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Abstract 

Dynamic studies on the rapid solidification of binary CBrcC2Cl6 alloys at different hypoeutectic compositions were performed. 
The samples were solidified in fine glass tubes with a square cross-section by pulling the tube rapidly from a hot into a cold zone. 
Applying pulling velocities up to 30 mm s - 1, local solidification velocities from 0.3 to 2 mm s - 1 depending on the cooling 
temperature were achieved. Independent of concentration and solidification velocity, the observed interface morphologies revealed 
either a cylindrical or elongated cellular pattern, which are often separated by a boundary in pulling direction. The occurrence of 
these morphologies was found to change instantaneously. The spacings of the cylindrical and the elongated cells were measured 
as a function of concentration and solidification velocity. The results are discussed with respect to a recent theory for cellular 
growth. © 1997 Elsevier Science S.A. 
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1. Introduction 

In directional solidification of alloys, arrays of cells 
or dendrites are often produced. The cells or dendrites 
grow with an average spacing and a tip undercooling 
which are determined by the alloy composition and the 
imposed growth conditions (velocity and temperature 
gradient) [1]. For a small range of growth conditions 
near the breakdown of a planar front, elongated (two
dimensional plate-like) cells are sometimes found (2 -
7]1 . Further away from the breakdown condition, 
cylindrical (three-dimensional finger-like) cells are pro
duced [8,9]. Even further away from the planar front 
stability dendrites are formed. 

The array growth of cells with their typical interac
tion at the tip region has often been treated by oversim
plified analytical models (10- 12]. Recently, Hunt and 
coworkers developed a numerical model of cellular and 
dendritic growth which can predict cellular and den
dritic spacings, undercoolings and the transition be
tween those structures [13 - 15]. They found that stable 
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cellular growth can exist between the so-called array 
stability Iimit and the upper stability Iimit. They fitted 
their numerical results by non-dimensional analytic ex
pressions (15], for easy comparison with experimental 
findings. 

In this article, experimental studies of the cellular 
growth of binary CBrcC2Cl6 alloys at different hy
poeutectic compositions at relative high solidification 
velocities are presented. The appearance of arrays of 
elongated and cylindrical cells and of morphological 
changes between those is reported and discussed. The 
measured spacings are compared with the analytic ex
pression of Hunt and Lu [15] . 

2. Experimental procedure 

In situ observations of the interface morphologies in 
the CBrcC2Cl6 system were performed by rapidly 
pulling long, fine capillary tubes from a furnace into a 
liquid coolant. The capillaries used in this work had an 
inner cross-section of 200 x 200 ~tm2 with a wall thick
ness of 100 JJ.m. They were 900 mm long and made of 
borosilicate glass. They were filled with alloys of differ
ent hypoeutectic compositions. 
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The apparatus used in the experiments consisted of a 
Jong furnace, a cooling chamber through which the 
liquid coolant was pumped, and a pulling device, which 
permitted pulling velocities between 1 and 30 mm s- 1 

to be achieved. For a solidification experiment, the 
capiJlary tube was first threaded through the seals of 
the cooling system. After the walls of the tube were 
aligned paralleljperpendicular to the optical axis of the 
microscope, the tube was moved with a constant veloc
ity from the furnace into the coolant. Further details on 
the experimental procedure and the filling are given in 
Ref. [7] . 

The solidification front was observed through the 
coolant, perpendicularly to the solid-liquid interface 
and, simultaneously, from the side with an optical 
microscope. The actual growth rate was obtained from 
the angle rx between the interface normal and the 
pulling direction by V= V0 cos rx, where V0 is the 
pulling velocity. Local solidification velocities V (nor
mal to the solid-liquid interface) between 0.3 and 
almost 2 mm s - 1 were achieved. 

To obtain an average of rx, about five images in 
chronological order were evaluated. Measuring errors 
were minimised by measuring and averaging the angles 
of the two opposite interfaces. The standard deviation 
of the main average calculated from the angles of the 
differentimageswas taken as the measuring error for rx. 
Because V0 could be adjusted quite precisely, the rela
tive measuring error for V was assumed to be equal to 
the relative error of rx. Thus, V could be estimated with 
an accuracy of about 6%. 

The purification of CBr4 was performed by sublima
tion. While the recipient was cooled in a dry ice box, 
the material was sublimated without heating the origi
nal flask. A pressure of about P = 10- 2 m bar was 
applied. This procedure was repeated seven times. The 
purity was found not to increase with further sublima
tion. Alloying was performed by sublimating a defined 
quantity of C2Cl6 to the purified CBr4 . The alloy was 
agairr sublimated and molten subsequently to ensure a 
well defined mixing. 

The concentration of the various alloys, C0, was 
estimated by measuring the liquidus temperature, Tu 
and applying the phase diagram of CBr4-C2Cl6 mea
sured by Mergy et al. [16]. TL was measured by investi
gating the melting process under the microscope. In 
~rder to achieve homogeneaus temperature distribu
twn, a heated water jacket was placed around a 90 mm 
long section of the tube. The temperature in the centre 
of the cooling jacket was measured with a resistance 
thermometer. The thermometer had a relative accuracy 
?f ± 30 mK and the temperature measured within the 
Jacket varied by some ± 20 mK. Thus, the relative 
accuracy of the entire system was estimated to be about 
± 50 mK. Although the temperature distribution within 
the jacket was found to be quite uniform, TL varied 

slightly over a segment length of about 50 mm, indicat
ing small concentration variation (see Table 1). 

The spacings of the cylindrical cells were measured 
by counting the number of cells in a defined area and 
calculating the equivalent average radius [8]. The spac
ings of the elongated cells were estimated by drawing a 
line perpendicular to the lamella and counting the 
number of intersections. Again an average value was 
calculated by evaluating five images in chronological 
order. A measuring error of 5% was found for A. The 
spacings of the elongated cells appear to be always 
smaller than the corresponding spacings of the cylindri
cal cells by about 5%. 

3. Results and discussion 

At high pulling velocities, the liquid pool was very 
long and the solidification front was nearly parallel to 
the side walls. The first solid was formed in direct 
contact with the tube walls as surface dendrites which 
grew mainly in the edges of the tube. After a thin layer 
of only a few 11m thickness covered the tube from 
inside, the solid-liquid interface revealed a pyramidal 
geometry. With the exception of the beginning and the 
end of the solidification region, the solid -liquid inter
face was macroscopically flat and therefore the growth 
velocity was constant over most of the half-width of the 
capillary. The diffusion boundary layers from opposite 
side planes did not overlap, except in the region where 
almost the whole liquid was solidified [7]. 

Fig. 1 shows two morphologies which are typical of 
the experiments performed: cylindrical cells (Fig. l(a)) 
and elongated (lamellar) cells (Fig. l(b)). They ap
peared both within the same solidification experiment, 
independently of concentrations and solidification ve
locities used. Similar to the elongated cellular pattern, 
the cylindrical cellular pattern may reveal an alignment 
of the cells so that certain directions are preferred (Fig. 
1(a)). On the other hand, elongated cells may have a 
light periodical structure perpendicular to the lamella, 

TableI 
Estimated liquidus temperatures, TL, and the related concentrations, 
C0 , with the corresponding measuring errors. C0 was determined 
using the phase diagram of Mergy et al. [16] 

TL (OC) Error COC) C0 (wt.%) Error (wt.%) 

93.45 ±0.08 Pure" 
91.35 ±0.10 1.35 ±0.12 
89.35 ±0.15 3.61 ±0.17 
88.70 ±0.30 4.32 ±0.32 
87.05 ±0.16 6.06 ±0.17 
85 .70 ±0.18 7.46 ±0.18 

"A solid-line interval caused by unknown impurities of !'J.T0 ~ 0.3 K 
was measured for the purified CBr4 . 
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Fig. I. The observed cellular interface morphologies revealed either a 
cylindrical (a) or elongated (b) cellular pattern. Morphologies taken 
from a CBrcC2Cl6 alloy with a measured liquidus temperature of 
TL = 88.70°C solidified with a solidification velocity of V = 0.5 mm 
s - 1 are shown. The pulling velocity was V0 = 5.3 mm s- 1• 

which shows that they are about to become cylindrical 
(Fig. l(b)). 

Cylindrical and elongated cells can either occur sepa
rately (as shown in Fig. 1) or at the same time within 
two (rarely three) different domains. These domains are 
separated by a boundary which often revealed a small 
inclination of some degree with respect to the pulling 
direction (Fig. 2(a)) or even show a sharp turn from 
normal to perpendicular to the pulling direction (Fig. 
2(b)). During the same experimental run, the morphol
ogy often changed from only cylindrical cells to only 
elongated cells and to both patterns separated by the 
boundary. The latter morphology was most common, 
whereas elongated cells only were relatively rare. 

The rapid change in the morphologies on both sides 
of the boundary is shown in Fig. 3(a) and (b). First the 
elongated cells are on the left hand side of the 
boundary and the cylindrical cells on the right. Within 
a time period of !J.t = 100 ms, the situation is reversed. 

Elongated cells were first observed in 1955 by Walton 
et al. [2] and Tiller and Rutter [3]. They stated that the 
instability of a planar front occurred by forming a 

pox-like structure as a stage of development prior to 
cell formation. The cells first appeared to be irregular 
and elongated. Closer to the cellular region, the elon
gated cells subdivided to form smaller, almost regular, 
cells. 

The effect of crystal orientation on the initial non
planar interface morphology was investigated by Mor
ris and Winegard in more detail [4]. They found that 
when the growth direction was near a [100] or [111], the 
initial breakdown structure consisted of nodes (which 
also transfer to elongated cells prior to forming regular 
ones). Near [110], the initial breakdown structure con
sisted of elongated cells. Recently Ludwig and Kurz 
showed that the intermediate state of elongated cells 
occurs not only for the transition from a planar to a 
cellular morphology at low velocity but also at the Iimit 
of absolute stability [6, 7]. 

Extrapolation of these results to our experiments 
shows that the boundary separating elongated and 
cylindrical cellular pattern has to be regarded as a grain 
boundary. Comparison of our results with the predic-

Fig. 2. The boundary separating cylindrical and elongated cellular 
pattern can reveal an inclination with respect to the pulling direction 
(a) or even show a sharp turn (b). The liquidus temperature of the 
alloy shown was measured to be TL= 87.05°C. It solidified with 
V= 0.81 mm s - 1 and V0 = 6.5 mm s - 1• The time difference between 
(a) and (b) was !J.t = 20 ms. 
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Fig. 3. The marphalagies an bath sides af the baundary can change 
very rapidly. Marphalagies taken fram a CBr4 - C2Cl6 allay with a 
measured liquidus temperature af TL= 88.70°C salidified with V= 
0.66 mm s - 1 and V0 = 8.4 mm s - 1 are shawn: (a) and (b) are taken 
fram the same experimental run with a time difference af !'>.t = 100 
ms. 

tion of Hunt and Lu [15] (see be1ow) revea1s that due to 
the high thermal gradient, the observed cellular pattern 
grew near the Mullins and Sekerka stability Iimit V Ms 

[17]. Hence, if both morphologies are observed simulta
neously (as in Figs. 2 and 3), the domains with elon
gated cells are closer to that Iimit. Due to the fact that 
V Ms increases with the surface tension, the elongated 
cellular morphology grew closer to the [100] or [110] 
direction than the one with cylindrical cells. 
. The reason for the appearance of the grain boundary 
IS that the surface dendrites growing along the tube 
Walls revealed different crystal orientations. Due to 
competition between the surface dendrites, certain crys
tal orientations prevail. With high cooling tempera
tures, this competition was directly observed to be quite 
dynamic. With low cooling temperatures, a direct ob-
servat,· . on was not poss1ble. 
th:~g . 4 s.hows the. array stability Iimit (calculated . by 
of nalytJc expresswn g1ven m Ref. [15]) as a functwn 
r sohdlfication velocity for three different composi-
Ions (- ). Although no analytical expression for the 

12 

E' 
8 2, ,_, 

4 

0 

12 ·. 

E' 8 
2, 00 ,_, 

4 

12 

4 
········ · ················~ · ··· 

0,5 1,0 1,5 2,0 
V[rnm/s] 

Fig. 4. Camparisan of measured cell spacings with the array stability 
Iimit (--) calculated with the analytical expressian given by Hunt 
and Lu (15] far different compasitions and salidificatian velocities. 
The upper stability Iimit (- - - ) is roughly approximated by taking 
1.5 times the array stability Iimit. 

upper stability Iimit is given in Ref. [15], it is roughly 
approximated in Fig. 4 by taking 1.5 times the array 
stability Iimit (- - - ). The black dots are the experi
mental points from this work. 

Within the ve1ocityjconcentration range covered ex
perimentally, the calculated spacings were found to be 
independent of the temperature gradient G as long as 
the gradient is smaller than G < 105 K m - 1• Due to the 
temperatures used in the experiments and the low ther
mal conductivity of the transparent organic alloys, this 
seems to be a reasonable assumption [7]. 

Besides the spacings measured at low velocity and 
low concentration, the agreement between the experi-
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Fig. 5. The array stability Iimit as a function af compositian for 
different solidification velacities calculated with the analytic expres
sian given by Hunt and Lu [15]. 
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ments and the prediction from the Hunt and Lu model 
is quite reasonable. The deviation of the low velocity j 
concentration points may have two different causes. 
First, the cellular structure needs a distance of approxi
mately 10 times the average spacing to reach the steady 
state [18]. The morphologies which are evaluated in this 
work are taken from positions inside the tube where a 
solid layer of about 50 ~tm had already been formed. 
Thus spacings of larger than 5 ~tm may not have 
reached steady-state growth conditions. 

The second reason might be the uncertainty in the 
determination of the concentration. Although the 
purified CBr4 had a measured solidification interval of 
11T0 = 0.3°C, the estimated liquidus temperature was 
found to be 0.95°C higher than the melting tempera
ture, Tm, of the pure CBr4 measured by Mergy et al. 
[16]. lt is conceivable that impurities increase Tm' but 
unlikely (especially if Br2 is considered). If the impuri
ties decrease Tm, a correction of the melting tempera
ture of CBr4 with respect to the value measured by 
Mergy et al. had to be considered and thus their 
measured phase diagram might be incorrect. In the 
literature, the following values of Tm were found: 
90.1°C [20], 91.8°C [19], 92.SOC [16] and 93.4°C [21]. To 
investigate the influence of an uncertainty in C0 , Fig. 5 
shows the array stability Iimit as function of the con
centration for three different solidification velocities. 
Variations in C0 change the spacing more markedly at 
low concentration and low velocities. This is consistent 
with the deviations of the observed spacings shown in 
Fig. 4(a). 

4. Conclusions 

The main conclusions of this work are as follows: (1) 
the appearance of cylindrical and elongated cellular 
patterns was found to be independent of concentration 
and velocity, within the experimental range covered; (2) 
cylindrical and elongated cells can either occur sepa
rately or at the same time within two (rarely three) 
different domains separated by a grain boundary; (3) if 

both morphologies are observed simultaneously, the 
elongated cells grew closer to the [100] or [110] direc
tion than the cylindrical ones; (4) besides the spacings 
measured at low velocity and low concentration, the 
agreement between the experiments and the prediction 
from the Hunt and Lu model is quite reasonable. 
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