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Convective Instabilities During Directional Solidification

T. D. McCay,* M. H. McCay,t S. A. Lowry,j and L. M. Smith§
University of Tennessee Space Institute, Tullahoma, Tennessee

Results of a ground-based experimental program that supports a low-gravity space processing Spacelab exper-
iment are reported. The phenomena which precipitate pluming and thus freckling in a metal alloy are studied
in detail using a metal analog (ammonium chloride and water) and the sequential events leading to massive
channeling and convection are optically documented. The pluming is shown not to be a random burst of
unstable fluid from a preferred channel but, rather, a natural occurrence resulting from a fundamental
(Rayleigh-Benard) fluid dynamic instability at the density inversion interface. Rayleigh numbers are calculated
for the instability and a critical Rayleigh number is determined.
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Nomenclature
amplitude of light wave, V/cm2

amplitude of light wave, V/cm2

solutal diffusion coefficient, cm2/s
depth of the inverted layer, cm
focal length of lens, cm
acceleration of gravity, cm/s2

height of mushy zone, cm
initial height of mushy zone, cm~"
thermal diffusivity, cm2/s
index of refraction at point (x,y)
combined Rayleigh number
solutal Rayleigh number
thermal Rayleigh number
image field, V/cm2

solidification rate, cm/s
solutal coefficient of index of refraction,
1.63 x 10~3/wt.%
thermal coefficient of index of refraction,
-1.73x 10~4/°C
solutal coefficient of expansion, /wt.%
thermal coefficient of expansion, /°C
concentration change, wt.%
density change, gm/cm3

temperature change, °C
liquid viscosity (poise)
wavelength of light, cm
phase of the light wave
distance through the solution, cm
kinematic viscosity, cm2/s

I. Introduction

DURING the directional solidification of an alloy, a diffu-
sion boundary layer is formed in front of the solidifying

interface or growth front. In the case of many superalloys and

Presented as Paper 88-0258 at the AIAA 26th Aerospace Sciences
Meeting, Reno, NV, Jan. 11-14, 1938; received May 9, 1988; revision
received Aug. 31, 1988. Copyright © 1988 American Institute. of
Aeronautics and Astronautics, Inc. No copyright is asserted in the
United States under Title 17, U.S. Code. The U.S. government has a
royalty-free license to exercise all rights under the copyright claimed
herein for governmental purposes. All other rights are reserved by the
copyright owner.

*Professor of Engineering Science. Associate Fellow AIAA.
tAssociate Professor of Engineering Science. Member AIAA.
{Graduate Research Assistant. Member AIAA.
§Staff Engineer.

the metal analog used here, this boundary layer is rich in
lighter species and, thus, creates a low density region in front
of the interface. For a unidirectional system being solidified in
a vertical temperature gradient, the density inversion extends
throughout the partially solidified mushy zone, the lightest
liquid actually being at the bottom in a conventional casting
system. This eventually leads to jets of light material rising
through the mushy zone, creating channels or voids and
breaking off dendrite arms in the process. These arms are then
expelled into the normally supercooled region in front of the
interface and can lead to the formation of equiaxed grains
that will be trapped within the overall matrix. These grains,
which are called freckles, are an undesirable microstructure,
as are the channels, both degrading the properties of the final
cast material. The study presented here deals with this one
aspect of convection within a directionally solidified casting,
that is, the formation of interdendritic jets of fluid that
generate channels and freckles in the final casting.

II. Background

A. Freckling in Metal Models and Alloys
The ammonium chloride-water system is used as a physical

analog for studying the dendritic solidification of metal alloys.
For hypoeutectic compositions, ammonium chloride-rich den-
drites freeze, rejecting water-rich solution into the surround-
ing liquid and ahead of the dendrite plus liquid (mushy zone)
interface. The rejected solution is less dense than the parent
liquid and, therefore, a lighter layer forms creating a density
inversion. Since there is an imposed positive temperature
gradient, the density of the liquid ahead of the interface ap-
pears, as in Fig. 1.

Since the early paper by Jackson and Hunt,1 two types of
criteria have been developed for the freckling phenomena,
one primarily based on thermal considerations2 and the other
strictly based on concentration effects.3 Although these papers
recognized the presence of the inverted density layer, explana-
tions of the pertinent phenomena inappropriately used analo-
gies drawn to "salt fingers" and thermosolutal convection. In
addition, neither of these two criteria identified the basic fluid
instabilities occurring as a result of the inverted layer. The
authors recently4 have extended these early criteria by com-
bining concentration, latent heat, and superposed thermal
gradient into an inclusive static stability criteria, but have not
attempted to define the responsible fluid instabilities. Experi-
mental work has, however, begun to examine the formation of
freckles and their relationship to the inverted layer. Sample
and Hellawell demonstrated5 that perturbation of the portion
of the layer ahead of the interface initiated pluming in solidi-
fying ammonium chloride-water solutions. The authors' own
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Fig. 1 Schematic of dendrite solidification front with accompanying
temperature, solute, and density profiles.
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Fig. 2 Confocal optical signal processing system.

experimental work6 has shown that the inverted layer initially
grows proportionally to the interface growth rate, but reaches
some maximum thickness prior to pluming, that thickness
dictated by fluids phenomena. This paper presents experimen-
tal studies conducted to examine the fluid instability that
occurs as a result of the density inversion ahead of a dendritic
growth front.

B. Optical Data Acquisition Techniques
Because concentration and temperature variations directly

affect the index of refraction of the ammonium chloride-water
solution, the solidification process can be experimentally stud-
ied using techniques of Fourier optics. This approach treats
the "optical disturbance" (i.e., the scalar components of the
propagating electric or magnetic field) as a two-dimensional
signal processed through linear shift-invariant systems.

In passing through the transparent solution, a uniform
plane wave traveling in the z direction experiences a multi-
plicative phase shift, so that the emerging field is described by

(1)

(2)

In deriving these expressions, it was assumed that the distance
through the solution is small enough that the light is not
diffracted when traveling from the front to the back surface,
and that the index of refraction within the solution does not
vary with respect to z, the direction of propagation of the
light. Because any practical detector responds to the intensity
of the radiation, direct imaging of the field emerging from the
solution yields no useful information about the phase. Thus,

where the phase $(x,y) is given by

the problem is how to process the light to extract the phase
information in terms of variations in intensity in the resulting
image.

The method chosen to accomplish this employs a confocal
optical signal processing system, as shown in Fig. 2. Two
lenses, each with focal length /, are centered on the optical
axis at a distance 2/apart. In this way, an object in the front
focal plane of the first lens is imaged at unity magnification
onto the back focal plane of the second leris. The field in the
back focal plane of the first lens is proportional to the Fourier
transform of the field in the front focal plane. This arrange-
ment allows for direct frequency domain filtering of the object
field by placing appropriate spatial filters in the Fourier plane.

C. Thermosolutal Instabilities
Thermosolutal instabilities in solidifying systems have been

a significant research subject for several years7 and are consid-
ered the principal culprit in freckle formation. They are
discussed here for completeness but, although they do drive
flows in these systems, they are not the primary cause of the
initial instabilities. Most alloys are not solidified using a
sufficiently steep temperature gradient to dictate a statically
stable density profile, the classic condition associated with
thermosolutal instability. A thorough discussion of thermo-
solutal instabilities is given by Linden.8 He identifies two
categories, finger instability and diffusive convective instabil-
ity. In the finger instability, one normally has a stabilizing
temperature gradient (temperature decreases with depth) and
a destabilizing concentration gradient (lighter component in-
creases with depth), but the temperature gradient overpowers
the concentration gradient and the density continuously in-
creases with depth. If the thermal diffusivity exceeds the mass
diffusivity, this situation is dynamically unstable. Consider a
parcel of fluid perturbed downwards, for example. It is ther-
mally buoyant but solutally negatively buoyant. It would be
prone to rise back to its equilibrium position, except that on
its journey it loses heat at one rate and gains solute at a
different, slower rate, thus gaining negative buoyancy. This
will continue, since the two gradients continue to exist and the
parcel will continue to sink. The same type of argument holds
for a parcel displayed upwards, it will continue to rise. This
phenomena, the finger instability, was discovered over 30
years ago by oceanographers9 and was given the name salt
fingers—cool columns of water rising, surrounded by warm
falling columns of salty water.

The other instability corresponds to the opposite case, in
which the fast diffusing component (heat) is destabilizing.
This situation leads to an overstable oscillation.

D. Classic Rayleigh-Benard Instabilities
Classic Rayleigh-Benard (R-B) instabilities include convec-

tive rolls for the case where the fluid has contact with a solid
surface at both horizontal boundaries and Benard cells when
the upper boundary is free. An excellent review of these
phenomena can be found in several articles in the collection
edited by Zierep and Oertel.10 The R-B instabilities differ from
those discussed in the previous section in that thermal gradi-
ents alone are considered. For such cases, the thermal Ray-
leigh number can be defined as

(3)vKT

The stability of the solidifying ammonium chloride system
being studied here can be examined in an analogous fashion
with the additional definition of a solutal Rayleigh number

(4)vD

If the instability that occurs for the ammonium chloride-water
system is a classic R-B instability, it should be possible to
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Fig. 3 The growth front of directionally solidified ammonium chloride-
water at breakdown as shown by a confocal optical signal processing
system.

establish the stability boundaries based on a Rayleigh num-
ber, represented by a combination of thermal and solutal

RA = RT + Rs

III. Experimental Techniques and Procedures

(5)

A. The Solidification System
The directional solidification system was similar to that

used previously.6 It consisted of a sealed quartz cuvette
(25 x 16 x 12mm) that contained the ammonium chloride-
72% water solution, and two thermoelectric devices (TED)
that provided the required top and bottom temperatures on
the 16 x 12 mm surfaces. Optical measurements were made
through the 25 x 16 mm surfaces. The temperature profiles
and cooling rates were controlled by an IBM Compatible
PC-XT computer with a Keithley multiplexing system. Tem-
peratures were monitored optically with fringe spacing mea-
surements and by chromel-alumel thermocouples at the
interfaces between the TED's and the cuvette.

B. The Optical System
Several techniques for processing phase images using a

confocal optical signal processing system are discussed in
Goodman.11 In the technique used here, called the central
dark ground method, a field such as that given in Eq. (1) is
present in the object plane.

If a small opaque obstruction is placed at the origin in the
Fourier plane, the low spatial frequency components are
effectively removed, and the resulting image field is approxi-
mately given by

(6)

where BQ denotes the low-frequency components of the field
that can be approximated by a constant. The intensity in the
image plane is, therefore,

2
0- 2A0B0 cos[<t>(x,y)] (7)

Thus, the phase induces systematic variations in the image
intensity. The system produces data similar to an interferome-
ter but is considerably simpler and more rugged.

In the experiment discussed here, phase and, thus, intensity
variations are driven by changes in the index of refraction.
The dependence of the ammonium chloride-water index of
refraction on temperature and concentration and can be given
by12

(0 Minutes)

(1:18 Minutes)

(1:22 Minutes)

(1:30 Minutes)

(1:20 Minutes)

(1:24 Minutes)

(1:32 Minutes)

n = 1.3822 - 22°C) + a,(C - 27.07 wt.%) (8)

Fig. 4 Inverted layer growth and breakdown during directional solidifi-
cation of NH4C1-H20.

During directional solidification of ammonium chloride-
water, the index of refraction goes through a reversal similar
to the density. The reversal for density and index of refraction
occur at the same location if

(9)

In the case of ammonium chloride-water, the experimentally
determined13 value of the quantity is 1.014, and for the
purposes of this analysis the density inversion is considered to
be at the same position in the liquid as the index of refraction
inversion.
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Fig. 5 The height of the inverted layer as a function of time for three
cooling rates (°C/min) and a temperature gradient of 28°C/cm.
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Fig. 6 Inverted layer thickness at undulation as a function of mushy
zone height for two gradients and a cooling rate of 2°C/min.

C. The Image Processor
The image intensity data were acquired by placing the

light-sensitive detector of a video camera in the image plane;
the confocal optical system simply replaces the standard lens
usually mounted on the video camera. Data were then
recorded in real time in video format and stored on magnetic
tape. Quantitative information was obtained by first digitizing
selected video frames into 512 x 512-pixel image format, and
then visually selecting the layer and growth front height with
the aid of a cursor. Spatial dimensions within the digital
image were measured by calibrating the entire data acquisi-
tion system to determine vertical and horizontal pixel spacing.

D. Experimental Procedure
The solidification sequence consisted of preheating the cu-

vette and solution to a temperature above 40°C for 10 min.
The desired temperature gradient was then superposed across
the cuvette with a holding time of several hours to ensure
homogeneity in the solution and establish a starting mushy
zone height. The top and bottom TED's were then ramped
down at selected cooling rates while maintaining the constant
temperature gradient. A matrix of experiments was conducted
in which initial mushy zone height was varied from 0.02-
0.09 mm and the cooling rate was varied from 0.1-12.0°C/
min. Temperature gradients of 15°C/cm and 28°C/cm were
investigated. The solidification rate (cm/h) during this time
period of the experiment was a factor of 0.275 times the
cooling rate (°C/min). Video recording of the image was taken
real time, beginning with the onset of the cooling ramp. A
typical confocal optical signal processing central dark ground
image is given in Fig. 3. The visible portion of the inverted
layer is clearly indicated by the bright area just above the
mushy zone. The edge of the inverted layer was taken to be
that point at which the bright layer began to fade into the
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Fig. 7 Inverted layer thickness after pluming as a function of mushy
zone height for two gradients and a cooling rate of 2°C/min.

black region (null) above it. Using both manual and digital
image analysis techniques, the height of the layer above the
bottom of the mushy zone was measured as a function of time
for each initial mushy zone height, and the onset of layer
breakdown and pluming was noted.

IV. Experimental Observations
A. Inverted Layer Build-up and Breakdown

Figure 4 shows the mushy zone and inverted layer as a
function of time after the initiation of cooling. The sequence
of events are as follows:

1) A mushy zone exists in a stable temperature gradient.
2) Cooling is initiated (time = 0) and growth begins.
3) A dark (null) band forms ahead of the mushy zone.
4) A bright band, the leading portion of the inverted

layer, begins to form ahead of the mushy zone.
5) The inverted layer grows in height with the dark band

moving ahead of it.
6) Fringes appear within the growing inverted layer.
7) Periodic undulations occur along the top of the in-

verted layer.
8) Periodic undulations occur along the top of the dark

band.
9) Periodic rolls appear within the dark band.

10) Plumes of liquid rise between some of the rolls, break-
ing up their periodicity.

11) The inverted layer retreats.
12) Individual dendrites rapidly grow out from the mushy

zone and extend past the inverted layer.
13) Erratic pluming and rapid growth of the entire front

ensues.
B. Quantitative Measurements

The mushy zone height and inverted layer thickness were
measured as functions of time for three growth rates. The
growth with time of the inverted layer thickness is shown in
Fig. 5. The inverted layer thickness at the onset of event
number 8 when the periodic undulations began to occur, and
during event number 12, when it retreated, is given in Figs. 6
and 7 as a function of mushy zone height (at undulation), at
a constant cooling rate for the two temperature gradients.

V. Discussion
The event sequence listed in Sec. IV has been consistent for

all conditions studied. The condition variables were initial
mushy zone height, cooling rate, and temperature gradient.

Using the same event numbering assigned in the previous
section, the following explanations are offered:

1) and 2) Self-explanatory.
3) For the confocal optical arrangement, a null is ex-

pected for a region of constant index of refraction. The signs
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on ar and ocs indicate that an inflection in n (null) must occur
for positive gradients in both temperature and salt. This is the
case in the diffusion boundary layer, and the null represents
the extent of that region. Examining the variation of density
(f$T and /?5), one concludes that below the null there exists an
increasing (with height) density gradient and above the null a
decreasing one.

4) The next step after the null would be the change of
optical phase, giving a light band for the steepening concen-
tration gradient. As the layer grows, successive fringes appear.

5) and 6) Continuation of event number 4.
7) This phenomena was not anticipated. Generally, it is

thought that pluming begins in a random fashion and the
layer should break down in that manner. Instead, a periodic
undulation of the top of the layer began first. This undulation
is more consistent with linear stability theory associated with
R-B type systems. The height at which this occurred was a
function of the initial mushy zone height and was reasonably
consistent over the range of parameters investigated.

8) A consequence of event number 7.
9) These undulations develop into regions with optical

depth changes that provide a roll appearance. Preliminary
particle studies13 indicate that these rolls are actually Benard
cells rather than periodic starting plumes.

10) At some later time (function of cooling rate and ther-
mal gradient) pluming did begin. The plume was always
located between two of the rolls, apparently consisting of
buoyant fluid from within the mushy zone.

11) This appears to be the draining of the swamp discussed
by Hellawell.5 The pluming material now resembles a salt
finger system and the flow is supplied by fluid from through-
out the inverted layer region. The portion of the layer ahead
of the interface seems to be stable, i.e., the visible layer moves
down uniformly. This height is maintained for a considerable
time period.

12) and 13) The fresh solute from the convection makes
this possible. Once the dendrites move into the fresh fluid,
rapid growth (not diffusion limited) can proceed and the
growth rate approaches the cooling rate.

The growth of the inverted layer as a function of time is
depicted in Fig. 5. For each rate, the layer reaches a maximum
height and then decreases with time. The peaks of the curves
correspond to the time of undulation.6 The drop-off occurs
subsequently to pluming.
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Fig. 8 Critical Rayleigh number variation with initial height of the
mushy zone.

The inverted layer thickness (at undulation) with mushy
zone height is seen to be directly proportional in Fig. 6. These
data were obtained by starting the growth at various initial
mushy zone heights. If one begins with a larger initial thick-
ness, then an increased inverted layer thickness is reached
before undulation begins. The stability of the layer can be
examined in the case of an R-B instability by employing Eq.
(5). The Rayleigh number at undulation should correspond to
a critical value. Since the inverted layer thickness at break-
down increases with initial mushy zone height, the critical
Rayleigh number will also. The explanation for this behavior
lies in the frictional effects dictated by the mushy zone, which
acts as a porous mesh. The mushy zone increases the effective
viscosity, thereby giving a lower effective Rayleigh number
than one would calculate from Eq. (5). Figure 8 gives the
breakdown Rayleigh number as a function of initial mushy
zone height for several different conditions. The effective or
actual critical Rayleigh number can be estimated by determin-
ing the value that would exist if the initial mushy zone
thickness was zero. This gives a value of approximately 600,
which compares favorably with a critical solutal Rayleigh
number of 1000, reported in earlier literature.14 Based upon
Fig. 8, it can be concluded that the effective viscosity increases
with mushy zone height in an exponential manner.

VI. Conclusions
Based upon the work presented, several conclusions can be

drawn:
1) The phenomena associated with freckling in metal alloys

can be successfully studied using ammonium chloride-water
solutions.

2) The confocal optical signal processing arrangement
serves very well as the poor man's interferometer. It is more
rugged and considerably simpler.

3) The well-behaved phenomena of undulations and subse-
quent cell formation preceding pluming is not consistent with
a thermosolutal instability. Thus, many of the defects in
castings of superalloys (which behave similarly to ammonium
chloride-water) may be inappropriately attributed to thermo-
solutal effects. A detailed evaluation of the Lewis number for
each specific system is necessary to answer that question fully.

4) The breakdown behavior that leads to pluming appears
to be a solutal analogy to the classic Rayleigh-Benard instabil-
ity. A critical Rayleigh number that is dependent upon the
initial mushy zone height can be determined for the system.
For ammonium chloride-water, the critical Rayleigh number
is approximately 600.
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