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57 ABSTRACT 

An apparatus and method for unidirectionally solidifying high 
temperature materials comprising a graphite resistance fur 
nace having a heat exchanger vertically positioned in the 
chamber thereof. The heat exchanger has inlet and exit means 
for the passage of an inert coolant gas therethrough. In opera 
tion, a crucible is loaded with a seed and the ceramic material 
to be melted and positioned in the interior of the chamber of 
the furnace in contact with the heat exchanger. The tempera 
ture of the melt is raised to about 50° C above its melting tem 
perature. The melt temperature is slowly decreased with a cor 
respondingly increase in the flow of the inert coolant gas 
through the heat exchanger thereby unidirectionally solidify 
ing the material to produce a single crystal. 

14 Claims, 2 Drawing Figures 
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APPARATUS AND METHOD FOR UNIDIRECTIONALLY 
SOLIDIFYING HIGHTEMPERATURE MATERAL 

The invention described herein may be manufactured, used, 
and licensed by or for the Government for governmental pur 
poses without the payment to us of any royalty thereon. 

This invention relates to an apparatus and method for the 
unidirectionally solidification of the ceramic material to ob 
tain a single crystal or dense polyphasic shape. 

It is an object of this invention to provide and disclose a 
system for the unidirectional solidification of high tempera 
ture ceramic material to produce a single crystal or dense 
polyphasic shape. 

It is a further object of this invention to provide and disclose 
a novel heat exchanger component of a system for the 
unidirectional solidification of high temperature ceramic 
material to produce a single crystal or dense polyphasic shape. 

It is a further object of this invention to provide and disclose 
a method for the unidirectional solidification of high tempera 
ture ceramic material to produce a single crystal or dense 
polyphasic shape. 

it is a further object of this invention to provide and disclose 
a controllable growth method for the unidirectional solidifica 
tion of high temperature ceramic material to produce a single 
crystal or dense polyphasic shape. 

It is a further object of this invention to provide and disclose 
a controllable solid state cooling cycle method for the 
unidirectional solidification of high temperature ceramic 
material to produce a single crystal or dense polyphasic shape. 
Other objects and a fuller understanding of the invention 

may be had by referring to the following description and 
claims taken in conjunction with the accompanying drawing in 
which: 

FIG. 1 shows a schematic of the gradient furnace system. 
FIG. 2 shows a prospective view of the heat exchanger. 
Referring now to the drawing, a specific example of a 

system of the type according to the present invention com 
prises furnace housing 10. The housing is suitable, contoured 
to form chamber 11. The heating means 12 may be con 
structed of any suitable refractory material, e.g., graphite. 
Heating means are positioned in chamber 11. Any conven 
tional heating means, e.g., electrical resistance means, may be 
utilized. The heating means are connected to any suitable 
electrical outlet, not shown. Vacuum pump 14 is utilized to 
apply a low vacuum to the chamber of the furnace through 
conduit means 6. The temperature of the furnace is indicated 
by any conventional means, e.g., pyrometer 18. 
The heat exchanger comprises solid cylindrical base seg 

ment 20 and upper reduced hollow cylindrical segment 22. 
Base segment 20 may be constructed of any suitable material, 
e.g., molybdenum. The top portion of segment 22 forms flat 
surface 24. The upper portion of segment 22 is composed of 
tungsten and designated 26. The lower portion of segment 22 
is composed of molybdenum and designated 28. Tungsten is 
utilized in the upper portion of segment 22 due to its superior 
high temperature properties. Concentric tubing 30, which has 
open ends, extends through base segment 20 to a point near 
flat surface 24 of reduced segment 22. Concentric tubing 30 
may be constructed of a material having the ability to 
withstand high temperatures, oxidation and thermal shock, 
e.g., molybdenum. Exit bore 32 extends through base segment 
20 and connects the interior of reduced segment 22 with the 
atmosphere. 
Thermocouple 33 which is positioned in the interior of 

reduced segment 22, is connected to any suitable temperature 
indicator means, e.g., a potentiometer, not shown, by leads 35. 
Base segment 20 of the heat exchanger is attached to housing 
10 by means of bolts 34. The bolts are positioned in bores 36 
of base segment 20. Reduced segment 22 of the heat 
exchanger is inserted through an opening, not shown, of hous 
ing 10. 

In operation, seed crystal 40 is positioned in refractory 
metal crucible 38. The crucible is then filled with premelted 
ceramic material 42. The open end of the crucible is then 
covered with a sheet of refractory metal 44. A molybdenum 
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2 
metal sheet has been found suitable. The crucible is then posi 
tioned in chamber 11 on top of flat surface 24 of the heat 
exchanger, as shown in FIG. 1. A vacuum is applied and the 
heating elements are activated raising the temperature to 
about 50 C. above the melting point of the ceramic material. 
Concurrently, a coolant inert gas is bled from storage 46 
through conduit 48 and into concentric tubing 30. The gas 
cools the base of crucible 38 and exits through bore 32 to the 
atmosphere. In the alternative, the gases may be collected, 
cooled and returned to storage. The temperature of the fur 
nace is slowly decreased with a corresponding increase in the 
flow coolant gas through the heat exchanger, thereby 
unidirectionally solidifying the ceramic material to form a sin 
gle crystal. Surface 24 of reduced segment 22 is polished down 
to a 600 grit finish. It may also be necessary to polish the ex 
terior bottom of crucible 38 in order that the crucible will fit 
snugly on the heat exchanger. 

EXAMPLE 1 

A sapphire seed crystal is positioned in the bottom of the 
crucible with its "a' axis parallel to the growth direction. The 
crucible is filled with the premelted Al,0s to be melted. A 
refractory metal cover is then placed over the open end of the 
crucible and the system assembled as shown in FIG. 1. The 
loaded crucible is positioned in the gradient furnace so that 
the polished base of the crucible is seated directly on the heat 
exchanger. The polished metal cover is positioned over the 
open end of the crucible in order to reflect heat radiation back 
to the metal surface. After the furnace has been evacuated to 
5X10 torr, the furnace power is turned on and helium bled 
into the heat exchanger at a slow flow rate, ca. 4 cubic feet per 
hour (cfh) in order to prevent oxidation of the refractory 
metal heat exchanger. The temperature of the furnace is in 
creased at a sufficiently slow rate, ca. 11 C/min, to prevent 
the pressure in the furnace from exceeding 2x10 torr. As the 
melting point of the ceramic material is reached, the flow of 
helium into the heat exchanger is increased to, ca. 40 cfh to 
prevent the melt from boiling over the top of the crucible 
when melting occurs and also to prevent the seed from melt 
ing. The temperature of the melt is then increased to 50° C 
above the melting point of the Al20s, i.e., 2,100°C. The helium 
flow is then decreased, ca. to 8 cfh to permit partial melting of 
the seed crystal. When solidification commences the solid 
mucleates on the seed and assumes its crystallographic orien 
tation. The thermocouple positioned in the heat exchanger re 
gisters the temperature of the center of the seed. The tempera 
ture of the center of the seed is not allowed to increase above 
melting point of the material by controlling the flow of helium 
into the heat exchanger. To start solidification of the ingot, the 
flow of helium is increased gradually in small increments (ca. 
0.5 cfh/min), to about 100 cfh to extract heat from the melt in 
a controlled fashion so that the solid grows from the seed 
crystal. The melt temperature is then decreased at a rate 2 
C/min by decreasing the furnace power until a temperature 
30 C below the melting point of the material is reached. This 
temperature is maintained while the flow of helium is 
decreased at a rate of 2 cfh/min until a slow rate, e.g., 4 cfh, 
necessary to prevent oxidation of the heat exchanger is 
reached. The furnace power is then terminated and the single 
crystal allowed to cool to 50 C. in a period of 16 hours. X-ray 
analysis of the produce using the Laue back reflection 
technique verified that a single crystal was obtained, i.e., X 
ray photographs of different areas of the crystal were identi 
cal. The method was repeated with the 'c' axis of a seed 
crystal parallel to the growth direction; and the 'c' axis of a 
seed crystal 60 from the growth direction. The resulting sin 
gle crystal took the orientation of the seed crystal. 

EXAMPLE 2 

The method of Example 1 was repeated with the following 
differences. Seed of compound YsAlso, was oriented so that 
its 110) crystallographic direction will be parallel to the in 
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tended growth direction. The crucible was filled with YAl30 
powder. The temperature of the gradient furnace was raised to 
1,980 C, i.e. 50° C above the melting point of YAl30. A sin 
gle crystal ingot of YsAls0 was obtained. X-ray analysis of 
the ingot utilizing the Laue back reflection technique verified 
that a single crystal was obtained. A Y3Al50, single crystal 
with a 110) growth direction was grown from a 110) 
oriented seed crystal. 
Other ceramic material capable of being unidirectionally 

solidified in accordance with the present method include 
MgA,0, Al,0/ZrO. eutectic and Al,03/YAls012 eutectic. 

Illustrative, but without limitation, a furnace chamber 
within the scope of this invention comprises a diameter of 4 
inches and a height of 8 inches. An illustrative crucible com 
prises 1 1 cm in diameter by 21 cm in height. 

It is envisaged that the produced, single, transparent crystals 
can be utilized in lasers, armor, bearing, etc. 
Although we have described our invention with a certain 

degree of particularity, it is understood that the present disclo 
sure has been made by way of example and that numerous 
changes may be made in the details of construction and ar 
rangement of parts; and that various ceramic materials may be 
utilized without departing from the spirit and scope of the in 
vention. 

Having described our invention, we claim: 
1. A system for the unidirectional solidification of ceramic 

material comprising a housing suitable contoured to form a 
chamber, heating means positioned in said chamber, a heat 
exchanger having a base segment and a reduced hollow upper 
segment, concentric conduit means extending into the upper 
segment of the heat exchanger to a point near the top section 
thereof, exit means connecting the interior of the reduced 
upper segment of the heat exchanger with the atmosphere; in 
operation the reduced segment of the heat exchanger is posi 
tioned in the interior of the chamber with the base segment on 
the exterior of the housing, the chamber is heated to a tem 
perature above the melting point of the ceramic material and 
the material cooled to a single crystal and dense polyphasic 
shape by the passage of a coolant gas through the heat 
exchanger. 
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2. A heat exchanger comprising a base segment and a 

reduced upper segment, concentric conduit means extending 
into the upper segment of the heat exchanger near the top sec 
tion thereof, exit means connecting the interior of the reduced 
upper segment of the heat exchanger with the atmosphere. 

3. A heat exchanger in accordance with claim 2 where the 
upper portion of the concentric means is constructed of tung 
sten and the lower segment is constructed of molybdenum. 

4. A method for the unidirectional solidification of a ceram 
ic material to form a single crystal comprising the steps of: 

a. seeding the melt of a ceramic material, 
b. melting the ceramic material under vacuum and main 

taining the melt at about 50° C above its melting point 
while unidirectionally cooling the melt by the passage of a 
coolant gas against the closed end of a heat exchanger, 

c. unidirectionally solidifying the ceramic material by 
decreasing the temperature while increasing the flow of 
coolant gas, and recovering the material. 

5. A method in accordance with claim 4 wherein the coo 
lant gas is helium. 

6. A method in accordance with claim 4 wherein the ceram 
ic material is selected from the group consisting of Al,0a, 
YaAls012, MgAl,0s, Al,0/ZrO, and Al,03/YAl30, eutectics. 

7. A method in accordance with claim 6 wherein the ceram 
ic material is Al,0s. 

8. A method in accordance with claim 7 wherein the pre 
melt is seeded with its 'a' axis parallel to the growth 
direction. 

9. A method in accordance with claim 7 wherein the pre 
melt is seeded with its 'c' axis 60° from the growth direction. 

10. A method in accordance with claim 6 wherein the 
ceramic material is Y3Al5012. 

11. A method in accordance with claim 10 wherein the pre 
melt is seeded with 110) growth direction. 

12. A method in accordance with claim 6 wherein the 
ceramic material is MgAl,0. 

13. A method in accordance with claim 6 wherein the 
ceramic material is Al0/ZrO2 eutectic. 

14. A method in accordance with claim 6 wherein the 
ceramic material is Al,03/YaAl,012 eutectic. 
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