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Abstract. 
This paper described what is hydrothermal 
reactions in inorganic ~ systems. 

Introduction 
There are many types of hydrothermal 

reactions in inorganic systems. 
There are as follows : 

1. Hydrothermal Treatment 
2. Hydrothermal Metamorphism 

(Hydrothermal Alteration) 
3. Hydrothermal Crystal Growing 
4. Hydrothermal Reaction 
5. Hydrothermal Dehydration 
6. Hydrothermal Decomposition 
7. Hydrothermal Extraction 
8. Hydrothermal Reaction Sintering 
9. Hydrothermal Hot isostatic 

Processing 
10. Hydrothermal Rrystallization 
11. hydrothermal Deposition 
12. Hydrothermal Mechanochemical 

Reaction 
13. Hydrothermal Electrochemical 

Reaction 
14. Hydrothermal Corrosion 
15. Hydrothermal Etching 
16. Testing Under Hydrothermal 

Condition 
17. Phase Equilibria Under 

Hydrothermal Condition 

Why I Study Hydrothermal? 

Because Hydrothermal is one of the interest 
fields of study. 

What is hydrothermal ceramics ? What is 
the hydrothremal synthesis ? Definition of 
hydrothermal synthesis by R.Roy 1 ) is 
"hydrothermal synthesis" involves HzO as 
catalyst and occasionally as a component of 
solid phases in the synthesis at elevated 
temperature (> lOOoC) and pressure (> a few 
atmosphere). 

History of Hydrothermal Experiments 

A history of hydrothermal experiments is 
shown in Table 1 by Rabenau?) 
The first hydrothermal experiment was 
reported in 1845 by Schafhaut13) for 
hydrothermal synthesis of quartz (Fig.1). The 
second important . thing. was by Morey in 
1914~) Morey used the Morey bomb for his 
experiments. This bomb are able to use up to 
300°C by water vapor of inside volume. . The 
third one was by Tuttle in 1949 5 ) . 

He used so called test tube type for 
experiments. We can use two factors 
indendently, namely pressure and temperature 
up to the max. 2 bars and 900°C or 4 bars and 
700°C respectively in a short time. 

In 20th centuries, there are many famous 
scholars, especially Morey4),0sborn6),Tuttlep) 
Roy6) , etc. at Geophysical Laboralosy.and the 
Pennsylvania State University for sf.udy on 
phase equilibrium and synthesis of n'nnerals. 
A stydy on single crystal growth was done by 
Walker?), Laudise8), etc. at Bell Laboratories. 
More recenty Stamburgh 9) of Battlle Memo­
rial Institute was developed to study on 
hydrothermal experiments for application to 
mineral technology. 

In Europe,Nackd 0) reported for synthesis 
of quartz at stand point of industrial 
production. RabenaJ 1 ) published his 
results,especially hydrothermal synthesis in 
acidic solution and Frank12) studied on 
solutions at high temperature under high 
pressure. 

In the U.S.S.R. and Russia many works for 
single crystal growth ware done by Lobachev13) 
Demianetz,etc. since 1942. 

In Japan, Katsurai 15) made a report as early 
as 1926 for extraction of alumina from 
aluminous clay and Nagai16)reported in 1931 
to study on hydration of cement. Vapor-phase 
hydrolysis of esters in 1935 was reportd by 
Yamazaki 17) . 
There were the starting points of hydrothermal 
works in Japan in early times. 

After the world war 11, Kunitomi,Ohara and 
Takeda were studied hydrothermal synthesis 
of quartz 1 ~) 

And then they made synthetic quartz as 
commercial products. 

At present Japan produces a large quantity of 
synthetic quartz in the world. This is reported 
by Asahara et al19). The other way in Japan 
after the war, Kiyoura reported decomposition 
of serpentine 20) . 



These were starting points to study 
hydrothermal experiments in Japan before and 
after the war. 
In korea and China, several paperers appeared 

in the international conferences and domestic 
meetings in recently. 

Hydrothermal Synthesis 

What is the hydrothermal synthesis? 
Roy's definition was mentioned above 
already. Characteristics of hydrothermal 
synthesis are shown in Table 2. 

Application of Hydrothermal Reactions in 
Ceramics 

There are many fields for application of 
hydrothermal reactions which are shown in 
Table 3. 

Advantages and Disadvantages of Hydrother­
mal Reactions 

There are several points of advantages and 
disadvantages. As I mentioned before at the 
previous section, items in · Table 2 are 
advantages. Addition of these items, I would 
like to add the followings. 
1) able to make a high quality and a high 
purity 

material 
2) able to control purity of the material 
3) able to make a good dispersion of the 

second phase 
4) able to make a control of crystal shape 
5) able to make a control of particle and grain 

size 
6) able to minimanize the polution problems 
7) able to operate low temperature 
8) able to make saving energy 
9) able to make a small size to a large 

size of single crystal 

Disadvantages of hydrothermal processing 
are the followings : 

1) We need a equipment so called an 
autoclave for high temperature and high 
pressure condition. 

2) We are not able to watch inside of 
autoclave in ordinary case. 

3) We did not know rate of growth. 
We can estimate the growth rate by 
experimentally. · 

4) We do not know chemical factors such 
as solubility and surface chemistry of 

solid at hydrothermal conditions. 
5) We do not know aging properties of 

hydroxide. 

Pressure and Temperature Ranges of Hydro­
thermal Processing 

Fig.2 shows ranges of pressure and 
temperature.Hydrothermal reactions need high 
temperature and high pressure. Temperature is 
up to 1800"C. 
Pressure is up tp 15,000 atm. 

Apparatus for Hydrothermal Eguipments 

Apparatus are one of the important subjects in 
hydrothermal experiments. 
These apparatus are described by Ballman and 
Laudise 21 a) , Laudise and Nielson21 b) , 

Givargizov et al1 4) LaudiseB) Rabenau11 abc} 

Somiya22l Eitef!3)', etc.as a r~view paper. ' 
Yoshimura, Kubodera, Noma and Somiya24) 

reported a new type of autoclave, so called 
mechanochemical reaction bomb which is 
shown in Fig,3. This apparatus includes steel 
balls inside of the autoclave. 
The balls are effective on grain down sizing, 
mechanochemical reactions, etc. The second 
new type autoclave was shown in Fig.425) 

which is included a electrochemical cell inside 
of the bomb. 

The third type is developed by Kumar and 
Roy26 a1(Fig.5) This is the entirely different 
from ordinary bomb. A high pressure and a 
high temperature zone appeared at spark 
zone in a short time. 

Ordinary case for experiments, we use 
Morey type autoclave(Fig.6) and Tuttle 
type autoclave (Fig.7). P-T limits for 
stellite test tube is shown in Fig.82~) 
As for the large volume of autoclave, for 
industrial scale,Tokyo Communication Co, 
Ltd. has used the big autoclave of 1005 
litter

1
8m X 400 ~mm. It is shown in Fig.919l 

Alloys for metals is shown in Table 4-121 ) 
and Table 4-223) . Materials of bombs are 
very important against high temperature, 
high pressure and corrosion by chemical 
attack. 

Companies which Produce the Autoclaves 

There are famous companies to produce 
autoclave for hydrothermal reactions. 
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According to R.Roy 1 ) there are 3 famous co­
mpanies, namely. 

1. Tem-Pres 
1150 Blanchard Street 
Bellofonte,PA 16823, U.S.A. 
Tel : 814-355-7903 
Fax : 814-355-4089 

They are the best source for test tube bombs 
and gas intensifiers for specialized gases, A, 
H2, 02, NH3. etc. 

2. Autoclave Engineers 
2930 West 22nd Street 
Erie,PA 16512,U.S.A. 

Tel:814-838-5700 
Fax: 814-833-0145 

They are a moderate size company. They 
make a complete line of lab-scale valves, 
tubing, collars, all fittings for connections, 
etc.Also they make very large autoclaves(1m 
X 3m) for chemical processes. 

3. Parr 
211 Fifty-Third Street 
Moline,II 61265,U.S.A. 
Tel: 309-762-7716 
Fax : 309-762-9453 

They make simple 1 low-pressure, low­
temperature(300,1000bars)type of autoclaves, 
50 ml-1 liter for low- temperature reactions 
Fig.10. 

Starting Materials 

Starting materials are very important for 
hydrothermal experiments. Requirements for 
the starting materials are 1) accurate composi­
tion)) as homogenous as possible, 3) as pure as 
possible of purity, 4} as fine as possible, etc. 

There are 6 types of starting materials which 
are commonly used in experimemnts : (a) 
glasses, (b) gels, (c) dry mixtures of oxides, 
(d) chemical salts such as nitrates,sulphates 
hydroxids,and carbonate without water, (e) 
natural minerals and/or natural rocks, (f) pure 
metal powder . .and so on. 

Concerning powder production, Iwatani's 
process is shown in Fig.1126 b! It does not 
use the autoclave. It is the same of RESA 
process26a) . But at the spark point in the 
water or solutions, it is a place of high 
temperature and pressure. 

Heating Methods and A Batch or A Continuous 
System 

As for hydrothermal process,there are two. 
One is internal and the other is external heating 
system. Other way, one is a Batch system and 
the other is a continuous way9a,b). 
External systems are very common around in 
the world. Internal heating s~stem is able to 
pressurize up to 10kb or 1.5kb ?) • 

1 They were described by Ballman and Laudis~ ~) 
Laudise and Nielse~ 1 15~ Holloway27 ~ Edgif8l, 
S6miya24 ) . 

Characteristics of Hydrothermal Processin/a,b) 

Hydrothermal processing has advantages and 
disadvantages. Characteristics of hydrothermal 
powders and processing are as follows : 

(1) High quality powderds 
(2) High purity powders 
(3) Reaction rate of powders is high 
(21-) Dispersion in liquid is good 
(5) Shape of powders are able to control 
(6) Poluttion for process is the minimum 
(7) Process is low temperature operation 
(8) Process is energy saving 
(9) Volume of equipment is not a big 
(10) Able to make a new product 

Application of Hydrothermal Products 9a,b) 

There are many application by hydrothermal 
products, namely. 

1) High purity materials : Zr02, Hf02 , 
Al203 , Ce02 , Cr203 , Fe304 , ZnO , etc. 

2) Abrasive powders : Fe203 , Al203 , Zr02, 
Crz03 

3) Glaze: Zr02 
4) Cutting tools : Al203 , Al203-Zr02 , 

Al203-Hf02, Al203-Zr02-Hf02 
5) Magnetic materials : Fe304 , BaFel2019 
6) Pigments : Ti02, Fe203 
7) Catalysis : Ti02 containing materials , 

zeolite 
8) Electronics : Si02 , BaTi03 , ZnO , Zr02 
9) Building materials : CaSi03 

10) Gemstones : Si02, Zr02 
11) Spacer: Al203 
12) Sintered bodies : Iron oxides , Zr02 , 

Crz03 

Shape and Size of the Products 

Shape and size of hydrothermal products are 
1) Fine powders as single crystals or 

amorphous materials 



2) A large or a small size of single crystal 
3) Fiberous material 
4) Sintered body 
5) Thin film 
and so on. 

What is ideal powders ? 

There is no an ideal powder in the world. 
But there is a powder which is very close to 
the ideal powder. Concerning the ideal 
powder, we have to think the items. They are 
shown in Table 5. 

Fine Powder Products by Hydrothermal Rea­
ctions 

There are many reports concerning hydroth­
ermal synthesis of inorganic materials. 
It is shown in Fig.12. They are elements, 
hydroxides, single oxides, complex oxides, 
and many compounds. 

Industrial Products by Hydrothermal Reac­
tions 

As for industrial products, they are shown in 
Table 6. They are a bulk body and single 
crystals. 

Hydrothermal Powder Preparations 

Powder is very import for cermaics. 
Hydrothermal powder is one of the powders 
which is very close to the ideal powder. What 
is the ideal powder ? The items are shown in 
Table 7. 

Real Hydrothermal Powder 

Real hydrothermal powder has many 
characteristic points. They are close to the 
ideal powder. Real powders are 
1) less aggromaration, 2) fine less than 1 JL m, 
3) chemical compositions are pure as possible, 
4) sphere as possible, 5) homogeneous as 
possible, 6) narrow particle size distribution, 
7) and so on. 

Hydrothermal powder is one of the excellent 
powders among the real powders. Schubert 
and Petzow show star diagrams which are 
produced varjous processes. These are shown 
in Fig.13. "l,o) 

Industrial Products of Powders in Japan 

There are several companies to produce in 
Japan the hydrothermal powders as follows : 

Chichibu Cement Co.,Ltd. Zr02 6-5 ton/M 
Sakai Chemical Industries 
Co.,Ltd. 
Showa Denko Co.,Ltd. 
Ube Industries Co.,Ltd. 
Co-op Chemical Co.,Ltd. 
Kumimine Industries 
Co.,Ltd. 

perovskites 1 Oton/ 
M~17ton/M 

Al203 lton/M 
Ba Ferrite 3~5ton/M 
Smectite 50ton/Y 
Sponite 

Res. Union for Kaolinite Kaolinite 
Iwatani Chem. Inds Co.,Ltd. Al203 , MgO , Spine! , 

Al203, Zr02 

31) 
The product by Chichibu Cement Co.,Ltd. 

are shown in Fig.14. Properties of products 
are also shown in Table 8. Schematic 
processing is shown in Fig. 15. 

Powders by Sakai Chemical Industries 
Co.,Ltd. 32) Showa Denko K.K. 33) , Ube 
Industrie 34) ,Iwatani Chemical Industries 
Co.,Ltdi!6b), and Co-op Chemical Co.,Ltd.35) , 
are shown in Fig.16,17,18 and 19,and Table 9. 

Hydrothermal Reaction Sintering and Hydro­
thermal Oxidation 

Metal powders _ ; are oxidized by 
high temperature and high pressure water. 
Then metal is changed to oxide powder. 
More high temperature, oxide powder is going 
to sinter. 

Schematic illustration is shoWl\in Fig.20 and 
21 for Zr02. 
In the case of Zr02, between 400°C and 800, 
at about 100bars, monoclinic Zr02 powders 
appeared and at lOObars and 1000°C, they 
became a sintered body. 

Characteristics of hydrothermal reaction 
sintering are shown in Table 10. 

Process of hydrothermal reaction sintering is 
shown in Table 11. And it is divided 4 
groups. It is shown in Table 12. Examples 
of the hydrothermal reaction sintering are 
shown in Table 13. 

High Oxygen Pressure Experiments 

Sl>miya37) was reported high oxygen pressure 
experiments for study on phase relations 
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between Cr02 and Cr203. White 
38

)was 
described one chapter for high oxygen 
pressure experiments. One of disadvantages 
is burning of oganic materials in oxygen gas. 
Cleaning of equipment is one of important 
things. In the first place, the equipment is 
washed by acetone and in the second place, it 
is washed by destiled water. 
A summery reported by White 38) 

Summery 

This paper is a overview and a review paper 
for hydrothermal reactions in inorganic 
system. 
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Table 1 History of Hydrothermal Experiments after Rabenau Z) 

Year Name Arrangement Comments 

1845 Schafhautl Papin's degestor quartz microcrystals 
1948 Bunsen thick-walled carbonates; forerunner 

glass tubes of the visual autoclav-
ing 

1851 de Senarmont glass ampoules mineral carbonates, 
in autoclave sulfates, sulfides ,fl uo-

rides; founder of hy-
drothermal synthesis 
in geological sciences 

1873 von Chrustschoff noble metal protection against cor-
lining rosive solvents 

1914 Morey Morey-type "closed"system;stand-
autoclave ard 

1923 Smith,Adams internally heated very high pressures and 
autoclave temperatures : 

~ 10kbar, ~ 1400°C 
1943 Nacken Foundation for introduction of hydro-

the industrial thermal synthesis into 
quartz growth solid state physics 

1949 Tuttle "cold seal" external pressure regu-
or test tube lation and measure 

arrangement ment. More extensive 
working range than 
Morey.Standard 

1973 Cam2oni modified belt extremely 
apparatus high pressres 

and temperatures: 
~ 10kbar,1500aC 

Table 2 Chararistics of Hydrothermal Synthesis 

1) able to synthesis low temperature form 
2) able to make metastale form 
3) able to make a composite like organics and inorganic mixture 
4) able to make a material which has a very high vapor 
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Table 3 Application of Hydrothermal Reactions in Ceramics 

1) Study on phase equilibrium 
2) Preparation of ultrafine single crystalls 
3) Preparatin of ultrafine amorphous materials 
4) Single crystal growth 
5) Hydrothermal reaction sintering 
6) Hydrothermal sintering 
7) Hydrothermal crystallization 
8) Disolving-corrosion 
9) Etching 
10) Preparation of composites ... .Inorganic+ Organic 
11) Testing under hydrothermal condition 
12) Making thin films 
13) Radio-active waste management 
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Fig.5 
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Fig. 3 Experimental apparatus with steel balls. 

Schematic of microprocessor-controlled RESA apparatus for fine-powder 
preparation. 

26a) 
A. Kurnar and R. Roy 
J.Am. Ceram. Soc 72 (1989) 354-356 
and J. Mat.Rcs 3[6] (1988) 1373-1377 
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Fig. 4 Schematic illustration of the electrochemical cell and circuit 
arrangments for anodic oxidation of Zr metal plate under 
hydrothermal conditions.'i.: j 
(a) Counter electrode (Pt plate) ; Cathode, (b) Thermocouple, 
(c) Stirrer, (d) Reference electrode (Pt plate), (e) Working 
electrode (Zr plate); Anode. 
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P-T limits for stellite vessel,Catalog Information,Tempress Inc.,State 
College,Pennsylvania. "·" "··: 

Modified Gray-Loc sealing 

Comparison for self-and pressure-energized sealing systems applied to 
large autoclaves.(Modified Bridgman seal and Gray-Loc seal) 

• Cl·, 
(After Asahara,et al) ' · ·· 



Table 4-1 Alloys for Autoclave(1)21 > 

c 

Low carbon steel 0.15 

4140 Steel 0.4 

Stainless Steel 301 0.00 

19-9-DL 0.3 

I Mn 

0.5 

0.9 

0.06 

I 
I Si 
I 

I 0.2 

0.6 

Cr 

I 

I 15 
i 

1.1 I 0.6 ! 19 

Ni 

9 

9 

I Co I 

l
. I 1 I 

Croloy 15-5-N 0.10 1.5 i 0.5 1 15 i 15 j 
Timken 17-22-A 0.30 1 0.59 / 0.66 i _ 1.25 I 0.25 ! I 
Inconel X 0.05 I 0.5 ; 0.4 ! 14.5 I Bal j 1.0 j 
Udimet 500 0.08 0.2 ~ 0.~ i 20 Bal i 15 1 

Mo 

0.2 

1.2 

1.5 

0.51 

3.5 

w 

I 
I 

I
. 1.2 

1.5 

i 1 ~-16 j 

1 Nb! Ti I AI I 

O.tl 

1.0 

I 
I 

0.3, 

I 

I 
0.22 

I 2.5 0.8 

3 3 

J 

I 
r 

NO.l2 I 
Cu 0.14 

Fe ? 

S telli te 2S / li i 19-21 9-11 I' : ., , . 
Rene 25 , 1 19 Dal 11 I 10 I I 
TZM l j I I 1 1 Bal j 0.5 j Zr~-~-

Table 4-2 Nominal Chemical Composition of Pressure Vessel Materials (2)29b) 

Major Elements- Percent 

Material Fe NI Cr Mo Mn Other 

T316 Stainless Steel 65 12 17 2.5 2.0 Si 1.0 

Alloy 20GB 35 34 20 2.5 2.0 Cu 3.5, Cb 1.0 max 

Alloy 400 1.2 66 Cu 31.5 

Alloy 600 8 76 15.5 

Alloy B-2 2 66 1 28 1 Co 1.0 

AlloyC-276 6.5 53 15.5 16 1 w 4.0, Co2.5 

Nickel200 99 

Titanium Grade 4 . Commercially pure titanium Ti 99 min 

Zirconium Grade 705 Z1 95.5 min, HI 4.5 max, Co 2.5 

---00 



Head Assembly for 1000 m/ Bomb 
1000 m/ Bomb Assembly 

with Magnetic Drive 

Fig. 11 

Fig. 10 Parr bomb 

3 

6 

'· ':) ., - ' . ,' 

7 

0_0 ___ 0 4 

0 0 05° 0 0 0 0 0 0 
0 0 00 0 oOoo0o 

'"") f:; \: 
Schematic Illustration of Iwatani process- · 
1. Reaction vessel 
2. Water 
3. Spark generator 
4.Electrodes 
5. Metal Pellots 
6. Metal and water supply 
7. Discharge of powder and gas 
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I Ba-Ferrites] 

Sr-Ferrite 

Fig. 12 

NiFe20 4 

ZmFe20 4 

NixZm 1_xFe 20 4 

CoFe20 4 

M n0_5Zn 0 _5Fe20 4 

I Ba~p19 
CaSK) 

3 

I BaTr03 

BaZr03 

La004 

(La·&j 003 

KJ\I!F3 

M=Co, MnrFe 

AIP04 

NdPs014 

NdP04 

SrFz-laF3 

YAG 

Niobates 

Tanta!ates 

Vanadetes, 

Titan ate 

Fine powders Synthesized Under Hydrothermal Condition. 
c:::==J: We have studied in my lob. 

SbA Sb 

CdS As 

FeS Bi 

MnS AJ.J 

ZnS Pb 

Hg 

Ni 

Co 

Cu 

Pt 

Ag 

Sm 

Ga 



. 1 30) F1g. 3a 

particle shape 

\' crystaUite size 

p~r~~e)SIZf~ ~~\"·' 
I 

eq \ 
1(X' I 

I ~ / \ 
cnetnical ~ 

hLmogene•ty 
l% l 1 

•oo-~ - o ___-" '<\ 
/7° w I ,~m 

green dens,ty ,. '\ 

1%1 lirJ \ 
\10 pore S1ze 

I nm l 
15 p-essrg shrirV<Ige 1 % 1 

m 

crystoM1te Slit! 

distribution 

m pore siu 
disfritx.rtion 

Star diagram of different powder properties. Alkoxide 
powders are chemically homogeneous and have very fine 
crystallites but their technical handleability is difficult. 
After Schubert and Petzow. 30) 

partiCle shape 
r 

partJ(le SW! 

I ~m I 

crystoU,te srze 
I nm 1 

10 

m 

crystaH1te stze 
distribution 

chem<al 
homogenerty 

I o/, I 
100 

30) 
Fig. 13b 

green density 70 
1%1 

50 

\I 
~\ 

15 pressinJ shrirklge 1 % 1 

pore s1ze 
I nm 1 

m pore SIZe 
drst:-itx.:hon 

Star diagram of different powder properties. Oxide mixtures are 
chemically completely inhomogeneous but they can be handled easily. 
After Schubert and Petzow. 30) 
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Table 8. Hydrothermal Zr02 Powders by Chichibu Cement Co.,Ltd. 

!Jij: tt/Typical Characteristics 
Powder 

Chemical composition ZrOz (wt%) 

Yz03 
Alz03 
SiOz 
Fez03 
NazO 
Cl-
Ignition loss 

Crystallite size (nm) 

Average particle size *1) (,u m) 

Specific surface area *2) (mz/g) 

Sintered specimens 

Bulk density (g/cm3) 

Bending strength *3) (MPa) 

Fracture toughness*4) (MPam 112
) 

Vicker's hardness (GPa) 

Thermal expansion 20-1ooo·c (X1o-- 6 /"C) 

* 1 )Photo Sedimentation Method 
*2)B.ET Method(N,) 
*3)3-Point Bending Method 
*4)MI.Method 

ZY30 
.. 

ZY80 
94.7 86.0 

5.2 13.9 
0.010 0.010 
0.010 0.010 

0.005 0.005 
0.001 0.001 

<0.010 <0.010 
1.5 1.5 

22 22 
0.5 0.5 

20 28 

1400'CX2hs 1500°CX2hs 

6.02 5.85 

1000 300 

6.0 2.5 

12.5 11.0 

11.0 9.0 

ZP2o··· ·· . 

>99.9 
-
0.005 
0.005 

0.005 

0.001 
<0.01 

8.0 

20 

1.5 

95 

Fig. 14 Industrial Products of Hydrothermal Zr02 Powders by Chichibu Cement 
Co.,Ltd. Japan. 



Fig.15 
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Hydrothermal process schematic flow 

,f,iJ~/!lYlb 
crystalline sol 

Hydrothermal Zr02, Process by Chichibu Cement Co.Ltd. 



8 T- 0 1 (No. 8 0 0 2 0 I 2 

I . Compound BaTi03 

2. TEM micrograph (X 2 0, 0 0 0) 

3. Physical properties 

Ave. particle size (,um) 0. 1 1 TEM micrograph 

Sp. surface area ( m 2 /g ) l l. 6 BET method 

Bulk (ml/lOOg) l 2 5 JIS K510!·18 

Ho i sture C11tX) 0. 3 at !05"C 

Ignition loss (vt%) l. 3 at !200"(; 
·-------· ·------

Fig.16 Hydrothermal BaTi03 by Sakai Chem. Ind. Co.Ltd. 

4.Purity 

ija/Ti (atomic ratio) 0. 9 9 9 

SrO (vt%) 0. 0 1 

CaO (Ill%) 0. 0 0 1 

NazO (lltr) O.OOlt 

s i 0 z (lltX) o. 0 1 ~ 

A l z 0 3 (vt%) 0. 0 1 .j. 

Fez03 (lit%) o. 0 0 2 
--~-------· ----~------ ~-----~ 

5. Sintering properties 

Holding (20</>) 

Pressure (kg/Cll') 1000 

Green Density (g/d) 3. 35 

Sintering Properties I 

Firing Condition 1200"CX.2h 
I 

Density (g/d) 5. 65 

L_~h~~k~&E: ______ (%) 1 6. 5 
"-------------------------~ 

6. Dielectric properties ( 1 2 0 0 ·ex 2 h r s) 

K20"C 4050 

TanD 2 O"C (%) 1 . 3 

Curie Point ("C) 1 2 5 

Res isli vi ty ( Q • cm) 3.5XI0 11 I 
-~------------------------·······---~-------

I 
I 

...... ...... 
~ 



Fig.17 

Table 9 
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Alfit, a-Al20 3 Single Crystals Produced by Showa Denko K.K. 

Characteristics of Ba-ferrite fine particles 
Ube Industries Ltd. 

• Particle properties 

Particle diameter (;im) 

Aspect ratio 

Density (g/ml) 
Specific surface area (m'/g) 

• Magnetic properties 

Coercivity (Oe) 

Saturation magnetization (emu/g) 

0.05"-0.1 

3"--10 

5.25 

20--.....60 

200'"'-'1500 

>55 

Particle diameter and coercivity can be controlled arbitrarily. 
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Fig.18 Hydrothermal Ba-ferrite produced by Ube Industries Ltd. 

Fig.l9 a-Al20 3 Power by Iwatani Chem. Ind.Co.Ltd. 



Redistilled 
water 

Metal or 
Alloy 

Pt capsule 

Pure and dense sintered oxide 
Relatively low temperature 

Hydrothermal 
condition 

' 
Sintered 
Metal Oxide 
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without additives. Homogeneous and Isotropic 
Unstable oxides at high temperatures by transformation, decomposition and/or 
vaporization 

Example: m-Zr02 , Cr20 3 , LaCr03 , Hf02 , etc. 

Fig.21 

200 

l 

. ... 
Zr 

Fig. 20 Hydrothermal Reaction Sintering 

300 

Zr 
+ 

m-Zr02 
+ 

ZrH2 

Temperature {0 C) 

400 500 800 1000 

TRACE 

H2 

Schematic illustration of the processes in the hydrothermal 
reaction sintering of monoclinic Zr02 under 1000kg/cm2 in Pt 
capsule. 



Product$ 

Wust.it.e 
"!'eO" 

H.a.qnetite 
• !'e 30 4 

. 

Chromia 
·cr 2o 3• 

Monoclinic 
Zirconia 

Kon.-7.r0 2 

Konocl1.nic 
Hafnia 

HOI\. -H!02 

t.aCrv
3 

Table 13 Examples of Hydrothermal Reaction Sintering 

Press. St.artin9 Te.,p. • Press. Solution Temp. Press. Time 1\v~ra'l~ Relative 
foe Forraation of Oxide Cr., in Si t.e Den si t.y 

Slut. Sinltred 
H•t. llody 

Hp a •c HP a ·c MP a h m "' (\I 

49-4 90 6SO 99 Pure: water 900 24 

- 196 2SO 99 10 m NaOH S50 98 
KOH 
NH 4Cl 

-98 soo 98 Pure water 1000 99 3 so I 0! J :> 99.2 
850 98 3 so ?99 

-693 Yur~ water 1000 lOO 3 20 .. 40 :>90 
0.01 m HCl 
0.01 m HN0

3 
1000 lOO 3 20-40 2- ) -... 9S 
1100 100 3 20 .. 40 2- 3 -95 
1400 lOO 3 20 -•o JO- 40 -95 

98- 696 3CJO 98 Puce \.l.ltcr 1000 - 98 J 1 - .!.0 0. 1- ·' > 9S 

Pure \later 900 ioo O.l;t0.02 
.av_t-rdqt;> 
)) Ml 9] 

(mm I ·•vcr•qe 
1000 lOO b9 nm 94 

0.2 0.5 
1200 lOO .l~t·•··h~ t 10 NU 

O.S-1.0 94 

700 lOO Pur~ \.later IO(l:l-1400 lOO 

Start.·i.ng Temp. 
of Sinte.rinq 

··c 

700 

900 

..... ..... 
N 
00 



crystallite srze 
I nm I 

j10 

tO pore s1ze 
~ . I nm I 

pressrrq shnnJcge 1 % 1 

crysfnft1te size 
m d1stnbuhon 

m pore sJze 
dlsfrrbution 

• 30) 
Ftg. 13c Star diagram of different powder properties for 

eo-precipitated (solid line) and hydrothermal 
crystallized powder (broken line) are characterized 
by a well-balanced set of properties, but none of the 
properties is ideal. They are the fovorable 
compromise at present. After Schubert and Petzow. 

30) 

Table 5 Ideal Powder 

1) Fine Powder Less Than 1 11 m 
2) Soft or No Agglomeration 
3) Narrow Partiele Size Distribution 
4) Morphology, Sphere is Better 
5) Chemical Composition Controllable 
6) Microstructure Controllable 
7) Uniformity 
8) Free Flowing 
9) Less Defects, Dense Particle 
10) Less Stress 
11) Reactivity, Sinterability 
12) Crystallinity 
13) Reproducibility 
14) Process Control 
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Table 6 Industrial Products by Hydrothermal Reactions in Japan 

1) Large Size 
Autoclaved light weight concrete 

2) Small Size 
Single crystals 

(a) Quartz 
(b) Zeolite 
(c) Gemstone 
(d) Powders 

(1) Al203 
(2) Zr02 
(3) Perovskite 
(4) Ba-Ferrite 
(5) Al203-Ti02 
( 6) Kaolinite 
(7) Smectite 

Table 7 What is Ideal Powders ? 

The items are as follows : 
1) No aggtomaration 
2) Fine Powder 
3) Controllable chemical composition 
4) Sphere as possible 
5) Homogeneous as possible 
6) Narrow particle size distribution 
7) High crystallinity 
8) Good sintability 
9) Good forming property 
10) Reproducible 
11) Less defects 
12) No stress 



Table 10 Characteristics of Hydrothermal Reaction Sintering 

1) It is lower temperature sintering. 
2) It is able to sinter the material which has transition, 

decomposition.and high vapor pressure. 
3) It is a very fine grain body. 
4) It is able to get a high density sintered body. 
5) It is a uniform sintered body for microstructure. 
6) It is energy saving process. 

Table 11 Hydrothermal Reaction Sintering 

1) Cracks appear 
2) Oxde Thin Film Formation 
3) Hydride Formation 
4) Hydroxide Formation 
5) Oxide Particle Formation by 
Decomposition from Hydride, Hydroxide 
6) Hydrogen 
7) Hot Isostatic Process 

Table 12 Reaction Process of Hydrothermal Oxidation Examined 

1) Direct Oxidation 
2) Via Hydroxide 
3) Via Hydride 
4) Hydrid(Mixed) 

Fe304,Cr203,ZnO,Si02,etc. 
Al203,Hf02,Ti02,Nb205,etc. 
Zr02,Hf02,Ti02,Nb205,etc. 
Zr02-Al203,Hf02-Al203,etc 

1131 
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