. They compared their results 
with experimental observations on banded structures 
near the Iimit of absolute stability and found a 
reasonable degree of correspondence between exper
iment and theory. In allowing the interface to develop 
!arge amplitude perturbations, Karma and Sarkissian 
were able to further explore the oscillating interface 
response (banding) in more detail [1 3, 14]. For amore 
complete discussion of this subject, the reader is 
referred to Refs [14, 15]. 

In order to gain a better insight into these 
microstructural transitions close to V abs, which are 
relevant to rapid solidification, direct Observations 
would be very valuable. Due to the opaque nature of 
metals, only indirect observations can be made 
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however. Several transparent organic alloys have 
been used in the past for modelling the solidification 
behaviour of metals. These are the so-called plastic 
crystals, organic substances with a low melting 
temperature and a low melting entropy [16]. 

Only very few experiments have been undertaken 
which aimed for the direct in situ observation of the 
microstructural transitions around the Iimit of 
absolute stability. Trivedi et al. [17] investigated the 
solidification microstructures in the transparent 
carbon- tetrabromide system at high velocities within 
thin cells. These authors observed the transition from 
a dendritic to a micro-cellular morphology when the 
interface was accelerated. However, they could not 
reach sufficient high velocities to observe, in their 
alloys, a restabilization of the plane front. 

The aim of the present work was therefore to reach 
steady state growth conditions which would make it 
possible to directly observe the solid- liquid interface 
close to absolute stability and to make quantitative 
comparisons between the measurements and predic
tions of stability theory. 

2. EXPERIMENTAL PROCEDURE 

The succinonitrile (SCN)-argon system has been 
chosen for its well-characterised thermophysical 
properties [18 , 19] and its low melting point which 
allows observation of the phenomena under the 
optical microscope. 

2.1. Solidification experiments 

The apparatus for rapid solidification of the 
organics is shown in Fig. 2. A 900 mm long 
borosilicate glass capillary with a square cross 
section, an inner opening of 200 11m and a wall 
thickness of I 00 11m containing the alloy was placed 
inside a heating and cooling device. The hotzonewas 
formed by a 900 mm long tube heated by water. The 
cold zone consisted of a 70 mm long chamber, where 

wo 

stable 
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w·• 
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w·' 

(a) 

observation window 

(b) observation window 

Fig. 2. (a) Details of the experimental arrangement 
(schematic): (I) capillary tube, (2) heater (warm water), (3) 
silicon seal, (4) chamber with liquid coolant, (5) copper tube 
with heatable seal region. (b) Upper part: 3D-view of the 
principle shape of the solid- liquid interface within the 
capillary: the first solid appeared as surface dendrites in the 
edges of the tube. Lower part: 2D-projection of the 
solid- liquid interface seen from a typical observation 
window. The relationship between pulling speed, Vo and 

local growth rate, V , is V= Vo · COS ()( . 

the liquid coolant was pumped through. The capillary 
tube was in direct contact with the coolant. The 
entrance and exit holes were blocked with silicon 
rubber seals. To avoid solidification taking place 
within the seal, this region was heated by an 
additional heater [Fig. 2(a)]. As a result, most of the 
solidification process took place inside the coolant, 
just behind the entrance seal. The pulling speed of the 
capillary, V0 , was varied from 1 to 30 mm/s. The 
solidification inside the tube was observed with the 
aid of an optical microscope and recorded with a 
video system. A sensitive S-VHF camera with an 

w·' 
V [m/s] 

wo exposure time of 100 f.1S was used in combination 
with a Xe-lamp as the light source. The image 
frequency was 50 Hz. 

Fig. I. Window of unstable solidification front in the 
,\- V-plane due to linear stability analysis for DS of SCN-Ar 
(LlTo = I K and GL = 500K/m). The constitutional under
cooling criterion bounds the region by a vertical line at Vc 

while absolute stability is reached at V,b, . 

Under the experimental conditions used, the 
solidification front was nearly parallel to the side 
walls of the capillary leading to the solid- liquid 
interface of pyramidal geometry as shown schemati-
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cally in Fig. 2b. Thanks to the square section of the 
tube, the solid- liquid interface could be observed 
from the top as weil as from the side. Figure 3 shows 
a typical image of a cellular interface. The microscope 
was focused on the lower interface. Although the 
depth of focus was limited, the cellular morphology 
is also visible at the side walls. The distance between 
two opposite solidification fronts was approximately 
100 Jlm (corresponding to 50 Jlfi solid layer on each 
side), which was characteristic for the observation 
window used in the experiments presented below. The 
actual growth rate was obtained from the angle a 
between the interface normal and the pulling 
direction, by: V= Vo · cos a where V0 is the pulling 
velocity [Figs 2(b) and 3]. 

To obtain an average value of a, five different 
images in direct chronological order were evaluated. 
Measuring errors were minimised by measuring and 
averaging the angles of the two opposite interfaces 
from the same image. This procedure was carried out 
twice for each angle. A main average value was 
calculated from the angles of the five images. The 
standard deviation of this averaging was taken as the 
measuring error for a. 

Several experimental runs were performed to 
investigate the infiuence of the different process 
parameters on V. The initial melt temperature, TH, 
the temperature at the entrance seal, T0 , and the 
pulling speed, V0 , could be varied within a wide range 
without changing V. All the experiments presented in 
this paper were performed with TH = 331.2 K and 
332 ~ TG ~ 334 K. The cooling temperature Tc was 
the only quantity by which the solidification rate 
could be clearly infiuenced. Water was used as a 
coolant for the temperature range 275 ~ Tc~ 328 K 
and alcohol for 253 ~ Tc~ 275 K. Depending on the 
temperature of the coolant used, the resulting 
solidification velocity varied between V= 0.3 and 
1.5 mm/s for Vo = 4.5 and 11 mm/s, respectively. 

V= 1.29 mm/s 

Fig. 3. Cellular interface morphology of a SCN-Ar alloy 
with 1'1To = 970mK. The liquid-solid interface possessed 
pyramidal geometry with four flat sides. The microscope 
was focused on the lower interface. The local solidification 
velocity, calculated from the slopes of the side faces, was 

V= 1.29mm/s. 

Table I. Estimated solidus-liquidus interval !'. To with the corre
sponding measuring error and the related Ar concentration Co for 
the alloys used in this work. Co has been calculated with the material 

!'.To(mK) 

970 
700 
570 
415 
280 
235 

60 

properlies given in Appendix B 

Error (mK) 

±70 
±60 
±50 
±40 
±40 
± 40 
+40 

2.2. Purification of SCN 

Co (wt%) 

0.0516 
0.0372 
0.0299 
0.0221 
0.0 149 
0.0 125 
0.0032 

Succinonitrile was distilled under vacuum and then 
zone-refined with more than 50 passes. The purified 
part of the zone-refined material was then used to fill 
the capillary tubes. The purified SCN within the tubes 
had a solidus- liquidus temperature interval of about 
60 mK. Further details of the distillation and 
zone-refining can be found in Ref. [20]. 

2.3. Filling of the capillary tubes 

The filling apparatus consisted of a long water
heated quartz tube connected to the fiask which was 
filled with the purified succinonitrile. The other end 
of the quartz tube was tightly sealed with a silicon 
disc. The capillary was threaded through a small hole 
in the centre of this disc, so that most of the capillary 
was located inside the quartz tube. The filling 
apparatus as weil as the free end of the capillary tube 
was connected to a vacuum system. To avoid 
contamination of the SCN stock, capillary tubes were 
only inserted or removed, under a small over pressure 
of argon when the SCN stock was solidified. Because 
of the difficulties of cleaning and drying the capillary 
tubes, they were used as delivered from the 
manufacturer. Furtherdetails of the filling procedure 
can be found in Ref. [20a]. 

2.4. Determination ofTLand Ts of the alloy within the 
capillary tubes 

Instead of concentration, the more convenient 
equilibrium solidus- liquidus interval D.To( =TL- Ts) 
was used for the characterisation of the various 
alloys. The solidus and liquidus temperatures (Ts and 
TL) were measured by heating a 75 mm long section 
of the tube and investigating the melting and 
solidification process under the microscope. In order 
to achieve homogeneous temperature distribution, a 
heated water jacket was placed around this part. The 
temperature in the centre of the cooling jacket was 
measured with a quartz thermometer. The thermostat 
for heating the water had the same relative accuracy 
as the quartz thermometer ( ± 5 mK), the temperature 
within the jacket varied by some ± 15 mK. Thus, the 
relative accuracy of the entire system was estimated 
to be about ± 20 mK. The estimated solidus-liquidus 
interval !1T0 of the alloys used in this work with the 
corresponding measuring error and the related Ar 
concentration Co are given in Table 1. 
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Because of the dependence of Ts and TL on the 
pressure, it had to be ensured that a cavity !arge 
enough for the expansion due to melting was present 
within the section of interest. Therefore, the SCN was 
melted at the end of the capillary tube where a cavity 
was present and then the molten zone was moved 
towards the section of interest. Further details can be 
found in Refs [18 , 20a]. 

3. RESULTS 

At high pulling velocities, the liquid poolwas very 
long and the solidification front was nearly parallel to 
the side walls. The first solid was formed within the 
edges, as surface dendrites. After impingement of the 
four surface dendrites from the edges, the solid- liquid 
interface revealed a pyramidal geometry [Fig. 2(b)]. 
With the exception of the beginning and end of the 
solidification region, the solid- liquid interface was 
macroscopically fiat and therefore the growth 
velocity was constant over most of the half-width of 
the capillary. 

Figure 4 shows the morphological transitions of 
the solid- liquid interface with four different argon 
concentrations. Four different interface mor
phologies could be distinguished: 

(i) for alloys with 11To ~ 415 mK, cylindrical cells 
[Fig. 4(a)]; 

(ii) at I1T0 = 280 mK elongated (lamellar) and 
cylindrical cells [Fig. 4(b)]; 

(iii) for 11To = 235 mK coarse grains with a 
substructure of low amplitude perturbations 
[Fig. 4(c)]; 

(iv) at 11T0 = 60 mK only coarse grains which 
revealed no perturbationst [Fig. 4(d)]. 

The velocity dependence of the interface mor
phology, where a mixture of cylindrical and 
elongated (lamellar) cells were present 
[11T0 = 280 mK, Fig. 4(b)] , is shown in Fig. 5. lt can 
be seen that the size of the structure decreased with 
increasing velocity. For one 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 
velocity. Relatively !arge areas with irregular curved 
boundaries were present [see the arrows in Figs 5(a) 
and (e)] at both low and high velocities. 

The orientation of the elongated cells varied 
slightly during one experiment. The elongated cells 
were usually aligned approximately in the pulling 

tThe shadowing of substructures, which represent low 
amplitude perturbations has topological similarity with 
the grains, in which they were found. An unsharp 
shadowing crossing a grain boundary, like in the grains 
shown in Figs 4(d) and 6(a), is thus assumed to originale 
from the grain boundaries from the opposite interface, 
which was out of focus. 

direction with only small deviations of less than 15°. 
Only in a few cases did the orientation of the 
elongated cells differ clearly from the pulling 
direction, sometimes by even as much as 90°. 

V: 1,2 mm/s 

Fig. 4. Transition from a cellular interface (a) to a grain-like 
planar interface (d) by reducing the Ar concentration for 
V;:::; l.2mm/s: (a)liTo = 415mK, (b) liTo = 280mK, (c) 

l1T0 = 235mK, (d) liTo = 60mK. 
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ll.To =280 mK 

Fig. 5. Velocity dependence of the interface morphology of 
the alloy, L'iTo= 280mK: (a) V =0.39mmjs, (b) V = 0.79mmjs, 
(c) V= 1.13mmjs, (d) V= 1.43mm/s, (e) V= 1.48mmjs. 

Figure 6 shows the velocity dependence of the 
interface morphology for !J.T0 = 235 mK. At low 
velocity, the grain-like structure revealed no substruc
ture [Fig. 6(a)Jt . At V;::, 0.78 mmjs [Figs 6(b)- (e)] , 
the grain-like structure had a substructure which 
revealed curved and ring-shaped configurations. The 
substructure was most pronounced at V= 1.04 and 
1.34 mmj s [Figs 6(c) and (d)]. At higher solidification 
velocities, the perturbation seemed to disappear again 
[Fig. 6(e)]. 

The size ofthe substructure as indicated in Fig. 6(c) 
was estimated to be of the order of Je = 4.7 flm for 
V= 1.04 mmjs. Due to the !arge error in measuring 
Je, a quantitative evaluation of the Je - V dependence 
was not possible. 

In order to understand the origin of the grain 
structure, the initial stage of solidification generally 
present within the edges of the tubes was observed in 
more detail. To do this, the temperature of the 
coolant had to be increased to Tc = 328 K. The tube 
was turned by 20° about its axis to permit observation 
of the very first solidification in the edge. Figure 7(a) 
shows the tip region of the solid-liquid interface in 
the edge which is in the form of a surface dendrite 
(!J.To = 60 mK). [The light vertical stripein image (a) 
was due to the optical effect of the tube edge.] The 
interface was formed by a dense array of secondary 
branches behind the tip of the surface dendrite. The 
impingement of two surface dendrites from neigh
bouring edges is shown in Fig. 7(b). The thickness of 
the solid layer at this stage is still of the order of a 
few microns. The further evolution of the interface is 
illustrated in Figs 7(c)- (f) and showed that the 
parallel boundaries between the cell-shaped branches 
changed with time into a more polygonal configur
ation [Fig. 7(f)] and approached the grain structure 
of Fig. 4(d). 

4. DISCUSSION 

In order to interpret the results a closer Iook at the 
neutral morphological stability curve is needed. This 
curve specifies the growth conditions of an interface 
at the Iimit of stability, for example as a function of 
growth rate and composition (or !J.To) for a given 
alloy system and temperature gradient. The neutral 
stability curve in the V- !J.To-plane was calculated 
for the present system using the Huntley and Davis 
model [12]. Their equation (4.2) is complex. However, 
since only steady-state solutions are concerned, it can 
be transformed into a simpler expression which is 
widely used in metallurgy [2, 21 ] (see Appendix A). 
Such diagrams are shown in Fig. 8 for SCN- argon. 
These curves show the existence of a critical compo
sition, Co* (or !J.To*), below which the interface is mor
phologically stable at all solidification velocities. To 
the right of the curves, the solid- liquid interface is 
morphologically unstable. The lower branch of the 

See footnote on the preceding page. 
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neutral stability curve asymptotically reaches the Iimit 
of constitutional undercooling, while the upper 
branch tends towards a straight line representing 
absolute stability. The neutral stability curve for 
oscillatory instabilities is not shown in this figure. It 
Iooks similar to the morphological stability curve but 
is found at higher velocities [12]. 

Some of the thermophysical properties of the 
SCN- Ar system, as weil as the temperature gradient 
are not weil known. Therefore, a sensitivity analysis 
of the influence of the variation of these parameters 
on the resulting stability Iimit has been undertaken. 

The material properties used for the calculations 
are given in Appendix B. The most important and 
somewhat uncertain quantities are the equilibrium 
distribution coefficient k, the diffusion coefficient D 
and the rate of diffusion through the interface (given 
by the ratio of the coefficient for diffusion across the 
solid- liquid interface and the interface width ao). A 
detailed evaluation of the values chosen is given in 
Appendix B. 

The interfacial temperature gradient in the liquid, 
GL, for steady-state plane front growth (at Ts) was 
approximated by assuming that the temperature in 
the centre of the tube is still the same as the 
temperature of the heater when the thickness of the 
solidified layer is of the order of 50 11m and that the 
temperature profile in front of the interface is linear. 
This Ieads to a lower bound estimate of 
GL ~ 2 x 103 K/m (l'lTo = 60 mK) and GL ~ 9 x 
103 K/m (l'lTo=415mK). If GL in front of the 
solid- liquid interface is not constant (due to 
convection or unsteady thermal diffusion), its value 
may be several tin:es !arger. 

Figures .S(a)-(d) show the influence of GL, D, k 
and ao on the neutral stability curve for SCN- Ar. 
GL mainly changes the lower boundary of the 
stability curve [Fig. S(a)], k and ao mainly the upper 
boundary [Fig. S(c) and (d)] and D affects both the 
lower and upper boundaries [Fig. S(b )]. Increased 
a0 only affects the upper boundary indirectly by 
allowing k to increase faster at high velocities. This 
non-equilibrium effect is only to be considered for 
V;:;:, 2 x 10- 3 m/s [Fig. S(d)] which is beyond the 
maximum V of the present experiments. 

Before the experimental results are compared with 
the theory, some further remarks have to be made. 
The characteristic scale of the microstructure was 1 
10-40 times smaller than the thickness of the 
solidified layer. Due to the flat faces of the 
pyramidal solid- liquid interface, the growth velocity 
can be regarded as constant and solidification as 
steady state. The characteristic diffusion distance for 

Fig. 6. Velocity dependence of the interface morphology of 
the alloy, tJ.To = 235 mK, which revealed a grain structure 
with a low amplitude substructure: (a) V= 0.42mm/s, (b) 
V= 0.78mm/s, (c) V= l.04mm/s, (d) V= 1.34mm/s, (e) 
V = 1.39mm/s. (The dark band in this figure was caused by 

an object outside the capillary tube.) 

t:.To = 235 mK 

Fig. 6. 
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Fig. 7. The origin of the grain-like solidification morphology of the alloy, D.To = 60mK. First solid to 
form as surface dendrite within the edges ofa tube (a). lmpingement oftwo neighbouring surface dendrites 
(b). Further evolution of the interface (c)- (f). The parallel boundaries transformed into more circular 

configurations (f). 

the solidification velocities employed, D/ V, is of 
the order of several micrometers. Thus, overlapping 
of the solute diffusion boundary layers from opposite 
solid- liquid interfaces does not take place. 

The experimental results are summarised in a 
V- ATo-diagram where four different types ofmarkers 
were used to indicate the morphological changes 
(Fig. 9). For k and a0 as given in Appendix B and 
GL = 5 x 104 K/mt and D = 6 x IO- 'o m2/s, the neu
tral stability curve correlates weil with the experimen
tal observations, if the following assumptions are 

tThis temperature gradient has been used to fit the 
theoretical curve to the experimental results. lts value 
seems to be acceptable in view of the discussion on GL 
pursued above. 

made: (I) the grain structure without a substructure 
represents the plant front [Fig. 4(d)]; (2) the 
substructure in the grains (Fig. 6) represents shallow 
perturbations growing just above the stability 
threshold. 

The first assumption can be justified by the fact 
that (i) the material with the highest purity (60 mK), 
which according to theory is definitely within the 
stable region, shows the same grain structure; (ii) the 
grain structure is formed very early in the process. 
The branches of the surface dendrite, which are only 
a few microns thick when they collide, transform 
during further growth into mosaic-like configurations 
[Fig. 7(f)]. This transformation process is not yet 
completely understood. It may be that the grains are 
the product of recrystallisation, as stresses which 
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10·1 10·1 

(a) (b) 

10·' 10·' 

10·' -- GL= I x 103 K/m 10·' -- D = 6 X 10" 10 m2/s 
.... ... .. GL=5x103 K/m . ' 

~ ~ 
... .. D = 8.8 X 10"10 m2/s 

10·' V* 
GL= I x 104 K/m 10"' 

D = 11 X 10" 10 "m2/s 
;;.. ;;.. 

10·' 10"' 
k= 0.2 k =0.2 

10·' D= 8.8 X 10" 10 m2/s 10·' 
GL= 5 x 103 K/m 

a0= 15.3 X 10"10 ffi a0= 15.3 X 10" 10 ffi 

10·' 10"' 
10·1 t>.T.* 10o 10·1 10o 

t>.T0 [K] t>.T0 [K] 

10·1 10·1 

(c) (d) 

10·' 10·' 

10·' - k = 0.2 10"' - - a0 = 5 X 10" 10 ffi -
~ 

.·;' k= 0.3 

~ 
a0= 15.3 X 10" 10 ffi 

10"' ._, k = 0.4 10·' 
;;.. ;;.. 

a0 = 30 X 10' 10 ffi 

10·' 10·' 
D = 8.8 X 10"10 m2/s k = 0.2 

10·' GL=5x 103 K/m 10·' 
D = 8.8 X 10" 10 m2/s 

a0 = 15.3 X 10" 10 ffi GL= 5 x 103 K/m 

10·' 10·' 
10·1 10o w·l 10o 

t>.To [K] t>.To [K] 

Fig. 8. Parameter study of the neutral stability curve for the SCN-Ar-system according to the linear 
stability analysis of Huntley and Davis [12] in the V- ilTo-plan. On the right hand side of this curve the 
planar growth front is morphologically unstable. GL only changes the lower boundary ofthe stability curve 
(a), k and a0 only the upper boundary [(c) and (d)] and D effects the lower and the upper boundary (b). 

Non-equilibrium effects have to be considered for V;;;, 2 x JO·'m/s (d). 

are high enough to multiply dislocations build up 
during cooling at the interface between SCN and 
glass. 

To confirm the second assumption, the critical 
wavelength .l. calculated for the onset of instability is 
compared with the size of the substructure measured 

• cylindrical cells (fig. 3 & 4a) 
X lamellar & cylindrical cells (fig. 4b & 5) 
~> grain-like structure with shallow cells (fig. 4c & 6) 
o grain-like structure (fig. 4d) 

10·2 -- theory (GL, D. k and a 0 see below) 

10"' * •• ••• ! s 
0 

• • • 

w·l 10° 
t>.T0 [K) 

Fig. 9. For GL = 5 x lO'K/m, D = 6 x J0- 8m2/s, k = 0.2 
and a0 = 15.3 x J0- 10m the neutral stability curve corre
lated weil with the experimental observations. Note that the 
measuring error for ilT0 has to be assumed to be equal to 
or greater than ±40mK (see Table 1). The measuring error 

for V is smaller than ±0.07mm/s. 

from Fig. 6(c). Figure 10 shows the .l.-.<1T0-diagram 
calculated from linear stability theory for the same set 
of GL, D , k and ao as in Fig. 9. Although the 
measuring error of the size of the substructure is 
!arge, correlation is satisfactory. (Note that the upper 
and lower branch correspond to low and high 
velocities, respectively.) 

Voorhees et al. [22] and Ungar et al. [23] 
investigated the effect of grain boundaries on the 
stability of a planar solid- liquid interface at low 
velocities . They found that the threshold is shifted to 
somewhat lower values . Therefore, due to the grain 
structure of the planar front presented in this paper, 
instability is enhanced in our experiments. However, 
it goes beyond the scope of this work to discuss this 
effect quantitatively. 

Another effect which has to be considered is 
convection. The shrinkage due to solidification, 
.<1p jp, which for SCN is about 0.048, induces a flow 
within the capillary tube. Considering mass conserva
tion, the average flow speed is given by U = (L1p f 
p) Vo. With V0 of the order of 20 mmjs, a flow of 
about 1 mmjs can be estimated for these experiments, 
which is of the same order of magnitude as the 
solidification velocities . This convection is supposed 
to be laminar with a parabolic flow field along the 
tube axis. 
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k = 0.2 

D = 6 X 10' 10 m2/s 

GL= 5 X 104 K/m 

a0 = 15.3 X 10' 10 m 

t> T0 [K] 

Fig. 10. Critical wavelength ). as a function of !1T0 for the same parameters as indicated in Fig. 9. The 
experimental value measured from Fig. 6(c) is also given. The corresponding solidification velocity is 
V= 1.34mm/s. Note that the lower branch corresponds to absolute stability and the upper to the Iimit of 

constitutional undercooling. 

In order to discuss the infl.uence of this fl.ow on the 
stability of the planar solid- liquid interface in the 
present situation, the fl.ow field near the interface 
must be distinguished from the fiow field at the centre 
of the tube. The fiow near the interface has a normal 
component, whereas the fl.ow in the centre of the tube 
acts as a forced fl.ow approximately parallel to the 
interface. As discussed by Davis [24] the fl.ow normal 
to the interface shifts the whole neutral stability curve 
to a smaller V. According to Davis, this effect is of 
minor importance if 11p I p is small. 

The infl.uence of a forced fl.ow, parallel to the 
solid- liquid interface, on the morphological stability 
has been studied theoretically by several authors 
[25- 28]. Coriell et al. [25] and Forthand Wheeler [26] 
examined two-dimensional disturbances which were 
periodic in fl.ow direction and found that the fl.ow 
stabilised the interface. However, if longitudinal-roll 
disturbances are considered, the fiow decouples from 
the stability problem. Thus, the fl.ow "selects" the 
longitudinal-roll disturbances. This might explain the 
preferred orientation of the elongated cells in axial 
direction, although, as mentioned above, the 
orientation was sometimes found to be perpendicular 
to pulling direction. 

Hobbs and Metzener [27, 28] have examined the 
effect of a parallel forced fiow on the interface near 
the absolute stability boundary. They found that, far 
from the nose of the neutral stability curve, the fl.ow 
destabilises the interfaces at Vab•· It can be assumed 
that this effect is beyond the experimental range of 
this work [29]. After all, fl.ow will have a certain effect 
on the transitions. A quantitative evaluation of this 
effect is, however, beyond the scope of this paper. 

The question whether the morphological tran
sitions observed near the Iimit point (Co*, V*) are a 
super- or subcritical bifurcation cannot be answered 
by theseexperimental results. However, there are two 

indications which tend to suggest that both 
morphological transitions observed at low and high 
velocity are supercritical: 

(i) Slight fiuctuations in the angle between the 
interface normal and the axis of the tube, Ct:, resulted 
in a small variation in V of a few percent. If the 
bifurcation is assumed to be subcritical, a small 
fl.uctuation of V near the threshold of stability would 
Iead to a sudden change in the interface morphology. 
Because of the hysteresical nature of a subcritical 
bifurcation, this sudden change in the morphology 
would remain, even if V increased agairr over the 
threshold (within a certain Iimit). Such a change in 
the solidification pattern was not observed. For the 
I1T0 = 235 mK alloy, the experiments were indeed 
performed near the threshold. This can be seen in 
Figs 6(a) and (b). For V= 0.42 mm/s [Fig. 6(a)] no 
substructure was found, whereas for V= 0.78 mm/s 
[Fig. 6(b)] a weak substructure could be seen, 
indicating the appearance of shallow cells. 

(ii) As shown by Merchant and Davis, the 
transition point (TP) separating the subcritical from 
the supercritical branch of the neutral stability curve 
is about Co ::::o 0.1 wt% for the SCN-acetone system 
[9]. Because of the similar material properties of the 
system used in this study with respect to SeN
acetone, it can be assumed that TP in the SCN- Ar 
system is of the same order of magnitude. The 
transition from elongated to shallow cells appeared at 
a concentration of the order of Co ::::o 0.01 wt% 
(/1T0 ::::o 200 mK see Table 1), which is noticeably 
smaller than Co for TP in the SCN- acetone system. 

No oscillations of the solid- liquid interface have 
been observed. This may be explained in the 
following way: Fig. 8(d) shows that non-equilibrium 
effects only become importantat velocities which are 
!arger than the maximum value attainable in these 
experiments. As the driving force behind the 
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oscillations at high velocities is essentially given by 
the variation of the distribution coefficient with 
velocity, dkjd V , and this variation is very small at 
1-2 mmjs, banding is not expected. 

5. SUMMARY 

The first direct evidence is presented for a 
transition from cellular to plane front solidification 
with increasing interface velocity in SCN- argon 
alloys which solidify like metals. The in situ 

observations have been made under conditions of 
absolute stability close to the nose of the neutral 
stability curve in V-Co space. Several interesting 
transition patterns have been observed which are 
summarized as follows. 

(1) Reducing the solute content of a binary alloy 
results in a morphological transition from deep 
cylindrical cells to a planar growth front. This 
transition goes through three different stages: (i) 
transition from cylindrical cells to a pattern where 
elongated and cylindrical cells coexist; (ii) transition 
from the elongated and cylindrical cells to shallow 
(low amplitude) perturbations; (iii) transition from 
the shallow perturbations to a planar front. 

(2) For an alloy whose composition is slightly 
higher than the Iimit point Co*, the shallow 
perturbations which are observed inside the 
unstable reg10n disappear with decreasing or 
increasing growth velocity. These results indicate that 
the experiments were performed close to the "stability 
nose". 

(3) Within the uncertainty of the material proper
ties and the thermal gradient, the appearance of a 
planar front correlates weil with linear stability 
theory. The size of the shallow cells corresponds to 
the theoretical results for the critical wavelength for 
the onset of instability. 

(4) Substantial feeding flow in the remaining liquid 
inside the capillaries is predicted. The infiuence on the 
appearance of stability is not evaluated quantitat
ively. However, it is suggested that the preferred 
orientation of the elongated cells along the tube axis 
is produced by feeding fiow, among other factors. 

(5) The planar growth front reveals internal 
boundaries which Iook like grain boundaries. These 
boundaries originated from the first solid (surface 
dendrite) within the edges of the tubes. It is suggested 
that these grains are formed by recrystallization. 

(6) On the basis of the experiments, it cannot be 
decided clearly whether the bifurcation observed is 
sub- or supercritical, although some indications for a 
supercritical bifurcation are given. 

(7) No experimental evidence of oscillatory insta
bilities has been found. The effect of a variation of the 
distribution coefficient is very small for the small 
concentrations used. Therefore, it is probable that 
these instabilities do not form under the observation 
conditions. 
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APPENDIX A 

Non-equilibrium Stability Analysis 

The characteristic equation that determines the eigen
values of the complex growth rate rJ of an infinitesimal 
perturbation at a planar solid- liquid interface, including 
non-equilibrium conditions at the interface, has been given 
by Huntley and Davis [12] in their equation (4.2). Dividing 
by (nRs + RL)(R + K- 1) and rearranging gives the 
following equation for the steady cellular modes 
[Re(ri) = Im(ri) = 0] 

rHoa' + GL (1 - nRs + ~L) + Gs (n Rs + ~s ) 
M nRs + RL M nRs + RL 

+ in(Dk (~ 1 _ 1) = o. (A l) 
k+ß l + ßR +K - 1 

As r is used for the Gibbs- Thomson coefficient in the 
present paper, r of Huntley and Davis is replaced by r HD· 

We refer to the original paper for the definition of the 
symbols. 

Inserting the definitions of the dimensionless quantities 
r Ho, GL, Gs , M and multiplying equation (A 1) by mGc gives, 
with the notations used in this paper 

mv = m · 1n(I) 

i = - - r ( 1 _nRs+~L) 
SL KL nRs + RL 

j _ --r ( R s + ~s ) 
ss - Ks n nRs + RL 

- k ( 7( ) 
(c = k + ß I - R + k - I . 

Considering the fact that, for the steady cellular modes, 
RL, R s, R of Huntley and Davis are the dimensionless 
equivalents to WL, Ws, wc of Trivedi and Kurz [21] (the ws 
multiplied by Df V), ~L and ~s are equal to the stability 
functions (Land (s in Ref. [21]. For ~c the following relation 
has to be considered 

- k 
(c = k + V/Vo (c (A3) 

where k has to be replaced by kv in the stability function 
(c, Vo is the diffusion velocity of the solute across the 
solid- liquid interface [see equation (B1)]. 

Thus the result of the stability analysis of Huntley and 
Davis [12], taking into account non-equilibrium effects at 
the solid- liquid interface, corresponds closely to the generat 
stabi lity criterion of Trivedi and Kurz (TK) developed for 
local equilibrium conditions [21]. The TK model can be used 
under non-equilibrium conditions when the equilibrium 
values of the distribution coefficient, k , and the liquidus 
slope, m, are replaced by their velocity dependent 
counterparts (kv and mv) and the stability function (c is 
replaced by ~c from equation (A3). 

APPENDIX B 

Material Properlies 

Properlies of pure SCN at the melting point 

melting point Tr 58.09°C [30] 
latent heat of fusion /';h, 4.769 x 107 Jfm3 [31] 
entropy of fusion /';sr 1.440 x l05 Jfm3/K 
thermal conductivity of liquid Kr 0.2227 W /m/K [32] 
thermal conductivity of solid Ks 0.2244 W /m/K [32] 
thermal diffusivity of liquid ar 1.16 x I0- 7 m2/s [32] 
thermal diffusivity of solid as 1.14 x I0-7 m2/s [32] 
heat capacity of liquid er 1.920 X 106 Jfm3/K 
heat capacity of solid es 1.968 x 106 Jfm' K 
solid- liquid interface energy (J 8.96 x I0- 3 Jfm' [33] 
Gibbs- Thomson-coefficient r 6.22 x J0- 8 Km 
density of liquid Pr 0.970 x 103 kg/m3 [31] 
density of solid Ps 1.016 x 103 kg/m3 [31] 
molecular weight M 8.0092 x JO-' kg/mol 
molar volume of liquid vs 7.883 x J0- 5 m3/mol 
solid- liquid interface thickness ao 15.3 x I0- 10 m 

Properlies of the SCN- Ar system 

liquidus slope m -4.7 K fwt.% [18, 19] 
equilibrium distribution coefficient k 0.2 [1 8, 19] 
diffusion coefficient in the liquid D 8.8 x I0- 10 m2/s [1 8] 
molecular weight (Ar) M 3.9948 x IO- ' kg/mol 
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Remarks 

Chopra et a/. [18, 19] determined the liquidus and solidus 
temperature for the SCN- Ar system as a function of the 
argon partial pressure. The following equation was used to 
transform the partial pressure into mole fraction: 

X ~ [ dSrVmi(Tr - T)J _ I 
L = exp RT , 

where TL = TL(L1P) measured by Chopra was inserted for T 
to achieve a L1P-T-XL transformation. 

Following the work of Chopra [18, 19], the liquidus slope 
m and the equilibrium distribution coefficient k were 
assumed to be constant up to 0.03 wt.%. Chopra et a/. 
estimated the SCN- Ar phase diagram by determining TL 
and Ts under a microscope. The temperature, at which, 
according to these authors, " the network of molten grain 
edges began to extend slowly onto the grain faces" was 
taken as Ts. Due to an increased amount of impurity at the 
grain boundaries this temperature might be too low. Thus 
the equilibrium distribution coefficient k = 0.2 estimated 
from this phase diagram has to be regarded as the lower 
Iimit. 

The diffusion coefficient D for Ar in liquid SCN has also 
been evaluated by Chopra [18] where five different 

theoretical models were compared. Due to the best 
correlation between prediction and experimental results for 
the diffusion of gases other than Ar in different organic 
liquids, the model of Longuet-Higgins and Pope [34] was 
favoured. This model Iead to D = 8.80 x J0- 10 m 2/s. The 
other models gave a smaller D value. The smallest value was 
estimated to be D = 5.31 x J0- '0 m2/s. 

To consider the variation of k with velocity, assumptions 
for the diffusion velocity of argon across the solid- liquid 
interface have to be made. An interface diffusion coefficient 
equal to the bulk diffusion coefficient in the liquid was used 
in the following analysis. The interface itself is assumed to 
expand over three molecular layers. A layer thickness is 
estimated by the average distance of the SCN-molecules in 
the solid at the melting point. Thus, the diffusion velocity 
across the interface is approximated by 

(BI) 

where M is the molecular weight, ps is the density of the 
solid at the melting point and NA the Avogadro number. 
The resulting value for ao is 1.53 nm. 


