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Experimental Observation of Convective Breakdown during Directional Solidification

T. D. McCay, M. H. McCay, and P. A. Gray
Center for Laser Applications, University of Tennessee Space Institute, Tullahoma, Tennessee 37388

(Received 4 November 1988; revised manuscript received 3 February 1989)

Using confocal laser optical signal processing and neutrally buoyant particle laser tracking techniques,
we have investigated the formation and breakdown of the diffusion layer which develops at the dendritic
interface of a metal-alloy-model material (28 wt. % NH4C1 in H20) undergoing directional solidification.
The character of the breakdown for the system is shown to be a solutal Rayleigh instability with a
Benard-cell-type structure which is internal to the Auid, i.e. , not terminated by physical or free
boundaries.

PACS numbers: 81.30.Fb

The application of fluid analysis techniques to investi-
gate the convective motions within the liquid region sur-
rounding a solidifying metallic alloy has received exten-
sive attention within the last decade. Several reviews on
the subject have been written, one of the more recent be-
ing a thorough discussion of the phenomena and related
problems by Glicksman, Coriell, and McFadden. ' In his
review, Glicksman refers to several types of instabilities,
both morphological and convective, that concern the ma-
terials scientist. One of those, the thermosolutally driven
salt-finger convective instability, is indicated as the
culprit involved in localized macrosegregation (freck-
ling) in many superalloys. Glicksman indicates that it
has not been definitively established whether the onset
phenomena associated with these instabilities involve
both the diffusion-layer and interdendritic fluid or only
the diffusion-layer fluid (Fig. 1); however, he does point
out recent work by Sample and Hellawell that indicates
the onset of fluid motion is dictated by diffusion-layer
rather than interdendritic fluid properties. Our goal was
to obtain a more specific determination of the nature of
the onset of convection.

We investigated the onset of fluid instability in a so-
lidifying system by employing a solution of 28 wt. %
NH4C1 in H20 sealed in a (25 mm high && 19 mm
wide &&12 mm deep) quartz cuvette and directionally
solidified in a constant vertical linear temperature gra-
dient. This metal-alloy analog solidifies dendritically,
producing almost pure ammonium chloride dendrites.
The interdendritic liquid thus becomes water rich and,
depending upon the magnitude of the opposing tempera-
ture gradient, buoyant. It should be noted that it is pos-
sible for the liquid to be nonbuoyant but still unstable
due to double diffusive effects but we chose to investi-
gate the more prevalent case with a true density inver-
sion, as indicated in Fig. 1.

A classical confocal optical processing (COP) tech-
nique, the central dark ground method, was used in
the experiments. The strong index-of-refraction varia-
tion with temperature and concentration for ammonium
chloride and water produces well defined COP interfer-
ence fringes which, when used in conjunction with exter-
nal thermocouple measurements, permit one to monitor
the development of the diffusion layer in front of the
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FIG. 1. Confocal optical signal processing view with schematic of directionally solidified 28 wt. % NH4Cl in H20 (cooling
rate =1.0 ~ 0.02 C/min, temperature gradient =8.0 +'0.5 C/cm).
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FIG. 2. Schematic of cuvette solidification assembly.
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dendritic interface. This was accomplished for a matrix
of cooling rates, temperature gradients, and initial
mushy-zone (liquid plus dendrite region) heights. A
computer-based solidification assembly (Fig. 2) was used
to control the temperature gradient and cooling rate in-
dependently and simultaneously. The COP system and
its associated optics permitted average diffusion-layer
properties and mushy-zone heights to be accurately mea-
sured as functions of time. The diffusion-layer growth as
measured by COP interference-fringe shifts matched
one-dimensional theory quite well (Fig. 3) up until the
onset of convection.

The COP system was sufficient to establish onset but
not the nature of the convection. Based upon the COP
data, the motion appeared to be periodic and vortical in

nature but this was not conclusive.
A neutrally buoyant particle tracking system' which

could be used in conjunction with the confocal optical
processor (Fig. 4) was built to establish the convection
patterns. Butane-filled plexiglass spheres approximately
10-25 pm in diameter were added to the solution and an
argon-ion (488 nm) cylindrically lensed laser beam was
used to illuminate the particles during solidification. By
photographing 90' scattered light using an 8-sec time
exposure, the fluid motion in the beam plane could be
determined using the particle tracks. The three-dimen-
sional character of the fluid motion was ascertained by
translating (and rotating) the solidification assembly
across the sheet of laser light and observing the 90' scat-
tered light for several diff'erent parallel planes.

Figure 5 shows a sequence of photographs depicting
the behavior of the fluid layer above dendritic interface
immediately following the onset of convection, i.e., at
breakdown of the diffusion layer. These photographs
were taken for the sheet beam aligned with the center of
the fluid container, a quartz cuvette. The cells shown
were determined to be three deep by the movement of
the assembly. We found the cellular convection motion
to be vortical in nature, apparently bounded by the den-
dritic interface on the bottom and the thermally
lightened fluid on top. The "eyes" of the vortices shown

by the particle tracks were found to correspond to the
center of the null (dark band) in the COP data. The
null, a dark fringe associated with nearly constant re-
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FIG. 3. Predicted and experimental values of the concentra-
tion of water 0.05 cm ahead of the mushy zone and bulk fluid
interface as a function of time (cooling rate =2.0+ 0.02 C/
min, temperature gradient =8.0 ~ 0.5 'Clem).
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FIG. 4. Schematic of optical system.

fractive index, indicates the vertical density inversion

point in the fluid. An examination of the three-
dimensional information provided by cuvette movement
proved the vortices not to be paired rolls but rather ax-
isymmetric vortical rings (doughnuts) resembling
Benard cells. The resolution of the current optical sys-
tem is insufficient to establish whether the cells (rings)
are actually circular or hexagonal in shape, but they are
definitely three dimensional and have a characteristic
wavelength. "

The cells grow with time and eventually move upward
into initially undisturbed fiuid while introducing undula-
tions in the dendritic interface (which was flat prior to
onset). Fluid from the mushy zone, containing dendrite

fragments, begins to flow up through the center of the
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FIG. 5. Particle tracking and COP views during solidification sequence (cooling rate = I 'C/min, temperature gradi-

ent =g 'C/cm): (a) particle tracking at 2 min, 29 sec; (b) COP at 2 min, 29 sec; (c) particle tracking at 2 min, 59 sec; (d) COP at 2

min, 59 sec.
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FIG. 6. Particle tracking view of elongated cells which

occur subsequent to onset.

cells. This central flow leads to a pluming situation (Fig.
6). After a competitive period between the cells a limit-
ed number of these central flows dominate the movement
of fluid and fully developed chimneys and plumes can be
observed. This behavior is consistent with the predic-
tions and long-time-scale observations of Chen. ' '

The observations we have shown here are for the case
of a single temperature gradient (8+ 0.5 'C) and cooling
rate (1 ~ 0.02 C/min), but are representative of all
cases studied. The bottom temperature was varied to
produce various initial mushy-zone heights. Typically
the starting bottom temperature was approximately
20 C. The temperature of the top and bottom were
ramped down at a controlled rate to maintain the linear
thermal gradient. The temperature was always main-
tained above the eutectic ( —15 C) temperature during
the experiments.

A comparison with theoretical predictions with regard
to characteristic wave number and Rayleigh number at
breakdown will appear in a future article. ' The
significance of these experiments is the direct (in situ,
real time) observation of the onset of convection in an al-

2062



VOLUME 62, NUMBER 17 PHYSICAL REVIEW LETTERS 24 APRIL 1989

loy undergoing directional solidification. The phenome-
na are consistent with solutally driven convective insta-
bilities ' and can provide experimental stability criteria '

for light-solute-rejecting systems undergoing dendritic
growth.
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