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SUl-1MARY 

rEhe investigations of directional solidificati on made under this contract 
have indicated the necessity of establishing a secure foundation in earth-based 
laboratory processing in order to properly assess lovT-gravity processing. 

Hork has concentrated on evaluating the regularity of the microstructure of 
the rod-like eutectic Al-A13Hi obtained under different conditions of growth in­
volving the parameters of thermal gradient, solidification rate, and interfacial 
curvature. In the case of Al-A13Hi, where the A13Hi phase appears as facE:ted 
rods, solidification rate was determined to be a controlling parameter. 

It was found very desirable to have a thermal analysis program available in 
order to design a thermal processing system which would have the desired capa­
bilities to independently vary specific process parameters. During the program 
herein described, the furnace system was already preexistent. The thermal analysis 
program, when applied to this furnace, indicated that the interfacial curvature 
would be constant over a distance of several centimeters within the furnace. This 
was experimentally verified. It was found that not only was it difficult to change 
the interfacial curvature between the solid and the liquid during the processing, 
but it was also difficult to significantly affect the thermal gradient for a fixed 
ingot diameter. Had the thermal analysis program been fully operative, different 
configurations of the furnace could have been evaluated to determine how to prop­
erly build the furnace system to achieve the desired processabili ty. 

Zone melting of thin eutectic films showed that for films of the order of 
10 to 20 micrometers thick, the extra surface energy appears to act to stabilize 
a regular microstructure. In the system examined (the lead-tin eutectic), the 
lamellae extended from one side of the film to the other in those regions where 
the film was of the right order of magnitude in thickness. Uniformity of film 
thickness is re<luired in order to obtai.n usable results after the zone melt 
process. 

The results of this "Tork suggest that the role of low-gravity as provided in 
space-laboratory processing of materials is to be sought in the possibility of 
generating a higher thermal gradient in the solidifying ingot for a given pOl-rer 
input..,.output arrangement than can be obtained under normal one-g processes. 
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Diffusion controlled processes predominate as solidification rate increases; 
however, for a eutectic, the upper bound on the rate of solidification is the 
limiting value of the ratio: (thermal gradient)/(solidification rate). Advan­
tage might be taken of the lack of density-driven convection in a zero-g environ­
ment to utilize a low-power furnace system to obtain the same thermal gradient 
as is provided by a higher powered system in one-g. Alternatively, a higher 
solidification rate might be achieved. 

The data required from zero-g solidification experiments are thus a measure 
of the thermal gradients achievable under specific furnace operation and solidi­
fication conditions, along with an evaluation of the sOlid-liquid interfacial 
curvature for comparison with an identical one-g experiment. Conditions should 
be chosen so that convection would occur in the one-g experiment. 
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INTRODUCTION 

NASA programs have been directed toward exploring the nearly weightless 
environment provided by orbiting spacecraft to conduct experiments vThich vTill 
lead to manufacturing products in space for use on earth. 

It has been recognizeQ that unidirectionally solidified eutectic compo­
sitions constitute a class of materials with a higll degree of thermal and 
chemical stability vThich should be examined in a study of the effects of zero­
gravity on material solidification. Only a few of the many eutectic compositions 
which have been identified and subjected to unidirectional solidification have 
found potential uses. It is possible that with improved control over the regu­
larity of the phase distribution in a eutectic , additional uses would be found. 
The role which zero-gravity processin8 could play in obtaining inproved micro­
structures is presently in question; directional solidification facilities 
adequate to assess the effect of gravity on eutectic microstructure are not 
presently available. 

In order to define the conditions for a zero-gravity solidification experi­
ment which will provide insight into the role of gravity in affecting the regu­
larity of the eutectic microstructure, an investigation of earth based (one-g) 
processing of unidirectionally solidified eutectics has been undertaken. The 
initial study evaluated various aspects of eutectic solidification resulting in 
a narrOlving of the investigation to a study of the processin8 parameters which 
control the perfection of the eutectic microstructure. In the conduct of this 
latter program, the gross curvature of the solid-liquid interface, the rate of 
solidification, the thermal gradient in the liQuid at the SOlid-liQuid interface 
position, and the specinen shape were examined for their effect on the 
microstructure. 

In addition to the experiments performed to evaluate the effect of these 
parameters, the HASA-developed SIUDA (§.ystems Improved !!.umericalQifferencing 
Analyzer) thermal analysis program ,-ras used to calculate the thermal profiles 
within a solidifying ingot USing a model of the laboratory furnace and the 
thermophysical properties of the eutectic. SINDA is a finite element calcula­
tional program with various options, including a corrector subroutine vThich 
accounts for phase changes such as melting or solidification. The purpose of 
this analysis was to aid experimental design of thermal processors to provide 
the desired degree 0f experimental control. 
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The regularity of the eutectic microstructure was examined using sections 
transverse to the growth direction which were electropolished and replicated. 
The replica was photographed at 1200X using an electron microscope, with the 
resultant plate printed with additional enlargement to obtain a final magnifi­
cation of approximately 4ooox. From the photographs, the (x~y) coordinates of 
all points were obtained which lay within a 17 x 17 cm square. A computer pro­
gram was written which operated on all points within a 12 x 12 cm square 
centered within the larger data field. The distribution of first, second, and 
third nearest neighbor points was determined; additionally, the angular distri­
bution of the first nearest neighbor points was determined. A high degree of 
regularity results in these distributions being peaked; the less regular the 
structure, the more uniform the distribution of neighbor distances and angles • 
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PROGRAM SEQUENCE 

During the' first year of the program (June 1973 - June 1971f), five areas of 
investigation were surveyed to assess their appropriateness for extensive develop­
ment intended to lead to zero-gravity studies. These were: 

1. Improvements in structural perfection 
2. Study of growth conditions for bending eutectic structures during growth 
3. Study of processes for the format,ion of thin sheets of eutectics 
4. Evaluati~n of floating-zone techniques 
5. Processing of off-eutectic compositions. 

The results of this study showed that the thermal condjtions (temperature 
distribution and particularly temperature gradient) during the solidification 
operation are the primary consideration in obtaining planned results and must be 
Subject to a high degree of control. Although the most obvious use of zero­
gravity processing of eutectics occurs where convection or other density and/or 
weight problems such as crucibleless melting led to problems or limitations on 
earth processed systems, a more important aspect of eutectic usage has to do 
with the degree of microstructural perfection, or regularity. , Many eutectic 
systems have been studied which might have nonstructural uses if the geometry of 
the microstructure were more regular. 

It was therefore recommended that subsequent work be directed toward deter­
mining the effects of thermal conditions during the solidification of model 
eutectic systems, using the perfection of the microstructure as an evaluative 
tool for determining the best thermal conditions for specified growth. 

Additional recommendations were made to examine the directional solidifi­
cation of thin eutectic composition films since it had been reported, and 
verified during the course of the initial investigation, that very uniform 
structure could be obtained in such a configuration; and that a thermal analysis 
program should be used to model the experimental thermal conditions in order to 
suggest modifications which could improve the t.hermal control. 

A six month effort (Modification 2, Contract NAS8-29669, July 197h 
December 1974) was undertaken to set up a furnace-quench thermal processing unit 
suitable for 1?rocessing the model eutectics AI-A12CU and Al-Al3Ni, to examine 
the directional solidification of thin films of the Pb-Sn eutectic, and to put 
the SINDA thermal analysis program sU1?plied by NASA-·Marshall S1?ace Flight Center 
into operation at the United Technologies Research Center computing laboratory. 
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An a.dditional ten month study (Modification 4, Contract NAS8-29669, 
January 1975 - October 1975) has been conducted during which aligned structure 
ha.s been obtained in thin films of lead-tin eutectic; microstructural perfec­
tion in terms of structural regularity has been assessed as a function of 
solidification conditions for the model eutectic Al-Al3Ni ; and the SINDA thermal 
analysis program has been used to compute thermal profiles in the Al-Al

3
Ni 

eutectic duritlg growth by modeling the furnace-Cluench system. 
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PROGRAM AREAS OF INVESTIGATION 

Bending of Ev,tectic Structures 

The majority of research on directionally solidified eutectics has been 
carried out by linearly translating a cylindrical ingot through a temperature 
gradient. Where eutectics are being applied, however, such as for gas tu~bine 
components, changing cross sections will force the growth to occur arounc 
obstacles in the solidification path. The prototype turbine blade illustrated 
in Fig. 1 was cast and directionally solidified in one operation. While it is 
a fairly simple shape, it illustrates the section configurations which are to be 
expected in practice. In the present investigation, the effect of growth curva­
ture on the microstructure was examined by studying the effects of voids in the 
ingot on the microstructure of adjacent material, as shown in Fig. 2. It was 
found that obstacles would disrupt the structure if a shift greater than 45° 
was required of the structure. Rod-like systems exhibit regions which tend to 
be devoid of fibers, while plate-like systems are more tolerant. 

A NASA-sponsored investigation (Ref. 1) at the United Technologies Research 
Center (Contract NAS8-27358, August 1972, Final Report) which addressed the use 
of high-strength, high-temperature eutectic alloys for fastener applications, 
shOlVed that directionally solidified eutectics could be directly cast into 
flush-head fastener shapes with adequate shear strengths for actual use. More 
recently, Garmong (Ref. 2) has examined the structure and crystallography of 
AI-Al3Ni and AI-AlzCu eutectic alloys Solidified in a curved configuration. 
He finds that the growth direction always lies in the preferred plane forming 
the interface between the two eutectic phases. The planar atomic-density 
matching is concluded to be the parameter controlling the interfacial energy in 
these systems. The fault density appeared to remain constant and similar to 
that found in linearly solidified specimens. 

Off-Eutectic Alloys 

Because eutectic compositions are fixed, the structures obtained by direc­
tional solidification of these compositions has been considered limited, with 
only the relative dimensions of the phases adjustable by means of the rate of 
solidification. However, it has been shown (Ref. 3) that 'by virtue of sOlidifi­
cation in a temperature gradient, composite structure can be obtained even when 
the composition of the system is significantly off the eutectic composition. 
This provides an additional degree of freedom in adjusting the composite to 
obtain specific goals while retaining the desired microstructure. 

7 
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In Reference 4 a zone-melting technique is described which was used to pro­
duce off-eutectic composite structures. This technique was employed in the 
present study. A high thermal gradient zone furnace was constructed as shown 
in Fig. 3. The lead-tin system was used to demonstrate the possibility of 
growing composite structures with controlled microstructure using off-eutectic 
compositions. The compositions chosen were, by weight, 30% lead - 70% tin (8% 
deficient in lead), 38.1% lead - 61.9% tin (eutectic), and 45% lead - 55% tin 
(7'% rich in lead). These were passed through the high gradient (330oC/cm) zone 
furnace at 0.8 cm/hr. The resulting controlled microstructures are illustrated 
in Figs. 4, 5, and 6. After the controlled solidification experiment, a portion 
of the specimen with initial composition of 30% lead - 70% tin was examined with 
the electron microprobe. A quantitative element analysis gave 30.2% lead and 
69.8% tip, verifying the identity of initial and final compositions. 

The zone-melting technique effectively suppresses convection currents in 
small diameter samples such as used in tbis investigation. However, although 
the compositional constraint is relaxed by employing off-eutectic compositions, 
additional problems are imposed under conditions where the major part of the 
liquid above the solidifying ingot is more dense than the boundary layer at the 
liquid-solid interface. Since the heavier liquid would tend to displace, and 
therefore disrupt, the boundary layer, off-eutectic solidification studies may 
be considered candidate experiments to be performed under zero-gravity conditions. 

Zone-Melting Techniques 

Restricting the size of the molten section of an ingot being directionally 
solidified provides a means of obtaining high thermal gradients. In addition, 
it can,'if vTell controlled, be restricted to a sufficiently narrow zone so that 
the molten material is supported by the surface tension of the material itself, 
with no requirement for a crucible. It should also be capable of providing a 
constant rate of solidification, a requirement for obtaining a microstructure 
with a minimum of faults. 

In the present study, the zone melting technique has been experimentally 
employed in studying the directional solidification of off-eutectic compoaitions 
of the lead-tin sYGtem, and in the directional solidification of thin films of 
the lead-tin eutectie alloy. Neither of these studies used a "floating" zone, 
that is, one with no crucible required. The floating zone, crucibleless proc­
essing is used for crystal growing and refining; when other than cylindrical 
shapes are required~ a crucible or shaping container is employed. mlile it may 
be possible to preform the material to the desired s11ape and subsequently zone 
melt, such an approach has not been studied. 
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Thin Sheet Form of Eutectics 

Many nonst~uctural materials uses require the material to be in the form 
of a thin sheet or a surface layer. The direct formation of regular eutectic 
microstructure in this form has been studied. Guinier, et al (Ref. 5) showed 
that directional solidification of the lead-tin eutectic could be carried out 
on sheets of the eutectic with the production of regular, nearly fault-free 
structure for sheets of thickness 10 micrometers or less. The essentially two­
dimensional structure of such a film appears to provide added stability com­
pared to a thick film. 

Experiments were performed in which thin films of the lead-tin eutectic 
formed by rolling cast ingots of the material to thicknesses of the order of 
10 to 75 micrometers were zone melted by the heater apparatus illustrated in 
Fig. '7. 'l'lle results of these experiments are illustrated in Figs. (3 and 9 
which show lamellar structure extending completely through the thickness of 
the film (Fig. 8) and the tendency of the microstructure to form perpendicular 
to the surface of the film in thick films (Fig. 9). 

ImproYements could be made in the regularity of the resulting structure and 
area of regular structure if uniform thickness films could be formed. A film 
thiclmess maximum for the lead-tin eutectic systems appears to be about 20 
micrometers to obtain lamellar structure which is continuous from one side to 
the other. 

Microstructural Uniformity - Solidification Conditions 

The experiments performed by the astronauts during the manned SKYLAB 
missions provided a ,ride variety of pre1 irilinary data on materials processing 
in a low-g environment. Included in the materials processing experiments were 
solidifications of the aluminum-copper eutectic system. While ingots vith 
regular, controllen microstructure were obtained, the thermal processing con­
ditions were set by the specific combination of materials, and changed vith 
time. Since eutectic5 have not been developed for purposes vhere a highly 
regular microstructure is necessary, proper solidification conditions "rere not 
known. Thus, experiments adequately evaluative of the effects of zero-g during 
solidification could not be well formUlated. The studies undertaken in this 
part of the program were designed to address the relation between the growth 
conditions and the microstructural uniformity. 
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Three as~ects of the solidification process were chosen for evaluation in 
terms of their effect on the microstructural uniformity. To help clarify the 
effects, a furnace was constructed which was intended to provide relatively 
independent control of the three aspects under study: the thermal gradient, 
the rate of solidification, and the gross solid-liquid interface curvature. 

The furnace used in the present study is illustrated in cross-section in 
Fig. 10. The main furnace is heated by Kanthal™ A-l wound wire heaters con­
trolled by an on-off control unit. To damp the thermal fluctuations and to 
provide a uniform thermal environment, a sodium-filled, Inconel 713 heat pipe 
furnace liner* 25 cm long by 3.5 cm inside diameter was inserted within the 
cylindrical furnace. The furnace temperature is limited to 10000C; the maximum 
operating temperature of the heat-pipe liner is 11000C. Attached to the bottom 
of the main furnace is an auxiliary fUrnace constructed to produce a high power 
capability source approximately 2.5 cm long by 1.7 cm diameter, sufficient to 
allow a 1.5 em diameter aluminum oxide tube to pass through. This auxiliary 
furnace is located approximately two centimeters below the outlet from the 
heat pipe. It is constructed from Kanthal TM A-l "Tire connected to water-cooled 
copper electrodes. The temperature of this furnace is controlled using an SCR 
temperature controller with a Pt-Pt/10% Rh thermocouple sensor driving a 16:1 
current step-up transformer which can supply up to 200 ampel'es at 6.3 volts. 
The nominal power used during solidification experiments is 800 watts for this 
furnace. 

The thermal gradient is established by a quench of flowing water which is 
sprayed onto the aluminum oxide tube used as a crucible during solidification. 
The position of the quench relative to the auxiliary furnace can be adjusted. 
The support rod "Thich is attached to the tube crucible slides through an "0" 
ring seal in the bottom of the quench apparatus and is attached to a motor 
driven threaded rod. The drive motor is an adjustable speed DC motor which can 
span the solidification rate range from 0.2 to 20 cm/hr. 

Samples of the aluminum-nickel and aluminum-copper eutectic "Tere direc­
tionally solidified using this furnace-quench apparatus at different speeds and 
with different amounts of insulation below the auxiliary fUrnace. Changing the 
quantity of insulation was intended to change the interface position during 
solidification, and thus the curvature of the solid-liquid interface. The 
gradient was to be made adjustable by setting the temperature of the auxiliary 
.furnace to different values and adjusting the <luench position. 

*Dynatherm, Inc., Cockeysville, MD 21030 
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A nu.'Tlber of studies of the microstructure and crystallography of the alum­
inum-nickel and aluminum-copper eutectic systems have been published. From 
Refs. 2,6,7, the aluminum-copper eutectic produces coupled growth with (lIl)Al 
planes parallel to (211) Al2 Cu planes. These planes are approximately the Al­
Al2 Cu interfacial planes, i. e. the plane described by this condition is uni­
formly about 6 to 8 degrees from the Al-AlLCu interfacial normal. Additionally, 
the direction normal to the (Oll)Al planes is parallel to the normal to the 
(313)Al

2
CU planes. This direction is uniformly about 9 degrees from the growth 

direction. The aluminum-nickel system produces faceted rods of Al3Ni in an 
aluminum "1atrix. The crystallographic relations are: the orthorhombic Al3Ni 
grows in the <010> direction in a face-centered cubic aluminum matrix growing 
in the <110> direction; the Al3Ni rods are faced.,ed on the {( 001)} set of planes, 
with the facets being parallel to the set of {331} planes of the aluminum matrix. 

Studies at this laboratory of these two eutectic systems prior to the 
present work showed that solidification in a temperature gradient with a moving 
quench and 10'''; rate could result in single-grain eutectic rods of the copper­
al,uninum eutectic (Ref. 8) but produced poor structure in the aluminum-nickel 
system. 'llhese x'esults showed the necessity for improving the control which 
could be exercised during solidification. Because the aluminum nicke] Dytitem 
appeared to be t.he more difficult system to solidify with g00d microstructure, 
more effort was devoted to studying the response of this system than was 
expended on the aluminum-copper eutectic. 

Initial studies of the aluminum-nickel eutectic, determined by zone-melting 
to have the composition 93.8 wi 0 AI, 6.2 w /0 Ni (Ref. 6), and containing about 11 
v/o Al3Hi rods, I-Tere carried out at low rates - of the order of 3 to 5 cm/hr. 
'rypi cal of the results was an ingot with a hi gh percentage of colony structure, 
in contrast to the l'esul ts reported in Re f. 6. Ingots were eventually produced 
at 5 em/In' which had no colony structure, 1mt which were characteri Zed by 
relatively poor' l'egulari ty. tl'hermal gradients measured with a thermocouple 
immersed in an ingot of the aluminum-nicl\:el (~utectic could be varied. between 
50oC/cm anrl l20o C/cm at a withdrawal rate of' 5 cm/hr. By increasing the ivith­
drawal rat,A to 12 cm/hr amI using the higher gradient, a significant improvement 
in microstructure was obtained. It would be expected that the thermal gradient. 
would not change significantly due to the change in -withdrawal rate, nornhould 
the interface move to any f:ignificant extent. Thus, rate of solidifioatiol1 is 
suggested to be an important parameter controlling the :reguJ ari ty of the micro­
structure for the Al-Hi eutectic. 

An analysis of the rod-structure for regularity is not straightforward, 
since a "defect" is r:ifficult to define quantitatively. The geometrical 

regularity of 1~he ;;:od array was chosen as the indicator of quality, vith 
quantitative eVfl:uation specified by determining the nearest neighbor distances 

and the dispersion of a frequency vs nearest {leighbor distance plot. The 
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frequency vs number of distances for the first twenty nearest distances to a 
given rod in a transverse section of an ingot was determined. Such a plot in­
cludes first, second, and third nearest neighbors, of which there are six each. 
In a perfect hexagonal array, if the nearest neighbor distance is a, the second 
nearest neighbors are at a distance of 1:3 ~, while the third neare;t neighbors 
are at a distance of 2~. In addition to this examination, the angular distri­
bution of first nearest neighbors to a given rod in a transverse section Was 
determined. In a perfect hexagonal array, the first nearest neighbors are 
located at multiples of 60°. 

The quantitative examination was carried out by obtaining electron micro­
scope photographs of replicas of e].ectropolished transverse ingot sections. In 
each case, the largest grain in the section was chosen for examination. The 
photographs of the replicas were taken at 1200X, and printed with additional 
magnification to provide a final photograph of the structure at approximately 
4000x. The position of the centers of the rods in such a photograph were 
obtained as (x,y) coordinates on a grid. This information was used as the data 
file in a computer program (Appendix I) ,,,hich determined the frequency vs dis­
tance and frequency vs angle data from which histograms describing the structure 
under examination could be constructed. 

As indicated in Table I, a number of ingots were directioGally solidified 
to obtain a variety of information, some pertaining to furnace system operation 
and some specifically for parameter variation. Selected sections of the ingots 
were examined, and some were chosen for detailed evaluation of the microstructure. i.' 

In order to obtain a measure of the parameters being investigated, a 
solidification experiment waS run using a traverse rate of 5 cm/hr with a 
thermocouple immersed in the melt to meaSure the thermal gra.dient, and attempts 
were made to produce bands (discontinuities in the microstructure at the solid­
liquid interfa.ce) from which the interface curvature could be determined. 
Specimen 875-17, an Al-A13Ni eutectic, was used for this determination. The 
crucible was a l3 mm OD aluminum oxide thin-wall (1 mm) Coors Porcelain.Co. 
closed-one-end tube; the length of the ingot was 30 cm. The thermal gradient 
was measured by a stainless-;:;"Ceel sheathed chromel-alumel thermocouple (.060 
in. diameter) protected with an aluminum oxide thermocouple sheathing tube. 
This Was immersed in the melt to the interface position, and then raised in 
0.5 cm steps. The thermal gradient thus measured, with the main furnace at 
10000C and the auxiliary furnace at 10000C maintained by a temperature con­
troller, is 1200C/cm. 

A longitudinal section of the ingot showed bands indicating an almost flat 
solid-liquid interface, as shown in Fig. 11. Normals to the interface bands 
out to about 70% of the radius make angles with the ingot axis up to about 3.25 
degrees. Transverse sections were made at 7.7 cm from the head end, showing 

12 
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Table I 

Ingots Solidified for Structure~Growth Parameter Study 

Conditions 
Main Auxiliary 

Furnace Furnace Rate 
S;Eecimen # Material °c °c cm/hr Conunents 

Eutectic of 

S75-12 Al-Cu 900 600 5.8 50oC/cm 

-13 Al-Ni 900 750 if.2 50°C/em 

-lh Al-Ni 1000 975 5.1 Banded nonuniform 
wi thdrawal. Stop 

-15 Al-Cu 1000 1000 5 10 minute intervals 
to ma}<.e bands. 

-17 Al-Hi 1000 1000 5 

-19 Al-Ni 1000 1000 5 Abort 

-2h AI-Ni 1000 Ramp'x- 5 

-26 Al-Ni 1000 Ramp * 5 

-27 AI-Ni 1000 1000 5 G = 1200 Cjcm 

-2(1 AI-Ni 900 1000 12 Short insulation 

'" '" -29 Al-Ni 950 1000 12 Longer insulation " v 

-30 AI-Ni 950 1000 12 Ingot remelted 

-31 Al-Ni 1000 none 12 Small insUlation 
colony structure 
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colony structure, and at 27.8 cm from the head end, revealing about four grains. 
Several transverse sections were then made at 1 cm intervals measured from the 
tail end to examine the microstructure. These sections are shown in Fig. 12. 
Irregularities in rod size and density indicate that new rods were being pro­
duced by branching from existing rods as the growth proceeded. Each branching 
event causes irregularities in the positioning of the surrounding rods so that 
the microstructure is irregular in its rod position geoemtry. Figure 13 shows 
the best microstructuT"'= obtained in ingot 875-17; Figs. 14 and 15 present the 
structure analysis data. 

Two further experiments were then run to determine if varying the input 
heat from the auxiliary fUrnace would produce enough sOlid-liquid interface 
curvature to cause grains within the ingot to grow rapidly to the surface, thus 
reducing the total number of grains in the ingot. The first experiment (875-24) 
was conducted by reducing the temperature of the auxiliary furnace at a rate of 
lODe/min from its initial value of lOOOoe when the ingot solidi fication at 5 
cm/hr was started. After an hour, the auxiliary furnace was increased in tem­
perature at the same rate back to 1000oe. The ingot, when sectioned, exhibited 
colony structure over its complete length. It thus failed to achieve the de­
sired result. 

The second experiment (S75-26) paralleled the operation of the first, with 
the exception that the auxiliary furnace was not turned back on after being lowered 
lowered in temperature. This ingot exhibited a multiple grain structure, with 
a slow progression to fewer grains as the tail end is approached. The micro­
structure is comparable to that obtained in 875-17 discussed above. The pro­
gression of grains is shown in Fig. 16. An analysis of the microstructure in 
several transverse sections is presented in Figs. 17-25. 

As noted above, rate of solidification appears to be an important parameter 
contributing to the production of regular structure in the aluminum-nickel eutec­
tic. ~vo ingots were solidified at 12 cm/hr with both the main and auxiliary 
furnaces at stable temperature conditions of approximately 10000e each. The 
microstructures of these ingots, 875-28 and S75-29, were analyzed with the re­
sults presented in Figs. 26-34. At 12 cm/hr, the microstructures examined are 
considerably more regular than the microstructures produced by solidification 
at 5 cm/hr. As the speed of solidification increases, the faceting of the Al3Ni 
rods becomes suppressed. A view of the structure of a specimen of Al-Al3Hi 
eutectic in transverse section solidified at 100 cm/hr is shown in Fig. 35 where 
the rods appear circular. 

The transition from faceted growth as a controlling mechanism to diffusion 
controlled growth has not been studied in detail. However , it appears that as 
the mechanism of diffusion predominates, regularity of the microstructure of a 
rod-like system should increase. 
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Thermal Analysis Using the SINDA Program 

To provide predictive information relating to the position of the solid­
liquid interface in a directionally solidifying ingot, a detailed thermal model 
of the Bridgeman furnace used in this study was constructed and analyzed using 
the SINDA thermal analysis program obtained from Marshall Space Flight Center. 
This program will accommodate a three-dimensional model, and provides various 
subroutines for the analysis, one of which accounts for the change in thermo­
physical parameters and the latent heat upon phase-change, as occurs with a 
SOlidifying system. 

Since the program is based on a finite differencing scheme, detailed infor­
mation is obtained with a large number of node points at the expense of time. 
After the program was in,stalled on the Research Center's UNIVAC 1110 computer 
and checked out using problems with known answers, it was determined that the 
high thermal conductivity of the aluminum-copper and aluminum-nickel eutectics 
being used would require an inordinate amount of computing time to determine 
radial temperature profiles with any significant degree of accuracy. Therefore, 
the number of nodes was decreased in order to determine the position of the 
solid-liquid interface with reasonable accuracy in a reasonable computing time. 
It has been determined that using about 300 nodes, distributed along the center­
line of the ingot, along the inside boundary of the crucible, and alollg the 
outside boundary of the crucible, plus those necessary to specify the input 
radiating temperatures of various parts of the furnace, resulted in a computer­
time of 20 minutes to obtain an accurate location of the solid-liquid interface. 

Various values of "adjustable parameters", that is, the heat-transfer co­
efficients between the aluminum oxide crucible and the furnace (or quench) plus 
the amount of heat allowed to leak radially through the insulated section, were 
chosen to attempt to match the calculated thermal profile to the measured thermal 
profile. The values of the adjustable parameters were constrained to remain 
within reasonable bounds based on experience. In order to further improve the 
results of the calculation, a complete thermal profile of the furnace system 
would have to be undertaken. This effort has been deemed unfeasible under the 
present study. The results of the thermal calculations are illustrated in 
Fig. 36; the thermophysical values used for the input to the program are listed 
in TatJle II. 

For completeness, it is to be noted that thermal transfer by convection is 
not included in the model used. Although not specifically investigated, it was 
expected that convection effects would be small because of the high thermal con­
ducti vi ty of the materials used and the lack of inversions in the tenlperature 
distribution. 

15 

l 
\ 



11 
t: 
I) 

,."'''''-----'---

R75-911721-10 

Table II 

Thermophysical Properties of System Used for SINDA Calculation 

Thermal Conductivity 
Kcal/(sec-cm-deg K) 

Specific Heat Density 
CE Cal/(~-de~ K) p t:,;m/cm 3 

solid liquid solid liquid solid liquid 

Al-Al3Ni 0.8 0.2 0.234 0.257 2.81 2.48 

6.2 wt/o Ni 
93.8 wt/o Al Heat of' fusion 92.6 Cal/gm at the eutectic temp 640°C 

Al-Al 2 Cu 

33.3 wt/o Cu 
66.7 wt/o Al 

0.548 0.2558 0.202 0.243 

Heat of fusion 74.8 Cal/gm at the eutectic temp 548°c 

Al2. 03 crucible - refer to "Engineering Properties of Selected 
Ceramic Materia1s",1966, Am. Ceramic Society, Columbus, Ohio 

SINDA: "Systems Improved Humerical Differencing Analyzer" 
Nanual 14690-HOOI-RO-OO, Apr. 1971, Ref; 1, 1973, R. L. Dotts 
Source - NASA-Marshall Space Plight Center 
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RESULTS AND DISCUSSION 

This investigation has shOlm that eutectic alloys develop a regular micro­
structure in response to imposed solidification rate conditions as well as to 
thermal conditions at the sOlid-liquid interface. Because of the phase sepa­
ration upon solidification, the crystallography of the phases requires adjustment 
of atomic position and size matching in order to minimize the energy of the re­
sulting system. The development of facets on the minor phase is an illustration 
of the crystallographic requirements. In addition, the rate of solidification 
constrains the time available for diffusion of the several species in the liquid 
to the proper position with respect to the growing solid. Hence the finer dis­
persion of the minor phase at higher solidification rates, and the disappearance 
of faceting. While it appears that the growth direction is generally parallel 
to the thermal gradients at the solid-liquid interface, examination of longi­
tUdinal sections of directionally solidified eutectics have shown that the 
expansion of one grain at the expense of its neighbors does not always take 
place smoothly; rather, jogs in the growth have been seen. 

This investigatiun has shown that for the Al-A13Ni eutectic system, growth 
rate contributes significantly to the developNent of a geometrically regular 
microstructure under conditions of constant growth rate, and a curvature of the 
solid-liquid interface such that the radius of curvature of the interface is 
greater than 20 times the radius of the ingot. Solidification rates of 12 cm/hr 
produced sic;nificantly better structural rE::sults than did solidification l'ates of 
5 em/hr. 

Irregularity of microstructure appears to be associated with the branchinc; 
of the Al3Hi rods to generate additional rods as gro\Vth proceeds. The intro­
duction of an additional rod requires acconunodation of the neighboring rods, and 
thus a perturbation in geometry. Thermal fluctuations and growth rate fluctua­
tions will therefore perturb the growing microstructure; it is speculated that 
the perturbation is minimized under conditions of higher solidification rate. 

The analysis of the geometry of the rod-like system does not count defects 
such as nucleation of new rods, ox' the disappearance of rods; rather, it inte­
grates these effects into the overall r;eometry by averaging the angulardistri­
bution of nearest neic;hbors of a specified set of rots to determine if, over 
the areas of exa.mination, a distinct set of sYlmnetry axes can be found which 
describe the spatial distribution of thE~ rods. An analysis of first, second, 
and third nearest neighbor distances is also made to determine hOiv distinctly 
these can be recognized. A more distinct description of a given specimen sec­
tion could be obtained by initiatinc; the artalysis ave):' a relatively small area 
,vi th a few rods, and compare the results with increasingly larger a:reas of 
examination; Small areas could be expected to exhibit greater geometric regu­
larity than large areas in the case of a low degree of overall regularity. 
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The analysis of the ingot-furnace system using the SINDA thel:mal amLlysis 
program has shown that the analytical scheme can be a powerful tool for aiding in 
the design of experiments, but that its predictive accuracy is necessarily limited 
by the detail to which the thermal conditions in the system can be specified. As 
greater detail is requi:red of the analysis, more accurate information is l'equiro(l 
for input. 

Directional solidification studies on thin eutectic films 11M been OllOiYl1 to 
have the potential of producing well-controlled microstructure. The pl.'epar{:l:bion 
of the initial film has been found to be an extremely important consideration 
in the production of films with controlled microstructure because, for the thick­
ness levels required (of the order of 10 lllicrolneters), surface tension effects 
exert forces strong enough to provide mcchan),cal distortions of the films. 
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CONCLUSIONS AND RECOMMENDATIONS 

This study has shown that the degree to wldch a given furnace and eutectic 
material system will produce controlled microstructure with a high degree of 
perfection depends on being able to control the growth rate, the thermal gradient, 
and the curvature of the sOlid-liquid interfe.ce in the ingot in such a way as to 
maintain low fluctuations in rate and gradient relative to the growth rate, to 
maintain an adequate thermal gradient, and to be able to design the furnace to 
provide the power distribution required to set up the thermal conditions in the 
ingot which lead to the above described control over the process variables. 

It is recomm~nded that further work relating to the improvement of micro­
structural perfection be transferred from model systems such as the AI-A13Ni 
eutectic to materials of current interest for high-temperature applications, sllch 
as the nickel-based eutectic alloy systems. Thermal analysis work should be 
employed in the design of furnace systems where those are required to develop 
specific thermal profiles. In any such analysis, the material being processed 
must be included in computing the resulting thermal profile. 

For the planning of space-processing experiments, data from Imr-gravi ty 
experiments should be gathered to determine if steeper thermal gradients can be 
produced under zero-g conditions than under one-g conditions for the same con­
figuration and material system. Since plane-front eutectic growth is limited by 
the ratio of (thermal gradient)!(solidification rate), it is desirable to deter­
mine if reducing the g-level ,rill automatically result in a steeper gradient. 
The implications of a positive answer then lie in the area of faster ~rocessing 
and reduction of required power. 
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UDS 721 - 41 3300 C/em @ 0 .8 em/hr 

(EUTECTIC . 38.1% LEADI 

INITIAL CONTROLLED REGION 

2 em INTO CONTROLLED REGION 

FIGURE 4. MICROSTRUCTURE IN 30% L AD- 70% TIN 
ZON DIR CTIONALL Y SO 101 DO - EU CTIC ALLOY 
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20/-1 

10/-1 

FIGUR 5. MICROSTRUCTURE 0 LEAD- TIN EUTECTIC ZONE MEL D 
AT 3.4 cm/hr WITH A THERMAL GRADI NT 0 1650C/cm 
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UDS 721-40 3300 CI em @ 0 .8 cm/hr 

(EUTECTIC; 38.1" LEAD' 

HEAD END 

6 em PAST HEAD END 
L-..-...J 

100j.l 

IGURE 6. MICROS R C UR IN 5% L AD- 55% IN 
ZaN DIREC laNA Y OLiDI I DO - UT C IC A 0 
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20/J. 

FIGUR E 9. TRANSVERSE SECTIONS OF THE THICK PORTIONS OF LEAO- TIN EUTECTIC FOILS 
S OWING LAMELLAR ORIENTATION AT THE FOIL SURFACES 
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FURNACE TEMP : 10000 C RATE : 5 cm/hr 
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IGURE 17. AI- AI3Ni EUTECTIC SPECIMEN S75- 26; REPLICA OF TRANSVERS 
SECTION 6 ; MAGNIFICATION 3800X ; RATE 5 cm/hr 
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3800X 

IGURE 20. AI- AI3Ni EUTEC IC SPECIM N S75- 26; REPLICA 0 SECTION 7; 

MAGNIFICATION 3800X; RAT 5cmlhr 

40 

R12 318 



f-J 

11 

" o 

'" 

240 

220 

200 

18(\ 

160 
en 
a: 
0 140 
CD 
::x:: 
CJ 120 
w 
z 
~ 100 0 
e:: 
w 

80 OJ 
~ 
:::> 
z 60 

40 

20 

0 
0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

NEIGHBOR DISTANCE, mm AT 3800x 

FIGURE 21 . FIRST, SECOND, AND THIRD NEAREST NEIGHBOR DISTRIBUTION FOR AI- AI3Ni EUTECTIC 

SPECIMEN S75- 26 # 197; 5 cm/hr; DATA BASE 211 POINTS 

:0 

" T 
co ... ... 
" N ... 
... 
o 



II 

~ 

o 

V> 
a:: 
o 
III 
I 
tJ 
w 
Z 
u.. 
o 
a:: 
w 
III 
:E 
::> 
z 

40 

35 

30 

25 

20 

15 

10 

5 

o 
o 10 20 30 10 50 60 70 80 90 100 110 120 130 140 150 160170 180 190 200 210220 230 240 

ANGLE LOCATION OF NEAREST NEIGHBOR . deQrees 

FIGURE 22. NEAREST NEIGHBOR ANGULAR DISTRIBUTION FOR AI - AI3Ni EUTECTIC SPECIMEN S75-26 r 197; 

5 cm/hr; DATA BASE 211 POINTS 

.... 

::u 
-.l 
U1 
I 
~ .... 
-.l 
N .... 

o 



R75- 911721-10 

3800X 

IGURE 23. AI - AI3Ni EUTECTIC SPECIMEN S75- 26; REPLICA OF SECTION 8; 

MAGNIFICATION 3800X; RATE 5 cm/hr 
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IGURE 26. AI - AI3Ni EUTECTIC SPECIMEN S75- 28; REPLICA OF TRANSVERSE SECTION 4 ; 

MAGNIFICATION 4400X; RATE 12 cm/hr 
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IGURE 29. AI- AI3 Ni EUTECTIC 5P CIMEN 575- 28; REPLICA 0 TRAN5V R5E 

5 CTION NO. 5; MAGNIFICATION 400 X; RATE 12 cm/hr 
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4400X 

FIGURE 32. AI-AI3Ni EUTECTIC SPECIMEN S75-29; REPLICA OF TRANSVERSE SECTION 2; 

MAGNIFICATION 4400X; RATE 12 cm/hr 
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APPENDIX I 

CCC PROGRA!Y1 TO COMPlITE GEOMETRY OF ROD-LII<F EUTECTICS 
eec 
er.e 

50 

75 

n I MEN S JON X ( 8 PI V'I) , Y (8 (i'l0) ,R ( 8 V,l ~n , T E 03 0 0) , I N D EX ( 80 V'I ) 
DIMENSION XX(80~),YY(B00),RR(800), XXXCBV'l0),YYY(80V'1) 
[)1 (VlE~S!O~! ~IC(55), ME(75) 
flRf...Y = 4HARAY 
CPLL IFILECI,ARAY) 
NW = 0 
1. :: 9! 
I =1 + 1 
R EA n C 1 , 7 5), X X X (1) , Y Y Y (1) , T M 
F OR ~'A T (2 F ,A 3 ) 
~lT =1 
I F ( T M • EQ. '$') (; 0 T 0 1 3 5 
Gu TO 50 

135 TYPE 13,NT 
13 FORMATCIH, • THE NUMBER OF DA.TA POINTS IS ',2X,I4) 

DO 71 ~1=1,55 
~IC (0.1) = 0 

7 1 C 0 ~! TIN lJ E 

72 

R') 

105 
eee 
eec 
eee 

13~ 

\115 

DO 72 ~J :: 1 , 7 5 
~1E (0.1) = (i'I 

CO r.JT I NUE 
TYP E f)63 
FORMAT<lH " IS THE DATA IN MILLIMETERS? ',$) 
ACCEPT f)f)7, ['111 
FOR MA T (P 1 ) 
I F ( (VI 1 • Er-l. • Y • ) GOT 0 '7 43 
flO 5 J=I,NT 
XXX(~I) :: 1 (il .*XXX (.J) 
YYY (0.1) :: 1 (71 .*YYY (J) 

CONTI NUE 
DO R5 I::I,NT 
J ND EX (!) :: I 
X(I) :: XXXO) 
CONTINUE 
CALL SORT(tIlT ,YYY ,1 NDEX) 
no 105 ~.1::I,NT 
L=1 ~DEX (,.1) 
XXX(~I) ::X(l) 
CO NT I NUE 

XXX,YYY ARE t..)OIN SOPTED ACCORDING TO INCREASING YYY VALUES 

TYPE 130 
FORMAT<1H " ENTER THE LmJER flND UPPER SCAN LI\l'ITS ',$) 
ACCEPT 14'), SL,SU 
FOP MA T <2 F) 

OF THE 
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. 
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~ 
'I n 
" II 
H 
tj 
h 

II 
11 
if 
1 
! 

. , 
I 
1 
,) 

,I 
Ii 
:1 
" ~ ( 

;1 
" n 
~ ~ 
;, 

" 
;1 
J 
" u 
ff 

44\" 

I /)~ 

I r 

! 'i 
? ?1 
1 9 or 

()<) 

f)~ 5 

I") 75 

~ ~r 

'::;3(11 

?20 
~8(.'1 

cee 

DO Q~~5 K::l,NT, 
EX :: XXX (1<) 

t·.IY E - YYY (10 -
1. F CYYY (K) • t. F • 
I F (XXX (1<) .L E. 
IF (YYY(K) • (1 F • 
IF eXXX(\f) .C; F. 
~O 44~ I :: I , NT 
X (1) - XXX CI) --
Y (J) - YYY(I) -
CO NT J >JlIF 
8n I r)r. .1:: I , rn 

s~t) (10 TO ()95 
SL) GO Tu t)95 
SU) (1u TU 1)95 
~ U) (,0 Til t)95 

E~ 
~I!y F. 

P( .. ') :: snFT( X( .. I)"'>I.~I + '(.')**2) 
1 t-Jr. E)( ( .. I ) :: .. I 

CALL S(lPT(~JT ,R,1 ~mE'X') 
DO I 9 ~1 I:: I ,I\)T 
L :: J ~,Jr. t. X ( J ) 
(.) :: Y'U/XCL) 
T E ( J) = (l T A ~,l ( (.) ) :w: 1 ?, ~ .I? • 1 I~ 1 5~} 
IF( >~(I.» 10.19(~,1,) 

Tre!) = TFeD + IK~~. 
GO TO 1:>0 
J Fe ';' ( U ) ?;!I, I 9 (~, I 9 (-1 

TEe 1) :: TE:( J) + 3f)V1. 
co NT! 'WE 
r.{l L L Il'I 1\\[; () \,1 (F , T F. , ... ' c , f'" E) 
\11,11 :: ~.)IJ!+I 

TYPE SG,',jll' 
FUR VA T ( 1 H ,? X, J 3) 
C()'I)TI tlWF 
TYPE 1)75 
Fnprr;{lT(lH, PllSITION POINT CUU~lT') 
TY P E ? 0 ,~ • (I, .. I C ( I ), I:: 1 ,5 I ) 
FOPrtATCIH,3X,]3,5X,11) 
TYPE fiPn 
FGP["ATCIH , I,' PG~)ITIUt~ A%LE coutJT') 
TY P F: ?? ~~ , CT, ME C J), I:: I , 7.3) 
F () P rr:A T ( I H ,:S x • ] 3 , 5 x: ,I I) 
STOP 
[ ~~r 

~~IJPR(,lJTl Nf SOFT(/IT ,f::. ,I ~[:r.X) 
[I I i,1 E' r·; S I (l ~~ Po (~' (~~~) , T >.! [l EX ( 8 W~ ) 
~~ :: NT 
f~ :: !,1/? 
] F ( ~" • 1i;!J. ~ ) P F T UP ~ 
Y:: 'JT -~' 
LI:: 1 
I :: c.! 
J rt =1 + 1 
I F ( P. ( J) - f::. ( J j't') ) 5, 5, /1 
S{l V :; A (J ) 
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cee 

3 
1 
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CCC -
cee 

eee 
15 
18 
It) 

Po ( I) = A (I r.;) 
NSA V = I ND EX (1) 
I NO EX ( 1) = I ND EX (J. M) 
Po <I M) = gPo V 
INDF.X(!M) :: NSfl.V 
I =1 -M 
IF ( I .GEe I) GO TO 3 
~I = .. 1+ 1 
IF (.1-10 2,2,1 
END 

SlJBROIJTI ~IE lilI NDOW(R, TE,JC,ME) 
DIM ENS ION R ( 8 Cl (/I) , T E ( 8 ~ Pl) , ~JC ( 55) ,~: E ( 75) 
OP = 0..5 
DO 4 L=I,l~ 
DO 3 }( = 1,5(.'1 
WI N = OP*FLOA T (lO 
IF( R(L) .LE. \,IIIN) GO TO 1 
CO NT J IIllJ E 
.IC(lO = .ICClO +1 

. CO NT I ~.JIJE 
'IP = 5 
DO 1 6 L = 2, 7 
DO 15K = 1. 73 
M~ = NP*J< 
DO~' = FLOATCf\'['v1) 
I F ( T E ( U • L E. DO ',Ij) G' 0 T () 1 8 

. , 

IF TF. - DO\,ll IS +, TE HAS NOT BEEN FOUND:~OVE POINTER 
I F IE - 00\1) IS (i1 OR -, TE HAS BEEN FOUND; r,'OlJNT AND 
AOI/ANCF: L TO THE NEXT NEAREST NEIGHBOR 
CO~~TJ NUF 
ME(K) = MF(I<) + 1 
C:O~JTI f\JlIE 
P ETUR N 
E~H1 
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APPENDIX II 

Prior to the program for Processing Eutectics in Space, the SINDA program 
had not been used extensively in the Research Center. Those features o~ SINDA, 
in the form o~ subroutines, used to account ~or nonlinear thennophysical prop­
erties and the phase change energy had never been used. Therefore, it was 
necessary to spend some time verifying the program and especi~lly these ~eatures. 
Ice water systems were used in this phase of the program. 

Several runs were made involving one, two and three dimensional geometries 
and all forms of boundary conditions. These data were reported in Ref. All-I. 
All values of thermophysical properties for the verification calculations were 
taken from Ref. AII-2. 

The thermal conducti vi ty of the water in the liquid state was taken from 
Re~. AII-3. 

A point to be noted is no allowance was made for volume changes as a func­
tion of temperature change. The effect caused by this should be of secondary 
importance and could be reflected in a pseudo-thermal conductivity and speci~ic 
heat if one wanted greater accuracy. The SINDA program was then used to examine 
the experimental furnace shown in Fig. AII-l. 

The thermal moc..el made ifith SINDA divided the 40 cm long experimental system 
ingot (Fig. AII-l) into 100 vertical modes for each of five radial positions for 
a total of 500 internal nodes (Fig. AII-2). The physical breru(up is shown for 
this system on Fig. AII-3 for a typical section. Parameters for the material 
being processed in the first model were those of the Al-A1 3Ni eutectic contained 
in a thin-walled aluminum oxide tube. The material thermophysical properties 
are listed on Figs. AII-4 through AII-8. Transient analyses were performed on 

,i this system with the boundary conditions given on Fig. AII-l. Running times were 
long, approximately 30 min machine time, because the system was constructed to 
show the shape of the interface and not just its axial location. The breakup 
used for the radial direction was done to produce even radial increments. This 
led to small interior volumes and small conduction surfaces on the inner elements. 

At this point in the program, it ",as decided to use other options in SIHDA 
so that steady state solution could be obtained for the various systems under 
consideration, The phase change energy does not enter into these computations 
and, of course, no times are considered. The final location of the interface is 
uniquely determined, however, and the answers are important as a comparative tool 
in the stUdies of furnace parameters. 
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Studies on the SINDA thennal analJrsis program indicate that the approach to 
steady-state heat flow in the model was asymptotic, thus re~uiring a large 
number of computing cycles, and relatively long run times for them. It was esti­
mated that ade~Uate convergence would be reached after 2(10)4 iterations in the 
program. It should also be noted that the use of the SINDA program as a tool 
for evaluating Changed configurations of a given model is hindered by the present 
input form re~uiring complete reinsertion of node specification for even minor 
changes in the model. 

The leaky insulation in the model is 5 cm of fiberfax (R = 0.86 BTU/m ft2 
OF/in.). Heat leakage is allowed only in the radial direction. The emissivity 
(e:) of the A1203 was taken to be 0.6 and the Inconel thermal liner on the heater 
was taken as 1.0, i.e., black body, for computing the radiation coefficients 
used in SINDA. The heat transfer coefficient in the ~uench region was taken as 
2000. 
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