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ABSTRACT OF THE DISCLOSURE 

The invention is an improvement over the method de 
scribed in U.S. Pat. No. 3,591,348 for growing crystalline 
bodies from the melt. The improvement essentially con 
sists of using a porous forming member (also called a die) 
that is characterized by an interconnecting network of 
pores or cells of capillary proportions. 

This invention relates to the art of crystal growth and 
more particularly to growth of substantially monocrystal 
line bodies having cross-sections of arbitrary and prede 
termined con?gurations. 

Various methods have been developed for growing 
monocrystalline bodies from a melt. The present inven 
tion pertains to an improvement in growing crystalline 
bodies from a melt according to what is called the edge 
de?ned, ?lm fed growth technique (also known as the 
EFG process). Details of this process are described in 
United States Letters Pat. No. 3,591,348, issued July 6, 
1971 to Harold E. LaBelle, In, for Method of Growing 
Crystalline Materials. 

In the EFG process the shape of the crystalline body is 
‘determined by the external or edge con?guration of the 
end surface of a forming member which for want of a 
better name is called a die. An advantage of the process is 
that bodies of selected shapes can be produced commenc 
ing with the simplest of seed crystal geometries-namely, 
a round small diameter seed crystal. The process involves 
growth on a seed from a liquid ?lm of feed material 
sandwiched between the growing body and the end surface 
of the die, with the liquid in the ?lm being continuously 
replenished from a suitable melt reservoir via one or 
more capillaries in the die member. The die is made of a 
heat resistant material that is wetted by the feed material. 
By appropriately controlling the pulling speed of the grow 
ing body and the temperature of the liquid ?lm the ?lm 
can be made to spread (under the in?uence of the surface 
tension at its periphery) across the full expanse of the end 
surface of the die until it reaches the perimeter or perim 
eters thereof formed by intersection of that surface with 
the side surface or surfaces of the die. The angle of inter 
section of the aforesaid surfaces of the die is such relative 
to the contact angle of the liquid ?lm that the liquid’s 
surface tension will prevent it from overrunning the edge 
or edges of the die’s end surface. Preferably the angle of 
intersection is a right angle which is simplest to achieve 
and thus most practical to have. The growing body grows 
to the shape of the ?lm which conforms to the edge con 
?guration of the die’s end surface. Since the liquid ?lm 
has no way of discriminating between an outside edge and 
an inside edge of the die’s end surface, a continuous hole 
may be grown in the crystalline body by providing in that 
surface a blind hole of the same shape as the hole de 
sired in the growing body, provided, however, that any 
such hole in the die’s end surface is made large enough so 
that surface tension will not cause the ?lm around the hole 
to ?ll in over the hole. From the foregoing brief descrip 
tion it is believed clear that the term “edge-de?ned, ?lm 
fed growth” denotes the essential feature of the EFG 
processwthe shape of the growing crystalline body is de 
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?ned by the edge con?guration of the die and growth takes 
place from a ?lm of liquid which is constantly replenished. 
Thus it is possible to grow bodies of various shapes, 

e.g. round tubes, ?at ribbons, and ?laments, to substan 
tially close tolerances on a continuous or semi-continuous 
basis. One important use of the EFG process is to grow 
monocrystalline tubes of selected ceramic materials such 
as alumina for use as envelopes for high intensity vapor 
lamps. However, as heretofore practiced, the EFG process 
has been burdened by the relatively high cost of manu 
facturing the forming members or dies. One reason for 
this high cost is the di?iculty of forming one or more capil 
laries in the die. Since the usual capillaries are of rela 
tively small size, eg a diameter in the order of 0.010 
inch, they can be formed only with sophisticated tech 
niques and equipment. This is not only time consuming but 
costly. Furthermore, in order to maximize the rate of crys 
tal growth and also facilitate establishing and maintaining 
the liquid ?lm from which crystal growth occurs, it is often 
necessary to provide two or more capillaries in the form 
ing member, with the several capillaries located at stra 
tegic points calculated to provide an even distribution of 
melt to the growth ?lm. 

OBJECTS AND SUMMARY OF THE INVENTION 

Accordingly, a primary object of this invention is to 
improve upon the aforesaid EFG process so as to facilitate 
growth of substantially monocrystalline bodies of selected 
and predetermined cross-sectional con?gurations. 

Another primary object of this invention is to provide 
improved apparatus for growing crystalline bodies of se 
lected cross-sectional shapes from a thin ?lm of melt. 
A speci?c object is to provide an improved forming 

member for the purpose described which is less expensive 
to manufacture and provides faster and more uniform dis 
tribution of melt to replenish the .?lm from which growth 
occurs. 

Described brie?y the improvement of this invention 
comprises providing a forming member which is made of 
a heat resistant foam material having interconnecting open 
cells with the interstices (i.e., the cells and their connect 
ing passageways) being of capillary proportions so as to 
permit melt to rise within the forming member by capillary 
actlon. 

Other features and many of the attendant advantages of 
this invention are set forth or rendered obvious in the fol 
lowing detailed description which is to be considered to 
gether with the drawings. 

THE DRAWINGS 

FIG. 1 is a fragmentary elevati-onal view, partly in sec 
tion, of apparatus comprising a furnace, crucible, and a die 
assembly used in practicing the invention to grow a tubular 
body; 

FIG. 2 is an enlarged view of a portion of the apparatus 
of FIG. 1 showing details of the die assembly and the ini~ 
tial stage of the process of growing a tubular body; 

FIGS. 3 and 4 are fragmentary views of the die assembly 
of FIG. 2 showing successive stages in the growth of a 
tubular monocrystalline body; 

FIG. 5 is a view similar to FIG. 2 of a die assembly 
used to grow a solid rod; 

FIGS. 6 and 7 show a modi?cation of the die of FIG. 2; 
and 

FIG. 8 is another modi?ed form of die for growing a 
tubular body. 

Identical or corresponding parts: of the same or different 
embodiments of the apparatus are referred to by the same 
numerals in the several ?gures. 
The present invention may be used to produce integral 

substantially monocrystalline bodies made of any one of a 
variety of materials that melt congruently (i.e., compounds 
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that melt to a liquid of the same composition at an in 
varient temperature) and solidify in identi?able crystal lat 
tices. By way of example, the material may be alumina, 
barium titanate, lithium niobate and yttrium aluminum 
garnet. The invention is also applicable to other materials 
that do not melt congruently, e.g., alloys or materials that 
form mixed crystals. The following detailed description 
of the invention and the apparatus used in practicing the 
same is directed to growing monocrystalline alumina 
bodies of selected geometry. 

FIG. 1 shows one form of furnace that may be used to 
practice the invention. The furnace consists of a vertically 
movable horizontal bed 2 which engages a stationary 
furnace enclosure consisting of two concentric-spaced 
quartz tubes 4 and 6. At its bottom end the inner tube 4 
is positioned in a gasket 5 in the bed. Surrounding tube 4 
is a sleeve 8 that screws into a collar 10. Between sleeve 
8 and color 10 is an O-ring 12 and a spacer 13. The O 
ring is compressed against tube 4 to form a seal. The upper 
end of sleeve 8 is spaced from tube 4 so as to accommo 
date the bottom end of tube 6. The bottom end of tube 6 
is secured in place by an O-ring 14 and a spacer 15 com 
pressure between a collar 16 that screws onto sleeve 8. 
Sleeve 8 is provided with an inlet port ?tted with a ?exible 
pipe 20. The upper ends of tubes 4 and 6 are secured in a 
head 22 so that they remain stationary when the bed is 
lowered. Head 22 has an outlet port with a ?exible pipe 
24. Although not shown it is to be understood that head 
22 includes means similar to sleeve 8, O-rings 12 and 14, 
and collars 10 and 16 for holding the two tubes in con 
centric sealed relation. Pipes 20 and 24 are connected to 
a pump (not shown) that continuously circulates cooling 
water through the space between the two quartz tubes. 
The interior of the furnace enclosure is connected by a 
pipe 28 to a vacuum pump or to a regulated source of inert 
gas such as argon or helium. The furnace enclosure also 
is surrounded by an R.F. heating coil 30 that is coupled to 
a controllable 500 kc. power supply (not shown) of con 
ventional construction. The heating coil may be moved 
up or down along the length of the furnace enclosure and 
means (not shown) are provided for supporting the coil 
in any selected elevation. At this point it is to be noted 
that the circulating water not only keeps the inner quartz 
tube at a safe temperature but also absorbs most of the 
infrared energy and thereby makes visual observation of 
crystal growth more comfortable to the observer. 
The head 22 is adapted to provide entry into the furnace 

enclosure of an elongate pulling rod 32 that is connected 
to and forms part of a conventional crystal pulling mecha 
nism represented schematically at 34. It is to be noted that 
the type of crystal-pulling mechanism is not critical to the 
invention and that the construction thereof may be varied 
substantially. However, it is preferable to employ a crystal 
pulling mechanism that is hydraulically controlled since it 
otters the advantage of being vibration-free and providing 
a uniform pulling speed. Regardless of its exact construc 
tion which is not required to be described in detail, it is 
to be understood that the pulling mechanism 34 is adapted 
to move pulling rod 32 axially at a controlled rate. Pulling 
rod 32 is disposed coaxially with the quartz tubes 4 and 
6 and its lower end has an extension in the form of a metal 

' holder 36 that is adapted to releasably hold a monocrystal 
line seed or body 38 on which an integral monocrystalline 
extension is to be grown as hereafter described. 

Located within the furnace enclosure is a cylindrical 
heat susceptor 40 made of carbon. The top end of .susceptor 
40 is open but its bottom end is closed off by an end wall. 
The susceptor is supported on a tungsten rod 42 that is 
mounted in bed 2. Supported within susceptor 40 on a short 
tungsten rod 44 is a crucible 46 adapted to contain a melt 
48 of the material to be grown onto the tube 38. The cru 
cible is made of a material that will withstand the operat 
ing temperatures and will not react with or dissolve in 
the melt. With an alumina melt, the crucible is made of 
molybdenum, but it also may be made of tungsten, iridium 
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4 
or some other material with similar properties with respect 
to molten alumina. Where a molybdenum crucible is used, 
it must be spaced from the susceptor since there is a eutec 
tic reaction between carbon and molybdenum at about 
2200° C. The inside of the crucible is of suitable size and 
shape, preferably with a constant diameter. To help obtain 
the high operating temperatures necessary for the process, 
a cylindrical radiation shield 50 made of carbon cloth may 
be wrapped around the carbon susceptor. The carbon cloth 
greatly reduces the heat loss from the carbon susceptor. 

Referring now to FIGS. 1 and 2, mounted in crucible 
46 is a die assembly 56 comprising a cylindrical rod 58 
that is ai?xed (e.g. by a press ?t) to a supporting disc 60 
that rests on a shoulder 62 formed in the side wall of the 
crucible at the upper end thereof. The rod 58 is made of 
open-celled molybdenum foam. The open cells or pores 
of the foam are identi?ed by the numeral 64. At least 
some of these cells are sized to function as capillaries for 
molten alumina. The upper end of rod 58 terminates in 
a ?at horizontal surface 66 which intersects the rod’s outer 
surface at a right angle. It is to be noted that rod 58 pro 
jects above disc 60 so as to be visible to the operator and 
has a relatively large coaxial blind hole or cavity 68 ex 
tending down from its upper surface. Cavity 68 is large 
enough in diameter so that surface tension will not cause 
the ?lm 70 (hereinafter described) to ?ll in over it. The 
length of the rod 58 and the size of the open cells or pores 
64 are such that molten alumina can rise in an fully till the 
open cells by action of capillary rise so long as the level 
of the melt in the crucible is above a predetermined level, 
preferably so long as the bottom of the rod is wetted by 
melt. In this connection it is to be noted that the iner 
connected network of pores may be viewed as providing 
a plurality of vertical passageways or channels of capillary 
dimension, whereby in each passageway a column of 
melt can rise to a height determined by the equation: 

where h is the distance in cm. that the column will rise; T 
is the surface tension of the melt in dynes/cm.; 0 is the 
contact angle; a' is the density of the liquid; r is the intern 
al radius of the passageway in cm.; and g is the gravita 
tional constant in cm./sec.2. By way of example, in a 
capillary of 0.75 mm. diameter in a molybdenum mem 
her, a column of molten alumina may be expected to rise 
more than 11 cm. by capillary action. 
FIGS. 2, 3, and 4 illustrate how a monocrystalline tube 

of a ceramic material may be grown on a monocrystalline 
ceramic seed tube 38. The seed tube 38 is of the same 
composition as the melt and may have been grown using 
a porous die as herein described or by using a non-porous 
die in accordance with the method described in said US. 
Pat. No. 3,591,348. The tube 38 may have the same dimen 
sions as the tube to be grown or may have different di 
mensions, e.g. the tube may have the same CD. ‘but a 
smaller ID. as shown in FIGS. 2-4. Initially the tube is 
inserted vertically and is disposed in axial alignment with 
the die assembly. Then with the pores of the rod 58 ?lled 
with melt by action of capillary rise and the power input 
to coil 30 adjusted so that the upper surface 66 of the 
die assembly is preferably at least about 10—40° C. higher 
than the melting point of the tube 38, the tube is lowered 
into contact with the surface 68 and held there long 
enough for a portion of the end of the tube to melt and 
form a liquid ?lm 70 that connects with the melt in the 
topmost pores of the die. It is to be noted that the pores 
are shown empty in FIGS. 2-4 (and also 6-8) in order 
to render them more distinct to the reader and that in fact 
they are ?lled with melt as above described. Further it is 
to be understood with reference to FIG. 2 that before the 
end of tube 38 is melted to form ?lm 70, the melt in each 
port that opens into the surface 66 has a concave menis 
cus with the edge of the meniscus being substantially flush 
with surface 66. The temperature gradient along the length 
of the tube and the temperature of surface 66 are factors 
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in?uencing how much of the tube melts and the thickness 
of ?lm 70. In this connection it is to be noted that the 
tube functions as a heat sink and the temperature of the 
tube at successively higher points thereon is affected by the 
height of coil 30 and susceptor 40 and also the power in 
put to the coil. In practice these parameters are adjusted 
so that the initial ?lm 70 has a thickness in the order of 
0.1 mm. 
Once the ?lm 70 has connected with melt in the pores 

of the rod 58, the pulling mechanism 34 is actuated to 
pull tube 38 upwardly away from surface 66. The pulling 
speed is set so that the ?lm adhering to the tube because 
of surface tension will crystallize due to a drop in tem 
perature at the solid tube-liquid ?lm interface which oc 
curs as a result of the pulling. The pulling speed also must 
be such that surface tension will cause the ?lm to spread 
inwardly toward the boundary of cavity 68 (see FIG. 3). 
As the ?lm spreads inwardly, crystal growth will occur 
at all points along the horizontal expanse of the ?lm with 
the result that a tubular monocrystalline extension is 
formed on the tube which has a constant outside diam 
eter but a progressively decreasing inside diameter. The 
?lm consumed ‘by the crystal growth is replaced by addi~ 
tional melt which is supplied by in?ow via the pores 64. 
During the initial phase of crystal growth, the ?lm con 
tinues to spread inwardly until it reaches the boundary 
of cavity 68, where it stops spreading. Consequently the 
initial crystal growth on the tube appears to form a tapered 
inside ?ange (FIG. 3). Thereafter the crystal ‘growths 
stop spreading inwardly and continues longitudinally, with 
the result that a tubular extension 72 is produced that has 
the same OzD. as the rod 58 and an ID. corresponding 
substantially to the diameter of cavity 68. Growth is 
continued until supply of melt in the crucible has been 
substantially depleted or until the pulling mechanism has 
reached the limit of its pulling stroke. In the latter case 
as the end of the pulling stroke is reached, the pulling 
speed is increased enough to cause the crystal growth to 
pull free of ?lm 70. 

It is to be noted that the pulling speed and the tempera 
ture of the ?lm may be varied during crystal growth. How 
ever, during crystal growth the pulling speed should not 
be so great nor the temperature so high as to cause the 
tube to pull free of the melt ?lm. In growing alpha-alu 
mina, it is preferred to have an initial pulling speed of 
about 0.1 in/min. and to increase the speed to about 0.2 
in./ min. after the ?lm has expanded enough to fully cover 
the end surface 66 of the die assembly heated as above 
described. The pulling speed of the tube and the tempera 
ture of the ?lm control the ?lm thickness which controls 
the rate of ?lm spreading. Increasing the temperature of 
surface 66 (and hence the temperature of the ?lm) and in 
creasing the pulling speed each have the effect of increas 
ing the ?lm thickness. 

FIG. 5 shows a modi?cation of the invention for grow 
ing a round monocrystalline rod or ?lament (the distinc 
tion between a rod and a ?lament is a difference in outside 
diameter, i.e., O.D.). The die assembly for growing a rod 
or ?lament is the same as that for growing a tube except 
that no blind hole or cavity is provided in the upper sur~ 
face of the rod 58. In growing a rod or ?lament, the seed 
may be a rod or ?lament or tube or other available mono 
crystalline body, e.g., a ribbon of rectangular cross-sec 
tion. In this case the seed is a round hollow tube 38. The 
upper surface of rod 58 may be ?at as in FIG. 2 or may 
be concave as shown in FIG. 5. The growth process is es 
sentially as described above in connection with FIG. 2-4. 
Initially the seed is brought into engagement with the up 
per surface 66A of the rod long enough to melt and form 
a ?lm 7tl. Enough of the seed may ‘be melted to form a 
?lm of annular shape as shown in FIG. 2 in which case 
the ?lm must be made to spread out so as to fully cover 
surface 66A. Preferably enough of the seed is melted so 
that the ?lm fully covers the surface 66A as shown in FIG. 
5. The ?lm 70 connects with melt in the pores of the die, 
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6 
so that as growth proceeds additional melt flows up 
through the die to replenish the ?lm. The initial pulling 
speed is set according to whether or not it is necessary to 
cause the ?lm to spread out to cover all of the surface 
66A. As pulling of the seed proceeds, crystal growth will 
occur at all points along the ?lm so that with the ?lm 
fully covering surface 66A, the crystal growth as shown 
at 73 will be a solid monocrystalline rod having substan~ 
tially the same CD. as rod 58. 
FIG. 6 shows still another modi?cation of the inven 

tion. In this case the die assembly is the same as that of 
FIG. 2 except that the cavity 8 is ?lled with a material 
74 that meets the following requirements: (a) is not wetted 
by the melt and (b) will not react with the melt, the foam 
of which the die is made, the disc 60 or the crucible 46. 
The material 74 may be either a liquid or a solid at the 
operating temperature of the process. However, if it is a 
liquid, it must not vaporize at the operating temperature 
and pressure of the system. By way of example, if the melt 
is alumina and the die assembly is made of molybdenum, 
the material 74 may be tin. Further by way of example, 
if the melt is germanium and the rod 58 is made of tung 
sten foam, the material 74 may be a solid plug of carbon. 
Similarly, if the melt material is copper and the die is made 
of molybdenum, the material 74 may be a solid plug of 
alumina. Tungsten and molybdenum are wetted by ger 
manium and copper respectively, but carbon and alu 
mina are not wetted by germanium and copper respec 
tively. Use of non-wetting material 74 is advantageous in 
that it prevents the cavity from being accidently ?lled with 
melt as can occur, for example, when the seed is melted 
for the purpose of forming ?lm 70 if the seed is initially 
contacted with the inside edge of surface 66 at a tempera 
ture so high that a substantial portion of the seed melts 
and flows directly into the cavity. If the cavity is ?lled with 
melt, the ?lm 70 will close over it and the crystal body 
that is grown will be a solid rod instead of a tube. This 
problem is obviated by pre?lling the cavity with the non 
wetting material 74. Since the latter is not wetted by the 
melt, it assists in de?ning the inner edge of surface 66, 
with the result that ?lm 70 will extend over the entire sur 
face 68 and a tubular monocrystalline body is grown on 
the end of the seed as shown in FIG. 7. 

1It also is contemplated to clad the porous die member 
so as to render its vertical surfaces non-porous, this em 
bodiment is shown in FIG. 8. In this ?gure the rod 58 
is made of molybdenum foam as above described and 
the sides and bottom surfaces de?ning the cavity 68 are 
cladded with a layer 78 of non-porous molybdenum. If 
desired, the exterior surface of rod 58 may also be cladded 
with a layer '80 of non-porous molybdenum. Cladding the 
exterior surface of the rod 58 and the side surface of 
the cavity 68 is bene?cial in preventing damage to the 
die and minimizing introduction of impurities into the 
pores of the die. More emphatically the cladding assures 
that the inside and outside edges of the top surface 68 
are sharp and also smooth and uninterrupted. Uninter 
rupted edges are essential if the body to be grown is to 
have a smooth surface, while shape edges are desirable 
to assure that the ?lm of melt will not overrun the edges 
of the top end surface. Cladding the side and bottom 
surfaces of cavity 68 is advantageous where the pores in 
such surfaces are oversized to the extent that the capil~ 
lary forces are so so small that melt will tend to run 
out of the pores into the cavity, in which case, if su?i 
cient melt accumulates in the cavity, a solid rod rather 
than a tubular body will be grown for the reasons de 
scribed above in connection with FIG. 6. Cladding the 
vertical surfaces of the rod 58 also has the effect of 
strengthening it. This is particularly bene?cial where the 
wall thickness of that section of the rod having the 
cavity 68 is relatively small. In practice it is preferred 
to ?nish machine the upper surface 66 of the rod 58 after 
it has been cladded, so that the upper end surfaces of 
the cladding are flush with and form extensions of sur 
face 66. Thus in practicing the process the ?lm 70 will 
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extend over the upper end surfaces of the cladding and 
the grown crystal ‘will have an OD. substantially the same 
as the CD. of cladding 80 and its ID. will be substantially 
the same as the diameter of cladding 78. It is to be noted 
that the cladding 80 need not extend for the full length 
of rod 58 and, for example, may extend from the top end 
surface ‘66 only down as far as disc 60. Similarly, the 
cladding 78 may extend from the top end surface 66 
only part way down the side surface of cavity '68. 
Of course the invention is applicable to dies for grow 

ing crystal bodies of other geometric shapes, e.g. bodies 
of rectangular or triangular cross-sections as disclosed in 
said U.S. Pat. No. 3,591,348. In each case the die may 
be cladded as above described. Of course the cladding 
should consist of a material that will be wetted by the 
melt and will not react with the melt, the crucible or the 
component parts of the die assembly. Preferably the 
cladding consists of the same composition as the die. 
Thus if the die is made of a porous ceramic, the cladding 
should consist of a dense non-porous coating of the same 
ceramic. The cladding may consist of a preformed mem 
ber that is force ?tted to the die. Thus cladding 80v may 
be a molybdenum sleeve that is press-?ted over rod 58. 
Alternatively, the cladding may be formed in situ by 
dipping, vapor deposition, or other suitable technique 
known to persons skilled in the art. 

It is to be noted that a number of materials are com 
mercially available in porous form, e.g., open-cell foam 
or sponge. Among these are molybdenum and titanium 
sponge. Porous ceramics are also available commercially. 
They also may be made by in?ltrating an open cell metal 
foam material, e.g., molybdenum sponge with a molten 
ceramic material, e.g. alumina, solidifying the ceramic 
in the foam, and then burning or vaporizing or leaching 
out the metal so as to leave a porous ceramic. Another 
mode of forming an open cell porous ceramic is to ad_ 
mix particles of ceramics and a material having a rela 
tively low burning point, compressing the composition 
to a suitable density, and then sintering the compressed 
mass to burn out the low-burning point material. 
As used herein, the term “open-celled foam” (some 

times also identi?ed in the art as open-celled sponge) 
refers to a body of a selected material which may be 
a metal or metal alloy or a ceramic material, having 
interconnected open cells. The foam can be visualized 
as being made up of solid particles of relatively uniform 

- size held together in random fashion at corners or along 
edges, leaving holes or cells between them that form an 
interconnecting network of pores. The holes or cells may 
be of a size comparable to the size of the solid particles 
and may range in size from micropores to macropores. 
As used herein the term “micropore” is a pore that is 
small enough to ?ll and hold a given liquid (i.e., melt 
material) by capillary action whereas a macropore is one 
that is large enough to exhibit substantially little or no 
capillary attraction for the same liquid, whereby the 
liquid will drain from the macropore by gravity. Of 
course, what is a macropore for one liquid may be a 
micropore for another liquid; it depends on the surface 
tension of the liquid that wets the foam. Furthermore, 
the optimum or preferred size of the pores depends upon 
the height to which themelt must rise in the die by capil 
lary action. Preferably, the overall height of the die and 
the size of the pores are such that melt can rise to the 
top of the die by capillary action so long as the bottom 
of the die is trapped by (i.e. submerged in) or wetted 
by melt in the crucible. A minimum requirement is that 
at least some of the cells or pores at all levels of the die 
be small enough to function as capillaries for the melt 
material so that the melt material can rise to the top end 
of the die by capillary action. Preferably at least 50% 
of the pores are of micropore size and more preferably 
substantially all of the cells are of micropore size and are 
of substantially uniform size and shape. The presence of 
some macropores is helpful in accelerating in?ltration of 
the submerged portion of the die by the melt material. 
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8 
Accordingly, the density of the foam may vary but the 
density should not be so low as to render the foam too 
fragile to withstand handling and machining. Foam den~ 
sity is conveniently measured in percent density of the 
standard density of the material of which the foam is 
made. Thus a 40% density modlybdenum foam means a 
foam whose density is 40% of that of molybdenum under 
standard conditions (which is 10.2 grams per cubic centi 
meter). 
The following example illustrates a preferred mode of 

practicing the invention. A molybdenum crucible having 
an internal diameter of about 1% inch, a wall thickness 
of about 3/16 inch, an an internal depth of about 9/’16 inch 
is positioned in the furnace in the manner shown in FIG. 
1. Disposed in the crucible is a die assembly constructed 
generally as shown in FIG. 2. The disc 60 is made of 
molybdenum and the rod 58 is made of porous molyb 
denum having open interconnected cells with an average 
diameter of 0.0004 inch. Rod 58 is round and its dimen 
sions are as follows: a rod diameter of about ‘1%; inch and 
a rod length such that its ?at upper end projects about 
%_6 inch above the crucible. The cavity 68v has a depth 
of about 1%; inch and a diameter of about 5/16 inch. The 
crucible is ?lled with substantially pure polycrystalline 
alpha-alumina and a monocrystalline alpa-alumina tube 
38 grown previously by the EFG technique is mounted 
in holder 38. Tube 38 is cylindrical and was grown so 
that the c-axis of its crystal lattice extends parallel to 
its geometric axis. Additonally, tube 38 has an outside 
diameter identical to the diameter of rod 58‘ and a wall 
thickness of about 0.03 inch. Tube 38 is mounted on 
holder 36 so that it is aligned axially with rod 58. Access 
to seed holder 36 and the susceptor 40 is achieved by 
lowering bed 2' away from the furnace enclosure and 
lowering the seed holder below the bottom end of fur 
nace tube 4. With the bed restored to the position of 
FIG. 1, cooling water is introducd between the two 
quartz tubes, and the enclosure is evacuated and ?lled 
with argon to a pressure of about one atmosphere which 
is maintained during the growth period. Then the RF. 
coil 30 is energized and operated so that the alumina 
in the crucible is brought to a molten condition (alumina 
has a melting point in the vicinity of 2050° C.) and the 
surface 68 reaches a temperature of about 2070° C. As 
the solid alumina is converted to the melt 48, the melt 
will in?ltrate rod 58 and ?ll the pores, i.e. cells, of its 
submerged portion. The in?ltrating melt will also rise 
in the rod by capillary action until substantially all of 
the cells are fully ?lled. After affording time for tem 
perature equilibrium to be established, the pulling mecha 
nism is actuated and operated so that the tube 38v is 
moved into contact with the upper surface 66 of the die 
assembly and allowed to rest in that position to allow 
the bottom end of the tube to melt and form ?lm 70 as 
shown in FIG. 2. After about 60 seconds, the tube is 
withdrawn vertically at the rate of about 0.1-0.2 inch 
per minute. As the tube is withdrawn, crystal growth will 
occur on the seed and the ?lm of melt will begin 
to spread over the surface 66 due to its af?nity with the 
newly grown material on the tube and the ?lm’s surface 
tension. The latter force also causes additional melt t0 
?ow out of the capillaries and add to the total volume 
of ?lm. 

Since the ?lm functions as a growth pool of melt, as 
the ?lm spreads out over the surface 66, the growth also 
expands horizontally. At a pulling speed of 0.l~0.2 inch/ 
minute growth will propagate vertically throughout the 
entire horizontal expanse of the ?lm with the result that 
the growing crystal will also begin to grow radially 
inward as shown in FIG. 3 until after about 3 minutes 
it will conform in cross-sectional area and shape to sur~ 
face 66. As growth continues (see FIG. 4), the growing 
body will be found to have a circular symmetry with an 
OD. substantially the same as that of the surface 66 
and an ID. substantially the same as the diameter of 
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cavity 68<. Growth is continued at the same pulling speed 
and temperature until the supply of melt in the crucible 
is substantially exhausted, whereupon the pulling speed 
is immediately increased to about 1.0 inch/minute, 
whereby the growing body pulls free of ?lm 70. There 
after the furnace is cooled and tube 38 retrieved from 
holder 36. The extension grown on the tube is found to 
have smooth inner and outer surfaces, and a wall thick 
ness of about .06 inch. The grown crystal is found to be 
substantially monocrystalline and a crystallographic ex 
tension of the crystal lattice of tube 38. 

If growth occur on the tube but the ?lm does not 
immediately begin to spread, steps are taken to force the 
melt to spread as desired. This can be accomplished by 
adjusting the temperature of the ?lm or by adjusting the 
pulling speed. Preferably, the temperature of the surface 
66 is held constant and the pulling speed adjusted until 
spreading of the ?lm is observed. 

‘It is to be noted that after the film has fully covered 
surface 66, if the operating temperature (as determined 
by the average temperature of ?lm 70) is held constant 
close to but slightly above the melting point of the mate 
rial to be grown, the pulling speed may be varied within 
limits (depending upon the operating temperature) with 
out any substantial change in the cross-section of the 
grown crystal. Similarly if the pulling speed is held con 
stant, the operating temperature may be varied substan 
tially (e.g., a change of as much as 15-30 degrees with 
respect to the melting point of alumina) without any sub 
stantial change in the cross~section of the grown crystal. 
The fact that the grown crystalline extension has sub 

stantially the same shape and size as the surface 66 con 
?rms that the ?lm 70 comprises a growth zone which is 
substantially isothermal in a direction parallel to surface 
66. It is to be noted that the ?lm has a depth in the order 
of about 0.1 mm. under usual growth conditions and has 
a vertical temperature gradient. Surface 66 functions sub 
stantially as an isothermal heater. Where the tube has a 
relatively large OD. and wall thickness, it may be nec 
essary to increase the rate of heating slightly so that the 
temperature of the upper end surface 66 of the die as 
sembly before it is contacted by the tube is greater than 
that normally required to be maintained for satisfactory 
growth. This higher temperature offsets the heat sink 
effect of the tube which may cause the growth pool, i.e., 
the ?lm of melt, to have a lower average temperature 
than expected. Unless this heat sink effect is offset by 
an increase in the rate of heating, the tube may not melt, 
or the ?lm may not spread rapidly over the surface 66, 
unless the pulling speed is adjusted to compensate for the 
heat sink effect. 
The procedure described in the foregoing example may 

be used in growing substantially monocrystalline alumina 
extensions of other cross-sectional shapes, e.g., rectan 
gular, triangular, square, etc., on seeds of the same or 
different cross-sections. Thus by using a die assembly 
with an upper ?lm-supporting surface that is square and 
has no cavity as shown at 68, it is possible to grow a solid 
extension of square cross-section onto a round or square 
tube or rod. If the square ?lm-supporting surface has a 
cavity that is round or square, the crystal body that is 
produced will be tubular with a round or square bore. 
The procedure described in the foregoing example may 
also be used in growing substantially monocrystalline 
alumina bodies with die assemblies of the type shown in 
FIGS. 5, 6, and 8. ‘In growing substantially monocrystal 
line tubes of alumina with the die of FIG. 6, it is pre 
ferred that the die be made of porous molybdenum and 
the cavity 68 be ?lled with tin. 
As noted above, an important advantage of the inven 

tion is that it is applicable to crystalline materials other 
than alumina. It is not limited to congruently melting 
materials and, for example, encompasses growth of mate 
rials that solidify in cubic, rhombohedral, hexagonal and 
tetragonal crystal structures, including spinel, ruby, beryl 
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lia, barium titanate, yttrium aluminum garnet, lithium 
niobate, germanium and copper mentioned above. With 
respect to these and other materials, the process is essen 
tially the same as that described above for alpha-alumina, 
except that it requires different operating temperatures 
because of different melting points. Additionally, certain 
changes may be required in the apparatus, e.g., different 
crucible materials in order to avoid reaction between the 
melt and the crucible, different die materials, and (in 
the case of the die of FIG. 6) different non~wetting mate 
rials. For example, spinel (Al2O3-MgO) is grown with a 
crucible and die assembly made of molybdenum or 
iridium; for beryllia, the crucible and die assembly are 
made of tungsten. 

It is to be noted also that the porous member of the 
die assembly may be made of two or more parts that 
are secured together to form one unitary die member. 
This is convenient, for example, when forming a die 
having a U-shaped ?lm supporting surface for use in 
growing a crystal body in the form of a U-shaped chan 
nel. A further variation is to make only the top section 
of the die of porous material, with the bottom section 
being non-porous but having one or more vertical bores 
of capillary size formed therein for leading melt up to 
the porous section. The top end of the porous member 
also may be concave instead of ?at. 
Laue X~ray back re?ection photographs of crystal 

growth produced according to the foregoing invention 
reveals that the crystal growth usually comprises one or 
two, and in some cases three or four, crystals growing 
together longitudinally separated by a low angle (usually 
within 4° of the c-direction) grain boundary. Therefore, 
for convenience and in the interest of avoiding any sug 
gestion that the crystal growth is polycrystalline in char 
acter, it is preferred to describe it as “substantially mono 
crystalline,” it being understood this term is intended to 
embrace a crystalline body that is comprised of a single 
crystal or two or more crystals, 'e.g., a bicrystal or tri 
crystal, growing together longitudinally but separated by 
a relatively small angle (i.e., less than about 4°) grain 
boundary. The same term is used to denote the crystal 
lographic nature of the seed tube. 

With respect to the die assembly, it is to be understood 
that in the following claims the term “end surface” is 
intended to cover the effective ?lm-supporting surface of 
the die, whether made as a single piece or comprising two 
or more parts. 

I claim: 
1. Apparatus for growing a substantially monocrystal 

line body of a ?rst selected material from a thin liquid 
?lm of said material comprising a crucible for holding a 
supply of said material, and a solid forming member in 
said crucible having an upper end surface for supporting 
said liquid ?lm, at least the upper end of said member 
being porous and comprising a network of interconnected 
open cells forming a plurality of passageways that func 
tion as capillaries for said ?rst selected material in molten 
form, at least some of said passageways opening in said 
end surface and connecting with openings near the bot 
tom end of said member whereby a melt of said material 
in said crucible can rise to said surface via said passage 
ways by action of capillary rise, said member being made 
of a second selected material from the class consisting 
of metals, metal alloys and ceramics that (1) is wetted 
by said ?rst material, (2) has a higher melting point than 
said ?rst material, and (3) will not react with said ?rst 
selected material at a temperature in the order of the 
melting point of said ?rst material and means for pulling 
a substantially monocrystalline body from said liquid 
?lm at the upper surface of said forming member . 

2. Apparatus according to claim 1 wherein said mem 
ber is a sponge of said second material. 

3. Apparatus according to claim 1 wherein said ?rst 
material is alumina and said second material is molyb 
denum, tungsten or iridium. 
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4. Apparatus according to claim 1 wherein the outside 
edge of said top end surface is claid with a non-porous 
solid material that is wetted by and does not react with 
said melt. 

5. Apparatus according to claim 1 wherein said top 
end surface has an inside edge and said inside edge is 
clad with a non-porous solid material that is wetted by 
and does not react with said melt. 

6. Apparatus according to claim 1 wherein said top 
end surface has a cavity and said cavity is ?lled with a 
material that is not wettable by said melt. 

7. Apparatus according to claim 6 wherein said form 
ing member is made of molybdenum and said cavity is 
?lled with tin. 

-8. Apparatus according to claim 1 wherein some of 
said cells are of micropore size and some of said cells are 
of macropore size. 

9. Apparatus according to claim 1 wherein said form 
ing member is made of molybdenum sponge. 

10. Apparatus according to claim 1 wherein said form 
ing member is made of a ceramic material. 

11. The method of growing a crystalline body of a 
selected material comprising providing a molten pool of 
said material about a solid die member that is made of 
an open celled foam material from the class consisting 
of metals, metal alloys, and ceramics and has a substan 
tially horizontal top end surface so that the cells of said 
die member are in communication with said pool and said 
top end surface is exposed, in?ltrating cells at the bottom 
of said die member with melt from said pool and ?lling 
other higher cells with said melt by action of capillary 
rise, establishing a thin liquid ?lm of said material on 
said top end surface so that said ?lm substantially fully 
covers said top end surface and is joined with the melt 
in said cells and growing and pulling a crystalline body 
of said material from the full horizontal expanse of said 
?lm, and continually feeding melt from said pool to said 
surface via said open cells at a rate consistent with the 
rate of crystal growth so as to replenish said ?lm and 
maintain said crystal growth. 

12. Method of growing a substantially monocrystalline 
body of a ?rst selected material comprising: 
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surrounding a porous solid member made of a material 

from the class consisting of metals, metal alloys, 
and ceramics and having a substantially horizontal 
top end surface with a liquid pool of said ?rst mate 
rial so that the said pool is below said top end sur 
face; 

in?ltrating said member with said liquid and ?lling the 
pores of the upper end of said member with said 
liquid by action of capillary rise; 

establishing a liquid ?lm of said material on said top 
end surface; and growing a substantially monocrys 
talline body of said material from said ?lm; and 

feeding additional liquid to said top end surface via 
said pores to replace the material consumed by crys 
tal growth from said ?lm. 

13. Method according to claim 12 wherein said mem 
ber is cladded with a layer of a solid non-porous material 
that surrounds and is flush with the edge of said top end 
surface, and further establishing said liquid ?lm so that 
it covers said layer. 

14. Method according to claim 13 wherein said ?rst 
material is alumina and said member and said non-porous 
material are made of molybdenum. 
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