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Preface

The term hydrothermal is purely of geological origin. It wasfirst
used by the British geologist, Sir Roderick Murchison (1792-1871), to
describe the action of water at elevated temperature and pressure in
bringing about changesin the earth’ scrust, and |eading to the formation of
variousrocks and minerals. Geologists carried out the earliest work on the
hydrothermal technique in the 19" century in order to understand the
genesisof rocksand mineralsby simulating the natural conditions existing
under the earth crust. However, materials scientists popul arized the tech-
nique, particularly during 1940s. Schafhautl who obtained quartz crystals
upon freshly precipitated silicic acid in a papin’s digestor carried out the
first hydrothermal synthesisin 1845. Subsequently, hydrothermal synthe-
sisof awide variety of minerals was carried out, especially in Europe.

Thelargest-known single crystal formedin nature (beryl crystal of
>1000kg) and someof thelargest quantitiesof singlecrystalscreatedinone
experimental run (quartz crystals of >1000 kg) are both of hydrothermal
origin.

Thefirst successful commercial application of hydrothermal tech-
nology began with mineral extraction or ore beneficiation in the 19"
century. With the beginning of the synthesis of large single crystals of
guartz by Nacken (1946) and zeolites by Barrer (1948), the commercial
importance of the hydrothermal technique for the synthesis of inorganic
compounds was realized



X Preface

Thegeneral acceptance of platetectonicstheory some 2 %2 decades
ago garnered much interest in geochemical processes at plate boundaries
whichled tothediscovery of hydrothermal activity inthe deep seadirectly
on the Galapagos Spreading Center in 1977 and a large number of other
spectacular submarine hydrothermal systems of global significance to
ocean chemistry and geochemistry. In fact, thisdiscovery hasled to anew
thinking in marine biology, geochemistry and in economic geology, and
has spawned an entirely new term, viz., hydrothermal ecosystems, which
means water-containing terrestrial, subterranean, and submarine high
temperature environments, which are the sites of investigations for many
palaeobiologists and biologists looking for primitive forms of life. It is
strongly believedthat therootsof lifeon earth canbefoundin hydrothermal
ecosystems. These ecosystemsmay al so serve asan analog for the possible
origin of life on Mars, where a similar environment might have existed or
still exists.

Earth is ablue planet of the universe where water is an essential
component. Circulation of water and other components such as entropy
(energy) are driven by water vapor and heat (either external or internal).
Water hasavery important rolein the formation of material or transforma-
tion of materialsin nature, and hydrothermal circulation has always been
assisted by bacterial activity.

From mid-1970s, exploration of the advantages of hydrothermal
reactions, other than the hydrometallurgical and crystal growth aspects,
began in Japan, particularly with referenceto the ceramic powder process-
ing. A team of researchersfrom the Tokyo Institute of Technology, Japan,
did pioneering work in ceramic processing such as powder preparation,
reaction sintering, hot isostatic processing, and so on.

In thelast decade, the hydrothermal technique has offered several
new advantageslikehomogeneousprecipitation using metal chelatesunder
hydrothermal conditions, decomposition of hazardous and/or refractory
chemical substances, monomerization of high polymerslike polyethylene
terephthal ate, and ahost of other environmental engineering and chemical
engineering issues dealing with recycling of rubbers and plastics (instead
of burning), and soon. Thesolvation propertiesof supercritical solventsare
being extensively used for detoxifying organic and pharmaceutical wastes
and also to replace toxic solvents commonly used for chemical synthesis.
Similarly, it is used to remove caffeine and other food-rel ated compounds
selectively. Infact, thefood and nutrition expertsin recent yearsare using



Preface xi

a new term, hydrothermal cooking. These unique properties take the
hydrothermal technique altogether in a new direction for the 21% century
and one can forecast a slow emergence of a new branch of science and
technology for sustained human development. We have collected a more-
or-less complete list of publications in hydrothermal technology and
providedthestatistical datato show thegrowing popularity of thetechnique
(Figures 1.10-1.12). The main disadvantage of the hydrothermal system,
as believed earlier, is the black-box nature of the apparatus, because one
cannot observe directly the crystallization processes. However, in the
recent years, remarkable progress has been made in this area through the
entry of physical chemists, and themodeling of the hydrothermal reactions
and the study of kinetics of the hydrothermal processes, which have
contributed greatly to the understanding of the hydrothermal technique.
One can understand the hydrothermal chemistry of the solutions more or
less precisely, which provides a solid base for designing hydrothermal
synthesis and processing at much lower pressure and temperature condi-
tions. The hydrothermal technique exhibits a great degree of flexibility,
which is being rightly exploited by a large scientific community with
diversified interests. Hydrothermal processing has become a most power-
ful tool, in the last decade, for transforming variousinorganic compounds
and treating raw materials for technological applications.

Today, the hydrothermal technique has found its place in several
branches of science and technology, and this has led to the appearance of
several rel ated techniques, with strong rootsto the hydrothermal technique,
involving materials scientists, earth scientists, materials engineers, metal-
lurgists, physicists, chemists, biologists, and others. Thus, the importance
of hydrothermal technol ogy from geology to technol ogy has been realized.
Inview of sucharapidgrowth of thehydrothermal technique, itisbecoming
imperative to have a highly specialized book on this topic. There are
thousands of articles and reviews published on the various aspects of
science of hydrothermal research but, so far, the most comprehensive
works on this topic were limited to reviews and edited books, and thereis
not even a single monograph or book available.

Thefirst author, Dr. K. Byrappa, edited abook entitledHydrother-
mal Growth of Crystalsin 1990 for Pergamon Press, Oxford, UK. During
early 1995, the authors conceived an idea of writing this handbook and
began collecting old records from various sources. The writing of this
handbook started in 1997. In this handbook, we have dealt with al the
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aspects of hydrothermal research covering historical development, natural
hydrothermal systems, instrumentation, physical chemistry of hydrother-
mal growth of crystals, growth of some selected crystals like quartz,
berlinite, KTP, calcite, and hydrothermal synthesis of a host of inorganic
compounds like zeolites, complex coordinated compounds (silicates,
germanates, phosphates, tungstates, molybdates, etc) and simple oxides,
native elements, and the hydrothermal processing of materials with an
emphasis on future trends of hydrothermal technology in the 21% century.

Many publications on hydrothermal research, especialy in the
Russian journals, were not easily accessibleto us. Our Russian colleagues
in the field of hydrothermal research extended great cooperation in this
regard. Especialy, the help rendered by Dr. L. N. Demianets, Dr. V. 1.
Popolitov and Dr. O. V. Dimitrovais highly appreciated. The authors are
very grateful for the hel p and encouragement extended by the senior people
in this field like Prof. Shigeyuki Somiya (Professor Emeritus), Prof. N.
Y amasaki (Tohoku University, Japan), late Dr. Bob Laudise (AT & T Bell
Labs.), Prof. Rustom Roy (Penn State University), Prof. C. N. R. Rao
(Director, INCASR), Prof. R. Chidambaram (Chairman, Atomic Energy
Commission, India), Dr. B. P. Radhakrishna (former Director, Dept. of
Mines & Geology), late Prof. J. A. Rabenau (Max-Planck Institute of
Physics, Stuttgart), Prof. Ichiro Sunagawa, Prof. J. A. Pask, Prof. Paul
Hagenmuller, Prof. H. L. Barnes, late Prof. Saito Shinroku, and Prof.
Toshiyuki Sata. Both Prof. SOomiyaand Prof. Y amasaki spent several hours
with the authors and provided fruitful discussion. Their suggestions and
comments have been included in this book. We would like to extend our
special thanks to the most active hydrothermal researchers of the present
day, like Prof. S. Hirano, Prof. M. Hosaka, Prof. K. Y anagisawa, Prof. T.
Moriyoshi (Director, RIST, Takamatsu), Prof. S. Komarneni, Prof. R. E.
Riman, Dr. Don Palmer, Dr. Dave Wesolowski, Dr. S. Taki, Prof. K. Arai,
Prof. T. B. Brill, Prof. T. M. Seeward, Prof. Y uri Gogosti, Prof. K. Bowen,
Prof. David A Payne, Prof. Fred F. Lange, and Prof. Fathi Habashi, who
havehel ped usby providingtheir resultsand datafor inclusioninthisbook.
Our colleagues at the Tokyo Institute of Technology, like Prof. Masato
K akihana, Prof. Nabuo | shizawa, Prof. Eiichi Y asuda, Prof. AkiraSawaoka,
Prof. Masatomo Y ashima, Prof. Y asuo Tanabe, Prof. Masanori Abe, Prof.
Kazunari Domen, and Prof. Kiyoshi Okada, extended great cooperationin
our task. Other Japanesefriends, likeDr. Y asuro lkuma, Prof. Tsugio Sato,
Prof. Koji Kgjiyoshi, Dr. Atsuolto, Dr. E. H. Ishida, Prof. ZenbeeNakagawa,
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Prof. Yusuke Moriyoshi, Prof. Yasumichi Matsumoto, Prof. Tadashi
Ohachi (DoshishaUniversity, Kyoto), Dr. Kohei Soga(Tokyo University),
Prof. Toshio Yamaguchi and a host of other friends in the field of
hydrothermal research, have hel ped usextensively in completing thisgreat
work. We would like to express our sincere thanks to our friends and
colleagues from India (late Prof. M. N. Vishwanathiah, late Prof. B. V.
Govindargjulu, Prof. J. A. K. Tareen, Prof. D. D. Bhawalkar, Dr. Krishan
Lal, Dr. R. V. AnanthaMurthy, Prof. A. B. Kulkarni, Prof. T. R. N. Kutty,
Prof. P.N. Satish, Dr. B. Basavalingu, Prof. H. L. Bhat, Dr. K. M. Lokanath
Rai, and Dr. M. A. Shankara), Russia (Prof. V. S. Balitsky, Prof. V. A.
Kuznetsov, Prof. D. Yu Pushcharovsky, Dr. Oleg Karpov, Dr. G. 1.
Dorokhova, and Dr. E. Strelkhova), Korea (Prof. Choy Jin-ho and Prof. Z.
H.Lee), Spain (Prof. Rafael Rodriguez Clemente, and Prof. Salvador Gali),
Poland (Prof. Keshra Sangwal), and China (Prof. Shen-tai Song, Prof. Y-
T. Qian, and Prof. S. Feng), who wereagreat source of inspiration and help
whilewriting this book. Here, it is extremely difficult to list all the names
of the students, post-docs and research associates from our groups who
havehel ped usgreatly. Among them, thehel p rendered by Mr. B. V. Suresh
Kumar, Mrs. B. Nirmala, Mr. J. R. Paramesha, Mr. Dinesh, Dr. W.
Suchanek, and Dr. S. Srikanta Swamy is greatly appreciated. Miss S.
Vidya, secretary of Prof. K. Byrappa, typed the manuscript. Mr. Murruli of
Microsystems, Mysore, did the scanning of drawings, figures and photo-
graphs. Themanuscript wasread and corrected for typographical errorsand
English usage by Dr. K. T. Sunitha, Chair, Dept. of English, Univ. of
Mysore, India (wife of Prof. K. Byrappa), and Miss Shobha M. Gowda,
Lecturer in English, University of Mysore(currently intheMcGill Univer-
sity, Montreal, Canada). Mrs. Hiroko Y oshioka, Mrs. Fujiko Mori, and
Mrs. Keiko Kato, who arethe secretaries of Prof. Y oshimura, have greatly
assisted the authors in the preparation of this manuscript. We are highly
obliged to al our family members—Dr. Sunitha Byrappa, Shayan and
Nayan (Prof. Byrappa sfamily members), Mrs. Akiko Y oshimura, Sayaka,
Ayumi, and Hirono (Prof. Y oshimura s family members) for their great
patience and cooperation with us during these 3% years of book writing.
Wewould liketo acknowledgethefinancial support received from
Japan Society for Promotion of Science (JSPS), New Energy and Industrial
Technology Development Organization (NEDO), Japan, and Research
Institute of Solvothermal Technology (RIST), Kagawa, Japan, Dept. of
Atomic Energy, Govt. of India, and University of Mysore, India
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Finally wewould liketo express our deep gratitude to Mr. George
Naritaof NoyesPublications, William Andrew Publishing, for bringing out
thisbook. Itisalso an added pleasureto acknowledgetherole played by the
staff of Noyes Publications, especially Mary Bourke and Brent Beckley,
and the staff of Write One, New Y ork, for composition. If we have omitted
any important topic or any other names of the friends, or citation of the
important references in this book, it is not intentional. We have tried our
best to cover as much as we could of the hydrothermal research based on
the most exhaustive up-to-date literature search. Hopefully, this book will
be amost valuabl e textbook and reference for the students and researchers
in the field of hydrothermal technology, both at the beginners’ and ad-
vanced levels.

September 2000 K. Byrappa
M. Y oshimura
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Hydrother mal
Technology—Principles
and Applications

11 INTRODUCTION

The hydrothermal technique has been most popular, garnering
interest from scientists and technol ogists of different disciplines, particu-
larly in the last fifteen years. The term hydrothermal is purely of geologi-
cal origin. It wasfirst used by the British Geologist, Sir Roderick Murchison
(1792-1871), to describe the action of water at elevated temperature and
pressure in bringing about changes in the earth’s crust leading to the
formation of various rocks and minerals[f A majority of the minerals
formed in the postmagmatic and metasomatic stages in the presence of
water at elevated pressure and temperature conditions are said to be “of
hydrothermal origin.” Thiscoversavast number of mineral speciesincluding
oredeposits. Itiswell knownthat thelargest single crystal formed in nature
(beryl crystal of >1000 gm) and some of the largest quantities of single
crystals created by man in one experimental run (quartz crystals of several
100’ sof gm) are both of hydrothermal origin.
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Anunderstanding of themineral formation in nature under elevated
pressure and temperature conditions in the presence of water led to the
devel opment of the hydrothermal technique. It was successfully adopted by
Schafthaul (1845) to obtain quartz crystals upon transformation of freshly
precipitated silicic acid in Papin’ sdigestor.l2 Thus, the hydrothermal tech-
nique became a very popular means to simulate the natural conditions
existing under the earth’s crust and synthesizing them in the laboratory.
These studies dealing with laboratory simulations have helped the earth
scientists to determine complex geological processes of the formation of
rocks, minerals, and ore deposits. As the subject became more and more
popular among geol ogi sts, new branchesof geol ogy emerged as* Experimen-
tal Mineralogy” and “ Experimental Petrology.”

Thefirst successful commercial application of hydrothermal tech-
nology began with mineral extraction or ore beneficiation in the previous
century. The use of sodium hydroxide to leach bauxite was invented in
1892 by Karl Josef Bayer (1871-1908) as a process for obtaining pure
aluminum hydroxide which can be converted to pure Al, O suitable for
processing to metal .31 Even today, over 90 million tons of bauxite ore is
treated annually by this process.[4 Similarly, ilmenite, wolframite, cas-
Siterite, laterites, ahost of uranium ores, sulphides of gold, copper, nickel,
zinc, arsenic, antimony, and so on, aretreated by this processto extract the
metal. The principle involved is quite simple, very effective, and inexpen-
sive, as shown below, for example.

AI(OH); + OH" - [AIO(OH),]" + H,0
AIOOH + OH" - [AIO(OH),]

The above processis easy to achieve and the leaching can be carried out in
afew minutes at about 330°C and 25,000 kPa.l%!

Further importance of the hydrothermal technique for the synthe-
sis of inorganic compounds in a commercial way was realized soon after
the synthesis of large single crystals of quartz by Nacken (1946) and
zeolites by Barrer (1948) during late 1930s and 1940s, respectively.[6I7]
The sudden demand for the large size quartz crystals during World War |1
forced many laboratoriesin Europe and North Americato grow large size
crystals. Subsequently, the first synthesis of zeolite that did not have a
natural counterpart was carried out by Barrer in (1948) and this opened
altogether anew field of science, viz., molecular sieve technology.[® The
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success in the growth of quartz crystals has provided further stimuli for
hydrothermal crystal growth.[9

Today, the hydrothermal technique has found its placein several
branches of science and technology, and this has led to the appearance of
several related techniques with strong roots attached to the hydrothermal
technique. So we have hydrothermal synthesis, hydrothermal growth,
hydrothermal alteration, hydrothermal treatment, hydrothermal metamor-
phism, hydrothermal dehydration, hydrotherma decomposition, hydro-
thermal extraction, hydrothermal sintering, hydrothermal reaction sinter-
ing, hydrothermal phase equilibria, hydrothermal electrochemical reac-
tion, and so on, which involve materials scientists, earth scientists, mate-
rials engineers, metallurgists, physicists, chemists, biologists, and others.
Although the technique has attained its present high status, it has passed
through several ups and downs owing to the lack of proper knowledge
pertaining to the actual principles involved in the process. Hence, the
success of the hydrothermal technique can be largely attributed to the
rapid advances in the apparatus involved (new apparatus designed and
fabricated) in hydrothermal research, and aso to the entry of a large
number of physical chemists, who have contributed greatly to the under-
standing of hydrothermal chemistry.[19 Further, the modeling and intelli-
gent engineering of the hydrothermal processes have also greatly en-
hanced our knowledge in the field of hydrothermal research.[11][12]

In recent years, with the increasing awareness of both environ-
mental safety and the need for optimal energy utilization, there is a case
for the development of nonhazardous materials. These materials should
not only be compatible with human life but also with other living forms or
species. Also, processing methods such as fabrication, manipulation,
treatment, reuse, and recycling of waste materials should be environmen-
tally friendly. In this respect, the hydrothermal technique occupies a
unigue place in modern science and technology. Therapid development in
thefield of hydrothermal researchinthelast fifteen years, or so, motivated
the present authors to bring out this handbook covering aimost all aspects
of hydrothermal research. Although there is a growing interest among
scientists from various branches of science, at the moment there are no
books or monographs available in the field of hydrothermal technology.
Most of the major works, even by the pioneers in this field, have been
confined to reviews and edited books. Table 1.1 lists important reviews
and edited books in the field of hydrothermal research.
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Table1.1. List of the Books and Reviews in the Field of Hydrothermal

Research
BOOKS
Sl. No.  Author Title Publishers
1 Labachev, A. N. (ed.) Hydrodrothermal Synthesis of Nauka, Moscow

10.

11.

12.

13.

Ulmer, G. C. (ed.)

Labachev, A. N. (ed.)

Ikornikova, N. Yu

Kuzmina, |. P. and
Khaidukov, N. M.
Demianets, L. N.,
Labachev, A. N.,

& Emelechenko, G. A.
David T. Rickard
Frans E. Wickman (ed.)
Somiya. S. (ed.)

Litvin, B. N. and

Popolatov, V. I.
Popolitov, V. I. and
Litvin, B. N.
Ulmer, G. C. and

Barnes, H. L. (eds.)

Nesterov, P. V. (ed.)

Crystals

Research Techniques for High
Pressure and
High Temperature

Crystallization Processes under
Hydrothermal Conditions

Hydrothermal Synthesis of Crystals
in Chloride Systems

Crystal Growth from High
Temperature Aqueous Solutions

Germanates of Rare Earth Elements

Chemistry and Geochemistry of
Solutions at High Temperature
and Pressure

Proc. 1st Int. Symp. Hydrothermal
Reactions

Hydrothermal Snthesis
Inorganic Compounds

Growth of Single Crystals
under Hydrothermal Conditions

Hydrothermal Experimental
Techniques

Progressin Science and
Technology, Crystal Chemistry
of Germanates of Tetravalent
Metals

Hydrothermal Reactions
ISHR - 89

(1971)
Springer-Verlag,
New York (1971)
Consultants Bureau,

New York (1973)

Nauka, Moscow
(1975)

Nauka, Moscow
(2977)

Nauka, Moscow

(1980)

Pergamon, New Y ork
(2981)

Japan (1982)

Nauka, Moscow

(1984)

Nauka, Moscow
(1986)

John Wiley & Sons,
New Y ork (1987)

Moscow, VINITI
(1989)

Nauka, Moscow
(1989)
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BOOKS(Cont'd.)

S. No. Author

Title

Publishers

14.  Occelli, M. L. &
Robson, H. E. (eds)

15.  Somiya, S. (ed.)

16.  Byrappa K. (ed.)

17. Cuney, M. &
Cathelineau, M. (eds.)

18.

19.

Zeolite Synthesis

Hydrothermal Reactions for
Engineering

Hydrothermal Growth of Crystal

Proc. 4t Int. Symp.
Hydrothermal Reactions

Proc. 1%t Int. Conf.
Solvothermal Reactions

Proc. 2 |nt. Conf.
Solvothermal Reactions

ACS Symp. Series
398 Am. Chem. Soc.,
Washington, DC (1989)

Elsevier, Applied Sci.
(1989)

Pergamon, Oxford
(1991)

Nancy France
(1993)

Japan, (Dec. 6-8
1996)

Japan, (Dec.18-20
1996)

20. Pdmer,D.A. & Proc. 5t Symp. Gatlinburg, USA
Wesoloski, D. J. Hydrothermal Reactions (1997)
21. Proc. 39 Int. Conf. Bordeaux, France
Solvothermal Reactions (1999)
REVIEWS
Sl. No. Author Title Publishers

1. Morey, G. W.

2. Roy, R. & Tuttle

3. Ballman, A. A.
Laudies, R. A.

Hydrothermal Synthesis

Investigation under
Hydrothermal Conditions

Solution Growth

J. Am. Ceram. Soc.
(1953)

Phy. Chem. Earth
1:138 (1955)

In: Art and Science of
Growing Crystals
(Gilmann, J. J,, ed.)
Wiley, New Y ork
(1963)
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Tablel.1. (Cont'd.)

REVIEWS(Cont'd.)

Sl.No. Author

Title

Publishers

4, Laudise, R. A.

5. Kuznetsov, V. A.
& Lobachev, A. N.

6. Nassau, K.

7. Rabenau, A.

8. Laudise, R. A.

9. Komareni, S.
Fregeau, E.

Breval, E. &. Roy, R.

10. Somiya, S.

11.  Yoshimura, M.
& Suda, H.

12.  Byrappa K.

13.  Leco catalogue

Hydrothermal Growth of
Crystals

Hydrothermal Method for
the Growth of Crystals

Synthetic Emerald: The
Confusing History and The
Current Technology

The Role of Hydrothermal
Synthesis in Preparative

Hydrothermal Crystal
Growth - Some Recent Results

Hydrothermal Preparation
of Ultrafine Ferrites & their
Sntering.

Hydrothermal Reactionsin
Inorganic Systems

Hydrothermal Processing of
Hydroxyapatite: Past, Present
& Future.

Hydrothermal Growth of
Crystals

Leco corporation

In: The Growth of
Sngle Crystals,
Prentice-Hall,
New Y ork (1970)

Sov. Phys. Crystallogr.
70:775-804 (1973)

J. Crystal Growth
35:211-222 (1976)

Angew. Chem. Int
Engl. Ed. 24:1026-1040
Chemistry (1985)

In: Advanced Crystal
Growth, Prentice
Hall, New York (1987)

J. Am. Ceram. Soc,
(1988)

In: Advance Materials
Frontiers in Mat.
<ci. & Eng. (Somiya,
S.: ed); Trans. Mat.
Res. Soc. Jpn., Vol.
19B, Elsevier Science,
B.V. (1994)

In: Hydroxyapatite
and Related Com-
pounds, Brown, P. W.
& Constantz, B.
(eds.) p. 45-72, CRC
Press (1994)

In: Handbook of
Crystal Growth, Vol.
2a, (D. T.J. Hurle,
ed.), Elsevier Science
B.V. (1994)

Tem-Press division
USA (1999)
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12 DEFINITION

In spite of the fact that the hydrothermal technique has made
tremendous progress, there is no unanimity about its definition. The term
hydrothermal usually refersto any heterogeneous reaction in the presence
of agueous solvents or mineralizers under high pressure and temperature
conditions to dissolve and recrystallize (recover) materials that are rela-
tively insoluble under ordinary conditions. Morey and Niggli (1913)
defined hydrothermal synthesis as “...in the hydrothermal method the
components are subjected to the action of water, at temperatures generally
near though often considerably above the critical temperature of water
(~370°C) in closed bombs, and therefore, under the corresponding high
pressures developed by such solutions.”[13 According to Laudise (1970),
hydrothermal growth means growth from agueous solution at ambient or
near-ambient conditions.[*4 Rabenau (1985) defined hydrothermal syn-
thesisasthe heterogeneous reactionsin agueous mediaabove 100°C and 1
bar.[15 Lobachev (1973) defined it as a group of methods in which
crystallization is carried out from superheated aqueous solutions at high
pressures.l16l Roy (1994) declares that hydrothermal synthesis involves
water as a catalyst and occasionally as a component of solid phasesin the
synthesis at elevated temperature (>100°C) and pressure (greater than a
few atmospheres).[”l Byrappa (1992) defines hydrothermal synthesis as
any heterogenous reaction in an aqueous media carried out above room
temperature and at pressure greater than 1 atm.!28l Yoshimura (1994)
proposed the following definition: reactions occurring under the condi-
tions of high-temperature-high-pressure (>100°C, >1 atm) in agueous
solutions in a closed system.[19]

The above definitions hold good for materials synthesis, metal
leaching and treatment of waste materials. However, there is no definite
lower limit for the pressure and temperature conditions. The majority of
the authors fix the hydrothermal synthesis, for example, at above 100°C
temperature and above 1 atm. But, with the vast number of publications
under mild hydrothermal conditionsin recent years, we propose to define
hydrothermal reaction as “any heterogenous chemical reaction in the
presence of a solvent (whether agueous or nonaqueous) above room
temperature and at pressure greater than 1 atm in a closed system.” In
addition to this non-unanimity, thereisalso alot of confusion with regard
to the very usage of the term hydrothermal. For example, chemists prefer
to use a broader term, viz., solvothermal, meaning any chemical reaction
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inthe presence of asolventin supercritica or near supercritical conditions.[20
However, thisterm hasbeen introduced recently, and in fact, the early work
inthisdirectionwascarried out by geologistsusing CO,.[2! Japan hasalready
organized two International Conferencesand oneInternational Workshop on
Solvothermal Reactions.22-24] The third International Conference on
Solvothermal Reactions was held in July 1999 in Bourdeaux, France.
Similarly, there are several other terms like glycothermal, alcothermal,
ammonothermal, and so on, depending upon thetype of solvent usedin such
chemical reactions. However, the purpose behind using these different
solventsinthe chemical reactionsisessentially to bring down the pressure-
temperature conditions. Inthiscontext, Y oshimurahas proposed anew term,
soft solution processing, for processesin which the pressure and tempera-
ture conditionsreach near or just above ambient conditions.[2°] Thoughthis
term has a broader meaning, it covers only a portion of the hydrothermal
research and refersmainly to any solution processing at or near the ambient
conditions. Thus, in the present book, the authors retain a broader term,
hydrothermal, throughout the text and use other terms only when such
occasion arises.

As mentioned above, under hydrothermal conditions, the reac-
tants which are otherwise difficult to dissolve go into solution as
complexes under the action of mineralizers or solvents, Hence, one can
expect the conditions of chemical transport reactions. Therefore, some
workers even define hydrothermal reactions as special cases of chemi-
cal transport reactions. Owing to the specific physical properties, particu-
larly the high solvation power, high compressibility, and masstransport of
these solvents, one can also expect the occurrence of different types of
reactions like:

i. Synthesis of new phases or stabilization of new
complexes.

ii. Crystal growth of several inorganic compounds.

iii. Preparation of finely divided materials and
microcrystallites with well-defined size and
morphology for specific applications.

iv. Leaching of oresin metal extraction.
v. Decomposition, alteration, corrosion, etching.
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13 MINERALIZERS

In any hydrothermal system or reaction confined to any one of the
processes described in Sec. 1 of thischapter, therole played by the sol vent
under the action of temperature and pressureisvery important. It has been
interpreted in various ways by many workers. Recently Y oshimura and
Suda (1994) have described these processes to understand the action of
solvent, for example, water on solid substances under elevated pressure
and temperature conditions.[19 This processis represented in Table 1.2.

Through proper interpretation of the above listed processes, one
can easily develop arequired hydrothermal process corresponding to the
material synthesis or crystal growth or materials process using a suitable
solvent to increase the solubility of the desired compound. Water is the
most important solvent and it was popularly used as a hydrothermal
mineralizer in all the earlier experiments. However, several compounds
do not show high solubility for water even at supercritical temperature,
and hence the size of the crystals or minerals obtained in al the early
hydrothermal experiments of the 19t century did not exceed thousandths
or hundredths of a millimeter. Therefore, the search for other suitable
mineralizers began in the 19t century itself. A variety of aqueous and
nonagueous solutions were tried to suit the preparation of a particular
compound. The selection of the mineralizers and their role in hydrother-
mal systems with suitable examples are discussed in great detail in Ch. 3.
The knowledge acquired through the use of several new mineralizers has
helped to implement this hydrothermal technique as an effective one in
preparative chemistry. Table 1.3 shows the use of hydrothermal process-
ing in various fields of materials synthesis, crystal growth, and materials
processing.[19 Before going into the details of this, it is appropriate to
discuss the natural hydrothermal systems.

14 NATURAL HYDROTHERMAL SYSTEMS

The beginning of hydrothermal research isfirmly associated with
the study of the natural systems by earth scientists, who were interested in
understanding the genesis of various rocks, minerals and ore deposits
through laboratory simulations of the conditions existing in the earth’s
crust. Therefore, it isappropriate to discuss briefly the research on natural
hydrothermal systems and its contribution to the development of thisfield
to its present status. Starting from the earliest experiment by Schafthaul in
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1845 onthe synthesis of quartz,!? over 130 mineral speciesweresynthesized
by the end of 19th century, and the experimentswere carried out on various
geol ogical phenomenaranging from theorigin of oredepositsto theorigin of
meteorites. Today, it isbeing popularly used by geol ogiststo solve severa
existing problemsin petrology, geochemistry, mineralogy, oregenesis, and
palacontology. Theimpetusfor the experimental investigationsduring the
19t century was provided not only by a desire to explain geological
phenomena, but a so by greatly improved equipment and techniquesfostered
by industrial revolution. Such investigationshel pedin unraveling the hitherto
unknown natural geological processes of mineral formation. On the other
hand, it helped in finding usesfor theartificially synthesized singlecrystals
likeruby, emerald, sapphire, quartz, and diamond, inthe gemstoneindustry.

Table 1.2. Action of Hydrotherma Fluid (High-Temperature-High-
Pressure Aqueous Solution/V apor) on Solid State Materials

Classified Action Application
1. Transfer Medium Transfer of Kinetic Energy, Erosion, Machining
Heat and Pressure Abrasion, HIP
Forming, etc.
2. Adsorbate Adsorption/Desorption Dispersion, Surface
at the Surface Diffusion, Catalyst,
Crystallization,
Sintering, lon
Exchange, etc.
3. Solvent Dissolution/Precipitation Synthesis, Growth,

Purification, Extrac-
tion, Modification,
Degradation, Etching,
Corrosion, etc.

4. Reactant Reaction Formation/Decom-
position (hydrates,
hydroxides, oxides)
corrosion, €tc.
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Table 1.3. Development of Hydrothermal Processing

1. Crystal Synthesisand Growth : Okxide, Sulfide,Fluoride...(1978 ~)

2. Controlled Fine Crystals . PZT, ZrO,, BaTiOg, HAp, ferrite
Composition, Size, Shape (1978 ~)

3. Crystallized Thin/Thick Films : BaTiOs;, SrTiO3, LiNbO; (1989 ~)

4. Etching, Corrosion . Oxide, Nitride, Carbide

5. Polishing, Machining . Oxide, Nitride, Carbide

6. Combined with Electrical, . Synthesis, Modification, Coating
Photo-, Radio- & Mechano-
Processing

7. Organic and Biomaterials ] Hydrolysis, Extraction

8. Non-aqueous Solution ~ [J  Polymerization, Synthesis,

9. Continuous system Decomposition, Wet Combustion

In order to understand the formation of several ore deposits
including that of nobel metals, it is necessary to discern the physico-
chemical conditionswhich govern thetransport and precipitation mecha-
nisms of these metalsin hydrothermal solutions. Several thermodynamic
models have been proposed to explain these mechanisms in nature.
Relatively much isknown, for example, about the hydrothermal chemis-
try of gold.[27128] Similarly, the behavior of common rock-forming
mineralsin avariety of electrolytic solutions has been studied in detail.
Here, the authors present only the salient features of these works to
provide the background for the hydrothermal technique since the main
theme of this handbook is on crystal growth and materials processing.
Besides, aquantitative model of the transport and deposition mechanisms
is still impeded by a dearth of reliable high temperature and pressure,
experimentally based, thermodynamic data. However, there is some
remarkabl e progress made in thisdirection, thanksto the advancesin the
thermodynamic modeling, the direct sampling and analyses of the natural
geothermal systems, their extinct anal ogues, epithermal ore deposits, and
other geologic environments, primarily by analyses of fluid inclusions.[?°]
Therefore, an understanding of the mineral-water reaction kineticsis essen-
tial to quantifying the behavior of natural and engineered earth systems.
Although, several studies have been carried out on the behavior of most
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hydrothermal systems, the predictions based upon rates from deionized
water are unlikely to be representative of processes occurring in complex
fluids of natural systemswhich contain numerousdissolvedions. These
constituents have both significant rate-inhibiting and enhancing effectson
behavior, even when present in very small quantity.[301[31]

In nature, themost common mineralsin soilsand rocksaregenerally
in contact with water at awide pH range. In extreme cases, the pH can be
nearly 2inthepresenceof sulfides, which oxidizesto giveH,SO,, and ashigh
as10inthepresence of alkalinesatslikeNa,CO;. Here, theauthorsbriefly
discussthe gold deposition in hydrothermal ore solutions. In this case, the
major roleisplayed by the chlorideand sul phur-containing ligands.32(33] The
dominant gold complexing ligandsare usually sul phide species. The stability
constantsfor gold(l) chloride complexes (for example, at 250°C) are up to
twenty orders of magnitude smaller than those of Au(l) hydrosulphide
complexesand, therefore, thelatter predominatesin nature.[36] Despitethis
observation, the stability constantsfor Au(l) hydrosul phide complexesunder
high temperature and pressure environmentsare not yet well defined. Thisis
particularly true for the low pH region where no satisfactory data are
available.

Benning and Seward[3°] have proposed three sets of experimental
conditionsof pH rangefor gold depositionin nature:

Aug + HS + + H,0O + H,(gas) pH =4
Aug *+ HS + NaHS + H,O + H,(gas) pH = neutra

S
Aug + H,S + H3PO, + HO + Hj(gas) pH <4

Thesolubility of goldincreaseswith increasing temperature, pH, and
total dissolved sulphur. At near neutral pH, an inverse correlation between
solubility and pressure has been observed, whereas in acid pH solutions,
above 150°C, increasein pressureincreasesthe solubility. Theequilibrium
constantsfor the uncharged complex, AuHS show that this speciesplaysan
important role in the transport and deposition of gold in ore depositing
environments, which are characterized by low pH fluids.

Recently some thermodynamic modeling in the chloride systems
Au-NaCl-H,O and Au-NaCl-CO,-H,0 shows that the gold solubility
decreasesin the presence of CO, due to decreasing diel ectric permeability
of CO, bearing solution.[38 This model has been experimentally verified
at 350°C and 50 MPain 1 M KCI + 0.1 M HCI solutionsin the presence of
3M CO, and without CO,. It was found that the gold concentration in
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chloride CO,-bearing solutions is one order lower in magnitude than in
systems without CO,. Similarly, the silver bearing systems show distinct
influence of CO, incomparison with gold system. CO, hasnegative solubility
effect on gold and silver crystallization and CO, acts asanonpolar compo-
nent of crustal fluidsinthecrystallization of many ore deposits.[37] Thus, the
recent hydrothermal solution speciation (solvation to ion pairing and
complexing) study has greatly contributed to the knowledge and better
understanding of variousgeological problems.

15 THE BEHAVIOR OF VOLATILESAND OTHER
INCOMPATIBLE COMPONENTSUNDER
HYDROTHERMAL CONDITIONS

The physical and thermodynamic properties of silicate melts
depend upon melt structure. The structure of amelt is determined by both
its composition and the ambient conditions and, with the notable excep-
tion of liquid immiscibility, may vary continuously with changes in these
parameters. The structures of crystalline silicates vary only within re-
stricted limits. As aresult, variation in mineral-melt equilibria caused by
changes in either compositions or external parameters may very well
reflect the change in properties of the melt phase to a greater extent than
those of the crystalline silicates.

The behavior of P,Og is complex. Phosphorus pentoxide (P,05)
depolymerizes pure SiO, melts by entering the network as a fourfold
coordinated cation, but polymerizes melts in which an additional metal
cation, other than silicon, is present. The effect of this polymerization is
apparent in the widening of the granite-ferrobasalt two-liquid solvus. In
this complex system, P,O; acts to increase phase separation by further
enrichment of the high charge density cations Ti, Fe, Mg, and Ca, in the
ferrobasaltic liquid. Phosphorus pentoxide (P,O5) also produces an in-
crease in the ferrobasalt-granite REE liquid distribution coefficients.
These distribution coefficients are close to 4 in P,O-free melts, but close
to 15 in P,Og-bearing melts.

Severa attempts to understand the internal evolution of highly
fractionated pegmatites focused on the roles of H,O and other compo-
nents, especialy rare alkalis, B, P, F, are being carried out from time to
time. Such studiesyield agreat amount of dataon therole of thesevolatiles
under hydrothermal conditions and also digtinguish rare earth pegmatites
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from other rocks.[381[39 These volatiles exert asignificant control onfluid
properties, solidusand liquidustemperatures.

151 Water

Water is an important constituent of any hydrothermal system. It
exhibitsunique properties, especially under supercritical conditions. These
properties have been exploited appropriately in the recent yearsto disinte-
grate toxic organics, and recycle or treat waste materials. In nature, also,
water plays an important role in the formation of various rocks and
minerals and in the creation of life (origin of life). As a component of
granitic melts, H,O depresses solidus and liquidus temperatures,[40[41]
lowers melt viscosities,[42-145 and promotes coarse grain size.[6]

1.5.2 Fluorineand Chlorine

Fluorine, as H,O lowers solidus and liquidus temperatures, en-
hances cation diffusivities, and decreases melt viscosities.[47]-[49 One
important difference between F and H,O isthat the DCF vapor/melt isL1
in metaluminous and peraluminous granitic bulk compositions.[s0l51]
Fluorine decreases the solubility of the melt(52[53] so that, at equal H,O
content of volatile-undersaturated magma at the same pressure and tem-
perature, H,O is higher in F-bearing melts than in F-absent melt. Metal -
fluoride complexing in agueous vapor may be important in rare-metal
transport and formation of hydrothermal ores.[54[55]

1.5.3 Boron

The pronounced effects of boron in hydrous silicate melt are well
known. Boron lowersthe solidus, and it increases the solubility of H,O'in
silicate melts. Lewis acid-base properties suggest that the solubility of
H,O/mole B,0O; in melts should increase with increasing boron content
because of changesin B-O coordination. Boron also decreases the viscos-
ity of silicate melts presumably through melt depolymerization caused by
the synergistic network-modifying effects of boron and water.[56]

In silicate melts, boron forms two common oxyanions: trigonal
planar BO,* and tetrahedral BO,>. The[BO,>/BO,*] ratio increaseswith
melt alkalinity,[571[58] and boron content.[59 Although boron exhibits
strong interaction with silicate melt, non-ideal mixing between borate and
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silicate melt componentsis reflected by stable liquid-liquid or metastable
glass-glass immiscibility over a wide range of bulk compositions in an
hydrous silicate system.[60] The miscibility gap between metal-rich borate
and essentially puresilicaliquidsincreaseswith increasing field strength of
added metal cations, with aconsequent risein the consol utetemperature.
Limited experimental evidencea soindicatesthat the solubilitiesof other high
charge-density cations (e.g., Group IV and Group V elements) are signifi-
cantly higher in borosilicate meltsthan in simple a uminosilicate melts.[61]

Asinfluorine-bearing systems, the addition of boronto silicate melts
leadsto an expansion of the liquidusfield of quartz.[62 Thisbehavior may
reflect removal of cationsfrom coordination with SiO,* of themelt frame-
work, resulting in higher SiO, through increased polymerization of SIO,*
tetrahedra.l%3] Among Group | cations, boron has atendency to depressthe
activitiesof thehigher field-strengthions. Theincreased solubility of H,Oin
borosilicate melts corresponds to alower H,O that may stem from direct
hydrolysisof borate oxyanions.

154 Phosphorus

Phosphorus exhibits limited solubility in silicate melt,[641(65]
hence the addition of phosphorus promotes phosphate-silicate lig-
uid immiscibility. The phase equilibria data in the systems: SiO,-P,O,
P,05-M,0,, and P,05-M, O,-SiO, show that phosphorus has an affinity
for H, and it increases the solubility of H,O in silicate melts, possibly by:
P=0+H,0 - (HO)-P-(OH).[88 Although experimental evidence of the
interaction of phosphorus with other Group | elements is lacking, the
common pegmatite assemblage LiAIPO, (OH,F) + NaAlSi;Oq4 [rather
than NaAIPO,(OH,F) + LiAISI,O4 + H,O] suggests that P is more com-
patible with the smaller, more acidic cations of Group I.

1.5.5 Behavior of Alkalis

The zonation of rare element pegmatitesis manifested largely by
heterogeneous distributions of alkali aluminosilicates. Theoretical and
experimental investigations of the interactions of Group | elements with
aluminosilicate melts provide a basis for understanding the zonation of
alkali aluminosilicates in pegmatites.
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Both De Jong and Brown (1980), and Navrotsky, et al. (1985),
proposed that the smaller alkalis Li and Na should exhibit a greater
tendency to destabilizesilicate meltsthan K, Rb, and Cs.[53](60]

A number of salient pegmatite characteristics can be explained by the
effects of high concentrations of boron, fluorine, and phosphorus on phase
equilibriain hydrousaluminosilicate melts.

15.6 Crystallization Temperatures

Comparatively high concentrations of B, P, F, and Group |
elements serve to depress pegmatite magma liquid to approximately
650°C (within the stability fields of petalite or spodumene), and solidusto
< 500°C. The low liquidus temperatures permit rare-element pegmatite
magmas to migrate to metamorphic conditions of the anadal usite-cordier-
ite/staurolite facies.[89l70 The physical migration of magma may be
facilitated also by the lower melt viscosities of the H,O-, B-, and F-rich
pegmatite system. Because of the low temperature interval of crystalliza-
tion, however, rare element pegmatite magmas may experience rapid
increases in melt viscosity with only slight cooling, as glass transition
temperatures are approached (e.g., as in the macusanite analogue). As a
result of increased kinetic barriers to crystallization, internal disequilib-
rium may prevail (animportant and poorly defined parameter in pegmatite
crystallization is the rate of cooling, but evidence from wall-rock studies
indicates that rare element pegmatite magmas are hosted by rocks at
temperature < 500°C (e.g., Morgan, 1986).[71] Common textural features
of rare element pegmatites, such asgraphic intergrowthsand radial or banded
fabrics, can be interpreted as disequilibrium phenomena in supercooled
liquids or glasses.[72 Experiments with dry macusanite, however, present
alternative possibilities. In these experiments, pegmatitic fabrics, mineral
assemblages, and zonation have been generated at or near equilibrium
conditions with high concentrations of B, P, and F but low water content.

Numerous experimental investigations of agueous systems at
high temperature and pressure have been undertaken using conductivity,
potentiometric, spectrophotometric, solubility, PV T and calorimetric, neu-
tron diffraction, EXAFS, and other related methods. These studiesyield a
vast amount of information on cation-oxygen pairing and their increased or
decreased distances with varying temperature. Likewise, the anion-water
distances, for example, as in the case of iodide-oxygen (water) bond
lengths, indicate that the solvation shell expands slightly with increasing
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temperature. Similarly, molecular dynamicssimulation studieson theakali

metals hydration in high temperature water up to 380°C have been carried
out recently, demonstrating a small expansion of the first hydration shell

around chloridewith increasing temperature.[73l More or less compl ete data
isavailable ontheformation of smple, neutral ion pairsfor dilutealkali metal

halide solutions at high-pressure/temperature conditions. However, the
understanding of theformation of polynuclear speciesisstill not been clearly
understood. Someworkershave studied theion pairing and cluster formation
inalM NaCl solution at 380°C and near critical pressure.[74 These studies
indicatethe presence of simplemonocationicionsandion pairstogether with
triple ions such as Na,Cl- and NaCl,~ as well as the Na,Cl,- and more
complicated polynuclear species. Similar studies on other solutions are
availableintheliterature. All these studies have greatly contributed to the
understanding of the geochemical system wherein the metal-complexing by
other ligandsisthemost important aspect. However, thereisamajor lack of
overall experimental data pertaining to the metal complex equilibria in
supercritical aqueous systemsaswell asin binary solvent systems such as
H,O-CO,. Such data are of enormous importance to the understanding of
geochemistry of element transport by hydrothermal fluids active in the
earth’scrust.

In the last couple of years, a new concept, viz., geothermal
reactor, introduced by Japanese workersis slowly catching the attention
of hydrothermal engineers.[75[78] The principles of geothermal reactors
include the direct use of geothermal energy as a heat source or driving
forcefor chemical reactions. It helpsto produce hydrothermal synthesis of
minerals and a host of inorganic materials, extraction of useful chemical
elements contained in crustal materials such asbasalt, and use them asraw
materials for hydrothermal synthesis. Thus, the concept of geothermal
reactor leads to the construction of a high temperature and pressure
autoclave underground. Thishas several advantages over the conventional
autoclave technology.

Figure 1.1 shows the schematic sketch of a typical geothermal
reactor for mineral synthesis.[78l The major advantages of the geothermal
reactor are:

1. Synthesis of ceramic materials by hydrothermal
reaction is possiblewithoutusing fuel or electricity as
main energy source.

2. The system does not discharge the used heat.
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3. Outer tube with a dit in the bottom must be strong
enough to keep the inner space of the tube against the
pressure by the wall of formation, but inner double
tube does not need the strength against theinner pressure
asusual autoclaves.

4. Areaof the plant is small because of the vertical long
reactor in the ground.

5. It is highly useful to study the alteration of various
rocks occurring in the earth crust in the presence of
fluids of various compositions. Such studies have
been carried out for granite and basalts.[”]
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The main disadvantage of the geothermal reactor is that the flow
characteristics of high temperature slurry accompanied with the chemical
reaction must be well understood for controlling the reaction. The volu-
metric capacity of the geothermal reactor isvery large compared to that of
usual autoclave, and the operation must be continuous. The merit of the
geothermal reactor and its cost of operation can be realized only if the
target material isto be developed in large quantity.
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16 SUBMARINEHYDROTHERMAL SYSTEMS

Thegeneral acceptance of plate tectonicstheory some 22 decades
ago has garnered much interest in geochemical processes at plate bound-
aries which has led to the discovery of hydrothermal activity in the deep
sea directly on the Galapagos Spreading Centre in 1977,[77] and a large
number of other spectacular submarine hydrothermal systems (like Red
Sea Rift Valley, Juan de Fuca Ridge-North Pacific Ocean; 21°N East
Pacific Rise, Kamchatka, Kurile Islands, Atlanti’s || Deep in Red Sea,
Lake Kivu, and so on) of global significance to ocean chemistry and
geochemistry.l78l In fact, this discovery has led to a new thinking in
marine biology and geochemistry, and in economic geology and has
spawned an entirely new term, viz., hydrothermal ecosystems, which
means water-containing terrestrial, subterranean, and submarine high
temperature environments which are the sites of investigations for many
palaeobiologists and biologists looking for primitive forms of life. It is
strongly believed that the roots of life on earth can be found in hydrother-
mal ecosystems. These ecosystems may also serve as an analogue for the
possible origin of life on Mars, where a similar environment might have
existed or dill exist. The conditions at the hydrothermal ecosystems
mimic, to some extent, the conditions on early earth because of the
presence of both heat and water. These conditions were abundant at
around 3.5 Ga, when there was much greater vulcanism and a higher
ambient temperature on earth. Dick Henley (1996) describesthe geochemi-
cal activity of the hydrothermal ecosystems as biotic factory.l[”9l Accord-
ing to Everett Shock (1992), life thrives in submarine hydrothermal
conditions because they have a(geologically supplied) source of chemical
disequilibrium which brings in redox reactions.[8% Further, he states that
life originated at warmer temperatures. Thiswas also supported by simple
experiments on organic synthesis under hydrothermal conditions. These
higher temperatures would mix various elements and supply the energy
for the formation of simple compounds. Abundant mineral deposits at
hydrothermal ecosystems imply that they provide a fossil record of their
biological inheritance. Often the minerals deposited are precious metals
such as gold, silver, copper, and zinc. These are common outpourings
from hydrothermal vents. Thermal waters usually contain high con-
centrations of dissolved components which are deposited when the hot
spring discharge gases are released and the temperatures fall, leading to
the deposition of mostly calcium carbonate, silica, iron and manganese
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oxides. Thus, any living organisms that once existed in the vents become
fossilized at thevery siteit livedin. All thesetheories proposed that thelife
existed some 3.5 billionyearsago.

The spectacular nature of the submarine hydrothermal ecosystem
with features such as black smokers, white smokers, and peculiar ecosys-
tems that are independent of sunlight as a source of reducing power, has
focused much interest on hydrothermal processesfor the explanation of an
array of geochemical processes and phenomena.l8l The submarine
hydrothermal systems reveal that most primitive organisms found in
modern environments are thermophiles (for example, archea). Many
scientists believe in a “redox neutral” in the primitive atmosphere. The
most important aspect is the possibility that the iron vapor and reduced
carbon liberated from impacting objects like meteorites would leave the
ocean reducing for along period. In addition, those submarine hydrother-
md systems are the only environments where primitive life would
have been protected against postulated meteoritic impacts and partia
vaporization of the ocean. The presence of supercritical fluids like H,0,
CO,, or CH,, are the main constituents of any hydrothermal system.
They serve as excellent solvents of organic compounds and would
probably be of great potential for several of the chemical reactions eventu-
aly leading to the origin of life. Further, the pressure and temperature
gradients existing in natural hydrothermal systems have a dramatic
effect on the properties of the hydrothermal fluids. Thisis known from
the current experimental data on many electrolytic solutions and some
nonagueous sol utions.[82]

The submarine hydrothermal systems operate today in much
the same manner as they are believed to have functioned in the pre-
Cambrian period. They provide awide range of closely linked gradients
in both physical and chemical conditions obviously having a direct
link with magmatic heat. Thus, the biological communities (biotic family)
occupying vast and relatively stable soft bottom habitats of the sea are
characterized by low population densities, high species diversity, and
low biomass, compared to those inhabiting the unstable conditions of
submarine hydrothermal ecosystems which exhibit high densities and
biomass, low species diversity, rapid growth rates and high metabolic
rates.

Despite such an understanding of the hydrothermal ecosystem,
there are many unclear aspects like period of formation and depth. As
mentioned earlier, the available evidences indicate that the ancient
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ocean was a chemically reducing environment, probably warm or hot
(> 30°C to > 100°C),[83] shallow (maximum depth of 1000-2000 m), and
considerably more active, tectonically and hydrothermally, than it is to-
day.[8 Themodel proposed by Abbott and Hoffman (1984) suggeststhat, at
the time of formation of the ocean (4.2 Ga.), itislikely that thewhole earth
was covered with water and that hydrothermal activity wasat least fivetimes
greater than at present.[83 The overall rate of sea floor spreading and
subduction has declined steadily over the evolution of the earth. Figure 1.2
showsthe geological and geochemical features of hydrothermal circulation
of seawater through the oceanic crust at mid-ocean ridges.[86] Rona et al.
(1983) have found two types of vents occurring along spreading ridge
crests of the East Pacific Rise and Juan de Fuca Ridge in the Pacific.[87]
The fluids emanating from these vents are enriched with magmatically
derived elements and complexes. Depending upon the degree of mixing,
we can expect a variety of chemical components in different quantities
which serve as the primary energy sources for the extensive microbial
communities as represented in Figs. 1.3 and 1.4. All the biologically
important trace elements are also known to be associated with submarine
hydrothermal vents. However, the actual reactionsinvolved in the produc-
tion of various chemical components are not clearly known. It is well
known that both H, and CO are common gases associated with volcanic
activity. Themajor source of H, isbelieved to be the oxidation of magnetite
to hematite, while CO isbelieved to originate within the magmafrom C-O-
H-S equilibrium.[88] Similarly, the concentration of CH, and helium gases
has been discussed in the submarine hydrothermal vents. Oxygen and
other electron acceptors (NO?%, SO, and PO,*) and a variety of many
unknown chemical components have allowed for the abundant growth of a
diverse microorganismsin the modern oceans.

In order to prove the above theories and discoveries, several
workers have proposed the thermodynamics of strecker synthesis in hy-
drothermal systems and also the hydrothermal synthesis of several amino
acids under laboratory conditions. Schulte and Shock (1995) and Shock
(1995) have worked out the strecker synthesis to produce biomolecules
(amino and hydroxy acids) from starting compounds (ketones, aldehydes,
HCN and ammonia).[88l[8%] They have evaluated their work quantitatively
using thermodynamic data and parameters for the revised Helgeson-
Kirkham-Flowers (HKF) equation of state. Although there is an over-
whelming thermodynamic drive to form biomolecules through streckers



22 Handbook of Hydrothermal Technology

synthesisunder hydrothermal conditions, the availability and concentration
of starting components limit the efficiency and productivity of strecker
reactions. Some representative reactions for strecker synthesis are given
below:[89]

RCHO +NH; + HCN

RCH(NH,)CN + H,O

aldehyde/ ketone amino nitrile

RCH (NH,)CN + H,O = RCH(NH,)CO(NH,)
amino nitrile amino amide
RCHO + HCN + H,O = RCH(NH,)COOH
aldehyde/ketone amino acid

There are several reports on the laboratory hydrothermal syn-
thesis of amino acids to justify the origin of life on the earth. It is
appropriate to mention that the organic synthesis on the whole is not
new and, in fact, it began in the previous century. However, the organic
synthesis under hydrothermal conditions with reference to the origin of
life began in a systematic way only during 1980s, after the discovery of
hydrothermal activity in the deep sea on a Galapagos spreading rich in
thermophile organisms (Fig. 1.5 aand b) during 1977. The reader can
get additional information from the works of Fox and Windsor
(1970); Marshall (1987); Shock (1990, 1992); Hennet et al. (1992).[901-[94]
These workers have synthesized amino acids in a temperature range of
150°C to 275°C from agueous solutions containing KCN, NH;, HCHO,
CO,, H,,0,, NaCN, NH,HCO,. Miller (1953)[%! and Amend and Shock
(1988) in Ref. 97 have shown that the autotrophic synthesis of all twenty
protein-forming amino acids was energetically favored in hot (100°C),
moderately reduced, submarine hydrothermal solutionsrelativeto thesyn-
thesisin cold (18°C), oxidized, surface seawater.[®®! Although the above
studies do not support the challengeraised by several othersover thelife
in submarine hydrothermal ecosystems, thesestudiesdefinitely haveset a
new trend in hydrothermal research.

Thisfield of research is growing very fast and a large number of
publications are coming on diversified aspects of submarine hydrothermal
ecosystems. The reader can refer to some of the most important reviews
for further studies.[®®I197]
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Plate 1. The Pompei worm Alvinella at
9°N on the East Pacific Rise. The
densely-packed tubesform thewall of a
chimney. One worm has emerged: to
the upper right, the tips of the tentacles
of several others can be seen at the tube
openings.

Plate 2. A dead vent field on the
Galapagos Rise near Rose Garden. Par-
tially dissolved shells of vesicomyid
clamsfill the extinguished vent open-
ing. But there are a few survivors -
mussel s filter-feeding for ambient sus-
pended particles.

Plate 3. Barnacles encrust the edge of a
vent opening at the Mariana back-arc
spreading center. Alvinoconchid snails
livein the openings where temperatures
were measured at 10-25°C. Bresiliid
shrimp and bythograeid crabs scavenge
off the surfaces of rock and other ani-
mals. The cloudiness of the water is
caused by suspended bacteria.

Plate 4. The tip of a chimney at the
Mariana vent emitting 250°C effluent.
Animals avoid this hot spot, but are
ableto live only afew centimeters be-
low it, where the temperature is only
25°C. Alvinoconchid snails, bresiliid
shrimp, bythogracid crabs and limpets
can be seen.

Figure 1.4. Microbial community. Photos are reproduced from Ref. 97.
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Plate 1. The Rose Garden vent on the Plate 2. Bresiliid shrimp at a Mid-At-
Galapagos Rise in 1979. Vesti- lantic Ridge vent.

mentiferan tube-worms and mussels

dominate. Bresiliid shrimp and

archacogastropod limpets walk on

them.

Plate 3. Serpulid polychaciesand adan- Plate 4. Spaghetti worms cover pillow
delion in the near-field at the Rose lava at the periphery of Rose Garden.
Garden. Most of the serpulids are re-

tracted into their tubes, but the ten-

tacles of several are spread for captur-

ing food particles from the water.

(@)

Figure 1.5. Hydrothermal activity in the deep sea (a, b). Plates are reproduced
from Ref. 97.
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Plate 5. The huge thicket of
vestimentiferan tube-wormsat themain
vent fissure at Rose Garden in Decem-
ber, 1979. Mussels live among the
worms, principally at the base of the
tubes.

Plate 6. The population of
vestimentiferans has been drastically
reduced, and musselshave proliferated
to form a great pile over the fissure
opening.

Plate 7. The rift valley on the East
Pacific Rise at 9°N in April 1991. A
recent lavaflow has blanketed the val -
ley. Wide-scale venting has encour-
aged bacterial growth, but there are not
yet any animals grazing on the mats.

Figure 1.5. (Cont'd.)

Plate 8. The same general areain De-
cember, 1993, a little over two and a
half yearslater, showing vigorous colo-
nization by vestimentiferans. The bac-
terial mats have disappeared.



Principles and Applications 27

1.7 HYDROTHERMAL CRYSTAL GROWTH AND
MATERIALSPROCESSING

After the successful application of the hydrothermal techniquein
hydrometallurgy in the previous century, the other important application
of this method began with the artificial production of bulk single crystals
of quartz and also with the synthesis of zeolites during late 1930s and
1940s. The hydrothermal method of crystal growth has several advan-
tages. It is very important for its technological efficiency in developing
bigger, purer, and dislocation-free single crystals. The method has been
widely accepted since 1960s and practically all inorganic species, starting
from native elements to the most complex oxides, silicates, germanates,
phosphates, chalcogenides, carbonates, and so on, have been obtained by
this method. The technique is being employed on alarge scale to prepare
piezoelectric, magnetic, optic, ceramic and a host of other materials both
assinglecrystalsand polycrystalline materials. Inthe recent years, several
new advantages of the hydrothermal technique have been described by
many workers and they are discussed in Chs. 5 to 10 in great detail. The
hydrothermal technique, in contrast to other conventional techniques,
offers several advantages:

i. Compounds with elements in oxidation states that
are difficult to obtain, especially important for
transitional metal compounds, can be obtained in a
closed system by the hydrothermal method [e.g.,
ferromagnetic chromium (1V) oxide].

ii. The hydrothermal method is also useful for the so-
called low temperature phases, eg., a-quartz, a-
berlinite, and others.

iii. For the synthesis of metastable compounds, such as
subiodides of tellurium, Te,l, the hydrothermal
method is unique.

Commercia production of quartz and zeolites began during 1940s,
but it was during 1940s and 1950s that the study of hydrothermal phase
equilibria became quite popular owing to the appearance of new de-
signs in autoclaves, particularly the Tuttle cold-cone sealed autoclaves
which became popular as test tube type autoclaves.[%] The main advan-
tage of the phase equilibriastudiesunder hydrothermal conditionsisthat it
is a closed system; one can study the influence of temperature, pressure
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and compositional variations individually. These studies helped to under-
stand the phase formations in many inorganic systems, which had direct
bearingson thenatural systemsaswell. They also helpedinthe crystallization
of several new phaseswhich do not have the natural analogues. Moreover,
these studieslaid a firm foundation for the growth of some most complex
inorganic single crystals which did not have analogues in nature. During
1960s, there was a question about the search and growth of hitherto
unknown compounds of photo-semiconductors, ferromagnets, lasers, piezo-
and ferrielectrics, so the hydrothermal method gained greater attention. This
also led to the studies concerning the solubility, solvent-sol ute interaction,
kinetics, and thermodynamic aspects of crystal growth. A large number of
groupsappeared in Europe, Asiaand North America, and a so the number of
crystalsobtained by hydrothermal method increased exponentially. Fur-
ther, the studies concerning the phase equilibria paved a way for the
emergence of a new technology, viz., ceramics processing technol-
ogy.19]

From mid-1970s, exploration of the advantages of hydrothermal
reactions other than the hydrometallurgical and crystal growth aspects
began in Japan, particularly with reference to the ceramic powder process-
ing. A team of researchersfrom the Tokyo Institute of Technology, Japan,
did pioneering work in ceramic processing such as powder preparation,
reaction sintering, hot isostatic processing, and so on. The powder pre-
pared by the hydrothermal technique is not agglomerated, but is fine-
grained, highly pure, with controlled morphology, has a narrow size
distribution, and consists of single crystals. The technique has several
advantages like high reaction rate of powders, good dispersion in liquid,
amost pollution free, does not require very expensive and highly
sophisticated equipment, energy saving processing, and many times it
produces new phases. These aspects are discussed in the subsequent
chapters of this book.

In the last decade, the hydrothermal technique has offered several
new advantages like new homogeneous precipitation using metal chelates
under hydrothermal conditions, decomposition of hazardous and/or re-
fractory chemical substances, monomerization of high polymers like
polyethyleneterephthal ate, and ahost of other environmental engineering
and chemical engineering issues dealing with recycling of rubbers and
plastics instead of burning, and so on. The solvation properties of super-
critical solvents are being extensively used for detoxifying organic and
pharmaceutical wastes and also for replacing toxic solvents commonly



Principles and Applications 29

used for chemical synthesis. Similarly, itisused to remove caffeineand other
food-related compounds selectively. In fact, a new term, hydrothermal
cooking, isbeing used by the food and nutrition expertsin recent years.[100
Theseunique propertiestakethe hydrothermal technique altogether inanew
direction towardsthe 21% century and one can forecast aslow emergence of
anew branch of science and technology for sustained human devel opment.
An understanding of the structure, dynamics and reactivity of water and
other aqueous el ectrolyte sol utionswith the advancement ininstrumentation
like neutron diffraction, x-ray, Raman and NM R spectroscopic approaches,
have greatly contributed to the emergence of thisnew branch of scienceand
technology employing hydrothermal techniques. Asiswell known, water is
environmentally the safest material and the cheapest of al solvents. It can act
asamineralizer or acatalyst under elevated pressure-temperature conditions.
The thermodynamic and transport properties of supercritical water are
remarkably different from those of ambient water. The solubility of nonpolar
speciesincreases, whereasthat of ionic and polar compounds decrease. As
aresult of thedrop of the polarity of water, the molecular mobility increases
due to a decrease in the solvent viscosity (). Drastic changes of ionic
hydration are brought about by the decreasein the diel ectric constant (€) and
density (p). Table 1.4 gives the values of dielectric constant, density and
viscosity of water varying with temperature and pressurein comparison with
the ambient values of 78.3, 0.997 g cm3, and 0.890 mPa, respectively.[101]
Thetemperature dependence of the saturation vapor pressureisillustrated up
tothecritical pointin Fig. 1.6.[1011 Below 150-200°C, the saturation vapor
pressure is relatively low. Above this temperature, however, the vapor
pressure rises rather sharply. Such anamolous properties of water with
pressure-temperature variations are associated with the hydrogen bond-
ing, which has attracted the attention of solution chemists. Thus recent
advances in hydrothermal solution chemistry have paved a new path to
materials processing techniques with minimum energy consumption in
comparison with larger energy consumption to create melt, vapor, gas or
plasma. Figure 1.7 shows free energy vs. temperature diagram in asingle
component system. Similarly, Fig. 1.8 shows the pressure-temperature
range for material preparation or processing. A portion of the hydrother-
mal field falls within the biocompatability range, which can be further
supported with the recent findingsin the field of submarine hydrothermal
or biohydrothermal research.
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Table 1.4. Vaues of ¢, p (g cm3), and n (mPa s) of Water at High
Temperatures and High Pressures*

t/°C
p/MPa Parameter

200 250 300 350 400 450

35.1 2714 204 1.2 12 11
0871 0806 0.715 0.045 0.038 0.034

=

10 P
n 0.136 0.108 0.087 0.022 0.025 0.027
£ 33 280 212 141 1.6 14
20 P 0.878 0.816 0.733 0.600 0.101 0.079
n 0.139 0.110 0.091 0.070 0.026 0.028
& 359 284 220 157 59 2.1
30 o) 0.885 0.826 0.751 0.646 0.357 0.148
n 0.141 0.113 0.094 0.076 0.044 0.031

36.3 289 226 167 105 3.8
40 o 0891 0835 0.765 0.672 0523 0.271
n

=

0114 0115 0.097 0.080 0.062 0.039

36.6 203 231 176 122 6.6
0.897 0843 0.777 0.693 0.278 0.402

=

50 p
n 0.146 0.118 0.099 0.083 0.068 0.051
& 37.0 29.7 236 182 133 8.5
60 o} 0903 0850 0.788 0.711 0.612 0.480
n 0.148 0.120 0.101 0.086 0.073 0.059

& 37.3 300 240 188 142 9.9
70 P 0.909 0857 0.798 0.726 0.638 0.528
n

0.150 0.122 0.104 0.089 0.077 0.065

*  Cited from IAPWS Release on the Values of Temperature, Pressure and
Density of Ordinary and Heavy Water Substances at their Respective
Critical Points, 1992.
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18

STATISTICS OF PUBLICATIONS AND RESEARCH IN

HYDROTHERMAL TECHNOLOGY

Thestatistical dataon the hydrothermal research give apicture about
itsdevel opments. Throughout the course of itsevol ution from geoscientists
to modern technologists, the hydrothermal technique has captured the
attention of scientistsand technologistsfrom different branches of science.
Today it isahighly interdisciplinary subject and thetechniqueispopularly
used by geologists, biologists, physicists, chemists, ceramists,
hydrometallurgists, materials scientists, engineers and so on. Figure 1.9
shows various branches of science either emerging out from the hydro-
thermal technique or closely linked up with the hydrothermal technique.
Onecould firmly say that thisfamily tree will keep expanding its branches

and the roots in the years to come.
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Inview of such arapid growth of the hydrothermal technique, itis
becoming imperative to have a highly specialized book on this topic.
There are thousands of articles published on various aspects of hydrother-
mal research. In theinitial days of the hydrothermal research, therewas a
dearth of diversified journals, thus much of the hydrothermal research data
from the 19t century to the beginning of the second half of thiscentury was
published in essentially Earth Science Journals, Chemistry Annals, and
Bulletins. Sincethen, successinthegrowth of large singlecrystalsof quartz
and, subsequently, alarge number of other minerals and inorganic com-
pounds, aswell asthe progress achieved in theinstrument sidein attaining
higher pressure and temperature conditions, led to the slow diversity of the
field. Today a large quantum of work on hydrothermal research is being
published in morethan one hundred journals, and the number isstill growing.
Owing to thelimitation of space and with an intention to focus on the main
theme of the book, we give below only theimportant journa swhich publish
thework on hydrothermal research:

Journal of Crystal Growth

Journal of MaterialsResearch

Journal of Materials Science

Journal of Materials Science L etters

MaterialsResearch Bulletin

MaterialsPhysicsand Chemistry

Advanced Materials

Materials Science Forum

MaterialsLetters

Journal of Solid State Chemistry

European Journal of Solid State and Inorganic Chemistry
Progressin Crystal Growth and Characterization of Materials
Crystal Research and Technology

Crystallography (Russian Journal)

| zvestia Academy Nauk Inorganic Materials (Russian)
Solid State Communication

Doklady Academy Nauk (Russian)

Journal of American Ceramic Society

Chemistry of Materias
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Journal of Applied Physics
Physicsand Chemistry of Earth
Journal of American Chemical Society
AmericanMineraogist

Canadian Mineraogist
GeochimicaCosmochimicaActa
Zeolites

Journal of Ceramic Society of Japan
Bio-materias

Japanese Journal of Applied Physics
Ceramics Transactions

Materials Science and Engineering
Materials Science Research
Materials Technology

Journal of MicroporousMaterials

Although there arethousands of research publicationson hydrother-
mal research, so far, the most comprehensiveworksarelimited to the scale
of only reviews and edited books and thereis not even asingle monograph
available. In connection with the hydrothermal techniquefor crystal growth
and material s processing, thebooksand reviewslisted in Table 1.1 arevery
useful.

We have made a very sincere effort to collect a more-or-less
complete list of publications related to the field of hydrothermal technol-
ogy, especially with a higher reliability in the last decade. Therefore, it is
interesting to discuss briefly the statistics of thisfield of research. Figure
1.10 shows the number of publications year-wise and this number is
increasing sharply with the entry of scientists from other branches of
science. Asevident from Fig. 1.11, the preparative chemists and ceramists
have dominated this field, particularly with the recent advances in the
advanced materials and electronic ceramics. It is interesting to note that
the hydrothermal technique of material synthesis, although began in the
previous century, has gained its momentum during the postwar period.
Prior to that, mgjority of the compounds synthesized under hydrothermal
conditions were essentially the natural analogues, as the main thrust was
on the study of the origin of rocks, minerals and ores through laboratory
simulations.
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With the availability of theimproved equipment and also with the
knowledge on the preparative chemistry routes to synthesize many
inorganic compounds, with or without natural analogues under hydrother-
mal conditions, the popularity of the technique grew fast. Today, the
number of compounds without any natural analogue synthesized under
hydrothermal conditionsismorethan the number of compoundswith natural
analogues synthesized. With the advent of new mineralizers, awidevariety
of organic and inorganic compounds hitherto unknown are being prepared by
hydrothermal technique. Thetechniqueisbeing popularly used for crystalli-
zation of materials, crystal growth, materialsprocessing, thin film prepara-
tion, and so on. As evident from the synthesis of silicates, phosphates and
oxidesfollowed by the ceramicsare very popular material s being obtained
under hydrothermal conditions. The popularity of this field is probably
connected with the better understanding of the hydrothermal solution
chemistry and the effective use of several new mineralizers which have
virtually changed the scenario, particularly with referenceto the pressureand
temperature conditionsof synthesisof material swhich were obtained under
very high pressure and temperature conditions. For instance, rare earth
tungstates, rare earth silicates and so on are being obtained under mild
hydrothermal conditions.[102]

Hydrothermal research had its origin in Europe, and later spread
its activity to North Americaduring the early 20t century. The hydrother-
mal research in Asia began in the 1920s in Japan. Today, Japan has
emerged as a leader in this field of research on par with the USA.
However, the hydrothermal research is becoming quite popular in several
other countries, particularly in the last three decades. The countries en-
gaged in hydrothermal research are listed below in aphabetical order:
Australia, Belgium, Brazil, Bulgaria, Chile, China, Canada, Denmark,
France, Germany, Holland, Italy, India, Japan, Korea, Norway, Poland,
Russia, Switzerland, Spain, Sweden, Taiwan, UK, Ukraine, USA. Amongst
these countries over 75% of the hydrothermal research is going on in
Japan and USA. Figure 1.12 shows the countries actively engaged in
hydrothermal research.

The above statistical data on hydrothermal research clearly illus-
trate a growing popularity of the technique, covering various branches of
science. The main disadvantage of the hydrothermal system, as believed
earlier, isthe black-box nature of the hydrothermal autoclave, because
one can not make any direct observation of the crystallization pro-
cesses. Though several attempts were made to observe the crystallization
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processes through special ruby windows for these autoclaves, not much
success has been achieved because of the high pressure and temperature of
the system. However, in recent years, remarkable progress was made in
this area through the entry of physical chemists and the modeling of the
hydrothermal reactions, and the study of kinetics of the hydrothermal
processes have contributed greatly to understand the hydrothermal tech-
nique. One can now understand the hydrothermal chemistry of the solu-
tionsmore or less precisely, which provides asolid base for hydrothermal
synthesis and processing at much lower pressure and temperature condi-
tions.[2911103] These devel opments are slowly removing the concept of the
black box for the hydrothermal system, and one can make use of thick-
walled silica autoclaves to carry out hydrothermal experiments up to a
temperature of 300°C and pressure up to several hundreds of bars, to
facilitate direct observation of the hydrothermal processes taking placein
a given system. Already some groups in Russia, Japan and USA have
begun work in this direction and numerous publications have appeared.
These devel opments have given the hydrothermal technique an edge over
other techniques for the preparation of pure materials as it is a closed
system providing amore controlled diffusion. Besides, therole of pressure
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together with temperature hel ps enhanced molecular arrangementsincluding
those of organic molecules as supported by the synthesis of organic amino
acids and other life forming complexes, and also the natural submarine
hydrothermal ecosystems. Thusthe hydrothermal technique exhibitsagreat
degreeof flexibility or adaptability whichisbeing rightly exploited by alarge
scientificcommunity with diversified interests.

19 HYDROTHERMAL MATERIALSPROCESSING

Hydrothermal materials processing isbecoming apopular field of
research, particularly after the successful development of ceramic pro-
cessing technology during 1970s. Further there is a growing interest to
enhance the hydrothermal reaction kinetics using microwave, acousto-
wave simulations, mechanical mixing, and electrochemical reactions.
These processes have made the hydrothermal technique more attractive to
ceramists and preparative chemists because of the enhanced kinetics. The
duration of the experiments is reduced by two orders of magnitude, at
least, which makes the technique more economic. The microwave hydro-
thermal technique is especially handy for the synthesis of PZT and other
oxide ceramics. Added to this, the crystal size, morphology and level of
agglomeration of the different ceramic oxides can be controlled through
careful selection of ratio of starting materials, pH, time, and temperature.
Submicron size powders of TiO,, ZrO,, Fe,05, KNbO;, BaTiO;, PbTiO4
and their solid solutions have been prepared by this way. This has made
the technique a more valuable one in the low temperature production of
fine ceramic powders, clays, and zeolites.[171[104][105]

Similarly, ultrasonic energy, sonochemical simulation is used to
prepare novel materials and accel erate the chemical reactions. Inthisway,
hydrothermal reactions can be carried out at very rapid rates, and severa
new phases and high temperature phases can be obtained in minutes.

Hydrothermal epitaxy began during 1970s in connection with
the development of magneto-optic and magnetic bubble domain de-
vices, especially thin and highly crystallized magnetic films of yttrium
iron garnets and their solid solutions on gadolinium gallium garnet
substrates.[1061(107] |t did not capture the attention of specialists owing to
the higher experimental pressure and temperature conditions involved
(T > 500°C, P > 1 kb). However, in the last five years, the work in this
direction has been revived. With the use of electrochemical reactions
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under hydrothermal conditions, it has become possibleto grow highly pure
and dislocation free crystallinethin films of various perovskite type oxides
likeBaTiOg, SITiO;, CaTiO;, and so on, under much lower pressure (< 100
bars) and temperature (100-200°C) conditions over a variety of sub-
strates.[108]-{110l The method of fersahigh successrate and there are effortsto
obtain functionally gradient material sthrough hydrothermal electrochemis-
try. With an increase in the demand for the composites, the hydrothermal
technique offers an excellent facility for coating of various compounds on
metal's, and ceramics. For example, the coating of HAp or bonelike apatite
layerson chemically treated Ti metals, organic polymersand other metalshas
emerged out asapromising fiel d.[11111{113] Thisisdiscussedin detail in Ch. 10.

Thehydrothermal technique hasbecomevery useful for the produc-
tion of whiskers, which arefinding extensive applicationsin modern technol -
ogy. For example, whiskers of HAp are being produced under mild hydro-
thermal conditions. Although, the crystal growth of whiskerswith controlled
morphology isnot anew field, it wasalready ontheverge of extinction during
the last decade. A few years ago, some reports on the growth of whiskers
which are biocompatible under mild hydrothermal conditions appeared,
giving afreshleaseonlifeto thisfield of research concerning whiskerscrystal
growth.[114][115] Amongst the popular whiskers crystal growth, the most
popular oneisthe biocompatible HApwhiskers of nanometer sizeand this
can be prepared at temperatures < 200°C, and pressure < 2 MPawithina
few hours. Whiskers prepared by the hydrothermal method have a more
controlled and better morphology, uniformity in sizeand purity in composi-
tion compared to the HAp whiskers produced by other methods. The
whiskers obtained by other methods usually contained contaminants like
carbonates, heterogeneity in shape and size. The hydrothermally prepared
whiskers are finding promising applications mostly as reinforcementsin
composites, and thermal insulation. They are highly biocompatible, asthey
contain nontoxic species, such as Ca, P, OH-, and are noncarcinogenic,
chemically inert both outsideandinsidetheliving bodies. Thisisdiscussedin
greater detail in Ch. 10.

The hydrothermal hot-pressing technique is becoming a very
simple and most effective processing technique for the preparation of
solid bodies from inorganic powders under mild hydrothermal condi-
tions.[116][117] This technique is especially useful for the solidification of
thermally decomposable powders such as carbonates, sulphates and ni-
trates at high temperatures. The solidification process is thought to be
similar to liquid-phase sintering under pressure. In this technique, the
starting powder containing water is continuously compressed from the
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outside of an autoclave under hydrothermal conditions. The powder isthen
treated at autogeneous pressure, while it is compressed at much higher
pressure than the vapor pressure inside the autoclave. The water still
remaining in the compacts after the hydrothermal hot pressing can beeasily
drained out by dryingin air. By this means, porous ceramics can be easily
prepared. Thistechnique becomes handy for the solidification of radioactive
wasted 119 and g udge ashes.[120]

Corrosion is a major problem in industries and power stations.
Corrosion afflicts all metals, alloys and even advanced ceramics. The
commonly observed problems of corrosion include exfoliation, stress-
corrosion cracking, intergranular corrosion, and dealloying. From the
perspective of engineering, the prediction, monitoring, and mitigating the
corrosion problem is highly cumbersome. Once the attack is initiated, it
makes|ocalized corrosion amajor problem inindustries, power plantsand
reactors. In this respect, the supercritical solvents oxidation, particularly
of water can be of great help to solve many of the problems associated
with corrosion and erosion. In these systems, the toxic and corrosive ions
are treated and made to form a solid crystalline coating of the metal
surfaces as oxides or as oxychlorides. Several agueous and honagqueous
solvents have been tried on a variety of metals, alloys, and ceramics,
which greatly contribute toward solving the major industrial corrosion
problem. The reader can get additional information from the works in
Refs. 121-127.

Hydrothermal processing has become amost powerful tool, inthe
last decade, to transform various inorganic compounds and also to treat
the raw materials for technological applications. The hydrothermally
treated raw materials become very highly reactive as afunction of solvent
used in the preparation of advanced materials. One can find an extensive
literature data available on this topic covering awide range of oxides and
hydroxides, carbosils, and so on. Similarly, the hydrothermal transforma-
tion, for example, montmorillonite and other variety of claysinto the most
useful zeolites with larger pore volumes, is a subject of great interest,
because of its efficiency and economy.[10%] |n the last couple of years, the
hydrothermal technique has been widely employed for metal intercalated
nanocomposites preparation. Several variety of clay minerals which have
two-dimensional layer structured28l |ike montmorillonite, beidellite,
hectorite, saponite, nontronite, etc., are attractive materials, because of
their properties like cation exchange and swelling-shrinking in the
interlayers. They readily produce pillared clays upon hydrothermal treat-
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ment. The preparation of pillared clays involves essentially the cation
exchange with hydroxy polymeric cations followed by dehydration and
dehydroxylation of the polymeric species to prop the layers apart with
ceramic oxide pillars in the interlayers.[129] These pillared layers are
successfully intercal ated with transitional metals. Likewise, the hydrothermal
technique is very useful for stabilizing the metastable phases. Also, for
example, the water rich natural phyllosilicates, which have lower thermal
stability can be made more stable chemically andthermally through replace-
ment of (OH)- groups by oxygen atoms.[130] By these means, several
phyllosiloxides have been prepared by many workers.[131]

All the above information on hydrothermal technology provides
enough support for the growing popularity of thistechnique for materials
synthesis, crystal growth, and materials processing.

The scope of thisbook has been restricted to recent developments
under each one of the applications described above with the exception of
the natural hydrothermal systems which are not within the perview of the
present handbook. Although we have given the historical aspects of the
technique in Ch. 2, the emphasis has been focused mainly on the crystal
growth and materials processing through the ages.

This chapter clearly reveals the fact that the hydrothermal tech-
nique is drawing the attention of scientists from different branches of
natural science. The future of this technique lies in this kind of muilti-
disciplinary approach. Maore and more new findings and applications in
this field are not only contributing to the scientific knowledge of the
hydrothermal technique, but are also posing new problems. The role of
organics in hydrothermal systems for example, has to be studied more
seriously, which would definitely twist the geol ogical thinking to agreater
extent. Itiswell known that the organicsin hydrothermal systemsnot only
lead to the formation of new phases or new structures, and stability of
metastable phases, but can also bring down the pressure and temperature
conditions of crystallization. In nature, we can expect avery wide range of
chemica components including hydrocarbons, which greatly contribute
tothe crystallization of rocks, minerals, and ore deposits. Therole of these
organicsin the earth’ scrust has not been understood properly by geoscien-
tistsin the context of thermodynamics, and kinetics of crystallization. Itis
expected that such studieswill definitely propose much lower temperature
and pressure conditions of crystallization for various rock bodies, and add
many more new questions to experimental petrology.
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Thus, thefuture of hydrothermal research (both crystal growth and
materials processing) isnot towards higher pressure and temperature condi-
tions, but definitely towards the lowering of the pressure and temperature
conditions, which will facilitatein situ observation. Thiswill also provide
new stimuli for thefabrication of ssimpler (may beeven silicaand composites
based) and larger autoclaves. Asthedesign and fabrication of the autoclaves
becomes simpler and easier, the cost will automatically go down, thereby
making them more attractiveto speciaists. Inthelast fifteen years, aswe see
fromthe statisticsdiscussed earlier inthischapter, more new applicationsfor
hydrothermal technique are being reported continuoudly. It is predicted that
it will merge with soft solution chemistry and soft solution processing by
being more compatible with biosphere. It will come out asanimportant tool
for the development of advanced materialswith limited resourcesand energy
consumption. These materials are less hazardous to living species, also
environmentally friendly without firing or sintering at ultrahigh temperatures,
or melting or plasmaor vaporizing. Becausethe energy consumed in attaining
the melt or vapor or plasma conditions is very high, it proves to be
environmentally unfriendly. Hence, the future of hydrothermal technol ogy
liesin promoting thelower pressure and temperature conditionsfor crystal
growth and materials processing. We have made an attempt to expose the
reader to the above mentioned aspects of hydrothermal growth and materials
processing in theforthcoming chapters.
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History of Hydrother mal
Technology

2.1 INTRODUCTION

In the ancient times, Romans used to celebrate the year-end and
year-beginning in great festivities in honor of the God Janus, in whose
honor the month January is named. The God Janus is a deity with two
heads: one looking to the past and the other looking to the future (Fig.
2.1).11 Here, we have made a sincere attempt to explore and review the
early history of the hydrothermal technology that hasan extremely promis-
ing future.

Figure2.1. The God Janus.
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As mentioned earlier, Sir Roderick Murchison, a British Geolo-
gist, was the first to use the term hydrothermal in the mid 19t century.[2
The first publication on hydrothermal research appeared in 1845 (Fig.
2.2). This reports successful synthesis of tiny quartz crystals upon trans-
formation of freshly precipitated silicic acid in Papin’ sdigestor by K. F. E.
Schafthaul .[31 Following this, mineralogists, especially from France, Ger-
many, and Italy, started synthesizing various other minerals. Although the
size of the crystals or minerals they obtained did not exceed thousandths
or hundredths of a millimeter, their main objective was to create or
simulate, in the laboratory, the natural conditions existing in the earth’s
crust. If, in nature, minerals and mineral assemblages were formed at
elevated temperature and pressure conditions in the presence of vola
tiles—mainly water, it will be quite impossible to simulate the natural
conditions or processes responsible for the formation of rocks and miner-
als except under the hydrothermal conditions. Thus, the early interest in
hydrothermal research was merely in the synthesis of a particular mineral
or in obtaining compounds similar to natural minerals rather than to carry
out any systematic investigation pertaining to phase rel ations or geochem-
istry of the earth’ sinterior. Even the conditions under which they worked
were, in general, simple and sometimes lacking precision. The minerals
obtained by the earlier workers are chiefly those which are stable or at any
rate, phanerostable, over awide range of conditions, for example, quartz,
and feldspar. As the resultant products obtained were very tiny, accurate
chemical analysis or identification of the phase by optical microscopic
methods was quite doubtful and many atimesled to speculations. Besides,
the experimentswere carried out in glass tubesin which it was difficult to
attain higher pressure-temperature conditions; also water was used in most
cases as a solvent. Therefore, the crystals obtained were very small, and
the purity of the crystals could not be studied satisfactorily. Most of the
experiments during the 19t century under hydrothermal conditions, with
some exceptions, were related to silicate synthesis. Therefore, the contri-
bution from the glass tubes to the resultant product could not be precisely
understood. After the introduction of steel autoclaves and suitable metal
linings, attempts were initiated to reach higher pressure-temperature con-
ditionsto obtain other compoundsand purer phases. However, no attention
was paid to the chemistry of the solvent, the frequent appearance of the
metastabl e phases, solubility relations, kinetics, phase equilibriaand related
phenomena. Thus, the frequent appearance of the metastable phases also
complicated the earlier studies.
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Most of the work on hydrothermal research during 19t century
was confined only to Europe, especially to the Mineralogy, Petrology, and
Geochemistry laboratories in Germany, France, Switzerland, and Italy.
Bunsen (1845) carried out the hydrothermal experimentsfor thefirst time
using thick walled glass tubes to contain high-temperature—high-pressure
liquids and prepared strontium and barium carbonates.[1 Wohler (1848)
recrystallized apophyllite by heating apophyllite in water solutions at
180-190°C under 10-12 atm pressure.ll Infact, all the early hydrothermal
experiments, until 1881, were carried out in simple glasstubeswith sealed
ends, of course, with an exception of one or two attempts with steel tubes.
Even the term hydrothermal bomb was not used by earlier workers and
they ssimply referred to them as autoclaves or tubes. The greatest contribu-
tion in the 19t century was by H. De Senarmont, the founder of hydro-
thermal synthesis in geoscience. He used glass tubes containing gel,
SiO, and H,0, HCl, or CO,, enclosed in steel tubes, and heated at 200—
300°C. Theresultant product was asix-sided quartz prism with pyramidal
termination.[!l When the solution contained NaHCO,;, CO, and some
realgar, very little quartz was obtained. It was probably Daurree (1857), a
French mineralogist, who first used a steel tube to synthesize quartz and
wollastonite at about 400°C with water as a solvent. The most important
aspect of his experiments was the pressure balance he introduced for the
first time. The starting substances were taken in a sealed glass tube with
water asamineralizer, and this glasstube was placed inside a stedl tube.[”]
The space between the glass tube and steel tube wasfilled with water. He
carried out aseries of experimentswith thisdesign and avaried concentra-
tion of the starting materialsto obtain several other minerals. Similarly, he
conducted experiments on the recrystallization of felspars, micas, and
pyroxenes.

Daurree’s other significant contribution was his attempt to use
natural hot spring water from Plombieresasamineralizer and thisled to the
deposition of asmall quantity of quartz in two days’ time. In addition, he
treated kaolin with Plombieres water under hydrothermal conditions and
obtained felspar and asmall amount of quartz. Hereit isinteresting to note
that, after the discovery of hydrothermal activity in the deep sea on the
Galapagos during the 1970s, active research is going on using the natural
submarine hydrothermal vent fluid to study the origin of life (organic
synthesis). Thisled to the establishment of therelation between the subma-
rine hydrothermal activity and rich mineralization of avery wide spec-
trum from native elements to sulphides, oxides, and so on.[E{19 The
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literature survey on the early hydrothermal research shows that several
attempts were made to transform zeolite minerals and kaoline in the 19th
century,[SIH11] but it was only during 1940 that Barrer succeeded in
synthesizing for the first time zeolite, that is, analcime, using the hydro-
thermal technique.l!2 Although Deville St. Claire (1857) attempted to
transform bauxite into corundum under hydrothermal conditions using
NaOH as mineralizer, the experimental results were not definite. Perhaps
he was the first one to use amineralizer other than water.[13] In fact, many
of the earlier workers, including von Chroustshoff, found that the glass
tubesthey were using werefrequently attacked under hydrothermal condi-
tions. However, they do not mention anything about precautions taken in
this regard, as they were more concerned in obtaining a product corre-
sponding to some natural minerals. During 1873, von Chroustshoff first
proposed the gold lining of steel autoclaves to prevent corrosion. By
introducing gold lining for the steel autoclaves, he could achieve a tem-
perature of 350°C to synthesize tridymite phase of quartz and increased
experimental duration.[15]

With the introduction of steel autoclaves along with noble metal
linings, the tendency to reach higher pressure-temperature conditionsthan
the usual 5 to 10 atm began. However, mgjority of the works up to 1880
remained pertaining to quartz, felspar, and related silicates. Thus, many of
the earlier authors even define hydrothermal technique asthe“oneusedin
the synthesis of silicates.” In 1880, Meunier carried out an experiment
using water vapor passed over AlCl; and Mg contained in an open tube,
heated to alow red heat and obtained mainly spinel. In some parts of the
tube, he even observed tiny crystals of periclase and corundum. [

Followed by this work, Hannay (1880) claimed to have synthesized
artificial diamond by the hydrothermal technique.[6] Similarly, Moissan
(1893) aso claimed to have synthesized diamond artificially as large as 0.5
mm from charcoal.['1 Though the success of these experiments was
treated asdubious, they certainly provided afurther stimulusfor hydrothermal
research, particularly the development of high-pressure techniques. It is
interesting to note that the results of some of these earlier works were
treated as dubious. Thisis probably in connection with the small size of
their resultant products. The first ever large size crystals obtained by the
earliest workers was that of hydrated potassium silicate, which was about
2-3 mm long, by Friedel and Sarasin (1881).[18 In this case, while
growing orthoclase and felspar, hydrated potassium silicate was obtained
as an additional phase containing surplus potassium silicate. Here it is
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appropriate to quote one or two earlier experimentsfor the curiosity of the
readers and to show their experimental conditions. Chroustshoff (1887)
obtained quartz by heating a colloidal solution of SiO, to 250°C, almost
every day for 6 months. He started his experiments with 4 tubes, 3 of
which soon burst. Some crystals aslarge as 8 mm long and 3 mm wide, of
type of vein quartz with (1010), (1011), (0111) faces were crystallized.
Perhapsthisisthefirst systematic work on the growth of quartz. Although,
the experimental duration was quite long, amost 6 months, he could
obtain quartz crystals aslarge as 8 mm long and 3 mm wide.[29] In another
experiment, Chroustshoff (1890) used athick-walled evacuated glasstube
of 25 cc volume, containing amixture of colloidal SiO, solution, colloidal
Fe(OH),, colloidal Fe(OH),, lime water, freshly precipitated Mg(OH).,
and several drops of aNaOH-KOH solution which he heated for 3 months
at 550°C. The resultant product contained, among other things, long,
thick, dark-colored prismatic crystals of hornblende, 1 mm long, 0.5 mm
thick, with (010), (110), (011) faces.[20] The most interesting point to be
noticed hereisthat the experimenter obtained amineral in 3 months under
hydrothermal conditions having no bearing on its petrogenesis and no
relation to any known equilibrium. Morey (1953) quotesthisasahorrible
experience of the experimenter.[2] Here, the reader should notice the
duration of each experiment and the size and type of the minerals ob-
tained. This is definitely related to the lack of knowledge in areas of
solvent chemistry, kinetics, and solubility of the compound. Despite very
low growth rates achieved in the 19 century, the earlier workers in
hydrothermal research continued to synthesize a very wide range of
mineral species. According to Morey and Niggli (1913), over 80 mineral
species are supposed to have been synthesi zed during 19t century.[22l The
list includes quartz, felspars, mica, leucite, nephelite, epidote, hornblende,
pyroxene of minerals from the silicate group and several non-siliceous
minerals like corundum (Al,O,), diaspore (Al,04-H,0), and brucite (Mg
(OH),).

For the sake of convenience, the authors describe the further
development of the hydrothermal research in coherence with the auto-
clave design, development, and pressure-temperature range. It is well
known that the study of hydrothermal processes is merely the study of
certain agueous systems at high temperature, usually near to and often
abovethecritical temperature of purewater, therefore considerable amount
pressures are developed at these temperatures by water or agueous solu-
tions. The experimenta difficulties of such astudy are many, but are largely
connected with the choice and control of working conditions and the
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sel ection of asuitable autoclave to withstand the pressure at high tempera-
tures over a long period of time. It was soon after Chroustshoff (1873)
proposed the gold lining for the steel autoclaves that many earlier re-
searchers began to work on new designs and new lining materials for
autoclaves to abtain the most ideal conditions for the synthesis of several
high temperature oxide minerals. Probably Friedel and Sarasin (1881)
termed their hydrothermal autoclave as hydrothermal bomb, because of
the high pressure working conditions in their experiments.[18] Obviously
new metalsand alloys available during that time were tested. For example,
De Schulten (1882) even used a copper bomb to synthesize analcite by
heating a mixture of sodium silicate, sodium aluminate, and lime water at
180°C for 18 hours.[23] Similarly, Sir Ramsay and Hunter (1882) used a
cast iron bomb.[24 Bruhns (1889) used steel bombs lined with platinum,
with a cover held down by bolts and made tight by means of a copper
washer, which was protected by the action of the mineralizer on plati-
num.[23] Other contemporary workers used this design. Perhaps the sim-
plest design of the autoclave, made of a nickeled gun-barrel or silver lined
steel tube closed by a screw cap and copper washer, was developed by
Doetler (1890). Using this type of autoclave, Doetler has done an exten-
sivework by obtaining several mineral recrystallized specieslike chabazite,
okenite, heulandite, analcite, natrolite, and so on.[26] However, in most of
these works from 1870s to 1890s using the above mentioned type of
autoclaves, experimental uncertainties were introduced owing to the lack
of aperfectly tight closure, which resulted in the |eakage of water, thereby
causing variations in the pressure conditions (and hence the concentra-
tion) of water during the course of experiments. Friedel (1891) obtained
corundum crystals by heating asolution of NaOH with excess of Al,O5 at
ahigher temperature at that time, 530-535°C.[27]

Towardsthe end of 19t century, Speziafrom the Torino Academy
of Science began his classical work on the seeded growth of quartz. His
contribution to the field of hydrothermal research is remembered even
today. Spezia (1896) found that plates of quartz kept at 27°C for several
monthswith water under apressure 1750-1850 atm did not loseitsweight
and also showed no etch figures. Thus, he concluded that pressure alone
has no influence on the solubility of quartz.[?8] Subsequently, Spezia
studied the action of Na,Si O, in the solubility of quartz with temperature.
He found that when alkali was present in the system, SiO, separated
out as quartz and the rhombohedral faces of the quartz were easily
attacked, and on the other hand, on the same faces were the greatest
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depositions of SiO, from Na,Si O, solutions. The more rapid growth of the
quartz crystals along the c-axis was explained.[29

During the 19t century, much work was done on the geological
side of hydrothermal research and the entire work was confined to Europe,
particularly Germany, France, Italy, and Switzerland. It was only towards
theturn of 19t century that the science of hydrothermal technology moved
to North America, which was assisted by the American Industrial Revolu-
tion. Further, the establishment of the Geophysical Laboratory at the
Carnegielnstitute of Washington, USA, in 1907, probably marked the most
important milestonein the history of hydrothermal technology. Althougha
great deal of research was carried out on hydrothermal technology in the
19t century, thefacilitiesfor large scale hydrothermal research beforethe
end of theWorld War |1 were virtually nonexistent, except the Carnegie
I nstitute of Washington, where Bowen began his hydrothermal research
and later moved to the University of Chicago, Bridgman’s high pressure
laboratory at Harvard University during 1940s and 1950s, Kennedy’s at
the University of Chicago, and Tuttle's at Penn State University. This
situation dramatically changed with the development of the test tube type
pressure vessel by Tuttle in which high pressures up to 5 kbar could be
maintained at temperatures of 750°C for along period of time. However,
before going into the contributions of these great personalities, we shall
discuss the early contributions during the turn of the 19t century and the
beginning of 20t century. As mentioned earlier, the entire activity on
hydrothermal research was concentrated in Europe and there was no
activity in North America or Asia, including Japan, China, India, and
Taiwan, which areincluded today in thetop ten countries actively engaged
in hydrothermal research. Perhaps the first North American published
work on hydrothermal research was by Barus (1898), who essentially
worked on the impregnation of glass with water to such an extent that
it melted below 200°C. He used steel bombs for these experiments.[30]
Subsequently, Allen (1906) obtained very fine quartz crystals by heating
a solution of MgCl,-6NH,Cl and Na,SiO; for 3 days at 400-450°C.
Also, large crystals of 2 mm long, often barrel shaped with short rhombo-
hedral terminal faces, were obtained. Allen used steel bombs closed by
a Cu disc held in place by a screw on steel cap, used either
MgCl,-6NH,Cl solutions or a mixture of MgCl, solution with NaHCO,,
and either amorphous SiO, or Na,SiO,, heated for 3 to 6 days at 375—
475°C to obtain magnetite, quartz, fosterite, etc.[31 However, the early
American hydrothermal research was carried out using the autoclaves of
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European designs. Around theturn of the century, it was again the German
workerswho were active in the field of new designs, especially Tammann
and Boeke from Tottingen who carried out extensive studies with refer-
ence to many carbonate and silicate reactions in the newly designed
bombs at higher pressure and temperature conditions with CO, pres-
sure.[32 Perhaps this is the beginning of the solvothermal research, al-
though the term solvothermal was introduced by French chemists in
1971.133 The autoclaves used by Tammann and Boekewereall heavy steel
vessels 10" diameter, 18" long, with soft metal gaskets which formed the
seal when compressed by a set of radially deployed screws and nuts. The
heating was internal with aresistance furnace.

With the establishment of the geophysical laboratory in Carnegie
Institute of Washington, USA, Bowen established a fine hydrothermal
research laboratory. Obviously, all the major contributions to the field of
hydrothermal research from USA in the early 20t century are solely from
thislaboratory and have received worldwide recognition. Bowen took up a
systematic study of the phase equilibriain high temperature silicate sys-
tems and, around the 1920s, he framed the most important petrologic
principle, viz. Bowen's Reaction Principle, shownin Fig. 2.3.[34

Theseideas of Bowen have been, without question, one of therare
landmarksinthe history of petrology. The main oppositionfor thisprinciple
was that the extrapolation of experimental phase equilibrium results was
based on the data he obtained from systems made from relatively few and
chemically pure components to natural systems. Subsequently, Bowen
continued hisresearchinthisfield, worked on several complex systems, and
revised his earlier proposed reaction series slightly. While Bowen was
working onthepetrologic problems, Morey, Niggli, and Fenner wereactively
studying the silicate systems with water as one of the components. Morey
first designed a simple, gasketed, sealed steel autoclave of 25 to 100 ml
volumeintheyear 1913. It becamevery popular because of itssmplicity and
easeto handle. Later, the autoclave that bore his namewaswidely used for
working up to thetemperature of 450°C and 2 kbar pressure.[3® The details
of the design and construction are discussed in Ch. 3. The first American
autoclave designs were those of Adams and Smyth, again from Geophysical
Laboratory of Carnegie Institute of Washington in 1923,368 which later led to
the modified versions by Goranson in 1931.137 Figure 2.4 shows the
schematic diagram of the autoclave design of Adams and Smyth. Before the
development of these autoclaves, hydrothermal research was confined only
to lower pressure and temperature limits because the externally heated
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vessels failed as aresult of creep and oxidation of the alloy used. On the
other hand, the pressure vessels designed by Adams and Smyth were
internally heated and externally cooled by circulating water. These devel-
opments in the 1920s are regarded as important milestones in hydrother-
mal research. They set anew trend in search of new alloys, and extended
pressure and temperature limits. Using this set up, Goranson (1931)
carried out a systematic study pertaining to the solubility of water in a
liquid having the composition of the Stone Mountain Granite, and this
investigation was considered as the most outstanding advancement in the
application of hydrothermal laboratory studies to petrologic problems.
Thedriving forcesfor the volcanic activity wererelated to the crystalliza-
tion of hydrous silicate liquids.[37]
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During this time, hydrothermal research began in Eastern
Europe and Asiaon asmall scale, and much later in Chinaand India—
maybe after the Second World War. Here the reader should observe that
the hydrometallurgy was quite an established field of research in many
countries in Europe, North America, Eastern Europe, and Asia, particu-
larly after the discovery of bauxite leaching by Karl Josef Bayer (1871—
1908).138 While writing the history of hydrothermal technology, the
authors paid more attention to crystal growth and material s science rather
than metallurgy or metal extraction. Therefore, historical references are
not made for hydrometallurgical processes. As the authors of this mono-
graph are from Japan and India, a brief history of the hydrothermal
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research in these two countries is given. Today, Japan is the second
most active country in the world for hydrothermal research next to the
USA, and India stands in the 9t" position next to Taiwan, with respect
to the hydrothermal research in Materials Science (Fig. 1.12). If the
hydrothermal research in geological science is also included, India’'s
position goes up to the 7t place (based on the statistics prepared from
Chemical Abstracts, Science Citation Index and INSPEC data bases
from 1989 to 1997). More detail s on the statistics can be obtained from
Ch. 1. According to Prof. Shigeyuki Somiya,[39 in Japan the hy-
drothermal work wasfirst initiated in 1926 by Dr. Tominosuke K atsurai,
and the work was related to hydrometallurgy. He worked on the soda
treatment of aluminum ore through hydrothermal extraction. Follow-
ing this, Prof. Shoichiro Nagai reported the synthesis of calcium
silicate in 1931.[1401 Perhaps this was the beginning of hydrothermal
synthesis in Japan. Before going into the further developments which
took place during the World War period, let us discuss briefly the
progress achieved by the earliest workers of 20t century in the area of
hydrothermal phase equilibrium studies.

Pioneerslike Bridgman, Cohen, Morey, Niggli, Fenner, and Bowen
in the early 20t century changed the scenario of hydrothermal research.
They carried out an impressive amount of basic research along with their
European counterparts, especially Tammann. Much of thisearly work was
concerned with the setting up the pressure scale and testing. The results
were predicted from thermodynamics. However, the total research effort
was small and the study passed into a period of dormancy except for phase
equilibria studiesin some systemsrelevant to the natural systems. This
was connected with the need for materials with a combination of high
strength and corrosion resistance at high temperatures. Thus, the interest
was again mostly geological, and the bulk of researchisfrom the geological
science side. It is fortunate for chemical science that most of the early
geologica workers appreciated the necessity for considering very simple
chemical systems before there was any hope of understanding complexi-
tiesof natural systems. Thus, the early work of Geophysical Laboratory of
the Carnegie Ingtitute of Washington was heavily biased towards pure
chemistry.[41]

Here it is appropriate to discuss one or two important systems
studied in early 20t century. Perhaps the first systematic and pioneering
study of the hydrothermal system began with the publication of thework on
the ternary system H,0-K,SiO;-SiO, by Morey and Fenner (1917).142
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This work gives a more precise account of the pressure and temperature
conditions throughout the experiment. Besides, nutrient materials were
prepared from highly pure substances and consequently the composition
of the charges used in each experiment was precisely known. The paper
carried great significance to geological science as it demonstrated clearly
the possibility of a complete solubility between anhydrous silicate phases
and water, which in turn assisted in framing a mechanism for pegmatite
crystallization in the presence of a volatile. Morey and Fenner (1917)
studied this system from 200°C to >1000°C.[42 Thework comprises of the
determination of the composition and properties of the various stable solid
phases which can coexist with solution and vapor within the above tem-
perature range, of the composition of the solutionsin equilibrium with the
solid phases, of the change in composition of these solutionswith tempera-
ture, and the approximate determination of the corresponding 3-phase
pressures. Morey and Fenner used the famous Morey autoclavein all their
work on phase equilibria studies in different systems. The isothermal
polybaric saturation curves and the isobaric polythermal saturation
curve at 1 atm pressure of H,O vapor isshown in Fig. 2.5.
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Figure2.5. Theisothermal polybaric saturation curves and theisobaric polythermal
saturation curve at 1 atm pressure of H,O vapor.[42
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The most significant aspect of thiswork isthat anew trend can be
observed here with reference to the theoretical relations governing the
equilibriumin binary and ternary systems containing avol atile component,
and a short discussion of the proper application of the term solubility.
Besides Morey and his group, another group from the same laboratory led
by Bowen wasvery active during that time. The study of thep-v-t relations
of water became popular during the late 1920s. The works of van
Nieuwenburg and Blumendahl (1932) followed by Keenan and Keyes are
the most significant ones.[431144] L ater, Kennedy (1950) oriented hisfamous
PVT data on water.[45] The Kennedy’s diagram is shown in Fig. 2.6.

x 18°

32

= o =COEXISTEMCE CURVE J

28 e /
AL
. 957‘/ 88 /'?Eiz 5/./‘ //L
. p zre /
I VA ,/,
/,//, = 20
ARz Z e
0 / ﬁl ~ CRITICAL TEMPERATURE

a 188 200 300 4P@ LPAA o6 780 8686 A8 1068A

\

12

PRESSURE IN ATH

TEMPERATURE IN DEGREES CENITIGRADE

Figure2.6. PV T diagram of water.[4°]

Hitherto, the hydrothermal researchers were quite satisfied with
the synthesis of inorganic compoundswhich resembles or whichissimilar
to natural mineral. They did not bother much about the size of the crystals
obtained. The growth rate was extremely low because of the lack of
accurate knowledge on the proper solvent, and with such slow growth



History 67

rates, the hydrothermal research was less promising. Only afew number
of people were engaged in this research studying the phase relations in
various systems including that of water, and the interest was mainly on
Geoscience. However, when Brazil imposed an embargo on the supply of
high purity quartz which was a strategic material for the telecommunica-
tions purpose during the second world war, hydrothermal researchers
began to think seriously about the growth rate of crystals. At that time,
Brazil wasthe only country in the world for the source of electronic grade
natural quartz, and even today, the situation is the same. Thus, the crisis
owing to the shortage of pure quartz forced many researchersto jump into
the field of hydrothermal research with a sole objective of growing large
size single crystals of quartz. Many countries like the USA, UK, Ger-
many, and the erstwhile Soviet Union were into the field and the
success achieved was immense. Therefore, the period from the late
1930s to 1940s is referred to as the “golden period” in the hydrother-
mal research, not only because of the enhanced research activity, but
also because of the many new discoveries with reference to autoclave
designs and other important technological materials.

The authorsfeel that it is highly appropriate to discuss briefly the
historical contribution made by the German hydrothermal researcherswith
reference to the increased growth rate and growth of large size single
crystals of quartz. In contrast to the slow rate of growth achieved by the
earliest workers like De Senarmont and Spezia, the captured German
reports show that Nacken, using natural alpha-quartz as seed crystals and
vitreous silica as the nutrient, had grown quartz crystals in an isothermal
system and had succeeded in obtaining large single crystals of quartz from
a small seed.[“®! Prof. Richard Nacken (1884 to 1971) worked on the
synthesisof variousmineralsfrom 1916 onwards, but | eft thisfield. In 1927
or 1928, he started working only on the hydrothermal growth of quartz
crystals. On Nacken’ swork, Sawyer writes (cited by Bertaut and Pauthenet,
1957) that, “...Nacken made quartz crystals of 1" diameter by using
hydrothermal method and the conditionsaregivenas...” followed by some
biographical data. Similarly, Nacken’'semphasis on the quartz growth has
also been documented by Sawyer. Almost at the same time, Nacken made
emerald single crystals by the hydrothermal method and also beryl or
corundum crystals for watch bearings. He prepared a large number of
synthetic emeralds by using atrace of chromium to produce the color and
could obtain hexagonal prismsof emerald weighing about 0.2 gmin afew
days.[7l However, much of the work carried out by Nacken during late
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1930s and 1940s remained as intelligence reports since he could not
publish much.[“8l During 1950, Nacken published hiswork on quartz that
remains a classic even today.[“ Figure 2.7 shows a photograph of the
quartz crystals obtained by Nacken.[49] As mentioned earlier, Doetler was
the first one to use closed nickeled gun-barrel autoclaves, way back in
1890. It attained its prominence during World War 1l when several
laboratories from many countries began working on the growth of large
size crystals of quartz. Thisis also partly connected to the availability of
alloys containing Mo and other important metals, which provided better
strength to the alloys. Many countries attempted to grow large single
crystals of quartz using old cannon barrelswith closed ends during early
1940s. In thisregard, the contributions of Lobachev and Shtenberg are
important. By the mid 1940s, many laboratories, particularly from the
USA, Germany, Russia, and the UK, were actively engaged in the growth
of large quartz crystals. At this time, Tuttle (1948) designed a cone-in-
cone seal for asmall vessel with no threads to seize. However, the Tuttle
apparatus could not achieve high pressure and temperature conditions, and
it did not become very popular.[50l

Figure 2.7. Photographs of the quartz crystals obtained by Nacken.[49]
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Later, Rustom Roy modified another vessel that had been de-
signed by Tuttle but never exploited. It proved to be much simpler and
highly versatile. Thismodification by Roy ispopularly known asthe“ test-
tube bomb,” which is made up of Hastelloy; Rene 41; Stellite 25 or
Udimet, with 1-1%4" 0.d. x 8" long, having a3/1s"—¥4" diameter holedrilled
down to ¥2" of the bottom. It was threaded at one end and closed at the
other.[51] A more detailed description of the design and construction of this
autoclaveis given separately in Ch. 3. The greatest advantage of this test-
tube bomb was not only the ease of operation, but also alarge number of
such vessels could be served by one pressure source. This integrated
system of several vessels, each with its own gauge with one pressure
generator, became a standard hydrothermal laboratory apparatus. Figure
2.8 showsapicture of such an assembly of 10 autoclaves of test-tubetype,
with one pressure generator source, operating simultaneously.

Figure2.8. Picture of an assembly of 10 autoclavesin thelaboratory of K. Byrappa.
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Many laboratories throughout the world have this apparatus for
studies concerning phase equilibria, materials synthesis, crystal growth,
particles preparation, material s processing, diamond synthesis, and so on.
The recent modifications of these test-tube bombs have been extended
further for higher pressure and temperature conditions. The credit goesto
the pioneers of thisapparatus, Tuttle, Roy, and Licastro, who could set up
a Tem-Press Company to manufacture these autoclaves at Penn State
University. Thus, during the 1950s, thetrend in hydrothermal research was
towards the development of new designs, again to attain higher pressure
and temperature limitswith the better alloys available. Thisalso led to the
study of phase relations in several systems within a broader pressure-
temperature range. In this regard, the contribution of Kennedy (1950),
Morey and Hesselgesser (1951), Tuttleand England (1955), and DellaRoy
and Rustom Roy (1956) are very important.[52-54 The SiO,-H,O system
was studied in great detail. Followed by this, many other Iaboratories in
Europe, North America, erstwhile Soviet Union, and Japan took up the
study of phase equilibria in several simple and complicated systems.[5°]
These studieslaid afirm foundation for the ceramists and physical chem-
ists, after many years, to develop a new technology. At this time, Prof.
Y amasaki, Prof. Kumitomi, Prof. Ohara, and Dr. Akitsu were doing an
excellent work in hydrothermal research in Japan. Some of them were
closely associated with the industries like Toyo Communication Co. Ltd.
and Nippon Dempa Co. Ltd., which resulted in the successful growth of
large size quartz single crystals. Though they started in a very small way
during the postwar period, Japan is now the largest producer of commer-
cial quartz in theworld. Japan alone produces >50 % of theworld’ sannual
production, it has the largest autoclavesin the world.[56] Figure 2.9 shows
the quartz crystal s obtained by Walker during 1950s.157]

Figure 2.10 showsthe quartz crystalsobtained at AT& T Bell Labs
during the 1970s,158 and Fig. 2.11 shows the growth of quartz crystalsin
theworld’ slargest autoclavelocated at the Toyo Communication Co. Ltd.,
in Japan during the 1980s.[5¢] In one experimental run, about 4000 to 4500
kg of quartz is produced. The early success in producing commercial
quartz crystals in Japan during the postwar period paved the way for
several othersin the field. Some prominent ones are Prof. T. Noda, Prof.
Doimon, Prof. R. Kiyoora, and Dr. Y. Itoh. When the North American
|aboratorieswere concentrating mainly on the devel opment of new designs
of autoclaves, the study of phase equilibria, and commercial production of
quartz, Japan concentrated essentially on the growth of quartz crystals, and
achieved itsgoal in becoming the world’ slargest producer.
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Figure 2.9. Quartz crystals obtained by Walker.[57]
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Figure2.10. Quartz crystalsobtained at AT& T Bell Labs. (Photo courtesy of R. A.
Laudise.)
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Figure 2.11. Growth of quartz crystals in the world’s largest autoclave. (Photo
courtesy of Dr. Taki.)
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The study of ternary and other more complex systems during the
1950s was very important, not only from the point of view of geological
science, but also from the inorganic chemistry point of view, as several
new compoundswhich were hitherto unknown or not found in nature could
be crystallized. Some of theimportant systems studied under this category
are: MgO-SiO,-H,0, Al,04-Si0,-H,0, BaO-Al,05-H,0, SrO-SiO,-H .0,
K,0-Si0,-H,0, Na,0-SiO,-H,0, Ca0-SiO,-H,0, CaO-Al,0;-H,0,
Ca0-Al,04-Si0,-H,0, and so on. More accurate phase equilibria data
were obtained for the earlier studied systems. At thistime many laborato-
riesin the erstwhile Soviet Union attained a special prominence and led to
therapid growth of this branch of sciencenot only intermsof |aboratories,
but also in terms of research personnel.

At one time, in the erstwhile Soviet Union there were more than
1000 researchersin thisfield. During the 1960s, an intensive study of the
hydrothermal process of synthesisand growth of single crystalswhich did
not have the analogues in nature began. During the 1970s, there was a
guest for the search and the growth of hitherto unknown compounds of
photo-semiconductors, ferromagnets, lasers, piezo- and ferroel ectricsand,
in this regard, hydrothermal technology attracted a great attention. Many
other nations, including Chinaand India, got into thefield of hydrothermal
growth of crystals. Several established laboratories in the world began to
study systematically various aspects of the hydrothermal growth of crys-
tals such asthe physicochemical principles, kinetics, designing new appa-
ratus, growing new compounds, and so on. Thismarksasignificant change
in the trend of hydrothermal research. Specific aspects of the hydrother-
mal method as a modeling tool to understand the natural processes of
mineral formation changed dramatically into an important method charac-
teristic for inorganic chemistry. During the early 1980s, a new sealing for
the autoclave was designed, that is, Grey-Locsealing, which facilitatesthe
construction of the very large size autoclaves with a volume of 5000
liters.[59 Theworld' slargest autoclaveislocated in Japan workswith such
a Grey-Loc sealing mechanism. The details of the sealing mechanism is
discussed in Ch. 3.

Towards the end of the 1970s, on the whole, the hydrothermal
field experienced adeclining trend for two reasons: there was no scopefor
further work onthe growth of large size single crystalsof quartz onthe one
hand, and on the other hand, |arge scal e attemptsto grow bigger crystals of
other compounds investigated during the 1960s and 1970s failed. It was
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unanimously decided that the hydrothermal technique is not suitable for
the growth of large crystals other than quartz. Thefocusat thistimewason
Czechrolskii, MOCVD, and MBE. Thisislargely connected to the general
approach of the hydrothermal researchers to grow large single crystals
without looking into the hydrothermal solvent chemistry and kinetics of the
crystallization process. Although Franck started working on the study of
the behavior of electrolytic solutionswith temperature and pressure condi-
tions way back in the 1950s,[601[61] jt did not attract the hydrothermal
researchers’ attentionimmediately. They thought that the conditionsunder
which Franck worked were confined to the lower pressure and tempera-
ture conditions, whereas the hydrothermal technique actually belonged to
the higher pressure and temperature conditions at least until recently. In
fact, Ballman and Laudise, intheir famousarticle published inthe book: Art
and Science of Growing Crystals edited by Gilman, write that “crystal
growth is more an art than science.” (62 However, the Nobel Symposium
organized by the Swedish Academy of Sciences, during September 17-21,
1979, on“ The Chemistry and Geochemistry of Solutionsat High Tempera-
tures and Pressures’ is remembered as an eye opener. The presence of
pioneers in the field of hydrothermal physical chemistry like Franck,
Seward, Helgeson, Pitzer, and so on, drew the attention of hydrothermal
crystal growers and a new trend was set to look into the hydrothermal
solvent chemistry and the physical chemistry of the hydrothermal sys-
tems.[63]-(66] Following this, Japan organized the first ever International
Hydrothermal Symposium during April 1982, which was attended largely
by specialists from different branches of science like physical chemistry,
inorganic chemistry, solid state physics, material s scientists, organic chem-
ists, hydrometallurgists, hydrothermal engineers, etc.[671 Thisisthe dawn of
modern hydrothermal research. Since then, new avenues in the field of
hydrothermal research are being explored. The modeling of the hydrother-
mal systems, study of the hydrothermal crystallization mechanism, thermo-
dynamics and kinetics of the reactions began. New designs of the reactors
to suit the specific requirements of research into areas like crystal growth
and materials processing were devel oped. Unfortunately, this period also
marks the fall of the Russian domination in the field of hydrothermal
research. Japan emerged as a leader in hydrothermal research on par with
the US. The decade-wise evolution of the hydrothermal research with
regard to its objective and apparatus used is given with appropriate
remarksin Table 2.1.
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Table2.1. Evolution of Hydrothermal Technology with Time

Period Focus Equipment Remarks
1850-1900 | Minera synthesis, Simplereactors, Lower growth
imitation of natural glassreactors, rate, tiny
conditions digestors particles,
geologica
interest
1900-1940 | Minera synthesis, Morey autoclaves, Lower growth
improvement in PT flat closures rate, silicates,
conditions, German carbonates,
domination Germany, Russia,
France, USA,
geologica
interest
1940-1950 | Largesizeandlarge Test-tube type Cold-cone-seal
scale production of (cold-cone-sed ed), type autoclaves
quartz, beginning welded closure maderevolution,
of zeolites, clays, modified Bridgman PVT diagrams
and micas type systems
1950-1960 | Phasediagramsfor Morey, Tuttle-Roy, | The dawn of
natural systems welded closures, modern hydro-
modified Bridgman thermal research
1960-1970 | Synthesis of New designsfrom Russian School
technol ogical USSR, commercial- dominated,
material's, new ization of the auto- Japanese labs
inorganic com- claves, improved appeared

pounds without
natural analogues

sealing, larger size
of the autoclaves
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Table 2.1. (Cont'd.)

Period Focus Equipment Remarks

1970-1980 | A variety of new New designs, Appearance of
materials synthesis, improved PT con- many hydro-
ceramic processing ditions, Grey-Loc thermal labsin

1980-1990

>1990

inabigger way,
advanced materials

Declinein interest
on hydrothermal
research. Import-
ance of the tech-
niqueinmaterials
science, physical
chemistry of
hydrothermal
solutions

Diversification of
hydrothermal tech-
nique, age of
solvo-thermal,
physical chemistry
of hydrothermal
solutions

sedling, Large
autoclaves

Design of new
reactors to suit

the specific
applications: batch
reactors, flow
reactors, and so
on.

several countries

Japan organized
1stInt. Conf.
Hydrothermal
Reactions. Be-
ginning of the
entry of physical
chemists

Entry of organic
chemists, envi-
ronmental sci-
entists, fall in
Russian domina-
tion and begin-
ning of the Japa-
nese domination

Today, the hydrothermal technique is being applied widely by
various specialists from different branches of science including organic
chemistry, biochemistry, biotechnology, food and nutrition, environmental
safety, and so on, asshowninFig. 1.9. These developmentsin hydrothermal
research form the main theme of this book.
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Apparatus

3.1 INTRODUCTION

Advancesin any scientific field of research depend largely on the
equipment available. Crystal growth or materials processing under hydro-
thermal conditionsrequiresapressure vessel capable of containing highly
corrosive solvent at high temperature and pressure. Experimental investi-
gations under hydrothermal conditions require facilities that must operate
routinely and reliably under extreme pressure-temperature conditions.
Thus, the experimenter has to face a variety of difficulties, and often,
peculiar problems pertaining to the design, procedure, and analysis.

Designing a suitable or ideal hydrothermal apparatus, popularly
known as an autoclave, isthe most difficult task, and perhapsimpossibleto
define, because each project has different objectives and tolerances. In
Ch. 2, we describethe historical devel opment of hydrothermal technol ogy
closely associated with the devel opment of theinstrumentation. If welook
into the historical development in the design and fabrication of autoclaves,
the entire activity was concentrated in Europe alone during the 19
century. It was only after the American industrial revolution that activity
slowly started spreading into the other parts of theworld. Here, we discuss
only the autoclaves or hydrothermal reactors used worldwide; they were
all developed during the 20t century. Thereisagreat variety of apparatus
existing in hydrothermal technology. Most of the earlier workershad dealt
with thisaspect in their own way. Hence, we have made athorough survey

82
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of all the available literature and present it here in this section in asimple
way to make the reader understand easily the problems of designing,
fabrication, and maintenance.

The literature survey clearly indicates two schools of autoclave
design: 1) Western school and 2) Russian school. The former is very
important as it dominates most of the earliest designs and these later
became the standard designs throughout the world. Most of these designs
arerelatively ssimple and quite old (designed prior to the 1970s), whereas,
the Russian school had dominated this field from the 1970s and came out
with many new designs. The Special Construction Bureau at the Institute
of Crystalography, Academy of Sciences, Moscow, Russian Federation,
has designed several new autoclaves to suit a specific task of either
growing single crystals or studying physicochemical aspects such as
solubility, PVT-behavior, and so on. Besides, severa erstwhile Soviet
hydrothermal |aboratories have produced their own designs to suit their
requirements and the type of crystal or material under investigation.
Obviously, most of these autoclaves are only local and have not been
adopted worldwide. Hence, for the benefit of the reader, we consider only
the standard autocl aves used worldwide and some important designs from
the Russian school. With the disintegration of the erstwhile Soviet Union,
thereisnot much development in thefield of design and fabrication of new
autoclaves. The Japanese groups are coming out with new designs of
autoclavesfor applicationsin crystal growth and materials processing.

Anidea hydrothermal autoclave should have the following char-
acteristics:

i. Inertnessto acids, bases and oxidizing agents.
ii. Easy to assemble and dissemble.

iii. A sufficient length to obtain a desired
temperature gradient.

iv. Leak-proof with unlimited capabilities to the
required temperature and pressure.

v. Rugged enough to bear high pressure and
temperature experiments for long duration, so
that no machining or treatment is needed after
each experimental run.
The most commonly used autoclavesin hydrothermal research are

listedin Table 3.1.111 Themajority of these autoclaves are externally heated
pressure vessels and their pressure-temperature range can not be
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extended further due to lack of suitable refractory alloys. However,
internally heated pressure vesselsare now commercially availableupto 10
kbar and 1400°C. The list given in the table does not include some of the
recent designs and modifications or upgrades as their applications are

restricted to specific studies.

Table 3.1. Autoclaves

Type Characteristic data
Pyrextube5mmi.d. 2mmwall thickness 6 bar at 250°C
Quartztube5mmi.d. 2mmwall thickness 6 bar at 300°C
Flat plate seal, Morey type 400 bar at 400°C
Welded Walker-Buehler closure 2600 bar at 350°C 2 kbar at 480°C
Deltaring, unsupported area 2.3 kbar at 400°C
Modified Bridgman, unsupported area 3.7kbar at 500°C
Full Bridgman, Unsupported area 3.7kbar at 750°C
Cold-cone sedl, Tuttle-Roy type 5kbar at 750°C
Piston cylinder 40kbar, 1000°C
Belt apparatus 100kbar,>1500°C
Opposed anvil 200kbar, >1500°C
Opposed diamond anvil up to 500 kbar, >2000°C

3.2 SELECTION OF AUTOCLAVE AND AUTOCLAVE

MATERIALS

When sel ecting asuitabl e autoclave, thefirst and foremost param-
eter is the experimental temperature and pressure conditions and the
corrosion resistance in that pressure-temperature range in a given solvent
or hydrothermal fluid. If the reaction istaking place directly in the vessel,
the corrosion resistance is, of course, a prime factor in the choice of
autoclave material. The most successful materials are corrosion resistant,
high-strength alloys, such as 300 series (austenitic) stainless steel, iron,
nickel, cobalt-based superalloys, and titanium and itsall oys. Several work-
ers have reviewed the properties of some alloys used commonly in the
making of hydrothermal autoclaves.[2[8 Tables 3.2, 3.3, and 3.4 give
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certain properties of these alloys. The critical property for amaterial used
in ahydrothermal autoclaveisits creep-rupture strength, a measure of the
length of time until rupture of a stressed material occurs at a given
temperature. Similarly, the ultimate tensile strength and yield strength are
to be taken into account. In the 300 series of stainless steels, 316 has the
greatest creep-rupture strength. The super alloys are usually much stron-
ger than SS 316, even at higher temperatures. Pure titanium metal, though
acid resistant, is weak and difficult to handle, but some of the titanium
alloys have strengths comparable to stainless steels. Pure titanium, be-
cause of its superior corrosion resistance, can be used as an autoclave up
to about 300°C or more. Its relatively low creep-strength becomes inad-
equate. For example, after 36 hrs at 300°C in 0.5 M HCI + 1.5 M NaCl
mineralizer, titanium was slightly corroded/tarnished, but was distinctly
corroded in 6 M HCI at 300°C. It is soluble even at room temperature in
phosphoric acid, and is moderately resistant to acidic sulfate solutions.[“!
Extrastrength for alloysis required because the actual strengths of alloys
under normal operating conditions arelessthan their strengths under ideal
conditions owing to various corrosion processes that occur during hydro-
thermal reactions aswell asto structural changes due to partial annealing
of thealloy during conditions of prolonged high-temperature service. This
isfurther complicated by the geometry of the vessel, because the effective
stressismoreintensein areas of high curvature. In addition, it isnoted that
the creep-rupture strengths decrease significantly with increasing tem-
perature, thereby lowering the maximum permissible pressure of an ex-
periment at higher temperature.

Alloysof either stainless steel or titanium have atendency to form
an impermeabl e oxide surface, which prevents continued oxidation. Thus,
the corrosion resistance of an alloy depends upon the permeability, reactiv-
ity, and solubility of thisoxidelayer inthe corrosivefluid. Obvioudly, alayer
so permeabl e that solutions can penetrate and contact the unoxidized metal
can react with the underlying metal. The corrosion can be crevice corro-
sion, stress corrosion cracking, and intergranular attack. The crevice
corrosion can be prevented through proper agitation of the vessel, and
polishing of theinterior surface.

Intergranular corrosion can be prevented through the use of low-
carbon stainless steel, or by aloying with small amounts of metalsforming
very stable carbides. Stress corrosion can be retarded through proper
annealing of the alloy used for making autoclaves, and through the use of
molybdenum containing austenitic steels.[3]
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Table 3.2. Properties of Certain Alloys.? (Courtesy of the Academic
Press, Orlando, Florida.)

Resistance  Rupture Rupture
toagueous stress (atm) stress (atm)
OH 1000h, 1000h,
800°C 600°C
Low carbon steel + 170
Tool steel +
4140 (similar to EN19) + 170
Stainlesstype 340 — 270 1100
19-9-DL ? 680 2200
(Universal Cyclops Steel Co.)
Croloy 15-15N + 610 2260
Timken 17-22-A + - -
Inconel X ? 1200 4500
Stellite ? - -
Udimet 500 ? 2100 -
Silver +0
Platinum +P
Patinum-10%irridium +b

Source: Datafrom Clauss (1969)

aCr and Ni valuesin stainless steels are values < 2 wt %.

b Denotes the balance of metal in the alloy.

¢ A product of Allegheny Ludlum Steel Corporation, Pittsburgh, Pennsylvania.
d A product of Inco Alloys International, Inc., Huntington, West Virginia.

€ A product of Cabot Corporation, Kokomo, Indiana.
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Table 3.3. Compositions of High-Strength Alloysfor Autoclaves

Metal Content (wt %)

O N C MnMo S Co V Al Ti Fe Others Note

Stainless Steel 2

0! 99 012 -1 - - - - ba

310 520 02 2 1 - - - - ba

316 7201 2 3 1 - - - - ba

410 2 -021 -1 - - - - ba

Titanium

RMI-55 Commercially puretitanium Alpha

Ti64 —— 01 — —— — 4 6 ba02s Alpha-beta
phase

Ti 38644 6 —006— 4 — — 8 3ball3 zZr4 Beta phase

Til7 4 — — — 4 — — — 5ba — Zr2  Alphabeta

Sn-2

Superalloys

A-286 52501 2 1 1 —02042 ba Iron base

Waspalloy¢ 19 ba 01 1 4 07 13 — 1 3 2 Cu05 Nickd
base

Inconcl 7024 16 ba 01 1 — 07 — — 305 2 Cu05 Nickd
base

HastelloyB® 10 ba005 1 28 1 2504—— 5 — Nickel
base

HastelloyC® 16 ba 01 1 16 1 2504— — 5 W-4 Nickd
base

HS-21 27 30315 1ba——— 2 Co base
(stellite)

Source; Datafrom Clauss (1969)

aCr and Ni valuesin stainless steels are values < 2 wt %.

b Denotes the balance of metal in the alloy.

¢ A product of Allegheny Ludlum Steel Corporation, Pittsburgh, Pennsylvania.
d A product of Inco Alloys International, Inc., Huntington, West Virginia.

€A product of Cabot Corporation, Kokomo, Indiana.
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Table 3.4. High-Temperature Strength Properties of Autoclave Alloys?

Melt Tensile Yiedd CreepRupture  Creep Therma
Strength Strength Strength Strength  Expansion
(9 (9 (hr) (hr) (x109)
2 400 600 | 25 400 600 | 1,000 10,000 1,000 10,000
Stainless Steels
3 & 6 49|38 21 16| 9 B 24 18 14
310 ®?® 8 7|40 N0 A| B P 23 14 16
316 & R 6| B 24 2| 6 & A 19 16
410 ¥ N AR 2 B A XH 2 14 u
Carbon Steel
0.3%C 64 5 H5|H S5 16| 19 12 — 10 12
Superalloys
A-286 43 - 18|94 - 8| &8 716 — 4 —
Waspalloy 180 - 170 (115 - 100 | 8P — — — —
Inconel 4 - 168 - B 65 — —_ — —
HastelloyC121 - 9|58 - 43| 54 — - — —
HS21 0m - B - P| 606 — — - —
Titanium Alloys
RMI-55 6 P 0|% 18 0| 0 — —_ — 8
Ti6-4 10 9V 0120 NV S| 0D D D 0 8
Ti3ge44 170 150 120|160 130 90 | 21409 — | 100 — 5
Tilzh — — —| (B | — — —_- — —

Source: Datafrom Clauss (1969)

a Strength in 100 pounds per square inch (kpsi), yield strength is for 0.2
elongation, creep strength is for 1% elongation unless otherwise noted.

b-¢ For 1000 hr at 650°C.
f For 100 hr at 450°C.
9 For 100 hr at 350°C and 0.2% elongation.
h Datafrom RMI Company, Niles, Ohio.
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Thehydrothermal experimenter should pay special attentionto the
systems containing hydrogen under hydrothermal conditions. Hydrogen at
high temperature and/or pressures can have a disastrous effect on alloys
used in the making of autoclaves. It reduces the strength of the autoclaves
through any one of the following processes: hydrogen embrittlement,
irreversible hydrogen damage, or metal-hydride formation. These prob-
lems could be overcome through careful selection of aloys containing
small additivessuchasTi, Mo, V, heating in H, free atmosphere, and using
alloyswith low thermodynamic activity.

The autoclave selection is usually done by considering the above
discussed aspects accordingly, for thetype of material or compound under
investigation, the medium in which the reaction is taking place, and the
experimental pressure-temperature conditions. Some crystals can be grown
readily withintheautoclave without any lining, liners, or cans. For example,
the growth of quartz can be carried out in low carbon steel autoclaves. The
low carbon steel is corrosion resistant in systems containing silica and
NaOH, because, the relatively insoluble NaFe-silicate forms and protec-
tively coats the ground vessdl. In contrast, the growth of berlinite crystals
requiresateflon lining or beakers because phosphorusishighly corrosive;
it can even corrode platinum if used for a long time. Therefore, the
corrosion resistance of any metal under hydrothermal condition is very
important. For example, turbine engineers have long known that boiler
water with pH > 7 isless corrosive than slightly acidic water, especially for
alloys containing Si. Several conventional methods of studying corrosion
are known. Usually low carbon steel is used in the fabrication of simple
acid digestion bombs, Morey autoclaves, modified Bridgman autoclaves,
and other related ones. Inconel, Udimet and Stellite are highly useful
because of their high strength at high temperature. Thesealloysareusedin
the fabrication of cold cone-seal bombs employed in phase equilibria
studies at pressures up to 5.4 kbar and temperatures up to 950°C. The
recent TZM autoclaves are used at pressures up to 10 kbar.

Although the use of glassvesselsbegan in thel9th century, for low
temperature and low pressure experiments thick glass vessels are still
used. The quartz glass pressure vessel for hydrothermal studies was first
used in 1964 by Speed and Filice (1964).15 Recently, in 1991, Popolitov
used athick walled silicavessel with ateflon capping for experimentsup to
200°C and < 500 bar pressure.lfl The construction details of various
autoclaveswill be given separately in the forthcoming section.
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3.3 LINERS

Inthe majority of hydrothermal experiments, the mineralizer used
is highly corrosive and it can attack the vessel, which is inimica to
obtaining high purity crystalsfor devices. It requiresasuitablelining for the
inner wall of the autoclave or separate liners placed in the autoclave. Even
in the case of quartz growth, where an acmite protective layer isfound all
along the inner wall of the autoclave, the purity of the substance is
doubtful. Therefore, for the growth of high purity quartz, asilver lining for
the autoclave is provided. Similarly, other metal linings are provided
depending upon the solvent medium. For example, acopper liningisusedin
many of the borate systems. Copper partly dissolves in dilute bases at
400°C and copper crystals are deposited in the cooler region of the
autoclave. Similarly, nicke lining can beused, but itisalso readily attacked
by the solvent. Hence, noble metal lining, liners, or capsules are used
successfully for alkaline and neutral media. Titanium is much more corro-
sion resistant, but it is difficult to handle. Litvin and Tules (1971) have
summarized the applicability of variouslinerd™ listedin Table 3.5.

The use of glasstube asaliner wasfirst applied by De Senarmont
asearly asAD 1851 for the growth of carbonates, sulphates, and sul phides.
Figure 3.1 showsthe seal ed glass tube used by De Senarmont.[8l Thetubes
were enclosed in water-filled fused gun barrels and heated up.

Daurree (1857) first introduced the pressure balance arrangement
between the small glass tube containing the nutrient and the steel tube
hosting this glasstube liner.[®1 Animproved version using pyrex glassand
again water as a pressure transmitter was reported by Allen et al.
(1912).1201 In fact, most of the earlier workers during thel9™ century,
including von Chroustshoff, found that the glass tube they were using was
much attacked under hydrothermal conditions, however, they did not
mention anything about precautions taken to over come this effect, asthe
primary interest was only in synthesizing a product resembling some
natural mineral. It wasvon Chroustshoff who first proposed thegold lining
steel autoclaves to prevent corrosion. By doing so, he could attain a
temperature of 350°C to synthesize tridymite phase of quartz and in-
creased experimental duration. Subsequently, the use of steel autoclave
and noble metal lining became very popular, and the tendency to reach
higher pressure-temperature conditions al so started. Bruhns (1889) used
steel bombs with platinum lining and cover held down by bolts and made
tight by means of a copper washer, which was protected from the action of
the mineralizer by platinum.[11
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Table 3.5. Materials Used as Reactor Linings

Materia T(°C) Solutions Remarks

Titanium 550 chlorides Corrosionin NaOH solution > 25%
hydroxides  inNH,Cl solution > 10% (at 400°C)
sulphates
sulphides

Armcoiron 450 hydroxides  Gradual oxidation producing

magnetite
Silver 600 hydroxides  Gradual recrystallization and

embrittlement, partial dissolution

Patinum 700 hydroxides  Blackeningin chloridesinthe
presence of sulpher ions;
chlorides partial dissolutionin hydroxides

sulphates
Teflon 300 chlorides Poor thermal conduction
hydroxides
Tantaum 500 chlorides Beginto corrodein NH,Cl solution
78%
Pyrex 300 chlorides
Copper 450 hydroxides  Corrosion reduced in the presence of
fluoride ions and organic compounds
Graphite 450 sulphates Pyrolytic graphite most suitablefor
linings
Nicke 300 hydroxides
Quartz 300 chlorides
Gald 700 hydroxides  Partial dissolutionin hydroxides

sulphates
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Figure 3.1. Sealed glass tube used by De Senarmont.[8]

Doetler (1890) used a nickeled gun barrel or a silver lined steel
tubein hisexperiments.['2 The quartz glasstubeliners of 15 mm-diameter
can easily withstand the outside pressure of 3 kbar at 500°C. However, the
internal pressure hasto be kept alittle below than that of the outside value.
Rabenau and Rau (1973) have described this technique in detail .13 For
larger autoclaves, likethe Morey flat and the modified Bridgman closures,
noble metal, or other suitablemetal liningisprovided. Themaindifficulty in
such adesign isthat the lining should be free of cracks, pinholes or ridges
and it should be honed near to mirror finish. For Tuttle cold-cone seal
autoclaves, capsules made of noble metals are used. The capsule tube
charged with adesired amount of nutrient is clamped tightly at the top and
iswelded shut. During the experiment the capsule collapses but does not
rupture. The vessel is then heated to the desired temperature at constant
pressure. When the desired temperature is reached, the capsule expands
toitsorigina volume andisnot subjected to tension and virtually no capsule
failuresoccur. For some experiments, the capsul e needsonly to be pressed
together, the capsule length being shorter for phase equilibria studies and
longer where atemperature gradient for crystal growth isdesired. In large
diameter vessels, platinum linersare usually used. Theselinershavesilver
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caps to avoid platinum seizing. The liner is filled to a given percent and
closed, and the space between the liner and the inner wall of the autoclave
is filled to the same percent or dlightly higher; this provides a pressure
balance and the liner supports virtually no pressure. Pressure imbalance
can cause rupture of the liner. For the growth of high purity crystalsin
solution in highly corrosive media, teflon beakers or liners are used.
Similarly for special studies pertaining to reaction kinetics, solubility and
materials processing under mild hydrothermal conditions or pressure-
temperature conditions below 250 bars and 300°C, teflon is the most
popularly used lining material. Several new autoclave designs with teflon
lining or coating for such studies have been reported in literature. The
teflon liner or beaker should sit exactly inside the autoclave without leaving
any gap, pressure balancing technique can be used alternatively. A slightly
higher pressure of nearly 1 to 2 percent of fill outside theteflon liner helps
in the sealing of teflon liners as the cap and liner can not be welded. In
addition, in some cases where the experiment is carried out for longer
duration, effective sealing of the teflon liner can be obtained with a sharp
ring-like mechanism on the liner as shown in Fig. 3.2. Asthe temperature
rises, theteflon expands and hermitic sealing can be obtained. The greatest
disadvantagewith linersor cansisthe difficulty associated with measuring
of the actual temperature inside. Certainly temperature gradients are
appreciably lower in the liners than in the autoclaves without liner. This
difference becomes more prominent when teflon liners are used. The
greatest disadvantages of teflon lining isthat beyond 300°C, it can not be
used because teflon dissociates, affecting the pH of unbuffered, near-
neutral solutions.[4 This coating tends to tear and generally must be
reapplied after one or two experiments. Despiteall thesedifficulties, single
crystal growth and materials processing using teflon are being carried out
extensively at various|aboratories.

NN

Figure3.2. Sealing of theteflon liner.
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Corrosion resistance can easily be improved at modest cost by
coating the interior of the reaction vessels by painting, electroplating, or
vapor deposition. As mentioned earlier, chromium and gold linings are
often applied to stainless steel vesselsto retard corrosion. Such liningsare
not permanent because of theintrinsic permeability of thethin liningsalong
crystal boundaries or cracks that develop during temperature cycling
owing to the differing thermal expansion of thelining and the vessel. When
more acidic solutions are used, most of the alloys corrode readily and they
must be provided with titanium lining, and high-strength titanium alloys,
coated aloys, or other alternatives

Let us consider briefly the internal arrangement of linersin some
typical hydrothermal crystal growth experiments. In the growth of quartz
crystals, the liner has an assembly shown in Fig. 3.3.[25 Thelower portion
of theliner isfilled withthe required nutrient material. Inthe upper portion,
a seed holder is placed and this is the growth zone (cooler zone). In
between the growth zone and nutrient zone, a baffle having a definite
percent of opening is placed at an appropriate position. The positioning of
the baffle and the percent of opening together play animportant rolein the
growth kinetics. Thisis the most popular liner assembly in hydrothermal
crystal growth. In contrast to this, in the hydrothermal growth of berlinite,
theinternal assembly of theliner differsfromthat of quartzandisshownin
Fig. 3.4. The liner material is usually teflon. As berlinite has a negative
temperature coefficient of solubility, the nutrient material is placed in the
upper portion (cooler zone) and the seed holder is placed at the lower
portion (hotter zone). In between the two zones, a baffle with a desired
percent of opening is placed in addition to the vertical positioning of these
liners. Thereare several modifications, especially inthe horizontally mounted
autoclaves. Jumas, et al. (1985) proposed the liner internal assembly
showninFig. 3.5126] for the composite gradient method of growing berlinite
crystals.

Ashby et al. (1970) proposed avariable-volumesilver liner for high
pressure hydrothermal crystal growth. The schematic diagram of the
variable-volume silver liner is shown in Fig. 3.6.[27] Here, silver bellows
segments are formed from dead-soft cup stock by hydraulic pressure
applied internally. As the tube expands outward into a die, it is folded
longitudinally. Theintrinsic advantage of theseliner liesin thefact that the
percent fill in theliner may be adjusted without opening theliner. Thus, in
practice the liner is charged with nutrient, a seed, and crystal growing
medium. Such silver liners have been used by Ashby et al., successfully,
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hundreds of times up to 400°C for the hydrothermal growth of crystals.
The authors also propose that awide variety of metalsincluding platinum
and gold (liners) can be formed into bellows. Hence, internal assembly of
the liner and the lining material are very important in crystal growth and
materials processing.
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Figure 3.3. Growth of quartz crystalsin the liner.[15] (Courtesy of R. A. Laudise.)
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Figure 3.4. Hydrothermal growth of berlinite.
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Figure3.5.Liner internal assembly.[16]
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volumesilver liner.[17]
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3.4 TEMPERATURE AND PRESSURE MEASUREMENTS

Several modern electronic controllers are commercially available
today to regul ate temperature and pressure in hydrothermal experiments.
Pressure vessels heated externally can be placed in a suitable isothermal
zone or multiple heating zone furnaces controlled by thyristor-based con-
trollers. Highly sophisticated temperature programmers-controllers are
commercialy available for programming the experimental temperature,
temperature gradient, heating and cooling rates, etc. A variety of alloysare
used for furnace windings to reach the desired temperatures in the
hydrothermal range. The most common are nichrome and Kanthal. These
are more durable and are less subject to damage if sheathed in magnesia
insulation plus inconel or similar high-temperature alloys. The ratio of
maximum voltage over the required amperage equals the necessary resis-
tance of the furnace winding. The necessary resistance divided by the
length of thewinding providesthe unit length with which thefurnace should
be constructed. Tables of resistance per unit length with for each of the
available commercial heater wires are often supplied by the manufacturer.
To control temperature gradients in the reaction vessel, the windings
should be more closely spaced near the ends of the furnace, especially the
end where more pressure tubing is connected to compensate for the higher
heating fluxes from these areas.

The temperatures in hydrothermal experiments are measured
using suitable thermocouples that are classified according to the pair of
metals, as noble metal thermocouples, and base metal thermocouples.
They are made of chromel and alumel or platinum and rhodium alloys
owing to their stability and resistance to oxidation throughout the hydro-
thermal temperature range. Table 3.6 gives the list of some commonly
used thermocouple wires and their temperature ranges. 18 Thermocouples
are best inserted into holes drilled into the walls at both ends of the vessel
to allow temperature gradientsin the vessel to be monitored. Such external
temperature measurements should be calibrated by inserting a thermo-
coupledirectly into aclosed-bottom, hollow tube extending into the vessel.
The thermocoupl e calibration is accomplished by measuring the elements
at the melting points of reference materials. Table 3.7 shows the melting
points of standards used for thermocouple calibration.[19]
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Table 3.6. Some Common Thermocouple Wires and Their Temperature
Ranges*

Wires Temperature Maximum
range(°C) | temperature(°C)

Chromd-Alumel -200t0 1200 1350
(90% Ni-10% Cr) (95% Ni, 5% Al, SiMn)
Pt-PtgoRhyg 0to 1450 1700
Pt-Ptg;Rhy3
Pt-Ptg,Rhy,
Copper-Constantan -200to 350 600
(60—45% Cu, 40—55% Ni)
Iron-Constantan -200to 750 1000

* Roeser, W.F., in: Temperature. Its measurement and Control in Science and
Industry, p.180, Reinhold, New Y ork (1941).

Table 3.7. Some Melting Point Standards for Thermocouple Calibration2

Material Temperautre (°C)
Tin 231.9
Lead 3274
Antimony 630.5
Sodiumchloride 801.0
Silver 960.8

aFrom Charlesand Vidale. 1982.
b Calibration strongly impaired by minor amounts of dissolved oxygen.

A computer can be used to record the experimental temperatures
uninterruptedly, and it requires an analogue-to-digital converter (ADC)
to transform the thermocouple millivolt signal to a digital signal to be
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processed and displayed by the computer. With arack type system of 10—
20 vessels, such a system can record run temperatures, in 1 second, of
each vessel several times.

The pressurein hydrothermal experimentsis measured by differ-
ent means. Intheinitial experimentsin agiven system, standard calibrated
bourdon gauges are used and are recalibrated at regular intervals against
either a dead weight tester or master gauge. Pressure inside a vessel can
be monitored through a pressure transducer to separate the corrosive
contents of the vessel from the pressure gauge. It is useful to have avalve
between the vessel and the transducer to act as a micropressure generator
to check for hysteresis in the transducer and to isolate the vessel during
evacuation at the start of the run. A stainless steel or titanium capillary
tubeis used for the connection with the pressure gauge because of its easy
installation and the small volume of trapped fluid that it contains. For
routine pressure measurements, Kennedy’'s PVT diagram and Bain's
PVT data are used because of their simple procedure.[20[21] Whether
heating or cooling, identical pressure values should be observed, and
differences of a few tenths of a bar indicate either hysteresis in the
pressure transducer, or that agas consuming or evolving reactionistaking
place. Automatic pressure controllers and recorders are also available
commercialy. For example, in the Tuttle cold-cone seal autoclaves unit
(Tempress, Leco Corp. USA, Fig. 3.7 a and b), the required pressure is
fixed in the gauge which will maintain the pressure at that level for fairly a
long duration. However, pressure measurementswith atemperature gradi-
ent have not been studied in detail, but it iscertain that, under hydrothermal
conditions, there can be no pressure gradient. Hence, thelocal temperature
and local density anywhere in the system would determine the pressure of
the entire system. With a computer, the experimental pressures can be
continuously monitored by the EMF signal of a pressure transducer (i.e.,
strain gauge or manganin cell).

In addition to monitoring pressure and temperature, computers
offer the potential to control run conditions. As an example, the computer
could check the millivoltage signal from the thermocouple of each vessel
and compare the signal to that of the desired temperature. The control
action could be provided through on/off relays controlling power to the
furnaces. Thus the computers can make the recording and controlling
more handy in hydrothermal experimentsin arack like system.
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(b)

Figure 3.7 The Tuttle cone seal autoclave (aand b).
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3.5 AUTOCLAVES AND AUTOCLAVE DESIGNS

This forms the most important aspect of hydrothermal research.
The advances in the hydrothermal research go in parallel with the auto-
clave design. The earliest autoclaves were very ssimple in design and
generally made up of glass; the availability of suitable metals and aloys
waslimited. Besides, the main objective wasto synthesize some compound
that resembled some natural mineral. Thus, the pressure-temperature
range was rather low. It was only after the first successful application of
stainless steel asthe autoclave materiall®! that the design and fabrication of
autoclaves for higher pressure-temperature limits was actually initiated.
Such efforts resulted in the attempts to grow diamond and corundam
crystals during the1870s.[221[23] The actual impetus for the design of new
autoclaves came during the 1940s with the development/discovery of
several new aloys. The complexity in the designing of the autoclaves also
began. Further, during the 1970s, the designing of autoclaves (using a
suitable alloy) for specific purposes like the study of kinetics, solubility,
direct or visual observation of the hydrothermal reactions, and so on began.
With the entry of scientists from different branches of science into
hydrothermal research, the diversity and adaptability of hydrothermal
research began to make it a more interdisciplinary science than just the
study of mineral or phase equilibria and crystal growth. The materials
processing under hydrothermal conditions got a new impetus. All these
developments resulted in the designing of a large number of new auto-
claves, which are together grouped under novel designs. Byrappa (1994)
has reviewed various autoclave designs in detail .[24] Here, it is extremely
difficult to discussthe development of each and every autoclave design, as
the number exceeds 100. However, a mgjority of them are only to suit a
specific aspect of hydrothermal research and hence are not versatile.
Therefore, for the sake of simplicity, we have discussed only the more
universal autoclave designs under the two broad classes: 1) conventional
autoclave designs, and 2) novel autoclave designs.

3.5.1 Conventional Autoclave Designs

These are the more universal designs commercially available for
genera hydrothermal research. The designing of the conventional auto-
clavesbegan in mid 19" century, and simple glass vessel swere the earliest
members of this category. Let us discuss some conventional autoclaves
one by one.
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Glass Vessdls. The glass vessel in hydrothermal research has
advantages of ease of observation and resistance to acid solutions (except
HF acid). The disadvantages are the low pressure-temperature conditions
and ease of attack by basic solutions. Hence, its use has been generally
neglected in hydrothermal work, mainly because the early interest con-
cerned materials requiring basic media and pressure-temperature condi-
tions beyond the limits of glass. When the solvent and pressure-tempera-
ture conditions permit and the visual observation enables, glass vessels
have much to their recommendation and should be used morefrequently in
hydrothermal work. Before the design of Morey autoclaves (1913), the
hydrothermal vessels consisted of tubes loaded with solid and water and
sealed either by welding both the ends of the tube or by means of a flat
washer or screw. However, such vessels are very difficult to maintain and
dangerous to operate. Croxall et al. (1979) from General Electric Com-
pany, UK, has successfully grown berlinite crystals using glass vessel s.[25]

Sealed quartz-glass tubes werefirst tried successfully as pressure
vesselsin 1964 by Speed and Filice.[5l Quartz autoclaves are good for low
pressure-temperature hydrothermal experiments in silica-saturated sys-
tems. These tubes provide an inexpensive means for making simultaneous
runs along an isotherm with varying bulk composition, pH, partial gas
pressure, etc., within a single heater. Figure 3.8 shows the cross sections
of quartz glasstube. Thelower half or charge chamber is made by nesting
three close-fitting quartz glass tubes of 1.25 mm wall thickness and
appropriate internal diameters and fusing the tubes together in vacuum.
Quartz glassisthe most suitable composition because of itsstrength at high
temperatures, low thermal coefficient of expansion, and absence of possi-
bly reactive components, whereas Vycor and Pyrex both contain 3% or
more B,0O,inadditionto significant quantitiesof Al ,O;andthealkalies, and
Pyrex softens at about 600°C.[26] The authord® give the temperature and
internal pressure of quartz glasstubefailurein Table 3.8.

Theuse of quartz glass autoclaves, however, was not popular until
recently because of the problems associated with higher pressure-tem-
perature conditions. With the recent discovery of new mineralizers (mixed
solvents, high molar acid solutions, organic solvents, etc.), there is a
growing tendency for using the glassor thick-walled silicatubesin several
hydrothermal experiments. The new mineralizers, and abetter understand-
ing of hydrothermal technology, have brought down the crystallization
temperature with increased solubility for compounds hitherto obtained only
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at high pressure-temperature conditions. All these advances prompted
Popolitov (1991) to develop and test a hydrothermal autoclave for visual
examination.[6] The schematic diagram of the visual autoclaveisgiven
in Fig. 3.9. The apparatus consists of a cylindrical reactor made of
transparent quartz glass with the following parameters: compression
strength = 6556 kg/cm?, tensile strength = 2734 kg/cm?, bending strength =
1134 kg/cm?, shock bending strength = 1.08 kg/cmZ. These data show that
the quartz glassis agood materia for atransparent reactor, provided that
no shocks will occur during its operation. This condition requires certain
precautionsto befollowed during charging, discharging, and sealing of the

reactor.
Nested Quartz Quartz Glass Approx. Seal-off
Glass Tuhes\ Capillary \ PDSltan-\
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Figure 3.8. The cross sections of quartz glass tube.[%!

Table 3.8. Temperatures and Internal Pressures of Quartz Glass Tube

Failurd®
Tube Charge Temperature (°C) | Pressure (bars)
1 Saturated NaBr solution 543+ 7 146+ 4
2 Saturated NaCl solution 511+ 13 345+ 13
3 Saturated NaCl solution 493+ 13 323+12
4 H,O 474+ 5 414+ 11
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(1) Quartz reactor, (2) nutrient container, (3) baffle, (4) seed holder, (5) seeds,
(6) teflon tube, (7) solid cylinder, (8) sealing disc, (9) heater, (10) thermocouple,
(11) autoclave frame, (12) upper mount, (13) adjustable nuts.

Figur e 3.9. The schematic diagram of the visual autoclave.l®!

Thereactor hasbeen fabricated in thefollowing way: acylindrical
block of quartz glass of special purity having a diameter of 85-1000 mm
was drilled using adiamond bore with the diameter 50 to 55 mm. Then the
inner and outer walls were ground to the specified dimensions and pol-
ished. The hydrostatic pressure admissible for this reactor was not calcu-
lated before hand, but its strength was checked. To do so, the reactor was
filled with water, sedled by a specia valve, placed into a furnace, and
heated. The growing pressure due to the heating was measured with a
manometer. The reactor was heated until the pressure inside it achieved
100 atm but the reactor did bear thispressure. The external heating of steel
autoclaves introduces stresses on its walls due to heating. By contrast,
guartz glass has a very small coefficient of thermal expansion and hence
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the stresses induced by temperature gradients are negligible. To make the
quartz reactor tight, a valve, which meets the following requirements,
should be used:

i. Thevalve must be self-sealing, i.e. stressin the
seal must grow as the pressure increases, and
no strong force that could damage the brittle
reactor must be exerted on it when sealed.

ii. The sealing material must be plastic; if so, the
initial stress needed for self-sealing is low and
the reactor is safe.

iii. The valve must be chemically resistant with
respect to the chemica agents or the solvents
used.

Theteflon ring is placed in an annular groove whose diameter is
greater than that of thering. Also, thering’s outer diameter will be greater
than the inner diameter of the reactor block. Hence, stresses appear in the
ring duetoitsdeformation, and thisissufficient for theinitial sealing.

Themain advantage of quartz autoclavesistheir high stability with
respect to acid medium which permits usto use acondensed solution, i.e.,
the concentration of substanceto be crystallized may be enhanced without
increasing the temperature. In this case, a considerable gain can be
obtained for the processes which run under lower temperature and pres-
sure, which turns out to be cheaper and safer. The apparatus can also be
used in alkali solutions and hydrofluoric acid media by providing athin
teflon coating to inner walls of the quartz glass. This quartz vessel can be
used to synthesize and grow single crystals at temperatures up to 300°C
and pressures up to 100 atm. The greatest advantage is the facility to
observe all the processes taking place inside the autoclave including
dissolution of the mixture, movement of the solution and growth of the
crystal. By employing the appropriate thermocoupl e sheath, the tempera-
ture distribution in the autoclave can be measured accurately. It is conve-
nient to study the physicochemical processes and hydrodynamics of the
solution both in the homogeneous and binary phase “gas-liquid” reagents.

Steel Autoclaves. The success of the earliest experiments in the
hydrothermal growth of minerals using very simple autoclaves during the
19t century provided animpetusfor Morey at the Geophysical Laboratory
of Carnegielnstitute, Washington, to design ahighly versatile autoclave to
work in the medium pressure range.[21 Thiswasfurther devel oped by him



106  Handbook of Hydrothermal Technology

and his co-workers to operate at 500 bar and 400°C.[28] Followed by this,
several other designs appeared and today there are many designs to suit
any particular aspect of hydrothermal crystallization. All the conventional
autoclaves can be divided into four types and are popularly known as: 1)
flat-plate closures devel oped by Morey and co-workers; 2) cold-cone seal
closures designed by Tuttlel29 and popularized by Roy and co-workers; 3)
welded closures designed by Walker and Buehler;[30 and 4) unsupported
areaclosuresdevel oped by Bridgman and modified by several commercial
autoclave vendors.3ll These autoclaves have been discussed by many
authors. [1(2](32]

Flat Plate Closure Autoclave. This is popularly known as a
Morey autoclave since Morey designed this simple gasketed, sealed steel
autoclave of 25-100 ml capacity. It is widely used in hydrothermal re-
search and the cross-section of atypical Morey-autoclaveisshownin Fig.
3.10. Theusual dimensions of aMorey autoclave are 10-20 cm length and
2.5 cm inner diameter. The problems encountered by Morey and co-
workers in the initial experiments were aleviated in a later design by
Morey (1913) in which the closure is made by a Bridgman unsupported
area seal gasket made of copper or silver or teflon. Higher pressure-
temperature conditions may be obtained with an inconel vessel. At low
pressures, sealing is achieved by compression when the main nut or
closure nut istightened. The autoclave generates an autogeneous pressure
depending on the degree of filling, the fluid, and the temperature. The
autoclave is limited to ~ 450°C and 2 kbars in routine use. In the later
versions, the pressure can be directly measured and adjusted during an
experiment by providing an axial hole through the closure nut, but this
caused, sometimes, compositional changesasthe material wastransported
to the cooler region. A thermocouple is inserted in the well close to the
sample and the vessdl is placed inside a suitable furnace so that the entire
Morey autoclave and closure lie within the element of the furnace. At the
end of therun, the vessel isquenched in ajet of air followed by dipping in
water and the closure seal is broken.

Cone Closure. By 1948, O. F. Tuttle at the Geophysical Labora-
tory had designed an ingenious cone-in-cone seal for asmall vessel with no
threadsto seize. Although this“ Tuttle apparatus’ could go to much higher
temperatures, and the pressure could be independently controlled by a
drilled lower seat, it had very small volumes, and it did not catch on.
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Figure 3.10. Cross-section of atypical Morey-Autoclave.[27]

These autoclaves are known as cold-cone seal autoclaves, and
dso as Tuttle autoclaves, Fig. 3.11.138 A Tuttle bomb consists of a
stainless steel, low carbon steel, or more exotic alloy such as inconel,
udimett or stellite (Co aloy), test tube closed by a cone-in-cone seal. As
with the Morey vessels, here also the entire vessel assembly iskept inside
the furnace. The sedl is closed by weights acting through heat resistant
alloys above and below the vessels. The cone at the lower end of the
support rod is machined to 59°, the cone or the vessel to 60°; thisresultsin
aring seal. At pressures exceeding 2 kbar and temperatures above 800°C,
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these cones have to be machined after each experiment. Pressure is
transmitted to the sample through an axial hole in the lower support rod,
and temperature is measured by placing a thermocouple in a well of the
vessel within 3 mm of the sample. A vertical split furnaceis mounted on a
hinge allowing it to be swung clear of the vessel during loading or
guenching. This vessel can be used up to 800°C at 4 kbar.
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In 1949, Tuttledescribed amodificationto hisearlier design, which
is much easier to use. This consists of alonger vessel in which the open
end and seal are outside the furnace; hence the term “cold-cone seal”
(althoughintherea senseitisfar from being cold). Pressureistransmitted
to the sample, which is contained in asealed capsule, through aholein the
closure. The capsules are normally made up of noble metals. These
vessels may be operated closure up, closure down, or horizontally. The
ratio of the vessel diameter to the hole diameter (wall diameter) determines
the strength of the vessel. In most standard Tuttle vessels, thisratio is 4%.
Using stellite 25, experiments can be carried out at 900°C and 1 kbar or
750°C and 3 kbar for long term use (from hoursto weeks). Roy and Tuttle
have actually made many hydrothermal experimental runs for severa
months in late 1950s. Moreover, the reaction could be “quenched” by
lowering the furnace quickly and surrounding the bomb with a con-
tainer of water.

Around 1950, Roy and Osborni3¥ had also designed a simple
universal pressure intensifier for compressing virtually all gases (H,,
N,, CO,, NH,) or liquidslike H,O from the compressed gastank pressures
of about 100-200 bars to 5 kbars. And from 1950 onwards, “test tube
racks” of hydrothermal vessels including such compressors were used
worldwide for hydrothermal research, mainly in the geochemical
community. Figure 3.12 shows the advertisement of Leco Company,
Tem-press Research Bellefonte, Pennsylvania, which has been set up
by Tuttle, Roy, and Licastro to make these key tools of hydrothermal
research available worldwide. This continues to the present day, mainly
dueto the overriding convenience and simplicity.

Tuttle's original design underwent several improvements in
closure design using new aloys which have extended the pressure-
temperature range of cold seal vessels. Luth and Tuttle (1963)3%
described amodified Tuttle-type closure which permitsvesselsto go up to
8inchlength, 1.25 inch outer diameter, and 0.25 inch inner diameter to be
used up to 10 kbar pressure and at temperatures as high as 750°C.
Rene 41 (Ni based alloy) is used for this vessel. The most comprehensive
reviews of design and operation of cold-seal equipment are given by
Huebner in 1921, and Edgar in 1973.[361(37]



Figure 3.12. Advertisement of Leco Company, Tem-press Research, Bellefonte, Pennsylvania.
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Similarly, Roy modified another vessel which had been designed
by Tuttle but never exploited. It proved that Roy and Tuttle's improved
version was much simpler and much more convenient than all others. This
Roy modification is popularly known as the “test-tube bomb” and it is
typically 1-1%%" 0.d. x 8" long superalloy (Hastealloy; Rene 41, Stellite 25
or Udimet) rod with a 3hs — ¥4' diameter hole drilled down to ¥2" of the
bottom. It was threaded at one end and the pressure seal was made there
with a 59-60° cone seat against which the connector from the pressure
pump was forced by a nut and thread.

Thisvessel made quantum advances on two fronts. First, it raised
the temperature limit to=800°C with special steel, and 950°-1000°C with
superalloys. Second, the connection to the pressure system of pumps and
gauges meant that pressure and temperature were decoupled. Third,
because of thissimplicity, several vessels could be served by one pressure
source. Hence an integrated system of several vessels, each with its own
gauge with one pressure generator became a standard hydrothermal
laboratory apparatus. By sealing the reactants from inside with gold or
platinum tubes, oneto four of which could be simply inserted into the “ test
tube,” one could have asimple apparatus for maintai ning a preci se compo-
sition, with no contamination at any chosen pressure (up to 5 kbars) and
temperature (up to 900°C) condition for periods which could extend from
hours to weeks. We actually made many hydrothermal runs for several
months in the late 1950s. Moreover, the reaction could be quenched by
lowering the furnace quickly and surrounding the bomb with acontainer of
water.

Theadvent of new materials, particularly molybdenum alloys, has
extended the temperature capabilities of cold-seal vesselsto about 1150°C
at a pressure above 4 kbar (the so-called TZM vessels). The prospects of
new refractory alloys extending up to this range are encouraging. These
cold-seal vesselsare safe, inexpensive, simple, and operationally routine.

All the above-described autoclavesare externally heated. In Morey
and modified Bridgman type autoclaves, the pressure created inside the
vessel is calculated through the PVT relation and in only a few cases an
external pressure gaugeisused. Inthe Tuttle cold-seal vessel, the pressure
isbuilt up by an external pump and the pressure mediumisusually distilled
water with a little glycol added to inhibit corrosion. For higher fluid
pressure, a hydraulic intensifier or air-driven pump is used with argon or
nitrogen as the pressure medium. Normally, several vessels run from a
single pump, where each vessel is connected to a high-pressure line by a
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valve and T-junction. The valve (two-way) isolates the vessels from the
line. Each vessel is connected to a separate Bourdon gauge with a safety
glass dial and blowout block. An auto-controller is normally used. The
types of pressuretubing, valves, and fittings used depend on the operating
pressures. Normally stainless steel alloy is used up to 13 kbar and recom-
mended sizeis 1.4 inch outer diameter, 1/,5 inch inner diameter. Although
there has been rather little evolution in the basic design of cold-seal
pressurevessels, marked changes have occurred in controllers and pumps.

Welded Closure. Thisis a“work horse” vessel in most hydro-
thermal laboratories because the disposable liner permits a good deal of
exploratory work to be donein systemswhere corrosion might ruin even a
more complex vessal. It isahigh-pressure vessel designed by Walker and
Buehler (1950) with the temperature range up to 400°C and pressure of 3
kbar. Thevessel consistsof aninner liner welded at both ends and an outer
tube of heavier construction. Figure 3.13 shows the construction of a
wel ded closure.[301[38]
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Figure 3.13. Construction of awelded closure.[3%
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At the conclusion of an experiment, one end of thewelded liner is
sawn off to remove the charge. The liner is then driven out of the outer
casing and discarded and a new liner isinserted. Thus, for a sequence of
experiments, rather extensive machine shop services are needed. How-
ever, welded linersare still relatively inexpensive when compared with an
entire vessel.

M odified Bridgman Autoclave. A further advancement in pres-
sure-temperature capabilities, size, and design among the steel autoclaves
is the modified Bridgman high-pressure autoclave. This is embodied in
several commercialy available autoclaves. Figure 3.14 shows a cross-
section. The initial seal that closes the vessel is made by mechanically
tightening the plunger against the deformable gasket (Fig. 3.15 shows a
deformed copper ring) by the setscrewsin the head. The unsupported area
closure makes its seal. The force of the generated pressure acts upon the
piston, moving it upward against the deformable gasket and creating a
perfect sealing. Such vessels can be used quite successfully in the tem-
perature and pressure range 500°C and 3.7 kbar. Construction materials
such as stainless steel or inconel, etc., are chosen according to the
requirements of the particular experimental conditions. For general appli-
cations, quartz iscommonly grown under hydrothermal conditionsdirectly
in steel autoclaves. Autoclave attack is minimal because the common
mineralizersreact with iron to form sodium iron silicates, which adhereto
theautoclavewall and inhibit further corrosion. Theiron content in solution
issolow that Feinthegrown quartz crystalsistypically only afew ppm so
that crystals of excellent acoustic quality and watch grade quality can be
obtained.[131138] However, amost all other hydrothermal crystals require
growth in alow-carbon steel or mild steel liner or noble metal or copper
liner. The pressure inside the liner is counterbalanced with pressure
between the liner outer wall and inner wall of the autoclave. A required
amount of the nutrient material and the solvent isintroduced into the liner
with a definite percent fill. Then the pressure inside the autoclave is
calculated through PVT relations. The modified Bridgman vessels are
commercialy used for crystal growth and they are further modified to
grow very large single crystals of industrial importance.[3¥ Sealing isthe
most important aspect in these autoclaves and it consumes much time and
effortintheinitial runs.
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Figure 3.14. Modified Bridgman high-pressure autoclave.[1® (Drawing courtesy
of R A. Laudise.)

Figure3.15. Deformed copper ring.
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Most of the above closures, which are called self-energized
closures, have sealing gaskets generally made of plastic materials and,
most frequently, made of annealed copper. At temperatures below 300°C
teflon can be used. If the closureis provided with acooling system, rubber
gaskets are used and sealing of such autoclaves does not require as much
mechanical effort as with a copper gasket. In fact, much of the successin
hydrothermal growth experiments is due to the equipment. A dramatic
advance in upgrading the capacity of the autoclave (for example, asin the
case of quartz growth) is the result of new sealing systems from the
original flange type sealsto the modified Bridgman seal whichinturn has
been superseded by Grey-Loc seals.[40 Large capacity autoclaves of 1000
to 5000 liters volume are in use in Japan with this type of sealing system.
Table 3.9 shows the evolution of sealing with reference to the growth of
quartz crystals.[41l In most hydrothermal experiments, corrosive solutions
are used and special protective inserts are used nowadays to prevent
contamination of the growth zone by corrosion products. A floating-type
insert or variable-volume insert has been developed at the Institute of
Crystallography, Moscow. Such an insert occupies only a part of the
autoclave interior while the remaining space is filled with water. These
inserts are usually made of carbon-free iron, copper, gold (for alkaline
media), titanium, platinum various grades of glass, molten quartz (for acid
media), teflon, etc.

Table 3.9. Historical Development of Large Autoclavel4l

Installation 1959 1963 1965 1973 1984
Sedling type Flange | Modified-Bridgman Grey-Loc
Insidedia. (mm) | 120 180 300 400 650
Depth (m) 2 3 5 8 14
Volume(l) 22 76 353 1005 4650
Output (kg) 7 25 120 450 3000

Laudise et d. (1994) have proposed pressure baance under hydro-
thermal conditions. The pressure-temperature relaions in the can and in the
space between the can and the autocl ave system are critical.[4d The water fill
is chosen so that the can is usualy under compression when the autoclave is
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heated to the desired temperature since the can is less likely to fail under
compression. The goal is to have pressure balance at the operating
temperature (or to have the can under slight compression). Unbalanced
pressuresresult in can dimples, bubbles, and often ultimatefailure. Dimples
canrestrict flow, crush crystals, and cause imperfectionsin crystalsif they
grow against the dimpled wall. To understand the balance strategy exami-
nation of H,O and mineralizer solution, PVT datais essential. The authors
have studied thiswhilegrowing K(TiO)PO,, anonlinear optical material, in
pressure balanced gold cans and suggest several strategies for pressure
balance in order to avoid dimple formation. Figure 3.16 shows the mini-
mized volume between the autoclave and noble metal lining. Usually
autoclave bottoms are hemispherical and can bottoms are flat. A hemi-
spherical metal “spacefiller” can be used to fill thisvolume. Similarly, a
readily deformed region in the liner (a bellows, a soft metal section, or a
thinner walled separate portion) is used where deformation will preferen-
tially take place and will be of lessimportance. If the deformation islarge
during cooling, rapid cooling isadvantageousas|ong asthermal shock does
not crack large grown crystals. Such studies are very important in the self-
energized closures.

All the above-discussed conventional autoclaves are externaly
heated ones. Though these autoclaves enjoy a great advantage of simplic-
ity and convenience, they are limited with reference to temperature and
pressure, by the high temperature strengths of alloys used. In contrast to
this, another group/class of equipment in which the pressure vessd is
cooled and the sample is heated internally had been designed by several
workers. We shall discussone or two such designs. In this category, one of
the earliest designswas proposed in 1923 by Smyth and Adamg/43 and was
modified later in 1931 by Goranson(#4l and againin 1950 by Y oder.[43] This
type of vessel is capable of attaining experimental temperature as high as
1600°C and pressure >10 kbar. Thus, much of the later geochemical
research has been carried out worldwide using such apparatus. Figure 3.17
shows the schematic diagram of the internally heated high pressure
apparatus. It consists of a heavy-walled, heat-treated vessel of tool steel
(usually 41-50 Cr-Mo) which contains the pressure, and an internal
furnace and sample support. Thisvessel isadmirably suited for the study of
reactions by dynamic methodslikedifferential thermal analysesat aseries
of pressures. In Yoder's modification, it is possible that a temperature of
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2000°C may be attained although no data have been recorded at tempera-
tures above 1500°C. It can't be used directly with water as the pressure
transmitting fluid, but by sealing charges containing water in platinum tube.
Studies of such systems have also been made up to these temperatures
(Goranson, 1931).[44 However, vessel s of thistype are both expensiveand
cumbersome for routine and small-scale hydrothermal research.

Similar to the above discussed high pressure autoclaves, there are
many other designs, but most of them are for dry systems and also for
growing crystalsfrom flux in high pressure medium. For example, the belt
apparatus, piston cylinder apparatus, opposed anvil or diamond anvil sys-
tems, or high-pressure autoclave system for flux growth.[461-50] However,
this equipment is more useful for the geological sciences than for crystal
growth or materials processing and hence we do not discuss these designs
inthisbook.

Fill Tube

z7z——— Torroidal Space
—I= Filler

-~—— Naoble Metal Can

W Hemispherical Space
Filler

Figure 3.16. The minimized volume between the autoclave and noble metal
lining.[42



118 Handbook of Hydrothermal Technology

kA ELECTRICAL

i it rﬁp’f{? LEADS

i
o

PRESSURE
INLET

e WORK ING

o,

~ VOLUME

| 1 U
CLOSURE CLOSUREHEAD FURNACE SAMPLE WATER
NUT  AND PACKINGS WINDINGS HOLDER OUTLET

Figure 3.17. Schematic diagram of the internally heated high pressure
apparatus.[37]

3.5.2 Novel Autoclaves

The novel designs of the autoclaves are for specific studies such
ascontrolled growth, kinetics, solubility, PVT studies, hydrothermal -el ec-
trochemistry, conductivity of electrolytes, visual examination, hydrothermal
hot pressing, microwave-plus-hydrothermal, sonar-plus-hydrothermal, and
so on. The actual motive behind the designing of such novel equipment is
that, in thethe hydrothermal method, littleinformation isavailable asto the
processestaking place in the autoclave and also it is extremely difficult to
observe these processes inside metal reactors, or autoclaves. Hence,
several earlier workerscalled hydrothermal vessel s/reactors* black boxes.”
Some of these novel designs have come from the Special Construction
Bureau, I nstitute of Crystallography, Moscow, during the 1970s. Itisvery
difficult to discuss each and every design in this book, as there are too
many novel autoclave designs. Therefore, we shall restrict our discussion
to only afew popular and unique designs.

Horizontal Autoclaves for Controlled Growth of Crystals.
This autoclave is highly sensitive to the displacement of mass from the
nutrient zone to the growth zone through the arrangement of a highly
sensitive balance system. Figure 3.18 shows the fundamental arrange-
ment. The main part of the unit is a horizontal autoclave mounted at the
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center of gravity on the vertical axle. The autoclave freely swingsin the
furnace and the deflection of the axle from the vertical indicates a shift of
the massinside the autoclave from one side to the other. Special weighing
scales make it possible to estimate the amount displaced material, and
additional weightshelp to return the autoclaveto ahorizontal position.

e
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1) horizontal autoclave
2) furnace
3) vertical axel
4) metallic safe
5) triangular prism
6) ring
] 7) counter weight
[; ﬂ 8) horizontal axles
9) balance weights

Figure 3.18. Fundamental arrangement of horizontal autoclaves.[511

Thus, by carrying out experimentsin the balance system, one can
obtain continuous information regarding the motion of mass in the auto-
clave, and know when homogenization of the medium sets in. Also,
information regarding whether recrystallization of the material is taking
place, or at what velocity the recrystallization is proceeding can be ob-
tained. If crystals are being grown on seeds with a pre-specified area, it
would be possible to calculate the rate of growth of the crystals and to
regulatethisby varying the temperature difference between the dissolution
and growth zones.

Shternberg (1968) designed and fabricated this autoclave.l’!l He
has al so standardized this system to study the spontaneous crystallization
of sphalerite, recrystallization of sodalite, solubility isochore of potassium
niobate crystals, and so on.
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Pendulum Apparatus. Mass transfer of material under hydro-
thermal conditions may be determined continuously or periodically fromthe
motion of the center of gravity of a vertical autoclave mounted in the
device shown schematically in Fig. 3.19.051 The oscillations of the auto-
clave are recorded and counted by means of a photo-relay and pulse
counter. Crystal growth can be monitored by observing the change in the
oscillation period of the system. If the crystals are growing, the center of
gravity of the autoclave will move upward and the oscillation period of the
system will increase. The pendulum apparatus designed by Shternberg is
highly useful for kinetic studies.

(1) Autoclave; (2) thermocouple; (3) baffle; (4) nutrient; (5) seed holder; ( 6) furnace;
(7) electric winding; (8) two sets of thermocouples; ( 9) bellows-type barrier;
(10) axle; (11) counter weight; (12) roller bearing; (13) two balance shelves.

Figure3.19. Vertical autoclave mounted in the device. 51



Apparatus 121

Hydrothermal Reaction Cell for Kinetic Studies. Recently,
Clark et al. (1995) developed a large volume reaction cell for kinetic
studies using energy-dispersive powder diffraction.[52[53] This apparatus
offers a powerful method of measuring reaction rates for processes that
involve crystalline materials. In addition, thishel psto carry out multiphase
guantitative analysis on a series of powder diffraction spectra collected
during the course of a chemical reaction to determine the amount of each
crystalline component as a function of time.[34 This has several advan-
tages when a number of processes are occurring simultaneously as the
powder method can determine the amount of each phase and the rate at
whichit takesplace, in amixture of phases. The hydrothermal cell consists
of a stainless steel container with a teflon lining. The top of the cell is
connected to a control mainfold, which contains a pressure bleed valve, a
bursting disc assembly, and a pressure transducer which is used to mea-
sure the pressure inside the cell. The cell operates up to 40 bars at a
maximum temperature of 230°C and is protected by a thin meta foil-
bursting disc, which bursts at pressure beyond 65 bars. The sample holder
isacylinder with avolume of 30 cm3. The cell wall thicknessis3 mm and
isreduced to 1 mm at the beam entry and exit points. Figure 3.20 showsthe
schematic diagram of a hydrothermal reaction cell.

PVT Apparatus. Several designs have been made for PVT
measurements in highly corrosive systems. These devices usually consist
of standard pressure manometers. Kolb and L audise (1982) have designed
a PVT apparatus (Fig. 3.21) for highly corrosive fluids (e.g., berlinite
systems).[5% Also, this has been used to measure the pressurein the H,O-
SiO,-NaOH system. The pressure take-off is lined with platinum and
connected to a water capillary of small capacity which goes to the
pressure gauge. Several other designs have been proposed by the Special
Construction Bureau, I nstitute of Crystallography, M oscow.

Apparatusfor Solubility Determination. The solubility of sub-
stances under hydrothermal conditions is fundamental information con-
cerning their crystal growth. Solubility measurements are usually carried
out by the weight loss method. This approach is effective only for com-
pounds having positive temperature coefficient of solubility. For com-
poundswith negative solubility coefficient, the possibility of further weight
loss of the specimen dueto increased solubility during the quench, or even
at room temperature, must be considered.l38! In such cases, solubility
measurements are carried out in specially designed autoclaves. However,
the solubility and phase equilibria studies are usually carried out in Tuttle
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cold-cone sealed autoclaves or small autoclaves without a pressure gauge.
Sometimes other available autoclaves are al so used if the quenching can be
carried out effectively. The quenching ensures maintenance of conditions
in the autoclave corresponding to equilibrium conditions at test tempera-
ture. The Special Construction Bureau, Institute of Crystallography, Rus-
sian Academy of Sciences, Moscow, Russia, has designed several solubil-
ity measurement apparatuses consisting of single autoclave or multiple
autoclaves (by creating aliquid thermostat). Figure 3.22 shows an assem-
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bly for studying solubility simultaneously in two autoclaves.57]
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Figure 3.22. An assembly for studying solubility simultaneously in two
autoclaves.[57]

More recently, Yanagisawa et al. (1993) designed an autoclave
for solubility measurement.[58 This autoclave has relatively a simple de-
sign, but gives accurate solubility data under relatively mild hydrothermal
conditions in which the vapor phase coexists with the liquid phase. The
method basically consists of separation of the solid specimen from the
solution under hydrothermal conditions in order to avoid regrowth or
further weight loss during quenching. Figure 3.23 shows the schematic
diagram of the autoclave designed for solubility measurements by
Y anagisawa et al.[58 The autoclave was fabricated using stainless steel
with ateflon liner. The chamber was separated into two parts by platinum
mesh. A solution was transferred to the bottom of the chamber and
crystals were placed on the platinum mesh. The position of the platinum
mesh and the volume of the solution were selected so that the crystals did
not have contact with the solution under hydrothermal conditions for
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solubility measurements. The autoclave was connected to a rotation shaft
inahot air oven with an electric fan to minimizethetemperature difference
in the oven. The contents of the autoclave are agitated slowly, and this
helps in establishing equilibrium. About three minutes are needed to
complete the separation of the crystals from the solution, then it must be
cooled to room temperature by an electric fan or cooling fan. The crystals
are separated from the solution under the hydrothermal condition vapor
phase during cooling. The solubility calculated from the weight loss of the
crystals must be accurate as the crystals do not dissolve in water vapor,
because this method totally hinders regrowth of crystals with a positive
temperature coefficient of solubility, and redissolution of the crystalswitha
negative temperature coefficient. Using this autoclave, the authors have
accurately determined the solubility of berlinite in phosphoric acid and
calcinitein ammonium chloride solution and their results match well with
the earlier published data.l581161] Figure 3.24 a and b shows the solubility
datafor berlinite.

% \\\\\\\\\\\\\\\: \§ Reight
\’ =3 Spring
“““\“\\\\\ [ Teflon Packing
1 g Crystal
Pt Mesh
Solution
Teflon Liner

Figure 3.23. Schematic diagram of the autoclave designed for solubility
measurements.[58l
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Rocking Autoclaves. These are more versatile designs for
carrying out a variety of hydrothermal experiments including measure-
ments of mineral and gas solubilities, mineral phase stabilities, kinetics of
mineral transformations, stable isotope fractionation factors, experiments
involving crystal growth, and the formation of synthetic fluid inclusions.
Some of these experiments are not only hazardous, but also have errorsin
applicationsand equipment failure. Figure 3.25 shows aschematic diagram
of arocking autoclave, which can be used for various types of studies.[62]
These autoclaves are made of stainless steel or other useful alloys and
contain usually the self-energized closures. There can be two types of
rocking autoclaves: 1) fixed-volume systems, and 2) flexible-cell system.
These systems are placed in a furnace that rotates on an axis 180°,
approximately ten times each minute. The purpose of rocking the pressure
vessel isfor temperature stability and homogeneity as well as to mix the
contents of the reaction cell, thereby accelerating chemical exchange
between solids and fluids and attainment of equilibrium.[24 These rocking
autoclaves provide an extremely reliable and effective means of conduct-
ing hydrothermal experiments under supercritical conditions.[63] A reader
can get more information on the rocking autoclavesin Refs. 64 and 65.

Multi-Chamber Autoclave. Multi-chamber autoclaves are very
useful in carrying out hydrothermal experiments with separately placed
charge nutrients, and offer some advantages in the synthesis of special
materials. The reaction products occur through ion diffusion. Y anagisawa
et al. (1997) have designed and tested these multi-chamber autoclaves for
the synthesis of xonotlite whiskers by ion diffusion. Figure 3.26 showsthe
schematic diagram of the multi-chamber autoclave.[®8] It is made up of
stainless steel with a total inner volume of 50 cm3 and has two separate
chambers each with volume 12.5 cm3. The authors placed silica and
calcium source at the bottom of each chamber, and poured decarbonated
distilled water into the autoclave so as not to suspend the raw materials.
The silica source was brought into contact with the calcium source via
water, thus, ion species dissolved from the two sources diffuse into each
other in the autoclave to produce xonatlite (hydrated calcium silicate).
Platinum plates are placed in the autoclavesto collect the reaction products
formed by ion diffusion. The design must have originated from the solution
growth and gel growth techniques. This autoclave can work up to a
temperature of 250°C and pressure usually < 100 bar. However, this
designisvery useful for the synthesis of some special compoundsthrough
iondiffusion.
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Autoclaves for Sampling of Hydrothermal Fluids. The “black
box” nature of the hydrothermal system hindersthe ready understanding of
the hydrothermal crystallization processes taking place in a given set of
conditionsin an autoclave. Thisisone of the reasons for the slow raisein
the popul arity of hydrothermal research, especially inthe previouscentury.
The earliest autoclave designs did not have any provisions for the with-
drawal of the sample or fluid from the autoclave during the experimental
run. As the experiment progresses, the solvent-solute interaction yields
several metastabl e and stabl e phases, accompanied by acontinuous change
in the characteristic properties of the media, for example, the pH, redox
potential, and so on. It is possible to understand these changes only if we
can withdraw the hydrothermal solution from the autoclave and subject it
to several studies, or by introducing a desired gaseous pressure in the
autoclave through an external pressure source. It is only in the last few
decades, such provisions have been made in the autoclave designs, and
they are commercially available. Figures 3.27, 3.28, 3.29 show the com-
mercialy available autoclaves with facilities to draw out the sample or
fluid. These are popularly known as Start Parr autoclaves (Japan)
(USA) and Berghoff autoclaves![671(68] Also some Japanese manufactur-
ers have come out with similar designs.l89170] Several configurations of
valves permit the sampling of fluids from hydrothermal vessels. The
hydrothermal experiments using these autoclaves permit us periodic sam-
pling at constant temperature and pressure, and total fluid chemical analy-
sis. If mineral buffers are used to constrain the activity of pertinent
agueous species, these species should, if at all possible, be monitored
directly to determine the system and provide a means to evaluate buffer
reactivity and equilibria. Such studies have been carried out with exces-
sively dissolved O,, and the other with excessively dissolved H, and CH,,,
to evaluate reaction progress and equilibriain the system Fe,O,-Fe,O5-S-
C-NaCl-H,0 at 300°C, 500 bars. The dissolved concentrations of several
redox-sensitive specieswere periodically monitored.[65]

It isimportant to measure the total weight of solution withdrawn
from the vessel, including both liquid and vapor phases. Partitioning of
water from the liquid to the vapor phase can significantly change the
effective concentration of dissolved solutes from their initial room tem-
perature values. For example, asolution of 1 M NaCl at room temperature
would increase 10% in effective concentration to 1.1 M, in a vessel at
350°C, half-filled with liquid, because of the water partitioned out of the
liquid into the gas phase. After each sample is taken, the salt and gas
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concentrations must be recalculated for the effect of partitioning into the
increased vapor volume, for the temperature of the next sample. As the
whole procedure is highly complicated and cumbersome, the sampling
studies are done only in some specia cases, when required. This is

o0 100 o %, N8

Figure3.27. Commercially available autoclaves. (Photo courtesy of Parr Instru-
ments Co., lllinois, USA.)
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Figure3.28. Commercially available autoclaves. (Courtesy of M/S Toshin Kogyo

Co. Ltd., Japan.)
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extremely useful inthe solution speciation cal culationsto know theregular
changesin the chemical equilibria, pH, and so on.

Hydrothermal Autoclaves for Electrical Conductance M ea-
surements of Electrolyte Solutions. Although the electrical conduc-
tance of thedilute, aqueouselectrolyteswas highly desired in hydrothermal
research in the early days, it was not popular among hydrothermal re-
searchers owing to the lack of suitable autoclaves to work with such
provisionsunder hydrothermal conditions. The el ectrical conductance mea-
surements determine the extent of ionic behavior versus association of a
dissolved agueous electrolyte on the basis of conductance theory. It was
not until early 1950s that Fogo et a. (1951, 1954) devel oped an apparatus
and studied the conductivity of aqueous NaCl solutions at temperature up
to 400°C and pressures to 300 bars. They were the first to obtain the
values of ionization constants of NaCl as a function of density in the
supercritical region.[’11l72 Followed by this, Prof. E. U. Franck from
Gottingen, presently at Karlsruhe, Germany, carried out the most pioneer-
ing research work from 1950s to date.l73I[75] The other notable contribu-
tions are from T. M. Seward, from ETH, Zurich,[76l[77] W. L. Marshall
from Oak Ridge National Lab., USA,[78l[7 Ryzhenko, Smolyakov, of
Russia,[891[81] and Helgeson, of USA ,[821(83] who not only popularized this
field, but also designed some novel autoclaves for such studies. Figures
3.30 and 3.31 show the schematic diagrams of the interior of a conduc-
tance cell, and the conductance cell and el ectrodes devel oped by Quist and
Marshall which are in use at the Oak Ridge National Lab., USA, for
studies up to 800°C and pressures 4 kbar. Though thisvessel was designed
in 1956, initially by Franck in 1968, it was improved greatly by Quist and
Marshall.[731(84] The cell assembly is made of 61 cm long platinum—25%
iridium lined pressure vessel with aplatinum-iridium wirerunning fromone
end of the vessel through a 30.5 cm long aluminium oxide tube to a
platinum-iridium cylinder in the center. The wire passes out of the vessel
through a Bakelite (atrademark of Union Carbide Corporation) insulator.
The linings of the vessel and the small cylinder are both electrolytically
coated with “platinum black” (a mixture of fine-grained platinum and
platinum oxide) and both linings act as the two el ectrodes.[85]

Hydrother mal-Electrochemical. The hydrothermal-electro-
chemica method is an attractive technique for the synthesis of several
complex oxidethin films, including the perovskite type. The method makes
positive use of the reaction between species included in the electrolytic
solution and the substrate being used as an electrode of the electrolytic cell
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under hydrothermal conditions. For example, perovskite-typeoxide, ABO,,
has to be synthesized on an electrode of B-site metal being oxidized
anodically in an alkaline solution containing an A-site element at lower
temperatures (typically, 100°-200°C) than those needed for conventional
methods. Hawkinsand Roy (1967) introduced el ectrodesinto ahydrother-
mal bomb and studied the influence of an electric field on the synthesis of
Kaolinite.[88] They showed avery substantial effect (> 100°C) of lowering
the crystallization temperature of Kaolinite. Y oshimura popularized this
concept by extending it to the synthesis of electroceramics, particularly
perovskite-type oxides.[871-89 Basca et al. (1992) reported its advantages
and disadvantages compared with a pure hydrotherma method,[®0 and
Bendaleet a. (1993) investigated thethin film formation at lower tempera-
ture (29°-100°C).191 Y oshimura’s group has worked extensively on this
and successfully prepared perovskite-typetitanatessuchasSrTiOg, CaTiOg,
and BaTiO4 thin films up to several micrometers in thickness, almost
linearly, at fairly lower temperatures (< 90°C). They have aso studied the
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Figure 3.30. The schematic diagram of the interior of a conductance cell [84]
(Actual conductancecell isshowninFig. 3.31.)
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Figure3.31. A conductance cell.[18¥ (Schematic isshownin Fig. 3.30.)

growing interface, the transport mechanism of the atoms across the
growing filmwithout concentration gradients.

Figure 3.32 shows the schematic diagram of the autoclave de-
signed in Yoshimura's laboratory at the Tokyo Institute of Technology,
Japan, for the hydrothermal-electrochemical reactions, using three-elec-
trode technique of Bard et al. (1980).[92 This has a provision to measure
potentials of electrodes in agueous solutions in high temperatures and
pressures on a thermodynamically meaningful scale, regardliess of the
electrolysis conditions.[93-199] The preprocessed Ti substrate and the plati-
num plate were suspended as the working electrode (anode) and the
counter el ectrode (cathode), respectively, by 0.5 mm diameter wires of the
same metal keeping an interval of 30 mm between them in the electrolytic
cell containing 500 ml of the solution. The Ti electrodeiskept at adesired
potential until aprescribed quantity of electricity passesthroughit. The Ti
electrode potential, the electrolysis current, and the quantity of electricity
passed through the Ti electrode were recorded as functions of the elec-
trolysistimetoinvestigate the effect of oxygen evolution at the Ti electrode
on the microstructure of the growing films, in aseries of experiments. The
pressure of the electrolytic cell was controlled at higher values than the
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Figure3.32. Schematic diagram of the autoclave desi gned by Y oshimura slabora-
tory.[87]

saturated vapor pressure. Similarly, the galvanostatic electrolysis can be
used to control the rate of oxygen evolution.

Autoclave for Ammonother mal Synthesis. The first investiga-
tionson metal ammoniasolutionswere carried out by Weyl in 1864(%! and
Seely in 1871.1971 It iswell known that alkali and alkaline earth metals
(except Be), aswdll aslanthanideslike europium and ytterbium, dissolvein
liguid ammonia under normal pressure. These interesting metal anmonia
solutions have inspired many preparative chemiststo synthesize mate-
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rialsin ammonia solution under hydrothermal conditions. Thereaction
products obtained in liquid ammonia under normal pressure are mostly
microcrystalline or even amorphous. But this problem can be solved by
working with supercritical ammonia as solvent and reactant at pressures
up to 6 kbar and temperatures up to 520°C. Thus specialy designed
autoclaves are needed. As many of the compounds prepared by this
method are sensitive to moisture and oxygen, special glove boxes have
been constructed. Figure 3.33 shows the schematic diagram of the auto-
clave designed by Jacobs and Schmidt (1982) to work in the region of
supercritical ammonia.l® The autoclave is made up of a specia alloy
vacumelt ATS 340. Above 527°C, this aloy beginsto flow. On the other
hand, theworkability of thisalloy isquitedifficult. The closing mechanism
is a Bridgman-type closing, and the sealing rings are usually made up of
copper or brass. Chal cogenides and polychal cogenides can al so be synthe-
sized by thereaction of thealkali metal swith sulfur, selenium, or tellurium
inammoniaunder high pressure. Similarly somehydroxidesand hydrosulfides

Ammoniagas inlet fitting

Silver disk
Draw plate
Plunger nut

Main nut
Plunger

Sealing ring
Ball joint

Figure 3.33. Schematic diagram of the autoclave designed by Jacobs and
Schmidt.[98]
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can be synthesized. Besides the synthesis, the ammonothermal technique
has potential in the treatment or disintegration of organic compounds.
Microautoclave. Y amasaki et a. (1996) have developed amicro-
autoclave lined with inconel-600 with reaction chamber volume of 18 ml
for hydrothermal oxidation studies. The oxygen gas can bechargedinto the
reaction chamber through the high-pressure val ue as an oxidant.[® Figure
3.34 shows the schematic diagram of the microautoclave for using high-
pressure gas. An Al,Oj stirring ball of diameter 9.0 mm was added to the
autoclave and oxygen gas (2.0 MPa) was charged through the pressure
valve as oxidant. This setup has been used by the designers to study the
oxidation behavior of lead metal, and thisautoclaveisvery effectivefor the
treatment of lead. As the oxidation of sprayed liquid lead is carried out,
usually at high temperature (250-400°C), by conventional processes, it
results in vaporization of lead leading to an inevitable environmental
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Figur e 3.34. Schematic diagram of the microautoclave!9
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pollution problem. In this connection, this novel equipment comes as a
helping device.

Hydrothermal Autoclaves for Visual Examination. The hy-
drothermal process cannot be monitored by “looking” into a steel auto-
clave. Systematic errors appear in the analysis of the crystallization
conditions because the post-factum informationisdifficult to interpret and
ismainly based on consecutive approximationswhich areonly sufficient if
the crystal growth isreproducible. Nevertheless, in this case, it isdifficult
to point out a parameter that controls the entire process because the
greater the number of non-measured parameters in the method, the more
difficult it is to optimize the solution. In order to facilitate the direct
observation and control of dissolution of solids, their synthesis, recrystalli-
zation, and growth on seeds, several hydrothermal autoclaves with quartz
and sapphire windows have been designed both in the West and in Russia.
However, their potential has not been fully exploited as the designs are
highly complex, especialy the earliest designs of Turlakov et al.[%) and
Kuznetsov and Lobachev (1973) which are quite cumbersome to oper-
ate.[1001[101] The objective of these earlier authorswasto study the physico-
chemical properties of hydrothermal solutions, the states of crystalline
substances in them, the solution chemistry, and so on, by direct observa-
tion. Their studiesalso included investigation of the convection currentsin
the autoclave. For this purpose, the walls of the autoclaves are drilled with
two diametrically opposite holes, which are covered with transparent
crystals, or windows made of quartz or sapphire. If the interior of the
autoclaveisilluminated through one such window, one can observewhat is
happening in the autoclave through the other. By replacing the eye with a
camera, movie camera, or video camera, one can record the processes
taking place inside the autoclave; and by using aspectrograph, the state of
the solution can beinvestigated. Figure 3.35 showsthe schematic diagram
of the autoclave with transparent windows.[202 Several problems arose
while using these autoclaves under moderate to higher pressures and
temperatures dueto the differential expansion of steel and sapphire, which
can be partially overcome by machining the cap from a material with a
coefficient of thermal expansion similar to that of the windows. For
example, niobium has been successfully used to about 750°C in combina-
tion with sapphire windows.!103] The experiments showed that when the
autoclave is not under higher pressure-temperature conditions, the struc-
ture could easily support aninternal pressure up to 1 kb. However, it did not
aways remain sealed when subjected to high temperature and pressure
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and to an active soda solution. The cause of leakage was either the
cracking of sapphirewindows or solution squeezing out through the sleeve
sapphire seal. At temperatures >300°C, the surfaces of sapphire cylinders

T 10
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(1) Window; (2) body of autoclave; ( 3) copper casing; (4) thermal insulation;
(5) measuring thermocouples; ( 6) resistance thermometer; (7) thermocouples;
(8) heater; (9) seal; (10) camera; (11) devicefor automatic single framefilming;
(12) three channels proportional regulator; (13) 12-point EPR-09-Rd apparatus;
(14) pressure gauge.

Figur e 3.35. Schematic diagram of the autoclave with transparent windows.!102]

in contact with the solution were etched and their transparency was
impaired.

In recent years, several improvements have been made in the
designs, and special provisions have been made to perform optical/
spectroscopic measurements. For example, the Laser Raman and other
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vibrational spectroscopic cells have been fabricated in some of the
recent autoclave designs.[104 |t is worth mentioning here that the
recent advancesin the instrumentation, particularly to study the optical/
vibrational spectroscopic measurements under hydrothermal conditions,
have contributed greatly to understanding the nature or behavior of hydro-
thermal solutions during the crystallization process and the complexation
processes taking place inside the autoclave. Thus, the hydrothermal auto-
claveisnolonger a“black box.” Further, such studies have greatly hel ped
in reducing the pressure-temperature conditions of growth for a large
variety of inorganic compounds. With the reduction in the pressure-
temperature conditions of growth, one can use thick glass walled or thick
silicaglassautoclaves, which permit visual examination.

Hydrother mal Hot Pressing. Hydrothermal hot pressing (HHP)
technology is a method by which hard solid bodies from powders can be
produced inashort timeand at arelatively low temperature (approximately
200-300°C) under saturated vapor pressure.[105 Using the hydrothermal
hot pressing technique, one can obtain sintered compacts of pure oxides or
inorganic powders which are not possible to obtain by other ordinary
sintering processes due to the transformation. Silicate powders such as
borosilicate and silica glass can easily form asolid body by hydrothermal
hot pressing technology with compression at 2030 MPawhen the proper
amount of water or alkaline solution isadded as amineralizer.

In this technique, a starting powder containing water is continu-
ously compressed from outside an autoclave under hydrothermal condi-
tions. The powder is hydrothermally treated at autogenous pressure while
itiscompressed at much higher pressure than the vapor pressureinsidethe
autoclave. Figure 3.36 shows the schematic diagram of an autoclave for
hydrothermal hot pressing. It isacylinder made of steel with acylindrical
chamber 1 cm in diameter. The term reaction pressure means compres-
sive pressure from outside the autoclave. The effective pressure for
samples in the autoclave should be smaller than the reaction pressure
because of vapor pressure in the autoclave. The piston had a space into
which water from the starting sample was released by the hydrothermal
hot-pressing treatment. The gland packing made of teflon between the
piston and the push rod prevented leakage.

This technology has been used successfully for solidification of
various industrial wastes such as sludge ash,[1%] radioactive wastes,!107]
and concrete wastes!108] One of the advantages of hydrothermal hot-
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Figure3.36. Schematic diagram of (a) die, and (b) autoclavefor hydrothermal hot
pressing.!107]
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pressing technology is that the hydrothermal reaction occurs in a closed
system, which preventsthe evaporation of volatile material s.1109]

Vertical Autoclaves Used in Hydrometallurgy. High-pressure
hydrometallurgy has made considerable progressin the last decade owing
to advances in autoclave designs, which are quite large and are on an
industrial scale.[119 These autoclaves may be in the form of cylinders,
vertically mounted or horizontally laid, spherical, or in the form of along
horizontal tube. The agitation in these autoclavesisaccomplished with the
injection of high-pressure steam.[111] These steam agitated autoclaves
are used mainly for leaching bauxite by NaOH within the temperature
range 140-150°C, and pressure 2500-3500 kPa. The vessels are usually
fabricated from welded steel cylinders with spherical ends. Diameters
vary from 1.5 to 2 m and heights from 6 to 12 m. Autoclaves of similar
designs, but with acid resistant brick lining, are used for leaching oxidized
ores, e.g., laterites by concentrated H,SO, at 250°C and 4000 kPa. These
autoclaves have undergone an enormous increase in size for processes
treating pyrite and arsenopyrite concentrates, containing gold particlesand
other related sulfide ores. Some autoclaves, especialy with spherical
shape, have provisionsfor rotation at 8—15 rpm. In continuous operations,
high-pressure membrane piston pumps are used for introducing pul psinto
autoclaves. Figure 3.37 shows schematic diagrams of representative auto-
claves.12 The reader can get more information in the works of Fathi
Habashi _[110] [111][113]

Flow Reactors. Under high-temperature and high pressure con-
ditions, water has excellent properties similar to those which many organic
liquids have at normal conditions. Much attention has been paid to the
utilization of supercritical water asareaction medium inwhich the decom-
position of dangerous and toxic wastes, polymeric wastes or hazardous
waste, the recovery of inorganic compounds, the preparation of new
materials and so on, have been performed.[1141(115] Hydrothermal flow
reactors are the most suitable apparatus for such examination. A sche-
matic diagram of atypical flow reactor isshowninFig. 3.38. Thisconsists
basically of a sample solution reservoir, aliquid supply pump, a pressure
transducer, digital temperature indicators, aspiral tubular reactor, ahigh-
temperature thermostat, and a sampling vessel. To avoid the entry of air
into the sample sol ution, the sample solution reservoir isfilled with nitrogen
gas. Thereare several versions of theflow-reactorsanditisnot possibleto
describe all the designs. Hence, we have shown only a representative one
in Fig. 3.38. In recent years, large scale flow reactors are becoming very
popular owing to the growing environmental awareness, and it ispredicted
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that thereis agreat future for this research in treating/recycling industrial
waste.

Autoclaves for Accelerating the Kinetics of Hydrothermal
Reactions. There is a growing interest in recent years in enhancing the
hydrothermal reaction kinetics through superimposing electric fields or
mechanical forces, or mechano-chemically including high uniaxial pressure
with or without shear mechanical grinding, sonochemically (or acoustic
wave stimulation, AWS), with microwave fields, and so on.[!16] These
techniques are being popularly used to synthesize a great variety of
materials and also materials processing. Burns and Bredig!117l had estab-
lished theremarkabl e effect that grinding calcitein amortar convertsit into
aragonite. Dachille and Roy (1960) generalized the finding to many other
phases such as PbO,, MnF,, etc., showing that mechano-chemical effects
produce:[118]

a. High pressure phases stable above or even about
10-15 kbar at room temperature.

b. Enhanced kineticsby nearly two ordersof magnitude
in similar high-pressure solid state reactions, when
shearing stresses are superimposed on pressures up
to 100,000 atm.

It is obvious that the grinding and mechanical mixing and subse-
guent fracture generate fresh, highly reactive surfaces, and lead to sub-
stantial improvement in the reaction kinetics—especially in the conversion
of highly stable oxidesto make clays. Thiswas made possible by asimple
innovation in apparatus. In effect, the Morey autoclaves were converted
into ball millsor rod mills.[119[120] The autoclaveisrotated around itslong
axisinside the furnace. Anincrease in the rate of reaction by two or three
orders of magnitude can be attained at a given pressure and temperature.
Itisnot clear whether this should be ascribed to strain energy stored in the
|attice or merely to breakage of bonds.

Boldyrev (1996), through hisextensivework with mechano-chemical
effects, concludes that for many reactions it is possible to increase the
kinetics by about two orders of magnitude.[120]

During the early 1980s, a considerable number of publications
have appeared in the field of sonochemical breakdown of liquid phases.
Suslick (1990) gives an excellent review on this topic and shows that
metallic phases may be melted and/or corroded in agueous suspension at
“room temperature.”121] The general understanding is that collapsing
bubbles during cavitation could generate temperatures of the order of 5000
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K and modest local pressures. Roy and his group attempted to synthesize
novel materials or combination reactions, which could be accelerated at
least by two orders of magnitude by using AWS. These AWS techniques
have an interesting effect on size.[122] In another case, ultrasonic energy
was used to accelerate the formation of hydroxylapatite.[123] Abu-Samra
et al. (1975)[124 and Kingston and Jassie (1988)[123 reported that all
inorganic mineral phases can be dissolved faster in (dilute) acids by
severa orders of magnitude when a microwave field is superimposed
upon mild (< 200°C, 10-20 bars) hydrothermal conditions. Thistechnique
is used worldwide today for chemical analysis as well as for dissolving
samples. Komarneni and Roy (1992, 1995), in a series of recent papers,
have been applying hydrothermal-plus-microwave conditionsfor material
synthesis, and their study enhances, by two orders of magnitude, the
reaction kinetics of many reactions from the precipitation of metals from
polyolsto the synthesis of ferrites, phosphors, and so on.[126][127] Thereis
also some advantage in morphology control and it sometimes |leads to the
crystallization of new phaseslike hydrate of Al,O.[128] Recently Komarneni
(1993) has reviewed the importance of this.[129 Figure 3.39 shows a
schematic diagram of atypical hydrothermal-plus-microwave set up.[128l
As the popularity of this technique is growing with the new results

—— Screw Stem

To Transducer
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Pressure Vessal
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o

Figur e 3.39. Schematic diagram of atypical hydrothermal-plus-microwave.[128]
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pouredinto literature, thereisalready acommercial production of these
autoclaves.

There are several other designs of hydrothermal autoclavesto suit
aspecific purpose. For example, Strubel (1975) hasdesigned ateflon-lined
autoclave with a stirrer.[130] Similarly, Shternberg (1971) has designed a
double autoclave (exoclave) in order to avoid having a mechanical com-
pression system for producing a desired pressure in the reaction cham-
ber.[51 Also, this permits independent selection of temperature and pres-
sure. The exoclave is designed for use at temperatures up to 700°C and
pressures up to 3000 kPa/cm?.

In recent years, high-pressure systems (about 40 kbar, tempera-
tures up to 1500°C) have been used in the synthesis of new compounds.
Cylindrical platinum cells of 4 mm diameter and 6 mm height serve asthe
reaction vessels. However, these high-pressure vessels are not very
important for the growth of crystals and processing of materials.

3.6 SAFETY AND MAINTENANCE OF AUTOCLAVES

Safety is the prime factor in carrying out experiments under
hydrothermal conditions. It isestimated that, for a100cm3 vessel at 20 000
psi, the stored energy is about 20,000 joules. Hydrothermal solutions—
either acidic or alkaline—at high temperatures are hazardous to human
beings if the autoclave explode. Figure 3.40 a and b show stellite Tuttle
cold-cone seal ed autoclaves and stainless steel acid digestionbombswhich
ruptured at high pressure. Therefore, vessels should have rupture discs
calibrated to burst above agiven pressure. Such rupture discs are commer-
cially availablefor variousranges of bursting pressure. Provision should be
madefor venting thelivevolatilesout in the event of rupture. A blow-down
tank has to be commissioned in the case of a large-size hydrothermal
laboratory. Proper shielding of the autoclave is needed to direct the
corrosive volatiles away from the personnel. In the case of a large
autoclave, the vessels are placed with proper shielding in a pit. For safety
purposes, when hydrothermal autoclaves are operated simultaneously at a
given temperature, a total static overpressure caused by a simultaneous
rupture of all the operating autoclaves should not exceed 0.5 psi, whichiis
determined by the strength of the walls and the dimension of the labora-
tory. In several laboratories, make-up pressure units are installed for
safety.
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The hydrothermal laboratory should have a well-equipped work-
shop for the proper maintenance of the autoclaves. After each run, the
autoclave should be properly treated before using it for the next run. The
contacts, especially at the sealing sections, should be kept sharp without
any lint by polishing the surfaces at the contact after each run to avoid
scratches. The gasket must remain flat in its seat without tilting. The
autoclave threads should be maintained carefully and are always painted
with pipe thread lubricant to reduce friction and prevent seizing of the
autoclaves at high temperature. Some workers even place a light coating
ontheseal ringsto ensurethat they are properly sealed. Graphite grease or
graphite in water medium and suspended molybdenum sul phide or copper

4\

@ (b)

Figure 3.40. (a) Stellite Tuttle cold-cone sealed autoclaves and (b) stainless steel
acid digestion bombs which ruptured at high pressure.

lubricants are used. For runs above 200°C, graphite lubricant is more
effective because the other lubricants may decompose.

With anew or recently remachined vessel, it is advisable first to
clean out theresidual cutting oil with an organic solvent and to heat distilled
water in the vessel one or more times, until the odors of sulfur gases or
organic species are no longer present. For vessels that have been used
with H,S, many cycles may be required. Once a vessel has contained
reduced sulfur, it should not be used for sulfur-free experiments unless it



Apparatus 151

has been vacuum cleaned while hot. Such a degassed vessel previously
used for reduced systems can then be heated, at about 350°C open to the
atmosphere, to promote an oxide surface layer for corrosion protection.
Proper precaution should be taken while sealing the vessel. In the case of
cold-seal equipment, explosive vessel failure is of paramount concern.
Such failureislikely to occur in the event of rapid quenching of the entire
vessel and overheating of the furnace. In spite the ssmple, rapid quench it
provides, immersing the vessel in water is to be avoided. Nowadays,
numerous remote quenching designs have been developed.[131 Several
authors have discussed, in detail, major hazards with hydrothermal
autoclaves.[361(132]

Overhesating of the furnace resulting from the malfunction of the
control system is a common reason for vessel failure. Hence, furnaces
should be properly shielded. Burns from hot vessels represent another
major hazard with cold-seal laboratories. If it is necessary to handle a hot
vessel, it should be done by grasping the relatively cool closure assembly
wearing special insulated gloves.

Note that any vessel to be heated must never be filled completely
with an aqueous solution. Fluids expand on heating and are capable of
generating extreme pressuresin afluid-filled vessel evenif heated only for
a few degrees, pressures that can easily rupture an autoclave. It is
critically important to cal cul ate the thermal expansion of the aqueous phase
and to allow at least 20% of total volume of the vessel for uncertainty or
temperature overturn. An apprenticeship in an operating hydrothermal
laboratory isstrongly recommended to learn, to anticipate, and to copewith
the dangers of such experiments. For those planning to set up ahydrother-
mal |aboratory, it isadvisableto visit other existing laboratoriesto review
safety procedures as well as design. Therefore, autoclave maintenance
and safety make hydrothermal experiments quite expensive.
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A

Physical Chemistry of
Hydrothermal Growth of
Crystals

4.1 INTRODUCTION

Thisisperhapstheleast known aspect in the hydrothermal growth
of crystals. No book on crystal growth gives a complete picture of the
theoretical aspects of hydrothermal growth. Similarly, no author has pro-
duced a definitive discussion of the physical chemistry of hydrothermal
growth of crystals, covering aspects of physicochemical and hydrody-
namic principles, solutions, solubility, phase equilibria, thermodynamics,
kinetics, modeling or intelligent engineering of the hydrothermal reactions,
and so on. The Nobel Symposium organized by the Royal Swedish Acad-
emy of Sciences during 1978, followed by the First International Sympo-
sium on hydrothermal reactions organized by the Tokyo I nstitute of Tech-
nology in 1982, helped in setting anew trend in hydrothermal technology by
attracting physical chemistsin large number.[1t2 The hydrothermal physi-
cal chemistry today has enriched our knowledge greatly through a proper
understanding of hydrothermal solution chemistry. Thereare several groups
all over theworld working on various aspects of physical chemistry under
hydrothermal conditions.
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4.1.1 Physico-Chemical and Hydrodynamic Principles of the
Hydrothermal Growth of Crystals

Thisisone of the fundamental aspects of hydrothermal growth of
crystals. There are two aspects to be discussed here:

i. The physico-chemical studies on various aqueous
solutions studied within a wide range of pressure
temperature conditions.

ii. Thephysical chemistry of the hydrothermal growth
of crystals.

Each one of these has been studied extensively. However, the
correlation of the two works has not been done with enough accuracy.

Ezersky et a. (1993a, 1993b) have studied the hydrodynamics
under hydrothermal conditions using a shadowgraph technique.¥ll This
facilitated understanding of the spatiotemporal structure of hydrothermal
waves in Marangoni convection. However, a lot more experimental and
theoretical developments are needed to clarify and complete the descrip-
tion of the hydrothermal waves. Thus, an emphasisis made on some of the
basic physico-chemical aspects of the hydrothermal growth of crystals.

During the crystallization processfrom saturated sol utions, the mol
number of the solute compounds changes and, therefore, thefreeenergy is
represented as afunction of not only temperature and pressure but also the
mol numbers:

Eq. (1) G = f(T,P,n;,n,,...ny)

Eq. (2) DG = (8G/3T),, dT + (8G/P)y ,dP
+ (8G/dN)p 1, dny + (8G/ONY)p 1 ,dN,

where: n; = constant mol number of all components,
n; = constant number of components except one.

The variation in the free energy can be expressed in terms of the
chemical potential:

Ea. (3) (0G/oN)p 1 = W

When P and T are kept constant, Eq. (2) becomes
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Eq. (4) dGpr= wdn, + dny, + ..., or dGpy= (Zdn)pt
Theintegration of Eq. (4) gives
Ea. (5) Gpr= 2N
Differentiation of Eq. (5) gives

Eq. (6) dGpr = nydpy + nydp, + ... + ndy + p dpy
+ wdy, + L+ pdy =3ndp + 2 dny

By equating Egs. (4) and (6) we get
Eq. (7) Zndy =0

Equation (7) is considered as the overall equilibrium conditionin
the system with variable mol numbers under constant Pand T .

Let usconsider ahydrothermal system containingn, mol of solid A

and partially soluble (n;, mol) in ng mol solvent. Then the free energy of
the system corresponds to Eq. (5):

Eq. (8) G = My ba® Nia Mia + Ng Mg

If the process of dissolution of the solid components continues,
then the free energy dG becomes

Eqa. (9) G+ dG = (ny - dn)ps + (Npa + dN)ys + NgHg

The change in the free energy corresponding to this, under con-
stant P and T, becomes

Eqg. (10) dG = (WA - Ha)dn
or

If Hya < Ha, then dG/dn is negative and the process occurs on its
own, since the free energy decreases. When W, > |, the crystallization
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of the substance from solution B takes place and the chemical potential
decreases, and when |,, = L, , the process reaches the equilibrium state.
Consequently, the solute component changes over from the phase wherein
itschemical potential ishigher into the phasewhereitschemical potentia is
lower. The phase transition stops when the chemical potential of the
component becomes equal in both phases. It is observed that the above-
considered mechanism isrealized only when, in the non-equilibrium pro-
cess, the changes in dG do not depend upon the chemical potential and
concentration of other components of the solution. However, consideration
of the above relationship may help in understanding the physico-chemical
principles of the hydrothermal process.

Most hydrothermal crystal growth experiments are carried out
under the conditions of temperature gradient in standard autoclaves. The
growth of asingle crystal into the seed can be carried out in two ways:

a. Recrydstalization of the solid substance, includingits
dissolution in the liquid phase, convective mass
transfer of the dissolved part of the substanceto the
growth zone or seed.

b. Dissolution of the mixture of the nutrient components
with the help of their convective masstransport into
the growth zone and interaction of the dissolved
components on the seed surface.

The methodology of the growth of single crystalson aseed isthe
establishment of growth conditionsin which the processis represented by
the sum of macro- and micro-processes occurring between the interface
boundary of the solution and the crystal. The composition and concentra-
tion of the solution, temperature and pressure, hydrodynamic conditions,
and surface contact of the phases are some of the basic physical and
chemical parameters which determine the regime and rate of dissolu-
tion of thenutrient, masstransport, and possibility of the formation of new
phases.

Theisothermal chemical reaction can be expressed in termsof the
van't Hoff equation

Eqg. (12) AGp=RTInma —RTInK;

where;
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ma = 1 (& )

K, = m'(@,y,),isthethermodynamic equilibrium constant
y, = activity coefficient

a = initia non-equilibrium activity of the nutrient compo-
nent inthe solution

g = equilibrium activity of the nutrient componentsinthe

solution

From Eq. (12) it is observed that AG depends upon the relative values of
ma’ and K, when

Eq. (13) ma <K,; AG<O0
Eq. (14) ma =K,; AG=0
Eq. (15) ma >K,; AG>0

For example, in Eq. (13) the processisirreversible and the reaction takes
place from left to right. In the case of Eq. (14), the reaction takes place
under equilibrium condition and, for example, in Eq. (15) the process
becomes reversible. As a result, the changes in AG in Eq. (12), for
example, can be represented as follows:

AG = RT In(g /&),

where &, /a; is the analogue of the relative supersaturation.

If the activity coefficient y =1 or, in the given region, y does not
depend upon the concentration then, for example in Eq. (12), the activity
coefficient can be replaced by the mol fraction. Then the ratio a/a; is
replaced by S/S;, where S; = undersaturated solubility.

Equilibrium concentration of the supersaturated solution. Theratio
S/S; is called the relative supersaturation or degree of supersaturation.

In recent years there has been good progress on the experimental
side. Much credit goes to the Russian hydrothermal crystal growers.
Balitsky and Bublikova (1991) have studied the physico-chemical founda-
tion of malachite synthesis. Similarly, Kuznetsov (1991) hasreviewed the
physical chemistry of hydrothermal crystal growth and the crystallization
of some A,Bg crystals. Further, Popolitov (1991) has reviewed the physical
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chemistry of the hydrothermal growth of tellurium dioxide crystals. The
reader can get valuable information in the book Hydrothermal Growth of
Crystals.[®]

4.2 BASIC PRINCIPLES OF PHASE FORMATION UNDER
HYDROTHERMAL CONDITIONS

A phase is defined as a part of the system that is homogeneous
throughout and is physically separable from other phases by distinct
boundaries. The number of components in a system is the minimum
number of chemical constituents that must be specified to describe the
composition of all phases present. Phase relationships are conveniently
represented by means of phase diagrams. Phase diagrams and the phase
rules apply only to systems at equilibrium. These data are extremely
important to any crystal grower for successful growth of crystals. Gibbs
deducted a quantitativerelationship for phaserule:

F=C-P+2

where F = degrees of freedom, C = number of components, P = number of
phases.

Theaboverelation holdstrueif pressure, temperature, and compo-
sition aretheonly variables. If other variables such as magnetic, electric or
gravitational fields are considered, the numerical value 2 on theright-hand
side of the equation will increase by the number of new variables consid-
ered.

The hydrothermal method is considered as one of the best meth-
ods to study phase relationships in numerous systems, and the PTX
diagrams thus obtained are published from time to time. Phase equilibria
have been considered in detail by several workers. A reader can get
valuable information in the works of Brebrick (1993) published in Hand-
book of Crystal Growth (D. T. J. Hurle, ed.). Hence, we restrict our
discussion to some basic systems and non-conventional phase diagrams.

Among the binary systems, the H,0-CO, systemisimportant with
regard to the role of H,O and CO, vapor pressures in native mineral
formation and in the hydrothermal synthesis of inorganic compounds.
Figure 4.1 showsthe phase diagram for the H,0-CO, system.[8! It isfound
that, below the critical temperature of water, the dependence V versus P
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has a gap at the pressure corresponding to the pressure of water at its
critical density. Theisochores of real mixturesarelinear up to theimmisci-
bility dome that gives a possibility to experimental datain the calcula-
tion of pressures of mineral formation from the gas-liquid inclusions.
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Figure4.1. Phase diagram for the H,O-CO, system.[®]

Thenon-conventional phase diagrams plotted for equilibrium con-
ditions are popular, especially among Russian workers. These diagrams
are popularly known as composition diagrams or NC diagrams, where N
is the nutrient composition and C is the concentration of the solvent
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mineralizer. Hundreds of phase diagrams of compositions are available,
especially inthe Russian literature. An example of such adiagramisgiven
in Fig. 4.2 corresponding to the system Na,0-ZrO,-SiO,[71 Similarly, the
distribution of the silicon-oxygen radical intherare earth silicatesis shown
in the NC diagram in Fig. 4.3 corresponding to the system Na,0O-RE,O5-
SiO,-H,0 under hydrothermal conditions.l8l The solid lines indicate the
regions of monophase crystallization and dashed lines indicate the begin-
ning of crystallization of the excess component. These non-conventional
diagramsarerelatively easy to obtain and are highly useful for the growth
of single crystals as they clearly depict the growth conditions. Similarly,
just as in the case of conventional phase diagrams—even in the phase
diagrams of crystallization, the components can be represented for ex-
ample, in a ternary system as a triangle. Figure 4.4 shows the phase
diagram of crystallization in the system LiO,-Ta,05-H,0 at 750°C and
1700 atm.[®
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Figure4.2. NCdiagramfor thesystem Na,0-ZrO,-SiO,.["]
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Figure4.3. NC diagram for the system Na,O-RE,O3-SiO,-H,0 under hydrother-
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4.3 SOLUTIONS, SOLUBILITY AND KINETICS OF
CRYSTALLIZATION

This is one of the most important aspects of the hydrothermal
growth of crystals. Initial failuresinthe hydrothermal growth of a specific
compound are usualy the result of lack of proper data on the type of
solvents, the solubility, and solvent-solute interaction. Despite the large
amount of literature dataalready available, itisstill ahighly attractivefield
in hydrothermal research, geoscience, and so on. For example, geologists
are now in aposition to tell us much about the conditions of formation of
hydrothermal oredeposits (e.g., temperature, pressure, oxidation potential,
pH, fluid salinity, etc.), but in order to fully understand the mechanisms of
transport and deposition of ore minerals, information about metal com-
plex formation, stability, and stoichiometry in high-temperature-high-pres-
sure agueous electrolyte solutions, thermodynamic properties of electro-
lytes at high pressures and temperatures, phase behavior, transport
phenomena, and electrical and optical properties, is necessary.[101-[12]
Unfortunately, most of the studies have been performed only at the
saturated vapor pressure of the system and very few combined high-
temperature-high-pressure experiments have been designed to yield ther-
modynamic data.

Recent advances in computer technology, which have seen both
speed and storage capacities dramatically increased, offer the possibility
that chemical speciation modeling of multicomponent el ectrolyte solutions
can be made much morereliablethan it has been. Automation of thewhole
calculation process involving the assessment and selection of data, the
determination of basis sets, the formation of equations and the methods by
which results are evaluated is now within reach. This should be seen as
the provision of technical assistance rather than as a substitute for
human expertise. Nevertheless, by reducing errors and by ensuring that
assumptions are recorded systematically, many of the problems that
have been so apparent in the literature may be better controlled in the
future[13][14]

Sterner et al. (1997) have developed a new computer algorithm,
INSIGHT, which facilitates the nonlinear thermodynamic analysisof large
heterogeneous data sets for the purpose of developing accurate equa-
tions of the state of aqueous solutions and their interactions with other
substances.[*® The code is capable of incorporating a diverse array of
primary thermophysical data including osmotic, vapor pressure, freezing
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point depression, solubility [fixed pH] [fixed pCO,], electromotive force
data, speciation information obtained from spectroscopic measurements
and molecular dynamic simulations, enthalpies of mixing, dilution and
solution heat capacity, volumetric, and compressibility data, together in a
global, polythermal polybaric, thermodynamic analysiswhile simultaneoudly
solving chemical equilibria within the agueous phase via Gibbs energy
minimization.

A hydrothermal solution is generally considered as a thermody-
namically ideal one, yet in the case of strong and specific interaction
between the solute and the solvent or among the components of the soluble
substance in them, significant deviations from Raoult’ slaw occur. Conse-
guently, real hydrothermal solutionsdiffer fromideal solutionsand their
understanding requires knowledge of the influence of the solvent in the
process of dissolution and crystallization of various compounds. Obviously,
as shown in most of the experiments, the type of solvent and its concentra-
tion determine a specific hydrothermal process and its important charac-
teristics such as the solubility of the starting materials, quantity of the
phases, their composition, output of the phases, kineticsand growth mecha-
nism of single crystals. The value of the changes in the Gibbs free energy
in reaching an equilibrium condition varies with the transition from one
solvent to another and it can be shown as:

Eq. (16) AG=AH-TAS= RTInK, or K = exp(-AH/T) exp(ASR)

whereK = equilibrium constant.

The above expression showstheinfluence of enthal py and entropy
on the equilibrium constant, so that the enthalpy and entropy of the
solubility (at constant P and T) are different for different solvents.
Also, the solubility of one and the same solid substance changeswith the
solvent.

At the moment, thereis no theory which can explain and estimate
the solubility in real solutions. However, many of the problems connected
with solubility can be explained on the basis of overall physico-chemical
principlesor laws.

In some cases, it is better to use the empirical rule which agrees
withthefact that solubility becomeshigh in solventswith higher dielectric
constant (£) and types of chemical bond which are closer to those of the
solute substance. Deviation from this group has a place in the case where
specific interaction between solid substance and the solvent occurs.
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Thesynthesisand recrystallization of aspecific compound and the
growth of single crystals on the seed are all carried out using different
solvents on the basis of physico-chemical considerations. The following
conditions are adopted in sel ecting the most suitable mineralizers:

i. Congruence of the dissolution of thetest compounds.

ii. A fairly sharp change in the solubility of the
compounds with changing temperature or pressure.

iii. A specific quantitativevalue of theabsol ute solubility
of the compound being crystallized.

iv. Theformation of readily-soluble mobile complexes
inthesolution.

v. A specific redox potential of the medium ensuring
the existence of ions of the required valence.

Additionally the solvent should havethe desired viscosity, insignifi-
cant toxicity, and very weak corrosion activity with respect to the appara-
tus.

These factorsfulfill the requirement of the hydrothermal mineral-
izer in addition to determining the values of solubility of the compound
under investigation.

Theinteraction between the solute and solvent is called sol vation.
Solvent molecules become linked to the dissolved molecules or ions, and
the resulting species containing sol vent mol ecul es aresol vates. Depending
upon the reactants, the linkage between the solvent and the solute may
exhibit different specific (coordination, hydrogen bond formation, etc.) and
non-specific (electrostatic) factors, or solvation processes of different
strength and, hence, solvatesinclude very varied formations. Therefore, it
isnot possibleto find asingle physical parameter characterizing the solvent
which, in itself, could rationalize the solvation process. Simple ions may
differ considerably in their electronic structures, charges and radii, and
even larger differences are exhibited by solvent molecules representing
different types of chemicals. Hence, solvated ions may aso be very
different as regards the number of solvent molecules bound to the ion
(the solvation number), the forces giving rise to the binding, and the
resulting physical and chemical properties like spatial requirements
(there are various ways of determining the solvation number-viscosity
measurements, pH, conductivity measurement, density measurements,
etc.). The specific solvation process is the result of various types of
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complex formation between the solvent-solute components. In the case of
homogeneous aqueous sol utions of specific solvation, an activated complex
theory can be considered,[16] according to which therate constant, &, of the
reaction type A + B = X* - reaction products (X* is the activated
complex) isdetermined by

Eq. (17) &= (KTK#/h) (Vuvg/ V%)

The concentration of the activated complex X may be determined by the
following equation:

Eq. (18) [X*] = K* (Cp) (Cg) VaVg/ V*

where h is the Planck constant, K# is the equilibrium constant of the
activated complex, C,,Cg are the concentrations of the componentsA and
B, and v, ,vg, V* are the activity coefficients of the nutrients and active
complex, respectively.

In non-specific solvation when the medium is not homogeneous,
i.e., the solvent-soluteinteractionisnot homogeneous and continuous, such
an interaction plays a significant role only for ionic compounds.[*”] The
classical electrostatic model linkstherate of reaction constant & (inagiven
known dielectric value €), with the rate constant (in the medium with € =
), EQ. (18):

& 7 75 (2a+Zs)
2eKT Ory, 1y r,

Fa. (19) ekt e _ Ko
re 2

wherer istheradius of the particle, p isthe dipole moment of the particles,
Z is the charge number, k is the Boltzmann constant, T the temperature,
and e the electron charge.

This equation shows that the log of the rate constant depends
linearly upon the reverse (negative) values of the dielectric constants.

Let us consider briefly the role of water as a solvent in the
hydrothermal growth of crystals. Water isthe major component of hydro-
thermal solutions, always with a varied chemical composition in the

0
Ing=Ing, + 0
0
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laboratory and in nature. All the solutions used in hydrothermal experi-
ments vary from one another in their properties, ability to dissolve and
crystallize, and in the nature of the linking between water and electrolyte.
Moreover, the properties of each solution depend upon physico-chemical
aspects and the structure of the pure water. The formation of associates
and complexesin the aqueous solutions of electrolytesis possible because
of the presence of structural water, i.e., consisting of water moleculeswith
directional hydrogen bonding. The experimental P-V-T behavior of water
has been reviewed and summarized by several workers.[19-22] Several
chemical changes arise from changesinionic dissociation of the solution.
Therefore, it is better to understand the characteristics of the pure water
under hydrothermal conditions. The hydrogen ions show an influence on
the solubility of various compoundsunder hydrothermal conditions.

4.4 THERMODYNAMIC PRINCIPLES OF SOLUBILITY

Thermodynamic principles enable one to determine how to design
areaction to yield phase-pure phases. Without knowledge of how to do
this, it is impossible to distinguish a process that is being controlled by
thermodynamics versus kinetics. A large number of publications have
appeared on this aspect based on both the theoretical and experimental
data. Several models have been proposed in order to understand the
hydrothermal synthesisof avariety of compoundslike ABO,(A=akaline
earth elements, B=Ti, Zr, Hf), HAp, sulphidesof gold, silver, iron, copper,
and so on.[23(-[28] Thermodynamic studies yield rich information on the
behavior of solutionswith varying pressure-temperature conditions. Some
of thecommonly studied aspectsare solubility, stability, yield, dissolution-
precipitation reactions, and so on, under hydrothermal conditions. The
thermodynamic principles of solubility arediscussed hereinbrief. Itiswell
known that

Eq. (20) AGY, = AHO,, — TASO,,

where AGY, AHO , and AS’,, are the changesin the corresponding free

energy, enthal py, and entropy of dissolution.
If AGO, < 0, then dissolution takes place. When AG?, = 0, the

system exists in the equilibrium state; when AGY,, > 0, crystallization is
thermodynamically possible.
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With achangein the enthalpy, it is observed that either:
i. Inthe entire temperature interval AH%, < O.

ii. Inthe low temperature region AHY, > 0, whereas
in the high temperature region AHS, < 0.

iii. Inthe entire temperature region AHY, > 0.

If entropy is considered in Eq. (20) then with an increase in the
temperature, just likeAHY,, theAS, ; may also change. Here also we can
expect three possibilities:

i. Inthe entire temperature region, TASY, < 0.

ii. Inthelow temperatureregion, TAS, > 0, whereas
in the high temperature region, TAS%, < 0.

iii. Inthe entire temperature interval TASY,, > O.

Inthefirst case, the entropy helpsin the dissolution process. Inthe
second case, it can be both helping and reducing, and in the third case, it
reduces the dissol ution process.

In the majority of cases, the solubility of the solid substancesin a
liquid phase is limited. Solubility is an important physico-chemical and
technol ogical parameter whose estimation determines any dissol ution pro-
cess. It acts as a factor which strongly influences the kinetics or rate of
dissolution. Solubility depends upon the nature of the substance, itsaggre-
gate state, temperature, pressure and a series of other factors. Quantita-
tive dependence of the solubility of the solid substance on the temperature
at agiven constant pressureis given by

Eq. (21) (3InSdT)p = (Q,/RT? (dInay/in Sp1)

where: S solubility of the solid substance
a, = activity of thesolid substance

Q, heat of dissolution of one mol of the substancein
the saturated solution

R = gasconstant

The solubility of the solid substance may be expressed as a set of two

processes: (a) melting of the solid substance, (b) mixing of two liquids.
Inthe case of ideal solubility of the solid substance, the heat of the

second processisequal to zero and Q, isequal to the heat of melting of the
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solid substance: Q, = % melting and does not depend upon the selection of
the solvent, whereif d1n a,/dIn S= 1, then Eq. (21) can be written as

Eq. (22) (31N S/3T)p = % peyging/RT 2

such that the right-hand side is > 0, i.e., with an increase in the growth
temperature, ideal solubility of the solid substance in an ideal solution
increases. The dependence of the solubility of any substancein the solution
and the pressure is expressed as

Eq.(23)  (8In S3T)1 = (Viia —Miquia/RT) (81N 8,/3In G 1.

whereV;yq = partial molar volume of the soluble substancein the solution,
VO,iq = molar volume of that substancein the solid phase. In the case of an

ideal solution, Ina,=InS dlna,/dInS= 1, and Eq. (23) becomes

Thus, in the case of ideal solutions of the solid substance in the
investigated media, the solubility decreases with an increase in the pres-
sure, if the molar volume of the soluble substance increases during its
melting. Similarly, ifvosolid_\7liquid' then the solubility should increasewith
an increase in the pressure (in the case when the partial volume of the
liquidisequal to thevolume of the melting salt).

In recent times, many aspects of hydrothermal chemistry have
been experimentally studied, particularly in the past decade. The credit
goes to workers like Franck, Seward, Hegleson, and others.[10-{12][29]
However, most of these studies do not give an insight into the complete
physical chemistry of the hydrothermal mediaasthey represent mainly the
lower PT conditions. Helgeson has reviewed exhaustively the thermody-
namic properties of electrolytes at high pressures and temperatures.

An understanding of theory and the experimental results on the
hydrothermal physical chemistry isvery essential to the crystal grower.
Here, in the experimental work, some of the basic properties of the
hydrothermal medium like viscosity, dielectric constant, compressibility
and coefficient of expansion, etc., are discussed briefly in the crystal
growth context. Sincediffusionisinversely proportional to solvent viscos-
ity, wewould expect very rapid diffusion in hydrothermal growth.
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This leads to the growth of perfect single crystals with well
developed morphology. We can expect higher growth rates, a narrower
diffusion zonecloseto thegrowing interface and lesslikelihood of constitu-
tional supercooling and dendritic growth. Itis, thus, no wonder that quartz
growth ratesas high as 2.5 mm/day without faults or dendritic growth have
been observed.[3% Figure 4.5 showsthe viscosity of water as afunction of
density and temperature. It has been demonstrated for many casesthat the
mineralizer solutions(typically 1 M NaOH, Na,CO,, NH,F, K,.HPO,, etc.)
are close to the properties of water. For 1 M NaOH at room temperature,
Nsolution’ Moo = 1.25,131 one can expect that the viscosity of hydrothermal
sol utions can be as much astwo orders of magnitude lower than “ordinary”
solutions. The mability of molecules and ionsin the supercritical rangeis
much higher than under normal conditions. Also, electrolytes, which are
completely dissociated under normal conditions, tend to associate with
rising temperature.(32
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Figure4.5. Viscosity of water as afunction of density and temperature.[29]
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The dielectric constant is one of the important properties of a
solution. A knowledge of the temperature dependence of the relative
dielectric constant is of great importance for understanding the hydration/
dehydration phenomenaand reactivities of avariety of solutesin supercriti-
cal water. More than forty years ago, Hasted et al. (1948) observed that
the dielectric constant of electrolyte solutions (&) can be regarded as a
linear function of molarity up to 1-2 M, depending on the electrolyte.[33]
Franck(?9] has discussed ionization under hydrothermal conditions and
made most careful and complete conductivity studies, and shown that the
conductance of hydrothermal solutions remains high in spite of adecrease
in &, because that effect is more than compensated for by an increase in
theion mobility brought about by decreased viscosity under hydrothermal
conditions. Figure 4.6 shows the dielectric constant of water.[34 Thermo-
dynamic and transport properties of supercritical water are remarkably
different from those of ambient water. Supercritical water is unique as a
medium for chemical processes. The solubility of nonpolar species in-
creases, whereas that of ionic and polar compounds decreases as a result
of thedrop of the solvent polarity, and the molecular mobility increasesdue
to a decrease in the solvent viscosity (7). Drastic changes of ionic
hydration are brought about by the decrease in the dielectric constant (¢)
and density (). Largely as a consequence of the dramatic decrease in the
dielectric constant of water with increasing temperature at constant pres-
sure and/or decreasing pressure at constant temperature, “completely”
dissociated electrolytes at low temperatures and pressures may become
highly associated in the supercritical region. Computer-simulation studies
have been carried out on thistopic, which are helpful for theinterpretation
from the molecular point of view. Virial expansion of Debye-Hiickel
theory affords a basis for extrapolating thermodynamic observations of
“completely” dissociated electrolytes to high pressures and temperatures,
where they may be highly associated. However, the Debye-Hiickel equa-
tion fails to represent adequately the observed activity coefficients for
dilute solutions of 2:2 electrolytes. Landolt-Bornstein (1980) have esti-
mated the compressibility of water from thePVT curves.[3% The hotter and
less dense the fluid is, the larger is its compressibility. It is an important
factor used in the calculation of density change with pressure. The
coefficient of thermal expansion is also an important parameter that helps
in the growth of flawless and strain free crystals. It can be calculated from
PVT data. Water has a much increased coefficient of expansion under
hydrothermal conditions. PVT measurements for water and other solvents
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are rather rare. Water above critical temperature (t, = 374.2°C) and
critical pressure (p. = 22.1 MPa) is called supercritical water. At the
critical point, the phases of liquid and gasare not distinguishable. Thereare
extensive studies on the structure of water under ambient conditions, but
the structure of water at high temperatures and high pressures are not well
investigated, mainly dueto experimental difficulties. Inrecent years, there
has been increased interest in the study of the structure, dynamics, and
reactivity of supercritical and subcritical water from the chemical, physical,
geologica and engineering points of view. There are several reasons for
this trend. Water at high temperatures and high pressures is believed to
have played amajor rolein creating organismson the earth, the compounds
necessary for them, and fossil fuels produced after their death.
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Figure4.6. Dielectric constant of water.[34]

Seward (1997), Nakahara et al. (1996), Y amaguchi et al. (1996),
Nakaharaet al. (1997), and Ohtaki et al. (1997) have carried out extensive
experimental work on the agueous systems at high temperatures and
pressuresusing conductivity, potentiometric, spectrophotometric, solubility,
PVT, and cal orimetric methods. However, insight into the configurational
aspectsof ion solvent interactions under hydrothermal conditions has come
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mainly from neutron diffraction studiesand morerecently from synchrotron x-
ray absorption (EXAFS) spectroscopic measurements.[361-140 These | atter
studies have confirmed that cation-oxygen (nearest-neighor water) dis-
tances decrease with increasing temperature and are accompanied by an
associated decrease in the number of first shell solvated water molecules
as has been shown for Ag*, Sr*, and other cations (Seward, 1997).[3¢]
Water is an environmentally safe material and cheaper than other
solvents, and it can act asacatalyst for transformation of desired materials
by tuning temperature and pressure. The larger the reaction barrier height,
the larger the temperature effect on the reaction. For example, reactions
whose Arrhenius activation energies are 42, 83, and 125 kJmol-1 in water
at 25°C, are accelerated by factors of 8.2 x 103, 6.6 x 107, and 5.4 x 1011,
respectively, at 400°C.[41 Thus, a new reaction pathway, which is not
available in ambient water due to a high barrier, low solubility, or low
molecular diffusion rate, can be made accessible thermally in supercritical
water. Studies of the structure dynamics and reactivity of supercritical
water lead to a better understanding of how complicated compounds are
adaptively evolved from simple ones in hydrothermal reactions. It is
important to elucidate how the structure and dynamics of supercritical
water are controlled by intermolecular interactions (density) aswell askinetic
energies(T). Thisisanew frontier of solution chemistry. ThePVT datafor
water up to 1000°C and 10 kbar is known accurately enough (within 1%
error) [42-144 At very high PT conditions (1000°C and 100 kbar), water is
completely dissociated into H;O* and OH-, behaving likeamoltensalt, and
has a higher density of the order of 1.7-1.9 g/cm3. Figure 4.7 shows the
temperature-density diagram of water, with pressure as a parameter.[44]
When agqueous sol utions are heated up to the solvent critical point,
the partial molal volume of “hydrophilic” speciesbecomelargely negative
and that of “hydrophobic” oneslargely positivedueto adivergent behavior
of the solvent compressibility. It is well known that, as distances of the
intermolecular charge separation decreased al ong the reaction coordinate,
these “hydrophilic” species were dehydrated in supercritical water due to
the low dielectric constant of the solvent. The desolvation effect was
pronounced in the solvent with alow dielectric constant over along range.
One can regard this dehydration effect on theionic and dipolar species as
the catalytic effect of supercritical water because of its ability of lowering
the height of thereaction barrier. Similarly, the conductance datafor dilute
alkali metal halide solutions at elevated temperatures and pressures have
been usually interpreted in terms of the formation of simple, neutral ion
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pairs. It has nevertheless been recognized that higher order polynuclear
species (e.g., triplets, quadruplets, etc.) may form in electrolyte solutions
having alow dielectric constant at ambient temperatures. By anal ogy, one
might therefore expect the formation of such polynuclear ionsor clustersin
near critical region and at supercritical temperatures and pressures in
agueous el ectrolyte solutions. Recently, Driesner and Seward (1997) have
carried out the molecular dynamics simulations of ion pairing and cluster
formation in a1 M NaCl solution at 380°C and near critical pressures
indicating the presence of simple monatomic ions and ion pairs together
with triple ions such as Na,CI* and NaCl,” aswell asthe Na,Cl,, and more
complicated polynuclear species.[45] Combined molecular dynamicssimu-
lations and EXAFSmeasurementson 1 M SrCl, solutions up to 300°C also
indicate the presence of Sr2*, Cl-, SrCI*, SrCl, as well as cluster species
such as Sr,Cl,2* and Sr,CI*, [43] Insight intoion pair and cluster formation
is of importance to the understanding of many phenomena operating in
hydrothermal systems in the earth’s crust, including mineral equilibria,
stabl e isotope fractionation and €l ement transport.
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Figure 4.7. Temperature-density diagram of water, with pressure asaparameter.[44

Benning and Seward (1996) have studied the stepwise metal
complex formation of the AuHS® and Au(HS), complexes and their
thermodynamic data in sulphide aqueous solutions up to 400°C and 1500
bar.[“6] However, a major source of uncertainty in the study of metal
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hydrosul phide complexes at high temperatures and pressures has been the
lack of reliable datafor K,, thefirst ionization constant for H,S. Thereisa
major lack of experimental data pertaining to metal complex equilibriain
supercritical aqueous systemsaswell asin binary solvent systems such as
H,0O-CO,. Walther and Schott (1988) applied the dielectric constant
approach to study the speciation and ion pairing at high temperature and
pressure.[47 These authors have proposed many theoretical and empirical
relations to account for various aspects of solubility behavior and specia-
tion. The calculation of the diel ectric-constant dependence of ion pairing at
high temperatures and pressures allows the prediction of speciation in
complex fluids at high temperature and pressure for reduced activities of
H,O. Using this approach, the behavior of agueous silica in complex
solutions at high temperatures and pressures has been studied. Such data
are of enormousimportance to understanding the geochemistry of element
transport by hydrothermal fluids migrating in the earth’ s crust.[36!

In the hydrothermal growth of crystals, the PVT diagram of water
proposed by Kennedy (1950) is very important (Fig. 2.6).148] Usually, in
most routine hydrothermal experiments, the pressure prevailing under the
working conditionsis determined by the degree of filling and the tempera-
ture. When concentrated solutions are used, the critical temperature can
be several hundred degrees above that of pure water.[49 The critical
temperatures are not known for the usually complex solutions at hand;
hence one cannot distinguish between sub- and supercritical systems for
reactions below 800°C. Although the temperature in the growth zone and
the actual vapor pressure are not known to 100% accuracy, the PVT
diagram of Kennedy is used by most hydrothermal crystal growers rou-
tinely. The PVT relations in AIPO, and SiO, systems have been re-
viewed.[50-152] Also, theP-T behavior of the quartz-water system has been
well discussed by Brebrick.[53]

4.5 KINETICS OF CRYSTALLIZATION UNDER
HYDROTHERMAL CONDITIONS

Hydrothermal crystallization is only one of the areas where our
fundamental understanding of hydrothermal kineticsislacking. Because, in
majority of the cases, we have little knowledge about the intermediate
phasesformingin solution. Thus, our fundamental understanding of hydro-
thermal crystallization kinetics is at an early stage. In the absence of



Hydrothermal Growth of Crystals 183

predictive models, we must empirically define the fundamental role of
temperature, pressure, precursor, and time on crystallization kinetics of
various compounds. Insight into thiswould enable usto understand how to
control the formation of solution species, solid phases and the rate of their
formation.

The importance of kinetics of crystallization studies was realized
with the commercialization of the synthesis of zeolites during 1950s and
1960s. Following this, alarge number of publications appeared from the
Soviet laboratories on kinetics studies related to the growth of single
crystalsunder hydrothermal conditions. During this period, the anisotropy
of the rate of growth of the faces of the crystals during growth on a seed
acquires particular importance, sinceit makesit possibleto orient the seed
crystal platelets in such away that the growth surface coincides with the
rapidly growing face.[34-[58] At the same time, Laudise and co-workers
have studied the crystal lization kinetics of quartz and zincite.[59-(61]

These studies were based on the experience in the growth of
crystals in aqueous solutions which shows clearly the relationship be-
tween the anisotropy of the rates of process. temperature, supersaturation
and the presence of “foreign” components, including the solvent under
hydrothermal conditions. These parameters can be varied over very wide
limits.

The influence of the solvent is specific for each crystal. In the
case of ZnO, for example, the presence of NH*, ions in the solution
produces a marked increase in the rate of growth of the prismatic faces,
which under ordinary conditions does not exceed hundredths of mm/
day.[61 For calcite under conditions of increased oxygen activity the faces
of the scalenohedra, (2131) and (1010) become predominant.[62

Various general laws characterizing the relationship between the
anisotropy of the rates of growth of the faces and the chemical nature of
the solvent have been studied by several workers. Some major conclu-
sions have been drawn based on the studies on the growth of various
crystals.

Supersaturationin hydrothermal experimentsisgiven by the mag-
nitude of the temperature gradient (AT) between the dissolution and
growth zones, so that the relationship between the rate of growth and the
magnitude of AT is usualy investigated. If the solubility changes with
temperature according to alaw whichiscloseto linear withAT, the growth
rate is also practically linear. For all crystals, which have been studied
under hydrothermal conditions, the rates of growth of the faces increase
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linearly with supersaturation. The high activation energies of the growth of
the faces, combined with other factors—the anisotropy of the rates of
growth of the faces, the marked dependence of the rate of crystallization
on the composition of the solution, etc.—provide strong evidence in sup-
port of the suggestion that in hydrothermal crystallization under conditions
of excess mass transfer, a primary role is played by surface processes
taking place directly at the crystal-solution interface. It should be remem-
bered that the activation energy of diffusion in solutions usually does not
exceed 4-5 kcal/mole,[63] and the activation energies of dissolution rarely
exceed 10 kcal/mole. These values are much lower than the activation
energiesof growth, indicating that diffusion in the solution and dissol ution
of the charge do not limit the rate of crystallization with increase in the
concentration of the solution. Therate of thecrystallization canincreasein
two ways. For crystals that do not contain components of the solvent, the
rate increases sharply at low concentrations and remains practically un-
changed at high concentrations. Similarly, in some cases, anincreaseinthe
rate of growth of the faces with increase in pressure has been observed.
Pressure apparently does not have any significant direct effect on the rate
of growth of crystals, but it may have an influence through other param-
eters: mass transfer and solubility.

Kuznetsov (1966) reported the effects of temperature, seed orien-
tation, filling, and temperature gradient, AT, on the growth kinetics of
corundum crystalsI55 The activation energies for growth on the (1120) and
(1011) faces, together with some preliminary evidence on therate-limiting
step inthe hydrothermal crystallization of Al,O,. Figures4.8 and 4.9 show
the growth ratesasfunctionsof fillings: x: (1011); o: (1120), and relation of
log R to 4 for thefilling factors given on the curves: x: (1011), o: (1120).
The activation energies calculated from Fig. 4.9, are 32 kcal/mole for
(1011) face and 17.5 kcal/mole for (1120) face.[55]

Riman and co-workers have investigated the crystallization kinet-
ics of ABO; (A = alkaline-earth elements, B = Ti, Zr, Hf) and their solid
sol utiond 2311241(641[65] The fundamental role of temperature, pressure, pre-
cursor, and time on crystallization kinetics of perovskite oxides has been
studied in detail. Early work by Battelle Laboratories set the stage for the
devel opment of hydrothermal processesthat provide excellent morphol ogi-
cal control for avariety of ceramic chemistries.[66] The morphol ogy control
and size of lead zirconate titanate and lead titanate precipitated from
organic mineralizer solutions have been worked out in detail. Kaneko
and Imoto (1975) have investigated the effects of pressure, temperature,
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time, and BaTi ratio on the kinetics of a hydrothermal reaction between
barium hydroxide and titania gels to produce barium titanate powders.[67]
Ovramenko et al. (1979) conducted kinetic studies to compute an activa-
tion energy (Ea) of 21 kJmole.l®8] In contrast, Hertl (1988) calculated
activation energy of 105.5 kJ/mole.[69 However, this discrepancy may be
due to the difference in source of titania precursor as well as other
reaction conditions (e.g., temperature). Computations performed in the
composition temperature-pressure space facilitate the construction of sta-
bility diagrams, speciation diagrams and yield diagrams (Fig. 4.10).[70 In
addition, the authors have carried out kinetic analysis based on reaction
progress, yielded into the reaction-rate regime for various perovskite type
oxides.
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Other materials of commercial interest in the present day context
whosekineticsof crystallization have been studied in detail arezeolitesand
hydroxyapatite.l”31-173 V arious approaches or models have been proposed
to understand the reaction mechanism of these compounds. The models
based on the dissol ution process, growth process, surface diffusion, struc-
ture directing chelates, or amines in the synthesis of zeolites, etc., have
been used as the parameters in the study of crystallization kinetics. These
studies have helped in the preparation of phase-pure zeolites and hy-
droxyapatite particles with a perfect control over the morphology, grain
size, rate of crystallization and so on.

In the recent years, microwave hydrothermal is being popularly
used to greatly enhance the reaction kinetics. Also, efforts have been
made to have better control over the particle size, shape, yield, and
purity.[7-76] However, the reaction kinetics of most of the compounds
under microwave hydrothermal have not been understood precisely.

45.1 Experimental Investigations of Solubility

The selection of a suitable solvent and the theoretical aspects of
solubility have been discussed in the previous section. Here, | et us consider
the experimental aspect, its determination, and role in growing single
crystals. There are two principal methods for determining the solubility
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under hydrothermal conditions. The first one is a sampling technique and
has been described in detail by Morey and Hesselgesser.[77] It isespecially
useful where two fluid phases are present. In this technique, a suitably
designed valveisarranged so that afluid sample small enough so as not to
perturb equilibrium can be withdrawn and chilled from an isothermal
hydrothermal autoclave at operating conditions. If only onefluid phaseis
present, a weight loss method has been proved to be somewhat less
cumbersome.l78! It isquite difficult to study the solubility of crystalsunder
hydrothermal conditions if the compound does not form any metastable
solutions over a wide temperature range. If there is a considerable meta-
stable range of this kind, however, we may use the least troublesome
method of studying solubility at high temperatures and pressures—the
method of weight loss. If aweighed single crystal (or crystals) isplacedin
the capsule under conditions where the phaseis stable and where thefluid
phase is liquid alone or gas alone, the weight loss will be a measure of
solubility. However, special care must be exercised to avoid overshooting,
to ensure that the desired temperature is reached during warm up, to avoid
losing material beforeweighing, or weighing material that has precipitated
during the quenching. In many cases, the solubility obeys the van't Hoff
equation and is linearly dependent on solution density.[7 The ratio of
solubility to mineralizer concentration often gives clues to the species
present.[89 Several additional difficulties were encountered with the sili-
cates, alumino-silicates, phosphates, etc. They were first noticed while
studying the solubility of quartz. These difficulties principally arise from
phase separation of the solution under certain conditions, and theformation
of a“heavy” phase enriched with silicon.[81 For example, it was shown by
the authors of Ref. 82, in connection with the solubility of albitein H,O at
200-350°C, that under these conditions there was a partial decomposition
of the albite forming analcime. Hence, in this case, the true solubility of
albite in water was not really being determined. Therefore, to obtain the
true solubility of any compound which forms the heavy phases or other
metastable phases, it has to be determined under conditions similar to its
conditions of synthesis, so asto determine its optimum growth conditions.
Russian workers at the Institute of Crystallography have designed an
apparatusto suit the solubility study of various compounds (Fig. 3.22).

L et us consider the solubility studies of some selected compounds
like zincite and malachite. Solubility of a compound may be positive or
negative. If the solubility of a compound increases with increasing tem-
perature, it is positive. If the solubility of the compound decreases with
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increasing temperature, it is negative. Some compounds show positive
solubility up to acertain temperature and then show negative solubility and
vice versa. Quartz and berlinite form the best examples. The mgjority of
the earliest hydrothermal experiments, carried out in the 19t century, had
pure water as the mineralizer. Today we use a great variety of mineraliz-
ers, especially aqueous solutions of salts, acids, bases, etc., at very low
concentrations. Likewise, there are a great numbers of non-agueous
solvents. Hannay and Hogarth used an alcoholic solutionasamineralizer a
century ago.[83] Usually non-aqueous solvents are preferred when the
required solubility cannot be reached in an agueous medium. However, the
composition of the effective solvents used in growing crystals is fairly
standard. Pure water can be a good solvent at very high temperature and
pressure conditions. The use of various acids, salts and bases considerably
reduce the PT conditions. The commonly used non-aqueous solvents are
NH;, HF, HCI, HBr, Br,, S,Cl,, S,Br,, SeBr,, H,S + (C,Hs);, NH,CI,
C,H:0H, CS,, CCl,, C¢Hg, CH3NH,, €tc. In the past decade, the growth
conditions have been further reduced with the use of some acid solvents.
For example, high molar acids like HCI, H,SO,, H;PO,, HNO;, HCOOH
are freely used in the growth of various compound and this has brought
down the growth temperature to below 300°C. In recent years, mixed
solvents have been used in the growth of some compounds like AIPO,.
The mixed solvents are found to be highly effective. The reduction in the
growth temperature considerably reduces the working pressure, which in
turn helps in the use of simple apparatus. Even silica autoclaves can be
used, which facilitate direct visibility of the growth medium just asin any
other low temperature solution growth. This has greatly attracted the
attention of crystal growers in the last two years and a great variety of
compounds which hitherto were produced only at high temperature and
pressure have been today obtained at lower PT conditions. Hence the
mineralizer playsan important rolein the hydrothermal growth of crystals
and it has changed the tendency and perspective of the method. All these
aspects can be very well described with reference to quartz, berlinite,
sodalite, and a-TeO,. The reader is advised to refer the works of
Pearson(84[83] regarding the empirical selection of solvents based on the
hard and soft acids and bases.

Solubility of Zincite. The solubility of zincite has been studied
in great detail during the 1970s by several workers.[601[611[77] Measure-
mentsof the solubility of zincite hasbeen performed first in noncomplexing
solutions (HTr, NaTr) at variousionic strengths (0.03—1.0 molal NaTr) and
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temperatures (50-290°C) to determine the equilibrium quotient of the
reaction:

Eq. (25) Zno,, + 2H* - Zr?* + H,0

Figure 4.11 represents an example of the solubility obtained at
200°C and 0.1 molal by approaching equilibrium from undersaturation
(triangles), whereby the pH was changed by titration of acid into the cell
during the experiments. The solid line represents the best fit of the data
with aslope of -2 dictated by reaction (25). The solubility isshowninthis
figure to be reversed by a back titration (inverse triangles) with a basic
titrant causing ZnO to precipitate.
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Figure4.11. Solubility of zincite obtained at 200°.[8¢]

The dissociation quotients of reaction (25) were regressed against
avariety of temperature—ionic-strength functions using the ORGL S gen-
eral least squares program of Busing and Levy.[87] At infinitedilution, good
agreement is obtained with previous experimental and model values (i.e.,
Khodakovsky and Yelkin, 1975;[88 Ziemniak, 1992[89) except for the
values obtained which deviate from our fit at 250 and 250°C.
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In thisfigure, comparison is also made between these solubilities
and those obtained in experiments performed by titration of solution
containing chloride (diamond) and sulfate (circle) intothecell. Itisclearly
shown that the effect of addition of either chloride or sulfateisto increase
the concentration of zinc. At thistemperature, ionic strength, and stability
constants of the reactions:

Eq. (26) Zn?*+S02% - ZnSO,0
Eq. (27) Z2++Cl- - ZnCl*
Eq. (28) Zn%*+2Cl- - ZnCl,0

were obtained. The dashed curves in Fig. 4.11 are generated from these
stability constants and are shown to reproduce the experimental points.[8¢]
For reaction (26) there are no published experimental data with which to
compare these results. In order to compare with literature data, the
constantsfor reactions (27) and (28) are extrapolated to infinite dilution at
200°C. Good agreement with Bourcier et al. (1993) and Ruaya and
Seward (1986) is obtained for the dichloro-zinc complex stability con-
stant.[901191] However, theresult for the monochloro-zinc complex disagrees
markedly.

Solubility of Malachite. The growth of malachite single crystals
has posed a challenge in the past decade. Several original methods, which
allow nearly all textural varieties found in natural malachite, have been
devised. Malachite solubility in pure water and electrolytic agueous solu-
tions has not been understood precisely. Symes and Kester (1984) studied
the peculiarities of malachite dissolution in pure and seawater in order to
reveal the conditions necessary for its precipitation.[92 Sulyapnikov and
Shtern (1972) determined the maximum copper concentration during mala-
chite dissolution in solutions of NaHCO; and KHCO; of different concen-
trations at temperatures up to 200°C and different amounts of CO.,.[%]
Their data has shown that, under normal conditions, the copper content in
these solutions changes, strongly depending on the time of the solution
mixing with the powder of the basic copper carbonate. Balitsky and
Bublikova(1991) haveinvestigated malachite solubility in 1,2,3 M solutions
of ammonium hydroxide at temperatures 20, 25, 50 and 75°C (P = 1 bar).
Figure 4.12 shows kinetic curves of malachite dissolution in ammonia
agqueous solutions at 20°C (1-10 M NH,OH; 2 M NH,OH; 3-3.0 M



Hydrothermal Growth of Crystals 191

NH,OH). As can be seen from Fig. 4.12, equilibrium copper contents in
the ammonia solutions increase as ammonia concentration increases and
they decrease as temperature rises.[94]

Cu, mg ml-1

0 40 80 120
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2 2 M

E
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>

]

0 20 40 60 80 100 120

hours

Figure 4.12. Kinetic curves of malachite dissolution in ammonia aqueous
solutions at 20°C.[%4]

These examples give a more or less compl ete picture with regard
to the type of solvent, the PT conditions, and the progress made in the
search for new solventsfor variousinorganic compounds under hydrother-
mal conditions. All these studies yield crystal growth kinetics, the phase
pure product.

Thus, the hydrothermal physical chemistry isafast growing field
that is going to play a key role in the 21% century in the preparation of
future materials. The physico-chemical datawill provideaninsight intothe
actual hydrothermal reaction mechanism andin turnwill bring downthePT
conditions of preparation of materials.
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Hydrother mal Growth of
Some Selected Crystals

The hydrothermal technique has produced awide variety of min-
erals and crystals, both in nature and in laboratory. In fact, it is the only
technigue to synthesize some of the inorganic compounds like quartz,
berlinite, and so on. However, the method has some limitations as far as
the size is concerned. Except quartz, the method has not yielded large
singlecrystals. Although berlinite, gallium berlinite, and lithium tetraborate
show many superior piezoelectric properties compared to a-quartz, it is
not possible to obtain them as large as a-quartz crystals. Further, it is
difficult to discuss here the growth of all the compounds of hydrothermal
origin. Hence, the scope of this chapter has been restricted only to the
growth of most important crystals.

51 QUARTZ

Quartz isone of the most abundant minerals and occurs both asan
essential and accessory constituent of the rocks. References to quartz are
known from 1505 onwards. It may have been derived from the Saxon
word querkluftertz, or cross-vein-ore, which could easily have become
condensed to querertz and then to quartz.[

198
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Quartz, SiO,, exists both in crystalline and amorphous forms in
nature. The crystalline form of quartz has over 22 polymorphic modifica-
tions. Thethree principal crystalline forms of SiO, (quartz, tridymite, and
cristobalite) possess a well-defined field of stability under equilibrium
conditions for each one of them. The transformations from one to another
are, however, somewhat sluggish, so that the higher temperature forms,
cristobalite and tridymite, can exist metastably below their inversion
temperatures. Each crystalline form of quartz, metastable tridymite and
metastabl e cristobalite, has furthermore low- and high-temperature modi-
fications designated as a- and (-, respectively.l2-14 Amongst them, a-
guartz, which is stable below 573°C at atmospheric pressure, is the most
popular and technologically very important. The structure of a-quartz is
shownin Fig. 5.1.151¢] The a-quartz hastrigonal symmetry, belongsto the
enantiomorphous crystal class 32, and its space group is P3,21 or P3,21
according to itsright—or left—handedness. Its structure was among thefirst
to be investigated by x-ray techniques as early as 1914 by Bragg.l®l The
structure of quartz is made up of SiO, tetrahedra, which are linked by
sharing each of their corners with another tetrahedron. In the 3-dimen-
sional framework thus formed, every Si4* has four oxygens and every
oxygen has two silicons as hearest neighbors. There are several works
on the hydrothermal synthesis of other varieties of silica—like coesite,
B-quartz, stisshovite, cristobalite and tridymite.[71-{19 However, the scope
of thischapter hasbeen restricted to the growth of large sizesingle crystals
of quartz by the hydrothermal technique. In this respect, it is only the a-
guartz, which could be grown as large bulk single crystals, whereas the
other varieties of silica have been obtained so far only as fine crystalline
products, or tiny cristallites.

Figure5.1. Structure of a -quartz.!®!
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The a-quartz isone of the most extensively studied materias. Itis
the most popular, and technologically very important among all the
hydrothermally grown crystals or materials. Quartz as a piezoelectric
crystal hasthe ability to convert el ectric wavesinto mechanical wavesand
to reverse the process. Because of this property, quartz is widely used in
filters, timing and frequency control applications, optical fibers, dielectric
applications, and so on. In the recent years, quartz “tuning forks’ have
become essential for timing functionsin electronic watches and in timing
circuits for computers and telecommunications. Quartz crystal is one of
the most transparent materials over a wide range of optical frequencies
from UV (ultraviolet) to IR (infrared) regions, and it has doubl e refraction
(birefringence) and optical rotation power. Because of these properties,
the quartz crystal is utilized as optical device on a large scale. Typical
applications are in optical low pass filters (OLPF) for video cameras and
waveplates for optical pick up. Table 5.1 gives a wide range of applica-
tionsfor a-quartz.

Tableb5.1. Applications for a-quartz

Industrial Precision oscillators, optical fibers, dielectric materials,
equipment radiocommuni cations, cable communications, el ectronic
applications, measurement equipment, pagers, security
systems (alarms)...

Consumer Electronic hand calculators, watches, clocks, timers,
equi pment cable TVs, color TVs, video recorders, RF converters,
transceivers, radio equipment, microphones, el ectronic
appliances, microphones, microcomputer and computer
terminals, TV-game machines, telephones, copy ma-
chines...

The principal source of electronic grade natural quartz is Brazil.
Today, the dectronic industries are largely inclined to use synthetic quartz,
because natural quartz crystals are generally irregular in shape, automatic
cutting is cumbersome and the yield is low. Over 3000 tons of quartz are
produced annually for avariety of applications. These applications range
from optical components (dueto itshigh transparency) to precisetime and
frequency oscillators based on its piezoel ectric properties. The important
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countries contributing to the world production are USA, Japan, China,
Korea, Taiwan, Poland, Belgium, France, Germany, Russia, and so on.
Japan alone produces more than 50% of the worldwide production, fol-
lowed by USA.[11 Figure 2.11 shows a photograph of synthetic quartz
crystals pulled out from the world’ s largest autoclave located at the Toyo
Electric Co., Japan.[2l The inner diameter of the autoclave is 65 cm. To
guote an example, the combined production quantity of quartz crystal
units, filters, and oscillatorsin 1980 was 390 million piecesin Japan and it
was remarkably increased to 2.13 hillion pieces in 1990. The hydrother-
mal growth of quartz has been described and reviewed in several earlier
works.[22-171 Hence, we will only consider the conventional method of
the growth of a-quartz anditskineticsdatain brief. Instead, we discussthe
more recent developmentsin the growth of high purity and low dislocation
quartz.

The a - S transition in quartz takes place at about 573°C, and the
crystal growth of quartz insists upon a growth technique suitable to the
low-temperature crystal growth process. This led to the development of
hydrothermal process. In fact, much of our knowledge of the hydrother-
mal technique has resulted from the success in the growth of quartz
crystals. Thefirst publication in hydrothermal research is again pertaining
to the synthesis of quartz by Schafhaul during 1845.118] The best known
source of natural gquartz, even today, is Brazil, which has large occur-
rences of high quality electronic grade quartz. As a matter of fact, Brazil
was the only supplier of large crystals of high quality natural quartz for
electronic applicationsuntil World War 11. Shortagesin U.S.A and Europe
caused by German submarine activity prompted effortsto synthesizelarge
crystals of quartz, inthe laboratory, using seeds. Spezia (1900-1909) was
the first to attempt the seeded growth of quartz crystals and to carry out a
systematic study of the solubility. However, the growth rate was poor. It
was only during World War Il that Nacken could achieve higher growth
ratesfor quartz by the hydrothermal technique. The pilot scale production
of quartz began during mid 1950sin U.S.A. and erstwhile USSR. Several
countries attempted the artificial growth of large size single crystals of
quartz. Especially, after the publication of the works of Nacken in 1950[1°]
and the captured German reports,[20[21] several |aboratories began study-
ing quartz crystal growth almost simultaneously and the hydrothermal
technigue became a very popular tool for developing many complex
inorganic compounds. Industrial scale production occurred essentially
during 1960s and 1970s, with a peak development between 1968 and
1976, especialy in USA, Japan, and Europe.
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In the growth of a-quartz by the conventional method, the auto-
claves used by most of the workers were modified Bridgman type auto-
claves. The design and construction of the modified Bridgman autoclave
isdescribed in Ch. 3. Thetypical laboratory size autoclaveis 1" diameter
x 1' length. The pressure autoclave used in Europe and USA is 13 inches
diameter and > 10' length with 350 liters internal volume, which gives
some 150 kg of quartz per cycle. But an evolution concerning vessel’s
dimensions has to be noted, especialy in Japan, where autoclaves with
1000 litersto 5000 liters of internal volume arein operation producing 500
to 2000 kg quartz per cycle. The evolution of the autoclaves, the sealing
involved, and the volume are discussed in Ch. 3. These larger internal
volume autoclaves are provided with Grey-L oc type of sealing. Parallel to
the increase in output, electronic components manufacturers have been
looking, for the past 2Y2 decades, for a material with steadily increasing
performances for professional applications in the telecommunications
field, civilian aswell as military.

In the growth of a-quartz, available nutrient material such as
small particle size a-quartz, silicaglass, high quality silicasand, or silica
gel isplaced in aliner made up of iron or silver with a suitable baffle and
a frame to hold the seed plates. A mineralizer solution with a definite
molarity is poured into the liner to make the required percent fill. The
increased solubility in the presence of mineralizer increasesthe supersatu-
ration without spontaneous nucleation and consequently allows more
rapid growth rates on the seeds. Figure 3.3 shows the cross section of the
modified Bridgman autoclave used in the growth of quartz crystals. The
commercial autoclaves used have 10 inch inner diameter, and arelO feet
long unlined. These autoclaves can work at conditions up to 30,000 psi
and 400°C. Most of these experiments are carried out for 25 to 90 daysto
obtain full size crystals, 4 cm in the Z-direction and 12.5to 15 cm in Y-
direction. Temperature gradient is varied according to the nutrient used.
About 1IN NaOH or Na,CO; is the most commonly used mineralizer. The
solubility change with temperatureis smaller in NaOH and dlightly larger
in Na,CO;,. Thetemperature of the autoclave at the nutrient zoneisusually
kept at 355-369°C and, in the growth zone, it is kept at 350°C. The
addition of lithium improvesthe growth rate and small amountsof Li salts
are routinely added to the solution.[22] The solubility is also, to some
extent, afunction of increasing pressure. The pressureis controlled by the
percent fill in the autoclave, and it is usually about 80% for hydroxyl
mineralizer (20,000 psi internal pressure). In most of the experiments, the



Hydrothermal Growth of Crystals 203

percent opening of the baffle is 20%; even lower percents are used by
several workers. However, the actual percent opening of baffleareaand its
geometry are not disclosed, especially by commercial growers.

The optimum growth conditions for synthesis of quartz based on
the work in Bell Laboratories are:[231(24]

Dissolution temperature - 425°C

Growth temperature - 375°C

Pressure - 15,000-25,000 psi.
Mineralizer concentration - 0.5-1.0 M NaOH
Temperature gradient (AT) - 50°C

% fill - 78-85%

Growth ratein (0001) 1.0-1.25 mm/day

The quality of the grown crystalsis also afunction of the seed orientation
and its quality. Strained seeds generally produce a strained growth re-
gion.[?] The seeds are polished to avery fine finish before use. Most high
quality crystals are grown using seeds with surfaces perpendicular to Z-
direction since the Z-growth region is the lowest in aluminum concentra-
tion. Though the main part of quartz production consists in of Y-bar
crystals, that is, small crystals (Z = 20 to 25 mm, 64 mm seed) capabl e of
several Y -bars per crystal, the pure Z-bars are al so produced, representing
10 to 20% of this production. In medium and high quality grades, we
notice a rise in demand for crystals of very large dimensions and upper
medium quality, especially in USA, for manufacturing wafers used in
surface wave applications.[*!! Earlier, most of the seeds used were natural
guartz cut into a definite orientation, but in recent years this practice is
only used when a high quality crystal is desired.

The growth of quartz crystals has been understood precisely with
reference to the growth temperature, temperature gradient, percent of fill,
solubility, percent of baffle open, orientation and nature of seed, and type
of nutrient. Also, many kinetic studies have been carried out.[13[14 Fig-
ures 5.2 and 5.3 show the solubility of quartz with temperature, growth
rate as a function of seed orientation, and growth rate as a function of
percent of fill. Figure 5.4 shows hydrothermally grown quartz crystals.

The type of crystal to be grown depends on the application, as
different properties arerequired in each case. For optical use, high unifor-
mity, low strain and low inclusion counts are needed since all of these can
affect the transparency. For surface acoustic wave devices, large pieces
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are needed which can take a very high quality surface finish. The quality
of the material required for resonators used in time and frequency devices
varies with the application. The more precise the need, the more stringent
arethereguirements. For most applications, atruly high quality material is
not needed. For high precision uses, such as in navigational devices and
satellites, a very high quality material must be used. Most of the recent
research on quartz growth is for improved resonator performance, which
requires the growth of high quality, and low dislocation quartz, which is
discussed in Sec. 5.2.6. Figure 5.5 shows the fabrication of resonators
from asingle crystal.

2.50

SOLUBILITY IN BM/100 GM SOLVENT
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Figure5.2. Solubility of quartz with temperature.[14
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Figure 5.4. Hydrothermally grown quartz crystals.[17]

Figure 5.5. Fabrication of resonators from a single crystal .[16]
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52 GROWTH OF HIGH-QUALITY (AND DISLOCATION
FREE) QUARTZ CRYSTALS

It is well known that the hydrothermal growth of quartz in the
industrial sector isat least 45 years old. Though many improvements have
been brought about, it is still more an art than a truly reproducible
industrial and scientific process. We discussed in Ch. 1 the shortcomings
in the hydrothermal growth of crystals, especially with reference to the
theoretical knowledge. This applies even to quartz growth under hydro-
thermal conditions. The growth of high quality quartz crystalsinsistson so
many parameters|ike phase rel ationships, nutrient’ s solubility, thermody-
namics (state equations, kinetics of reaction, impurities repartition), crys-
tal defects characterization, and so on. The other aspect is that the needs
for cheaper material in awide range of applicationslike clocks, micropro-
Cessors, etc., result in content with a medium quality product, and the low
profitability precludes financing long and expensive studies. Though
much of the recent publications on quartz is on the possibility of obtain-
ing/growing high quality quartz crystals for stringent electronic applica-
tions, this group is still in minority. Except for quartz, no other material
coming from hydrotherma synthesis has sizable industrial use; even
though AIPO,, GaPO,, Li,B,0O,, and microcrystallites show interesting
promise, industry does not seem ready to make an important R & D effort
concerning these products. Thus, it is difficult to get financial support to
acquire a better knowledge of hydrothermal growth, which is highly
intricate and necessitates an important effort for along duration of time.
Private industry cannot deal alone with the costs of such a program; even
in the USA, research programs are government sponsored, especially in
defense field.[11]

Several criteriaare used to evaluate the quality of quartz crystals.
The most commonly used criterion isthe Q value or quality factor, which
is a measure of the acoustic loss of the material. It is important for a
resonator to have high electrical Q value and superior frequency-tempera-
ture characteristics. In a piezoelectric resonator, electrical energy and
mechanical energy are interconvertible. In such acase, Q is expressed as:

_[x]
=R
where X isthe inductive or capacitive reactance at resonance and Ris the
resistance.
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The quality factor, Q, can be considered as the inverse of the
fraction of the energy lost per cycle. The highest values of Q are required
in order to prevent loss of energy into coherent phonons. The acoustic Q
for natural a-quartz crystal varies in the range of 1 to 3 x 108 while for
synthetic quartz crystals, the value drops down to 2.105t0 1.106. Thus, in
the last two decades, the main objective among quartz crystal growers has
been to improve Q, which in turn leads to the production of a low
concentration of physico-chemical and structural defects. We shall dis-
cussthe growth of such quartz crystals of high quality through the study of
growth rate, mineralizers, solubility liner material autoclave, seed effect,
nutrient effect, and finally the recent advancesin the processing of defect-
free quartz for stringent electronic applications.

5.2.1 Growth Rate

Growth rate is determined by the ratio of increase in thickness of
seed and duration of the run. The growth rate along the main crystallo-
graphic axes, R, is determined by dividing the thickness of the layer
grown on the seed, (h; —h)/2, by the run duration t, and is expressed in
mm per day. A much more precise procedure is to determine R, as a
function of weight increment provided the surface area does not change
during therun, R, = (P, — P, )/2S, 4, where = 2.65g/cm?is the density of
guartz. The growth rate increases with the run duration, the increment
being relatively faster during the early hours and days.[28] The growth rate
depends upon variousfactorslike growth temperature, experimental pres-
sure (% fill), impurities concentration, presence of defects, seed orienta-
tion, solvent/mineralizer, % of baffle opening, and so on. It has also been
known for sometime that, qualitatively, acoustic Q is inversely propor-
tional to the growth rate and directly related with to chemical impurities
which will be discussed separately. The internal friction (inverse of
mechanical Q) is dependent on growth rate of synthetic quartz crystals.
Thiswasfirst demonstrated by Brown.[27] Chakraborty (1977) has studied
the dependence of mechanical Q on the growth rate of quartz crystals
using different mineralizers, and concludes that the inverse relationship
(exponential) between mechanical Q and growth rateisindependent of the
nature of the solvent in which the crystals have been grown.[28] Thus, the
mechanical Q isnot dependent on growth rate only, but also upon various
other operational variables. For example, for growth on surface normal to
(0001) (basal plane growth) or on samples 5° from (0001) (+5° X cut
surface), high Q quartz (Q > 109) can be grown at rates below 20 mil/day
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(0.5 mm/day) while even in the presence of Li*, Q's above 106 have
ordinarily not been obtained at growth rates much above 60 mil/day (1.5
mm/day). Techniques for obtaining high Q at high rates have obvious
economic importance. In particular, rates above 100 mil/day (2.5 mm/
day) with Q’s > 108 would provide significant savings in both capital and
operating expenses in commercial quartz growth.[29

5.2.2 Seed Effect

The seed plays a predominant role in the quality of the resulting
crystal. For higher frequency applications, a smaller X-axis dimension is
needed. Material with growth along the Z-axis (Z-growth materia) is
desired for resonators as it has been shown that this material is about an
order of magnitude lower in aluminum concentration.[30 The thickness of
the seed is usually between 1 to 2 mm. Until recently, it was necessary to
use natural seedsfor the preparation of low dislocation crystals. Thisisan
extremely tedious processsinceonly asmall portion of natural crystal isof
sufficient quality for seed use, resulting in a complicated selection pro-
cess. The seeds must also be of sufficient size for useful crystal growth.
Christie et al. (1983) have reported that small seeds can be fastened
together to make longer seeds, but this has not always been successful .[31]
Most seeds used today are fabricated from synthetic quartz crystals. This
is a much simpler process since the seeds can be cut paralel from the
original seed. Most crystals grown from synthetic seeds, however, contain
alarge number of dislocations of the order of several hundred per square
centimeters. Thisresultsin theformation of etch channelsinthe resonator,
which weaken it mechanically and cause problem when el ectronic devices
are deposited on the surface.l32 The studies of Armington and Larkin
(1985) have shown that, when a seed perpendicular to theZ-axis (but from
the X-growth region) is used, the dislocation density can be reduced to
below ten, and sometimes to zero dislocations per square centimeter
(Table 5.2, Figs. 5.6, and 5.7).[33] Although the reasons for this are not
entirely understood, it may be related to the fact that, unlike disloca-
tions in the Z-region where they form at the seed and grow closeto the Z-
axis, most dislocationsin the X-region grow at an angle of at least 45°, and
are usualy close to 90° from the Z-axis. Studies have shown that alumi-
num in the seed does not migrate into the growth regions. Thus, the
purity of the crystals produced using seeds cut from the X-region is as
good as crystals produced from the usual Z-seed.



210  Handbook of Hydrothermal Technology

Table5.2. Dislocation Density in Different Seeds

Seed Mineralizer Etch Channel Density
z Hydroxide 253
Z Carbonate 247
X+ Hydroxide 1
X+(reused) Hydroxide 14

Figure5.7. Dislocation density in quartz.[33 (Courtesy of A. F. Armington.)
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5.2.3 Nutrient Effect

The quality of the nutrient has a profound effect on the purity of
the grown crystal. It appears that most of the impuritiesincorporated into
the crystal come from the nutrient and not from the autoclave walls. The
search for new sources of nutrient isnot anew field of research. Inthe 19th
century, earlier workers tried several varieties of nutrient materials to
obtain a-quartz under hydrothermal conditions. However, the resultswere
not satisfactory owing to the lack of knowledge on the solubility data for
guartz, which resulted in a very low growth rate. In this respect, some
serious efforts were initiated by Kolb et al. during 1976. They examined
new sources of nutrient to replace Brazilian a-quartz for hydrothermal
crystallization.[34 It was found that the acoustic Q strain depends upon the
source of the nutrient and also its geographic region/location. Both vein
and appropriately chosen pegmatite quartz can be used as nutrient. High
purity sand can be used as nutrient provided process conditions are altered
so as to compensate for its effective lower surface area. Non a-quartz
nutrients such as silica glass and silicagel produce initialy higher super-
saturation and fast growth rates |eading to poor quality of crystal growth.
However, aterations in process conditions can be made to reduce initial
growth rates and prepare reasonable quality crystals. Therefore, in the
growth of high quality quartz crystals, Z-growth material and recrystal-
lized glassis used as the nutrient material. If future requirements become
more stringent, particularly for radiation damage, it will be necessary to
reduce the aluminum content even further. In this case, recrystallized
glasswill betheleading candidate, as higher purity glassisavailable. This
generally requires two runs, since the glass must first be converted to a-
quartz.

There are severa laboratories throughout the world working to
find asuitable nutrient for high quality quartz growth. Hosaka and Miyata
(1991) have obtained high quality a-quartz crystals using cristobalite as
the nutrient.[3% The authors have used high-purity a-cristobalite powder
compacted into grains of 0.5-1.00 mm or into lumps of approximately 1
cm in diameter for the hydrothermal synthesis of a-quartz.

Alpha-cristobalite is a polymorphic form of silica as are quartz
and tridymite and has ahigher solubility than quartz.[38] Alpha-cristobalite
powder(37 has the following advantages: it can be obtained in a high-
purity state with low contents of Al and alkaline metallic ions, and can be
prepared with relative ease as particles of uniform size. Ascompared with



212  Handbook of Hydrothermal Technology

the conventional growth of synthetic quartz crystalsusing Brazilian lascas,
the use of a-cristobalite powder may be expected to allow:

(i) Synthesis of high-purity large quartz crystals.

(if) Synthesisof micro quartz crystalshaving uniform
grain size.

Hosaka (1991) had attempted to crystallize micro quartz crystals by
hydrothermal hot pressing method using a-cristobalite powder asasource
material .[38 Figure 5.8 shows a-quartz crystals grown at high (left) and
low (right) fillings using a-cristobalite as the nutrient. The % fills or
pressure greatly influences the growth rate. However, a considerable
amount of work has to be carried out for the industrial production of a-
guartz using cristobalite as the nutrient.

Figure 5.8. Alpha-quartz crystals.[3!
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5.24 Solubility

Solubility is one of the most important aspects in hydrothermal
crystal growth. Theearly literature survey clearly showsthat the very slow
growth rate achieved until the works of Nacken (Germany 1950) and
Wooster and Wooster (1946) were published was mainly attributed to the
lack of knowledge of the solubility of quartz.[19[39 The same applies to
other compounds also. The first systematic study of the solubility of
quartz was carried out by Spezia (1905).[401 Since then, alot of progress
has been achieved in the understanding of the solubility in general for
various inorganic compounds. During 1960s, new methods of investigat-
ing the solubility and the new experimental set up for the determination of
solubility under hydrothermal conditions were proposed.[41142]

The solubility of quartz in pure water was found to be too low for
crystal growth (0.1-0.3 wt %), but the solubility could be markedly
increased by the addition of OH-, CI-, F, Br-, I-, and acid mediawhich act
as mineralizers. For example, the reactions

show the formation of various complexes or species during the hydrother-
mal crystallization of quartz. Hosakaand Taki have used Raman spectrato
identify and quantify such species.[43]

In pure aqueous solutions (even at 400°C and 25000 psi), the
solubility of quartz is too low to alow growth to take place in any
reasonable time. Alkaline additions, such as NaOH, N&a,CO,;, KOH and
K,CO; are all effective as mineralizers in this pressure and temperature
range. A small increase in molarity resultsin only aslight increase in the
growth rate, whereas large increase begins to produce an additional phase
along with quartz. The minimum molarity for good growth rate is about
0.25M for NaOH. Concentrations of about 4.0 M for NaOH and 2.0 M for
KOH form sodium or potassium silicates along with a-quartz. Laudise
and Ballman (1961) have measured the solubility of quartzin 0.5 M NaOH
as afunction of % fill and temperature. The quartz solubility dependence
on % fill isshown in Fig. 5.9.044]
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An important result of solubility determinationsisthe delineation
of the pressure, temperature, and composition regions where the tempera-
ture coefficient of solubility isnegative. Theseregionsareto beavoidedin
the growth of quartz, since they require adifferent setup; otherwise, they
result in the loss of seed crystals.
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Figure 5.9. Quartz solubility dependence on % fill.[44]
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In recent years, mixed solvents are being used even in the growth
of quartz. High-quality large quartz crystals have been obtained in NaCl
and KCl solutions, NaOH and Na,CO; sol utions, (10%).1431(46] Most of the
literature data available on the solubility of a-quartz dealswith the datain
various solutions at elevated temperatures and pressures. It was recently
observed that, in the growth of quartz crystals under hydrothermal condi-
tions, the evaluation of pressure generation and its effect on the dissolu-
tion in different aqueous solutions are the important steps. Hence the
authors have studied the solubility of a-quartz in NaOH (1M) + Na,CO,
(IM) using high-pressure conditions from 200 MPa to 350 MPa at tem-
peratures of 400°C.[468] Theimpetusfor thiswork was provided by the fact
that high frequency applications of a-quartz require sheets with small
thickness of the same order of size as the defects (such asinclusions, etch
pitsand dislocations). Thus, the pressure can make new solventsviablefor
hydrothermal growth, especially by reducing their concentrations. Figures
5.10 and 5.11 show the solubility limit comparison between NaOH (1M)
and Na,CO; (1M) vs. pressure at 400°C; and log solubility (S;) in NaOH
(1M) and in Na,CO4 (1M) vs. 1/P. These experimental results show that
Na,CO; appears to be a better solvent than sodium hydroxide in high-
pressure domain for a temperature close to 400°C. From Fig. 5.11, the
enthal py values have been calculated and the values are as follows:

AH;= 2395 £ 5 cal/mole for NaOH (1M); 200 < P < 350 MPa

AH = 4001 + 2 cal/mole for Na,CO; (1IM); 150 < P < 350 MPa

5.2.5 DefectsObserved in Synthetic a-quartz Single Crystals

The defects present in the synthetic a-quartz crystals play an
important rolein determining its quality and in turn applications. Much of
therecent workson quartz isessentially focussed on the defect studies. All
the defects present in quartz can be classified into two types:

- The physico-chemical defects
- The structural defects
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Figure5.10. Solubility limit comparison between NaOH (1M) and Na,CO; (1M)
vs. pressure at 400°C.[46]
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Physico-chemical defects are mainly induced by the nature of the
nutrient or the solvent and also by chemical contamination of the solution
by the metal constituting the reaction vessel. Quite often, solid or liquid
inclusions like NaFe3*Si,Oq4 (acmite) are inserted in the a-quartz. The
most important impurity in quartz is H*, which easily fitsinterstitially in
thelarge (1 A) channelsthat lie parallel to thec-axisto charge compensate
for Al3* which goesto aSi“*. It entersthelattice from the growth solutions
as OH-, the O being incorporated in the SiO, lattice. In thermodynamical
conditions, different cations (in particular Li*) can be in the interstitial
positions, in particular for compensating the Si4+ - M3* cationic substitu-
tioninto the a-SiO, lattice. Figure 5.12 shows the effect of growth rate on
Al3* concentration in the Z-region of grown crystals using hydroxide
mineralizer.[47] Aluminum concentration was determined by EPR.[16] Simi-
larly, Laudise has studied the dependence of the effective partition coeffi-
cient for OH-impurity in quartz on growth rate (Fig. 5.13).[48] Lithium salt
is added to the solvent to check the aluminum concentration in the grown
crystal. The entry of Al occurs in the use of (OH) and (CO;) based
mineralizers. Table 5.3 gives the distribution of impurities in different
sectors of synthetic quartz, which has been studied by Yoshimura et al.
(1979), and lwasaki and Kurashige (1978).1491150]

EFFECT OF GROWTH RATE ON PURITY
(EPR RESULTS)
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Figure 5.12. Effect of growth rate on A13* concentration in the Z-region of
growth crystals.[16]
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Figure 5.13. Effective partition coefficient for OH- impurity in quartz on the
growth rate.[48]

Table5.3. Impurities in Synthetic Quartz Crystals (ppm)

Sector Al Na Li

Z 5 1 0.5
+X 31 9 5
-X 122 40 5
S 85 26 16
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The structural defects in quartz are basically the dislocations.
Their origin can be due, generally, to foreign particles, thermodynamical
parameters governing the crystal growth, or hydrodynamic conditions

inside the reaction vessel.

5.2.6 Processing of a-quartz for High Frequency Devices

The study of the type of defects present on silica surfaces
would be of great importance for a better understanding of electrical or
piezoelectric properties. The development of high frequency devices
(24 MHz - 100 MHz or more) induce some strong constraints concerning
the shaping of the a-SiO, material. The low defect, high purity synthetic

quartz should have the following characteristics:[51]

Parameter Desirable So far achieved
Etch channel density <10/cm? < 86
Inclusion density <10/ bar
Impurity concentrations (ppb)

Al <200 700

Li <300 300

Na <500 1640

K <40 300

Fe <100 1800
Q (3500/3800 cmt) <25x 108 >2.5x 108
Strain none variable
Fringe distortion <0.05RMS variable

The existence of defects, either physico-chemical or structural, in
synthetic quartz crystals leads to the critical modifications of devices.
There are three different parameters on which the quality of quartz

depends:[52
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i. Chemical impurities, e.g., (OH) distribution, induce
alarge decrease of the acoustic Q. The substitution
0% - (OH) being coupled with the cationic one
(Si4t - MS3*), the M3+ impurities can play an
important role concerning the chemical aging of
resonators and its behavior vs. ionizing radiations.

ii.Crystal defects like dislocations, etching channels,
fractures, etc., which influence the acoustic
distribution.

iii. Inclusions (iron, sodium, acmite, aluminum, etc.).

As the application of quartz goes to higher and higher frequency
devices, the thickness of the quartz plate drops. For example:

24 MHz range applications; ~ 70 pm thickness
100 MHz range applications: ~ 67 pm thickness

The thinning down of the quartz plate depending upon the fre-
guency measurements and can be expressed as

K (MHzuH ™)

F(MHz):W

where eisthe plate thickness, K isaconstant characteristic of the material
and of its orientation, and F is the resonance frequency.

Sweeping is one of the most popularly used techniques in recent
years to enhance the performance of quartz resonators. Sweeping or solid
stateelectrolysisor electro-diffusionisgenerally performed under vacuum
or air or hydrogen or desired atmosphere.[33-[59 During sweeping, the
crystal is placed in an electric field and heated. Figure 5.14 shows the
schematic diagram of the sweeping apparatus. Then, there is a migration
of the impurities, and some modifications are induced within the crystal.
According to the parameters used by the manufacturer during the sweep-
ing process, and the quality of the as-grown crystals, the results could be
very different. Sweeping reducesthe formation of etch tunnels. The effect
of sweeping is to remove lithium and sodium deposited interstitially
during the growth. Theseionsare usually trapped along an angstrom-wide
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tunnel, which is parallel to the Z-axis in the quartz crystal lattice. These
ions, inaninterstitial position, interact with aluminum impurities substitu-
tional inthelattice to form Al-Li centers, which have shown to be weakly
bonded and are the cause of low radiation tolerance in aresonator. In the
sweeping process, these are replaced by Al-OH or Al-hole centers, which
have a much higher radiation tolerance.
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Corntroller /

—_ T T
LT IVER AN S L P
A R
ottt s .

a-d-4
o
L -
Lo dia ] 5
! . < LS
|
'
B A

:' GAuartz Tube
i

Gas Inlet

Gas Dtlet

Figure 5.14. Schematic diagram of the sweeping apparatus.[55!

Sweeping is influenced by the electric field, strength, electrode
type, and atmosphere. It takes less time in air due to the availability of
water in the atmosphere.[>® Electrodes, usually platinum, or gold or
aguadog are deposited on each of the Z surfaces of alumbered bar. The
crystal is then subjected to a field of 1000-2000 volts/cm (thickness) at
temperature 500-550°C. The current is continuously measured and the
sweeping is considered completed when the current has dropped to a
constant value. It takes usually 5 to 7 days to remove akalies. In some
quartz, the sweeping may take 7 days or even more. Sweeping has also
been used to dope quartz crystals in order to determine the effect of the
dopant on the properties of the crystallization of quartz. A vast amount of
literature data showsthat sweeping can not become aroutine process even
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if all the same experimental conditions are ever applied. The quality of the
swept crystal can change in such away that the modifications are some-
times unexpected. So, each industrially swept crystal must be controlled
before using. Some of the controlling techniques are the x-ray topography
and the infrared spectroscopy. These techniques help to characterize the
physico-chemical defects and the a5, value (Q factor). The reader can
refer to the works of Refs. 12, 57, and 58.

There are several other techniques employed for the fabrication of
piezoel ectric high- to ultrahigh-frequency devicesbased on quartz resona-
tors. The important ones are chemical polishing and ion beam etching
(IBE). The reverse thermodynamic relations are employed for the refine-
ment of chemical polishing. Several solventslike HF and NH,HF,, NaOH,
KOH. xH,0, NaOH. xH,0, etc.[>9

Similarly, the industrial chemical etching process is specialy
dedicated for large thickness removals without damaging the blank sur-
face texture. This is most useful for frequency applications of quartz,
because the mechanical grinding and lapping introduce surface stresses.
Fluoride media is the most popularly one for this type of chemical
polishing.[89 Recently, Cambon et al. (1994) have tried industrial chemi-
cal etching successfully in the temperature range of 150 to 180°C using
concentrated NaOH solvents.[61 During the chemical etching process,
several factors influence the process. Kinetics, etching temperature, etch-
ing time, plate orientation, SiO, concentration, solvent concentration,
wafer carrier geometry, and so on. Using this process, about 3200 quartz
plates can be processed. The resonators manufactured by this process have
demonstrated a high level of performance, even higher than those ob-
tained by mechanical means.

Future avenues in this direction are: improvements on theoretical
knowledge, improvementsin the quality of solvents, nutrients, and seeds,
autoclaves' technology, material used for autoclaves, dimensional ratio
(diameter/length), crystallization zone/dissolution zone, basic question-
ing of the validity of presently used growth parameters (P,T), and better
understanding of complementary treatmentslike sweeping, chemical etch-
ing, etc. Thus, any work on quartzisstill apromising field, and it will have
someimportant consequential effectson hydrothermal growth, in general,
and facilitate the development of other materials production.
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53 BERLINITE

Berlinite, AIPO,isnamed after N. J. Berlin (1812), apharmacolo-
gist of the University of Lund. Its physical properties are shown in Table
5.4.162] Berlinite replaces quartz in electronic devices because its large
mechanical coupling factors are greater than a-quartz, and its resonant
frequency is nearly independent of temperature for certain orienta-
tions.[631-165] Berlinite is also interesting because its presence in Ca
aluminum phosphate bioglass ceramics is believed to lead to higher
bioactivity of boneimplants.[¢6][67] Table 5.5 gives atentative comparison
with quartz.

Table 5.4. Physical Properties of Berlinite and Quartz (Schwarzenbach,
1966)(62

Properties AIPO, Quartz
Density 2.64 (natural) 2.655
2.56 (artificial)

Hardness 6-7 7

Ne 1.529 + 0.003 1544

Ny 1.519 + 0.003 1.535

Birefringence +0.01 + 0.009

a 4.94291 49138

c 10.94761 5.4052

cl/z 5.4738 A

cla 2.21481 1.10

c/2a 1.1074

space group P3,21 or P3,21 or
P3,21 P3,21

z 3 3
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Table5.5. Tentative Comparison with Quartz (ThicknessY Rotated Reso-
nators at Same Frequency)

Useful coupling coefficient (AT Enhanced by 1.4 -1.5
filter trapped resonators)

Shift of oscillators or band width Twice
of filters (AT cut)

Angular sensitivity (1% order FTC) Reduced
Thermal stability (higher order FTC) | Better

Q factor propagation losses Already sufficient (may be
comparable)

Thickness of plates (AT) Reduced by 1.15

Electrode dimensions (AT) Reduced by 1.32 (TT)

(Sameplating 2D TT of TS) Reduced by 1.23 (TS)

Nonlinear properties To be determined

“Dry” berlinite has similar C, E, EPS constants, first order TC
and much reduced higher order TC.

Berlinite occursin nature associated with augelite, attacolite, and
other phosphates as small crystals at the Westana Iron mines near Nasum,
Kristiaanstad, Sweden. However, the synthetic berlinite is more popular
and abundant and it can be obtained as fairly big crystals. The first
successful growth of berlinite crystals was by Jahn and Kordes (1953),
followed by Stanely (1954).181(69 Stanely carried out the experimentsin a
sealed borosilicate glass vessel placed in a low pressure environment.
Mason (1950)!7 carried out the piezoel ectric measurements for a small
crystal of berlinite. However, the importance of berlinite only came into
light in 1976 when Chang and Barschl53] studied the piezoel ectric proper-
ties of berlinite, and reported large mechanical coupling constants and that
its resonant frequency was nearly independent of temperature for certain
orientations.
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The main problem connected with the growth of berlinite is the
negative temperature coefficient of solubility, which insists on some
special growth conditions, because of the lower solubility at higher
temperatures, and higher solubility at lower temperatures. One of the
principal problemsin asystematic growth of AIPO, crystalsisthe growth
raterelationship in H;PO,, and thelack of good solubility data (because of
the negative temperature coefficient of solubility) at the constant fill
conditions, which are essential for successful growth.[71]

Although so much of progress has been achieved in the growth of
berlinite crystals, our knowledge on AIPO, is still comparable to that of
guartz some thirty years ago, particularly with reference to solubility,
reproducibility, crystal perfection, phase equilibria data, crystal size, etc.

Today it is possibleto grow more than 500 kgs of dislocation-free
high-purity quartz in a single experimental run. However, in the case of
berlinite, it can not be morethan afew hundred grams. The major problem
is the highly corrosive phosphoric acid mediain which the growth takes
place.

5.3.1 Crystal Chemical Significance of the Growth of AIPO,
Crystals

Berlinite is isostructural with quartz, Si(SiO),, and the artificial
compound AIAsO,. It shows the same thermal inversion as SiO,,["2
although, at slightly lower temperatures, it crystallizes in hexagonal sys-
tem—trigonal trapezohedral class-32. Artificial crystals are very similar
to quartz with (1011) (0111) and (1011) faces. The natural crystals are
massive and granular. As mentioned above, berlinite isisostructural with
quartz but has a doubled c-parameter. It consists of alternating AlO, and
PO, tetrahedralinked with vertices. Sosmanl”3l hasreviewed al the forms
of silica reported up to 1960. According to him, there are twenty-three
polymorphic modifications of quartz, and eleven of them are the basic
ones. Berlinite, although isostructural and i soel ectronic with quartz, shows
only six polymorphic modifications analogous to six major varieties of
silica. Figure 5.15 shows six polymorphic modifications of berlinite
analogousto six polymorphic modifications of quartz. The structure of
all the six forms of berlinite can be described under three subgroups,
i.e., quartz, tridymite, and cristobalite with higher and lower temperature
forms.
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The growth of any compound does not depend only upon the
growth techniques and growth parameters like the starting materials, flux
agents, mineralizer, temperature, pressure, rate of heating or rate of
cooling, but also upon its crystal chemical parameters. A systematic
study of the synthesis of ABO, compounds (A = Al, Fe, Cr, Co, Ga, B,
Mn; B = P, Asand V) and quartz with reference to their crystal chemical
significance yields very interesting data which help to understand the
growth technique of ABO, compounds.[741[7]
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Figure5.15. Six polymorphic modifications of berlinite analogsto six polymor-
phic modifications of quartz.

5.3.2 Solubility of Berlinite

Solubility is an important parameter in the successful growth of
any compound in the form of large single crystals. The lack of solubility
dataisresponsible for the earlier failuresin the growth of AIPO, crystals.
It was only in the late 1970s and early 1980s that reports on the solubility
of AlIPO, appeared in the literature. The problem associated with the
growth of large single crystals of AIPO, isdirectly related to the lack of a
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systematic study of the solubility and partly to the P,Og pressure.
Although, several reports have appeared on the solubility measurements
with reference to various parameters, still there is no unanimity in the
results. The solubility of berlinitewasfirst determined by Jahn and Kordes
(1950) in orthophosphoric acid above 300°C and it was found positive
(Fig. 5.16).[68] Subsequently, Stanley (1954) reported anegative solubility
for berlinite in 6.1 M H;PO, (Fig. 5.17).159 The solubility of ALPO,
varies widely with the type of solvent used. Some authors claim that
solubility of AIPO, in HCI is similar to that in H;PO,. The most
important difference is the higher solubility at comparable mineralizer
concentration.

The authord 78l have made an attempt to study the solubility of
AlIPO, in some new solvents like HCOOH, NH,Cl, Na,CO;, NH,H,PO,,,
NaF, KF, LiF, etc. The solubility of AIPO, (in wt %) as a function of
temperature and at a pressure of 2 kpsi in 2M HCOOH solution is shown
inFig. 5.18.
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Figure 5.16. Solubility of berlinite in orthophosphoric acid above 300°C.[68]
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Figure5.17. Negative solubility for berlinitein 6.1 M H4PO,.[69]
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Figure 5.18. Solubility of A1PO, (in wt %) as a function of temperature.[76l
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Recently, it has been shown that the solubility of AIPO,inH,SO,
is retrograde with respect to temperature and higher than in H;PO, and
HCI at comparabl etemperature, pressure, and acid molarity. However, the
viscosity of sulphuric and phosphoric acid solutionsis greater than that of
HCI. Hence, the addition of HCI to H,SO, would form a more efficient
solvent for the growth of AIPO,.[77] Figure 5.19 shows solubility as a
function of temperature in H,SO, + HCI mixtures. The authors have also
carried out thermodynamic interpretation of the solubility data. The
dissolution of berlinite in the mixtures of acids H,SO, and HCl is a
process of complex formation between Al3* and the ligands present in the
solution: OH-, H,0, Cl-, HSO,, SO-,, H,PO-,. At low temperature, the
complexes are similar to those of AIPO, in HCI; that is with Al-Cl
complexes predominating. Even polynuclear complexes might form a
broader metastable zone.

® H50, 3K D OH,S50, 75 % - MOl 25 %
10 O HCL 3 M x HosO, 50 % ~ HCI 50 %
o MyS0, 25 % - HCI 75 ¢

Solubility (Xs.10%)

T T T T T T T
165 185 205 225

Temperature (°C)

Figure5.19. Solubility asafunction of temperaturein H,SO, + HCI mixtures.!'7]
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With the rise in temperature, the association of Cl- with H*
increases the yield of HCl and destabilizes the [Al3*] complex. Under
these circumstances, sul phate and monohydrogen phosphates repl ace chlo-
ride ligands and force a change in the coordination number of Al from six
to four due to the steric effect. Similarly, H* also tends to destabilize the
complex with sulphate and becomes H,PO-, hegemonic ligand as its
association constant with H* does not vary significantly with a rise in
temperature. Finally, the nucleation takes place by polymerization of
tetrahedral [Al3*] complexes.

Table 5.6 gives comparative data of solubility of AIPO, obtained

for various mineralizers under varying experimental condition.[76]

Table 5.6. Comparative Data of Solubility

Solvent T(°C) | P(Kpsi) | Time Remarks
(days)

3M HCOOH 300 1 5 —

3.05M NaOH 170 10 3 Residue not AIPO,

2M NH,CI 300 1 5 High solubility

4.62M Na;PO, 300 10 3 Residue not AIPO,

2M HCOOH 300 11 5 Good solubility

3M Na,HPO, 300 10 5 1 % solubility

2.5M NH,CI 300 1 5 Fairly good solubility

3.05M CH,COOH 170 10 3 Negligible solubility

2M NaHCO; 300 1 5 Fairly good solubility

2M NaCl 300 1 5 Negligible solubility

3.05M NaCl 170 10 3 4 % solubility

2M NaF 300 1 5 Good solubility

2M KF 300 1 5 Good solubility

2M LiF 300 1 5 Good soluhility

3.05M NH,HF, 300 10 5 Residue not AIPO,

2M NH4H,PO, 300 1 5 Negligible solubility

2M HCl 300 1 5 Good solubility

3.05M NH,HF, 170 10 5 Residue not AIPO,

3.05M HNO, 170 10 5 Negligible solubility

3.05M NaCl 300 10 4 Negligible solubility

1.0M Na,CO,4 300 1 5 Negligible solubility
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5.3.3 Crystal Growth

Berlinite could be best grown only by hydrothermal technique.
The a-berlinite is stable up to 584°C, and below 150°C the hydrates and
AIPO,.H,0 arestable. Therefore, the growth temperature should be greater
than 150°C but less than 584°C. However, the solubility and PVT
studies have clearly shown that crystal growth must be carried out at less
than 300°C because of the reverse solubility. Several versions of the
hydrothermal growth of berlinite single crystals have been tried to suit the
solubility.

Nutrient Preparation. Berlinite in small crystal form can be
obtained by hydrothermal reactions of H;PO, with different chemicals
containing aluminate.[691[781-80 Normally, high purity aluminais used as
the nutrient, because of the purity of the grown crystals. The crystalliza-
tion reactioniis:

These fine crystals of aluminum orthophosphate are in turn used as the
nutrient to grow bigger single crystals of berlinite.

The temperature coefficient of solubility of AIPO,is negativein
the temperature-pressure range below 300°C. Thus, in the usual hydro-
thermal temperature gradient where the bottom of the autoclave is hotter
than the top, AIPO, would be expected to nucleate preferably in the
bottom region, so one would like to place the seed in the lower hotter
region and nutrient in the upper cooler region.

The most important modifications suggested from timeto timein
the growth of berlinite crystals are as follows:

i. Crystal growth by slow heating method.

ii. Crystal growth by composite gradient method.
iii. Crystal growth by temperature gradient.
iv. Growth on seeds.

Chail™! suggested the following nutrient preparation conditions
for large (kgs) quantities, where the temperature is cycled:
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Solvent H;PO, (molar) 6.1
% Fill 81
AIPO, charge (gm) 45 presaturation at 25°C
Initial temperature (°C) 150
Final temperature (°C) 275
Differential temperature, dT (°C) 1-2
Heating rate (°C)/day 10
Method of heat rate increase 10
Yield (gm)
> 60 mesh* 19.5gm (70 % yield)
<0 mesh 8.1gm
Total yield 27.6gm
Run duration (day) 15

* 60 mesh = 0.25 mm

Crystal Growth By Slow Heating Method. The method was
previously described in Refs. 76 and 81-85, and it was mainly used for
improving the quality of seeds and to enhance the size of the crystal with
conditions similar to those used to obtain nucleations. A major drawback
of thismethod istheimpossibility of obtaining crystalsof sufficient sizein
one operation dueto the limited quantity of aluminum phosphate available
in the solution.

Synthesis of berlinite crystals under lower temperature and pres-
sure conditions using slow heating method was carried out using acid
digestion bombs (T = 100-250°C; P = 100-300 atm) and smaller Morey
autoclaves (T = 200—250°C; P = 300—1000 atm). The nutrient wastakenin
teflon liners.

The experiments at higher temperature (T > 500°C and P > 100
bars) yielded the B-berlinite. With an increase in the pressure, other high-
pressure modifications of aluminum orthophosphate belonging to the
cristobalite form were obtained.

Crystal Growth By Composite Gradient Method. In order to
gain more flexibility in adjusting the growth rates for Z seeds and to avoid
the preliminary work of crystal growth, nutrients of sufficient size (that
did not cause crystallites to drop on crystals) needed to be obtained. A
modification of the horizontal gradient method wasoriginally proposedin
Ref 87. Recently, berlinite crystals have been obtained by this method
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successfully.[871 The autoclave used in the initial experiment is shown in
Fig. 5.20. The following growth conditions were chosen by the au-
thord 88187 after experimental trials:

« Silicaglass autoclave: 100 cm, diameter 30 mm
Ratio hot/cold zone: x /1

* Solution: H;PO,, H,O/AIPO, (6.5/1.1)

e Growth temperature: 170°C

» Horizontal temperature difference: 5 < T < 30°C

 Construction diameter: 10 mm
 Powdered nutrient
* Filling: 80 %

Growth With Reverse Temperature Gradient. Thisis a more
popular and widely used method in the growth of berlinite crystals. Here,
the nutrient iskept in acasket at the upper portion of the autoclave, which
iscooler. The nutrient is nothing but the crystalline powder or fine grains
of AIPO, obtained by a slow heating method. The temperature of the
bottom of the liner is kept at slightly higher temperature and this is the
zone of crystallization, where berlinite can be crystallized either spontane-
ously or on seeds.[88]
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Figure5.20. Autoclave used in the berlinite synthesis.[7¢!
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Crystal Growth On Seeds. Spontaneously nucleated seeds and
oriented seeds cut from grown crystals are mounted on a platinum frame
which is placed in the bottom (hotter) region of an autoclave, and the
nutrient (~ 60 mesh particle size prepared as described earlier) is placed
abovein aplatinum gasket inthe upper region (or in ateflon gasket). Thus,
the seeds are in the warmer supersaturated region at the bottom of the
autoclave and the temperature gradient achieved by cooling the top al-
lowed proper convection. The schematic diagram showing the position of
seeds, nutrient, and the baffleis represented in Fig. 5.21.
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Figure5.21. Schematic diagram showing the position of seeds, nutrient, and the
baffle in the growth of berlinite crystals.[”8l
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In the growth of berlinite on seeds, the orientation of the seed is
very important because the growth rate and perfection depend upon the
seed orientation. According to Laudise (1985),[78 the growth rates are
shown for seeds whose faces are indicated below:

(0001) (basal plane) s 0.25-0.50 mm/day
(1021) (X cut) s 0.23-0.30 mm/day
(1010) (Y cut) s 0.12-0.15 mm/day
(0111) (minor rhombohedral face) : : 0.12 mm/day
(1011) (major rhombohedral face) : : 0.15 mm/day

Therelative growth ratesarein general agreement with the morphol ogy of
the equilibrium form, as judged from observing spontaneously nucleated
crystals, which are bounded by small prism (1010) faces and terminated
by minor and major rhombohedral faces. Thus, it would be expected that
the rates on prism, major, and minor faces, are smaller than for (1120) and
(0001) faces, since the latter two do not exist as bounding equilibrium
surfaces. In general, the morphology of the spontaneously nucleated
crystals depends upon various parameters like pressure, temperature,
volume, and composition of the nutrient and mineralizer.[89-91 For
example, impurities in the powder come into the corresponding nutrient
and caused twinning. The starting materia like sodium aluminate or
aluminum hydroxide gives needle-like crystals, whereas, pure AIPO,
gives rhombohedral and pyramidal crystals.[76]

Yaroslavskii and Popolitov (1990) have studied the growth of
berlinite on seeds in detail using fine crystalline charge and also
aluminophosphate glass charge as nutrients.[®a They found that dissolu-
tion rate of aluminophosphate glass charge is three times greater than that
of the crystalline charge. The solubility growth rate and crystal quality
have been studied in great detail using different solventslike H;PO,, HCI,
HNO;, H,SO,. If the acid concentrations are increased above 2.5M, the
spontaneous crystals form, and mother liquor is captured by the edges of
the growing crystal. The growth rates differ greatly between the fine crystal-
lization charge and aluminophosphate charge. The temperature gradient
has been varied from 5-50°C. When the AT is high (40-50°C), it intro-
duces macro inclusions and gas-liquid inclusions, and are clearly visible
upon passing bright light through the crystal. The growth rates ob-
served by the authors are rather high at 0.35-0.50 mm/day in H3PO,,
0.35-0.45nm/ day in HCl, 0.25-0.35 mm/day in HNOg, and 0.2—0.3mm/day
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in H,SO, solvent media. The growth rate of a-berlinite on [1010] and
[0001] seed plates against the solvent concentration, growth temperature
and temperature gradient are shown in Figs. 5.22 a, b, and c. The growth
rate from aluminophosphate glass is 1.5-2 times greater than that from
fine crystalline charge under the same conditions for mild process param-
eters.

5.34 Morphology

Although AIPO, crystals obtained spontaneously are small in
size, they exhibit distinct morphological features. The crystal size varies
from 0.5 to 4 mm and the common forms are hexagonal, rhombohedral,
rod shaped, needle-like, and occasionally rounded. The morphological
forms of AIPO, mainly depend upon the nutrient composition and the
solvent in action. Data on the dependency of the morphological fea-
tures, and the nutrient composition, aswell asthe solvent used aregivenin
Table5.7.

A typical morphology of AIPO, is shown in the schematic dia-
gram (Fig. 5.23) consisting of major and minor rhombohedral faces.
Figures 5.24 a and b show the characteristic photographs of the berlinite
crystals.

o V{lﬂd} mm/day
0.2 F
P__I__,_,-—I——J 1
T
0.1} I———r’"{"q 3
L | |
C,M 1 2 3

(@)
Figure5.22. Solution concentration, growth temperature, and temperature gradi-
ent vs. growth rate (a)—(c).[%2
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Table5.7. Morphology of Aluminum Orthophosphate Crystals

Nutrient composition T°C Mor phology
Al,O5 + HsPO, 280 Hexagonal and rhombohedral
mineralizer HCl (1.5M)

Al,0; + H3;PO, 300 Rhombohedral

mineralizer NaCl (2M)

Al,(OH); + H3PO, 300 Rods, needles or acicular
mineralizer NaF (2.5M)

Al,0;+H;PO, 300 Small hexagonal, rhombohedral
mineralizer NH,Cl (4M) and equil-dimensional
Al,O5+ H5PO, 280 Hexagonal and rhombohedral
mineralizer HCOOH (2M)

Al,O5 + H PO, 300 Hexagonal, rhombohedral
mineralizer NaHCO, (3M) and dlightly irregular

AICl; + H;PO, 270 Hexagonal

mineralizer HCI (2M)

—
£ Ltonoiy

Figure 5.23. Morphology of A1PO, consisting of major and minor rhombohe-
dral faces.[83]
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It is observed that these admixtures play an important role in the
process of crystallization of AIPO,. Inthe actual experiments without any
admixtures, well-developed rhombohedral and hexagonal crystals have
been obtained, but with the addition of various admixtures the crystal
changes to fibrous, rod shaped, acicular, massive, equi-dimensional and
irregular shapes (Figs. 5.24 c, d). In the case of Zr and Ti as the admix-
tures, fibrous or acicular crystals of berlinite have been obtained; such
results were earlier obtained only in experiments containing Al(OH); as
the starting component.[761[91]

Figure 5.24. Characteristic photographs of the berlinite crystals (a-d).[7¢1[83]
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Figure. 5.24. (Cont'd.)
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Growth defects in synthetic berlinite samples have been studied
by severa workersthrough x-ray topography.[89[93] The berlinite crystals,
in general, show internal structural defects along with a high density of
defects on x-ray Lang topography. It can be seen that crystals which
appear transparent from outside contain many internal defects. Figure
5.25 shows atypical Lang x-ray topograph taken in (2110) face.l83] Line
defects were attributed to the disorder in crystal structure and more likely
to the impurities existing in the boundary of repetitive overgrowth. How-
ever, it is possible to distinguish various types of contrasts that differ by
their temperature behavior. Dislocation-related contrasts vary dlightly
with temperature, but they appear more strongly, especially after the
second thermal cycle. The variation of contrast present in the topography
for the growth bands can be interpreted in terms of localized variations of
the deformation in the sample with temperature. These variations appear
in the same temperature range as the anomalies observed in propagation
loss, frequency, and temperature characteristics. These anomalies have
been attributed to water impurities in these hydrothermally grown crys-
tals.[94[9] This explanation is qualitatively valid and in good agreement
with the changes of the deformation contrast observed during the thermal
cycles. The contrast due to the water impurity content is observed in
selected areas and is predominantly located at growth bands that corre-
spond to the adsorption of water on some growing faces during the cycle.

Figure 5.25. Lang x-ray topograph taken in (2110) face.[83
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A combination of selected growth conditions reducing the water
content and using heat treatment to control the water distribution could be
of great interest for improving the piezoelectric device application of
berlinite. The choice of the seed isfundamental for the production of good
crystal and a selection of excellent slices for this use is absolutely neces-
sary when this condition is fulfilled. The x-ray topographs obtained on
different crystals have shown that the quality was improved but the
remaining defects could be classified into two classes. Thisis due to the
defects present in the seed which have been developed in the grown
crystals (dislocations and sometimes twins) and those which were carried
during the start of the growth (bundles of dislocations) or during the
growth (growth bands).

No fundamental differences were found by x-ray topography
between the horizontal gradient, vertical gradient, and slow heating meth-
ods, when good seeds and optimized conditions were used.[92 The two
principal imperfections readily observable arecrevice flawing and cracks.
When growth is on a non-equilibrium face, there is atendency for higher
growth rates and the formation of hillocks which tend to protrude across
the solute-depleted diffusion layer near the growing face. Thetips of such
hillocks experience a high supersaturation and tend to grow faster than the
regions between hillocks. This phenomenon isthe hydrothermal anal ogue
of constitutional surpercooling and may be viewed as a kind of dendritic
growth.[961197] Entrapment of solution between hillocksleadsto bubbles of
solutionsin the grown material, which are observed asviels. Thus, growth
at slower rates and on equilibrium faces produces a greatly reduced
tendency for crevice flawing.

Cracks are often observed in hydrothermally grown material. In
the case of quartz[231(%8] we found that they were associated with strain
caused either by strain in the seed propagating into the grown crystal or by
strain associated with dislocations arising at inclusions in the new growth.
It was further observed in quartz that disorder regionsin seeds propagated
into crystals and strain free seeds were much less likely to produce
cracked growth.

At an annealing temperature which is high enough, berlinite
becomes milky, and in TEM pictures one observes a large density of
bubbles with a mean size of about 1000 A; while in untreated, as-grown
berlinite no such bubbles are visible. Further more, the growth of these
bubbles is accompanied by a severe increase in the dislocation density
of the order of 105 cmr2 or less, but in the heat treated crystalsthis density
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reaches 10° cmr2. An increase of at least six orders of magnitude is
produced, like for wet quartz, which exhibits the same dramatic disloca-
tion multiplication. This situation can be observed in berlinite, where
bubbles with a mean diameter of 250 A can be observed together with a
very high density of dislocation.[4[%] Recently, Morris and Chai (1998)
have studied the imperfect low-angle boundaries and fracture in hydro-
thermally grown berlinite crystals obtained on multiple-seed plate ar-
rays.[99

5.3.5 Thermal Behavior

The stability range of any material with a device potentia is an
important parameter. Byrappa et al. (1986) have reported the differential
thermal analysis for containing various admixtures (Fig. 5.26).[200 For
pure berlinite, the inversion temperature was reported to be at 586°C and
this is similar to that reported by Beck (1949).[721 However, there are
reports fixing this transition temperature at 581°CI101 and at 579°C.[102]
Such avariation in the a- inversion temperature can be explained by the
effect of the starting materials, the presence of admixtures in the final
products, and even the metals from the mineralizers which aso act as
admixtures.
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Figure 5.26. Thermal behavior of A1PO,.[1%0
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Studies on the thermal expansion of berlinite have not been
reported much in the literature. Byrappa and Prahallad (1989) have re-
ported the thermal expansion of berlinitein detail .[193] The thermal expan-
sion values vary depending upon the percentage of concentration of
impurities in the crystal.

The values of thermal expansion for a-berlinite containing vari-
ous admixtures are given in Table 5.8, and the values are, in general,
very low for these materials because of the covalent bonding. Alpha-
berlinite is relatively stable compared to 3-berlinite with reference to
the action of the dopants. The differencein a, (max) - a,(min) = 0.39
x 10° and a, (max) - a, (min) = 1.572 x 10> C-1, which shows that the c-
axisis more susceptible to thermal expansion than the a-axis. The coeffi-
cient of thermal expansion is quite high when rare earths are used as
admixtures.

Table5.8. Thermal Expansion of a-Berlinite Containing Admixtures103]

lonic | Atomic
Admixture| radii | weight a c Y
— — — 1.63x 10° [ 1.068 x 10°| 4.38 x 10°°
Sr 0.63 51.996 | 1.90x 10° | 1.89x 10° | 577 x 10°
Fe 0.64 55.847 | 1.98x 10° | 1.13x10° | 516 x 10°®
Cu 0.72 63.546 | 1.76 x 10° | 1.81x 10° | 5.39 x 10
Nd 0.99 |144.24 | 202x10° | 2.64x10° | 6.78 x 10°
La 1.016 | 138.905 | 1.75x 10° | 2.64 x 10° | 6.22 x 10

- concentration of the admixture in the nutrient was 1.5 wt %

5.3.6 Piezoelectric Properties of Berlinite

The piezoel ectric properties of berlinite have been studied in detail
by several authors. Chang and Barsch (1976),1%%! and Ballato and lafrate
(1976)1194 pointed out attractive properties of Y rotated and doubly rotated
cutsof berliniteintermsof itslarge coupling coefficient (twicethat of quartz),
with a constraint of zero first order frequency temperature coefficient
(FTC). Severa groups appeared throughout the world immediately to
study thegrowth and characterization (with referencetoitsfirst, second
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and third order frequency temperature coefficient) of berlinite. Figure5.27
showsthe comparison of Y quartz andY berliniteresonators. It can be noticed
that the Q factor isgreater by an order of magnitude than for resonators. In
Fig. 5.27, also given the frequency response of the'Y quartz plate of similar
design whoseQ factor isnot so different and whose coupling coefficientis
smaller. The higher order temperature coefficients measured with different
crystals, even with different plates of the same crystal, show values much
larger than for quartz resonators of the corresponding orientation. Table 5.9
gives the comparison between quartz and berlinite. However, it has been
demonstrated that the water dissolved in berlinite crystal induceslow values
of two factors and impairs significantly the intrinsically very favorable
thermal behavior of thismaterial.
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Figure 5.27. Frequency response of the Y quartz plate.l6]
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Table 5.9. Tentative Comparison with Quartz (Thickness Y Rotated

Resonators at same Freguency)

Useful coupling coefficient
(AT filter trapped resonators)

Shift of oscillators or band width of filters
(AT cut)

Angular sensitivity
(1% order FTC)

Thermal stability
(higher order FTC)

Q factor propogation losses

Thickness of plates

(AT)

Electrode dimensions

(AT)

(Sameplating 2D TT of TS)

Nonlinear properties

Enhanced by 1.4 -1.5
Twice

Reduced

Better

Already sufficient
(may be comparable)

Reduced by 1.15

Reduced by 1.32

(TT)

Reduced by 1.24

(TS

To be determined

“Dry” berlinite has similar C, E, EPS constants, first order TC and much reduced
higher order TC.

Jumas et al. (1987) gave an excellent comparison of piezoelectric
properties of AIPO, to quartz.[%?] According to them, the coupling coeffi-
cients measured with AT resonators with filter type response were about
11%. For quartz, the maximum values were 7.4%, and this permits one to
obtain filterswith twice the bandwidth. The electric constant of berliniteis
lower by afactor of 1.2 to 1.35 than the corresponding constant of quartz,
but the density is very similar. The frequency constants Nfa and Nfr
(Nfa= 4 hx; Nfr = 4hxfr, where 2h is the thickness of the plate) are lower
than those for the corresponding orientation of quartz by a factor 1.1 to
1.7; for the AT cuts the factor is 1.15.
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Thefirst, second, third, etc., order frequency temperature coeffi-
cients of berlinite are mostly dependent on the temperature coefficient
(TC) of the pertinent elastic constants and the dilation coefficient.[105] As
the latter are similar to those of quartz,[3 most of the better thermal
behavior observed with “dry” berlinite, as compared to quartz, results
from smaller values of the TC of elastic constants. For some other
constants, similar things may also be expected. In Fig. 5.27, the results of
Poignant are given, indicating a similar behavior of the TC of C33 for
quartz and berlinite.[83] It is also expected that for other analogues of
quartz with similar a-f phase transition and reduced elastic constants,
similar or better thermal behavior of resonators could be obtained.

This point is of great importance for frequency generation and
filtering applications of resonators, for which it isfundamental to obtain a
frequency response free of unwanted (unharmonic) modes. For identical
cut, resonant frequency, and plating, it can be shown that smaller dimen-
sions of electrodes are required for berlinite than for quartz to obtain a
frequency response without spurious unharmonic modes (trapping of only
one mode).

Shannon and his group (1993) have studied in detail the dielectric
properties of berlinite with reference to the presence of (OH)-.[1061(107] |t
has been well established that water in berlinite is found in both
macroscopic and microscopic inclusions. Because crystals are grown
from H4PO, or H;PO,/HCI solutions, it is likely that the inclusions also
contain this acidic solution and consequently, high concentrations of
H,PO,, HPO-, and/or ClI-ions. Quantitative NM R determination of proton
content unequivocally determines the H,O and hydroxyl content, whereas
complementary IR absorbency studies of the 3300 cmr1 band confirm the
molar absorption coefficient of 81 Imol-1 cnrt originally determined for
liquid H,O by Thompson (1965).[1%8] The diel ectric constant variability of
berlinite prepared by different investigatorsis believed to result from (i) a
variation in H,O content in microscopic and macroscopic inclusions and
(i) unidentified crystalline defects.

54 GALLIUM PHOSPHATE, GaPO,

Gallium phosphate, like aluminum phosphate, belongs to the
family of quartz and quartz-like MXO,, where M = B, Al, Ga, Fe, Mn,
and X = P, As.[19 Amongst them, AIPO, and GaPO, have been studied



248  Handbook of Hydrothermal Technology

extensively with reference to their crystal growth, crystal chemistry, and
physical properties, especially piezoelectric properties.[751[110-{114] Both
AIPO, and GaPO, exhibit piezoelectric characteristics which are supe-
rior to those of conventional a-quartz. As evident from Table 5.10, for
thesame AT cut, GaPO, exhibitslarger coupling coefficient which makes
GaPO, a most promising material in the field of wide band filters. In
additionto this, the a — 8 phase transition for GaPO, occurs at 976°C, and
hence, it can be used in a very wide range of temperatures for filters and
sensor devices.[115]-{118]

Table 5.10. Comparison of Some Piezoelectric Characteristics!199

Aluminum Gallium
Parameter Quartz Phosphate Phosphate
(Berlinite)
Coupling coefficient* 8.5 11.0 >16.0
K%
Surtension coefficient* 3.10° 106 > 5.10%
Q
a - B Phase 573 584 No
transition °C
* AT cut

54.1 Crystal Growth of Gallium Phosphate

The synthesis of gallium orthophosphate does not differ much
from the synthesis of berlinite. It is usually carried out by the hydrother-
mal technique at temperatures less than 250°C. On the whole, the
growth of aluminum and gallium phosphatesis carried out using reverse
temperature gradient, or slow temperature, increasing essentially inthe
acid media like H4PO,** H,SO,, HCI + H,SO,, H;PO, +
H,SO,, 18718 HCJ [117]1120] K, NaOH.[129 The starting material/
nutrient for GaPO, growth is prepared usually by solid state reactionswith
Ga,05 and NH,H,PO,, twice at 1000°C for 24 hours and subsequently
hydrothermally treated at 150°C for 30 hoursin 4M H;PO, solution. The
resultant product is generally asingle phase of GaPO,. Like berlinite, the
gallium phosphate also shows a retrograde solubility in al the solvents



Hydrothermal Growth of Crystals 249

below 400°C, and above this temperature, the solubility becomes posi-
tive.[1101[114][120] Hence, the nutrient is kept at the low-temperature zone
(i.e., dissolution region), and the seed crystal iskept at higher temperature
zone (i.e.,crystallization region). The temperature gradient (5 to 40°C) is
selected according to the quality and the growth rate required. Figure 5.28
shows the schematic representation of the growth of berlinite crystals and
the same experimental setup can be used for the growth of gallium
orthophosphate crystals. The growth of gallium orthophosphate can be
carried out at 180°C for seven to ten days. By this arrangement, it was
expected that the dissolved nutrient would be efficiently used to grow
single crystals on the seed without the occurrence of spontaneous nucle-
ation. Asthelattice parameters of both berlinite and gallium phosphate
are very close, some authors have used even berlinite crystals with a
definite orientation/cut as seeds, and obtained GaPO, epitaxy on AIPO,
seeds using 6M H,SO, solvent, at a temperature greater than 200°C.[117]
The experimental temperature is critical in the case of gallium phosphate
because the crystals obtained at a temperature less than 200°C show the
presence of water, which deteriorates the piezoelectric characteristics.
Hence, it is advisable to use acid mineralizers with a boiling temperature
of 225-240°C. Practically, there is no water in such a solvent, and it
consists of orthophosphoric acid (90%) and pyro-phosphoric acid (10%).
The solubility is presaturated with GaPO, to avoid the dissolution of the
seeds. To keep the solution from boiling during the crystal growth, inert gas
is pumped into an autoclave up to 50 bars.[121]

Cochez et al. (1994) have proposed the following scheme for the
growth of a-GaPO, as the best method:[117]

Thin epitaxy of GaPO, on berlinte
seedsby VTG in 6MH,S0O,,
T.>200°C

!
Flat crystals
|
Crystal growth by SHT and composite gradient
Methodsin 15M H;PO,, 150 < T, < 180° C

Cut ian seeds
|
Crystal growth of X GaPO, seedsby VTG
in6M H,SO,, T,>200° C

!
Crystals with low (OH) content
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Figure 5.28. Schematic representation of the growth of berlinite crystals.[119]

Thefirst stage of GaPO, crystal growth process is the epitaxy of
GaPO, on berlinite seeds. The second stage consists of growing 2—d
crystals through the slow heating method, or the horizontal gradient
method, or the composite method (i.e., the combination of thefirst two). In
the third stage, the X seeds are grown which helps in reducing the (OH)
content in the crystals.

Popolitov and Y aroslavskii (1990) have studied the crystalliza-
tion processes of a-GaPO, under hydrothermal conditions.[*2% They have
studied the rate of crystallization, (i.e., the amount of GaPO, crystals
formed per unit time), action of solvent, its concentration and the tempera-
ture regime. Gallium phosphate glass (prepared by sol-gel method) has
been used as the nutrient with GacP ratio = 1: 1.5. The experiments were
carried out in the temperature range 200—-300°C, P = 20 — 35 MPa using
teflon liners, with a temperature gradient of 4-5°C. The yield of GaPO,
single crystals as a function of growth temperature and concentration of
different solvents used is shown in Figs. 5.29 and 5.30. All the curves
shown in Figs. 5.29 and 5.30 are described by a simple exponential
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equation: M = KCn, where K is the rate of bulk crystallization, Cis the
solvent concentration, and n is the formal order of bulk crystallization.
Table5.11 givesthevalues of K, C, and n for aqueous HCIl, HNO;, KF,
and NaOH at 200, 250, and 300°C.
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Figure5.29. Yield of GaPO, single crystals as afunction of growth temperature
and concentration of different solvents.[120]
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Figure5.30. Yield of GaPO, single crystals as a function of time.[120]
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Table5.11. Crystallization Kinetics for GaPO,

Solvent HCI HNO; KF NaOH

T,°C 200 250 300 200 250 300 200 250 300 200 250 300
K 0.22 048 0.76 0.11 0.28 0.41 0.09 0.14 0.26 0.04 0.05 0.15
n 0.61 0.58 0.57 0.58 0.50 0.47 0.20 0.22 0.18 0.30 0.28 0.27

Also, the authors12%! have cal cul ated the activation energy for the
formation of GaPO, single crystals from the Arrhenius equation. Simi-
larly, the solubility of a-GaPO, has been studied by several workers
within a wide range of PT conditions (T = 200-500°C, P = 50-1000
atm).[11A[114][1171[122] Figure 5.31 shows the solubility of GaPO, in the
phospho-sul phuric acid solution 15M H;PO,+ 9M H,SO, intermsof %in
H,SO,. There is an increase in the solubility with a progressive enrich-
ment in H,SO, in the solvent. However, it always remains lower than in
pure H,SO,. The solubility remains retrograde in all the studies up to
400°C.

solubility{mol.I 1 }

2.5

[180°C

0 ! ! : L % H2504
0 20 40 60 80 100

Figure 5.31. Solubility of GaPO, in the phospho-sulphuric acid solution 15M
H4PO, + 9M H,SO,.[*14 (Courtesy of the Gauthier-VillarsESME, Paris.)
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5.4.2 Morphology

The morphology of the GaPO, single crystals is shown in
Fig. 5.32.[2201 The commonly appearing faces are[1011], [0111], [1010],
[1012]. Figure 5.33 shows the characteristic photographs of GaPO, crys-
tals obtained by hydrothermal method. The growth rates along various
crystallographic directions decrease in the following sequence:

y(0001) >> y(0112) > y(1010) > y(0111) > y(1012) > y(1011)

Figure 5.33. Characteristic photographs of GaPO, crystals obtained by the
hydrothermal method.[121]
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The common twins observed in GaPO, are according to the
Dauphine, Brazil and Laydolt’ stwinning laws. This has been discussed in
great detail in Ref. 121. The x-ray topographic studies on GaPO, have
been carried out by Capelle et al.[118]

5.4.3 Dielectric Properties of Gallium Phosphate

The influence of the growth rate on the quality of the GaPO,
crystals has been studied through infrared spectrometry by Cochez et al.
(1993).[1241 As conventionally done for quartz and berlinite, the (OH)-
impurity content was monitored by infrared measurements in the wave
number range of 4000 to 2500 cm-1, using the relation:

a =1y cmlog (Taea/Ta167)

where T4, and Ty, 4, arerespectively the transmittances at 3800 and 3167
cmrl respectively. The strongest absorption band of Al-OH for berlinite
appears at 3291 cm! and it is shifted to 3167 cmr! for Ga-OH in case of
GaPO, (Fig. 5.34). The a values obtained by the authors are 1.6 and 2.2
for two of their characteristic GaPO, samples. It can be observed that the
(OH)- content increases with the temperature gradient.
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Figure 5.34. FT-IR spectraof (a) A1PO, (wet) and (b) as-grown single crystals
of GaPO,.I1*4 (Courtesy of the Gauthier-VillarsESME, Paris.)
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The dielectric properties have been studied in detail by Hirano et
al. (1990) for GaPO, crystals.[73 According to the authors, the frequency
independence of 1" at room temperature in this crystal indicates that
mainly electronic ionic polarizations contribute to the dielectric constant
of GaPO,. These two polarizations always exist below 1013Hz.

Figure 5.35 shows the extrapolation of possible piezoelectric
propertiesto other quartz-like materials.[199 Table 5.12 givesthe extrapo-
lation of AT cut characterizationsfrom well-known quartz and quartz-like

materials.
koaf
40+ GaAsD, = 25%7
7 - GaPO 4 ) .
20 4 ~ A Coupling coefficient, k
-— AT cut angle
30+ laipg
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Figure 5.35. Extrapolation of possible piezoelectric properties to other quartz-
like materials.[1%9 (Courtesy of the Academic Press, Orlando, Florida.)

Table 5.12. Extrapolation of AT Cut Characteristic from Well-known
Quartz and Quartz-like Materials

Material SiO, AIPO, FePO, AIAsO, GaPO, GeO, GaAsO,
AT cutangle -3525 -33.02 =-20 =-15 =-15 =0 =0
)

coupling 8.5 11.0 =15 =18 =18 =25 =25
coefficient

k (%)

cla 220 222 223 2.23 226 227 228
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Cochez et al. (1994) have well-studied and extrapolated the rela-
tions that exist between the crystal structure distortions, expressed in
terms of the M-O-X angle (where M =B, Al, Ga, Fe, Mn, and X = P, As)
value and different physical properties.[117] For instance, piezoelectric
characteristics of the AT cut and dielectric constant anisotropy of three
known materials (SO,, AIPO,, and GaPO,) have been linearly related to
their M-O-X angle value successfully. Conversely, knowledge of the M-
O-X value alowsprediction of physical propertiesfor quartz-like crystals
that have not been synthesized. Consequently, using only M-O-X angles,
one can describe the structural strains, the a-£ transition existence, and
some physical properties, such as density, piezoelectric characteristics,
and elastic constants.

Based on thisreasoning, GaAsO, and GeO, appear to be the most
promising materialsfor piezoel ectric applications, unfortunately, the con-
comitant increase in structural distortions from quartz to GaAsO, and
GeO, make their crystal growth very difficult. Thus, from the crystal
growth point of view, GaPO, seems to be the best compromise for
industrial development because of its high AT cut coupling coefficient
and large temperature range stability with a few drastic packing distor-
tions. If the size of the GaPO, crystals grown by the hydrothermal tech-
nique is increased at least by one fourth the value of the quartz, then
GaPO, would be the best piezoelectric materia of the 20t century and
probably of the early 213 century as well.

55 POTASSIUM TITANYL PHOSPHATE (KTP)

Potassium titanyl phosphate, KTiOPO, (KTP) is one of the best
nonlinear optical materials increasingly being used commercially for the
second harmonic generation (SHG) and parametric oscillation since its
discovery and introduction in 1976.[223 |t all began when there was a
search for asuitable crystal to convert efficiently the near-infrared light at
1.06 um, which is useful in laser surgery. However, from the surgeon’s
point of view thereisadifficulty asthe near-infrared isnot visible clearly.
Thus, the solution for this problem was to use a second crystal which
efficiently convertsthe near-infrared to the visible—aharmonic generator
crystal.[1241[125] The requirement was for a material with high conversion
efficiency and appropriate index of refraction characteristics to allow
phase matching. The AT & T Bell Labs group(*?4 tried with LiNbO,.
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Subsequently, the DuPont group discovered KTP to be phase matchable
most efficiently at 1.064 um to easily visible greenlight at 0.53 um. It has
very high laser damage resistance, coupled with low optical lossesanditis
transparent over a wide range of wavelengths with favorable angular,
spectral and temperature bandwidthsn and has high conversion efficien-
cies.[1231[126][127] A|sp, it was found that KTP's conversion efficiency was
twice that of LiINbO; and hence is the most commonly used 0.53 pm
harmonic generator. The additional advantage is that the preparation of
LiNbO,, which could be grown from the melt, was very expensive. Also,
the starting materialsfor the growth of LiNbO; were equally expensive. In
contrast to this, the starting materials for the growth of KTP are rather
cheaper and the growth techniques are relatively inexpensive. The lower
cost preparative methods could have an impact on its use, and indeed,
more generally on the commercialization of nonlinear optical materials
and electrooptic devices and systems on the whole. KTP crystals are
mechanically, chemically and thermally stable and non-hygroscopic. It is
remarkable for both high nonlinear optical coefficients and high conver-
sion efficiency. The material has excellent physical properties, and can be
used in atype Il phase-matching configuration. In the recent years, KTP
has been developed for quasi-phase-matched guided-wave devices to
access the visible spectrum.

KTP belongs to the family of compounds that have the formula
unit MTiOXO,, whereM =K, Rb, TI, NH, or Cs(partial) and X = Por As.
All' members belong to the orthorhombic space group, P,»; point group,
mm2, with thefollowing lattice cell parameters: a=12.814, b =6.404, c =
10.616 A, vV = 371.115 A3. An important crystallographic property with
reference to the optical, chemical and solid-state behavior of KTP is that
there are two formulaunitsin the asymmetric unit so that the proper solid-
state formula is K,(TiOPO,),. The structure of KTP is composed of
helices of TiOg octahedra linked via phosphate bridges. This leads to an
open framework structure in which the charge-balancing cations are
incorporated within the channels (Fig. 5.36).[1%8] The nature of the KTiOPO,
host framework suggested the possibility that modification of theinternal
structural characteristics, and hence the electro-optic properties, might be
achieved by gas-phase absorption and description. The K-ion existsin a
high-coordination number site and is weakly bonded to both the Ti
octahedral and P-tetrahedral channels existing along the Z-axis [001]
direction, where K can diffuse with a diffusion coefficient several orders
of magnitude greater than in the X-Y plane.
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Figure5.36. Structure of KTiOPO,.[128]
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In spite of the above-mentioned unique properties of KTP, its
application has been limited by ashortage of crystals of sufficient sizeand
quality. In particular, the crystal growth processes have tended to be
plagued by spurious nucleation problems and the inclusions of the sol-
vents. The first attempt to prepare KTP crystals was by Ouvard during
1890, who melted TiO,, K,P,0; and K;PO,.[129 Masse and Grenier
(1971) prepared KTPin the polycrystalline form.[230] However, the single
crystals of KTPwerefirst obtained by Zumsteg et al. (1976) at the DuPont
Experimental Station.[123]

55.1 Crystal Growth of KTP

KTP decomposes before melting at 1148°C. Thus, incongruent
melting and glass formation make it impossible to grow KTP crystals
directly from the melt. Similarly, growth from aqueous solution at low
temperature (less than 300°C) is impossible because of the low solubility
of KTP. Therefore, large single crystals of KTP can be grown by both high
temperature and pressure hydrothermal and flux techniques. There are
several problemswith reference to the quality of the crystals grown by the
flux method. When pure phosphate self-fluxes are used, the main problem
is the high melt viscosity. Its tendency to spuriously nucleate and also to
leave behind mgjor structural defects in the crystals has motivated the
researchersto look for better fluxes. We have summarized theadvantages
and disadvantages of both flux and hydrothermal methods and quality
of KTPcrystalsin Table 5.13. Similarly, the main problem with the use of
the hydrothermal technique for the growth of KTP crystals is the higher
pressure-temperature conditions of growth. In fact, when Zumsteg et al.
(1976)1123] and Berlien and Gier (1976)[131 synthesized KTP by the
hydrothermal method, the pressure-temperature conditions were quite
high (P=1.5to 3 kbar, T = 650° to 700°C). The crystal size was not more
than a few millimeters since the experiments were carried out in small
platinum or gold capsules. Liu et a. (1982, 1984) have reported the
growth and properties of hydrothermally grown KTP.[1321[133] They pre-
pared nutrient by the reaction of KH,PO, and TiO, at 1250°C. The
hydrothermal “flux” was 1.5 KH,PO,, 1.0 TiO, in Ag- or Au lined
autoclaves at apressure of 24-28 kpsi (1.66-1.93 kbar) and 520-560°C in
a gradient of 30—70°C. Growth rate on (011) was 0.2-1.8 mm/week. The
higher pressure-temperature conditions do not yield large size crystals and
the cost of the experimentsinvolved israther high. Thisled to the serious
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Table 5.13. Difference Between Flux and Hydrothermally Grown KTP

Crystals

Flux Grown KTP

Hydrothermally Grown KTP

- Temperature is constantly lowered
and crystals grow through continuous
changein solubility

- Growth temperature is high
(>950°C)

- Pressure atmospheric
- Growth rateis= 1 mm/day
- Experimental duration: 7 to 10 days

- Incorporation of fluxesinto the
|attice, & concentration of nonstoi-
chiometric defects occurs

- Reduced stoichiometry, thermooptic
effect, poorer quality, susceptible to
optical damage (less damage resistant)

- Cost of production-less expensive

- Limited or slow incorporation in
laser devices

- Poor in perfection, purity and
homogeneity

- Suffers from blackening at the end
part of the negative pole when placed
in DCfield

- Higher ionic conductivity

Temperature is constant, and crystal
growth occurs through continuous
transport of nutrient by convection
currents.

Growth temperature is moderate
(<500°C)

Pressure < 1.4 bar

Growth rate < 0.6 mm/day
Experimental duration several weeks
(~ 30 days)

Incorporation of (OH)- into thelattice,
ascrystals are grown at lower
temperature

Increased chemical stoichiometry,
uniform refractiveindex, high quality,
higher resistance to optical damage
(most damage resi stant)

Cost of production-very expensive
More useful for laser applications

Better, perfect, purity and homo-
geneity

Does not

L ower ionic conductivity

Growth morphology is more or less the same
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efforts from several groups, particularly with reference to the PVT rela-
tions in several related systems like K,O-TiO,-P,O5, which ultimately
brought down the pressure-temperature conditions to the tune of P = 700
bars, T = 375425°C. The credit goesto Laudise and Belt for contributing
extensively on the PVT relations of the KTP systems and also for growing
large size single crystals of KTP by the hydrothermal technique.[1341-{137]
The earlier hydrothermal experiments on KTP were carried out using
platinum or gold lined autoclaves with Tuttle seals (cold-cone seal clo-
sures). The crystalline KTP nutrient in appropriate dimensions and quan-
tity was introduced into the bottom part (dissolution zone), and the seeds
(cut in proper directions) were suspended on a frame in the upper part
(growth zone) of the liner cavity. A baffle separated them so as to
control the solution convection for establishing a suitable temperature
gradient. The mineralizers used in the earlier experiments were usually
KF and K,HPO, taken with a definite molarity. The percent fill (70—
80%) and percent open area of the baffle (5 to 10%), temperature gradient
(At = 10-80°C) were selected appropriately. Under such experimental
conditions, the crystals are usually 16 x 15 x 7 mms.

At present, several variantsof hydrothermal growth of KTPsingle
crystals are known.[1341[135][138] |_audise et al. (1990) have carried out PVT
measurements on 2M K,HPO, and 2M K,HPO, saturated with KTP (Figs.
5.37aand b).[138] |t wasimportant that growth be conducted in the absence
of agas-liquidinterface, otherwise seedsin the gas phase do notgrow, and
bubbling, boiling, and bumping contribute to poor quality deposition.
They made nutrient by the reaction of KH,PO, and TiO, in platinum at
1250°C. Thehydrothermal flux was 1.5 KH,PO,-1.0TiO, ingold or silver
lined autoclavesatP = 1.66—-1.93 kbar, T = 520-560°C and AT = 30—70°C.
Growth rates on (011) were 0.2-1.8 mm/week. Laudise and co-workers
have discovered much lower PT conditions for KTP growth, permitting
the use of ordinary, unlined steel autoclaves in a K,HPO, solvent. By
using thereaction KH,PO, + TiO, - KTiOPO, + H,O to form KTP, they
carried out a phase stability study, the results of which are shown in Fig.
5.38. Figure 5.38 shows only the water-rich corner of the complete
ternary. Everywhere along the line A-H,0O, mole ratio KPO,/TiO, =
1.00, the same asin KTP. Arrow 1 in Fig. 5.38 at (165 mol % KPO,/
KPO; + TiO, (KPO4/TiO, [11.8) is at or close to the boundary of the
phase fields a + KTP and KTP at 600°. Alpha (a) is not a completely
characterized phase, probably less K than in KTP. The boundary is
probably nearly the same position at 500°C. Arrow 2 in Fig. 5.38, approxi-
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mately 50 mol % KPO,/KPO; + TiO, (KPO4/TiO, 01.0), isthe boundary
between the phase fields KTP and KTP + TiO, (anatase) at 600°C. It
coincides with the line A-H,O. Arrow 3, at approximately 58 mol %
KPO3/KPO; + TiO,(KPO,4/TiO, [ 1.4), indicates that the boundary be-
tween the phasefieldsKTP and KTP + TiO, (anatase) at 500°C and lies at
stoichiometry: richer in KPO; than A-H,O. It moves to the left at lower
temperatures. Assuming the validity of the boundaries defined by the
arrows 1, 2 and 3, the appropriate phase boundaries have been drawn in
Fig. 5.38 so as to terminate in the complete phase diagram on the KPO,-
TiO, axisat K(TiO)PO. Thus, the lines EC(1)G, F(3)H and D(2)A termi-
nate at KTP. Theline EF schematically represents the solubility of KTP at
500°C. It does not intersect A-D-H,0, so KTP isincongruently saturat-
ing at 500°C, i.e., the moleratio of KPO4/TiO, intheliquid, where KTP
is the only stable solid phase, # to the ratio in KTP. Somewhere in the
TiO,-rich part of the diagram, anatase would probably be the sole
stable phase and, in the KPO-rich region, E would probably be the
sole stable phase. The authors did not try to find these boundaries because
they are not directly relevant to KTP growth.
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Figure5.37. PVT relationsin KTP system.[138]
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Figure 5.38. Phase diagram for KTP system.[138]

Typical conditions used in growth runs are as follows:

Autoclave: - Ptlined, 1" ID x 6” IL

(2.5 cm x 15 cm)
Mineralizer: - 2mK,HPO, + 0.5 m KPO,
% Fill: - 75%
Crystallization temperature: - 375°C
Nutrient (dissolving) temperature: - 425°C
Temperature differential (AT): - 50°C

Seed orientation (201), (011):

rates from 2.6 to 5.7 mil/day

263

(~0.07-0.14 mm/day), (010) rate
generally higher, quality good

(Seed orientation based on a= 12.80 A, b = 6,400 A, ¢ = 10.580 A )[138]

Spontaneous wall nucleation: - moderate; crystals clear but not

too well formed
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The growth rates are for the total increase in crystal thickness or
time of therun. Increasing AT to 75°C and increasing K PO, decreased the
growth rate, but growing without KPO;, i.e., with the mineralizer (2 m
K,HPO,) aone, did not markedly effect the growth rate or quality. Growth
in KH,PO, or KPO, alone was very slow.

In the growth of KTP, like quartz, the seed orientation is very
important. The growth ratesare different in different seed orientationsand
the highest rate for KTP has been obtained on (011) seed crystal.[139]

The crystals grown at lower growth rates are superior in quality.
Therefore, proper care hasto be taken to achieve the optimum growth rate
under hydrothermal conditions by selecting appropriate growth param-
eters, because a combination of several growth parameters act upon the
growth rate and crystal quality of KTP.

5.5.2 Solubility of KTP

The solubility of KTP is an important aspect. The higher experi-
mental temperature pressure adopted in the earlier works were dueto lack
of accurate data on the solubility of KTP and added to that the solubility of
KTPisrather low in most of the conventional solvents.

Thesolubility of KTPin 1M K,HPO,+ 0.5 KPO, solutionshasbeen
studied in detail .[138] Figure 5.39 shows the solubility of KTP (in wt%) in
1M K,HPO, + 0.5 KPO; at 10 kpsi. The solubility data indicate good
solubility for growth at 600°C and a positive temperature coefficient.

1.0 L Im X3HPO,
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Figure5.39. Solubility of KTP (inwt%) in 1M K,HPO,+0.5 KPO, at 10 kpsi [138]
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KTP crystals, using a complex mixture of water soluble phos-
phate glasses, KTP, solvents and water, have been obtained by several
researchers. The glass composition is K,O (42-70), TiO, (1-18), P,Og
(26-55) (mol%). The optimum ratio K/P is equal to 0.8-2.5, optimum
glass composition is K,0 (55-60), P,O5 (38-42), (TiO, (1-5) (mol%).

Byrappa (1996) has carried out an extensive study on the solubil-
ity of KTP.[240] The main objective of this study was to find a suitable
mineralizer solution in order to increase the growth rate, solubility, and
crystal quality, but at reduced PT conditions. As well-known from the
literature survey, the hydrothermal technigue is most suitable for the
growth of KTP crystals as it produces high-quality defect-free crystals.
However, the main problem with the use of the hydrothermal technique
for the growth of KTP crystalsis the higher PT conditions of growth. In
fact, when the early hydrothermal experimentswere carried out, thePT
conditions were rather high (P = 1.5 to 2 kbar; T = 650° to 700°C). The
higher PT conditions do not yield large size crystals and the cost of the
experiments involved is rather high. Subsequently, the inflow of the
research data particularly on the PVT relations in several related systems
of K,O-TiO,-P,Os, has brought down the PT conditionsto the tune of P =
10 kpsi and T = 375-425°C.

Investigators have carried out hydrothermal experimentswithin a
wide range of PT conditions using Morey and Tuttle type autoclaves. The
nutrient materials were taken in teflon liners for experiments at lower PT
conditions (using Morey type of autoclaves) and in platinum liners for
experiments at higher PT conditions (using Tuttle type of autoclaves). A
series of mixed mineralizers like H,SO, + KOH, KF + HCI, HF + KF,
H,SO, + HCI + KF in different ratios weretried in order to bring down the
PT conditions of crystallization of KTP crystals. The pressure in the
system was calculated from PVT relations. In the case of lower PT
experiments, the temperature was 275°C and the pressure was approxi-
mately 100 bars. The experiments were carried out for 8-10 days and
spontaneously nucleated small crystals of KTP were obtained. The result-
ant product was washed thoroughly in distilled water to remove the excess
solvents and the crystals were collected and dried. The size of the crystals
were around 1 mm, colorless, transparent, and exhibited vitreous luster.
Thefaceswere developed in most of experiments. The solubility measure-
ments were carried out on KTP crystals using the above said mixed
mineralizers under hydrothermal conditions. Figure 5.40 shows the solu-
bility curvesfor KTP. Figure 5.41 shows a representative photograph of a
KTP crystal obtained by the hydrothermal method. Similar experiments
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were carried out under elevated PT conditions (P = 500 barsand T =
325°C). The crystals were better in quality compared to the crystals
obtained under lower PT conditions.
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Figure 5.40. Solubility curves for KTP.[140
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Figure5.41. Representative photograph of aK TP crystal obtained by the hydro-
thermal method.[138]
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Belt et al. (1989) have reported the growth of KTP single
crystals in 4-liter capacity autoclaves at temperatures of 475°C and 1.5
kbar.[239] Gold liners were used here exclusively as corrosion resis-
tance to the phosphates. Baffle openings were adjusted in the range of
20% with T = 30-40°C and the total run durations were 40-50 days. The
growth rates sustained were 0.5-1.0 mm/side/week on (011) seed crys-
tals.[126]

Belt and his group from Airtron Division of Litton Systems have
increased the autoclave volume further and developed the low-tempera-
ture hydrothermal processin 5-liter systems. These large autoclaves have
produced the largest KTP single crystals available in the world, see Fig.
5.42. These crystalsaretypically 4 x 5 x 8 cm and easily provide finished
parallelpipedsof 1-1.5 cm? apertures and up to 2 cm long when material is
extracted from either side of a seed. The schematic diagram of the large
KTP crystals grown in 5-liter autoclaves is shown in Fig. 5.43. The
rectangle in the center is seed plate, and the numbers identify prominent
planes.[137] A successful large-scale hydrothermal growth process affects
the size, cost, yield, and quality of KTP crystals. The cost of an autoclave
is governed by its size, the type of alloys used, and availability of heat-
treated billets from which the autoclaves are fabricated. Thus, lower-
temperature experiments can use autoclaves made from more-common
steel aloys, in turn lowering the cost.

Thedarkening of KTP crystals caused by thelack of oxygeninthe
growth process can be overcome by introducing an oxidizing agent, for
example, 1-5 wt% of H,O,, into the mineralizer solution.

Figure 5.42. KTP single crystals grown using large autoclaves (5 liter). (Photo
courtesy of R. F. Belt.)
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Figure 5.43. Schematic diagram of the large KTP crystals grown in 5-liter
autoclaves.[1371 (Courtesy of the PennWell Publishing Co., USA.)

553 Morphology

The morphology of KTP crystals is quite interesting and it does
not vary much from flux-grown to hydrothermally grown. KTP usually
grows as multifaceted crystal with fourteen faces typical for the KTP
structure. The commonly seen crystal faces are {100}, {011}, {201} and
{110} faces. These faces possess different growth rates and their relative
sequence remains constant, even though the absolute growth rate of each
face may vary with growth temperature gradient, solvent concentration,
and so on. The average growth rates for various faces of hydrothermal
KTParegivenin Table 5.14.

Table 5.14. Average Growth Rate for Various Faces of Hydrothermal
KTP

Growth Rate (10~ mm/day)

{100} {201} {011} {110}
9 97 123 156
65 72 88 110

40 45 53 71
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The {100} face hasthelargest areaand, thus, the smallest growth
rate among the faces. The width and height of the steps in KTP are
inversely proportional to the growth rate or to the AT in different runs.
Since KTP grows as multifaceted crystal, cutting and polishing of the
crystal are quite cumbersome. Therefore, the growth of KTP with in-
creased volume at lower cost is (very important) most desirable.

Asshown in Table 5.13, the properties of KTP crystals vary with
the growth method. Hydrothermally grown KTP crystals generally
show an absorption band between 3550-3600 cm-1due to the presence of
(OH) . Generally, if acrystal used for a nonlinear interaction has even a
small amount of absorption, the efficiency of the nonlinear interaction will
be decreased. Absorption of the laser radiation occurs through the volume
of the crystals illuminated by the laser beam. Thus, heating of the crystal
occurs through this volume aso. Cooling, on the other hand, occurs by
conduction. Consequently, heating the surface of the crystal establishes
thermal gradients within the crystal. As the refractive index depends on
the temperature through the thermo-optic effect, gradient variationsin the
refractive index will also be generated. Variations in the refractive index
will result in non-ideal phase matching throughout the volume of the
nonlinear interaction. Asthe nonlinear interaction is quite sensitive to the
variations in phase matching, the heating of the crystal can cause a
significant degradation in the efficiency of the nonlinear interaction.[141]

Several authors have measured the ionic conductivity in pure and
doped KTP crystals.[142]143] The ionic conduction property of these crys-
tals allows ion-exchanged wave-guides to be formed readily in them.

5.6 POTASSIUM TITANYL ARSENATE

Recently, it has been shown that the nonlinear optic and el ectro-
optic coefficients of potassium titanyl arsenate (KTA) crystalsare signifi-
cantly superior to those of KTP crystals.[144 Similarly, the arsenate
isomorphs, like KTA, RTA, and CTA, unlike the phosphate isomorphs,
are prone to ferroelectric multi-domain formation which renders these
crystalsuselessin practical applications. KTA belongsto the class of forty
compoundswhich areal structurally characterized by corner-linked octa-
hedrally coordinated titanium chains connected with tetrahedrally coordi-
nated phosphorus or arsenic bridges.

KTA can be prepared by methods analogous to those used for
KTP. Brahmani and Durand (1986) have reported the structure of KTA
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crystald14%l. The reputed effective nonlinear coefficient (dg) of KTA is
1.6 times that of KTP. This favorable property has encouraged several
groups to carry out the hydrothermal growth of KTA at temperatures less
than 600°C. Belt and Ings (1993) have hydrothermally grown KTA crys-
tals using KH,AsO, and KOH mineralizers. Flux grown KTA crystals
were used as the seed crystals by these workers.[146] These authors have
also studied the PVT relationship, solubility, and the growth rates and
growth morphology in detail; with the pressure balancing method, growth
rates of 0.2-0.4 mm/side/day can be achieved on {011} seeds. The
experiments have been carried out in large size autoclaves of 4- to 5-liter
capacities. Figure 5.44 shows the characteristic photographs of KTA
single crystals obtained by Belt and Ings under hydrothermal conditions.
The idea morphology of KTA crystals is shown schematically in Fig.
5.45. The experimental conditions are given in Table 5.15.

Figure 5.44. Characteristic photographs of KTA single crystals obtained by Belt
and Ings under hydrothermal conditions.[146]

(001) (201}

(201}

Figure 5.45. |deal morphology of KTA crystalsis shown schematically.[146]



Table 5.15. Summary of the Experimental Parameters of the Hydrothermal Growth Experiments in

Production-Sized Autoclaves

Run Mineralizer % Fill Nutrient Nutrient ~ Pressure Seeds Gradient Run Results
No. temp. (atm) (°C) time
Inner  Outer (°C) (weeks)

1 4M KH,ASO, 80 57 Flux 560 1700 Unoriented flux 28 2 Slight growth on
grown KTA growth KTA KTA seeds

2 4M KH,ASO, 78 58 Flux 590 1820 (201), (011) and 50 1.5 0.1 mm/side/week on
grown KTA (100) flux (201) and (011) seeds,

grown KTA 0.2 mm/side/ week on
(100) seeds

3 4M KH,ASO, 77 57 Flux 590 1700 (201) and (011) 30 2 0.2 mm/side/week on
grown KTA flux grown KTA (201) and (011) seeds

4 4M KH,ASO, 77 57 Flux 590 1700 (201) flux 40 4 0.4 mm/side/week on
grown KTA grown KTA (201) and (011) seeds,

0.2 mm/side/week on
(100) seeds
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Some authors have studied theionic conductivity in KTA crystals
and usually the ionic conductivity is one order of magnitude lower than
KTP crystals. Theionic conductivity isfound to be one-dimensional, i.e.,
along Z-direction only.

The structure of KTP family hasthetypical formula{K*} [Ti4*]O
(P®Y)0O,, where the flower brackets indicate nine- or eight-fold coordina-
tion, the square brackets six-fold octahedral coordination and the paren-
thesesfour-fold tetrahedral coordination. Different isovalent and aliovalent
substitutions in agiven structure are quite interesting, and could, perhaps,
result in different structural and optical properties. Cheng et al.[147] have
found that stability of KTA crystalsis higher compared to other KTP-like
compounds, Nb-doped KTP crystals are observed to be stable, and K _,
Ti,., Nb,O PO, single crystals with x = 0.25 have been obtained without
any charge compensator. Partial charge compensation of Nb>* in K, Ti,,
Nb,O PO, crystals by Ga®*, Fe3* and Mg?* has been reported. However,
complete substitution of Ti4* in single crystals of KTP with any aliovalent
cation pair has not been achieved by any method.

On the contrary, complete substitution of Ti4* with Nb>*-Mg2*
and Nb5*-Zn2* cation pairs was reported to be possible in the case of
KTA crystals. This result, suggested Chani et al. (1997), that it might
be possibleto prepare new aliovalent analogous of KTA containing Nb®*-
M3+ (M = Al, Cr, Ga, Fe, In) cation pairsin octahedral positions of KTP
structure.[148] KTA crystal was the chosen basic material for this purpose
asit was noted to be most stable compared to KTP.[147]

L attice parameter values, in general, were found to increase with
increasing M3+ cation radius, as expected. The results of compaction
measurementsindicatethat Ti-free crystalswith the structure of KTP have
tendency to create potassium vacancies. Thisresult isin good agreement
with that reported for nonsubstituted KTP crystals. Structural analogues
of KTP corresponding to K [Ta, M]O AsO, were prepared by solid-state
reaction. However, no KTP phase formation was observed in K [Nb, M]O
PO, and K [Ta, M]O PO, systems.

Thegrowth of KTPfamily of materialson thewholeisfascinating
and challenging for both technol ogists and academicians.
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5.7 CALCITE

Calcite, CaCO; is an important carbonate mineral and it occurs
commonly in nature both as well-developed crystals and amorphous
material. The pure and optically clear calciteiscalled | celand spar. Calcite
is polymorphous and exists in at least five modifications. The two poly-
morphs commonly found in nature are calcite and aragonite. In addition,
there are two synthetic forms known only at high pressures: calcite Il and
calcite I11. Vaterite (y -CaCO,) is a metastable hexagonal form which
crystallizes at ordinary temperatures and pressures.[149]

Calcite single crystals form an important optical material owing
to its large birefringence and transparency over a wide range of wave-
lengths. This property makes it one of the significant materials for polar-
ized devices such as optical isolaters and Q switches. It also exhibits
antiferromagnetic properties. Although there are many deposits of calcite
intheworld, the optically clear quality calcite (for example, |celand spar)
has been depleted in recent years, leading to its shortage in nature.
However, the demand for optically clear calcite single crystalsisincreas-
ing greatly with the development of laser devices such as optical isola-
tors,[1501[151] and similarly, the chemical impurities and growth defects
depend upon the geological settings and often lead to variations of refrac-
tive index and internal light scattering centers, and low optical damage
resistance. Hence, the artificial meansof obtaining optically purecalciteis
becoming very popular. Many laboratories throughout the world have
attempted to obtain calcite, but most of them have suffered from size or
quality problems. In fact, the first publication on the synthesis of calcite
appeared in 1883. Lemberg(152 heated basalt for six months with distilled
water. It took up 2.43 % H,0, which was not removed over H,SO,, in two
weeks; the solution remaining in the tube had a dlightly alkaline reaction.
The same basalt heated with K,CO, solution for nine months gave aglass
richinH,0, and CaCO4crystals. A glass made from palagonit from Vidoe
heated for three months with distilled H,O was little attacked, but the
product contained 8.61 % H,O. Similarly, melted labradorite, heated for
thirteen months with K,CO; solution gave a glass rich in K, and the Ca
replaced had formed CaCO,. Further Lemberg obtained CaCOg, while
the MgO remained combined with the SIO, after heating augite with
K,CO; solution for oneyear at 100°C. When anorthite, with alittle augite,
was heated for 189 hours at 180-190° with Na,CO, solution, the
product consisted of calcite crystals, amorphous substances, and a
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columnar mineral similar to cancrinite. Later, Friedel and Sarasin (1885)
obtained small calcite crystals by heating CaCl.,, precipitated CaCO;, and
60-70 cc H,0 for ten hours at 500°C; with 20 gms CaCl,, and afew grams
CaCO;, the crystals were large enough for goniometric measurements.
Crystals obtained were simple rhombohedra.l153] There was no aragonite
in the product. However, all these earlier works on the synthesis of calcite
were purely of geological/mineralogical interest, and the size of the
crystals obtained was in no way nearer to the fabrication of devices. The
most significant problem for the growth of calcite crystals is that the
growth techniques are restricted due to the dissociation of CaCO; at high
temperatures. Several techniques have been employed to grow calcite
single crystals like low temperature sol utions,[1541[155] gel s [15611157] f|uxes
or eutectics,[15811159] top seeded solution growth,[160] travelling solvent
zone melting,[161 hydrothermal hot pressing,[162-164 and hydrother-
mal .[150][1511[165]{170] Calcite crystals grown by most of these methods
encounter several problemsincluding the presence of large thermal stress,
CO, dissociation, and alkaline carbonate flux inclusions which cause
serious defects and contamination by metal ions. On the other hand, the
hydrothermal method is one of the most promising techniquesfor growing
unstable crystals such as a carbonate compound, with the advantage of
suppressing the dissociation of CO, and yielding high quality crystalsina
homogeneous ambient at relatively low temperatures.[171] Also, thistech-
nigue is closer to the conditions in which calcite grows in nature.

Many researchers have tried to grow calcite single crystals at
relatively low temperatures since calcite crystals dissociate to form CaO
and CO, above 900°C under atmospheric pressure. Varieties of solvents
have been used for hydrothermal growth of calcite, but none of them have
succeeded in growing large single crystals. The solubility of calciteisvery
interesting. It has been studied inwater under various CO, pressures.[172][173]
The CO, pressure would be concerned with dissolution and precipitation
of calcite in nature. Thus, hydrothermal growth under variable CO,
pressures is also very interesting from the point of view of geochemistry.
The solubility is positive for increasing CO, pressure and negative for
increasing temperature. This behavior of calcite has posed areal problem
in the search for a suitabl e solvent to obtain higher/optimum growth rates.
Despite this, alarge number of reports concerning calcite growth, hydro-
thermal reaction of calcite in chloride, and other chloride solutions have
appeared. Because natural calcite crystals are formed in both chloride and
carbonate hydrothermal solutions and these chloride solutions are amost
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analogous to natural carbonate thermal springs. Ikornikova has done an
extensive work on the aspects of solubility, designing an apparatus to
grow calcite crystals with changing CO, concentration as the pressure is
reduced at constant temperature, crystal growth kinetics, and mecha-
nism. [166]

For hydrothermal crystal growth of calcite, several inorganic
solventslikeNaCl, LiCl, CaCl,, NaNO,, Ca(NO;),, NH,NO;, K,CO,, and
carbonic acid have been employed as mineralizers. The growth conditions
vary from 150°C and 15 MPa, to 600°C and 200 MPa. No one has used
organic salt solutions to grow calcite crystals under hydrothermal condi-
tions. Yamasaki and his group have tested the solubility of calcite in
ammonium acetate solution.[170 However, there is no unanimity with
respect to solubility owing to the change in the sign of the temperature
coefficient of CO, solubility in H,O, asshownintheisobaric diagram Fig.
5.46. The diagram clearly shows two regions: | and Il, lying on the two
sides of the 200 bar isobar, which is close to the isobar of the critical
pressure of water. The pH of the system falls with increasing Pco, under
standard conditions. Thisis connected to the fact that with increasing CO,
solubility, the concentration of both the hydrocarbonate and the hydrogen
ions increases. The solubility of calcite in aqueous solutions of carbon
dioxide was studied between 10-300°C and 1-100 bar.[172[173] At the
sametime, for T = constant, the solubility risesexponentially with increas-
ing Peo,. Later experiments at 200-600°C and 200-1400 bar in solutions
of 10-100 mg/ml CO, showed that absolute solubilities of calcite at high
temperatures and pressures were almost an order of magnitude lower than
those measured at pressures up to 100 bar.[174 The following groups have
carried out extensive studies on the solubility of calcite: i) Ikornikova of
Russia, during 1960s and 1970s—using chloride solutions; ii) Belt, USA,
during 1970s—using carbonate solutions;iii) Hirano, Japan, during 1980s
and early 1990s—using nitrate solutions;iv) Kodaira, Japan, during 1990s—
using H,O-CO,; v) Yamasaki, Japan, during 1990s to date—using ammo-
nium acetate and other organic solvents. Each one of the last three groups
claims superiority of their solvents over the others. Figures 5.47 and 5.48
show the solubility curvesfor calcitein different solvents. Y anagisawa et
al. (1996) have studied the effect of pH of CH;COONH,, on the growth of
calcitel170 It was found that calcite crystals could not grow in the
CH;COONH, solutions with a low pH. This has been explained by the
change in the existing ion speciesin the solution. A high growth rate was
obtained in the solutions with a pH of 7.0-7.5. Beyond a pH of 7.5, the
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growth rate falls again. The pH of solution decreased with the increase in
temperature, and it reached 6.0 at 200°C. Thisresult suggested that H,CO,
was the main dissolved species in the solution at 250°C. When calcite
dissolves in water, the carbonate ion must changeitsionic form to HCO4-
, whichis very essential for the crystal growth of calcite, whereas H,CO,
does not contribute to the growth of calcite crystals. The formation of the
ionic species HCO;™ has been noticed by several workers like Kikutaand
Hirano in the NH,NO; solutions from FT-IR studies.[174 This suggests
that calcite dissolvesin the solvent below 200°C as follows:

NH,NO;+ CaCO; + H;0 — Ce*+ HCOy + NO; + NH;* + OH
(NHg); SO, + CaCO3 + H,O — CaSO, + HCO; + 2NH," + OH-

Thiswork strongly confirmsthat asmall amount of additivessuch
as phosphate, sulphate, borate, and ethylene glycol effectively arrested the
growth of calcite.
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Figure 5.46. | sobaric diagram for CO,.[166]
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5.7.1 Crystal Growth

Solubility of calcite can be both positive and negative for increas-
ing CO, pressure and increasing temperatures, respectively. Therefore,
the growth of calcite crystals insists on a special experimental setup.
Figure5.49 showsthe arrangement of the apparatus designed by I kornikova
for growing calcite crystals in agueous solutions of CO, with a negative
temperature coefficient of solubility, together with curvesillustrating the
height distribution of temperature and CO, concentration.[1%6] The crys-
talsobtained by this means, with seed crystals at the bottom and nutrient at
the top followed by a temperature gradient between the two zones sepa-
rated through a baffle, have rhombohedral faces covered with stepped
pyramids. Similarly, Ikornikova has designed another apparatus for syn-
thesizing calcite crystals in agueous solutions of carbonic acid under
isothermal conditions. The autoclave used is arocking autoclave. Figure
5.50 showsthe schematic diagram of the apparatus used in the synthesis of
calcite. The autoclaves in both the cases are either glass or teflon
lined.[1661(169] |n this case, usually at pressure under 150 kg/cm?, rhombo-
hedral calcite crystals without any pinacoid are formed. The pinacoid
appears on crystals formed at pressures greater than 200 kg/cm2.
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Figure 5.49. Arrangement of the apparatus for the growth of calcite.[166]



280 Handbook of Hydrothermal Technology

ST

sl
\‘.

’iiﬁ;l}}"‘mi'ii/}'l}}""-};.?ﬂlby
||.1_ R —

Figure 5.50. Schematic diagram of the apparatus used in the synthesis of

calcite.[166]

Kinloch et al. (1974) have obtained calcite single crystalsin large
autoclaves (23 cm internal diameter x 280 cm length)—commercial
production using 6 M K,CO; mineralizer. As K,CO; attacks autoclaves
made of ferrous aloys, the autoclaves were provided with cylindrical
silver and platinum cans.[150 The following are the experimental condi-
tions used by these workers:

Nutrient: -
Seeds: -

Solvent : -
Nutrient temperature:
Seed temperature range:
% Fill: -
Baffle opening: -
Temperature gradient:
Experimental duration:
Growth rate obtained: -

45 Kg. of optical grade crystals of Mexican
origin

Natural calcite crystals cutting rhombohedra
with 10-20 cm? surfaces and 1-2 cm thick
6 mK,CO;4

435-445°C

410-425°C

86 % (1.72 Kbar)

8 %

5t0 10°C

30 to 50 days

50 um/day/face for {1011} face
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Much of the recent works on the growth of calcite single crystals
are being carried out under moderate to lower temperatures (200—
150°C) using several new solvents like ammonium nitrate, ammonium
acetate, and so on. The results are far better than crystals obtained under
higher temperatures because of the reduced thermal strain. Recent work-
ersuseteflonliners. A considerable amount of progress has been achieved
in the single crystal growth of calcite with reference to the solubility,
growth rate, reaction kinetics, seed orientation, morphology, surface mor-
phology, optical and laser quality, and so on. Figure 5.51 shows the
schematic diagram of the autoclave for hydrothermal crystal growth of
calcite commonly used in recent years. It is well confirmed that the
ammonium nitrate and acetate solvents are more effective than chloride
solvents from the viewpoint of calcite crystal growth. The calcite crystals
dissolve in ammonium nitrate or acetate solutions, accompanied by the
evolution of ammonia Thisreaction increases the dissolution of calcitein
the hydrothermal solution which gives an advantage of lowering the
pressure, temperature conditions of the growth, and in turn facilitates the
use of teflon liners. Great improvements are achieved by using a baffle
plate and band heater to control the temperature gradient and the transport
behavior. Higher temperature gradients give higher growth rates, espe-
cially at higher growth temperatures. Usually the growth rate varies from
25 um/day to 213 pm/day. The rhombohedral face (1011) is the fastest
growing face. Hence, natural calcite crystals cleaved at (1011) plane are
used generally as seed crystals. Yanagisawa et a. (1996) have obtained
the highest growth rate reported so far, for calcite, 213 ym/day using
ammonium acetate solvent at 230°C and a temperature gradient of 20°C.
However, the optical quality of the calcite crystal was relatively poor.
Only under experimental conditions, such astemperature gradient of 15°C
and growth temperature of 235°C, was the growth of transparent calcite
crystals achieved at 57 pm/day. Figure 5.52 shows the hydrothermally
grown calcite crystals by different authors. When as-cleaved crystals are
used, the calcite crystals obtained are usually opague or not transparent,
and the surfaces show agreater degree of defectslike growth hillocks, alot
of small secondary grown crystals, and strains. The crystals grown on the
etched seed crystals are usually transparent and the surfaces are very
smooth. Figure 5.53 represents the characteristic photographs of calcite
single crystal grown in NH,NO; solution using as-cleaved and etched
seeds. Similarly, Figure 5.54 represents the surface morphology of the
calcite crystals using as-cleaved and etched seeds. Recently, Lee (1998)
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has re-attempted the solvent NH,Cl, first reported by Ikornikova[l6d to
obtain calcite single crystald175] to suppress the spontaneous mineralizer.
It was observed that the addition of such an organic additive played an
important rolein suppressing the formation of spontaneous nuclei; usually
higher % fill (81-83%) was selected in all the experiments and the
pressure-temperature conditions were kept low. Hence, teflon was used as

theliner.
Gauge
o
Rupture@ I:Dn%ajner
disle Walve 1 Valve 2
— b D
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Figure 5.51. Schematic diagram of the autoclave.[169

Figure 5.52. Hydrothermally grown calcite crystal s.[166]
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Figure5.53. Characteristic photograph of calcitesinglecrystal growninNH,NO,
solution.[168]

Figure 5.54. Surface morphology of the calcite crystals using as-cleaved and
etched seeds.[168]
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5.7.2 Hydrothermal Hot Pressing of Calcite

The hydrothermal hot pressing isbeing applied in recent yearsfor
the solidification of CaCO;. The hydrothermal hot pressing (HHP) tech-
niqueisamethod by which hard solid bodies of powders can be produced
in ashort time and at arelatively low temperature under saturated vapor
pressure. This processis very similar to diagenesig178! in geology, there-
fore, a diagenesis process, such as for limestone, may be resurrected by
using this technique. The results, using the hydrothermal hot pressing
technique, may bring in some new information to the sedimentary process
and a new technology of forming fabrication processes. Yamasaki and
Weiping (1993) have obtained CaCO; by hydrothermal hot pressing with
sea water, and they have designed a “quasi-diagenesis’ experiment. Ini-
tialy, the CaCO; powder was synthesized in seawater, and this powder
was then solidified by the hydrothermal hot pressing technique. Various
ionsof seawater, Cl-, Na*, K*, SOZ,, etc., were absorbed on the surface of
the synthesized CaCO, sample powder during the precipitation process,
and these ions formed soluble salts such as NaCl and CaSO, under
hydrothermal hot pressing conditions, that is, the solubility of the syn-
thetic CaCO, powder surface may have increased rapidly in the presence
of CaSO,, and NaCl solution under hot pressing conditions. Conse-
quently, it was revealed that the small grains were dissolved, and then
recrystallization occurred, or the grains adhered to the surface of larger
grains and formed large grain growth during hydrothermal hot pressing.
The solidification process was carried out by a dissolution-recrystalliza-
tion mechanism during the hot pressing process.

Yamasaki et al. (1993) have solidified the powders of calcium
carbonate with sodium carbonate by mechanical compression under hy-
drothermal conditions. The effects of hydrothermal conditions such as
temperature, pressure, and ratio of Ca/Sr on the reaction process and
microstructure of the solidified bodies have been studied.[163]

The growth of calcite single crystalsis becoming very popular in
recent years with the fast decrease in the availability of natural calcite.
Although the growth of calcite has been better understood in the last five
to six years, still there is no unanimity with reference to the solvent and
experimental conditions. There is no doubt that calcite crystal growth is
one of the flourishing and challenging topics.
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5.7.3 Growth of Related Carbonates

There are several works in the literature dealing with the growth
of other carbonates like MNCOj; (rhodochrosite), FeCO; (siderite), CaCO,
(spherocobaltite), CdCO; (otavite), NiCO;,, and so on. Most of these are
the important carbonate minerals, and their growth carries a great signifi-
cance to the geological literature.

MnCO; (Rhodochrosite). The crystallization of rhodochrosite
crystals takes place in LiCl solutions (1-25 wt%) at temperatures
400-450°C, and pressure 680-2500 atm., the AT = 10-50°C.[277] |n the
experiments with 20-25% LiCl solutions at AT = 10°C, T=430°C, and P
= 960 atm, Ikornikova has obtained transparent crystals of rhodochrosite
with asize of 5-7 mm.

FeCO;(Siderite). The synthesis of sideriteis slightly more diffi-
cult than MnCOj4 having to do with the stability during the variation in the
oxygen potential. Ikornikova (1970) has obtained transparent crystals of
FeCO;inNH,CI solutionsat T = 300-350°C, P = 600-800 atm and Pcoz—
300 atm.[178]

CaCOg (Spherocobaltite). The growth of spherocobaltite crys-
tals has been carried out on the seeds in the LiCl solution. Autoclaves of
300 cm3 using titanium liners have been used. Separate experiments have
been carried out in 1.2-1.7 liter autoclaves with platinum liners. Sponta-
neously grown crystal was used as a seed crystal. However, detailed
studies on the growth of spherocobaltite are not known.[17711178]

CdCO, (Otavit). Monocrystals of otavit werefirst obtained by
Ikornikovall??l Crystals were grown in LiCl (5-20%) and NH,CI (1-
5%) solutions in the temperature interval 300-550°C, AT = 15-20°, P
= 700-900 atm. The size and quality of the crystals in the growth zone
were regulated through the concentration of solution and temperature
gradient.

NiCO,. Monocrystals of carbonate of nickel could be obtained at
T > 150-500°C and P > 1500 atm using NiCO;, Ni(OH),. During the
evolution of CO, inthe autoclave, the crystallization of NiCO, takes place
at much lower pressure and NH,Cl (2-10%) solution.[179]

Figures 5.55, 5.56, and 5.57 show photographs of some selected
hydrothermally synthesized carbonates in the hydrothermal |aboratory of
K. Byrappa.

Thegrowth of carbonates, in general, is quiteinteresting academi-
cally, technologically, and geologically.
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58 HYDROXYAPATITE (HAp)

Apatite is a common mineral in igneous, sedimentary and meta-
morphic rocks,[18% which hasthe general chemical formulaof A,,(BO,) X5,
where A = Ca, Sr, Ba, Fe, Pb, Cd, and many rare earth elements, BO, =
PO,*, VO,*, SiO 4, AsO,%, CO.%; X = OH-, CI, F, COZ. Water exists
in different forms.[181](182] The presence of the elemental phosphorus,
which is a major component of apatite, was first reported in the 17t
century and the phosphorus in mineral pyromorphite (lead apatite) was
discovered in 1779.[1831[184] Since the first synthesis of apatite donein the
middle of 19t century,[183] a lot of studies in the geochemical,
crystallochemical, biological, and other fields have been carried out. In
fact, most of the geochemical and crystallochemical studies were carried
out on natural apatites, whereas biological or other recent studies were
mainly done using synthetic apatites. However, many efforts have been
made to prepare large single crystals of HAp with only limited success.
The interest in the synthesis of hydroxyapatite is linked with its impor-
tance asamajor constituent of the inorganic component in bones and teeth
where it occurs astiny crystals. Since it has been recognized to be one of
the best biocompatible materials, there have been many reports on the
biological aspects.[1861-{188] HA p crystals have sel ective adsorption ability
of proteins depending on crystal planes and are used as an adsorbent in
liquid chromatography.[189 Recent interest in the material has spread to
the fields of electronics and surface science (or adsorption chemistry),
wheresintered or powder HAp isexpected to function as, for example, gas
sensors, catalysts, and chromatographic absorbers. The fabrication pro-
cessing of HAp has also progressed with the growing importance of the
biological applications of HAp as artificial bone and teeth.[190] Table 5.16
givesthe physico-chemical properties of apatites.[191 However, adetailed
knowledge of chemical and physical properties of HAp, including those
relevant to the behavior in a biological environment, depends on the
availability of sufficiently large single crystals of known chemical com-
position. Even today most of the studies on chemical properties, mechani-
cal properties, biological responses and the prosthetic application of HAp
are based on polycrystalline bodies with random crystal arrangement
including sintered bodies, powders, granules and coatings.
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Table.5.16. Physico-chemical Properties of Synthetic Hydrothermal or

Natural Fluorapatitel191]

Properties Values Comments
Theoretical Ca,((PO,)¢(OH), composition varies with
Formula sample preparation
Space Group P63/, (hexagonal) mono. — hexa. transition
P2,,, (monoclinic) may occur at ca. 200°C
Lattice a=9.41-944 A large discrepanicesin L.P.
Parameters (LP) c=6.84-6.94 A of ‘“Wet Chemically’ HAp
Theoretical 3.16 g/lcm? varies with composition
Density
Moh's 3(CO5-Ap) water and CO; in apatite
Hardness 5(HAp) lattice lower hardness
Heat Capacity 184.07 cal/K.mol “wet” HAp following
at 298.16 K 950°C calcined at “wet” HAp
180.16 cal/K.mol following calcined at
at 298.15 K 1100°C
Thermal 11-14x 106 K1 ‘wet’” HAp expands
Expansion non-linearly
Coefficient
Melting 1614°C ‘synthetic’ HAp, hot-stage
Point microscope method
Surface S(001)=95+25MPa Natural FAp, slow cleavage
Energy method
Stiffness C11=1.434, C33=1.805 Natural FAp, ultrasonic
Coefficient C44=0.415, C12=0.445 pulse superposition
at room temp C13=0.575, C66=0.495
(Mbars)
Dielectric 7.40-10.47 varies with composition
Constant
Refractive n,=1.649-1.651, relationship between indices
Indices n.=1.642-1.644 & composition is shown in
Ref. 1
Optical 2.71 (||c) varies with composition
Frequency 2.69 (Cc)
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Daubrée (1851) was the first to synthesize apatite by passing
phosphorus trichloride vapor over red-hot rime.[183] Since then a number
of reportson the preparation of HAp by various methods have appeared in
the literature, and the results prior to 1951 have been reviewed by Jaffe
(1951).[188] Y oshimura and Suda (1994) have reviewed the preparation
methods for HAp and grouped all the methods into three categories, as
given in Table 5.17.1191 Firgt is the conventional solid state reaction
method at high temperature, the second is the wet chemical method at
relatively low temperature and the third, which isavery important method
today, is the hydrothermal method using high-temperature-high-pressure
agueous solutions.

Table.5.17. Preparation Techniques for Hydroxyapatitel191]

Techniques | Starting Synthetic | Comments
Materials Conditions
Solid State Cay(PO,),+ CaCO; | 900-1300°C, | CalP-1.67, large grain
Reaction Ca,P,0,+ CaCO; | usualy with | size, irregular forms,
water vapor | inhomogeneous
flowing
Wet Ca(NO),+(NH,), | R.T.-100°C | Ca/P< 1.67 fine
Chemical HPO, pH: 7-12 irregular crystals with
Method Ca(OH),+ H3;PO, low crysatllinity
inhomogeneous
Hydro- wet chemically 100-200°C | Ca/P=1.67 homo-
Thermal prepared HAp, (1-2MPa), | geneous, finesingle
Method other calcium 300-600°C | crystalsor large
phosphates, (1-2Kbar) | crystals
seeding
Gel Growth | Gel + C&* + PO,% | R.T.-60°C, | large Monetite,
Method pH: 7-10 Brushite, OCP, but
small HAp
Flux Growth | CaF,, CaCl, asflux | 1325°C large crystals with
Method Ca(OH), asflux (FAp,CIAp) | littlelattice strain
HAp
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The solid state reaction method has generally been used for
processing ceramic powders and for studying phase stabilities. The pow-
ders prepared by this method, however, usually haveirregular formswith
a large grain size, and often have heterogeneity in compoasition due to
incompleted reaction resulting from small diffusion coefficients of ions
within solids.

Thewet chemical method isarelatively easier method for obtain-
ing HAp. Besides, the reaction in any living organisms may occur in
agueous solutions at low temperatures. Many experiments on the prepara-
tion of HAp by this method have been reported which investigate the
formation mechanism of any calcium phosphatesin vitro, in additiontoin
vivo. The powders prepared by this method, however, do not seem to be
appropriate asthe starting materials for ceramics because they are usually
less crystallized, heterogeneous in composition, and irregularly formed.
Sol-gel, alkoxide, and other chemical methods have also been used. CVD,
plasma spray method and other (electro) chemical methods have been
mainly used to form HAp layers on substrates.

The hydrothermal method enables usto preparewell crystallized,
compositionally homogenous, uniform and easily sinterable powders due
to great effects of the high-temperature—high-pressure aqueous solutions.

The growth of HAp crystals has been carried out by several other
methods like the gel growth method.[192] There are several reports on the
melt growth and flux growth of apatites of different compositions. Johnson
(1961) has used the melt growth for the preparation of single crystals of
apatite from the stoichiometric melt. These crystals grown from the melt
at high temperatures, however, are usually severely strained due to the
large temperature gradients existing during the growth.[193] Prener (1967)
used the flux growth method, which is an excellent method since the
fluxes like CaF,, CaCl,, and Ca(OH), mixed with the starting apatite
powders make lower liquidus temperature, far below needed for the melt
growth method, resulting in the production of less strained apatite crys-
tals.[1% Recently, Oishi and his group have obtained chlorapatite and
fluorapatite crystals by the flux method using NaCl, KF and Ca,CIPO,
fluxes.[1951-1197] Masuda et al. (1990) have used the sol-gel method to
obtain HAp from metal alkoxides.[1%] Brendel et al. (1992) have used the
polymerized method to achieve HAp coatings.[19) Likewise, many other
methods are utilized in the processing of apatites. Thus, for the growth of
HAp, the volatility of water at the necessary high temperatures makes
hydrothermal conditions unavoidable.
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5.8.1 Crystal Structure of Apatite

Most of the studies concerning the crystallochemical, geochemi-
cd and phase stability related aspects of apatite have been carried out on
natural or hydrothermally synthesized large single crystals. The crystal
structure of fluorapatite (FAp) was first determined by Naray-Szabo
(1930) and by Mehmel (1930) independently.[2001[201] Fol|owed by these,
several publications appeared on the structure of various forms of apa-
tite.[20214204] The general agreement on the crystallographic aspectsis as
follows:

a) Apatiteshowsionic bonding character, and it ismade
up of aclose packing of large oxygen ions, resulting
in the hexagona crystal system.[205]

b) Thespacegroupof fluorapatite (FAp) isP6yy, 12001204

c) Although the space group of HAp isbelieved to be
P65, HAp prepared at high temperature is P 21/b
(monoclinic) at room temperature,[2% nearly identical
with chlorapatite (CIAp).

d) A phasetransitionin HAp is suggested to occur
a ~ 200°C, probably due to the order-disorder
orientation at (OH)" ions along the ¢ axis.[2061(207]

5.8.2 PhaseEquilibria

The phase equilibria in the system CaO-P,05-H,0 have been
extensively studied by the solid state reactions method under atmospheric
pressure of water vapor by Van Wazer (1958),[208] and in aqueous systems
at temperatures lower than 100°C by Brown et al. (1991, 1992).[209][210]
Biggar (1966) has studied the phase equilibria in the system CaO-P,0;-
H,O in the temperature range 700 to 950°C, and P of 1 kbar.[211] Feng and
Rockett (1979) have studied the system CaO-P,05-H,O at 200°C.[212]
Figure 5.58 shows the Ca(OH),-Cay(PO,),-H,0 at 1000 bar with 50 wt%
H,O. Skinner (1974) found that the field of stability of hydroxyapatite
alone with water in the triangle CaO-P,0O5-H,O was confined to a narrow
band joining the representative point of stoichiometric hydroxyapatite to
the water representative point of the phase diagram.[213] There are severa
other phase equilibria studies on the apatite system and the reader can
refer to the works.[1911[224] Andrade et al. (1997) carried out a detailed
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thermodynamic analysisof the system Ca-P-H,0 based on the devel opment
of the Eh-pH and Pa--pH (where Pa., = -log,,a:,) diagrams at different
temperatures and different activities of phosphorousand calciumin aqueous
solution. The hydroxyapatite precipitated at ambient temperature (30°C) was
hydrothermally treated at 150°C.[215] Figures 5.59-5.63 show the Eh-pH
diagramsof the Ca-P-H,0O systemat 25°C and 300°C, for 1.67 molal activity
of the Caand 1 molal activity of pressure in the aqueous solution. Figures
5.61 and 5.62 present the Pa,- pH diagrams (where Pa, = -10g,4a.,), for
the same system with a-,= 1.67 aP and show that the pH valuefor the point
of minimum solubility of the hydroxyapatite clearly decreases with an
increase in the temperature of the system. At each temperaturelevel, HAp
predominatesinthehigher pH range, while Ca;(PO,),, Ca,P,0, and CaHgP,0O,
havetheir predominate pH range successively inthemoreacid direction. The
stahility of the calcium phosphatesat higher temperaturescan beseenin Fig.
5.63. The equation numbers indicated in Fig. 5.63 refer to the following
reactions:

(1)  3CaHPO,(c) = Cas(POy), (€) + H3PO, (c)])

(2)  3CaH;PO, (c) = Cag(PO,), (€) + 4H3PO, (c\)

(B CaygH,POy(€) =3 Cag(PO,); (c) + Cal (c) + H,O (9)
(4)  CaHyPO, () = CaHPO, (0) + 2H,0 (g)

(5) CaHgP,0q4 (c) = Ca(H,PO ), (c) + HO (9)

The Eh-pH and Pac,-pH diagrams have shown that HAp may be
obtained at both atmospheric and hydrothermal conditions.
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Figure 5.58. Phase diagram of Ca(OH),-Cay(PO,),-H,0O system.
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5.8.3 Crystal Growth

There are a large number of publications on the preparation of
large HAp single crystals. Table 5.18 gives the representative works on
the hydrothermal synthesis of HAp large single crystals.[218-{225 Morey
and Ingerson (1937) first attempted the hydrothermal synthesis of HAp
crystals.[?1 Since then, severa reports have appeared in the literature.
Roy (1971) grew prismatic single crystals of HAp, up to 4 mm length
hydrothermally, from meltsin the system 3CaO-P,0;-Ca(OH), and 3CaO-
P,05-Ca(OH),-H,0.2211 Mengeot et al. (1973) first succeeded preparing
HAp single crystals of up to 7 x 3 x 3 mm in size by controlling the
temperature gradient.[222 This work also revealed for the first time that
HA p exhibited retrograde sol ubility in hydrothermal fluids between 300°C
and 670°C under pressure of 3 kbar to 4 kbar. With the appearance of this
report, most of the researchers placed nutrients at the cooler zone. Here,
dissolution occurs and HAp crystals grow at the hotter region where the
seed crystals are placed. This arrangement facilitated the growth of larger
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HApsinglecrystals. However, the preparation of largesinglecrystalsof HAp
has encountered several difficulties such as the tendency to incorporate
impurities, the stability of nonstoichiometric composition, and therestricted
field of crystallization in the phase diagram CaO-P,05-H,0, whereHAp and

H,O only exist.

Table 5.18. Hydrothermal Synthesis of Hydroxyapatite Large Single

Crystalsl191
Starting Synthetic Comments
Materials Conditions
CaHPO, 300°C 1250 Ib/in?, 0.3 mm in length
wet chemically for 10 days 2.35 mm in length,
prepared HAp 500°C, 354 bars, 0.2 mm in diameter

for 10 days

CaHPO, 350°C, 100 MPa 2mm
Cay(PO,),-Ca(OH), 15000 psi, 4 mm in length
or held at 850-900°C,
Cay(PO,),-Ca(OH), then cooled 20°C/h.
-H,0 system to ~750°C, quenched
synthesized HAp 300-670°C, 7 x 7 x 3mm, identify

asnutrient & HAp
seed

Cay(PO,),-Ca(OH),
-CaCO4;-H,0
system, Ca(OH),
as flux

CaHPO,-2H,0

wet chemically,
followed by
Soxhlet extracted
HAp

45000-60000 psi

oscillating temperature
technique, 750-800°C,
14500-17500 psi

100-300°C, 2 kbar

430-500°C, 2 kbar

the retrograde solubility
of HAp

8 x 0.5mm

0.1mm

3.5 mm, check the
retrograde sol ubility
of HAp
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In therecent years, Ito and his group have done excellent work on
the single crystal growth of HAp.[2261(227] Single crystals of carbonate-
containing HAp have been grown hydrothermally by gradually heating
with atemperature gradient applied to the vessel, using CaHPO,, H,O and
carbon dioxide as dry ice. The hydrothermal reaction for the formation of
HAp can be written as follows:

10CaHPO, + 2H,0 — Cay, (PO,)s (OH), + 4H,PO,

Crystal growth experiments were performed, slowly hydrolyzing
CaHPQO, by gradually heating a pressure vessel with atemperature gradi-
ent applied.

Kikuchi et al. (1994) have obtained Sr-substituted HAp crys-
tals of size 0.2x 0.2x 5 mm3 under hydrothermal conditions[228 The
starting materials such as calcium and strontium hydrogen phosphate
(SrHPO,) were gradually heated with a temperature gradient. The
crystal growth occurred at low pH.

In most of the works, the effects of CO4? on the morphology of
the crystalshave been reported: needle-like crystalsare predominant if the
carbonate content is higher than 0.1%, whereas equiaxial crystals occur if
the carbonate content is below 0.1%. Hata et al. (1983) synthesized Cd
hydroxyapatite single crystals, partly substituted with the first series
transition elementsfor Cdion, to investigate the substitution effectson the
crystal growth and structural changes.[229] These crystals form a super-
structure of pure Cd HAp. Nagata et al. (1995) have studied the synthesis
of HAp crystals in the presence of methanol and studied the morphologi-
cal variationsin HAp crystals.[239 It was found that the products obtained
from the slurries without methanol were rod-like or granular crystals.
Addition of methanol to the slurries caused an increase in the ratio of
plate-like crystals to rod-like crystals or granular crystals. When the
weight of methanol added was equal to the weight of the slurries, only
plate-like crystals were obtai ned.

Although several workers have reported a negative temperature
coefficient of soluble for HAp, but there is no systematic study either on
the experimental or theoretical side. In thisrespect, Vereecke et a. (1990)
reported the cal culation of the solubility diagrams and the effects of some
parameters such as T (< 100°C), pH; partial CO, pressure, and ionic
strength.[231] According to this report, the solubility of HAp is lowered
with temperatureindicating the retrograde solubility of HAp bel ow 100°C.
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Onumaet al. (1998) and Kanzaki et al. (1998) have carried out the
direct growth rate measurement of HAp single crystals by Moire phase
shift interferometry and AMF.[232](233] They carried out direct investiga-
tions of the growth kineticsfor each crystal face of HAp. It wasfound that
the a-face grew by step-flow combined with two-dimensional nucleation,
and the rate-determining process of the growth was found to be the
incorporation of a growth unit at the step front, from the measurement of
step velocities. The growth rate of the a-face was estimated to be of the
order of 104 nm/s from the step advancing rate. This value is about 34
orders of magnitude smaller than those for soluble inorganic crystals.[232]
In contrast, the growth kinetics of HAp (0001), c-face, remain unclear.
These authors have concluded that the volume diffusion process for
growth is strong during theinitial stages. It is believed that a strong bond
site exists in the [0001] direction and there is no strong bond site in the
[1010] direction, which makes the rate-determing process between c- and
a-faces different. Figure 5.64 shows the carbonate-containing hydroxya-
patite single crystals grown on the polycrystalline hydroxyapatite disk and
Fig. 5.65 shows carbonate-containing hydroxyapatite single crystals.

Figure 5.64. Carbonate-contai ning hydroxyapatite single crystals grown on the
polycrystalline hydroxyapatite disk. (Photo courtesy of A. 1to.)
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Figure 5.65. Carbonate-containing hydroxyapatite single crystals. (Photo cour-
tesy of A. Ito.)

Like zeolites, hydroxyapatite is also an important technological
material owing to its widespread applications attracting the attention of
sicentists from interdisciplinary branches of science—including physi-
cists, chemists, ceramists, medical doctors, engineers, and so on. Also,
three International Symposiums on Apatite have been held. The impor-
tance of this material as a biomaterial, composite material, whiskers, fine
particles, and so on, are discussed in Ch. 10.
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Hydrother mal Synthesis
and Growth of Zeolites

6.1 INTRODUCTION

Zeolitesform animportant group of hydrated aluminosilicate miner-
alsof theakaliesand alkaline earths, with an infinitely three-dimensional
anion network and with the atomic ratio O:(Al + Si) = 2. The history of
zeolitesbegan with the discovery of stilbitein 1756 by a Swedish mineralo-
gist, A. F. Cronstedt, who heated this silicate mineral, which fused readily
with marked intumescence. The name zeolite signifies boiling stone, the
meaning derived from the two Greek terms, zein, to boil, andlithos, stone,
an alusion to theintumescence of most zeoliteswith aborax lead, and refers
to thefrothy masswhichwill result when azeoliteisfused in the blowpipe.
Volatilezeolitic water forms bubbleswithin the sinter or melt.[11[2]

Zeolite minerals were first recognized as minor, but were later
regarded as widespread componentsin amygdal es and fissures, chiefly in
basic volcanic rocks. They are aso found in veins and other later-stage
hydrothermal environments. Big crystals of zeolites can develop in these
amygdal esand fissuresthrough the mineralizing action of trapped or circul at-
ing solutionsonthe alkalinematrix. Itisthese crystalswhich, because of their
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beauty and diversity of form, usualy comprise zeolite collections.l3l
Zeolitesarea sofoundinsomeigneousrocksand occur asdteration productsof
aluminosilicates, such asthefelsparsor felspathoids. Their occurrenceisnot
just restricted to basalt matrices, although the scale and variety of natural
depositions has been appreciated only over the last three decades. They
occur as authigenic minerals in sandstones and other sedimentary rocks.
Loew (1875) reported chabazite in a sedimentary tuff bed near Bowie,
Arizonal4 Similarly, Murray and Renard (1891) reported the presence of
zeolites in marine sediments. Several kinds of zeolites were identified by
Coombs (1954).15]

6.2 MINERALOGY OF ZEOLITES

Zeolitesbelong to thetectosilicates group covering thefelsparsand
felspathoid family of minerals. However, the structure of felsparsisamore
compact framework, with or without relatively small cavities. Thus, the
cationsand framework are strongly interdependent so that the cations cannot
easily move unlessframework bonds are broken, and replacement of Naor
K by Canecessarily involvesachangeinthe Si:Al ratio, whereasthe structure
of felspathoids have more open framework so that the ions can be moved,
removed, or interchanged through the channel s/cavitieswithout disturbing
theframework. The cavitiesareusually filled with water molecules.

Finaly, thezeolites' structurescontainlarger cavities/channelsand,
therefore, many exhibit, to agreater extent, the properties of ion exchange
and mol ecular adsorption. Further, these cavitiesor channelsin zeolitesare
usually filled with water molecules. Thesearerelatively loosely bound tothe
framework and cationsand, like the cations, these can al so be removed and
replaced without disrupting framework bonds. Accordingly, thefelsparsare
anhydrous aluminosilicate mineralswith adensity of 2.6-2.7, followed by
felspathoids (density 2.3-2.5) and zeolites (density 2—2.3). The hardness
decreasesfrom fel spar to the zeolite end of the mineralsowing to the above
stated structural features. Thus, the characteristic feature of zeolite mineral -
ogy isthe presence of OH- moleculesin the structural channels, which are
loosely bonded to the cation framework. The cations can be removed and
replaced by other metal swithout disrupting framework bonds.

Thereareover 46 naturally occurring zeolite minerals, belonging to
some major structure types. The channel systems in various zeolites are
formed by different combinationsof linked ringsof tetrahedra. Thewider the
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channelsat their narrowest parts, thelarger the cation that can beintroduced
into the structure. A grading of the zeolites according to the openness of
structureisgivenin Table6.1.

Table6.1.Numbersof Tetrahedrain Ringsand Approximate Diameters of
Channelsin Various Felspathoidsand Zeolites

Minerals No. of Tetrahedra Minimum Diameter
in Rings of Widest Channel

Sodalite, Nosean 4and 6 22A
Andcite4 and 6 22 A
Harmotome, Phillipsite 4and8 32A
Levyne 4,6,and 8 32A
Erionite 4,6,and 8 36A
Chabazite 4,6, and 8 39A
Heulandite 5,6,and 8 —
Gmédinite 4, 6,8, and 12 6.4A
Faujasite 4,6, and 12 9A

When zeolitesare heated, water isgiven off continuoudly rather than
in separate stages at definite temperatures and the dehydrated or partially
dehydrated mineral canreabsorb water toitsoriginal amount whenitisagain
exposed to water vapor. Dehydrated zeolites can al so absorb other liquidsor
vaporsin place of water, e.g., anmonia, alcohol, NO,, H,S, etc. The base-
exchange properties of zeolites were first reported by Eichorn (1858) and
have been reviewed by Hey (1930) who also investigated in detail the base-
exchange of various members of the group.[€ll The colloidal properties of
the zeolites have been reviewed by Marshall (1949).[81 McBain (1954)
introduced a new term, molecular sieve, to zeolites to describe porous
materials which can act as sieves on amolecular scale, not just limited to
aluminosilicate zeolites but to a large number of other zeolites like
alumniophosphate zeolites, vanadophosphosphate zealites, titanophosphate
zeolites, etc.l9 The zeolites and related materials, like phosphate-based
molecule sieves, are microporous solidswith abroad range of physicochemi-
cal properties, which arelistedin Table 6.2.110
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Table6.2. Physicochemical Propertiesof Zeolitesand Molecular Sieves' 10

Property Range
Pore size ~4-13A
Pore shape Circular, €liptical
Dimensionality of pore system 1-D, 2-D, 3-D
Pore configuration Channels, cages
Surface properties Hydrophilic, hydrophobic (high silica)
Voidvolume Less than ~50%
Framework oxide compostion Si, Al, P, Ga, Ge, B, Be, Zn:minor

Ti, Fe, Co, Cr, V, Mg, Mn:minor

The commercial success of molecular sievesislargely dueto the
continual discovery of new materialswhose diverse propertieshaveallowed
processimprovementsand the development of new technologies. Thus, the
ability to control thematerials' propertiesthrough synthetic effortshasbeen
and will continueto be of paramount importance. Davisand Lo