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The Contract with Airtron, a Division of Litton Industries,
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Troject No, 8-132, "The Hydrothermal Growth of Large Ruby Crystals",
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of the project. It was accomplished under the direction of Mr, Robert
C. Bratt of the Electronics Branch (MATE), Manufacturing Technology
Division, Air Force Materials Laboratory, Wright-Patterson Air Force
Base, Ohio,
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Prepared by Richard C. Puttbach, Project Bngineer and Dr. Roger F, Belt,
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Dr. J. W, Nielsen, Manager, Solid State Laboratory; ard Peter Wegesser,
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ABSTRACT

Techniques for the growth of pink ruby by the hydrothermal method
have beer. studied 7he principal objectives of this project were to
grow cryst:ls measaxiny several cx, to control optica. properties and
internal quality, and to provide manufacturing data for laser crystal
production. A comprehensive investigation was performed on autsclave
design, fabrication, and operation, The nutrient preparation, actual

crystal growth, and physical examination of quality were also studied
in detail,

Autoclaves of 1.5-3,0" internal diameter were designed and fabri.
cated for ruby growth, These autoclaves performed as well or better
than commercially available ones. Special sealing problems, operational
procedures and can extraction methods were investigated. The wmaximum
temperature of operation approach 55°C with pressures up to 3 x 104 psi.
Growth periods as long as 36 days were attempted. The most common sol-
vent was K3003. Significant advances in autoclave technology were made.

The nutriemt for crystal growth was generally scrap flame fusion
ruby. An arc fused Al;03; or sintered pellets of Al203 with added Cr20;
was under development. The residual problems were proper purity and
adequate densification. These can be overcome by exacting preparative
sethods and were mostly a matter of economical availability.

Crystals of ruby were grown as large as 2 x 8 x 10 cm, During
this time the growth rate along the c~-axis averaged about 1 - 20 mils/day.
Many of the crystals grown hydrothermally contained visible flaws calied
veils, The principal causes of veils were thought to be associated with
high growth rates, temperature or pressure fluctuations, and possibly
chemical or physical impurities and defects.

The quality of seed crystals and hydrothermally grown clear ruby
crystals was determined with x-ray procedures. Residual misorienta.
tions approached 10" of arc, and the dislocation density was less ‘han
103/cm2. Few dislocations praopagated from the seed crystals. Veils
were connected with severely strained areas of crystal and high disloca~
tion densities. Swall amounts of hydrated alumina were found in the
hydrothermally gr..-~ ruby, Growth conditions directly influenced the
dislocation content and the nature of the chemical impurities.

This abstract is subject to special export controls and each trans-
mittal to foreign governments or foreign nationals may be made only with
prior approval of the Manufacturing Techuology Division (MATE), Air Force
Materials Laboratory, Wright-Patterson Air Force Base, Ghio. The dictri-
bution of this report is limited because it contains technology identi-
fiable with iteus on the strategic embargo lists excluded from export or
re-export under U, S, Bxport Control Act of 1948 (63 STAT 7) as amended
(50 U,S,C, Appn., 2020-2031), as implemenied by AFR 400-10, AFR 310-2, and
AFSCR 80-20,
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v 1.0 INTRODVJCTION

> s kg

; A two-phase program on the hydrothermal growth of large ruby
; - crystals for lasers and other purposes has been conducted by Airtron

’ Division of Litton Industries. Phase I has been previously des~
cribed and completed{l), This report deals exclusively with Phase 1I,
The objectives of Phase II were the development of manufacturing proe
cesses, techniques, and equipment for the economical production of

& ruby crystals. Laboratory, analytical and enginmeering studies were

i performed in fulfilling Phase II. The principal technical areas ine

f cluded hydrothernal growth of large ruby crystals, high temwperature-
high pressure crystal growth techniques, autoclave design and fabri-
cation and crystal quality.

PR . ar

N AL ket

At the conclusion of Phase I of this program (Contract AF33(657)« .
10508), the following problems were experimentally found to be most e
important. They required specific solutions in order to grow crystals ,
of large size and high quality which would meet current ruby lazser
crystal requirements,

1.1 Crystal Quality

The major quality problem was veiling and cracking. Although P
crystals were grown of sufficient size and quality so that rods up to i
one inch long and 1/8 inch diameter could be cut from a crystal, these :
rods were cut from selected regions and circumvented veiled or cracked ;
regions., For the production of larger rods it was necessary to elimine '
ate the veils. Veiling in crystals has usually been associated with
too fast a growth rate, seed quality, or impurities. Therefore, the
solution to this problem was thought to reside in a modification of the
crystal growth parameters.

The parameters affecting the growth rate include the solvent
and its concentration, the crystallization temperature, the teumperature
difference between dissolution and growth, temperature of the nutrient,
seed source and orientation, and working pressure, -

During Phase I of the program, it was discovered that the
quality of the seed crystal had a marked influence on the quality of .
the grown crystal. Barly in that part of the program, 60° flame v
fusior rods were used as seeds, and the crystal growth in every case
was hichly veiled and cracked. Crystal plates grown froum molten PbFa
were then used and the extent of cracking and veiling was found to be
reduced extensively. It has been demonstrated(2) that such molten
. salt rub) crystals are of a very high quality. A comparative study
showed th-t the veiling and cracking decreased as the seed quality in-
creased i1 the following order: 1) 0° flame fusion, 2) 60° flame

-1-
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INTRODUCTION (Continued)

fusion and 3) <0001> or 0° molten salt plates, Further investigations
were required to determine what characteristic of the seed was actu-
ally involved in improving the quality, e.g., dislocation content,
strain, and mosaic structure,

Another suspected cause cf veiling was impurity contamina-
tion, Blimination of the impurity influence on veiling has been
accomplished in certain crystals, e.g., KOP and ADP which are also
grown from aquecus solution., Heretofore, this problem had not been
investigated but as higher quality crystals were required all facets
of the problem had to be considered. A flexible program for Phase II
was conducted using experience from Phase I and observations made
during the course of the program, This program was directed towards
the solution of the impurity influence,

1.1.1 Chromium Banding

In most crystal growing processes in which a dopant is
to be incorporated into the crystal, there arises the problem of uni.
form dopant concentration throughout the crystal. During Phase I, it
was found that a uniform chromium concentration was not obtained.
There was little or no chromium in the first layer to grow next to
the seed. The chromium concentration increased with the amount of
growth and was greatest at the surface. At times there were light
and dark bands of chromium well removed from the seed,

The proposed work to solve this problem was as follows:
(1) Minimize temperature fluctuations to reduce chromium banding,
(2) Add extra chromium to the solvent to decrease the chromium defi-
cient layer next to the seed.

1.2 Nutrient

Phase 1 required the production of small quantities of ruby
crystal and allowed the use of scrap flame fusion ruby as a source of
nutrient, Since it was scrap, the availability of this material was
limited by the production and yield of the flame fusion process. For
the production of large quantities of ruby required in Phase III, it
was essential that an alternate form of nutrient material be found
during Phase II. The requisites for this nutrient were high purity,
physical stability in the growth environment, reasonable production
cost, and nutrient production capability commensurate with crystal
production requirements.

One method considered was a sintered homogeneous mixture of
aluminun oxide and chromium oxide powders. This mixture was pressed

-2-
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INTRODUCTION (Continued)

into an appropriate form and then sintered under conditions which
yielded a dense solid, Another method was to fuse alumina and
chromia powders in an electric arc. The fused mass was then crushed
in a press and sized for nutrient.

The desired chemical and physicai properties of the nutrient
are (1) high chemical purity, (2) size and shape of piece to allow
both adequate solvent circulation and sufficient surface area, and
(3) proper bonding of the particles so that the plece does not disin-
tegrate into a powder and settle out as a sludge in the bottom of the
nutrient chamber.

1.3 Scale-Up

The work in Phase I was carried out in small Waspalloy vessels
whose internal cavity was 1.5 inches diame:er by 15 inches long. The
wall thickness was 2.25 inches. Tn order to s:ale up the process for
Phase II it was necessary to use iarger vessels with cavities 3 inches
diameter by up to 52 inches long and wall thicknesses of 1.5 inches.

Because of the differences in wall thickness, total length,
and cavity volume between the vessels used for Phase I and Phase II,
it was necessary to adjust the measured growth parameters to effect
a satisfactory scale~up. In addition to dimensional differences, the
larger autoclaves for Phase II were constructed of A-286 alloy which
has different pressure and temperature ratings. The Waspalloy vessels
were rated for 40,000 psi and 700°C whereas the A-286 were rated for
30,000 psi ard 590°C, Therefore, it was necessary to consider these
differences, Of particular note was the temperature at the bottom of
the vessel under operating conditions. With the conditisns for growth
in Fhase I, the bottom of the vessel was near 650°C or well above the
A-286 ratings. Some modification of power input was required to accom-
modate the A-286 ratings.

The solutions to these problems were viewed as most important
in order for the hydrothermal process to prove itself capable of pro-
ducing high quality ruby to fit laser applications. The present
devices utilize rods approximately 2 to 3 inches long by about 1/4 inch
in diameter. The goals of this cortract were to solve the probleus
stated above, and produce crystals large enough to yield 3 inch long x
1/4 inch diameter rods. The schedile for the accouplishments of the

contract was translated into a Management Control Plan Flow Chart shomn
in Figure 1.
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2.0 SMARY

A developwental program has been performed by Airtron, a Division
of Litton Industries, for the Air Force Materials Laboratory, Wright-
Patterson Air Force Base, Chio, encompassing the hydrothermal growth
of large ruby crystals, high tewperature-high pressure growth of large
crystals, ruby crystal quality analysis, and autoclave design and con-
struction, The program ran frou June 1965 through March 1967 under

Contract AF33(615)-3i60,

2.1 Autoclave Bquipment

Stress-corrosion cracking was found to shorten the lifetime
of an autoclave considerabiy. ¥odifications in the sutoclave design
were made which eliminated regions of stress that axe susceptible to
stress-corrosion cracking. The vessel length was increased so that
the seal area of the vessel would be cooler. The bottom of the cavity
was finished in a hemisphere rather than a conical section to remove
concentrated stress. The bottom thickness was increased to conform
with the wall thickness. This added strength to the bottoa and hottest

part of the vessel.

2.2 (Crystal Nutrient Material

Two msethods of nutrient preparation were investigated., Axc
fusion and ceramic sintering were both used to prepare a lump-type
nutrient. However, both methods produced an iwpure product. The
amount of growth obtained using these nutrients varied from a slight
to none. With similar conditions and flame fusion scrap, the crystals

grew larger and produced a higher quality growth,

2.3 Molten Salt Crystal Growth

A gseries of molten salt crystal growth runs with PbFa were
wade in 8-inch diameter x 8-inch high platinum cans. These runs re-
sulted in many seed plates with large oooi} faces. The major portion
of the crystals were 1 to 1-1/2 inches across. Plates up to 3 inches
across were obtained and used as seeds in the hydrothermal system,

All crystals grew as thin plates in the basal plane., AAditions of lar-
thanua or high chromium ion concentrations were not successful in modi-

fying the crystal habit.

2.4 Llarge Crystal Growth

Experinents were conducted in Airtron's large autoclaves
using prograamed warm«ups, low temperature gradients, and lithium car-
bonate and lithium nitrite as additives. These conditions were not
effective in reducing or eliminating veiled and cracked growth., A
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Summary (Continued)

1.5-inch run was made using sapphire molten salt seed plates and scrap
flane fusion sapphire for nutrient to attempt to relate chromium
fluctuations to the veiling, The cxystals were veiled as much as in
ruby, and it was concluded that chromium, or concentration changes in
chromium, were not responsible for the origin of veils and cracks.

The reason for the cracking and veiling is not known at pre-
sent; however, it is clear that flawing is augumented under conditions
which lead to a high growth rate. Upon closer examination of all the
growth run conditicn data, it ‘has been found that the runs in which
the high growth rates were obtained were those in which the longer
autoclaves were used.

Two chromic oxide additions were nade in order to reduce the
width of the sapphire band at the seed, In both cases the sapphire
band was almost eliminated,

2.5 Astoclave Specialized Treatment

Gold electroplating of the interior surface of an autoclave
was Attewpted in order to produce an inmert coating. A vessel which
had been specially plated was tested under crystal growth conditions.
Most of the gold was gone after the test except for & trace in the
cooler section of the vessel. No trace of the gold could be found in
the extermal fill or on the silver can. Possibly the gold had diffused
into the vessel while it was under hydrothermal operating conditions.

2.6 Ipternal - External Temperatures

An investigation to relate intermal and external temperature
measurenents was performed during this program, A specially prepared
thermocouple was placed through a hole in the top of a dummy silver
can, A thermocouple was also located on the external surface of the
vessel at the same level. An average difference of 26°C was noted be-
tween measurements of the two couples with the internmal temperature
being higher. Also of significance was a very rapid temperature
fluctuation within the fluid. A tewperature change of 5 - 10°C was
estimated and occurred in as short a period as S seconds. Temperatures
were measured inside and outside the autoclave at a height equal to the
top of the silver can during two ruby runs. It was found that the ex-
ternal tesperature was about 30°C larger than the internal temperature.
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Summary (Continued)
2.7 Crystal ity Studies

X-ray topography of hydrothermally grown ruby has directly
revealed internal defects such as dislocations, inclusions, and
highly strained areas, The examination of different quality seed
material has shown that few defects are propagated from the seed
crystal., Hence the principal cause of most defects lies in the hydro-
thermal growth conditions and the lack of fine controls.

The dislocation density of hydrothermally grown ruby cry-
stals may range from 102 - 104/cm?, X-ray topography and x-ray
linewidths have both proved that high quality crystals can be obtained.
These are at least couparable to ruby crystals grown by alternate
methods. Two problems remain which may directly influence quality,
The first is the formation of visible cracks on some crystals, The
second is the incorporation of small amounts (<1000 ppm) of hydrated

species. The two problems may be related and solved by modifying condi-

tions of hydrothermal growth,.
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3.0 HYDROTHERMAL CRYSTAL g OWTH FACILITY

In order to fulfill the requirements of Phase II of the subject R
contract, Airtron, a Division of Litton Industries, has utilized a
laboratory designed and assembled for hydrothermal growth of large
ruby crystals. The laboratory contains a 20-foot long x 4=foot deep x
4-foot wide pit to hold the autoclaves and furnaces needed in crystal
growth operations, There are six furnaces, four large ones for the
A-286 alloy autoclaves, and two smaller ones for the Waspalloy auto-
claves. All of the equipment was procured under Air Forxce Facilities
Contract AF33(657)-10507, and was utilized in the performance of
Phase I, Contract AF33(657)-10508, A floor plan of the laboratory is
shown in Figure 2,

Among the commercially available items in the laboratory are the
following:

1. A Tem-Pres HR-1B hydrothermal unit, comwprising four small
furnaces and autoclaves, used to carry out solubility determination
and crystal growth experiments (Figure 3).

2, Six hydrothermal crystal growth autoclaves - two Waspalloy
vessels with cavities measuring 1,5 inches x 15 inches in length; two
A-286 alloy vessels 3 inches x 44 inches long, and itwo A-286 alloy
vessels 3 inches x 52 inches long (Figure 4).

3. Silver cnntainers or cans to huld the basic solutions used in
ruby and sapphire crystal growth which prevent corrosion of the auto-
clave metals under hydrothermal conditions (Figures 5 and 6),.

4. ‘ydrothermal furnaces with clam shell type heater sections
({Figure 7).

S. Temperature controllers and programmers,

Special items were developed and fabricated by Airtron during the
performance of the Phase I program to utilize the commercial equipwent
effectively and efficiently. These included autoclave opener tools
which permitted opening of an autoclave after a high pressure or tem-
perature had created a binding force. Large silver cans were constructed
to compensate for variable volume and pressures developed during oper-
ating ccenditions. Spacial can extractors were designed for removing cans
frow autoclaves., Autoclave seal area lapping and polishing tools were
also made for better long tera seals, -

All of the commercial items listed in 1-5 above and alsu the special
tools have been described thoroughly in the final report(l) of rizz: I, .
During the period of Phase II, the same equipment was utilized, However
sone additioral autoclaves, silver containers, and tools were necessary,
A detailed dezcription of these is given in Section 4,0,
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4.0 THE AUTOCLAVE

The autoclave represented a large pcrtion of the investigation,
Such things as design, fabrication, sealing technique, auxiliary
apparatus and operational procedures were considered. These are dls-
cussed in the following sections., Table I contains the pertinent
information about autoclaves used in t..is contract.

4.1 Design and Fabrication

Besides the short (1.5" I.D, x 15" I.L.) and intermediate
(3 1,D. x 34" I,L.) vessels which were un hand, four other vessels
were fabricated during the course nf the contract. Two were purchased
from Autoclave Bngineers, Inc.,, and two were fabricated in accordance
w. :h Airtron designs.

The two vessels purchased froa Autoclave BEngineers (Figure 8)
were pressure tested at both room and maximum rated temperatures. The
vessels were hydrostatically tested to 48,000 psi at room temperature.
This was the standard quality contrxol test used by Autoclave Engineers
at that time. In order to satisfy Airtron, Autoclave Bngineers agreed
to test the vessels at maximum rated teaperature and pressure. Airtron
insisted on this prccedure because Autociave Bngineers' vessels had a
previous history of holding pressure at temperatures less than approxi-
mately 400°C but developed leaks: above that temperature range. Simul-
taneous testing of the nigh temperature and pressure was accoaplished
by overfilling the vessel with watar and valving off the excess as the
vessel was heated., Final conditions of 592°C and 30,000 psi were
reached and maintained for onz-half hour without loss of pressure., All
sealing surfzces were then regenerated to Autoclave Engineers' speci-
fications ancd shipped to Airtron.

It was our opinion that the bhalf hour test was too short to
show up a slow leak, Even an extremely small leak can cause failure
of a crystal growth run since the duration can be two to three months.
Also one-half hour was a rather short time to conclude that thermal
equilibrium had been achieved in a vessel of this size.

Of the two vessels purchased frouw Autoclave Bngineers one
vessel operated satisfactorily with the seal in the "as received" condi-
tion from the factory. In the second vessel a crystal growth run was
atteapted (Run No. 132), but had to be shut down after two days becauss
of a slow leak in the seal., However, another crystal growth run was
made with no loss of pressure after the seal pieces were redressed in
accordance with procedures developed by Airtron during Contract
AF33(615)-2228. These are described in Section 4.2 on sealing the auto-
clave.
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Autoclave Length
Number Inches

1 16
1 52
2A 21
2 52
4 21
5 42,75

TABLB I

Autoclave Data

Inside Outside

Diameter Ciameter

Inches In

1 2.5
3 6

1.5 6

1.5 3

Fabricator

Alrtron
Airtron
Autoclave Bngineers
Airtron
Airtron
Autoclave Bngineers
Autoclave Engineers
.Antoclave Bngineers

Alirtron

Note: All autoclaves fabricated from A-28% alloy.
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The Autoclave (Continued)

The Airtron autoclave bodies were made from two forged
ingots of A-286 alloy ultrnsonically tested for flaws. The ingots
were purchased from Universal Cyclops, Inc., Bridgeville, Pa, Suf-
ficient A-286 material was purchased to make the closure parts and
several spare sealing rings at the same time. The entire hHodv was
machined by Thul Machine Co., Plainfield, N, J,, using conventional
deep drilling techniques and machines. Female threads at the top
of the autoclave body were fitted to a male member supplied by
Aixtron, All closure parts and seal rings were machined by Rane'
Hart, Inc., Mt. Lakes, N, J. A drawing of the Airtron autoclave is
shown in Figure 9. The two autoclaves were satisfactorily tested
for 24 hours at 592°C and 30,000 psi prior to actual crystal growth
runs, ‘

The major difference between the autoclaves purchased under
this contract and the ZnO Contract (AF33(615)-2228) was the thickness
and shape cof the vessel bottoms., The earlier vessels had a 1.5-inch
thick bottom and a concave shape which was an area of high stress.
The Phase JI vessels had a hemispherical bottom which was 2,5 inches
thick. The hemisphere should reduce the amount of stress created by
internal pressure, Figure 9 shows this design.

It was thought that thickening and reshaping the vessel
bottom would lengthen its life when caustic solutions were accidentally
brought in contact with the autoclave interior due to scal leaking or
faulty welding of the silver can. In actuality, after the sealing pro-
blems were resolved, stress corrosion failure was no longer a problem,

To solve the sealing problem, a modification was used to
reduce the temperature of the seal parts during actual crystal growth
conditions. In order to make the sealing area of the autoclave operate
at a lower temperature, both Autoclave and Airtron's autoclave were
designed longer. This did not significantly increase the autoclave
cost but permitted cooler operation of the seal. Tue two autoclaves
supplied by Autoclave Engineers were 48,75 inches long. The length of
the two autoclaves fabricated by Airtron was increased from 42.5 inches
to 52 inches, With the available furnaces, either 8 or 11 inches pro-
jected above the furnace top depending on which autoclave was used,

By using a standard length (33,30 inches) silver can, a void
was generated above the can in the autoclave cavity. This void was
filled with a stainiess steel plug in order to reduce the external
volume, Figure 10 shows the heater-autoclave configuration for a typi-
cal vessel, and the plug configuration. The intended effect was to
keep T cryst {erystallization tempersture) and 4t the same within the
growth cavity while the seal area was at auch lower temperature,
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The Autoclave (Continued)

Later in ti.2 program a sealing technique was developed which
allowed both long and short autoclaves to operxate without leaking,
Unfortunately both Autoclave Engineers and Airtron vessels were in the
final stages of fabrication before this was realized. This technology
is described in detail in Section 4.2,

4,1.1 Gold Plated Autoclave

A one-inch internal diameter autoclave was electro-
plated with gold at Mu-Line Industries, Minneapolis, Minnesota, to
test this coating under crystal growth conditions., A stainless steel
tube was inserted into the autoclave for use as an anode, The bottem
of the anode was constructed to prevent an electrical short with the
autoclave. Gold solution was then gravity fed down through the coenter
of the anode and siphoned out of the top of the autoclave. This tech-
nique provideC the advantages of 1) intermal agitation; 2) sufficient
gold content within the plating chamber, 3) fresh solutlon to obtain
the lowest porosity, 4) the highest piating efficiency, 5) adequate
anode area to obtain the required finish, The amount of gold deposited
on the inside surface of the autoclave was 0,25 mil thick. This was
determined from a continued analysis of the gold solution and ecalculat-

ing the amount of gold removed., Xnowing the suvface azea to be coated, -

the thickness of the deposit wes easiiy obtained, A second continuous
check was also made by using an amp~hour weter, The gold solution used
was a proprietary composition supplied by Technic Company. It was a.
hard gold with ccbalt as an inorganic brightener. The bath was a phos-

phate~type system,

Run No, 136 war made in this vessel. The conditions
were a bottor temperature of 543°C, a top temperature of 506°C, and a
pressure of J1,500 pai. The external fiil was 12.2 ml of deionized
water or 73.5%,  The duration of the run was only four days because the
low pressuxe suggested a possible leak,

Bxamination of the gold plating after the run was most
interesting. The gold in the lower part ¢f the vessel where the can had
been located was completely gone. Above this region where the vessel
was cooler there was still & trage of a gold coating but it was obvious
that even in this region the gold had bheen attacked. The mechanism by
wiich the gold was removed was not known. There was no evidence of
transport and growth of ?old needles such as has been observed in the
case of silver corrosionl3 In fact no trace of the removed gold
could be detected in the liquid, in the vessel, or on the can, Possi~
bly the gold diffused into the autcclave during the run. The use of
this gold plating technique did not provide a corrosion resistant
crystal growth vessel and thus was dropped.
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The Autoclave ‘Continuedl
4.2 Sealing Technology and Making the Seal

The inability of the autoclave closure to seal effectively
at high temperatures had been the principal problem in the use of hydro-
thermal crystal growth equipment. This problem was most clearly
demonstrated during the later stages of Phase I of this contract when
the combinationi of more demanding pressures and temperatures resulted
in unsatisfactory seal perforrance, Seals which were previously suc-
cessful at low pressure and temperature conditions failed at the more
severe conditions necessary for ruby crystal growth., Initially it
was thought that cool seals would suffice so the autoclaves were made
longer. While the vessels were beimng fabricated a sealing technique
was developed which proved successful on both long and short vessels.

It has been our experience that there is no substitute for
care, cleanliness, and attention to detail in producing highly reliadle
autoclave closures consistently. The machine shop should be instructed
to wrap ‘each seal ring and cover in paper af+er it is polished and in-
spzcted, This will prevent parts from hitting each other and possibly
csusing a disastrous nick or scratch. All parts should be scrupulously
clean before assembly of the seal is attempted.

During each run the seal parts underwent plastic deformation
which resulted in permanent dimensional changes in all three seal parts.
The ring, cover, and autoclave seal areas had to be returned to their
original dimensions and surface finish each time the autoclave was used,
If this was not done the seal became unreliable. The preparation of
each part is discussed in turn below,

In order to regenerate and polish the sealing surface of the
autoclave properly, it was necessary to design and develop two tools,
a lapping tool and a polishing tool. The final models of each are
shown in Figures 11 and 12.

The lapping tool was made to generate a surface of the prover
sealing angle (7°) whose bore was concentric with that of the threads,
This particular alignment was found to be critical since the axis of
the threads and that of the autoclave seal surface must be coincident,
Deviations from this geometric configuration lead to seal leaks. The
lapping section of the tool was made of cast iron; the surface of the
lap was regenerated periodically by milling., The guide in the body of
the tool was made of aluwminum and was fitted specifically for one
vessel., It was used only for that vessel thereafter.
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The Autoclave (Continued)

A polishing tool was also developed to be used after the .
seal surface had been ground with the lapping tool. The wirror pol-
ish produced by this tool was found to be essential in order to seal
the autoclaves for use at combinations of high pressure-temperature
conditions (>500°C and 20,000 psi).

The seal area of the autoclave was lapped with a mixture
of 2 volumes of SAE 20 machine oil plus 1 volume of Norton No, 320
aluninum oxide abrasive using the lapping tool shown in Figure 11,
Lapping was continued until all traces of formwer seal marks were
removed. The autoclave was then washed with detergent and water to
remove any residual grit. The seal area was polished with WBTORDRY
TRI.M-ITE PAPER No, 320 SILICON CARBIDB (M Co., St. Paul, Minnesota)
and SAB 20 machine oil., The paper was fixed to the polishing fixture
(Figure 12) which was then rotated at 200 to-300 RPM, A good poliéh
was required, i.e., no visible flaws were detected with the unaided
eye.

An expanding mandrel shown in Figure 13 was used to hold
the seal ring during the remachining of the sealing surfices. A modi-
fied vernier caliper shown in Figure 14 was used to measure tne
critical dimension which was the minor outside diameter of the taper.
The ring was machined to the angles and dimensions shown in Figure 1S5.
The angles were slightly different from those prescribed by the manu-
facturer (Figure 8) but only with the specifications depicted in
Figure 15 could reliable sealing be attained. Both inner and outer
angular surfaces were then polished with No, 180 Al1303 U BOND METAL
CLOTH from Sandpaper, Inc., *Rockland, Massachusetts,

The sealing surface of the cover was remachined to the angle
shown in Figure 9. Polishing of the surface was done using the same
No. 180 cloth as above.

All parts were scrubbed with detergent and hot water to
remove any residual grit. Prior to assembly all surfaces were wiped
with Kimberly-Clark type 900-S Kiawipes and acetone.

A final inspection of the seal ring and cover sealing sur-
faces was sade before asseumbly., Particular attention was paid to the
external surface of the seal ring. If a leak occurred it would pro-
bably be between the seal ring and the autoclave body. Leaks almost
never occurred between the cover and imner ring surface. Bear in .
nind also that the initial ses. was a line seal between the¢ tip of
the outside edge of the seal ring and the autoclave body., Therefore,
even & slight nick barely visible to the unaided eye was intolerable
if it occurred at the outside tip of the sea’ ring.
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The Autoclave (Continued)

The closure was assembled by placing the seal ring, main
nut, thrust washer and lock nut onto the cover in that order. To
insure proper seating of the seal ring into the autoclave the main
nmt was screwed into the autoclave with one hand while lifting wp
on the cover piece with the other. This maintained aligmment of
the seal ring until it touched the seat area in the autoclave. 7Two
1/2 inch diameter by 12 inches long steel rods were then inserted
into opposite holes in the main nut., The main nut was tightened
down firmly. If the main nut turned more than about 45° between
hand tight and bar tight positions without bottoming, the s¢al would
be taken apart and checked fcr interference. If interference was
suspected the seal would be removed and disasseabled, A test would
then be performed using just two of the seal parts, the seal ring and
aain nut. The seal ring would be placed in the autoclave in its
norsal position., The main nut would be --~vewed down next, until hand
tight. A dental mirror could then be inserted through the center of
the wain nut and the junction between the bottom of the nut and seal
ring observed., The main nut should hit the seal ring without inter.
ference.

If there was no interference a torque wrench was used to.
tighten the eight screws in the locknut in the following wmanner.
Opposite pairs of screws were tightened, successively proceeding to
new pairs in a clockwise direction. Tightening was continued re-
peatedly until no screw moved under the applied torque of 10 foot
pounds. This procedure was repeated for 15, 20, 25, and 30 foot
pounds torjue. The vessel was then sealed except for the pressure
gauge connection,

4.3 Operating Procedures
4.3.1 Preparing the Silver Can and Loading the Autoclave

Before a can was loaded for a run, the silver pieces
were cleaned of grease and oil with detergent (Figures 16 and 17),
washed with concentrated HC1l, thoroughly rinsed with deionized water,
and then allomed to dry.

Most hydrothermal ruby crystal growth runs were of
about one month duration, Thi. provided ample time for even a very
saall leak in the silver can to cause serious damage to the autoclave.
In fact, an autoclave could easily be rendered useless in a single
run, Testing for leaks in the system before use was a prime require-
sent for successful cperation of a crystal growth system.
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The Autoclave (Continued)

During construction of the cans ali welds in sub-
assewblies were subjected to a dye-penetramt test? and any suspicicus
areas were welded and tested again., The seeds were attached to the
seed rack with ,020 inch diameter fine silver wire and the nutrient
and zinc metal were placed in the bottom of the can. The seed rack and
baffle subassembly were then welded to the can body. Any pressure with-
in the can generated by the heat of welding was relieved through the
twin vent tubes in the cover. The cover to body weld was then dye-
checked and rewelded if necessary.

One hundred milliliters of deionized water were ; laced
in the can through one of the vent tubes, The ends of both vent tubes
were then flattened with heavy pliers and the tips were fused to seal
the can, The ca» was then weighed to # 1/2 gram. Final leak testing
was done by heating the can to 110 to 120°C with a Briskeatt** type D
heating tape operated at 70 to 80 volts from a variable transformer,

The can was kept hot for 15 to 16 hours and then weighed again. If
there was no loss of weight the ends of the vent tubes were cut off and
the test water boiled cut. When all the water was removed, the KOH
solvent was introduced through one of the tubes. The tubes were then
flattened and resealed, Next, the can was placed in the autoclave,
along with the appropriate external fill of deionized water. The vessel
was closed, the pressure gauge was attached, and the vessel was placed
in the furnace for operation. Autoclave sealing was described in detail

in Section 4.2,

4.3.2 Warm-Up

Two different warm-up schemes were used in the course
of this work: (a) programmed and (b) "as fast as possible". The pro-
grammed procedure was used only ir the early part of this work when the
operating pressure was low, In this case, the vessel was heated at a
constant rate to operating conditions over 24, 48 or 96 hours by using
the temperature programmer modification on the Wes+ Controller.

+ Spotcheck, Peneirant Type SKL-HF, Spotcheck Developer Type SKD-NF,
Maganflux Corporation, Chicago, Illinois
++ Scientific Glass Co., Bloomfield, New Jersey
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The Autoclave (Continued)

During the programmed warm-up a low gradient was main-~
tained between the bottom and top sections of the autoclave. Since the
seeds were so thin in the early part of the program, it was found a
slow warm-up with a low temperature gradient would dissolve the seeds
before growth conditions were established.

Drastic seed dissolution was prevented by heating the
vessel to operating conditions "as fast as possible”, with a high
temperature gradient., This was accomplished by having the power in-
puts on the controller fiwed at their ultimate position for operation
and then switching on the controller,

Operating conditions were approached within 2-3 hours
with an additional 3-4 hours required for the entire assemwbly of fur-
nace, vessel, etc., to attain thermal steady state. This procedure
prevented seed dissolution, and was used for the major part of the
program,

4.3.3 Temperature Measurgments

Temperatures were monitored with three chromel~
alumel thermocouples attached to the autoclave exterior as depicted
in Figure 18, The exact locations of the thermocouples are given in
Table XII, This was the usual procedure with the exception of a few
experinents when internal measurements were made. These are described
below.

The large growth rate Jdifferences of various runs
made under similar measured conditions led to an investigation of the
internal and external temperatures. The vessel used for this purpose
was 1/2 the size of the large 52-inch long vessel. A stainless steel
clad mireral insulated thermocouple was silver brazed into a standard
1/4-inch diameter pressure fitting of approximately 1/16~inch bore,

A "dummy" silver can was made up with a hole in the top to permit in-
troductinn of the thermocouple inside of this can, An external +hermo~
couple was attached on the surface of the vessel at thuy same vertical
height., The autoclave was pressurized to 26,200 psi at an average
temperature of approximately 485°C and allowed to equilibrate for 24
hours. At this time the inner and outer temperatures were measured
and found to be approximately 30°C apart with the interior couple
being the hotter. Twelve measurements were made of the temperature
difference. The smallest difference recorded was 18°C and the highest
was 34°C. The average value was 26,5°C,
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1
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TABLE I1I

Thermocouple Locations for Autoclaves

Diameter Bottom, B
Inches Inches _
1 3.75
3 8.75
1.5 4.75
3 8.75
1 3.875
3 8,50
3 8.75
1,5 3.875
3 8,75
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Middle, M
Inches

8,50
20,75
10.125
20,75

8.75
20.75
21
10

20,75

Top, T
Inches

11.25

13.875

11,50
34.125
34,25
14

34.25
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The Autoclave (Continued)

One unusual effect noted during the internal measure-
ments was abrupt temperature cycles of liquid in the vessel, JTempera~
ture changes of 5 - 10°C in approximately 5 seconds were noted. This
indicated that the liquid was in a violent convective state.

Two ruby runs in 1,5 inch cans were made while moni~
toring temperatures in two places just above the top of the can and
outside the autoclave. In both cases the external temperature was
about 30°C higher than the internal temperature. In one case the
internal temperature was 462°C and in the other it was 473°C, The
corresponding external temperatures were 493°C and 503°C. A higher
external temperature was rather surprising since in the first experi-
ments with a "dummy" can the opposite had been found, i.,e., the
interior was hotter. The internal temperature in this latter case
had been measured inside of the can through a hole in the cover. It
did not seem possible that there could be such a high gradient across
the top of the silver 1id since the thermal conductivity of silver is
nigh,

4.3.4 Opening the Autoclave

At the end of the run, the power was switched off
and the autoclave was air cooled; when zero gauge pressure was indi-
cated, the cold water was then passed over the vessel until it
reached room temperature.

Closure was achieved with manual force only, accord~
ing to the technique described in Section 4,2, Opening of the auto-
claves proved that the manufacturer's recommended technique and tools
supplied for loosening the main nut after a run were far Tfrom
adequate. In order to unscrew the main nut and to provide the only
possible technique for removing it, a new anvil-type tool was developed
(Figure 19). This tool was constructed so that it could easily be
clamped onto the main nut by means of two bolts. When in place, two
steel pins in the tool fitted into two opposing holes on the side of
the main nut, The pins in these holes allowed for efficient transmis-
sion of the applied torque. For opening the autoclave, torque was
provided by striking the arms of the anvil openers with ten-pound
hammers. No pressure-temperature or leak condition produced sealiny
of the vessel which could not be opened by this tool. The opener was
used in Step 5 described below.
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The Autoclave ‘Continued}

R11-535

After the run was completed and the vessel cooled to

room temperature it was opened in the following way:

1. The pressure gauge was removed,
2, Eight screws in the locknr.t were loosened.

3. The locknut was backed off about 1/8 inch vertically,

4, The brass block was placed on top of the cover and
struck with a hammer to break the cover loose from
the seal ring.

5. The main nut opener (Figure 19) was bolted on and
struck with a hammer to break loose the main nut.

6. The main nut was backed off approximately 1/4 inch
vertically,

7. The locknut was screwed down hand tight.

8, Screws were tightened in the locknut until the
seal ring was pulled free,.

9. The main nut was unscrewed from the autoclave.

4,.3,5 Extracting the Silver Can

Because of improper pressure balance or slow leaks in
the entire system, there occurred in some cases a puffing up of the
silver can, Due to the proximity of the autoclave walls, this expan-
sion could not proceed too far, The movement of the can's wall was
stopped by the autoclave walls, As a result of this large expansive

force, the silver can walls were forced agains: the autoclave.

of the can was then extremely difficult.

Removal

While this expansion occurred in the small can and
vessel, it was even a greater problem in larger cans (3 inch diameter).
In order to remove the cans after a run, an extractor (Figure 20) was
designed and cunstructed which could be used with vessels of both
sizes. For the smaller can, a large screw was threaded into the top
cap to provide a clasping handle., The cap of the larger can was pro-
vided with a clip. After engaging the handle in either case, the can

was removed by driving the threaded rod with an electric drill.

The

extractor has removed cans which were impossible to remove manually.

4.4 Large Gradient Fill Determination

The longer vessels had an increased volume as a result of
the increased length., In order to render this volume inactive, a
steel plug designed to occupy as much volume as possible was placed
on top of the silver can. Because of the length changes the tempera-
ture of the upper part of the vessel was much lower than the bottom,
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The Autoclave (Continued)

Since the temperature distribution of the upper part of
the vessel could not be known in advance, the proper amount of water
to maintain pressure balance could not be determined either., The
following scheme was used to determine the exact amount of water to
use as external fill for a given pressure and temperature distribu-
tiono

A stainless steel solid "dummy" can was made. This was
placed into the autoclave with a filler block and as much water as
possible placed into the external space. The volume of the water
in the external space was carefully measured. Then the vessel was
heated to the desired thermal configuration, including the proper
AT, Water in excess of that required to maintain the desired pres~
sure was valved off and collected. Once equilibrium was attained
the amount of water valved off was subtracted from the original
amount of fill, The remainder was the fill required to produce the
indicated pressure when the silver can was in its undistorted shape.

The data collected for this experiment are presented in
Table III, The temperature reported in the table is an average
temperature calculated from those measurements along the vessel cor-
respending to a crystal growth AT, The same data, pressure, tempera-
ture and fill are shown plotted in Figure 21, As indicated in the
figure, seven points were observed to be equilibrium points; i,e.,
sufficient time had elapsed after a temperature or fill change .was
made so that the entire vessel could attain steady state conditions.

The P-T and fill conditions for these points are presented
and a value for P/nT is calculated and presented in the last colum.
of Table III, Considering the large thermal gradients along the auto-
clave, the very cool temperature at the seal and the high pressures
involved, the constancy of this value is surprising,

The temperature at the seal was measured at the highest
average temperature and found to be 337°C, The other temperatures
were 550°C, 547°C, and S564°C for distances of 15 inches, 28 inches,
and 40 inches from the seal, A crystal growth rum using the fill
data obtained in the test run was made. After opening the run almost
no distortion of the silver can could be found., This indicated the
acct racy of the methnd,
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TABLE III

Pressure, Tewperature, and Fill Data for Large Autoclaves

2145
0820
1100
1530
1530
1750
1750
0830
0830
0920
0920
170C
1700
0815
0830
1430

1420

P(psi)

19,800
21,700
22,100
18,900
30,000
25,000
28,700
23,700
23,600
25,800
28,600
25,000
20.;00
24,100
25,500
27,600
28, 400

25,000

I{°C)
332

318
319
444
44
463
463
454
487
490
430
532
532
534
550

554

554

wfd~

Bxternal

Fil1l (wl)

378
375
375
366
366
353
353
337
337
337

337

311
311
311

311

P/nT(psi/°K)

0.100

0.114

0.111

0,096

0.111

2,111

0.110
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5.0 NUTRIENT PREPARATION

5.1 Introduction

The ruby nutrient must meet several requirements in order
to be acceptable. First the nutrient cannot te composed of a powder,
Powder settles to the bottom of the solution and prevents liquid cir-
culation and heat transfer from the bottom of the criystal growth
chamber. Also very small particles could be carried by the liquid
into the growth chamber where they would function as seeds and begin
to grow. If the size of the nutrient pieces are 10 to 20% of ihe
diameter of the growth chamber adequate solution circulation should
take place. When the nutrient is prepared by ceramic techniques it
must be very dense so that the grains will not become separated and
cause the pieces to revert to a wet powder,

Chromic oxdde must be incorporated uniformly throughout the
pieces of nutrient and not undergo preferential dissolution compared
to the nutrient. In this way the amount of chromia taken up by
growth on the seeds will be -~qual to the amount of nutrient that dis-
solves, If the solution solubility requirement for chromia is
satisfied by a chromia addition, constant dopant concentration can be
achieved: Purity consistent with the tolerable impurity levels in the
grown crystals would have to be maintained. Since large scale hydro-
thermal ruby crystal growth is intended to be economically competitive
with the Verneuil process, the latter method cannot be used for
nutrient production.

In Phase I and II scrap flame fusion ruby was used as nutrient,
The quantities of hydrothermal ruby proposed to be grown in Phase III
will require large amounts of flame fusion scrap nutrient. A necessary
objective of Phase II was to develop and alternate supply of nutrient.
Three methods were investigated to try and produce a satisfactory sub=-
stitute for the expensive flame fusion scrap. One method was a fused
lump Al203; while the others employed a sintered powder,

5.1.1 Carbon Arc Fused Al20,

In this method an a.c. arc is struck between carbon
rods submerged in alumina powder. The powder located at a distance
from the arc acts as an efficient heat insulator. Sufficient heat
is produced in the arc to locally melt the alumina powder, When
enough liquid has formed to bridge the carbon rods, the arc is extin-
guished by the conductive path through the molten alumina, Further
heat is produced in the liquid by virtue of the I2R loss between the
carbon rods., The rods can be withdrawn slowly to produce a larger
melt and powder can be fed continuously from the top. The process is
used commercially and fused pieces of ruby have been made weighing .
several tons,

-‘6-
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Mutrient Preparation (Continued)

The fused alumina was obtained from Simonds
Ar rasives Company, Philadelphia, Pennsylvania, and designated SF-1.
Their starting material was a commercial grade alumina powder with
a 99,9% purity. An amount of chromium oxide to produce 0,05 wt, %
was added to the alumina and placed in a water-cooled iron crucible.
The mixture was then fused by striking an arc between the high purity
carbon electrodes near the bottom of the powders and withdrawing the
electrodes from the melt as fusion occurred.

The color was a grey pink but closer inspection
showed that the material was quite heterogeneous with various shades
of pink and grey appearing in each piece. The appearance of this
material was similar to a sponge with many holes formed by gas bub-
bles, This form gave the material a lower bulk density but provided
a high surface area. This fused alumina sample was designated SF-1,
A spectrographic analysis was made on SF-1 and the results are shown
in Table IV, The fused alumina was quite impure with iron, magnesium
and silicon appearing in objectionable quantities,

A second attempt at fusing alumina was made because
the high density of the material and the inherent economy of the pro-
cess were both desirable, A higher purity aluminum oxide (99.99+%)
was purchased from United Mineral and Chemical Co, and mixed with
0,05 wt, % Cr203. The iron crucible was replaced with a thin walled
alumina crucible which was water-cooled. Two difficulties were
encountered which caused the second fusion attempt to fail. The
crucibles cracked rrom thermal shock and allowed cooling water to
enter the crucible, 7Tnls effectively terminated the heating cycle.
Secondly the 120 cycle power fluctuation of the arc caused a vigorous
agitation of the air in the cru~ible, The alumina powder being fused
was too fine and was blown out of the crucible before it was ever hot
enough to fuse,

5.1.2 Sintered Al202

Dense sintered high alumina ceramics axe routinely
produced by industry. The technique in general is to bali mill a mix~
ture of a decomposable aluminum compound such as aluminum nitrate or
aluminum hydroxide with aluminum oxide., The ball milling reduces the
particle size and increases the reactivity., After ball milling a mix-
ture in the form of a slurry, the liquid psrtion is removed by filter-
ing and slow evaporation leaving a 'cake", The cake is then fired at
a high temperature for a lnng enough time to allow the material to
approach theoretical density. The nitrates or hydroxides decompose
during the firing, react with oxygen to form Al203, and ‘cement' the
particles together, Pieces of the large sintered mass can then be
used directly for the nutrient,
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Nutrient Preparation (Continued)

An alternate possibility for a nutrient source is that
of a pelletized sintered alumina to which the proper quantity of
chromia had been added, After mixing the starting materials, standard
pelletizing technique and carbide die materials can be used to prepare
the pellets, Sintering may be achieved by firing the pellets in a
travelling-bed, gas-fired furnace. One of the main points of concern
was wheother or not, as a result of subjection to the hydrothermal con-~
ditions, the pellets would disintegrate into a sludge which would
settle to the bottom of the tube and be unsatisfactory as a nutrient
form, This had occurred with LaAl0O3; pellets prepared in a similar
manner., It was found that no sludge would form from the Al20; if a
good sintered bond was prepared by reaction above 1700°C,

Several forms of pellets were prepared from powdered
alumina and chromia. The first type was manufactured by National
Beryllia Co., Haskell, N, J,, (Sample NBL-1) and consisted of pressed
pills. The starting material was a high purity Al1203 to which the
Cr203 was added in the 0,05 wt. % range. The size of the pellets was
3/8 inch diameter and 3/16 inches thick. The pellets were fired at
1700°C after pressing to give a hard, durable, and compact nutrient,

An alternate supplier was contacted who effectively
used the same approach, In this case the company was Associated
Ceramics of Butler, Pennsylvania. One preparation was made by thenm,
(Sample SNB-4), Pellets were again prepared from pressed powders of
Al205 and Cr203., The size of the pellets in this case was 1/2 inch
diameter x 3/4 inches long. The pellets were fired at an unknown
higih temperature to give a dense sintered uass of pink ruby,

The two above forms of sintered pellets, possessed a
high impurity con+tent which was introduced principally through the
preliminary processing., One further attempt was made to prepare a
higher purity sintered nutrient. A ten-pound lot of 99.99+% Al20, was
purchased from United Mineral Co, and Cra0; was added at Airtron in
the form of powder. This mixture was sent to Simoids Abrasives Co,,
Philadelphia, Pa,

The powder was milled using a rubber lined ball mill,
Balls for the miil were fused ruby lumps produced by Simonds. After
milling, the batch was filtered to remove the water then air dried to
form a "cake". The "cake" was fired at a tewperature in excess of
1700°C for four nours. The result was a dark pink material of very
high strength and density. This sample was designated SS-1, The ana-
lysis of SS-1 in Table IV shows iron and silicon as the only detected
impurities other than chromium, (This was due to the large weight
loss of the impure high chromium content ruby used as balls.)
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Nutrient Preparation (Continued)

Another experiment was plamned in which flawe fusion
boules would be used for balls in the ball mill, Once a sufficiently
large batch of sintered material was made a portion of it could be
broken up and returned to mill the next batch, This »xperiment was
tiot completed by the end of the contract,

S.1.3 Airtron Preparaticn

The preparation of high purity A130; and Cr303; suita-
ble for further sintering can be accomplished by thermal degradation
of aluminum or chromium salts, One of the most frequently used salts is
an alum of the type K A1(SO4)2 ° 12Hz0 but other compounds are also
amenable, Preliminary experiments were designed to obtain a uniform
nixture of Al1303 and Crz0; where the Cra0; concentration was close to
0,05 wt, %,

An initial batch of material was prepared at Airtron by
coprecipitating aluminum and chromium hydroxides by addition of ammonium
hydroxide to a solution of the proper ratio of aluwinum alum (Al12(SO¢)3 -
(NHg ) 2504 * 24H30), and chromium alum (CrK(SOa)z ° 12H30), Alum is inex-
ponsive and in bulk costs iess than one dollar per pound, The precipita-
tion of aluminum and chromium hydroxides produces a homogeneous mixture
and provides a purification step. This moisture of hydrated oxides was
then washed, dried and fired at 1000°C in a platinum beaker thus convert-
ing 1t to the « -Al;0; phase, The spectrographic analysis for this
material (A-1) is presented in Table IV, As can be seen, a relatively
high purity mixture was obtained, The chromium content obviously needed
adjustmer.t which was relatively simple and the only other elements to
show in the analysis were iron and silicon, A second batch (A-2) was
prepared using the same technique but with recrystallized alum in order
to reduce the iron content, smmonium carbonate rather than the hydrox-
ide was used in order to reduce the silicon content. This material,
when fired in a high temperature furnace similar to that used in pre-
paring other sintered samples, was expected to provide an irexpensive,
high purity, satisfactory form of nutrient material, Bven though the
product was definitely high purity, the laboratory process was not
sconomical, Commercial large scale production facilities would have to
be used in order to lower the price, This area of investigation was

totally outside the scope of the contract. It may be added that no hydro-

thermal runs were made from A-1 or A-2 material because of the supply -

situation, Technically there was no reason to believe the materials were

not satisfactory,

S.1.4 Analysis of Materials

All nutrients used in the hydrothermal growth of ruby
were amalyzed by optical spectrographic methods, Early in the progranm
flame fusion grown ruby was found to be entirely satisfactory as a .
nutrient, Throughout Phase II this material has remained a standard
high purity nutrient, Table IV contains the results of analyses per-
formed on alternate nutrient sources, Coaparison should be made with
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Mutrient Preparation (Continued)

column 2 which gives the principal impurities in a flame fusion sample
(FF-1j, The total impurity content for the latter is not more than
100 ppm, It should be stressed that this purity is directly related
to the powder source since the flame fusion method does not purify per
se. A typical powder preparation for flame fusion is dezived from
thermal decomposition of the alums,

The nutrients listed in columns 3«6 were all derived
from commercially available alumina powders of different purities., The
highest purity of Ala20; was 99,99%., The starting purity is generally
maintained throughout either a sinter or a mass fusion. The most abund-
ant impurity is iron although other elements are present at 10-1000 ppm,
The prasence of iron in the nutrient occurs at a level almost equal to
that of the Or*** necessary for pink ruby and laser action., Iron would
lead to poor quality crystals particularly because of possible segrega-
tion and chemical effects with the solvent. A green-yellow coloration
is also imparted to the crystal from Fe¥**, The resulting optical
absorption is detrimental to laser action,

The Airtron materials (A-1 and A-2) prepared in labora.
tory amounts illustrate the purity attainable with recrystallized
hydroxides or alums, Notice that the A-2 sample is almost as pure as -
the flame fusion ruby. The small amount of Pb is not thought to be a
consistent impurity. It probably occurred from the large amounts of
PbO and PbF2 used as fluxes in nearby furnaces. Certainly the therma?
decomposition of alum is to be recommended as the best source of Al20;3
from a purity viewpoint, :

.

5.1.5 Nutrient Materiélrtests

Not all the runs made under Phase II of this program
were specifically designed for nutrient tests. Originally only flame
fusion ruby was the nutrient but as other sources became available they
were immediatly tested, Table V is a summary of all runs performed
during the program. The information on Table V is concerned only with
the nutrients and does not add other specific reasons for initiating
the run. Runs 121, 124, and 125 were the first ones to incorporate an
alternate nutrient. Seed and crystal data are given in Tables IX, XII,
and XIII, In these cases sintered pellets were tried, The materials
were obtained from National Beryllia Co, (NBL-~1l) and their preparation
was described in Section 5.1.2, The performance of the pellets was
satisfactory but the high impurity content was detrimental. Run 127
was the first attempt at growing from an arc fused nutrient as described
in Section 5.1,1, Here again the physical state was perhaps optimized
but large gradients of Cr*** existed in the pieces. Also the impurities
were much too high for good ruby growth,
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Nutrient Preparation (Continued)

Four crystal growth runs (Nos, 139, 141, 142, and 144)
were made in one-inch vessels to test the nutrient materials available
in large amounts, Simonds arc fused (SF-1), National Beryllia pellets
(NBL-1), Associated Ceramics pellets (SNB-4), and a flame fusion (FF-1)
were chosen for comparison. The growth conditions for these runs are
summarized in Table VII, It can be seen from these data tnat the con-
ditions for each run were not duplicated., However, all runs were in
regions where substantial growth occurred in the operating time. The
crystal and seed data for the runs are given in Tables XXVIT, XXIX, XXX,
and XXXII, for Associated Ceramics (SNB-4), National Beryllia (NBL-1),
Simonds fused (SF-1) and flame fusion (FF-1) nutrients, respectively.

In the cases of the Arnsociated Ceramics (SNB-4) and National Beryllia
(NBL-1) materials, very little <0001> growth occurred and only slight
growth occurred with Simonds fused {SF-1) material, The crystals from
the runs with National Beryllia (NBL-1) and Associated Ceramics (SNB-4)
also had some lateral growth, This growth was pale yellow in color and
was probablyv caused by the high iron content of the nutrient. Similarly
the crystals from the Simonds fused (SF-1) material were also discolored.
The lack of growth with the Naticnal Beryllia (NBL-1) and Associated
Ceramics (SNB-4) nutrient can probably be attributed to poisoning caused
by one or more of the variocus impurities. The growth in the run in
which scrap flame fusion nutrient was used was similar to that obtained
in the larger vessels,

It was found that both the fused lumps and sintered
pellets were satisfactory physical states for the nutrient. Neither
would carry powdered particles to the growing c¢rystal where additional
nucleation sites may develop. Th~ amount of sludge formation from non-
uniform dissolution of the nutrient was also negligible provided the
material was coherent. Tae fused ruby gave no trouble. The =inte:sg
samples had to be fired at 1700°C ior best r=sults,

5.1.6 Final Nutrient Pr:saration

Two appruaches were found %o be most attractive for
large auounts of nutrient required in the hydrotiiermal growth of ruby.
First the coprecipitation of tre aluminum and chromius hydroxides fion
a solution of the alums is rerouwmended. This method leads to a ver:
high purity powder with the Al and Or in the proper ratio for growing
pink ruby. The resultiag mixture of hydroxides can be either dried
and then fired or else hydrosta:ically pressad in pellet form and “hen
sintered. The ret result is ar ideal nutrient which is compact, does
not form sludge, and siowiy d:ssolves. o '

The alums necessary for starting materisls cao be 3= -
chased fror reliabile chemical suoply nausec., Surme of these are Fisks
Scientific, Pittsburgh, Pa., £, #. Sargent and Co,, Springfield, %,
who aay provide quantities in Ii-pound lois. For regquirements ztis

s




Nutrient Preparation (Continued)

are rated in tons it may be necessary to begin your own pilot plant or
work with a small company who is willing to prepare the desired quantity.

The other remaining method for large scale nutrient
preparation involves the direct purchase of a high purity Al20; from com-
mercial suppliers. The Cr203 may be added in the form of powder and the
resulting mixture can be subsequently ball milled to disperse the Cr203
evenly, After an efficient mixing, the material can be processed again
by two different procedures to bring about a coherent mass., Thus the
caked mixture can be sintered in large lumps or pressed into a convenient
sized pellet and sintered.

High purity powdered Al203 can be purchased from an in-
creasing number of companies at this time. Among these are Johnson Mathey,
Ltd,, London, England, Alcoa, Pittsburgh, Pa,, Linde Division, Union
Carbide Co., New York, N, Y,, Consolidated Aluminum Corp., Switzerland.
The Al203; in high purity is basically prepared in much the same manner.

The preferential method is a thermal decomposition of an alum., The result-
ing purity is 99.99% and better. However, new and easier mwethods may also
lead to Al203, The impetus for further development is dependent on the
proposed market. Since the amount used only for ruby laser crystals is
rather limited, few companies have invested time and money in purification
schemes.




e e Adman TP S B b 4 8 TN D e Y A1 e ke b TS e

6.0 SEED CRYSTAL PREPARATIONM

As a part of the Phase I work, it was found that the quality of i

. the hydrothermaliy grown crystal was extremely dependent upon the quality b
of the seed crystal. Furthermore, only seed crystals grown by molten :

salt technique were found to be usable for the growth of high quality £

crystals., Fortunately, the Solid State Laboratory had both the neces- ;

sary laboratory furnaces and experience in the growth of ruby crystals {

by the molten salt technigque so that the crystals for seed material were :

available for Phase I of the hydrothermal ruby growth program, . !

In order to replenish the seeld supply for the preliminary investi~
gation of Phase II, twelve runs, shown in Table VI, rere made during
the program, The crystals were.grown in 8 inches x 8 inches platinum
crucibles holding 54 pounds of :»lt., Seven pounds of alumina, 47 pounds
of lead fluoride and 1,6 grumns oz Cr03 constituted a charge. The
alumina and lead fluoriie were prenixed in a clean 5-gallon plastic gar-
bage can with an aluminum scoop. Th~ platinum crucible was charged to
3/4 full with powder and placed in rhe heated furnace for about one hour.
Cons{derable zonsolidation and sh:inkage of the powder took place. Mere
powder was then zdded to take up the remaining space, 7Two premelts were
sufficient to get all the powder in the can. The Cr203 was added with 4
the last ¢z the powder.,

The crucible was "soaked" (held at constant temperature) at 1250°C
for 24 hours to assure complete liquification of the components., After
soaking, the crucible was cooled at a linear rate to approximately 950
to 1000°C over a pericd of 4 to 10 days. All molten material was poured
out of the crucible at 950°C and the crystals were left behind. Typical
yvields of 50% or =~1/2 pounds of ruby cryctals were obtained per run.
The largest plates obtained were approximately 2 x 3 inches across the
(0001) faces.

Three slight departures from the normal growth procedures were
attempted, In runs No, 12 and No, 13, after the soak perind was main-
tained at nearly isothermal conditions in the center of the furnace,
the crucible was lowered four and six inches respectively in order to
impose a vertical gradient on the melt. At this position in the furnace
the bottom of the crucible is in the cooler section. It was hoped that
crystallization of the plates would occur at the bottom of the crucible
and continue upward as the cooling progressed, No significant changes
were noted. The crystals continued to grow at the surface of the melt.

The second and third deviations from +he growih of ruby were per-
. formed by adding a trace of Laz03 in Run No, 14 and a large quantity
of Cr203 in Run 10 to the melt. It had been reported that such addi-
tions were effective in changing the habit to the rhombohedral form, (4)
The pussession of such crystals would allow study of the quality and
growth rates in crystallographic directions other than the <0001>, No
significant changes in habit were noted. Runs 14 and 15 completed the
series made for obtaining seed crystals, The procedures and compositions
were identical to those described previously.
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R11-535

7.0 HYDROTHERMAL CRYSTAL GROWTH
7.1 Introduction

During the course of the contract 34 crystal hydrothermal
growth runs were made. Crystal growth was carried out in equipment of
various sizes., Systems from 1/4 inch diameter x 4 inches long to
3 inch diameter x 34 inches long were used. The wmain purpose of all
the crystal growth runs was to grow high quality ruby crystals large
enough to yield laser rods 1/4 inch diameter by 3 inches long. The
data cbtained are shown in Table VII, A detailed description of each
run is presented below,

7.2 Experiments

Both Waspalloy vessels used during Phase I had failed by the
start of this contract because of corrosion caused by the leakage of
growth soiutions. A vessel numbered A-1 was available with the same
size as those used in Phase I but it was fabricated from A-286, In
order to perform some experiments the A-286 vessel was used., The pres-
sure temperature rating of the Waspalloy vessels was 40,000 psi at 700°C,

On the other hand the A-286 vessel of the same size was rated at 30,000
psi at 590°C,

To produce the proper tewperature distribution it was neces-~
sary to operate the Waspalloy vessel with the bottom at approximately
650°C, Since this was well above the rating for A-286 the bottom tem-
perature had to be reduced. This was accomplished by adding an addi~
tional heater for the lower third of the vessel., This greatly increased
the area for heat input to the vessel and decreased the maximum bottom
temperature. Runs 120 through 127 used this heater configuration.

Run 120, Vessel 2A~1l.5

Toward the end of Phase I the major crystal growth problem
appeared to be too high a growth rate. In order to better control the
growth rate a low gradient run was tried first in the newly available
4-286 vessel. A temperature difference of only 3°C was used. Every-
thing appeared normal throughout the run, The hot plate was set at
1/2 the pewer of the side heater.

When the silver can was opened it was found that the seeds had
actrally lost weight instead of gaining. See Table VIII, However, the
seed crystals had well developed faces. This indicated that taey dis-

solved to some extent, were in equilibrium tempcrarily with the solution,
or perhaps had grown very slowly.

Sin.e the heater configuration was changed it appeared that the
internal temperature difference did not have the same relationship to the

external temperature difference that was experienced with the Waspalloy
vessel,
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Crystal W

| 120-1 - 5.4 3,9
120-2. | 8.7 8.0
120-3 10,2 6.2
120-¢ | 3.6 1.5

. 1208 0.9 .

;. ® MS - Molten salt
f ¢ ~ Major crystal face; Dana, ref, $
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othermal stal Growth (.’ onti
Run 121, Vessel 2A~1,5

Run 121 was a nutrient test and is discussed in Section S.
Table IX gives the pertinent seed and crystal growth data.

Run 122, Vessel 2A-1,5

A temperature difference of 38°C was used in this run to
cause growth to occur. A relationship betwen the medsured tempera-
ture and the growth rate rate was required. The power setting was
changed to equal power for hot plate and side heater. This raised
the average temperature of the lower section of the vessel and
increased the heat input to the hydrothermal systen,

Growth did occur as concluded from the data in Table X,
The highest rate was 13.4 mils/day in the "C" diraction of the second
seed from the top. All seeds were flux grown ruby plates from 1/6 to
3/16 inches thick. The growth was of poor qualitv generally and con-
sisted of many cracks and veils,

The two bottom seed crystals did not grow at all, Probably
the extra heat input to the bottom area of the autoclave flowed up the
relatively thick walls of the vessel. Heat could have been conducted
around the baffle keeping the lower seeds too warm,

The conditions measured for Run 122 were quite similar to
those measured near the conclusion of Phase I, However, crystal quality
was much lower, Since the heater configuration had to be changed to
protect the A-286 autoclave from over-heating, the exact conditions used
at the end of Phase I could not be reproduced,

Several runs were made during Phase I at low base concentra-
tions in a range of 0.5 to 2 molal K3003. During this period only poor
quality flame fusion seeds were available. Growth was obtained at
rapid rates. The crystals were of fair quality on poor tlame fusion
seeds, It was felt that a combination of the low melality conditions,
and the use of high quality flux grown seeds might produce the desired
increase of quality.

R 23, Vess 2A-1

Run 133 was wmade with 1.5 molal KaCO3 #and hacd a temperature
difference of 31°C, All seedr were fiux grown plates., The run suffered
an accidental shut-down and continued only 4 days. See Table VII, The
heater connections were interchaiged so that the variable autotransform-
er now was connected to the side heater instead of the hot plate heater
as before. The side heater was sat at 0% of the hot plate power to
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TABLE 1X

and Crystal Data, Run 121

Crystal Weight (aram
Before  After
121.1 4.8 2,8
121.2 5.1 o3
121-3 2,7 1.8
1214 5 a8

121-5 2.1 1.5

*us ~ Molten salt
¢ ~ Major crystal face; Dana, ref, 5
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MS-c
MSae
MS-c
MS-¢c
MS-c
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TABLE X

Seed and Crystal Data, Run 122

Crystal Weight (grausz Thickness (milg) Growth Rate 'SeediType—

Number Before After  Before After (mils/day) Orie n&;ﬁgg* _
1221 7.1 15.4 152 215 9.0 MS~c

122.2 9.7 17.1 181 27s 13.4 MS-c

122-3 4.3 9.0 105 136 4.4  ee

122-4 2.7 3,5 72 74 0.29 MS-c

122-5 2.8 3.6 72 73 0.14 MS~c

*
MS - Molten salt

¢ ~ Major crystal face; Dana, ref, 6
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. Sced ani crystal gxowtk data ave gim in Table XiII,

- the side haatet. The measured growth rates ¥ere wore uniform. See
Table XIV, : Rates of 3.6 mils per day on the bottom seed and 3.4 mils per

. project euding thi; mie: af aas,

- - teaperatures the same, -A tewperature :!iffm-ence of 31° was mﬁ. 4

Hydrothermal Crystal Growth (Continmed) )

counteract the low growth rate on the botton seeds, The data are given
in Table XI, Growth rates were from 7 to 10 mils per day in the “C" *
direction, Only the bottom ‘sced showed no sign of growth, The quality

was good and the hydzothernlly grown portion of the crystai was very
clear with a mipiwum oi. crac.kc and ﬂm. :

. Run l"&l Vgsel 2’«- ‘

. Run 124 was a nmrieni telt run and is discuued in Section 5.
Sud and c:rystal qtmrth data arc given in Table XII,

Run 125, v§ch 2A«;_,_*=

Rxn 125 was a autrient test run and is discussed in Section &,

'. Conidi ¢ ona for Run 126 were éuentianw the sane a3 for Run 122
oxeq:t all the power was delivered to the hot plate heater and none to

. . b

day on the ‘top seed were measuxred, Mutrient was scrap flame fusion ruby, 1
A1l growth was of high quality, The can leaked slightly due to a leaky
autoclave seal, = Vessal 2A-1,5 subsequently failed while in use on another

: ;23. weuel 1:1 ; J

The dixensions of vessel 1-1 were 1 inch 1.0, x 2-1/2 inch 0,D,
It was fabricated from A-286 alloy. A ruby ron was made using approxi-
nately the sime conditions as. Runs 123 and 126 to see if the vessel sgirze
and shape sericusly changes the growth conditions while keeping measured

Growth rates as hiei: as 25 uils ger day occurred, A ainiaum !
rate was found at approximately 22 mils pexr day on the bottom seed,
See Table XV, There waz a large azocunt of spontapeous micl2ation in
the upper part of the silver san, All the nutzient was corsused, (uali-
ty was poor but consistent with sery high growth rates. The bottom seed

actually started to dissolve, Bvarything about the run indicated that

4t had operated with a gradient that was much too large., Yet the meas-

ured axternal conditicons were very similar to Runs 123 and 126. These :
data strongly suggested that thermal conditions which produce good jrowth

in a smal]l system wiil not necessarily produce good growth in a wuch
© _ larger systes, .
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TABLE XX

Seed and Crystal Data, Run 123

Crystal Weight (grams) Thickness {ails) Growth Rate Seed Iype-
Nusber Before After Before After (wils/day) Orientation

123-1 3.6 9,1 74 116 10,50 MS-¢
1232 2.6 5.1 75 104 7.3 MS-c
123-3 4.5 - 103 - - MS-c
123-4 4.7 3.1 80 110 7.5 MS-c
123-5 2.5 4.1 2 56 - MS-c

"
MS - Molten salt
c -~ Hajor crvstal face; Dana, ref. 6

«§7-
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TABLE XII

Seed and Crystal Data, Run 124

Crystal Weight (orams) Thickness (mils) Growth Rate Seed Type-

Mumber Before After Before After (mils/day) Orientation

124-1 7.7 10,5 118 121 . 0.43 MS. ¢ 1
124-2 3.8 4.9 73 74 0.14 MS-c¢ ]
124-3 . 6.0 8.3 113 117 0.57 MS-c

124-4 3.0 3.7 84 85 0.14 MS~c

124-5 4.8 6.6 140 140 - MS=~c

»*
MS -~ Molten salt
¢ - Major crystal face; Dana, ref, 6
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Crystal

Mumber Before
125-1 5.0
i25-2 3.7
125-3 4.7
125-4 3.2
125-5 5.5

*
MS - Molten salt

c - Major crystal face; Dana, ref. 6

Weight {grams)

After

TABLE XIII

Thickness (mils)

Seed and Crystal Data, Run 125

Before

110

69

75

92

97

«69=

Af texr

111

104

77

92

95

Growth Rate

(mils/day)

0,17
4.2

«33

R11=535

Seed Type-
Orientation

MS-c

MS-c

MS-~c

MS-c
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TABLE XiV
Seed and Crystal Data, Run 126

Crystal Weight (grams) Thickness (wils) Growth Rate Seed Type- *

Number Before After Before After {mils/dav) Ori~—tation

' 126-1 4.0 10,3 108 132 3.4 MSa=¢
126-2 3.6 13,9 98 402 43.4 Hex
126-3 6.6 10,6 117 124 1.0 MS-c
126-4 8.0 11.6 124 170 6.6 MS-c
126-5 9.5 13,7 130 155 3.6 MS-c

e AL St r A .

»*
MS - Molten salt
H « Hydrotbermal
r,¢ ~ Major crystal face; Dana, ref, €

-mn
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R11-535

TABLE XV

Seed and Crystal Data, Run 123

Crystal Weight (graws) Thickness (mils) Growth Rate Seed Type-

Number Before After Before After (mils/day) Orientation
128-1 1.6 10.6 56 214 22,6 MS-c
128-2 2,4 11.9 64 208 20,6 MS-c
128-3 2,2 14.5 58 235 . 25.3 MS-c
128-4 1.3 7.9 46 199 21.9 MS-c

*
MS - Molten salt
¢ - Major crystal face; Dana, ref. 6

-7l
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oth 1 stal Growth tinved

Run 1 Vessel 6-3

Vessel 6 was 3" I,D, x 6" O,D, x 42,75" long, This vessel was
procured under another contract. Conditions were similar to Runs 123 and
126 except the temperature difference was 23°C instead of 0°C, A wide
variety of seeds was used. These ranged from good wolten salt seed
plates to poor quality flame fusion waterial. Table XVI gives the pert- E
inent information about the seeds. A fast warm-up to operating conditions ‘i
was used., Duration of thc run was 10 days,

i
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The growth on all of the molten salt seed plates was of high
quality., Figure 22 shows four of the crystals., Little or no veiling ‘
occurred and the crystals were quite clear, The growth rate on the flux
plates varied from 0.8 mils per day on the bottom seed to 6.7 mils per
- day on the top seed, Growth rates of the flawe fusion seeds with other
| orientations were generally somewhat higher than the flux seed rate, but
s of much lower quality. A notable exception to this were the "d" oriented
seeds, There were two "d" seeds No, 129-2C on the second rung and
No. 129-6B on the bottom rung of the seed rack. The upper one grew at
27.2 mils per day and the lower one at 19,9 mils per day. The quality of
the "d" grown ruby was approximately the same as that grown on the other
flame fusion seeds, If a high quality seed of "d" ovientation were availa-
ble this would be a good growth direction to investigate further. It
would be most desirable to use an orientation capable of yieldiny high
quality growth at rates greater than that obtainable in the "c¢" direction.
Bxanirstion under crossed polaroids of the high quality crystals grown on
flux seeds showed very little strain present.
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When growth begins on the seed, sapphire is laid down first to
a thickness of approximately 50 mils, After this colorless band the cry-
stal turns a definite pink and increases in color toward the surface of
the crystal. It is believed this is caused by differences in amounts of
Al1303 and Cra0; required to saturate the growth solution. The relative
amount of Cr303 in solution must be greater than the relative amount of
Cr30s in the ruby nutrient. This causes the solution to become saturated
with Al130; before it becomes saturated with Cr3Os. As more ruby rutrient
dissolves, the solutinn retains the Cr30; but deposits Al203 causing the
sapphire band., When the solution becomes saturated with respect to (r:0s
the growth becomes pink,

L L R e T e

1f Cr303 is added to the system in the proper amount the scolu-
tion will become saturated with Al130; and Cra0Os at the sawe time elimin- '
ating the sapphire band, Crystal 129-3B was cross-sectioned and the .
sapphire band was measured, It was found to be 104 wils on one side and
56 wils on the other as shown in Figure 23, There was no ruby growth.
All the growth was sapphire indicating that the svlution was not yet
saturated with Cra03, The amount of Cra0; in solution at the termina-
tion of Run 129 had to be supplied by the nmutrient., Weighing the

0 T R R PO T
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" FF -« Plane fusion

R1l-51%
TABLE XVI
d a stal Data, Run 1%

Crystal Weight (grama) Thickngsg. ‘,ﬁilg] Grortl' Rate Secd
Busber  Before After Before  After (wils/day) /da -_.E..AM tat
129-1A 16,6 0.6 106 s L '5.7_ MS-c
12918 11.2 - 14.0 125 | 1 o5 . FPew
129-24 2.0 331 8  1:; 3.8 P¥en
129-28 16,8 22.1 167 194 2.7 MS-c
1290-2C 9.4 . - 23.4 150 43i - 27,2 PP :
120-3 2,5 2.8 - - . FF-r :
129-38 20,7 33.2 99 144 4.5  Msc f
129-3¢ 4.5 6.7 - . F.x
129-4 38.77 19.2 118 211 - v9.'3k' FF-u
129-48 4.8 66 113 128 1.5 MSc'

129-4¢ - 4.5 7.8 92 168 7.8 FF.r
129-5A 7.6  10.9 95 120 2.5 MS-c
12?-;53. "12.1 ,_19‘9 97 1% 1.9 ' MS-¢ |

12.5¢ 70 107 160 - . FFeu

'1%9-@& 4.5 6.5 65 73 0.8 MS-c

15968 11.0 34 185 e 1909 FFeq .

NS - Molten salt

n, 4. ¢, ¢, - Major crystal face; Dam, vef, 6
’ u - Orientation unknown = .

a7
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104 nils i 119,6 uils
SNNNXTR e 4.2 nils [ «— 3.9 uils
56,0 mils . 76,9 y:lls
'« 2.6 uils
Grystal 129-38 113,8 uils
CQrystal 130~5B
3.1 mils
m&’u mils
3.1 ails
. 4,2 uils
ST~ 4 4 nils .6 mile
Crystal 131-6B (\3.1 ails
160 mils

Crystal 132-5B

Sapphire (Hydrothermal)

@ Ruby Flux Seed

Ruby (Hydrothermal)

Legend

Figure 23, Drawing of Cross Sections of Ruby Crystals

Nos, 129-38, 130-5B, 131-68 and 13258
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residual nutrient determined how much ruby had dissolved. The amount
of Cxr30s in solution must closely approximate the amount of Cra0Os cone
tained in ruby nutrient which had dissolved. 7Two hundred and forty~
one grams of nutrient had dissolved. At approximately 0.05 weight
percent Cr30s the 241 grams of ruby nutrient contained 0.1205 grams of
Cr303, Since ruby had not yet started to grow in Run 129 the 0,1205 g
could not be too large an addition., This amount was used in the next
Run 130,

Run Vi le

The two mi.in reasons for Run 130 werza to test the Cr30s ad-
dition discussed above and to use a 52 inch long vessel made by Airtron,
The molality was also increased to provide mwore solubility, Otherwise
the run was arranged to operate at the same conditions as Run 129,

Results of the run can be seen in Table XVII, The average
growth rate was 9.4 mils/day compared to 3.2 mils per day in Run 129,

‘The general quality of the crystals was good. However, there were

cracks and veils in some areas of each crystal, The cracking was most
severe on the largest and thickest crystals. o

Run 131, Vesseql 5-3

Run 131 was designed to duplicate the conditions of Run 129,
The growth period was 33 days. Run 131 used the same type of vessel as
Run 129. The actual conditions of growth can be seen in Table VII,
These conditions were very similar as judged by the measurements. A
slightly larger temperature difference was maintained to incresse the
growth rate a small amount,

In Table XVIII the results of Run 131 are shown., The growth
rate was even lower than that of Run 129, Run 131 averaged 0.90 mils
per day comwpared to 3.2 uils per day for Run 129, The quality was
very high but the total amount grown was approximately the same as Run
129, No apparent reason for the difference could be found in the data. .

It was felt that the very high quality ruby resulting froms
low growth rates would permit later growth at higher rates. Therefore
Run 132 was designed to grow slowly at the beginning to promote healing
and high quallty. The temperature difference would then be increased
to affect a higher growth rate.

1 Vgss 7~

Chromium oxide was added to this run to decrease the width of
the sapphire band next to the seed. A slow progranmed warn-up was used
to control the rate of heating. The bottom temperature heating rate

-76-
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TABLE XVII

nd Crystal Data, Run 130

R11-535

Crystal |Weight (grams) Thickness (mils) Growth Rate Seed Type- ¥
n

Number Before After

-130-1A
130-1B
130=-2
130-3A
130-38
130-4
130-5A
130-58B
130=-6A

130-68

MS ~ Molten salt
FF - Flawe fusion

11.3
13.9
33,2

8.4
20,8
11.8
10.8

14.0

11,2

8,1

73.7

H « Hydrothermal arowth on MS see
-d, ¢, = Major crystal face; Dana, ref. 6

. Before After (mils/day) Orientatio

65 309 10.2 MS-c
127 378 10,5 MS-c
155 389 9.7 H-c
55 249 8.1 MS-c
168 400 9.7 H-c
57 310 10.5 MS-¢
118 306 . 7.8 MS-c
85 317 9.7 MS-c
169 948 32.4 FF-d
68 270 8.4 MS-c

Y
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d and tal Da Run

»'Q_ysftal w mu (nils) Growth Rate Seed Type-
Musber ~ Bofore After After (uils/day)  Ocientation* :

b 13tel . 111 43,5 & 135 2.12 MS-c

1meza 125 216 114 124 0.32 MS-c
13&-,’231 ‘a.'o" . 19.8 53 94 1.32 Hec

- 13- 19.8 28.8 129 159 0.97 MS-c
1m-3 77 133 @ 100 0,61 MSec .
C1dlea . S4e 724 209 228 0.61 MS-c
“1:-sA 6.8 149 74 100 0,84 MS-c
: 13'1.'.53_‘ 13.4 241 - 76 104 0.90 MS-c
131-6A 8.4 119 84 o8 0.85 MS-c

- 131-6B 15,0 - 23.6 150 178 0.90 MS-c

*us - Molten sart : : _
H - Hydvcthermal growth. on MS seed : I
¢ - Major crystal face. B:-ma, ref, 6

.-78-
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Hydrothermal Crystal Growth (Continued)

was controlled by a cam to approximately 200°C per day. Temperature was
raised manually to about 300°C and then programmed to 500°C. On the
second day a loss of pressure was noted and the run was shut down, The
autoclave was made by Autoclave Bngineers, Inc,, Brie, Pa, It was used
in the condition as received, After opening the autoclave, it was found
that leakage had occurred across the seal area, All seal parts were
remachined to Airtron Specifications, The can had not leaked although
it had expanded, This was verified by the fact that the sealed can still
weighed the same as before the run, Since the can had not leaked, the
run was restarted after the seal parts were machined.

Due to time schedules tke run was warmed-up fast on the rerun.
The growth period was 33 days. No pressure loss was detected in this
interval. The temperature difference was 39°C, Very fast growth was
obtained as reccrded in Table XIX, A growth rate of 11.8 mils per day
was weasured on the top seed., All nutrient was transported and most of
it grew on the seeds. Some spontaneously nucleated crystals formed a
ring and cap on the upper 2.5 inches of the can, It was assumed that
the puffed can actually contacted the autoclave walls and presented
much better therwal conductivity. Subsequently a cold spot was formed
which caused a wuch higher internsl temperature difference than the
external measurements would indicate. As the autoclave cooled it con-
tracted arcund the spontaneously nucleated crystals, This made removal
of the can extremely difficult, The crystals from Run 132 were heavily

-veiled and cracked.

Discussion of Runs 129 - 132

A 50 mil thick cross section was cut from one crystal selected
from Run Nos, 129. 130, 131, and 132 in order to measure the width of
the sapphire and ru“v bards, After cutting and preparing the samples for
microscopic examination, they were viewed under low power (8-30x). The
seed width and band widths of ruby and sapphire were measured using a
calibrated reticule in the eyepiece. The results of these measuremcnts
are shown in Figure 23. There were two note-worthy conclusions. The
widths of the sapphire band in contact with the seed were greati, re-
duced by the addition of chromic oxide to the solvent, Crystal 129-3B
was included in the examination for complete coverage of all large runs
completed up to this point, For this crystal, it appeared that sapphire
alone had been deposited with a thin band of ruby just at the crystal
surface. When viewed through a microscope it was difficult to distin-
guish between a true thin ruby band at the crystal surface and any pink
reflection from the seed. For crystal No., 1131-6B, a 3-4 nil thick band
of ruby at the crystal surface was observed. In both crystals, 129-13B
ana 131-68, the sapphire band between the seed and surface was <41-104
ails thick.

Cryst:ls 130-58 and ! 32-5B demonstrated the efficacy of the
chromic oxide addition, Only a 13-4 mil band of sapphire grew on the

7=
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Crystal
Number

132-1A
132-1B
132.2A
132-2B
132-3A
132-3B
132-4A
132-5A
132-58
132-6A

132-6B

Waight
Bafore

13,6
8.9
8.2
4,3
8.0

22.4
4,7

17,6

MS - Molten salt
¢ = Major crystal face; Dana, ref, 6

TABLE XIX

Seed and Crystal Data, Run 132

rams
After

104.0
66.2
95.8
48.9
51.2

108,2
46.7
83.3
39.9
33.7

20.5

Thickness (mils)

Before

105

87

58

51

102

120

60

114

38

77

Growth Rate
After (mils/day)
477 11.3
476 11.8
420 11.0
402 10,56
450 10,6
449 10,0
395 10,2
409 8.5
381 9.7
292 7.7
356 8,5

-w-

Seed Type-

Orientation

MS-c
MS..c
MS-c¢
MS~c
MS=-c.
MS«c
MS=c
MSac
MS.c
MS-c

MS=c¢c
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Hydrothermal Crystal Growth (Continued)

seed, This sapphire band was then followed by a homogeneously doped
ruby band growing out to the crystal surface.

Differences in the crystal thickness mar be found., They can
result from measurements made on different portions of the crystal or
by different techniques. Seed thickness differences are due to the
initial dissolution which occurs as the vessel is brought to operating
temperatures., It is questionable how narrow this sapphire band can be
made by the addition of Cr20; before the reverse condition would arise
in which a ruby band of high chromium content would be deposited on a
seed,

The two runs No, 130 and No, 132 in which the sapphire bands
were narrowed were also runs in which the growth rate was high., It is
not believed that the high rate should cause the sapphire banding which
is a result of non-saturation of the fluid with chromium. Furthermore,
if a slow rate was the contributing factor to the sapphire band, one
would have expected to see a sapphire band at the surface of crystal
No. 132-5B, In this case nutrient had been depleted and the rate must
have slowed down,

The differences in growth rates for the four runs (Table XX)
cannot be explained simply on the basis of the data for the concitions
presented in the table, The reason for the different rates may be the
combination of the autoclave length, filler plug, and can configuration.
In the long vessel the filler plug rests on the top of the silver can
and extends 6~9 inches above the top of the can into the top of the
autcclave, The top of the autoclave also extends out of the furnace
hezaters about 10 linear inches. The plug appears to provide a heat sink
for the can and the exposed autoclave surfaces serve to dissipate this
heat, ’

In the short vessel there is no plug to act as a heat sink
and only the external fill fluid may act as the heat absorber, In addi-
tion the autoclave barely extends out o>f the furnace and top insulation.
A sketch showing the positions of three different autoclaves is pre-
sented in Figure 24. Because of the plug-can-autoclave configuration
in the long autoclave, the comparable internal temperatures are lower
than those of the short vessel, As a result, even though the external
temperatures on long and short vessels are the same, there is a greater
internal AT in the long vessel. This larger internal AT would then be
responsible for the faster growth rate in the longer vessel,

Support for this proposition is given in data of Table XX,
These data clearly show that higher growth rates were obtained only when
the longer 48~inch and 52-inch vessels were used, It was concluded that
the internal AT in these vessels was much larger than that of the short
vessels even though the externally measured AT's were nearly the same,
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TABLE XX
Autoclave Length, Steel Plug and Crystal Growth Rate for Runs
Nos. 129, 130, 131, and 132

Average "C"

Direction Autoclave Steel Plug
Run Growth Rate Length Length
No, (mils/day) (inches) {inches)
129 3.2 42 -
130 9.4 52 9
131 0.9 42 -
132 10.0 48 6
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drothermal Crystal Growth in

Further discussion of internal-external autoclave measurements using .
a special thermocouple probe was presented at the end of Section 4.0
of this reporxt,

Run 133, Vessel 1-3

f Three of the seeds in Run 133 were amnealed at 1200°C for

12 hours to determine if crystal quality would be improved., Two molten
salt sceds and one hydrothermal seed were annealerd. Conditions similar
i to the last four runs were selected. Run duraticn was thirty days, ‘
2 All the nutrient was transported. Very heavy spontaneous nucleation
¢ was present., The liquid portion of the run was colored dirty yellow.
\ Some silver attack was also seen. The top crystal was quite large and
I weighed approximately 90 grams. The silver attack had weakened the
i supporting wire for the top seed and it had fallen to the bottow some- 1
time near the end of the run, This seed had dissolved back consider~ :
ably, Growth on all the seeds was generally quite good except for the
presence of cracking and other numerous defects. The growth rates :
reported in Table XXI should be considered minimum values since all the
nutrient had dissolved. No difference in the quality of ruby was J
detected on the annealed seeds,

Run 134, Vessel 7-3

Run 134 had a programmed warm-up. The sc¢ed data are presented
in Table XXII. On the third day of operation the bottom cylindrical
heater of the furnace failed. As a result of this failure a negative
temperature difference of more than 100°C occurred. The top section was
more than 100°C higher in temperature than the bottom. The run was shut-
down immediately. The growth data show~d 2 surprising resuit, Even
though a large inverted temperature difference existed the seeds were
still intact. An addition of 0.13 g of Cr30; was wmade to the nutrient,
Also 2.2 g of aluainum metal was added to inhibit the silver attack(3)
experienced in several previous runs. When the can was opened » consid-
erable amount of hydrogen escaped. No silver attack was noted after the
run, :

-

Run 135, Vgssel 7-3

Run 135 was made to rapeat Run 134, The only change nade was
to reduce the amount of aluminum metsl from 2.2 g to 0.1 g since so much ,
hydrogen had escaped from Run 134, Operating conditions were maintained .
: for 20 days, Data are recorded in Table XXIII, When the can was opened
a slight amount of gas escaped. No traces of silver attack were found,
Almost no liquid was left in the can, The can was full of a white,
creamy substance with a greenish tint, Massive spontanecus nucleation
occurred in the top section of the can., Growth on the seed crystals vas
of very poor quality, Most of the regrown ruby was milky in appearance.
Tha nutrient was almost depleted and the upper seeds had dissolved to
"feed" the spontanecusly nucleated crystals in the top cf the can.

-84~

"' i
L)




RS i

Crystal
Numbex

133-1

133-24
133-28
133-34
133-38
133-4

133-5A
133-5B
133-6A

133-6B

[ I B I |

E

stal

a

Weight (grams) Thickness (mils)

Before

25.1
20,5
22.1
24.3

11.1

3505 ’

13.5

14,0
22.7

15.i

Molten salt

Hydrothesrsal

Major crystal face; Dana, ref. 6
" Orientation unknown

«8S=-

After Before  After
58,7 30 26C
93.6 149 555

107.6 167 614

104, ¢ 104 407
80.0 68 - 392

13:.5 144 444
34.5 100 266
4.7 145 356
25.2 116 240
9.7 102 294

Run 1

Growth Rate

‘uils[d&zl

6.0
13,5
15.1
1.1
10.8
10.0

5.5

7.1

4.1

6.4

R11-5%8

Seed Type- *
Orientation

Hec

Hec

H-c




Crystal
Number

134-1
134-2
134-3
134-4
134-5

134-6

igh

Before

3.7
38,3
23,7
40.4
27.1

3.0

*
H - Hydrothermal
¢ - Major crystal face; Dana, ref, 6

TABLE XXII

d )
After Before

29.1 136
35,9 146
23,9 129
38.4 182
27.3 97
4.7 174

'“-

Run 1

mils
After

128
129
113
168

87

156

Growth Rate
(nila[dlz}

s..d M‘- *
Orientation
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TARLE X0CTTI

Seed and stal Data, Run 1

Crystal Weight (grams) Thickness (mils) Growth Rate Seed Type- 4
Before After .

Mumber  Before After {nils/day) Orientation
135-1 29.1  181.6 128 582 22.8 Hec
135-2 5.8  183,7 129 584 22.9 Hec
135-3 23.9  123.9 113 505 19.6 Hec
135-4 38.4  148.7 168 533 18,2 Hec
135-5 27.3  125.2 87 370 14.1 H-¢
135-6 4.7 110.0 156 441 14.2 H-c

H - Hydrothermal
¢ ~ Major crystal face; Dana, ref. 6




drothe stal Growth (Continued

Vess 4=1

This run proceeded only four days due to a suspected leak.
Low pressure forced termination of the run, The uajor objective was
to test the effectiveness of a protective plating of gold., Gold
plating of the vessel was ineffective. A detailed description of
this run appears in Section 4.1.1 of this report. The seed and cry-
stal data are listed in Table XOGV,

Vessel l-

It has been shown(s) that an addition of lithium nitrite
(LiNO3) to the growth solution will significantly reduce the hydroxyl
ion and water content of hydrothermally grown quartz. Infrared ab-
sorption measuremenis on hydrothermally grown ruby presented. in
Section 8,.3.5 have revealed the presence of cither hydroxyl ion or
other hydrated species. Run 137 was made to test an addition of LiNO;
to the ruby growth liquid to see if the hydroxyl ion or water content
could be reduced., Bight grams of LizO3 and 18.4 grams of KNO3 were
added to the K3(O0s solution. Operating conditions were waintained for
17 days. The seed data are presented in Table XXV,

Upon opening the can a considerabtle amount of gas was expelled.
The liquid was a lemon-lime color and about one liter in volume. There
was silver attack on the autoclave can liner. The 1id of the silver can
was coated with suall silver crystals, The uvppermost ruby crystal had
suall crystalline flecks of silver incorporated into it. The nutrient
was not depleted. There was a complete lack of spontaneously nucleated
ruby crystals in the system. The white coating normally present on the
crystals was easily removed. Growth on the seeds looked quite good con-
sidering the high growth rate of 15 mils/day. Cracks were the main
defects and were large in size and number. The chromium concentration
appeared to be rather low, The crystals were veiled to about the same
extent as found in other runs. However the ruby in between the veils
was exceptionally clear compared to crystals from other runs. The wost
probable reason for the oxidizing conditioms in the system was because
of the nitrite ion which can act as either an oxidizing or re&ci?g
agent, In this case the nitrite i1on acted as an oxduizing agent. )

Run 138, Vessel 7-3

The objective for Run 138 was a low temperature difference to
produce a growth rate consistent with high quality. At the same time
the amount of spontaneously nucleated ruby crystals may be reduced. A
temperature difference of 8°C was used. Additions to the system were
0.13 g C1303 and 0.1 g of aluminum wetal. Operating conditions were
maintained for 35 days., The seed data are given in Table XXVI, When the
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Cryst2l
Number

136-1

136-2

136-3

136-4

t

3B

YWeight
Before

2.8
4.3
1.3

1.6

Molten salt
Flame fusion
Hydrothermal
n, ¢ - Major crystal face; Dana, ref. 6

rams
After

3.0
3.8

1.0

TABLE XX1IV

Seed and Crystal Data, Run 136

Thickness (wils)

Before

193

116

32

67

R11=535
Growth Rate Seed Type-
After (mils/day) Orientation
200 - H-c
115 - Hec
31 - MS-c
70 - FF-n
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Crystal

1371

137-2

137-3
137-4
1375
1ons

* i - Hydrothermal

89,0

43.6-

52.3

19.8

64.0

45.2

175.1
134.5

1258.1

. 85,8

127.3

26,0

TABLE XXV

‘Thickness (mils)
&

Before

260
125

192

215

180

¢ = Major crystsl face; Dana, ref. 6

522
380
427
263
'399

321

Growth Rate
‘_l_ilszgx]

15.4
15.0
13.8
10,2
10,8

8.9

1
¥
=GP0 =
D e 5 o M e S K . R . - -
LA .

Seed Type-

Orientation *

H-¢
an

H-¢




TABLE XXVI

Seed and Crystal Data, Run 138

R11=535%

Crystal Weight (grams) Thickness (mils) Growth Rate Seed Type-
Number Before After Before After (mils/day) Orientation *
138-1 82,7 75.9 265 262 - MS-c
138-2 4.6 42,2 180 170 - H-¢
138-3 80,4 72.5 249 249 - MS-c
138-4 28.9 26,5 i56 149 o~ Hec

138-5 39.9 37.5 293 287 - H-¢
138-6 47.5 42.1 231 229 - MS.c

*
MS - Molten salt
H - Hydrotherwmal
c -~ Major crystal face; Dana, ref, 6
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Hydrothetmal Crystal Growth (Continued)

system was opened it appeared to have been isothermal during the entire
run, No significant growth was obtained. Only an equilibrium type
growth occurred such as corner and chip filling in,

Run 139, Vessel 3-1

The objective of Run 139 were to repeat the conditions of
Run 136 (gold-plated autoclava) and to determin e the reason for the low
pressure condition, The autoclave was plagued by seal leaks but the can
did not leak. When the autoclave finally was able to hold pressure, the
amount was still too low for the fill used when compared to the 3~inch
diameter runs. The sezed data are listed in Table XXVII, A small net
growth occurred in the short operating time.

Run 140, Vessel 1-3

Run 140 was designed tc measure the effects of the warm~-up
procedure on crystal quality. It may postulated that during a rapid
warm-~up, high *etperature differences may be produced as a result of
the rate of heating. As the system approaches the actual growth con-
ditions it does so with a large temperature differerice., This may
~ause a rapid and highly flawed growth even on a high quality seed. 1In
an offort to eliminate this possible problem the system was heated to
operating conditicns with a controlled temperature difference of 20°C,
Growth conditions were maintained for 22 days. The seed data are listed
in Table XXVIIT,

In order tc control the AT an additional pair of chromel~
alumel thermccouples were installed on the vessel at positions B and T
(Fig., 18). These wexe connected in opposition to one another and the
difference was fed to the input section of a Leeds & Northrup Speedomax H
temperature controller, The controller output in turn was connected to
the saturable reactor which fed power to th= top two circular heater sec-
tions of the furnace. Since the top had toc be colder than the bottom and
the L&N controlled power only to the top section, the systei .as therm-
aliy unstable. When this condition was noted the L&N was switched to the
bottom unit and the West Contvnller (which had been controlling the bot~
iom) was switched to the top section. This seemed to remedy the situation,
However, the next day an irsensitivity developed in the L&N which could
not be removed. This led to rather severe cycling. At this point No, 6
West Controller (temporarily unused) was substituted for the L&N, But
the West sensitivity was too low for a differential thermocouple config-~
uration so the bottom temperature was controlled directly. Somehow the
program or cam drive switch was turned on and the temperature of the
bottom rose to 556°C, This resulted in a maximum 68°C AT, The cam was
reversed and the temperature was programmed back down to 509°C,

When the run was opened a fairly heavy deposit of spontaneously
nucleated ruby crystals was found in the top of the can, However in con-
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Crystal

Number

139-1
139-2
139-3

139-4

*
H - Hydrothermal

Weight {grams)

Before

3.0
3.8
2.3

2.2

Aftex
L

3.0
4.0
2.4

2.4

TABLE XXVII

Seed and Crystal Data, Run 139

Thickness (mils)

¢ - Major crystal face; Dana, ref, 6

Before After
200 199
114 114
200 199

93 95
=0 e

Growth Rate

(mils/day) _

R1l1-535

Seed Type~-

Orientation

H-¢c
H-¢
Hec

H-c
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140-1
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140-3
140-4
140-5

140-6
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TABLE XXVIIX

Seed and Crystal Data, Run 140

Weight (grams) Thickness (mils) Growth Rate
Before After Before Afterx ‘mils(daz)

57.8 208,5 164 s09 15.7
55.8 148,1 261 566 13.9
46,3 157.6 137 4l 13.8
21,8 77.9 124 391 11.3
37.6 124.5 124 373 11.2

40.2 89,2 244 470 10.6

H - Hydrothermal
¢ -~ Major crystal face; Dana, ref, 6

Q4=

Seed Type~

Orientation
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Hydrothermal Crystal Growth (Continued)

sideration of the large temperature difference of 68°C, this deposit
did not seem excessive., The 1liquid was clear and about one litexr was
collected. Spontaneously nucleated crystals appeared to "rain" down
onto the baffle plate, and completely covered it except for the cen-
tral hsle. Small grains about ome mm across were found, They were
very loosely joined and formed a conical pile on the baffle plate.

Overgrowth on the seed crystals was very poor and much flawing was pre-
sent,

Run_141, Vessel 4-~1

The main objective of Run 141 was a nutrient test which was
discussed in the nutrient preparation, Section 5.1.5. A pressure of
28,500 psi was produced with an average temperature of only 457°C,
This high pressure indicated that the previous one-inch diameter runs
had leaked slightly even though no evidence could be found, Seed
data are presented in Table XXIX,

Run_142, Vessel 3-~1

Run 142 was likewise a nutrient test run., A pressure of
28,100 psi was produced at an average temperature of 449°C, This would
seem to be consistent with Run 141 and further substantiate some sort
of difficulty with previous one-inch diameter runs. A discussion of
this run appears in the nutrient tests, Section 5.1.5. A net growth
rate was measured and is given in Table XXX,

Run 143, Vessel 7-3

The objective of Run 143 was to repeat Run 138 with a larger
temperature difference. A 17°C difference was chosen for Run 143
while Run 138 had a 12°C difference. Additions were 0.13 g Crz03; and
0.1 g of aluminum metal., Operating conditions were maintained for 30
days. The seed data are presented in Table X0XXI. The growth was very
poor with many cracks and veils, It was definitely the worst to this
point considering the low average growth rate of about 8 mils per day.
There was no noticeable loss of gas on opening the can. A small amount
of Cr203 could be seen in the bottom of the vessel, -

Run 144, Vessel 3-1

The main objective of Run 144 was to test nutrient. This
run was discussed in the nutrient tests, Section 5.1.5., A high growth
rate was measured {Table XOO{II) but the quality was poor,

Run 145, Vessel 1-3

i~ ALt A A=~

The objectives of Run 145 were to test the effsct of LiaQ0y
on crystal quality and to attempt a programmed warm-up. The warm-up

-95m
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f TABLE XXIX

¢ .

: and stal Data, Run 141
P

;

Crystal Weight (grams) Thickness (wils) Growth Rate Seed Type~
Number Before After Before After (mils/day) Orientation

141-1 1.7 2.2 125 145 - MS-c
5 141-2 1.4 1.7 56 ss - MS-c
143-3 1.5 1.7 73 72 - MS.c
; 141-4 1.9 2.2 68 68 . MS-c
!
.
MS « Mclten salt

¢ -~ Major crystal face; Dana, ref. 6
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TABLE XXX

Seed and Crystal Data, Run 142

Crystal  weighi (grams) Thickness (mils) Growth Rate  Seed Type-

Number Before After Before After (mils/day) Orientation *

i42-1 1.3 3.2 60 123 9.0 MS-c

142-2 1.8 3.7 66 117 7.3 MS-c )
142-3 1.8 3.3 12s 125 - MS-c &
142-4 1.6 2.4 123 136 1.9 MS.c

*
MS - Molten salt

¢ = Major crystal face; Dana, ref, 6
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and stal Data, Run 14

Crystal Weight (grams) Thickness (mils) Growth Rate Seed Type- *

Number Before After Before After (wils/day) Orientation
3 143-1 57.0 178,7 157 456 10,0 H-c
3 143-2A 12.1 42.2 122 411 9.6 H-c
) 143-2B 12,1 48.1 98 367 9.0 Hec
§ 143-3 .2 15.7 118 246 4.3 FF-u

133 321 6.3

143-4 51.4 133.9 154 380 7.5 H-c

143~5 29,5 77.6 191 381 6.3 MS-c

143-6 54.4 116,7 156 326 5.7 H-c

* MS - Mplten

FF - Flame fusion

H -« Hydrothermal

¢ - Major crystal face; Dana, ref. 6

u = Orientation unknown
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Crystal Weight (grams)
Musber ~ Before After
144-1 1.3 5.4
144-2 1.5 5.7
144-3 1.9 5.5
144-4 1.1 1,1

»*
MS - Molten salt

TABLE X001

Seed and Crystal Data, Run 144

Thickness (mils)

Before

58

71

75

71

¢ ~ Major crystal face; Dana, ref, 6

=99

Afterx

189
186
180

80

Growth Rate

!mils(dlzl

18,7
16.4

15,0

g

R11=-535

Seed Type-~

Orientation

MS-c
MS-c¢
MS-c¢

MS-c

*
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Hydrothermal Crystal Growth (Continued) ‘

was designed to make the transition from room temperature to operating
conditions as beneficial as possible. The vessel was heated as quickly .
as possible to 425°C with a temperature difference of only 10°C, The
vessel was then held at these conditions for 24 hours, It was felt
that the warm~up witk only 10°C AT would dissolve some of the seed sur-
face which could then "heal" during the 24-hour period, After the hold
period elapsed, the warm-up was continued by heating the growth section
slowly to 485°C over a 24~hour period. The 10°C AT was maintained dur-
ing the warm-up. Finally the AT was increased to 20°C by cooling the
growth section at 1°C per hour. The growth obtained was very poor.

The Li3C03 certainly made a negative contribution. A good growth rate
was maintained (Table XXXIII) which was uniform for all seeds., From
this standpoint the programmed warm-up was partially successful,

Run 147, Vessel 7-3

The objectives of Run 147 were to improve crystial guality by
a programmed warm-up which did not use any metallic aluminum addition.
Furthermore the L&N temperature controller used with Run 140 was ar-
ranged to control the AT at 24°C throughout the warm-up and operating
times, Chromium oxide in the amount of 0,13 g was added.

The insensitivity present during Run 140 was actually caused
by 60 cycle a.c. on the autoclave body. This 60 cycle "noise" was
damped out by the galvanometer movement in the West Controllers but the
L&N is an electronic device which cannot function properly in the pre-
sence of a large a.c. signal. The trouble was corrected by properly
grounding the autoclave and shorting out the a.c. signal.

The growth rate was quite high and averaged 18.8 mils per day
(Table XXXIV). All the nutrient was transported so the growth rates
must be considered a winimum. The bottom crystals had dissolved to
"“free" the top ones. No gas evolution was noted when the can was opened.
The quality of the crystals was good considering the high growth rate.
There was severe spontaneous nucleatiorn on the mnderside of the 1id and
on the upper 2 to 3 inches on the can wall, A small awmount of szilver
attack was evident.

Run 148, Vessel 1-3

The objective of Run 148 was to reproduce Run 147 using a
lower temperature difference. A teaperature difference of 20°C was
used. The growth period was 19 days. The nutrient was almost depleted .
and just 43 grams remained. The calculated average growth rate was
23,7 nils per day, (Table XXXV), The actual growth rate was probably
somewhat higher since the surface area of the nutrient was small enough
to limit the growth rate, The growth rate of Run 147 could well have
been near 0 mils per day, It was not know when the nutrient was
depleted sufficiently to affect the growth rate. Run 148 had signifi-
cantly less spontaneously nucleated ruby crystals than did Run 147,
This indicated that the actual temperature difference was actually
lower for Run 148, The quality was good except for numerous veils,

-lw-
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Crystal
Number

145-1
145-2
145-3
145-4
145-5

145-6

»*
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TABLB XOXIII

Seed and Crystal Data, Run 145

Weight (grams) Thickness (wils) Growth Rate
Before After Before After (mils/day)

41.5 146.0 167 521 10.7
3.2 133.6 112 494 11.7
47.7 167.9 221 603 11.6
53.7 173.5 158 510 10,7
54,2 171.4 159 491 10.1
42.0 126.1 188 511 9.8

H - Hydrothermal
MS - Molten salt
¢ - Major crystal face; Dana, ref, 5
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R11-53S

Seed Type-

Orientation

Hec
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Namber_
147-1
147-2
147-3A
147-38
147-4
147-5
147-6A

147-6B

ight

A Bofors

117.0
26.8
4.7
6..6
72.7
14.6
4.0

10.4

*

H - Hydrothermal
MS - Molten salt .
¢ - Major crystal face; Dana, ref, 6

DS
After
316.5
113.4

47.2

45,2

110.5 .

3.1

37.4

TABLE 00V

Seed and Crystal Data, Run 147

Thickness (mils )

Before  After
325 735
149 527

72 480
115 514
251 624

60 0

65 98
132 497

«102-

Growth Rate

‘mils(dlz[

‘20.5
18.9
20.4
20,0
18.7
16.5
17.0

18,3

Seed Type-

Orientation

MS.c




TABLE XXXV

Seed and Crystal Dat:, Run 148

Crystal Weight ]gramsz Thickness (wils) Growth Rate
- Number Before After Before After (mils/day)
148-1 42.4 213,5 170 678 26,8
148-2A 8.9 86,9 88 556 24,6
148-2B 1,1 12,5 SO - -
148.2C 6.1 92.4 54 545 25.8
148-3A 6.4 56.1 73 467 20,7
148-3B 7.4 90.8 84 567 25.4
148-4A 16,7 163.5 71 563 25,9
148-4B 0.8 5.9 49 - -
148-5 13.2 148.6 93 542 23,6
148-6A 7.5 70. 3 67 474 21,4
148-6B 9.3 40.0 128 490 19,1
*
H - Hydrothermal
MS - Molten salt

X - Czochralski Ruby Seed

(-3}
'

- Major crystal face; Dapma, ref, 6
Orientation unknown

R11-535

Seed Type-~

Orientation

MS-c
MS-c
M-u
MS~c

MS-c
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Hydrothermal Crystal Growth (Continued)

Run 149, Vessel 9+1,5

The objective of Run 149 was to test the relationship between
the veiling problem and the Cra03; in the system. Molten salt sapphire
seed plates were used as seeds and scrap flame fusion sapphicre was used
for the nutrient. The conditions were similar to those used for the
recent 3-inch cdiameter Runs 145, 147, and 148, The growth time was 12
days. Seed data are given in Yable XXXVI,

Spentaneous nucleztion was present on the upper ladder and
can wall but very little .ccurred on the under side of the cover, Mod-
erate silver attack was noted. The growth rate averaged about 18 mils
per day., The qualiiy ¢f the growth was good but veils were still present.
The absence of chromium in the system did not seem to have any effect on
veiliug.

Run_150, Vessel 1-3

The objective fc Run 150 was a lower gradient than that uti-
lized in Run 148, The measured gradient was approximately 10°C., A
programmed warm-up with a 5°C AT was used. An addition of 0.14 g Crz03;
was mzde. The molality was increased from 1,75 in the previous runs te
2 mclal for Run 150,

The intermal £fill was also decreased so that a higher tempera-
ture could be used, It was “~It that a higher growih temperature would
yield a larger absolute soi 'ity and enhance crystal growth., The
growth period externded 34 days., No aluminum wmetal was added.

The can was severely crushed duiing the run, A crack could be
seen in the boitor weld of the can. The external fiil was found to be
basic and *hus some leakage had occurred from the can. The axternal
fill of 190 c.c. was definitely too large for th. temperature imposad
during operation,

Silver attack was absent. Very heavy spontaneous nucleation
was found in the top of the can. A deposit approximately one~inch thick
was attached to the underside of the cover. The quality of the growth
was extremely poor considering the average growth rate was onrly 2.9 mils
per day (Table XXXVII), Few conclusions were drawn from this run since
the leak could very well have '"breathed" aud pulled impurities into the
can from the autoclave.

Run 151, Vessel 2~3

The purpose of Run 151 was to investigate the use of more con-
centrated K2003 solutions., The solvent concentration was increased from

1,75 m to 4 m, Growth temperature was £40°C., The seed and crvstal data
are given in Table XXXVIII,

Fy
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TABLE XXXVI

Seed and Crystal Data, Run 149

Thickness (mils[

After

Crystal Weight (grams)

Number Before After Before
149-1 2.? 27,0 46
149-2 7.1 3.1 98
149-3 2,9 16.4 46
149-4 2.2 14.4 48
149-5 2.4 15.1 42

%
MS - Molten salt

305
327
224
271

221

¢ = Major crystal face; Dana, ref, 6

-105=

Growth Rate

(mils/day)

21.5
19.0
14,8
18.6

14.9

R11=53S

Sced Type=~

Orientation

MS-c
MS-¢
MS-c
MSac

MS.c

Meddih e
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i TABLE XOOVII
| ; } Seed and Crystal Data, Run 150
- |
.' ' Crystal Weight (grams) Thickness (mils) Growth Rate Seed Type-
-3 Number Before After Before After (mils/day) Orientation
150-1 ®.5 2263 168 538 - FF-a
. 150-3 18,1  50.0 127 260 .9 Hec
;o 150-4 0.6 55.1 155 224 2,0 Hec
150=-5A 11,9 20,3 136 201 1.9 H-c¢
150=5B 10,1 16.2 145 172 0.8 H-c
: 150-6A 11,9 21,7 153 183 0.9 Hec
150-~6B 6.2 38,8 119 617 - H-d
* 1
FF - Flame fusion i
MS - Molten salt
H « Hydrothermal
a, ¢, d = Major crystal face; Dana, ref, 6
L)
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TABLE XXXVIII

Seed and Crystal Data, Run 151

FF - Flame fusion
MS - Molten salt
H - Hydrothermal
a, ¢, d = Major crystal face; Dana, ref. 6

Crystal Weight (grams) Thickness (mils)
Number Before After Before After
151-1 65.9 77.0 204 295
151-2A 27.1 14.7 229 234
151-2B 5.5 3.8 65 63
151-3 16.1 11.4 115 94
151-4 26.0 11.4 124 56
151=5A 5.8 5.7 106 131
151~5B 3.9 3.3 90 107
151-6A 5.6 2.1 120 56
151-6B 5.4 - 126 -

-107-

Growth Rate

(mils(daz!

0,26

1,32

0,90

R11-535

Seed Type~

Orientation

FF=-a
MS-c

MS-c

PP
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Hydrothermal Crystal Growth (Continued)

Very little growth occurred, The average growth rate was 0,83
mils per day. Only the top seed had any significant growth, ,The bottom
seed had dissolved cHupletely and the remaining seeds all lost weight,
Slight silver attack was noted and also the extent of the spontaneously
nucleated ruby crystals was slight., Only 180 g of nutrient had dissolved
out of 1300 g initially charged,

Run 152, Vessel 9-1,53

Run 152 was made using KOH as the solvent. Six molal KOH was
used at an internal fill of 65%. An addition of 0.12 g of aluminum
metal was added to the nutrient. The run progressed for 5 days, No
growth was obtained. The seed data are given in Table XXXIX,

Run_153, Vessel 9-1,5

Two molal KOH was used as the solvent in Run 153, Operating
conditions were maintained for 4 days, The internal fill was raised to
68%, An average temperature of 525°C and : pressure of 23,900 psi were
recorded, Again no growth occurred. The seed data are given in TableXL.

7.3 -Platinum Capsule Investigation

The major quality problem connected with the hydrothermal
growth of ruby crystals was that of veiling and cracking. An investiga-
tion was made using an HR-1B hydrothermal unit (Fig. 3) manufactured by
Tem-Pres Research, Inc., State College, Pa. The unit accepts capsules
up to about one-quarter inch in dameter. The capsule is fabricated from
seamless platinum tubing with a 0,005" wall thickness. A seed is sus-
pended in the solution by a platinum wire which is fused into the top
weld. This technique was described in detail in the final report(l) of
Phase I. All runs were made at temperatures of 550°C, 600°C or 700°C,
One run was made at 17,000 psi while the rest were at 25,000 psi or
30,000 psi, Temperature gradients were not measured, However, previous
work has shown them to be around S0°C,

Table XLI contains the datz pertinent to the capsule runs, Two
problems related to the solvent were investigated, 1) effects of oxidiz-
ing or reducing conditions, and 2) the possibility of using a solvent
other than K3CO5,

In several 3" diameter runs aluminum metal had been added to
the contents to eliminate transport of the silver can, Generally the
crystals grown were of poor quality when aluminum metal was added to the
system, There may have been a correlation between the oxidizing or
reducing conditions and crystal quality. Three runs were made with
aluminum metal additions. Run 169 used one gram of crushed flame fusion
ruby as nutrient. Aluminum wire in the amount of 0,25 mg was added to
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TABLE XXXIX

Seed and Crystal Data, Run 152

Crystal Weight (grams) Thickness (mils) Growth Rate
Number Before After Before After (mils/day)

152-1 3.3 - 107 - -

152=2 2,2 - 40 - -

152-3 5.7 - 131 - -

152-4 1.9 - 35 - -

152-5 1,6 - 40 - -
»*

H - Hydrothermal
MS - Molten salt
¢ -~ Major crystal face; Dana, ref, 6

o e T T T
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Seed Type-

Orientation

Hec
MS.c
Hac
MS-c

MS-c




TABLE XL

Seed and Crystal Data, Run 153

Crystal Weight (grams) Thickness (wmils) Growth Rate Seed Type-
Number Before After Before After (mils/day) Orientation

153-1 8.0 7.5 181 177 - H-c
153-2 5.8 5.4 93 91 - H-c
153-3 8.8 8.2 178 172 . H-c
153-4 5.4 5.1 94 94 - H-c
153-5 8.1 7.0 122 111 - H-u

H - Hydrothermal
¢ -~ Major crystal face; Dana, ref, 6
u ~ Orientation unknown
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Hydrothermal Crystal Growth (Continued)

the capcule. The capsule was run for four days. All the nutrient was
transported. Heavy growth was found on the seed and it was of good
quality., However some veils could be seen., Run 174 contained 0.5 mg
of aluminum wire, Growth was fair to good with large crack type flaws,
Run 182 contained 1.0 mg of aluminum wire. Growth was again fair to
good but many large crack type flaws were present. In addition a violet
layer could be seen next to the seed where growth started., There was a
trend toward more flaws as more aluminum metal was added.

Since the use of a reducing agent produced poor growth it wae
postulated that the use of oxidizing conditions may contribute to better
growth, Run 166 used an H202 addition, It was found difficult to seal
tubes containing H202 and only one successful run was made. The H203
generated pressure in the capsule preventing a tight weld in the closure.
Run 166 had a large amount of growth of good quality, The crystal had
flaws but they were relatively few and small, This result was suffi-
ciently encouraging to warrant further investigation in the use of P
oxidizing agents.

The second area of investigation concerned the use of solvents
other than Ki;C03, Eight different solvents were tried, Run 176 used -
sodium chloride, Runs 186, 207, and 208 used sulphuric acid, Run 194
used calcium chloride, Run 197 used boric acid, Run 198 used carbonic
acid, Run 201 used aluminum fluoride, Run 204 used potassium hydroxide,
xun 209 used phosphoric acid., None of the above solvents showed very
pronising results,

Mixtures of Kz2CO3 and KOH were also tried. Run 205 was made
with S0% ¢ m KOh and 50% 6 m K2CO3, Run 206 was made with 90% 6 m K2CO;
and 10% 6 = XOH, Neither run showed any evidence of growth, Run 211
was 95% 6 m K2C03 and 5% 6 m KOH, In this run the seed just about trip-
led in weight., The growth was of very good quality. There were still
veils present., As an a-dditive in small amounts KOH showed some promise.
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8,0 RYSTAL QUALITY

8.1 Introduction

8.1.1 Ruby Crystals

Although the growth of large single crystals of ruby is
highly desirable, many factors other than size have gained in relative
importance. Among these are optical clarity, homogenous doping at speci-
fied levels, absence of large angle grain boundaries and strain, Most
of these factors have been the subject of individual studies relating to
the performance of the crystals as a laser.(7s3) Unfortunately, the
existing state of crystal growth has limited the source of the rcrystals
to those grown only by the flame fusion method, As a result of the
nature of the growth process, it has been well verifigd that flame fusion
ruby crystals are poor in crystallographic quality. 9

8.1.2 Growth Methods

It is interesting that ruby is one of the few crystals
that has been grown by alternate techniques, Thus far the Verneuil,
flux, 10) Czochralski,(11) and hydzothermal(lz) methods have all been
reported to give single crystals of sufficient size for many applica-
tions. Some preliminary work in a few laboratories has indicated that
the crystal quality can be very high.(13) Programs have been initiated
to obtain laxge, high quality, uniformly doped crystals by flame fusion,
Czochralski, and hydrothermal methods in order to (1) study and compare
crystals grown by the various methods, and (2) examine in more detail
flux and hydrothermal rubies for defects incurred during growth, From
the data obtained one may then understand the seed-crysti: boundary
requizrements and thus be able to modify the crys al growii parameter to
optimize the boundary condition and propagate high quality growth.

8.1.3 Crystal Sead Source

The growth of hydrothermal ruby is experimentally de-
pendent on the availability of seed material. At the present stage of
developument, flux grown ruby has been the major source of seeds, Until
larger and more perfect hydrotherril crystals are consistently obtained,
the flux ruby will continue to serve as a high quality seed. This has
heen very fortunate because it is now known that flux ruby has very few
dislocations, grain boundaries, and low strain. All of this informa-
tion has been confirmed by means of Lang x-ray topographic studies on
flux ruby,

9.1.4 X-Ray Exanination
It is well known that in hydrothermali growth or in any

epitaxially grown material, the inherent defects of the substrate can
Le propayated to the overgrowth, In order to assess the quality of

=114~

v




T T e e o
[ ——

R11-535

Crystal Quality {(Continued)

hydrcthermal ruby, it is quite essential to separate if possible de-
fects caused by the seed and those caused strictly by the hydrothermal
growth variables. Therefore, the x-ray studies have been directed
along the following plan, First, the flux ruby has been studied to
provide a comprehensive survey of its prominent defects. Second, flux
grown sapphire is examined to attempt to separate defects caused soclely
by the presence of Cr+3, A further purpose behind the sapphire work is
the fact that in hydrothermal jrowth of ruby, the initial growth is
frequently depleted of any Cr+3. The large gradient of Cr+3 may some~
times be sufficient to initiate strains and cracking. Third, the
program involves a more thorough review of the hydrothermal crystals
themselves., Part of this has been performed and part reserved for the
future when larger crystals are available. The latter are necessary

in order to provide samples of up to l-cm length in any direction. A
good three~dimensional study of defects will then be possible.

8.1.5 Line Widths

In addition to x-ray topographic methods for determin-
ing crystal perfection, x-ray line widths obtained from a double
crystal spectrometer are a pewerful and reliable prcocedure, The two
techniques are complenmentary because Lang topography reveals internal
imperfections not readily apparent from a line widtih measurement.
Likewise, some crystals with iumperfections could conceivably give a
uniform intensity in transmission and only a line width study could
assess the true perfection, The fact that ruby can be grown by several
methods has prompted some recent studies on x-ray line widths, Ome
result{14} for Czochralski ruby was mentioned in early 1965, Birks,
Hurley, and Sweeney(ls) published a more detailed paper on Vernueil,
flux, and Czochralski ruby. During Phase IT some rather large single
crystals of ruby have been grown by the hydrothermal method in Airtron's
laboratoriesr. X-ray topographic studies have shown that such crystals
are somewhat strained but no offort was made tc determine the overall
perfection, In order to evaluate properly hydrethermal ruby, double
crystal x-ray measurementr were made op some of our brst samples, At
the sare *ime, flux grown ruby and sapphire were exarined because it was
belined that their perfection was higher than indicaied in Rirks re-
po:t.ls) The growth of hydrothermal ruby has also utilized flux ruby
as seed material, Therefore, the relative perfoction iy »f Iinterest o
(1) verify whether defects have propagated from the seed and {7) to
deterrine how certain growth variables may change perfection. To *the
present time no other reports on hydrothermal ruby have appeared in the
literature.

’,2 Experimental

£,2.1 Crystal saapling ard X-ray Technirue

The single crystal fiuv grown rubies for this rog-a=




Crystal Quality (Continued)

were obtained from melts composed of PbF2, The thin crystals were ex-
amined with their natural faces intact. These large area faces were of
the {0001} type. Flux grown rubies up to a size of 3 x 2 x 1 cm were
also obtained. These crystals were sectioned with a diamond wheel and
polished with successively finer diamond grits. The final mechanical
polish was performed with a 1 p or 1/4 p diamond abrasive. Hydrother-
mally grown ruby crystals were obtained from growth on flux ruby seeds,
These crystals were also cut and polished with diamond tools and abra-
sives. The source of the Czochralski ruby was the Linde Company., It
was obtained as a 90" rod. All crystals were oriented by optical and
x~-ray back reflection methods. The surface condition of the cut and
polished crystals was quite sensitive to technique, All polishing
scratches had to be removed by fine diamond pastes prior to chemical
polishing. Final chemical polishing was performed with a PbFz-PbO
eutectic mixture at 550-650°C to give a defect-free surface.

All crystals were examined with a Rigaku-Denki Lang
camera using MoK« radiation. A Dunlee commercial x-ray tube served as
the source. The focal spot was viewed "end on". The source to crystal
distance was increased to 50-60 cm by means of a brass tube, The hori-
zontal divergence was fixe ! at 90 seconds and the vertical at 1° by
means of fine slits. The resulting horizontal and vertical resolutions
were 1 4 and 8 u respectively. Preliminary exposures were made on Kodak
No Screen X-ray Film, All the final topographs in this work were re-~
corded on Kodak Type M X-ray Films, Total exposure times ranged from 2
to 10 hours depending on scan length, thickness, and orientation,

The double crystal spectrometer utilized in the program
was assembled by combining a standard Picker x-ray diffractometer with a
Rigdku Denki Lang Camera. The first crystal was a nearly perfect sili~
con crystal provided by the Dow Chemical Company. The dislocatien
density by etch pit count was no more than a few hundred per cm®, The
crystal was cut and polished and finally at least 0.1 mm of the surface
was removed by chemical means, The major face was (111). The second
crystal was always the sample crystal and was mounted on a goniometer
head contained on the Lang camera. The latter instrument was capable
of measiiring directly to 1 second of arc. The spectrometer was always
operated in the parallel arrangement{16) and utilized the (333) reflec-
tion from silicon and the (00¢12) reflection from ruby and sapphire,
The latter was chosen because the growth morphology provided a large
area (N0+1) fice on both flux and hydrothermal crystals. This natural
face was highly flat and free from any surface damage. The crystals
were not polished or etched because surface damage is rather difficult
to remove,

The radiation used was CuKy . Soller slits and plain
slits were incorporated to limii the horizontal and vertical divergence
to 1° and 2° respectively. The axes of rotation of both crystals were
vertical., Two slits were used in front of the second crystal at differ-
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* Crystal Quality (Continued)

ent times, 1In One case a 1 mm x 1 mm aperture was employed and in the

. other a 1 mm x 0.2 mm slit, The distance between crystals was approx~
imately 40 cm, Radiation was detected with a scintillation counter {
incorporating a pulse height analyzer. The rocking curve was obtained
by rotating crystal 2 through the Bragg angle. The intensity was
_recorded at each two seconds of arc after maznually turning the crystal.
The resulting data were plotted for each crystal and the width at half
maximum intensity determined. These widths were readily reprcJducible
to a few tenths of a second.

8.3 Results and Discussion

8,3.1 Flux Grown Ruby Topography

Some confusion has existed between the designation of
planes in the morphological and true structural unit cell of o =Al203;,
Kronberg{17) has presented a valuable description of the proper rela-
tionships. In our investigations we have adhered to the use of the
hexagonal x-ray structural unit cell. The d spacings and indices have
been fally tabulated for this unit cell,(18

Encugh ev1dence has been published on flame fusion
rubies to show that typical dislocation densities are nearly always in
the range of 10- 5.106/ecm2, Grain boundaries of 1-2° are present and the
‘ crystals ave often severely strained., The fruitful application of the

; Lang method{19) requires a crystal of much lower dislocation density in
ﬁ 5 order tc prevent severe overlap of defects. Small rubies of high qual-
ity can be prepared by means of the flux growth method, Etching studies
have verified that ruby crystals with dislocation densities as low as
102/cm? could be prepared,(20) For this reason and because flux grown
1 rubies. are used as seeds for hydrothermal growth, preliminary topographic
EQ work waslrestricted to flux grown plates.

., et g

The first crystal examined was a flux grown ruby plate
with (0001) faces. The area of the face was about 1.0 x 1.5 cm and the
thickness was 0,22 mm, Preliminary microscopic examination showed very
few defects or the surface. One tiny particle of ruby adhered to the
surface of one face., This was precbably caused by sudden nucleation and
3 growth during the cooling cycle. No sign of PbFa inclusions was visible,
i This was confirmed by a latar x-ray spectograp.aic analysis which showed
% iess than 0.25% Pb in the entire plate. The use of crossed polarizers
E? in a2 view rarallel to the op:'ic axis showed no evidence of strain or

P grai misorientation, The crystal was thoroughly cleaned in HNOj; before 1
3 all tests and x-ray topographs were taken with the (0001) natural faces
intact. Figure 25 is a photograph of the crystal and shows the orienta~
tion of the a axis. The ¢ axis or [0001] is perpeniicular to_the plane
% of the figure, The bounding faces are planes of the type (0112), (1120)
( and (1)14) Figure 26 is the x-ray topograph of the crystal taken from
t theﬂllzo)planes which were vertical during the exposure. Some of the

g
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Figure 25, Photograph of Flux Ruby Plate, *
Orientation of a Axes Shown Above, 7 x
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Figure 26, Xe-ray Topograph of Flux Ruby Plate,
Diffraction from (1120), 7 x
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tiny defects could be attributed to surface marks but others are appar-
ently dislocations running frorm the front surface to the back. It is
interesting that at the exact point of attacament of the small crystal.
lite, there is only a slight defect on the topograph and it is sinilar
to other surface damage. A possible small angle grain boundary runs
vertically from the bottom of the photograph to join a boundary along
the a; axis. The included angle of the two is very close to 150°, Simi.
lar boundaries run along the top of the photograph and upper right-hand
corner with no evident relation to the crystal axes, Within each area
there is a profuse band structure. The bands in the left grain are
parallel to the a; axis while those in the center grain all run perpen~
dicular to the aj axis. The lighter areas of the topograph are from
portions of the crystal which were not in diffracting position during
the exposure.

In order to determine whether a strain was introduced
from the mounting procedure, the crystal was removed and remounted in
an entirely different manner, At the same time the crystal was rotatad
30° in a clockwise direction from Figure 26 and the topograph was taken
from the (0330) planes. Figure 27 gives the resalts and now shows the
band structure of the central grain of Figure 26 to be horizontal, A
portion of the same grain boundary is also in view. The scan iength of
the crystal was limited to about 2 mm for Figure 27, The remainder of
the crystal was out of diffracting position, Further rotations and re-
mounting of the crystals were made at 60°, 90°, and 120° in a clockwise
direction to Figure 26, Topographs were recorded from (1120) and (0330)
planes alternately. In all cases the same general features of the
banding were obtained. For (1120) planes the complete area of the cry-
stal could be recorded on the topographs. For (0330) planes only only
2 mm of the crystal could be scanned under the same experimental con-
ditions, This may arise from a slight bend about the a axis plus the
differences in Bragg angles for (1120) and (0370) planes,

A compilation of the principal ?i ocation systems in
corundum has been given by Scheuplein and Gibbs, Under the condi-
tions of flux growth the temperatures do not exceed 1200-1300°C., The
most likely dislocation system is basal slip with (00C1l) as the slip
plane and Burgers vector equal to 1/3 [1120]. The prismatic slip sys-
tem is apparently only activated at temperatures greater than 1600°C,

A special rtudy of flux grown rubies has been made by Janowski, Stofel,
and Chase, They gave etching evidence of the effects of entrapped
flux and twin boundaries, The latter are 180° rotation type twins
about {0001). The most frequent composition plane is (1120) with (1010)
as an alternative. From the preceeding data we can arrive at a tenta-
tive explanation of the banding observed on Figure 26 srnd Figure 27,

The general absence of birefringence suggests that large strain fields
and their asscciation with twin boundaries are unlikely. Back raflec-
tion x-ray photographs also provide no evidence of extensive twin
boundaries., The fact that the bands are parallel to the nztural growth
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Figure 27, X-ray Topsgrap. of Ruby Plate, Diffraction from
(0330), Crystal Rotated 40° Clockwise from Fig, 26, 7 x
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Crystal Quality (Continued)

faces is possibly because of impurity precipitation and microstrain,

The likely impurities are either PbF; flux or Cr;03 although beth must
be on a scale not readily observable at 250 x microscopically, The
resultant strains must also be slight and not evident with crossed
polarizers, The more powerful x-ray method readily records such defects.

In order to gain more information of the caise of the
banding, the crystal plate was annealed in a platinum container for 70
hours at 1400°C, At this point the container was removed from the fur-
nace and allowed to cool to room temperature,_ A new x~ray tcpograph (Fig,28)
was then taken utilizing diffraction from (1120) planes., The orienta~
tion of the crystal was exactly the same as Figure 26, The striking
disappearance of all banding is immediately noticeabie. In place of the
bands a fine particle scructure covers the entire crystal. A faint but
noticeable outline of major grain bourndaries has persisted. Many of the
particles appear to be dislocation lines with their directions parallel
to the (1120) planes. Figure 29 is a topograph_of the same crystal
rotated 30° clockwise with diffraction frou (0330) planes. The same
defects are present and again the majority run in a direction parallel
to the diffracting planes. In both x-ray topographs there jis similarity
to effects noticed microscopically on decorat?g srystals. Dislocations
in A1303 have been decorated by means of ZrO: 3} and many_straight seg-
ments of dislocation lines have been found parallel to <1120>, There is
no reason why PbFa or PbO could not act in a similar manner. Ultrami-
croscopic techniques were not used on the annealed crystal to confirm
this reasoning.

The next crystal to be examined was a cut from a large
flux grown ruby, This crystal had the plate_morphology but measured
about 5 mm along [0001]. The (0112) and (1014) planes were highly -
developed. A cut was made parallel to [0001] and perpendicular to [2130],
The large faces were planes of {112Q} type. The thickness of the crystal
after rechanical and chemical polishing was 0.4 mm, A photograph of the
crystal is given in Figure_30, Figure 31 shows the x-ray topograph of
the crystal taken from (0330) planes which are now vertical. One_again
notices the banding with the lines almost exactly parallel to (0112)
planes. At the bottom of the topograph .hey intersect the (0CJl) surface
but near the top they meet some dislocations or boundaries which run
horizontally across the crystal. _The crystal was now rotated in its own
plane to get diffraction from (0112) planes. The resulting <opograph is
giver in Figure 32 where the (0112) planes are oriented vertically. The
same banding appears with lines now in a vertical direction, However a
new feature is prominent across the top right area of the topograph.
These are a few wide Pendellosung fringes which show a slight bending
in the naighborhood of intersecting line defects, The fringes arose
from : natural beveling of the crystal in that region during the chemical
polishing. The angle of the bevel was approximately 30°, Figure 33 is
a topngraph of the same crystal after a not counter-clockwise rotation of
about 92° to bring the (1014) planes into diffracting position. The latter
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Fijure 28, Xaray Topograph of Annealed Ruby Plate
Diffraction from (1120}, Same Orientation as
Fig, 26, Compare, 25 x
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Figure 29,
Diffraction

Xeray Toé_ograph of Annealed Rub
from (0330), Same Orientation

Fig, 27, Compare, 25 x
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Figure 30, Photograph of Cut Crystal from S mx Thicx
Flax Ruby Plate, One a Axis is lerpendicular to the
Plane of the Page, 14 x
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igure 31, X-ray Topugraph of Crystal from
¥ig, 30, Diffraction from (0330), 14 x
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) Figure 32, X-ray Topograph of Crystal from
; Fig, 30, Diffraction from (0112), 14 x
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Figure 33, X-ray Topcgraph of Crystal from Fig, 30,
Diffraction from (1014), Rotated 92° Counterclockwise

from Fig, 32, 10 x
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planes are vertical in the photograpk., It may be noticcd that the area
which contained the banded structure in Figure 32 now shows the same
area completely free of any defects. At least six Pendell8sung fringes
are visible on the left side, All of them bend sharply arcund a major
linear defect. The change of contrast for the banded area in Figure 32
after the rotation, must have been caused by a change in orientation of
the Burgers vector b of the defect with respect to the diffracting
planes. Maximum contrast (Figure 32) is usually obtained when b is nor-
mal to the diffracting planes. Little or no contrast (Figure 33) is
seell when b is parallel to the diffracting planes, With this criteria
in mind we see that Burgers vector of the banded lefect may closely
parallel the (1014) planes. Such a Burgers vector has apparently not
been observed or reported yet,

It is significant from Figure 32 that the crystal con~
tains some defects which do not intersect the basal planes. This may
partially explain the fact that etchants used only on the basal planes
consistently show very low (<10) dislocation contents fox flux grown
ruby,

8.3.2 Flux Ruby and Sapphire Topography

Several crystals of flux ruby were obtained which had a
visible gradient of doping level. These crystals had a lath-like habit
and were colorless at the outer edges with deeper shadings of pink to~
wards the nucleation center, It was believed that an xeray topographic
scan of the crystal ought to show some correlation with the color. Fig-
ure 24 is the actual Lang transmission topograph of a 0,45 mm thick
flux ruby plate. The colorless portion of the crystal occurred near
the left and bottom of the photograph. The most heavily banded and flux
included area near the center corresponded to large and sharp color
changes. The x-ray topograph was taken by diffraction from (1120) planes
which are vertical on the figure. The c-axis is perpendicular to the
plane of the page. In all topographs the parallel bands were primarily
found to occur along the morphological growih faces, However, some pre~
cipitates were found in random directiomns.

The preceding results were quite encouraging and of-
fered some direct confirmation that chromium must be the dominating
source of banded imperfections. To further substantiate the data it
was necessary to examine some samples of sapphire. This material which
is free from any added chromium was also grown from PbF:;-PbO flux, It
has the same growth morphology as the ruby, Figure 35 is again an
x-ray transmission topograph of a 0.75 mm thick sapphire plate crystal.
The (1120) planes were used for diffraction. The top of the photograph
shows a heavily defective region consisting of many intersecting dis-
location _ines, This region was probably attached to the wall of the
container or to another crystal. Near the center of the topograph are
three parallel hooked lines. These as well as the defects uider them
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Figure 34, X-ray Topograph of Flux Grown Ruby Plate
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X-ray Topograph of Flux Grown Sapphire Plate

Fgure 35,
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arose froaz visible lines of included flux, Only a few extended lines
are evident as defects and these came frow growth steps on the (0001)
faces, Some were as thick as 25 g, It may be noticed thet there is

a decided absence of paraliol bands as found in the case of ruby,
Figure 36 is a topograph of the same crystal after a net rotation or
30° in a clockwise direction, The (0330) planes were now used for dif-
fraction and are vertical., The vertical linca at the left are from
growth ridges on the exit side of the crystal and x-ray beam., Again
the darker lines in the center are from visibie thin liucs of included
flux, It is remarkable that no dislocation lines or fractures emanate
from this flux! The iopd of the crystal shows some inclusions and dis-
location lines, No evidence was found for those defects which are
characteristic of ruby,

Several other crystals of sapphire were examined in
order to confirm the above icsults, The thickness of the crystal along
the ¢ axis is soaetimes indicative of the quality., Thuc an equidimen-
sional crystal more often was one which ccntained fewer bands in the
case of ruby, Since the same situation may hold far sapphire, a vory
thin and a very thick crystal were taken in turn. Figuire 37 is the
transmission x-ray topograph irom a 0,2 mm flux grown sappbirg plate.
The total area of the plate on the {G3O01) face was about 3 cm
photoyraph shows only a portion of this area niecar the center of the
sanple but the remainder of the crystal was typically the same, The
only defects prezent were tiny precipitates, one small angle grain
boundary, and numerous point-like defects., The latter are probably
sites of nucleation for other growing crystallites which never attained
a measurable volume, An ordinary flux growth of sapphire contains
many branched and interleafed plates difficult to separate without frac-
turing, An area of 3 czZ for a thickness of 0.2 um is not commonly
found, It can be noticed th-* the crystal is coapletely free of any
banded svbstructure, This was .:zue of the total area of the plate.

A sample of sapphirc was now chosen to be relatively
thick, By t.ick is wmeant & =ample where it is still possible to use
the Lang transmission wethod, Ideaiiy the value of ut should be equal
to unity for extinction contrast (g = linear avscrontion coefficient
for x-rays, t = sample thirkno:s). For sapphire using Mok radiation,
the valum of 1 is 13.4 c¢ * and t should be close to 0.75 mm, Values
of t greater than this can be utiliszed if the perfection of the crystal
is very good. For our prczent "thick" crystal ths ¢ axis diwension was
1,75 n= and ut had a value of 2,3%. Figurg 38 is the resulting x-ray
topograph obtained by dilfraction from {(112)), Sowe wide bands are
evident which in this case mast be atridbuted to cryvatal strain intro-
duced by the flux alone. It wust be added that the cry:=ial was opti-
cally very perfect and free of vigible internal defects. The (J001)
surface contained a few growth ridges but these were also visidble in
addition to the wider bands. The latter may have deen caused by flux
inclusioxs or strain which was confinred to a limited volume, They
secn to hear no relation to a principle growth direction of the crystal.
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Figure 36, Xe-ray Topograph of Sase Crystal of Ssapphire,

Diffraction fron (03%), 0 x
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Crystal Quality (Continued

The crystal thickness was at least 5-10 times that of other sapphire
and ruby crystals examined in this laboratory. Undoubtedly the width
of the defective areas was governed by the exact angle between the dif-
fracting planes and principal growth directions, To illustrate this

the crystal of Figure 36 was rotated 30° clockwise to obtain diffraction
for (0330) planes. The bands are now very diffuse as illustrated in
Figure 39, From the x~ray topographic results it may be inferred that
the sapphire crystals are approaching the ideally perfect crystal. In ;
no case can we detect many dislocation lines except where the crystal ;
has cbviously been damaged. 5

8.3.3 Hydrothermaily Grown Ruby

Initially the growth of hydrothermal ruby was performed
on flame fusion seeds. It was soon apparent that flux grown ruby would
provide a higher quality seed material. While the size of flux ruby was
nct too large, a sufficient quantity could be made without any flux ine-
clusions, Many of the preliminary hydrothermal runs gave crystals with
severe cracking, inclusions, bubbles, and other visible defects. It was
useless to examine these by the Lang method, Some runs did provide an
overgrowth on the seed covering an area of 1-2 ca? with a thickness of
1-3 um, The general freedom of visible defects in these crystals sug-
gested that they would be worthwhile to examine by x-ray topographic
methods. The morphology of the hydrothermal crystals followed that of
the flux seed very closely. Thus the major faces of the crystals were
(0001) and the bounding planes were of (0112), (1120) and (1014) type.
All of these did not grow at the same rate and even differences \rere
noted in the growth rates along [0001] and [OOOT}.

Figure 40 is an x-ray topograph of a ruby crystal which
was cut parallel to the ¢ axis and parallel to an a axis. In the figure
the ¢ axis is vertical and the a axis is horizontal, The dimensicns
were 12 mm along a and 2 mm along c. The_thickness was 0.27 mm, The
crystal was oriented to diffract from (1120) planes which are als: vert-
ical. The topograph shows only diffraction from the hydrothermaily
grown portion., The seed crystal was entirely out of diffracting posi-
tion, Obviously the growth was not strictly expitaxial on a nicro scale.
A partial rotation of the overgrowth about {0001) wust have occurred in
the early stages of growth, The angle of rotation was not measured but
could be as small as 2 to 3 minutes. The presence of many dislocation
lines was indicated near the surface of the seed. It can alsc be not-
iced that the density of these defects becomes less as the crystal grows .
in thickness. Probably many of the dislocations have grown out of the
crystal after a poor initial fite,

Figure 41 is the topograph of the same crystal, A net
rotation of 30° counterclockwise was made in the plane of the cry:tal.
The diffracting planes were (1123) and they run verticaliy. Again the
dislocation content seems to be high at the seed-overgrowth interface.
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X-ray Topograph of 1,75 oz Sapphire

Figure 9,
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Figure 40, X-ray Topograph of Hydrothermal Growth of
Ruby on a Flux Seed, Diifraction from (1120), 4 x
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Figure 41,

Rotated 30° Counterclockwise, Diffraction from (1123), 14 x

X-ray Topograph of Same Crystal in Fig, 40,
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Crystal Quality (Continued)

A progressive diminishing of defects occurs through the hydrothermally
grown material, A compaiison of similar areas of Figure 40 and Figure
41 also shows a change of contrast in many of *he dislocation lines.

In both topographs the defects in the hydrothermal portion run para-
1lel to [0001]. These may be dislocations of a screw type. The extent
of growth along [0001] and [0001] is seen to be unequal, Figure 42 is
a topograph taken after rotating the crystal 42° counterclockwise from

Figure 40. The diffracting planes were (1126), No new features were
found,

Another hydrothermally grown ruby was obtained which
had growth over a total area of about 10 cm? on (0001), Furthermore,
the growth along [0001] and [0001] was 4 mm in each direction., Although
the seed and the overgrowth contained several cracks, most of these had
not propagated through the entire crystal. A large section could be cut
and mechanically polished without complete fracture into many small
pieces, The crystal was cut with the major faces parallel to the a and
c axes, The (1120) planes were used for recording the topographs. For
this crystal it was impossible to utilize any final chemical polishing
because the high temperatures required would certainly fragment both
the seed and the hy rothermally grown areas, Fortunately the few pol-
ishing suxface scratches which remain can be readily distinguished from
bulk defucts in the crystal.

Figure 43isaphotomicrograph of the crystal taken by
means of transmitted light. The bottom portion of the photograph shows
two cracks. The one on the left is contained in btoth the seed and the
hydrothermal overgrowth, It was not possible to tell where the crack
initiated. The crack at the bottom right is only in the hydrothermally
grown material. The outline of the seed is clearly visible and it also
contains a crack running horizontally across the figure. The top half
of the crystal is completely free of cracks and shows only some damage
close to the surface. A few polishing marks were also visible on the
crystal but do not show up clearly oa the print.

Figure 44 is a composite of the x-ray topographs of the
same areas, It is remarkable that the topograph could be obtained from
areas on both sides of a crack. The reason must lie in the fact that
the two halves across the crack are still in near perfect registry. Any
estimate of the misorientation must be less than about 20 seconds of arc,
The area between the two major cracks was Free of vigible cracks but so
severely strained and of such high x~ray contrast that the topograph was
cowpletely black., The same thing is true at the cracks themselves, The
strain and dislccation content dvop ff rapidly as you proceed away fiom
the cracks. The top half of the nrystal (Figure 43) is coumpletely free
of visible cracks. However, on the topograph (Figure 44, top) we seo
areas of vory great strain and high dislocation content siwmilar te chose
in the local vicinity of cracks. We must be viewing a situation immedi-
ately prioi to the onset of visible fracture, It is also of interest
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Figure 42, Xe-rar Topograph of (rystal from Fig, 40,
Rotated 42° Counterclockwise, Diffraztilor frem (1126}, 25 x
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Figure 43, Composite Photomicrograph
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X-ray Topograph of Same Area Shown in Fig, 43

Figure 44,
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that a large number of dislocations propagate from the surface of the
seed. Again it waz found that these secem to grow fewer in number as
hydrothermal growth continues. No conclusive evidence has been found
that shows dislocatiecns emanating from the seed and continuing into
the overgrown crystal,

8,3,4 Line Widths

Measurements were performed on various thicknesses of
flux grown sapphire and raby. The hydrnthermal ruby was a crystal
which was cut perpendicular to (0001). The (C001) and (0001) natura.
faces werz examined with no essential differcence in perfection, Table
XLII is a summary of results. Under the experimental conditions the
flux ruby and sapphire are reflecting as almost perfect crystals with
no angular misorientations. Since this was found on many different
samples of quit r?ndon growth runs, the evidence is certainly con-
clusive. Birks!15 reported data on one flux ruby and under his condi-
tions the misorientation was estimated to be as high as 10 seconds of
arc for a local area., No information was given in relation to the
source of the crys+al and the growth conditions. Turning now to our
hydrothermal ruby it is estimated that after corresting for dispersion
due to the unequal spacings of the silicon and ruby crystals, a total
misorientation of 8-10 seconds is presenz: A similar result f?und
for Czochralski ruby in an early report. 14) The data of Birks'lS
indicate that his Czochralski ruby was perfect.

Our current werk complements and substantiates all of
our previous Lang x-ray topographic results., Both flux ruby and sap-
phire are zlmost completely free of any dislocations. They still retain
gsome small impuritiss that segregate along faster growing planes. The
(00+12) are the slcwest growing and therefore may contain the least
strain of usll. This lezds to the almost perfect crystals when these
plaies are exawined. Botn the Lang and line width data indicatc that
hydrotherral ruby must be growing under conditions where -~mall residual
struins are readily incorpoirated into the crystal. Al the present time
it-is doubtful that the sirain ar:zes froz a thermal origin or a pro-
pagation of defects from the seed crysis', The strain can apparently
"grow out' as nrystal growth proceeds along [0001]., However the resid-
usl aisorientation found in crystals may indicate that the diminution
of strain was not camplete, The results may point to an impurity
incorporatad in 2ne growing crystal in addition to the Cr+3 substituted

in the A130; latfice.

T 8.3.5 inf%a;eé Topography
| The presance of hydroger bonded O™ in hy othernal%y

grown quartz has been detect.d and studied in recent years. 24,25,26

Thes: obssrvations have prompted a preliminary study of hydrothermal
ruby by means of infrared absorpiion spectra and x-ray topography.




Sample
Flux Ruby

Flux Ruby

Flux Ruby

Flux Sapphire

Flux Sapphire

Flux Sapphire

Hydrothermal Ruby

a
b

-1 mom x 2
el mm x1

mm aperiure

TABLE XL1I

Double Crystal Sg!gttoncior Lige widggs

Thickness along Width,2
ip om W, iu sec,
0.6 6.1
Lol 6.5
4.9 5.4
0.2 8.6
1.7 5.5
3.0 -
3.0 -

plus 10 mm x .1 mm aperture

mm aperture in front of crystal 2
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width,P
W, in sec,

9.6
7.0

10.0

16,4
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Crystal lity (Continued

Figure 45A is an infrared scan of a 5,0 mm thick piece

of flux grown ruby. The scan was obtained on a Perkin-Elmer Model 337
Grating Spectrophotometer. The spectrum covers the 1500~4000 en~l re-
gion., Flux grown ruby was chosen because it was normally the seed
material for subsequent hydrothermal growth, It can easily be recognized
that rub¥ is highly transparent t¢ infrared radiation from 1700 to

The very high abscorbance cowmencing near 1700 em~! ic due to
the Al-O sttetchinq frequency and lattice absorption.

Figure 45B is an identically recsorded scan of a clear
piece of hydrothermally grown ruby, (A1203:0,03 wt, % Cr), The thick-
ness of the sample was 2,1 mm, This sample was grown in K:CO3; soluticn
at 450°C and 1330 aim pressure. The sample was of very high quality
and free of all cracks and microscopic inclusions., The presenc: of
several absorption bands in the 31002600 cm-1 region is immediately
noticeable. The region from 2940-3660 cm~l is generally characteristic
of O+H atretching frequencies, Bands which fall in this region =ay be
attributed to the presence of water in the free absorbed or comwbined
state (as (H"), A compilation of the principal infrared bands of vari-
ous alyminas has been presented by Newsome, {27} A recent study of
Dorsey 28) yas also helpful, Takle XLIII presents a summary fron these
sources. From the spectra of Figure 45 there appears to be a deinite
mixture of bands of the trihydrate and monohydrate type in the hydroe-
thermal ruby. No single phase as an impurity was capable of giving the
observed spectrum, The estimated impurity content was 10-1000 ppm. It
was also significant that bands characteristic of the diaspore phase
were absent, This phase is one in equilibrium with Al20; at slightly
lower teaperatures and pressures than were used in the growth runi. One
®ay also inquire about possibl? incorporation of 003~ into the cristal.
The principal absorption bands!29) of CO;~ are located at 1410-14%0 cm-1l
and 850-880 cnf'l, While there is no question of overlap with OH stretch
bands, the strong Al-O stretch a: 750 ca~l and the onset of lattice
absorption near 1300 ex~1 prevents a ready answer, Likewise the C-H
bending vibrations in the 375-1150 cm~l region were not observed for
these thick crystals,

In the case of hydrothermally grown quartz it was pos-
sible to lower the Ha0 content significantly by using LiNO3 as a
dopant.(s) Such a run was also made by adding LiNO; in hydrothermilly
grown ruby. The HzO content was not eliminated although it did aprear
to be lower. The absorption spectrum of the 4.5 mm thick crystal is
given in Figure 45C. While the same bands appeared in this crystal, it
was found that the relative intensities changed slightly. Different
thicknesses of crystals were used in both cases and independent quan-
titative zeasurements of hydrate contents were not made, However, :t
is very unlikely that the same impurity (Li*) behaves similarly in two
different growth systons. 7The preferential absorption of an impurity
is highly dependent on structural details, Al;05 and quartz are quite
different in structure type and should not respond identically. Never-
theless, the principle is general and some impurity absorption could
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Infrar OH Stret

Phase

Alpha Trihydrate
(Hydrargillite, Gibbsite)

Beta Trihydrate (Bayerite)
Alpha Monohydrate (Boehmite)
Beta Monohydrate (Diaspore)

Tohdite (5A1303+H30)

Ays, very strong; s, strong; m, medium

TABLE XLI1I

Data for drated Aluminas

~148«

Wave Number (cm'l) and
Relative Intensity®

.7(m), 3514(s), 3428(vs), 3378(m),
3361(s)

3536(m), 3519(w). 3454(m), 3400(m)
3263(s), 3080(s)
2924(vs), 2342(m), 2114(m), 19c4(m)

3240(s)
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Crystal Quality (Contiuu~d}

also force the rejection of hydraisd species in Al30;,

An x-ray topograph of a piece of hydrothermally grown
ruby is given in Figure 46. This topograph was oitained by transmission
via the Lang techﬂique.(lg) The surface damage causea v cutting and
peiishing operations was removed by a chemical nolish in a i+7-PbF3
eutectic. The crystal thickness was 0,6 mm and the image was re.cvded
on an Ilford Muclear Plate with MoK« radiation. Diffraction was frow
(1120) planes which run vertical in the figure. The growth was directed
along {00C1] which is also vertical and proceeded from bottom to top.
The first horizontal line at A is the seed growth interface. A flux
grown ruby was the seed and its perfeciion was such that defects were
aimost completely absent. The propagation of dislocations from the seed
was consequently hindered and this was ronfirmed by the topograph, Re-
tween A.and B the defects were rather few and random even though they
were microscopically visible inclusions. 3etween regions B and C several
horizontal lines of intense blackening were found, From region B many
dislocations emanate and are found in nearly parallel groups along or at
a slight angle to (000l), Between regions D and E a much more defective
horizontal band occurs. Groups of dislocations were again found to pro~
gress towards the surf: - In regions E and F several light horizontal
lines were evident and ..uar the surface ncne were observed, While it
was highly nrobable that the dete. 3 were located on the sicwest growing
basal plares, there was no obvious coirelatior with Or*3 fiuctuations,
The most iikely cause of the hari~anta. bands of defects is a temperature
excursion, The growth rate along [OOGﬂ was 0,13 mm/day. The wide band
between D aud E covers a period of four days growth, A daily record of
temperature showed no large deviations from isothermail conditicas, Thus
some propagation o defects probably occurs after initiation through
temperature deviations of a short time duration,

In order to determine whether the mest defective regions
of the crystal we~e asscciated with any ci the hydrated 4120: spocies,
further infrared data were ot*tair2d., A highly polished slice o ruby
adjacent to that used for the toparaph was examined over selected arcas
with an infrared beam condenser, The size of the infrared beam was 1 mnx
4 mm in area. The 1 mm width of the beam was directed aiong tie 4 anm
width of the crystal, The latter corresponded :n the vertical Jirect-
tion in Figure 46. Seven overlapping irfrared :cans were taken in tlhe
2000-4000 cn~l region., The results are presented in Figure 47A.G,
Spectrum 47A was taken froz the seed area and was coupletely free of
hydrated imparities., Spectra 478 and 47C were from lightly defective
areas of Figure 46. Both types of hydrates were preseit fi~ce most of
the bands of Table XLIII occur. Spectrum 47D was from the area of
Figure 46 which partially included the widest defactive growth. Soae
intensity changes have occurred but the same infrared bands were found.
Spectrum 47E was from the portion of the crystal containing the wost
defects. The very intense bands are now at 318G en~l and 2% em~l,
These “ands are characteristic of a monohycdrate species. The trihydrate
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Figure 46, Lang x-ray iransmission topograph of hydrothermal
L ruby, [0001] vertical, diffractior from (1120)
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4000 3500 | 3000
. FREQUENCY (CM )

Figure 47, Infrared spectra of the regions A to G indicated
on Fig, 46, beam directed along [1100], 0,6 mm thick, The
spectra were shifted along the ordinate for clarity,
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Crystal alit Continued

type bands found at 334C-3600 em-1l were drastically reduced in inten-
sity. Spectra 47F and 47G were obtained from lightly defective areas
near the end of growth. The bands at 318C and 3230 cm~l are now the
only ones of strong intensity. The region from 3260 to 3600 cm~l was
nearly free of any significant absorption. These initial results
indicated that extensive changes in the type or amount of hydrated
impurity can be associated with grown-in defects of hydrothermal ruby.

The presence of hydrated Al203 and crystal defectes may
have some relation to the ease of fracture of hydrothermal ruby.
Stress concentrations can be produced from either a Griffith crack or a
piled up group of dislocations. 30) The former may be connected with
the visible microscopic inclusions observed in some cases. The barriers
necessary for a piled group may be formed by defects at the horizontal
bands on the topograph, Dislocations both end and start at these re-~
gions., A6Observations by other workers are alsc pertinent., Wachtman and
Maxwell{31l) found that the modulus of rupture of sapphire was at a mini-~
mum in the temperature range 400-600°C, The value for bent 0° rcds was
also the lowest, Hydrothermal ruby is gr?wn around 450°C and the basal
planes are the large area faces., Charles 32) has studied the effects
of the test atmosphere on the strength of bent sapphire rods. At 240°C
the failure stress in tension was measured. When saturated water vapor
was used the stresses were about half those when dry nitrogen was used
as the surrounding atmosphere. Since surface water may lead to flaw
growth, internal hydrates could act in a similar manner. The presence
of hydrates may also affect other mechanical measurements on hydrother-
mal ruby such as internal friction, hardness, and impurity associated
properties.
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9.0 CONCLUSIONS

New autoclaves with a 3 inch internal diameter were designed by
Airtron and fabricated by Autoclave Engineers. The performance of
these autoclaves was good throughout the contract period. With the
longer autoclaves the seal temperature was effectively reduced. Some
difficulties resulted from heat losses out of the top section. A non
uniform temperature distribution was found and large amounts of spon~
taneously nucleated crystals grew in the cooler part of the silver can.

Shorter autoclaves with the seal ati higher temperatures were the
best systems for ruby growth, Stringent requirements were placed on
the seal preparation and assembly, However a good technique was devel-
oped for sealing short autoclaves. Any stress or corrosion cracking
was eliminated by proper seals and efficient leak testing of the silver
cans.,

Several alternate nutrients were acquired and tested as substitutes
for scrap flame fusion ruby, The most suitable form was a sintered
pellet of Al203; with the required amount of Crz03. The introduction of
additional impurities during mamfacture was a persistent problem., Pro-~
per care and guality control can overcome this deficiency. Commercial
suppliers were located.

Ruby crystals have been grown large enough to extract 1/4 inch
diameter x 3 inch long rods, The best se2d crystals were those obtained
from ruby grown via the flux method. These seeds were almost free of
any defects which may propagate to the hydrothermal ruby. Some of “he
hydrothermally grown crystals weighed approximately one pound, The best
experimental conditions for moderate growth rates were 475 - 500°C, an
average pressure of 27 x 103 psi, a gradient of 20-.40°C, and a 1.75
molal KaCO3; solvent. Ov>r growth periods of 20-70 days, the average
rates were 10-20 mils/day along the c-axis.

All hydrothermally grown crystals we.se subject to certain growth
flaws called veils., Different runs possessed these in either small
or large densities. The principal cause of veiling was thought to
arise from the actual growth corditions in the autoclave, The form
of the nutrient, slight amounts of impurities, and seed quality had
no large influence on the density of veils.

Infrared examination of hydrothermal ruby has revealed the pre-
sence of hydroxyl ions or water chewically bonded to the aluminum.
X-ray topography has been utilized to associate physical defects with
chemical changes of structure. No direct évidence was obtained to
associate these changes with the presence 6r initiation of veiling.
It is believed that certain ions may inhibit the amount of water im-
purity in the crystals,

Both x-ray line widthe and x-ray topography have prcved that

hydrothermal ruby can be grown very perfectly. The residual defects
were veils, dislocations, and areas of severe strain. The latter
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Conclusions (Continued)

were generally associated with visible cracks or fracture,

The esti-

mated dislocation density in good areas of crystal was 102-i0 /cnz.
Misorientations as low as 8 seconds of arc were measured i:i saveral
crystals, This quality is couwparable to Czochralski grown ruby and

much better than Verneuil,

=154~




R11=535

10,0 RECOMMENDATIONS

From the knowledge and experience obte ined duriag this phase of
the contract, the hydrothermal growth of large perfect ruby crystals
was shown to be feasible. Several difficult proolem areas remained.
The following recommendations are presenied to assist in future plans
to manufacture crystals.

1. The many problems arising from the use of large diameter
cans and autoclaves should be investiguied and eliminated. Vessels of
1.5 inch diameter should be the maximvm size for meanirgful prelimine-

ary experiments.

2. Methods should be deveioped to monitor the temperatures
inside the silver can, If this is too di’ficult then temperatures
should be monitored in the annular space between the silver can and
the vessel,

3. The causes of veiling and their elimination in hydroihermal
ruby should be a primary concern. Mineralizers other than K3C0; and
specific additives should be tried. The nature of the transporting
species should be determinecd oy chemical and physical means,

4., A detai'ed process should de developed for producing a
suitable synthetic urtrient of high purity in large amounts. The
assistance of commercial suppliers should be utilized uncer an incen-
tive plan,

S. The performance of hydrothermally grown ruby as a laser
crystal should be investigated more thoroughly. A test program
should be undertaken to compare optical properties of ruby crystals
obtained by the different growth methods.

6. The technology developed under the program should be
applied to crystals which cannot be grown by other methods.

«155-

iy bl
e 2

g et

oL s,




11.0 RBFERBNCES

1.

2.

3.

4.

5.

9.

10,

11,

12,

13,

14,

15,

J N it

R, R, Monchamp, R, C, Puttbach, and J, W, Nielsen,
"Hydrothermal Growth of Large Ruby Single Crystals -
Phase I", Final Technical Report APML-TR-65-369,
October, 1965,

K. R, Janowski, B, J, Stofel and A, B, Chase,
Report No, TDR-469(9250-01)-1, Contract No. ARD4(695)-469,
August 28, 1964,

R. R, Monchamp, R, C, Puttbach, and J, W, Nielsen,
J. Blectrochem, Soc, 113, 1233 (1966),

Robert C. Linares, J. Phys. Chem. Solids 2¢&, 1817
(1965).

A, A, Ballman and R, A, Laudise, Appl. Phys, Letters
8, 53 (1966).

B, S, Dana, A Textbook of Mineralegy, (John Wiley and
‘ons, Inc., New York, 1932) 4th Bdition, p. 48i.

R. L, Barns, Proceedings of Technical Confexence on
Metallurgy of Advan% Electronic Materials,

G. B, Brock, Bditor,(Interscience, New York, 1962),
G. W, Dueker, C. M. Kellington, M. Katzmann, and
J. G. Atwood, Appl. Optics 4, 109 (1965).

K. R, Janowski and H, Conrad, Trans. Metall. Soc.
A.IM.E, 220, 717 (1964).

J. P, Remeika, J. Am., Chem. Scc. 78, 4259 (1956).
R. C, Linares, J. Appl. Phys, 33, 1747 (1962).

"Czochralski Ruby" K Co~tract No. Nonr-4132(00),
Union Carbide Corp., Linde Division, July 8, 1964,

A, B, Paladino and B, D, Roiter, J. Am. Ceram. Soc.
47, 465 (1964); R. A, Laudise and A. A, Ballman,
J. An, Ceram. Soc. 80, 2655 (1958).

D. ¥, Nelson ard J. P, Rewmeika, J. Appl. Phys. 35, 322
(1964).

"Czochralski Ruby", Contract NONR 4132(00), Linde Division,
Union Cardbide Corp., January 22, 196S.

L, S. Birks, J. W, Hurley, and W, B, Swgeney,
J. Appl. Phys. 36, 3562 {196S5).




e e S
-

Py

e e o o e et AR W st

a4 ek —— b

R11-535

- References (Continued)
16. A, H. Compton and S. K, Allison, X-rays in Theory and

17,
18,

19,

21,

22,

23,

24,

25,

26,

Bxperiment,(D. Van iWostrand Co., Inc., Princeton, N, J.,
1935), p. 711.

M, L. Kionberg, Acta Metall. 5, 507 (1957).
National Bureau of Standards Circular 539, 9, 3 (1960),

A, R, Lang, Acta Cryst. 12, 249 (1959);
J. Appl, Physz., 30, 1748 (1959).

D, L, Stephens and W, J, Alford, J. Am, Ceram, Soc.
47, 81 (1964).

R. Scheuplein and P, Gibbs, J, Am, Ceram. Soc.
43, 458 (1960),

K. R, Janowski, B, J., Stofel, and A, ¥, Chase,
Trans, Metall, Soc. A, I M.E, 233, 2087 (1965).

H. B, Bond and K. B, Harvey, J, Appl, Phys, 34, 440 (1963),

J C, King, D, L. Wood, D, M, Dodd, Phys., Kev, Letters 4, 10
(1960),

A, Kats, Philips Res. Rep. 17, 133 (1962),

O, M, Dodd and D, B, Fraser, J, Phys, Chem., Solids 26, 673
(19355).

J, W, hewsoue et al,, 8ditors, Alumina Properties, Technical
Paper No., 10 (Aluminum Company of America, 1960), p. 33.

G, A, Dorsey, Jr., J, Electrochem. Soc, 113, 169 (1966),

J. Lecoxpte, Hardbook of Physics, S, Fiuegqg, Fd,
(Sprirger Verlag, Derlin, 1938), L. a1,

J. Triedel, Dislocations (Pergamen, New York, 1964},
'PP. 336'33).

J, ©. Wachtman, Jr,, and L, P, Marwell, J., Az, Cerasm,
Soc. 42, 432 (19%9),

R, J, Gwrles, Fracture, B, L, Averbach, &d
(J. Wiley & Sons, New York, 195%) , p. 225,

e P o L




e o

ot prem——— T m— e AR

. —— s

Unclassified
Security Clacsification

PP30 1318

DOCUMENT CONTROL DATA - R&D

(Becurity cleseilication of titia, body of sdatract and indening annolation must e entered when tha everall report ie elvssifiod)

1. Oﬂﬂm\ﬂnc Am\lliv Corporate author) 28. REPORY SEZURITY C LABSIFICATION
rtron vision

Litt ecisi Pr 1 Unclassified
200 g‘: Engvgroxvengeduc“’ nce 28, sRoUs

Morris Plains, New Jersey !

3. REPORY TITLE

Final Report on Hydrothermal Growth of Large Ruby Crysials - Phase II

& OESCRIPTIVE NOTES (Type of report ond inchesive Setes)

Fina_].__: 2 June 1965 to 31 December 1966
8 AUTHON(S) (Last name. firet name, initisl)

Puttbach, Richard C,

Belt, Roger F,

Monchamp, Roch R,

¢ REPONT DATE 76. YOTAL NO. OF PAGRS 75. NO. OF REPFS
July 1968 157 32
Co. CONTRACT OR SRANT NO, 04. ORISINATOR'S AXPORT NUMBENS)
AF33(615)-3160 R-11-535
& PROJELY NO.
8-132 ,
e e, a"r.nw-enf WOCS) (Any ether numbers Bhat mey be oss!gred

d.
1 AVAILAOILIYV/LI‘MiTATION_NOTIC!S
’I?his document is sudject to special export controla and sach iransmittal to foreign

vernpentg or foreign natin be e 0 with prio roval of the Mam
gowturing ochmloy%ivinioﬁﬁlm Air rcengtarialg hgo:ggory, Wright-
Patterson Air Force Basse, Ohio 45433.

11 SUPPLEMENTARY NOTES

112 SPONSIRING MIi ITARY ACTIVITY

| iz Force Materials laboratory

| Manufactvring Technology Division (MATE)
?LVright—Pattoraon AFB, Ohio 45433

ABSTRALT

Pechni ues for tke vtk of pink ruby by the hydrothermai method have been studied
The principal objectives of this projscti were 10 grow crystals measuring several om
to coatrol ootical properties and ingeml qualitly, and provids acturing
data for lasur crystal production, A compiaehensive investigation was performed on
autoclave design, fabrication, and operaticn. The nutrient preparstion, actial
or;{stal grovtb{ and ghyaicu axasination of quality were alao studies in detail.
Autoclavas of 1.5-3.0" internail diamete: were designed ani fabricated for rudy

wth 8¢ autoglaves performsed as w=2ll or better than commercially avaijlabi
gggs. szgga? se:?‘ffrrg o mm, oparstional proczdures and can axtm{son mot z
ware investigated, Tne maximum temperaturs o uiporation anproached 950YC witn pras-
sures up to J x 104er' . Crowth periods as long as 36 days were attompted. Most
gommch 8 lvon} was KoCO,. ??;igniflcant edvancas in autoclave technology were made.

mxtr?ent or crygta grovwth wag genarally =crap {lame fusion rudy. An &i: ‘used
Al1203 or sintered pallets of AlpOy witi added rp03 wss under developmen:. The rosid
duai problems were proper purity and adequate densificztion. These can de overcome
by exsctiing preparative methods and were mosily a mattsr of economical availability)
Crystals of ruby wer¢ grown as largo as 2 x § 10 co, During this t.ae the growth
rate along ‘he c-axis averagel about 1-20 mils/day. Zaay of the c¢rystals grown
hyirothermally contained visible fiowe calied veila. The yrincipal causes of veils
wergs thouxht to be associatsd with uigh growih ratesg, ::gper?tum °f- presgure fluc-
tuations, and possibly chemical v ﬁ‘mim impurities defects. The quaii% o§
ae8d crystals and otborma’ .y 7.0wn <jiear rub.{ cryc ..ls was determined i -r
Yroaodms Ogssi ua, migorisuatation~ approached 10" of arc, disiocation density was
888 thun | s . Few disiccationa propagmted froe the meed crysiais, Vells were
onnected with sevoreiy s‘-ained 2reas of crystal and high dislocation denaities.
3all smcunta of Lydrsted alumina were found in the hydrotherma:.y grown rubdy.
Growth conditions directly infiuenced ihe disiocation contznt ant the nature o the

chemical impurities. {con‘lmued)
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