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Definitions cenzele

Ceramics : Keramos in Greek for potter’s clay or ware made from clay and fired.

Ceramics Ceramics Ceramics
(Old concept)  (Current, wide concept) {Current, narrow concept)

. . . . . . . . Pottery - all inorganic nonmetallic - polycrystalline nonmetallic
Chemically, with the exception of carbon, ceramics are nonmetallic, inorganic ; materials materials that acquire their
(single crystal + mechanical strength through
polycrystalline materials  a firing or sintering process.
+ amorphous materials)

i
a +
o=

compounds. Such as;
* Silicates - Kaolinite [Al,Si,Os(OH),],

* Simple oxides - Alumina (Al,O,), .
e Complex oxides - YBa,Cu;0, (0<x<1). |
* Non-oxides - Silicon carbide (SiC), Silicon nitride (Si;N,), Dot fabricate Easy to fabricate

Expensive Economic

Structurally, all materials are either crystalline or amorphous (also referred to as glassy).
The difficulty and expense of growing single crystals means that, normally, crystalline
ceramics are actually polycrystalline—they are made up of a large number of small
crystals, or grains, separated from one another by grain boundaries.

In ceramics, we are concerned with two types of structure, both of which have a profound
effect on properties.

1) At the atomic scale: the type of bonding and the crystal structure (for a crystalline
ceramic) or the amorphous structure (if it is glassy).

2) At a larger scale: the microstructure, which refers to the nature, quantity, and

distribution of the structural elements or phases in the ceramic (e.g., crystals, glass, and STEPS AT INTERFACES IN SFTiO,
po FOSitY) . Refs: Ceramic Processing and Sintering, (2009)

. . S.D. Hutagalung, Introduction to Electroceramics (2013).
Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 https://program.eventact.com/viewabstract ?Abst=122449& Code=2029348 2
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Historical Development of Ceramics GEBZE

i)

o

Outline of Prehistory of Ceramics & Main Lines of
Technological Development

~ 22,000 B.C. Earliest known fired clay figures

~ 8.000 B.C. Fired earthenware vessels in Near East

~ 6.000 B.C. Slip coatings and clays prepared by decanting
suspensions. decoration. control of oxidation, reduction during
firing. joining paddle and anvil shaping, carving, and trimming
~ 4,000 B.C. Egyptian faience

4.000-3,500 B.C Wheel throwing, earthenware molds, craft shops
~ 1600 B.C. Vapor glazing, prefritted glazes. lead glazes

~ 1500 B C. Glass making, alkaline glazes in Egypt.

~ 1000 B.C. Glazed stoneware in China

~900B.C. Tinglaze in Baghdad

~700B.C. Greek black and red wares

~ 800 A.D. Crude porcelain in China during the T'ang dynasty
~ 1100 A.D. Porcelain production in Korea

~ 1600 A.D. Porcelain production in Japan

~ 1700 A.D. Porcelain production in Europe

~ 1950s Advanced Ceramics

Terracotta Warriors
Tomb of Emperor Qin Shi Huang in China from 208 BC

Refs: Fundamentals of Ceramic Powder Processing and Synthesis (1996). _ _
Billy Hustace/The Image Bank/Getty Images Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 3
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Classification of Ceramics GEBZENN_

» The subject of ceramics covers a wide range of materials, but can generally be divided into two parts:
Traditional & Advanced (technical, special, fine, and engineering) Ceramics.

Traditional ceramics bear a close relationship to those materials that have been developed since the earliest civilizations.
They are pottery, structural clay products, and clay-based refractories, with which we may also group cements and concretes
and glasses. Whereas traditional ceramics still represent a major part of the ceramics industry, the interest in recent years
has focused on advanced ceramics, ceramics that with minor exceptions have been developed within the last 50 years or so.

Advanced ceramics include ceramics for electrical, magnetic, electronic, and optical applications (sometimes referred to as
functional ceramics) and ceramics for structural applications at ambient as well as at elevated temperatures (structural

ceramics). Brass: 700-800°C
Iron: 1000-1300°C

» The main differences between the two classes are CEETe Silaiah e Fine S
the purity and particle size of the powders that are & o0 s % i’!m
used in their fabrication, and the applications and s =TT ’ s 8-
the added value of the resultant products. = '~
Our webinar mainly deals with synthesis of ceramic X
. . . fired at 800- 1200- 1200- 1300-
powders that are used in the fabrication of ~1100°C 1400°C 1400°C 1800°C
. purity  low moderate Relatively high very high
advanced ceramic parts. Firing temperature, Purity, and Compositional exactness

from pottery to electronic components

Text Ref: Ceramic Processing and Sintering (2009) _ '
Figure Ref: S.D. Hutagalung, Introduction to Electroceramics (2013). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 4




Applications of Advanced Ceramics by Function
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Function Ceramic

Application

Insulation materials
(Al,O3, BeO, MgO)

Electric

Ferroelectric materials

‘l.OmmSmm (BaTiC]g, SI‘T]O3}
‘/* Piezoelectric materials
0.6mn(:6xog.3mm .‘\ 0402 (PZT]
0.4mm X 0.2mm

Semiconductor materials
(BaTiOs, SiC, ZnO-
Bi1,0;, V-0s5 and other
transition metal oxides)

Fig. 6.40 Cross-sectional view of a capacitor incorporating 1 pm
dielectric layers. Cross-sectional view of a 1608 (1.6 mm x 0.8 mm)
B characteristic (Note 6.21) 10 uF chip capacitor. Electrodes and

Ion-conducting materials
dielectric layers are layered in an orderly manner and cannot be
identified by the naked eye. As seen in the SEM picture at the bor- (B - A1003 ZIOZ}
tom, about five small ceramic grains, sized 100-200 nm, are formed = *

between the electrodes

Text Ref: Ceramic Processing and Sintering, (2009)
Figures Ref: Advanced Ceramic Technologies and Products (2012)

Integrated circuit substrate, package,
wiring substrate, resistor substrate,
electronics interconnection substrate

Ceramic capacitor

Vibrator, oscillator, filter, etc.

Transducer, ultrasonic humidifier,
piezolelectric spark generator, etc.

NTC thermistor: temperature sensor,
temperature compensation, etc.

PTC thermistor: heater element, switch,
temperature compensation, etc.

CTR thermistor: heat sensor element

Thick-film sensor: infrared sensor

Varistor: noise elimination, surge
current absorber, lightning arrestor,
etc.

Sintered CdS material: solar cell

SiC heater: electric furnace heater,
miniature heater, etc.

Solid electrolyte for sodium battery

ZrO; ceramics: oxygen sensor, pH
meter, fuel cells

Fig. 7.1 Image of a multilayer ceramic circuit substrate
(Bar=50 mm). Slurry, a mixture of ceramic powder, organic binder
and solvent, is tape-cast to create a green sheet, on which via holes
and wiring patterns are screen-printed to create a thick film conduc-
tor. Following this, thermal compression stacked layers are sintered
at high temperature to produce the substrate

Fig. 14.5 ZnO varistors for power system. Disk-shaped nonlinear
resistance ceramics, @ 30-100 mm, are applied with an insulating
coating on the circumference and have electrodes formed on both
faces. They are used in arrestors of various voltage classes

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 5
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Function Ceramic Application 10,000
Vertical
Magnetic Soft ferrite Magnetic recording head, temperature 1,000 ‘g%‘.‘%
) TMR head
sensor, efc. s
Hard ferrite Ferrite magnet, fractional horse power 100 il
motors, elc. _— JS4380 ;g.
- - . . L)
Optical Translucent alumina High-pressure sodium vapor lamp i 334837°’i%‘¥1” oPossr B
Translucent Mg-Al spinel, Lighting tube, special-purpose lamp, P [ Hinkaie
mullite, etc. infrared transmission window ”
1 *
mﬂlﬂnals - Static pressure lift-up head 130 1331r;ant 4240
Translucent Y-05-ThO-, Laser materials P E']BAMAC
ceramics 1950 1960 1970 1980 1990 2000 2010
PLZT ceramics Light memory element, video display

Fig. 10.19 Advancement of HDD magnetic head technologies and evolution of surface recording density. The rela-

. u tionship between advancement of HDD magnetic head technologies and surface recording density (vertical axis)
El[ld s [Dragﬂ S}’ 5 [ﬁ m 5 llght m Ddll lﬂ. [1 on versus year is shown. The ALTIC material was first used in the 3370 type thin film magnetic head released in 1978 by

. . IBM [reference: IDEMA JAPAN, Exhibition Commemorating the 50th Anniversary of Magnetic Disk, June 2006
element, light shutter, light valve (approved by IDEMA JAPAN)]

Fig.7.22 Sapphire substrate for thin films

Text Ref: Ceramic Processing and Sintering, (2009) ) )
Figures Ref: Advanced Ceramic Technologies and Products (2012) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 Fig;9:26 (The world's finet feanite core, Mhe would s flist fenite 6

core was invented in 1930 by Dr. Y. Kato and Dr. T. Takei
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Function Ceramic Application
Chemical Gas sensor (Zn0O, Fe,0s, Gas leakage alarm, automatic ventilation
Sn0O») alarm; hydrocarbon, fluorocarbon
detectors, elc.
Humidity sensor Cooking control element in microwave
(MgCr,04-Ti0O5) oven, etc.
Catalyst carrier Catalyst carrier for emission control
(cordierite)
Organic catalysts Enzyme carrier, zeolites
Electrodes (titanates, Electrowinning aluminum,
sulfides, borides) photochemical processes, chlorine
production
Thermal Zr0,, TiO, Infrared radiator
Mechanical Cutting tools (Al,Os, TiC, Ceramic tool, sintered CBN; cermet
TiN, others) tool, artificial diamond; nitride tool
Wear-resistant materials Mechanical seal, ceramic liner, bearings,
(Al,O3, Zr0,) thread guide, pressure sensors
Heat-resistant materials Ceramic engine, turbine blade, heat
(SiC, Al,Os, Si3Ny, exchangers, welding burner nozzle,
others) high frequency combustion crucibles)
Biological Alumina ceramics Artificial tooth root, bone and joint.
implantation,
hydroxyapatite, bioglass
Nuclear UO,, UO,-Pu0O;, Nuclear fuels

C, SiC, B,C
SiC, Al,Os, C, B4,C

Text Ref: Ceramic Processing and Sintering, (2009)
Figures Ref: Advanced Ceramic Technologies and Products (2012)

Cladding materials
Shielding materials

Terminal

Resistor (| Insulator

Main metal part —

Center
electrode

Outer (ground) /

electrode

Cylinder head

Fig. 12.6 Structure of the spark plug. Spark plugs are affixed to
engine cylinder heads via the threads formed on the main metal part.
The spark gap on the tip is projected into the combustion chamber
and ignites the gas mixture

4
%8

BWR fuel pellet PWR fuel pellet
Diameter: approx. 9.6 mm Diameter: approx. 8mm
Height: approx. 10 mm Height: approx. 10 mm
Chamfered With dish and chamfer

Fig. 14.12 Uranium dioxide (UO,) pellet. Uranium oxide powder
is formed, sintered and ground to create cylindrical pellets. BWR
pellets are chamfered, while PWR pellets have a dish (dent) on the
face and are chamfered

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 7
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Synthesis of Powders GEBZEN

» The characteristics of the powder is very important on subsequent processing, such as consolidation into a green body
and firing to produce the desired microstructure.

» In practice, the choice of a powder preparation method will depend on the production cost and the capability of the
method for achieving a certain set of desired characteristics.

» For convenience, the powder synthesis methods can be divided into two categories: mechanical methods and chemical
methods.

» Powder synthesis by chemical methods is an area of ceramic processing that has received a high degree of interest and
has undergone considerable changes in the last 25 years. Further new developments in this area are expected in the future.
> Our talk mainly deals with synthesis of ceramic powders through chemical methods.

Figures Ref: www.vttresearch.com . .
% Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 8



Desirable Powder Characteristics GEBZENA_
Traditional ceramics

Generally, less specific property requirements than advanced ceramics.
They can be chemically inhomogeneous
They can have complex microstructures.

YV VYV

requirement. The starting materials for traditional ceramics therefore consist of
mixtures of powders with a chosen reactivity. :
» Fine particle size is desirable for good chemical reactivity. SEM microstructure of an alumina porcelain
> The powders must also be chosen to give a reasonably high packing density that serves "7/ ieramverbandde/brevierensl/3/a/1/3.4 Litm
to limit the shrinkage and distortion of the body during firing.
» Generally, low cost powder preparation methods are used for traditional ceramics.

Advanced ceramics

/7

% Must meet very specific property requirements.

/7

** Chemical composition and microstructure must be well controlled.

/7

%+ Careful attention must be paid to the quality of the starting powders.

/7

% The important powder characteristics are the size, size distribution, shape, state of |
agglomeration, chemical composition, and phase composition.

X/

** The structure and chemistry of the surface are also important. e dite BT t e ae s

Microstructure of MgO doped alumina bioceramic

https://www.ikts.fraunhofer.de/en/departments/structural_ceramics

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 9
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Desirable Powder Characteristics GEBZEN
> The size, size distribution, shape, and state of agglomeration have an
important influence on both the powder consolidation step and the
microstructure of the fired body.

» A particle size greater than ~1 um generally precludes the use of colloidal
consolidation methods because the settling time of the particles is fairly short.
» The most profound effect of the particle size, however, is on the sintering.
The rate at which the body densifies increases strongly with a decrease in
particle size. Normally, if other factors do not cause severe difficulties during
firing, a particle size of less than ~1 um allows the achievement of high density o

within a reasonable time (e.g., a few hours). FUELCELLPOWDER
» A powder with a wide distribution of particle sizes (sometimes referred to '
as a polydisperse powder) may lead to higher packing density in the green
body, this benefit is usually vastly outweighed by difficulties in microstructural
control during sintering. A common problem is that the large grains coarsen
rapidly at the expense of the smaller grains, making the attainment of high
density with controlled grain size impossible.

» Homogeneous packing of a narrow size distribution powder (i.e., a nearly
monodisperse powder) generally allows greater control of the microstructure.
» A spherical or equiaxial shape is beneficial for controlling the uniformity of
the packing.

High Vac

CERAMIC

https://www.nanoimages.com/sem-applications/energy/

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 10
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Desirable Powder Characteristics GeBZEN

» Agglomerates lead to heterogeneous packing in the green body which, in turn, leads to
differential sintering during the firing stage. Differential sintering occurs when different regions of
the body shrink at different rates. This can lead to serious problems such as the development of
large pores and crack-like voids in the fired body.

» Furthermore, the rate at which the body densifies is roughly similar to that for a coarse-grained
body with a particle size equivalent to that of the agglomerates. An agglomerated powder
therefore has serious limitations for the fabrication of ceramics when high density coupled with a
fine grained microstructure is desired.

»Agglomerates are classified into two types: soft Cracklike void produced by a ZrO, agglomerate shrinking
agglomerates in which the particles are held together by away from the surrounding Al,05/2r0, matrix during firing

weak van der Waals forces and hard agglomerates in which
the particles are chemically bonded together by strong ‘
bridges. ’ ‘

» The ideal situation is the avoidance of agglomeration in
the powder. However, in most cases this is not possible. In Agglomerate/ Aggregate/

Primary particles Soft agglomerate Hard agglomerate
such cases, we would then prefer to have soft agglomerates

rather than hard agglomerates. Soft agglomerates can be u |
broken down relatively easily by mechanical methods or by n /
dispersion in a liquid. Hard agglomerates cannot be easily “

broken down and must be avoided or removed.

Characteristics of pigments, modification, and their functionalities, https://doi.org/10.1002/col.22359
Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021

11

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy - TSD Webiner —7 Nisan 2021




Desirable Powder Characteristics ceazela

» Surface impurities may have a significant influence on
the dispersion of the powder in a liquid, but the most
serious effects of variations in chemical composition are
encountered in the firing stage.

» Impurities may lead to the formation of a small amount
of liquid phase at the sintering temperature, which causes
selected growth of large individual grains. In such a case,
the achievement of a fine uniform grain size would be
impossible.

» Thus, it is preferable to avoid surface impurities.

2
) s /o v by e

Large grained region of microstructural heterogeneity resulting from
an impurity in hot pressed Al,O,.

» Chemical reactions between incompletely reacted phases can also be a source of problems. We would therefore like to
have no chemical change in the powder during firing.

» For some materials, polymorphic transformation between different crystalline structures can also be a source of severe
difficulties for microstructure control. Common examples are ZrO,, for which cracking is a severe problem on cooling, and
v-Al,O;, where the transformation to the a-phase results in rapid grain growth and a severe retardation in the
densification rate. Thus, if possible, polymorphic transformations should be avoided.

12

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021
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Desirable Powder Characteristics for Advanced Ceramics GEBZEN.

Powder characteristic Desired property

Particle size Fine (< ~1 pm)

Particle size distribution Narrow or monodisperse

Particle shape Spherical or equiaxial

State of agglomeration No agglomeration or soft agglomerates
Chemical composition High purity

Phase composition Single phase

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 13
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Powder Synthesis Methods GEBZENN

» A variety of methods exist for the synthesis of ceramic powders. They can be divided into two categories:
mechanical methods and chemical methods.

» Mechanical methods are generally used to prepare powders of traditional ceramics from naturally occurring
raw materials. Powder preparation by mechanical methods is a fairly mature area of ceramic processing in
which the scope for new developments is rather small.

» However, in recent years, the preparation of fine powders of some advanced ceramics by mechanical
methods involving milling at high speeds, or mechanochemical processes have received a fair amount of
interest.

» Chemical methods are generally used to prepare powders of advanced ceramics from synthetic materials or
from naturally occurring raw materials that have undergone a considerable degree of chemical refinement.

» Some of the methods categorized as chemical involve a mechanical milling step as part of the process. The
milling step is usually necessary for the breakdown of agglomerates and for the production of the desired
physical characteristics of the powder such as average particle size and particle size distribution.

» Powder preparation by chemical methods is an area of ceramic processing that has seen several new
developments in the past 25 years and further new developments are expected in the future.

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 14




&
Powder Preparation Methods for Ceramics GEBZENS
Powder preparation
method Advantages Disadvantages
Mechanical
Comminution [nexpensive, wide Limited purity, limited
applicability homogeneity, large
particle size
Mechanochemical Fine particle size, good Limited purity, limited
synthesis for nonoxides, low homogeneity
temperature route
Chemical
Solid-state reaction
Decomposition, reaction Simple apparatus, Agglomerated powder,
between solids inexpensive limited homogeneity

for multicomponent
powders

Text Ref: Ceramic Processing and Sintering, (2009)

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 15




Powder Preparation Methods for Ceramics GEBZENN
Powder preparation
method Advantages Disadvantages
Liquid solutions
Precipitation or High purity, small Expensive, poor for

coprecipitation; particle size, nonoxides, powder

solvent vaporization composition control, agglomeration

(spray drying, spray chemical homogeneity commonly a problem

pyrolysis, freeze
drying); gel routes
(sol—gel, Pechini,
citrate gel, glycine

nitrate)
Nonaqueous liquid High purity, small Limited to nonoxides
reaction particle size

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 16




Powder Preparation Methods for Ceramics GEBZENS_
Powder preparation
method Advantages Disadvantages

Vapor-phase reaction

Gas—solid reaction Commonly inexpensive Commonly low purity,

for large particle size expensive for fine
powders

Gas—liquid reaction High purity, small Expensive, limited
particle size applicability

Reaction between gases High purity, small Expensive for nonoxides,
particle size, agglomeration
inexpensive for oxides commonly a problem

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 17




Economy of Advanced Ceramics
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* Processing of advanced ceramics are very similar with the traditional ceramics, namely ; mixing raw materials, reacting
to obtain the final composition, shaping and sintering.

* However, the purity of the raw materials, the sintering temperature and field of final applications differentiate the
advanced ceramics from the traditional ones and lend them a very high added value.

* ForEx:;
Ceramic Tiles
Ceramic cutting tips
Multilayer piezoelectric actuators

Table 1. Advanced ceramics demand by market (million dollars).

1997 2002 2007
Electronic components 2763 2394 2620
Electrical equipment 1217 1349 1880
Industrial machinery 914 965 1410
Transportation equipment 840 992 1325
Chemical and plastic 606 713 1130
Body armor 3 30 650
Environmental 319 420 575
Medical products 60 96 155
Other markets 378 506 715
Total market 7100 7465 10,460

0.2 S/kg
2,000.0 $/kg
20,000.0 $/kg
35,000.0 = Eloctromie doveea
2012 2017 ®Engine parts
20,000.0 Bi i
220 3385 :C;?;:Iit::cr; Il_ll:pSp orts
2395 2940 25,000.0 mear parts
1780 2280 mFilters
1735 2255 20,000.0 = Cthers
1380 1665 14,000.0
350 350
e ogo | 10,000.0
240 360 5,000.0
975 1285 '

12,630 15,500

Ref: H. Mandal et al. “Yeni gelistirilen SIAION seramiklerin kesici takim ucu olarak kullanimi”, 5.
Uluslararasi Katilmli Seramik Kongresi’nde sézlii sunus, 3-5 Ekim 2001, istanbul.
“U.S. Advanced Ceramics Growth Continues” , http://www.ceramicindustry.com/articles/u-s-

advanced-ceramics-growth-continues
“Global Advanced Ceramics Market Size Growth, Industry Report, 2024”

http://www.grandviewresearch.com/industry-analysis/advanced-ceramics-market, June 2016.

20022074 2005 2016 20107 2018 20149 2020 2021 2022 2023 2024

USA Advanced Ceramics Market Trend (2013 — 2024) (Million USS)

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 18
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USA Advanced Ceramics Market (2004) GEBZE S

Alumina 39%

CHEMICAL &
ENVIRONMENTAL
16.4%

f,_,..r""

Monolithics
86%
STRUCTURAL

— 5.9%
Aecou ||
68.2%
[ \ COATINGS

9.5%

Composites

4% Titanate

Boron Carbide 5%

Beryllia 1%

i
Coatings Cordierite 5%

10%

Ferrite 10% Silicon Carbide 8%

1 0,
Source: The Freedonia Grol Zirconate 9%

Source: The Freedonia Grou Tatal Markat Valus for 2004 - $11.220 million

by Form by Composition by Market Share

Ref: “U.S. Advanced Ceramics Growth Continues” , http://www.ceramicindustry.com/articles/u-
s-advanced-ceramics-growth-continues

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 19



http://www.ceramicindustry.com/articles/u-s-advanced-ceramics-growth-continues

L

»

TURKEY’s Advanced Ceramics Market GEBZENN,

ileri seramikler 1994/95 yillik ulusal pazar potansiyeli Elektroseramikler 1994/95 yillik ulusal pazar potansiyeli
Uygulama milyon US$ Adi milyon US$
Asinma plakalari 0.7-0.9 Ferritler 5.0-6.0
Sizdirmazlk elemanlari 3.5-4.0 Ferritler 12-15
Asinma ve 6giitme toplari 0.5-0.7 Seramik dielektrik 5.0-6.0
Pota, kruze, termokupl kiliflari 0.3-0.4 Parafudr 0.4-038
Tekstil kilavuzlari ve digerleri 2.0-2.2 Piezoelektrik seramik 9.5-11.0
Noziller (kaynak, puskiirtme, alev) 0.3-0.5 Seramik izolator 1.0-12
el @i el 30-4.0 Fiberoptik, yari iletken devre, cok 19.0-23.0
Partikll tutucular 2.0-3.0 kristal vart iletken ve diger
TOPLAM 45.0 -55.0
Atesleme buijileri 2.0-3.0
Ist dagrticilar 2.0-3.0 e 1994/1995 ithalat verilerine gére Turkiye gelismis tlkelere oranla oldukga kisitli
Kesici takimlar 1.0-1.2 bir ileri seramik pazarina sahiptir.
Plazma puskurtme kaplama 3.5-4.0 * Bununla birlikte yerli Giretimin olmamasi, olasi girisimciler acisindan bu pazari
Elektrik — elektronik seramikler 45.0-55.0 cazip kilmaktadr.
Diger yapisal amacl uygulamalar 20-3.0 * Dinyadaki egilime benzer bir sekilde yerli pazarin 6nemli bir kismini elektrik-
TOPLAM® 67.8-74.9 elektronik seramikler olusturmaktadir.

Ref: T. Baykara, “ileri Seramikler — TUBITAK-MAM 1992-95 calismalari ve ulusal bir . .
degerlendirme”, 3. Seramik Kongresi Bildiriler Kitabi, vol.2, sf. 1-10, 1996. Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 20



: re
TURKEY’s Advanced Ceramics Market GEBZENS

Grafik 26: Tiirkive Teknik Seramik Uriin Ithalati ve Thracat:

e Turk Seramik Sektori, 2009 yilinda 273
35.000 milyon USS ithalat gerceklestirmistir.
30.000 * Bu ithalatin 17 milyon USS kismini teknik
'_E =23.000 seramik sektért olustururken, 668 tonluk
o 20000 | teknik seramik ithalati yapilmistir.
g 15.000 * 2010 yilinda ise gerceklesen 28 milyon USS
= 10.000 ithalat,
2000 e 2011 yiinda 34 milyon USS seviyesine
’ 2008 2009 2010 2011 ylikselmistir.
® Ithalat 15.000 17.000 28.000 34.000
m Jhracat 323 745 525 847

Kaynak: TUIK (GTIP 6909 kodlu iiriinler)

* Giliniimiizde Tiirkiye’de (iretilen teknik seramiklerin, yaklasik % 80’i porselen izolatér ve % 15°i elektroporselen liriinlerdir

e 1999 yilinda Tiirkiye pazarinda yerli tiretimin payi % 17 seviyesindeyken, 2005 yilinda % 7 olarak gerceklesmistir.

* Porselen izolatérler, elektroporselen malzemeler ve ileri seramik malzemelerin (retimini i¢ceren teknik seramik
sektoriinde, lretim yapan 10 firma bulunmaktadir.

 Tiirkiye’nin teknik seramik drtinleri ihracat seviyesi oldukga diisiik seyretmekle birlikte; 2010 yilinda 525 bin USS, 2011
yilinda 847 bin USS seviyelerine ulasmistir.

Ref: “Tiirkiye Seramik Sekt&rii Strateji Eylem Plani (2012-2016)”, T.C. Bilim SanaybveSkskabldjioy -|TSD Webiner — 28 Nisan 2021
Bakanligi (2012)

Dr. Sedat Alkoy - TSD Webiner — 7 Nisan 2021 21




Advanced Ceramics Producers in TURKEY

Nanomaterials and Nanopowders EU "": u ” " [I

Entekno Endiistriyel Teknolojik ve Nano Malzemeler Ltd (Eskisehir) https://www.enteknomaterials.com/
BORTEK Bor Teknolojileri ve Mekatronik AS (istanbul)

Struct‘ural Ceramics and Ceramic Cutting Tools -..B O R T E K@
MDA lleri Seramikler Ltd (Eskisehir)

https://www.borteknolojileri.com/
Electroceramics and Bioceramics
Ankara Seramik A.S. (Ankara) M
Nanotech ileri Teknolojik Malzemeler Ltd (Eskisehir)
ENS Piezoaygitlar Ltd (Gebze) https://mdaceramic.com/

S\ ANKARA SERAMIK

https://www.ankaraseramik.com/
D

http://www.nanotech.com.tr/

ENS P..-:-..e. zoDeviced

http://piezodevices.com/

Ref: Google

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 22



w’j//

Solid State Methods |
DECOMPOSITION

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 23



L

»

Solid-State Decomposition Reactions GEBZENS.

» Chemical decomposition reactions, in which a solid reactant is heated to produce a new solid + a gas, are
commonly used for the production of powders of simple oxides from carbonates, hydroxides, nitrates, sulfates,
acetates, oxalates, alkoxides, and other metal salts.

> In general, the reactions produce an oxide and a volatile gaseous reaction product, such as CO,, SO,, or H,0.

» An example is the decomposition of calcium carbonate (calcite) to produce calcium oxide and carbon dioxide

gas CaCO, (s) = CaO(s)+CO, (g)

» Depending on the particular conditions of time, temperature, ambient pressure of CO,, relative humidity,
particle size, and so on, the process may be controlled by :

* Reaction rate at the reaction surface

* Gas diffusion or permeation through oxide product layer

* Heat transfer

Ref: W.D. Kingery, Introduction to Ceramics,
John Wiley and Sons, Inc. (1976) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 24




»

Thermodynamics of Decomposition GEBZENR.
» Ex: Decomposition of calcite (CaCO,).
CaCO4(s)— CaO(s) + COL(g)  AHYZ® =443 I‘:{’i

» Reaction is strongly endothermic , which is typical of most salt decompositions. This means that heat must
be supplied to the reaction for it to continue.

» From the Gibbs free energy change : AGgxn = AG® + RTInK

The equilibrium constant (K) for the decomposition reaction of calcium carbonate:

fco,@ca0  Peo,
K= =
Qcacoq Prorp

The partial pressure of the CO, gas becomes critical.

Ref: Terry A. Ring , Fundamentals of Ceramic Powder ' '
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021
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Thermodynamics of Decomposition GEBZENS
» For example, CaCO, becomes unstable above 810K, MgCO, b0, or PHagatm T
above 480K, and depending on the relative humidity, %01 o A
Mg(OH), becomes unstable above 445-465K. 261

221
» Furthermore, acetates, sulfates, oxalates, and nitrates 1:3 187
have essentially zero partial pressure of the product gas in % . 144
the ambient atmosphere so they are predicted to be unstable & 2
at room temperature. 9:‘0;' ®

- 2-
£ o

» The fact that these compounds are observed to be stable |+ i ]
at much higher temperatures indicates that their n;f 2
decomposition is controlled by kinetic factors and not by ?g =104
thermodynamics. T4

15

~22

-24 r — . Y y T T T

200 300 400 500 600 700 800 900 100011001200 1300
Temperature (K)

Standard free energy of reaction as a function of temperature. The dashed lines
are the equilibrium gas pressure above the oxide/carbonate and oxide/hydroxide.

Ref: Terry A. Ring , Fundamentals of Ceramic Powder ' '
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 26




N . L
Kinetics of Decomposition GEBZENN

The kinetics may be limited by:

» The reaction at the surface

» The flow of heat from the furnace to the reaction surface

» The diffusion (permeation) of the product gas from the
reaction surface to the ambient furnace atmosphere.

»The molar volume of the solid product is commonly
smaller than that for the reactant, so that very often, the
product forms a porous layer around the nonporous core of
reactant as shown in Figure.

» Like most solid-state reactions, the reaction is |CO:flow to furnace Heat flow to reaction interface

heterogeneous in that it occurs at a sha rp|y defined Schematic represantation of decomposition of a spherical particle (e.g. CaCO,)
of a salt which yields a porous oxide product (e.g. CaO) and a gas (CO,). The

interface. reaction is endothermic, requiring heat transfer. The driving forces for heat and
mass transport for steady-state decomposition are expressed as temperatures
and pressures in the furnace (T, Py), at the particle surface (T, P,), and at the
reaction interface (T,P,)

Ref: W.D. Kingery, Introduction to Ceramics,
John Wiley and Sons, Inc. (1976) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 27
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Kinetics of Decomposition GEBZENN

» The kinetic investigations of decomposition rxns are conducted isothermally or at a fixed heating rate.

» In isothermal studies, the maintenance of a constant temperature represents an ideal that cannot be
achieved in practice, since a finite time is required to heat the sample to the required temperature. However,
isothermal decomposition kinetics are easier to analyze.

> The progress of the reaction is commonly measured by | ™[
the weight loss and the data are plotted as the fraction of
the reactant decomposed o versus time t with o defined |
as:

g=_ W ol

&Wmm

where AW and AW, are the weight loss at time t and
the maximum weight loss according to the
decomposition reaction, respectively. A a
» There is no general theory of decomposition reactions. 0{: ) tire
However’ a generalized Q VErsus tlme t curve Sim”ar to Generalized versus time plot summarizing characteristic kinetic behavior observed
that ShOWI’] in Flgu re is Often ObserVEd. for isothermal decomposition of solids. represents the weight loss divided by the

maximum weight loss.

Ref: M.N. Rahaman, Ceramic Processing and Sintering,
Marcel and Dekker (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 28
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Kinetics of Decomposition GEBZENN

» The stage A is an initial reaction, sometimes associated with the decomposition of impurities or unstable
superficial material. B is an induction period that is usually regarded as terminated by the development of
stable nuclei, while C is the acceleratory period of growth of such nuclei, perhaps accompanied by further
nucleation, which extends to the maximum rate of reaction at D.

> Thereafter, the continued expansion of nuclei is no 10
longer possible due to impingement and the
consumption of the reactant, and this leads to a decay |«
period, E, that continues until the completion of the
reaction F. In practice, one or more of these features
(except D) may be absent or negligible. 0.5+

Pl L
° time

Generalized versus time plot summarizing characteristic kinetic behavior observed
for isothermal decomposition of solids. represents the weight loss divided by the
maximum weight loss.

Ref: M.N. Rahaman, Ceramic Processing and Sintering,
Marcel and Dekker (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 29
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Solid State Methods I
REACTIONS BETWEEN SOLIDS
(Mixing & Calcination)
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Chemical Reactions Between Solids GEBZENA_

» The simplest system involves reaction between two solid phases, A and B, to produce a solid solution C.
»A and B are commonly elements for metallic systems, while for ceramics they are commonly crystalline
compounds.

» Solid state reactions can be divided into two stages: nucleation of the reaction product and its subsequent
growth.

» They are heterogenous type of reactions where there is reaction interface between the reacting phases,
such as nucleus and matrix, or phase A and phase B.

» After the initiation of the reaction, A and B are separated by the solid reaction product C (see Figure).

» In order for the reaction to proceed, three steps must take place in series:
|- Material transport (the transport of atoms, ions, or molecules by several possible mechanisms)
through the phase boundaries and the reaction product to the interface .
lI- Reaction at the phase boundary
lll- Sometimes transport of reaction products from the interface.

L

reaction product

Y

-— X

Ref: W.D. Kingery, Introduction to Ceramics,
John Wiley and Sons, Inc. (1976) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 31
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Chemical Reactions Between Solids GEBZENS

» Ractions at the phase boundary liberate or absorb heat, changing the boundary temperature and limiting the rate of the
process. The slowest of any of these steps may determine the overall rate.

» Reactions between mixed powders are technologically important for powder synthesis.
» The reaction between two (or more) types of solid is frequently practiced to produce multicomponent ceramic powders.

» Several examples include:
NiO(s) + AL,O, (s) = NiAl,0, (s)
MgO(s) + Al,O; (s) =» MgAIL,O, (s
ZnO(s) + Fe,04 (s) =» ZnFe,0, (s)
ZnO(s) + Al,O5 (s) =» ZnAl,O,(s)
BaCO, (s) + SiO, (s) =» BaSiO; (s) + CO, (g)
1% Y,0,(s) + 2BaCO, (s) + 3CuO(s) = YBa,Cu,0, (s) + CO, (g)

» The spinel formation reaction is one of the most widely studied reactions
among these where where a divalent oxide (AO) and a trivalent oxide
(B,O;) in a 1:1 molar ratio react to form a product having the spinel
structure (AB,O,).

Crystallographic illustration of the MgAl,0,-spinel (normal spinel structure).

Ref: Terry A. Ring, Fundamentals of Ceramic Powder _ _
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 32
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Spinel Formation by Solid State Reactions GEBZE\\

Nickel aluminate spinel (NiAl,O, ) is formed as a reaction layer between the NiO and Al,O; reactants.

» There are many possible reaction paths. Although five are shown schematically, not all of them are possible
because diffusion coefficients of the ions differ widely.

Mechanisms in which O, molecules (1) Reaction occurs at AB,O,~B,0; interface: /%02
are transported through the gaseous oxygen gas phase transport with A* ion and \
g ) electron transport through AB,Oy
phase and electroneutrality s AO AB:0. B0z
maintained by electron transport A 42" 42 502+ B,0; = AB;O, o

through the product layer, ram

If ideal contact occurs at the phase

boundaries so that transport of O, |(2) Reaction occurs at AO-AB.Q. interface: K%m\
molecules is slow, then the mechanisms oxygen gas phase transport with B** jon and
in which O, molecules are transported electron transport through AB,Oq: A0 AB.O, B.Os
through the aseous hase and

9 g P AQ +2B™ +6¢” +20, = AB,O,

electroneutrality is maintained by | 2 | g™
electron transport through the product
layer are unimportant.

He~

"
e

Ref: W.D. Kingery, Introduction to Ceramics,
John Wiley and Sons, Inc. (1976) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 33
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Spinel Formation by Solid State Reactions GEBZENS

Mechanisms in which O, ions diffuse through the product layer \ {

(3) ' A™ and O* diffuse. AB,0,~B,0; interface AD AB.Q, ByOs
Reaction at A* + 0% +B,0; = AB,O,

(4) B and O™ diffuse. AOQ-AB,O, interface o
Reaction at AO +2B* +30% = AB,O, 2

In spinels, diffusion of the large O, ions is rather slow when compared g (3)
to cationic diffusion so that the mechanisms in which O, ions diffuse |
through the product layer can be eliminated. _

EHiH*
Mechanism involving counter diffusion of the cations with the oxygen ions < ()
remaining essentially stationar : does
g y y Oxygen and cation transport through AB,O,: " 3¢
The mo'st I|keIY mec.hanlsm is_the (5) Both cations diffuse (-fa’*"_* gm)‘ - B
mechanism involving counter 3 2 B+
diffusion of the cations with the Reactions occur at nct
oxygen ions remaining essentially AO-AB,O, interface 3 A%+ (5)
sta.t/onary-, where the flux of the 2B +4A0 = AB,O, +3A™ =
cations is c'oupled to maintain and at —
electroneutrality. AB,O.-B,0, interface
Ref: W.D. Kingery, Introduction to Ceramics, 3A2+ +4B,0; = 3AB,O, + 2B Sedat Alkoy - TSD Webiner — 28 Nisan 2021 34
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Spinel Formation by Solid State Reactions GEBZENS

» When the rate of reaction-product formation is controlled by

diffusion through the planar product layer, the parabolic rate law is 1800%¢
observed 5 -140
x =Kt

where K is a rate constant that obeys the Arrhenius relation and the € 100 B

wall thickness of the planar product layer increases with the square .,:2 g

root of time. v E

» Figure shows the parabolic time dependence for NiAl,O, formation. E 100 E
< £

» A parabolic growth rate for the reaction layer is usually taken to < a

mean that the reaction is diffusion controlled . - 71

Time (Mr)

Thickness of NiAl,0, formed in NiO-Al,0, couples as a function
of time heated in argon at 1400 and 1500°C.

Ref: W.D. Kingery, Introduction to Ceramics,
John Wiley and Sons, Inc. (1976)

Ref: M.N. Rahaman, Ceramic Processing and Sintering,
Marcel and Dekker (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 35




Powder Solid State Reactions

»

&

» For powder reactions (see figure), a complete description of the reaction kinetics must take into account

several parameters, thereby making the analysis very complicated.

» Simplified assumptions are commonly made in the derivation of kinetic equations. For isothermal reaction
conditions, a frequently used equation has been derived. In the derivation, it is assumed that equalsized
spheres of reactant A are embedded in a quasi-continuous medium of reactant B and that the reaction product

forms coherently and uniformly on the A particles.

> The volume of unreacted material at time tis

4

V:En[r—y

—

where r is the initial radius of the spherical particles of reactant A and y is the thickness of the reaction layer.

powders

reaction
product

partially reacted

fully reactad

Ref: M.N. Rahaman, Ceramic Processing and Sintering,
Marcel and Dekker (2009)

Schematic of solid-state reaction in mixed powders

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 36
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Powder Solid State Reactions ) GEBZENN
» The volume of unreacted material is also given by V = Emf‘ (1- .::.5}
where a is the fraction of the volume that has already reacted. a 0.03
» Combining these equations A o~ 890°.
_"lf':rl:]—(]— ]:l t‘mooz.
. . o 7 oot
» Assuming that y grows according to the parabolic relationship .l
. 0- Y T T T
given by 0 20 40 60 80 100 120
_ P Kt Time (min)
then the reaction rate is; [I—U -0.) J =
r b c
. . . .- . ~. 100 1.2
» Figure illustrates the applicability of this E 80 =10
equation to the solid state powder reaction = 6o- =
&N 9o ~= 0.4
: : : - 13 S
» In Figure linear time dependence of [l—(l—ﬂi) J 5 0 . . . O 0.2
: 0 200 400 600 800 0
is plotted for several temperatures. ‘ VR2(1mm?) 085 080 085
> Figure (c) shows the Arrhenius expression, K =K°exp (R;%) 1000/T (K)
g
%;i%t:;ng,;fﬁ:;,?znl\eggf},f,{iiz?q(i;;;;}/_der Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 37




Powder Solid State Reactions

» This equation, referred to as the Jander equation, suffers from two
oversimplifications that limit its applicability and the range over which
it adequately predicts reaction rates.

(1) It is valid for small reaction thicknesses;

(2) It assumes product and reactants have the same molar volume.

» These two oversimplifications have been taken into account by
Carter, who derived the following equation:

K1

+

s

1+ (z-Da] +(z-1)(1-a)" =z+(1-2)

where Z is the volume of the reaction product formed from unit
volume of the reactant A.

» This equation, referred to as the Carter equation, is applicable to
the formation of ZnAl,O, by the reaction between ZnO and Al,O; even
up to 100% of reaction ( see Figure).

» This equation is also valid for the oxidation of metal powders.

Ref: Terry A. Ring, Fundamentals of Ceramic Powder
Processing and Synthesis, Academic Press (1996).

»

L

GEBZENS_
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Kinetics of reaction between spherical particles of ZnO and Al,O; to
form ZnAl,O, at 1400C in air, showing the validity of the Carter
equation.

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 38



Powder Solid State Reactions

» For a solid-state diffusion mechanism, the growth of the reaction
product in powder systems occurs at the contact points and for nearly
equal-sized spheres, the number of contact points is small as in the
figure.
» Nevertheless, for many systems, the Jander equation and the Carter
equation give a good description of the reaction kinetics for at least the
initial stages of the reaction.
» |t appears that rapid surface diffusion provides a uniform supply of
one of the reactants over the other.
» Alternatively, if the vapor pressure of one of the reactants is high
enough as in the example rxn below

ZnO(s) + Al,O4 (s) = ZnAlL,O, (s)
Then condensation on the surface of the other reactant can also
provide a uniform supply of the other reactant.
» In this case, the powder reaction can be better described as a gas—
solid reaction rather than a solid-state reaction.

Ref: M.N. Rahaman, Ceramic Processing and Sintering,
Marcel and Dekker (2009)

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021
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Powder Solid State Reactions GEBZENN_

Solid state reaction in powder systems depends on several parameters:
* The chemical nature of the reactants and the product;
* The size, size distribution, and shape of the particles;
* The relative sizes of the reactant particles in the mixture;
* The uniformity of the mixing, the reaction atmosphere; the temperature; and the time.

» The reaction rate will decrease with an increase in particle size of the reactants.

» For coherent reaction layers and nearly spherical particles, the dependence of the reaction kinetics on particle size is
given by Jander or Carter equations.

» The reaction rate will increase with temperature according to the Arrhenius relation.

» The homogeneity of mixing is one of the most important parameters. It influences the diffusion distance between the
reactants and the relative number of contacts between the reactant particles, and thus the ability to produce
homogeneous, single-phase powders.

» Powder preparation by solid-state reactions generally has an advantage in terms of production cost, but the powder
quality is also an important consideration for advanced ceramics.

» The powders are normally agglomerated and a grinding step is almost always required to produce powders with better
characteristics.

» Grinding in ball mills leads to the contamination of the powder with impurities.

» Incomplete reactions, especially in poorly mixed powders, may produce undesirable phases.

» The particle shape of ground powders is usually difficult to control.

Ref: Terry A. Ring, Fundamentals of Ceramic Powder _ _
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021
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CASE STUDY

BOLETI{N DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 55 (2016)246-252

BOLETIN DE LA SOCIEDAD ESPANOLA DE

Ceramica y Vidrio

b www.elsevier.es/bsecv

Effect of powder processing conditions on the
electromechanical properties of lithium doped
potassium sodium niobate

Ebru Mensur-Alkoy**, Ayse Berksoy-Yavuz"®

Two different calcination routes were used to prepare the
ceramic powders. In the first calcination method thatis named
as the ‘loose-calcination’ and referred to in the text as R1, the
mixing step by ball-milling was followed by drying the green
powder mixture on a hot plate while continuously stirring
using a magnetic stirrer. Then the dried green powders were
put into an alumina crucible as a loose powder and calcined.
This was the procedure that we have followed in our previous
studies on KNN [7,9-11]. Calcined powders were again ball-
milled for 24 h. The Li content was x=0.04 and 0.07 with the
samples produced with R1 and they were named as KL4 and
KL7, respectively. This naming convention is the same with
our previous studies [9,11].

Route 1 (R1) Loose Calcination=» KL Samples

Ceramica y Vidrio

@ CrossMark

Ref: Ebru Mensur-Alkoy, Ayse Berksoy-Yavuz, ‘Effect of powder
processing conditions on the electromechanical properties of lithium
doped potassium sodium niobate’ Boletin de la Sociedad Espafiola de
Cerdmica y Vidrio, Volume 55, Issue 6, Pages 246-252 (2016)

Route 2 (R2) Compact Calcination =» L Samples

On the other hand, in the new calcination method that
is named as the ‘compact-calcination’ and referred to in the
text as R2, disc-shaped samples were prepared from the dried
powder mixture by dry pressing under a uniaxial pressure of
55 MPa. These disc samples were then calcined instead of cal-
cining loose powders. After calcination, samples were crashed
using mortar and pestle. The crashed powders were again
ball-milled for 24 h. The Li content was x=0.04 and 0.07 with
the samples produced by R2 and named as L4 and L7, respec-
tively.

Calcination of the all the samples in both of the calcina-
tion routes was done at 900°C for 1h. After the calcination
process, disc-shaped samples with ~10.5mm diameter and
~1mm thickness were prepared by pressing under a uniaxial
pressure of 100 MPa and then sintered at 1090 °C for 1 h. Finally,
silver-palladium electrode was applied to the parallel sur-
faces of the discs for electrical measurements, and annealed
at 850°C for 30 min.

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021
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CASE STUDY GEBZE'}
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Fig. 1 - XRD patterns of (a) KL4, L4, KL7 and L7 samples,
and (b) XRD patterns of selected region of the same
samples. The peaks of KL4 and L4 were indexed based on
the perovskite structure with orthorhombic symmetry and
the peaks of KL7 and L7 were indexed based on the

tetragonal symmetry.
Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 42
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TECHNICAL UNIVERSITY

R1 - Loose Calcination

AccV s8potMagn - Det WD | 10 Ag#®™ Spot Magn
15.0 kw3 002500x  SE SH@ GYTE 15 0KV 360 Ba00x

R2 - Compact Calcination

Fig. 2 - The SEM micrographs of (a) KL4, (b) KL7, (c) L4 and (d) L7 samples.

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 43



CASE STUDY ’ GEBZEN_
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Fig. 3 - Comparison of (a) bipolar strain, (b) monopolar strain and (c) polarization vs. hysteresis of 4 and 7 mol% Li modified
L4, KL7 and L7 samples. (d) Comparison of the temperature dependent dielectric constant of L7 and L4 samples.
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OXIDATION, REDUCTION & NITRIDATION
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Oxidation of Sulphides GEBZENS

» Two types of oxidation reactions are of interest in ceramics: oxidation of metals and oxidation of sulfides.

» The oxidation of sulphides is a common extractive metallurgical process, generating an oxide ceramic powder. The oxide
product is usually an intermediate product on the way to metal production but if sufficiently pure it can be used directly as a
ceramic powder.

» A common example is the roasting of zinc sulphide to form zinc oxide;

O.(g) + §ZnS(s)— % Zn0(s) + §SO,(g)

kcal
0298 _ _
AHRR 166.9 —ole
or the roasting of iron pyrite, FeS, by the reaction;
12 0y(s) + 2FeS,(s) = Fey 0O4(s) + 4504(g)
keal
0298 — _
AHYRK 592 e

» These reactions are strongly exothermic, which is typical of these types of oxidation reactions. This means that the heat
produced by the reaction will heat up the particle and further increase the reaction rate.

» The equilibrium constant, K, for the oxidation of zinc sulphide is given by; _ Pso, Piror

e p
O

assuming all gasses are ideal and the fugacities are equal to the partial pressures.

> The equilibrium constant is related to the standard free energy, 4G as shown in equation; AG® = —-R,TIn K,

» When the ratio of partial pressures, PﬁsozlP02 , is less than that at equilibrium, the reactant, ZnS,

is unstable at that temperature.

Ref: Terry A. Ring , Fundamentals of Ceramic Powder ' .
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 46



Oxidation of Metals

» The oxidation of metal powders is a method to produce relatively pure

oxides. A common metal oxidation is; kecal
mole

O,(g) + gAl N §A1203 AHLZ® = —268.4

» This reaction, like all metal oxidation reactions, is strongly exothermic. The
standard free energy of this and many other oxidation reactions are given in
Figure.
» The distribution coefficient for all metal oxidation reactions is given by;
K= Pq, Proy assuming ideal gas.

» The distribution coefficient and the standard free energy make up the total
free energy of reaction according to equation; AGgxn = AG® + R,TIn K
» Term —R,TIn Py jsalso given in Figure on the outside scale of the graph.
» When the standard free energy, AG° islessthan —R,TIn Py /Py,

then the oxide is stable.
» In gas fired metal oxidations, the fuel gives a combustion gas of a particular
CO, and H,0 composition. At these high temperatures, the decomposition of

. kcal
CO;  €0,2C0+10, AHZZ®= -94.2 2%

creates an equilibrium partial pressure of oxygen that influences the metal
oxide stability at temperature, as does the decomposition of water;

H,O@E=H,+30, AH®®=-578 kcal

mole
Ref: Terry A. Ring , Fundamentals of Ceramic Powder
Processing and Synthesis, Academic Press (1996).
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Reduction Reactions GEBZENN_

» The reduction of oxides in reducing atmospheres is also an important industrial reaction that produces a powder.
However, these reduction reactions are frequently used to produce metal powders and are not often used to produce

ceramic powders.
» These reduction reaction can, however, be the first step in a sequence of steps to produce carbide and nitride powders.

Several examples of reduction reactions are;

Fe;O,(s) + 4H,(g) — 3Fe(s) + 4H,0(g) AHJR®= 1+36.6

keal
mole

keal
mole

CuO(s) + Hy(g) — Cu(s) + H,O(g) AHYRS = —20.2

» However, there is a much more broadly applicable and used method of traditional reaction processing of mainly binary
nonoxide ceramic powders, namely carbothermal reduction.

» This simply entails intimate mixing of oxide powders of the desired metals, metalloids, and carbon (or a source of it) to
reduce the oxides, and if producing a carbide, to react with the reduced metal to form its desired carbide.

» Fine, uniformly, and intimately mixed reactive ingredients are important to react to the desired products with little or no
residual oxide or excess carbon, at temperatures and times to limit excessive particle growth and sintering.

» Removal of residual undesired phases can sometimes be done with limited negative effects, but are an added cost and
pose their own contamination problems.

» Fine carbon powders or liquid precursors such as sugar (dissolved in water) or furfuryl alcohol can be useful and are of
modest cost, especially sugar, which has been used in a number of cases.

Ref: Roy W. Rice, Ceramic Fabrication
Technology, Marcel Dekker, Inc.(2003 ). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 48
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Carbothermal Reduction GEBZENN
» The reduction of silica by carbon is used industrially to produce silicon carbide powders:
SiO, + 3C = SiC + 2CO
» This reaction should occur somewhat above 1500°C but is usually carried out at much higher temperatures so that the
SiO, is actually a liquid. The process is carried out on a large scale industrially and is referred to as the Acheson Process.
» The mixture is self-conducting and is heated electrically to temperatures of 2500°C. Side reactions occur so that the

reaction is more complex than given above. Graphite core
C+ SIOZ 2> 510+C0 Cross-section of an Furnace wall
Si0, + CO - SiO + CO, Acheson furnace Reaction mistur
C+ COZ - 2CO Metal oxides
2C+Si0O > SiC+CO Reaction zone

» The product obtained after several days of reaction consist of an aggregate Silicon carbide

of black or green crystals. It is crushed, washed, ground, and classified to produce the desired powder sizes.

» One disadvantage of the Acheson process is that powder quality is often too poor for demanding applications such as
high-temperature structural ceramics. Because the reactants exist as mixed particles, the extent of the reaction is limited
by the contact area and inhomogeneous mixing between reactant particles with the result that the SiC product contains
unacceptably high quantities of unreacted SiO, and C.

» These limitations have been surmounted by a process in which the SiO, particles are coated with the C prior to
reduction. Relatively pure SiC powders with fine particle sizes (<0.2 um) can be produced

» Laboratory scale methods employing gas-phase reactions can also produce fine and pure SiC powders, but the methods
are expensive.

Ref: M.N. Rahaman, Ceramic Processing and
Sintering, Marcel and Dekker (2009) Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 49
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Carbothermal Reduction GEBZENA_

» Another example of these reduction reactions is the preparation of Si;N, by
carbothermal reduction of SiO, (which basically avoids the issue of Si melting) in a N, or
NH; atmosphere, the latter being somewhat more reactive, generally producing mostly a.-
Si;N, (~2 pm) at ~ 1400°C. 3Si0, + 6C + 2N, = Si;N, + 6CO

» Either fluidized-bed reactors or rotary calciners can be useful whether one of the
reactants is a gas or all are solid (e.g., as for SiC) and may reduce agglomeration common
in static bed reactors.

» The phase of the oxides can aid in some cases; for example, y-Al,O; is beneficial for
making AIN at ~ 1500°C because of its finer character, but with effects of the starting
skeletal structure of different Al,O,

phases. Al,0,+3C+N, = 2AIN+3CO

» On the other hand, anatase or rutile precursors for TiN have limited differences other
than via some benefit of finer TiO, particle size and negative effects of purposely added
particle TiO, coatings for pigment-grade material in making TiN at ~ 1150°C. A fluidized-bed reactor.

Distributor

» Reactions can be affected, often significantly, by various parameters, particularly temperature — e.g., SiC formation is via a
solid-state carbon - SiO, reaction below 1400°C, while above this temperature gaseous reaction of SiO and C becomes
dominant.

» Vacuum processing or other control of CO pressure and continuous mixing (e.g., via a fluidized bed or rotary calciner) can
also be important.

» More complex compositions can be made, such as SiAIONs, sometimes using natural clays as lower cost raw materials

Ref: Roy W. Rice, Ceramic Fabrication Technology,
Marcel Dekker, Inc.(2003 ). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 50
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Carbothermal Reduction GEBZENN_

» There are three extensions of carbothermal processing that should be noted.
» First extension, while such processing reduces or precludes melting of elemental precursors such as Al and especially Si,
there are important cases where a low melting precursor is used, with the use of B,0; for boron containing compounds
being particularly important.
» Thus, for example, in the preparation of BN, B,O; (or boric acid — H;BO,) is the typical source of B in a variety of reactions
involving carbothermal or other reductions.

2B,0, +9C +4NH, (g) = 4BN +3CH, (g) 6CO (g)
» Complications that may result from forming liquid phases during reaction are limited by actual or effective encapsulation
of the initial solid particles that will melt so melted particles cannot coalesce. Such encapsulation may be via other solid
constituents of the reaction, fillers (such as tricalcium ortophosphate) that are inert to the reaction, or an initial liquid
phase, e.g., sugar solution or furfuryl alcohol precursor for carbon where this is a constituent of the reaction.
» The second extension of carbothermal processing is to more complex compounds than just binary compounds, e.g., of
ternary compounds TiZrC and TiZrB,, where such processing of the end members at ~ 2000°C resulted in particle sizes of ~
2-13 um and various stoichiometries of ternary solid solution compounds with intermediate particle sizes.
» The third extension of reduction processing noted above is often used to directly produce ceramic composites without
specifically producing a powder that is subsequently densified, but the latter route has also been pursued. Thus, for
example, powders produced by the following reactions gave composite powders that could yield composite character and
properties comparable to those obtained by making the composites from constituents oxide and nonoxide powders:

3TiO, + 4 Al + 3C = 3TiC + 2Al,0,

3Si0, + 4 Al + 3C = 3SiC + 2Al,0,

Ref: Roy W. Rice, Ceramic Fabrication Technology,
Marcel Dekker, Inc.(2003 ).
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Direct Nitridation Reactions GEBZENN
» The direct nitridation of metal powders is commonly used to produce Si;N,, BN, AIN, A
and other nitrides: N,(g) + 3Si(s)— 4Si,N,(s)  AHYZ® = 895 rl:(:)?(le
Ny(g) + 2A1) > 2AINGS)  AHEES = 1528 22
keal 20+ Fels PETALS
Ny(g) + 2B(s)—> BN(s) AHYZ® = 120.4 mfi‘e yig-8Fet

o700 600 800 1000 1200 1400 "
—— P, in Air

» These and other nitrogen reactions are strongly endothermic, requiring energy to
continue.

» The standard free energy of several nitridation reactions are given in Figure.

»The distribution coefficient is defined by; g-— Pyl Proy

» This and the standard free energy make up the total free energy of reaction as
shown in equation

» In a gas mixture where Py, = 0.79 atm and the rest is an inert gas, all the metal
nitrides are stable with respect to their metals, except Fe above 250 K and Cr above
1325 K.

»In air where Py, = 0.79 atm, this result is not true because the metals may also

4G°=RyT #n R (K cal/mole)

oxidize. Due to the presence of O, in air, oxidation reactions occur at the same time. 160
» In addition to metal nitridation, metal carbides may be reacted as follows to !
pI’OdUCE nitrides or carbonitride powders. N,(g) + TiC(s)— TiN(s) + C(s) Standard free energy offormation of nitrides

as a function oftemperature.

Ny(g) + MgCo(s) > MgCNy(s) + C(s)

Ref: Terry A. Ring , Fundamentals of Ceramic Powder ' .
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 52
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Abstract

X-ray diffraction studies of boron nitride powders
synthesized from boric oxide and ammonia at 900°C
indicates a turbostratic structure which is character-
ized by the absence of ordering in the third dimen-
sion. Turbostratic boron nitride (t-BN) powders are
Sfound to be unstable and decompose into ammonium
borate compound (NH,BsOg4H>0) after long
storing periods. Thermal transformation of t-BN
into the stable, hexagonal ordered layer lattice
structure was promoted with heat treatments at
1500-1800°C for 15min-5h. The transformation
and degree of crystallization was observed with X-
ray diffraction analysis. The effect of crystallization
period and temperature on the particle sizes and
shapes of the powders was examined with transmis-
sion electron microscope. BET surface area mea-
surements of the powders were also performed for
the characterization of powder properties. © 1997
Elsevier Science Limited.

a compound, boron nitride, isoelectronic with the
structure of C-C bonds, and display crystallo-
graphic transformations analogous to carbon.
Under normal conditions, the graphite-like hexa-
gonal form (h—BN) is stable but the other two main
forms zinc blende cubic structure (c—-BN) and
wurtzite-like close packed hexagonal structure
(w—BN), with a tetrahedral distribution of atoms,
are stable at high pressures and temperatures.
However, they can also be found in a metastable
state under normal conditions.” In addition to
these main polymorphs, stacking faults in (001)
plane of h-BN cause them to form a structure
analogous to a ‘rombohedral’ lattice, which is also
presented as a structural modification of h-BN and
can be present in small quantities in the h-BN
powder.?

The hexagonal structure of boron nitride, first
proposed by Pease,*> is constructed from layers
consisting of a flat or nearly flat network of B3N,
hexagons with a bond length of 1-446 A and strong

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021
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CASE STUDY

2 Experimental Studies

Turbostratic boron nitride powders were obtained
by nitridation of boric oxide (B,O5) under the flow
of ammonia (NH3) gas at 900°C in 2h. The syn-
thesis experiments were carried out under the
dynamic conditions of a stainless steel rotary tube
furnace that contained an intimate mixture of boric
oxide and an inert filler material. Two different
sizes of rotary furnaces were used for small and
large quantities (less than 10g and more than
500 g, respectively) of turbostratic boron nitride
production to evaluate potential problems with the
scale-up process. Tri-calcium phosphate
[Cas(PO,),), with a specific surface area of
60m?g ! was used as an inert filler material to
provide sufficient reaction surface to the boric
oxide, which is a viscous fluid at the reaction tem-
peratures. Unreacted boric oxide and inert filler
material were removed from the reaction products
with an HCI acidic leaching process at pH=0-5,
T =20°C with a pulp density of 10%.

Crystallization heat treatments of the turbostra-
tic BN powders were carried out in graphite boats
and crucibles under argon gas atmosphere. The
turbostratic BN powders that were obtained by
utilizing the small reactor were heat-treated only at
a temperature of 1500°C. On the other hand, all of
the powders heat-treated above 1500°C were
obtained from the same batch of the large-scale
production operation. Duration of heat treatments
varied between 15min and 5h, depending on the
crystallization temperature employed.

The three-dimensional ordering of the structure
with increasing heat-treatment times and tempera-
tures was investigated with utilization of X-ray
diffraction (XRD) analysis. All the XRD analyses
were carried out by using a Rigaku Rint X-ray
diffractometer, with a horizontal goniometer and a
Cu—Kuo radiation tube. Effect of crystallization on
the shapes and sizes of the powder particles was
examined with a JEM-2000 EX-type transmisston
electron microscope (TEM). Specific surface area
of the heat-treated samples were also measured by
a 3-point BET method with a Quantachrome
Autosorbl instrument.

v’/

GEBZENN.
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Fig. 1. Schematic crystal structure of hexagonal boron nitride. (00]) ™., s m
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Fig. 2. XRD patterns of the samples (a) as-synthesized, and (b) stored for one year under atmospheric conditions.
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Fig. 3. X-ray diffraction patterns of samples before and after heat treatment at 1500°C for various times (small batch operation).
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Fig. 5. X-ray diffraction patterns of the samples before crystallization and after heat treatment for 1 h at various temperatures
(large batch operation).
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Precipitation from Solutions GEBZENR.

» Ceramic powders can be produced by precipitation using liquid phase reactants.

» In most cases, ceramic powder precursors (i.e., sulfates, carbonates, oxalates, hydroxides, etc.) are produced by
precipitation. These powders must be thermally decomposed to their oxides in a separate step that frequently maintains
their precipitated particle morphology although some degree of particle sticking often occurs.

L

Examples:
Al,0,.3H,0 (gibbsite) precipitated from a sodium aluminate solution that is thermally decomposed to give alumina.
* Mg(OH), (brucite) precipitated from a brine solution, which is again calcined to give "dead burnt" magnesia.

Advantages:
* Precipitation gives a pure solid product, rejecting to the supernatant most of the impurities.
e Particle morphology and particle size distribution can be controlled to some degree.

Disadvantages:

* Powders must be separated from their supernatants and dried, as well as, frequently thermally decomposed to the
desired ceramic material.

* Drying and calcination often leads to aggregates that are cemented together. Special precautions must be used to
prevent aggregate formation during drying and calcination (e.g. calcination in very dry atmospheres).

Ref: M.N. Rahaman, Ceramic Processing and Ref: Terry A. Ring , Fundamentals of Ceramic Powder ' '
Sintering, Marcel and Dekker (2009) Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 59
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Precipitation from Solutions GEBZENR.

The precipitation of powders involves nucleation and growth from a A isothermal solubility
supersaturated solution. There are several ways to cause a solution to
become supersaturated to induce nucleation and growth, as
illustrated in Figure.

L

SOIUblhty, Ceq

Curve A : For systems in which the solubility is NOT a strong function
of temperature, evaporation is used to cause supersaturation.

Temperature, T

Curve S / Curve C : For those in which solubility drastically changes
with temperature, cooling / heating is used to supersaturate the
solution.

Solubility curves for various types of crystallization systems:

High pressures are also used to precipitate a particular crystal phase that may not be stable at ambient pressure (e.g.,
rutile TiO, instead of Ti(OH),). The use of high pressure precipitation is referred to as hydrothermal synthesis.

» Supersaturation can also be produced by adding another component in which the solute is insoluble.

» The most common method, reactive precipitation, occurs when a chemical reaction produces an insoluble species.
Reaction-induced supersaturation is often very high, giving high nucleation rates. With the high number densities of
nuclei produced, agglomeration is an important growth mechanism leading to spherical particles that are either
polycrystalline or amorphous.

Ref: Terry A. Ring , Fundamentals of Ceramic Powder ' '
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 60
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Nucleation in the Precipitation from Solutions GEBZENR.

» Precipitation from solution consists of two basic steps:
i. Nucleation of fine particles and
ii. Their growth by addition of more material to the surfaces.
» In practice, control of the powder characteristics is achieved by controlling the reaction conditions for nucleation and
growth and the extent of coupling between these two processes.
» Control of the kinetics of each of these fundamental steps controls the particle morphology and size distribution

during precipitation.

» The nucleation rate generally has a dominating influence on the particle size distribution. Nucleation is also the least
understood of the various rate processes in precipitation.
» There are three main categories of nucleation:

i. Primary homogeneous,

ii. Primary heterogeneous,

iii. Secondary.

Homogeneous nucleation occurs in the absence of a solid interface
Heterogeneous nucleation occurs in the presence of a solid interface of a foreign seed
Secondary nucleation occurs in the presence of a solute particle interface.

Ref: Terry A. Ring , Fundamentals of Ceramic Powder
Processing and Synthesis, Academic Press (1996).

Ref: M.N. Rahaman, Ceramic Processing and
Sintering, Marcel and Dekker (2009)

Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 61
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Homogeneous Nucleation GEBZENR.

» In very small quantities of matter such as clusters of solute molecules, a
large fraction of the molecules are at the surface in a state of higher
potential energy than the interior molecules (i.e., fewer and weaker
bonds).
» This excess energy is not compensated by an excess of entropy and
consequently the free energy for the surface molecules is greater than the
free energy for the interior molecules.
» The overall free energy per cluster, AG, of the aggregates is a result of
two terms, the free energy due to the new surface and the free energy
due to the formation of new solid: AG = —(v/V)RgT I(S) + ya | | Nuclei Size, r - |
Classical nucleation theory dependence of nuclei size on Gibbs
where v(=Lr3) is the volume and a(=£,r?) is the area of the aggregate, Vis free energy at a function of saturation ratio, S.
the molar volume of the precipitate, and yis the surface free energy per
unit area. Thus, the total free energy:

L

o]

Critical Nuclei Size, r*

Change in Gibbs Free Energy, AG

$<1.0 & AG > 0 = nonspontaneous formation,

AG@r) = —(Br3/ V)RgT In(S) + yB,r2  S=1.0 & AG = 0 2 transient equilibrium,
$>1.0 & AG <0 = AG(r) has a positive
where S, is the volume conversion factor and S, is the surface area maximum at the critical size, r*, spontaneous

conversion factor. For a sphere, 8,=47/3 and S,=4r. formation of a solids phase.

Ref: Terry A. Ring , Fundamentals of Ceramic Powder ' '
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 62
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Heterogeneous Nucleation GEBZENN

» Most nucleation is in practice likely to be heterogeneous nucleation
Surfoce Nucleotion —
J:n“ = 0% l/cmssec A=1
-3

induced by solid impurity surfaces other than the solute.
» Nucleation on a foreign surface has a lower surface energy, which

leads to a lower critical supersaturation.

>The rate of heterogeneous nucleation is the same form as that '_;‘j}":"li‘j;‘fj::,::""f’:
describing homogeneous nucleation, except that the surface energy, ¥ ™
, of the solid-liquid interface is replaced by the surface energy of the
solid-seed interface.

» The only difference between the homogeneous and heterogeneous
nucleation is that, once the heteronucleii are used up, there are no
more of them, limiting the maximum heterogeneous nucleation rate.
> Thus the total nucleation rate JT is the sum of the homogeneous Generalized nucleation rate diagram describing the characteristic

and the hete rogeneous n ucleation rates: differences between homogeneous, heterogeneous, and surface nucleation
J’I‘ = Jhomo + Jhetero

—-104 +-10
— fHomogeneous Nucleotion

—-15+4 Jm':- 1030 '/I:ITIJSEC A= 20 +-15
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Dimensioniess Nucleotion Rate, Log{J/Ji

XD

Scturction Rotio, S

(

» A plot of these two nucleation rates and the total is given in Figure.

» Here we see the heterogeneous nucleation taking place at a lower saturation ratio, giving a maximum nucleation rate of
107, which corresponds to all the foreign nuclei.

» At higher supersaturation, homogeneous nucleation takes place.

Ref: Terry A. Ring , Fundamentals of Ceramic Powder ' .
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 63
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Secondary Nucleation GEBZENS.

Secondary nucleation results from the presence of solute particles in solution.

L

» This can be classified into three categories: apparent, true, and contact.

» Apparent secondary nucleation refers to the small fragments washed from the surface of seeds when they are
introduced into the crystallizer.

» True secondary nucleation occurs due simply to the presence of solute particles in solution.

» Contact secondary nucleation occurs when a growing particle contacts the walls of the container, the stirrer, the pump
impeller, or other particles, producing new nuclei.

» After a particle is nucleated, it can grow by various mechanisms.

»The kinetics of these growth mechanisms are important in determining the resultant particle structure and size
distribution. In the next section, we will discuss the more common growth mechanisms.

Ref: Terry A. Ring , Fundamentals of Ceramic Powder ' '
Processing and Synthesis, Academic Press (1996). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 64



Growth Kinetics

The nature of the crystal-solution interface

» Both atomically smooth and rough surfaces are shown in
Figure where atoms are represented by cubes.

» Inside a crystal, an atom will have six neighbors with a
binding energy of three times the bond energy (3E,.)
because each bond is shared by two atoms. For simplicity,
only nearest neighbor interactions are considered.

» If a single new atom is added to the smooth surface, it
can form a bond with only one nearest neighbor, so that its
binding energy is only one-half the bond energy (AE
» Other atoms with extra bonds may add to this atom and
stabilize a cluster; however, the small binding energy of the
first atom is clearly a major barrier to the growth of the

crystal.

» Any atom incident on a rough surface has a greater
sticking probability than one incident on a smooth surface.

» From this simple argument, it can be concluded that the
growth rate on a rough surface will be larger than on a

smooth surface.

Ref: Terry A. Ring , Fundamentals of Ceramic Powder
Processing and Synthesis, Academic Press (1996).

Bonding
counterion

The sketch below illustrates some of the features on a g -
Location  neighbors

growing or dissolving crystal. The key point is that not all
atoms at the crystal's surface are equally bonded to that
surface (see table at right), and not all exposed surface
provides equal bonding opportunities for ions that might
precipitate onto the crystal. Terraces are comparatively inert
and kinks are likely sites of dissolution or preciptiation.

Atom in terrace 5
Atom in step 4
Atom at exterior kink 3
Lone atom atstep 2
Lone atom on terrace 1

Step

Atoms in a step are bonded to
four neighboring counterions
and so more likely to leave and
dissolve than those in a
terrace, but less so than those
at an exterior kink. A step is
similarly a possible place for
crystal growth (addition of an

Surface nucleus

This partial layer will, in a
supersaturated solution, grow to
build a new terrace, with atoms
added prefrentially at interior kinks.
In an unsaturated solution, it will be
removed to expose the terrace

below, with atoms preferentially <S> > atom) but less so than an
removed at exterior kinks. QE interior kink.
Dissoluti \ /
I ution lons in Solution —. /%
<7 ‘: —~7 \ y B @
‘5-§> /A
@4\ B
gﬁ'qg 3 o
4@ “@.. 23 4' e oSy Precipitation
A é& r
T T % 3 2

TS g oA

Terrace
This is an unlikely
area for precipitation '

(any newly Interior or
precipitated atom is negative _ >
only bonded to one Kink Exterior or positive

neighbor counterion)
or dissolution (every
atom in the surface of
the terrace is bonded
to five neighbor
counterions). A
complete terrace is
thus a stable surface
and a barrier to

With supersaturation of Kink
the solution, this is a likely ~ With undersaturation of
site for precipitation the solution, this is a
because a newly likely site for dissolution
precipitated atom will be because the atom is
bonded to three neighbor bonded to only three
counterions. neighbor counterions.

further precipitation or . :
AissolHoH. http://www.qgly.uga.edu/railsback/Fundamentalsindex.html
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Growth Kinetics
Particle Growth by Aggregation

» High-resolution electron micrographs of particles synthesized by several
routes involving precipitation from solution show that the particles consist of
aggregates of much finer primary particles.

» Particle growth occurs by aggregation of fine particles rather than by
diffusion of solute to existing particles.

» During a precipitation reaction, the first nuclei grow rapidly by aggregation
to a colloidally stable size. These particles then sweep through the suspension,
picking up freshly formed nuclei and smaller aggregates. The formation of
particles with uniform size is thus achieved through size-dependent
aggregation rates.

Particle Growth by Ostwald Ripening

» Particles in a liquid can also grow by a process in which the smaller particles
dissolve and the solute precipitates on the larger particles.

» This type of growth, better described as coarsening, is referred to as Ostwald
ripening.

» The coarsening of precipitates in a solid medium can also occur by a similar
process.

‘ Ref: M.N. Rahaman, Ceramic Processing and Sintering, Marcel and Dekker (2009)

(a) 0.1 um (b) 0.5 um

Figure (a). Titania particles prepared by the Stober process
show primary particle features that are smaller than 10 nm
Figure (b). CeO, particles synthesized by hydrolysis of
cerium nitrate salts in the presence of sulfate ions show
that the hexagonal particles consist of smaller primary
particles with a spherical shape.

Greater
solubility

(+)

AG

/ " AG for crystallization onto large crystal

-)
Lesser
solubility

This is why Ostwald ripening happens:
smaller crystals are more soluble than larger ones
and dissolve to yield precipitation on larger ones.
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Crystal Shape

» The shape of a crystal (i.e., crystal habit) can be controlled by either thermodynamics or
kinetics. Only for crystals grown under very, very low supersaturation ratios is a crystal habit
established by thermodynamic considerations. These crystals tend to be of mineralological
origin. For most other crystal growth conditions, the kinetics of the slowest growing crystal
faces give rise to a crystal shape.

Equilibrium Shape

» In Figure, the flat F faces, stepped S faces, and kinked K faces are shown for a cubic crystal
system. The rougher S and K faces grow very quickly and are rarely, if ever, observed.

» The crystal habit is dominated by the slow growing F faces. From a knowledge of the
crystal structure, it is possible to predict the slow growing F faces and therefore the final
crystal morphology.

Kinetic Shape

» The rate determining step for crystal growth of the F faces of a crystal determines its
kinetic shape. The S and K faces will almost always grow faster than the F faces.

» The only exception to this rule is when an impurity is adsorbed on a S or K face, drastically
reducing its growth rate to that below an F face.

» Growth rates of different F faces often exhibit different dependences on the
supersaturation ratio.

» If, for example, these growth rates have the form shown in Figure, face 2 will be the

F $

{/

GEBZENN.

\/4/\/“\

L

Hypothetical three-dimensional crystal
presenting the three main types of possible

faces: flat (F), step (S), kink

FACE 2

Growth Rate, dR/dt

(K) faces.

FACE 1

Saturation Ratio, S

slowest growing and dominate the crystal structure at low supersaturation and face 1 will Comparison of hypothetical growth rates, for
two faces as a function of saturation ratio, S.

dominate the crystal structure at high supersaturations.
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Crystal Shape

Crystal Habit Modification by Impurities
» All of these changes in crystal habit caused by kinetic factors are drastically
effected by the presence of impurities that adsorb specifically to one or another
face of a growing crystal. With some surface active impurities, small traces, about
0.01%, are all that is required to change crystal habit during crystallization.
» These impurities can:

1. Reduce the supply of material to the crystal face,

2. Reduce the specific surface energy,

3. Block surface sites and pin the steps of the growing crystal.
» The impurities that modify crystal habit fall into four categories:

1. lons, either anions or cations;

2. lonic surfactants, either anionic or cationic;

3. Nonionic surfactants like polymers;

4. Chemical binding complexes (e.g., organic dye compounds or enzymes).

Example : The use of anionic and cationic surfactants to change the habit of adipic acid (C,H,,0,) crystals.

aniohic
detergent

~~

©)

faces

prism l retardation of growth on

+
O
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GEBZENN.

cationic
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+
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+
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faces
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<
@

¥

+
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plates

Influence of impurity adsorption on the
crystal habit, for the case of adipic acid.

» The addition of cationic surfactant will specifically adsorb on the negatively charged surfaces of adipic acid and limit their

growth, yielding platelike particles, as shown in Figure.

» Anionic surfactants will adsorb on the positively charged surfaces of the adipic acid crystals and limit their growth rate,
yielding needle-like particles. The preferential and strong adsorption of ionic surfactants is frequently used industrially to

control crystal habit.

‘ Ref: Terry A. Ring, Fundamentals of Ceramic Powder Processing and Synthesis, Academic Press (1996). |
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EXAMPLES of Particles Precipitated from Solutions GEBZENR_

e v* 3%

“oo.: S0

Silica spheres produced by the hydrolysis of
a solution of silicon tetraethoxide in
ethanol.

Yttrium basic carbonate particles obtained :

(a) by aging for 2.5 h at 90°C a solution of 1.5x102
mol/dm3 YCl, and 0.5 mol/dm?3 urea and

(b) by aging for 18 h at 115°C a solution of 3.0x102
mol/dm3 YCl; and 3.3 mol/dm3 urea.

Examples of the sizes, shapes and
chemical compositions for powders
prepared by precipitation form metal salt
solutions, showing particles of

(a) hematite (aFe,0;),

(b) cadmium sulfide,

(c) iron (lll) oxide,

(d) calcium carbonate.
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Precipitation under Hydrothermal Conditions GEBZENN

» Precipitation and growth from solution is a widely used method to i
produce powders, however, very often, the solubility of a material ina | '
solvent, e.g. water, is insufficient under normal conditions (atmospheric |3 i :
o 0 ' \ 1
pressure and tempergtures of less than-loo C for V\{ater) to allow |£ solid phase : compressible 1 supercritical fluid
solution phase synthesis and/or crystallization to be carried out. ': liquid |
» In such cases, solvents may be more effective in the supercritical ;riﬁcal pressure e
state, i.e. at temperatures and pressures above the critical point (T, : : liquid critical point
p,) in the liquid-vapor phase diagram given in the Figure, where the E phase
liquid and gaseous state become indistinguishable and form a common p, triple poimi gaseous phase
fluid phase. vapour
» Supercritical water (T_= 647,3 K, p.= 22,12 Mpa) is an efffective critical
solvent for many inorganic materials, particularly in the presence of a To mperature
mineralizer, a soluble compound producing ions that otherwise would Temperature >
not be present and which increase the solubility of the solute. .
) ) ) o ) Pressure—temperature diagram of water.
» Synthesis involving supercritical water is also known as the

hydrothermal growth method.

» Supercritical CO, (T,= 304,2 K, p_.,= 7,38 Mpa) is also increasingly
being used as a solvent for organic molecules and polymers.

Ref: S.R. Elliot, The Physics and Chemistry of Solids (1998).
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Precipitation under Hydrothermal Conditions GEBZENA_

TECHNICAL UNIVERSITY

»Hydrothermal synthesis has been known for decades as a method for synthesizing
fine, crystalline oxide particles.
» Interest in the method has increased in recent years because of the need for fine,
pure powders in the production of ceramics for electronic applications.
» The process involves heating reactants, often metal salts, oxide, hydroxide, or metal
powder, as a solution or a suspension, usually in water, at temperatures between the Geological gypsum crystals formed by natural
boiling and critical points of water (100—374°C) and pressures up to 22.1 MPa. processes. (Annu. Rev. Mater. Res. 2013. 43:359-86)
» The term hydrothermal comes from the earth sciences, where it implies \
a regime of high temperatures and water pressures.
Major differences of hydrothermal processing with other methods :
1. Powders are formed directly from solution.
2. Powders are anhydrous, crystalline, or amorphous
depending on the hydrothermal temperature.
Particle size controlled by hydrothermal temperature.
Particle shape controlled by starting materials.
Ability to control chemical composition, stoichiometry
Powders are highly reactive in sintering.
In many cases, powders do not need calcination.
In many cases, powders do not need a milling process.

SO LAk WNR

Ref: M.N. Rahaman, Ceramic Processing and Sintering (2009)
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Hydrothermal Reactors

» For typical hydrothermal research one needs a high-temperature,
high-pressure apparatus called an autoclave or bomb. It is commonly
carried out in a hardened steel autoclave, the inner surfaces of which
are lined with a plastic (e.g., Teflon) to limit corrosion of the vessel.

» A great deal of early experimental work was done using the Morey
bomb and Tuttle-Roy test tube bomb (made by Tem-Press).

_______ Plug —=~——=w-= i
w==--—=- Plunger ! c .
LT - ap ————— “
: Ay 1lu—'*&’
== Cover : 1PN
i Cone seat %'E
o ' . closure ~EZENNY A
55 - seal disc ; - 1" Dia %I'&g,
H [ =
: S
e ~— Shoulder !" Pressure To pump
; s 9 > | tuning T+
, S = ) e ’ #-—~ Thermocouple I
=30 | \rmrkS — ==~ Liner 1" dia. ] : _ il
= . #f; ' ~ 1/4" Dia chamber ‘ \
i / i : : Platinum or A '
-trj J ;//A&ﬁ == Casing : F I " gold capsule ti%%f
L f’/_/;:f, : | length 1.8-7.5 cm H T A
W /Jiﬁ ! Cone seat = ..:'jé
= H closure == \{ 0
! . - Thermocouple \ h.'!
E Welded or 3 :
) pinched

Reaction vessel with a cold-cone seat
closure (Tem-Press).

Autoclave with flat plate
closure (Morey).

Ref: Chemical Processing of Ceramics, Ed: Burtrand Lee & Sridhar Komarneni (2005).
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Schematic diagram of a hydrothermal reactor

L
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Hydrothermal reactor and the parts of the chamber
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Hydrothermal Crystal Growth Geszele

» Crystal growth under hydrothermal conditions takes place in the reactor Freceure feuge satety Vo
shown schematically in the Figure, where the material to be dissolved and

subsequently crytallized is placed at the bottom, with seed crystals . .

suspended at the top, and the reactor is part filled with water. o 5 seal Ring
» The reactor is put in a temperature gradient so that the temperature, T,,

at the bottom is higher than at the top, T,. Material at the bottom is @—— Thermo—Couple
therefore dissolved and the resulting solution is conveyed by convection to B

the top where, because the temperature is lower, the solution becomes | érosth Zone — =R
supersaturated and crystallization on to the seeds occurs. - Seed Crystal
»Hydrothermal growth is 1 3 _%gforfvfatchesbyﬂx.com »
commonly used to prepare large gt (@ - e Baffle
single crystals of the o-Quartz 4 .

crystalline modification of silica i Heater
under conditions of 400°C and _ u | asca
170 Mpa using NaOH as the MR —
mineralizer.

» The method can also be used —

to grow single crystals of <

corundum (or synthetic sapphire,

o-Al.O ) Schematic diagram of a hydrothermal reactor used for
23 hydrothermal crystal growth. (http:// www.global.kyocera.com)

Hydrothermal grown sythetic quartz crystals.
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Hydrothermal Precipitation or Hydrolysis GEBZEN

Alumina: One of the industrial applications of hydrothermal  Zirconia: Hydrothermal homogeneous precipitation is one

precipitation is ordinary alumina production, the Bayer process. of the best ways to produce zirconia powders.
1 Yitrium chloride, YCl;- Zirconium oxychloride _—
- 6H,0 ZrOC1,-8H,0 Urea, CO(NHL),
Mined bauxite Prc;lpltalc
AI(OH),
Aluminum
hydroxide seeds ) ]
3 r Dissolution
d
Mill Classification
Hydrothermal treatment
A 2 F
Soda digestion
45-50 psi 150- Wash
200°C
Washing Crystalline sol
Depressurize & o
cool to boiling Cal;:mauon
temperature 1200°C
Drying Fine particle
b r
Settle at_]d filter Mill
solids
l Calcination
ZrO, produced by the
Cool to 35°C hydrothermal
BAYER process. hpmogeneous Milling Calcined particle
|— precipitation process

Ref: Chemical Processing of Ceramics, Ed: Burtrand Lee & Sridhar Komarneni (2005). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 75
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CASE STUDY - Synthesis of Needle-like NaNbO; Particles GEBZENN.

» In this study, sodium niobate powders were prepared by hydrothermal process for further use as template particles in
the texturing of piezoelectric potassium sodium niobate fibers.

» Sodium hydroxide pellets (Merck KGaA, Germany) were dissolved in distilled water in this hydrothermal process, and
niobium oxide (Merck KGaA, Germany) was added to this solution and stirred for 30 minutes. The dissolved mixture was
put into the Teflon reaction vessel of the hydrothermal chamber (Parr Instruments).

» Various experimental parameters such as the concentration of the reactants, as well as the hydrothermal synthesis
temperature and time were investigated. The hydrothermally synthesized powders in the solution were then washed
repeatedly with distilled water to remove the NaOH and then filtered two times. Finally, the filtered precursor powders
were dried at 75°C for 24 hours. The precursor powders were then annealed at 400°C and sintered 1135°C for 1 hour.

7 —

NaOH pelletleri

30 dk

. — Nb,O5eklenmesi karistirma/coziinme

Saf su Darr

Hydrothermal \ ‘ RE——
Reactor “' / Wl | .‘ _—

Yikama
+

Filtrasyon

Hidrotermal Sicaklik + Basing
cihazina aktarma + Sure

Process Flow Chart

Ref: S. Alkoy et al., Advanced Powder Technology, 25 (6) 1825-1833 (2014). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 76




CASE STUDY

Effect of filtering on the phase composition and morphology of the powders.
: -9’

Accl SpotDet WD |—— 1 10 um

MW\BO0KV 30, SE5.1 GYTE

Acc SpotDet WD b———+ 10

150kv 3.0 SE 52 GYTE

SEM micrographs @120°C (a) first and (b) second filtrations & (c) XRD patterns of samples.

AccV SpotMagn Det WD |———— 1 10um
200KV 30 2500x SE 64 GYTE

AccV SpotMagn Det WD b————{ 10um
200KV 30 2500x SE 64 GYTE

SEM micrographs @140°C (d) first and (e) second filtrations & (f) XRD patterns of samples.

Ref: S. Alkoy et al., Advanced Powder Technology, 25 (6) 1825-1833 (2014).
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CASE STUDY

Effect of hydrothermal treatment temperature on the phase composition and morphology of the powders.

AccV SpotDet WD b— | Spum

150K/ 30 SE 51 GYTE 40

R 2.00kvY 30 5000x SE 66 GYTE

AceV' SpotMagn .Det WD — 5um
200KV 30 5000x SE 53 GYTE
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200k3.0..5000x  SE 6.1 GYTE \_.._w:_. ;

Ref: S. Alkoy et al., Advanced Powder Technology, 25 (6) 1825-1833 (2014).
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CASE STUDY GEBZER,

Effect of hydrothermal treatment temperature on the phase composition and morphology of the powders.

» When the hydrothermal synthesis temperature was © 0 Perovskite
increased to above 140°C the morphology changed ° NaNbO,
drastically. Above 140°C, the synthesis products almost fully (PDF# 00-033-1270)
remained in the first filtration cake. 0 160°C j o °
» The XRD diffraction patterns of the as-synthesized particles g * - A
indicates that hydrothermal synthesis at 140°C yields almost 4 * SOMS
fully the sodium hexaniobate phase with a limited presence & Na,(Nb,05)(H,0)
of SOMS phase. > * . X (PDF# 01-073-7869)

‘» 150°C o *x © x * 5~ o ) )
> Hydrothermal synthesis at 150°C vyields almost fully the & - %M*—-A—wﬁ&-—@
SOMS phase with a limited presence of the orthorhombic £ ® Sodium Hexaniobate
perovskite NN phase. The fully needle-like morphology of the . NagNbg0,5.13H,0
particles was observed at 150°C.. 140°C 5 e (PDF# 00-014-0370)

* ° %% o °

» Hydrothermal synthesis at 160°C vyields fully the | .f: . 7. ‘ ‘ n ‘
orthorhombic perovskite NaNbO; phase with a cubic 5 10 15 20 25 30 3 40 45 50 55 60
morphology of the particles. 20 (°)

Ref: S. Alkoy et al., Advanced Powder Technology, 25 (6) 1825-1833 (2014). Dr. Sedat Alkoy - TSD Webiner — 28 Nisan 2021 79



Effect of Nb,O. concentration on the phase

CAS E STU DY composition and morphology of the powders. GEBZEV(\

Effect of NaOH concentration on the phase composition and 0.05 M
morphology of the powders. : pals
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Ref: S. Alkoy et al., Advanced Powder Technology, 25 (6) 1825-1833 (2014). -
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CASE STUDY GEBZE\\

Effect of post-synthesis annealing at 400°C on the phase composition and morphology of the powders.
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Molten Salt Synthesis GEBZENS.

» Molten salt synthesis involves the use of a molten salt as the medium for preparing complex oxides powders from their
constituent materials (oxides and carbonates).

» Molten salt synthesis is a modification of the powder metallurgical method. Salt with a low melting point is added to the
reactants and heated above the melting point of the salt. The molten salt acts as the solvent.

» Molten salts have been used as additives to enhance the rates of solid state reactions for a long time. The amount of salt
is small, typically a few percent of the total weight.

» In contrast, in molten salt synthesis, a large amount of salt is used as the solvent to control powder characteristics (size,
shape, etc.). In this sense, molten salt synthesis is different from the flux method, which uses the salt as an additive to
enhance the reaction rate.

» Typical examples of salts used in molten salt synthesis are chlorides and sulfates. In many cases, eutectic mixtures of salts
are used to lower the liquid formation temperature. The melting points of NaCl and KCl are 801°C and 770°C, respectively,
and that of 0.5NaCl-0.5KCl (eutectic composition) is 650°C. For example, 0.635Li,SO,—0.365Na,SO, is the most commonly
used salt among sulfates because of its low melting temperature, which is 594°C, whereas that of Na,SO,—K,SO, is 823°C.

» The solubilities of oxides in molten salts vary greatly from less than 1 x 1071 mole fraction to more than 0.5 mole
fraction, typically 1x1073 - 1x10~7 mole fraction.

» In many cases, the formation reaction occurs in the presence of solid reactant particles. In this sense, molten salt is
somewhat different from ordinary solvents, which dissolve all reactant particles and the product particles precipitate from a
homogeneous liquid phase.

L

Ref: T. Kimura, Molten Salt Synthesis in Advances in Ceramics - Synthesis and Characterization, Processing and Specific Applications (2011).P7 Sedat Alkoy - TSD Webiner — 28 Nisan 2021 83




Molten Salt Synthesis GEBZENR.

The requirements on the salt:
* They should be stable, readily available, inexpensive, and

Procedure :
1. A mixture of the reactants and salt is heated above the

easily washed away with water.

A low melting temperature is desirable, and the eutectic
composition or the composition at the minimum liquidus
temperature is often used.

They should have a low vapor pressure at the heating
temperature and

Do not cause undesirable reactions with either the
reactants or the product.

reactant powders

melting temperature of the salt.

At the heating temperature, the salt melts and the
product particles form. The characteristics of the product
powder are controlled by selecting the temperature and
duration of the heating.

Then, the reacted mass is cooled to room temperature
and washed with an appropriate solvent (typically, water)
to remove the salt.

The complex oxide powder is obtained after drying. The
procedure is the same as that of a conventional powder
metallurgical method and is easily scaled up for the
fabrication of large quantities of materials.

(A + B)

mixing

firing washing

salt

product powder

(P)

drying

Ref: T. Kimura, Molten Salt Synthesis in Advances in Ceramics - Synthesis and Characterization, Processing and Specific Applications (2011). Pr{ Sedat Alkoy - TSD Webiner — 28 Nisan 2021

84



&

Fundamentals of Molten Salt Synthesis GEBZENN
Reaction rate =
Molten salts increase the reaction rate, and the product formation -
is completed at lower temperatures than that in solid state -
reaction. 9 /)
@ £
» Figure shows the fractional completion of the ferrite formation c
from the constituent oxides heated at various temperatures for 1 '%
h in the solid state reaction and molten salt synthesis using Li,SO,- | E
Na,SO,.
0.0 — A=

The mcrgase in tl?e formation rate is a consequence of: | 600 700 200 900

1. Anincrease in the contact area of the reactant particles and

2. An increase in the mobility of the reactant species in the Formation of MFe,0, (M=Ni, Zn, Mg) with (solid lines) and

molten salt. without (dashed lines) molten Li,SO,-K,SO, salt, heated for 1 h.

The position of the product formation is limited to the contact points of the dissimilar reactants in the solid state reaction,
and further increase in the product volume is caused by material transport through the product phase. The mobility of
material through this route is in the order of 10~ cm? sec™.

» Conversely, in molten salt synthesis, the surfaces of the reactant particles are covered with melt and they become
available to the reaction. In the molten salt, the mobility of the species ranges from 10 to 10™® cm? sec. This is fairly
larger than the mobility in the solid state reaction.

Ref: T. Kimura, Molten Salt Synthesis in Advances in Ceramics - Synthesis and Characterization, Processing and Specific Applications (2011). Pr{ Sedat Alkoy - TSD Webiner — 28 Nisan 2021 85
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Fundamentals of Molten Salt Synthesis GEBZEN

Powder characteristics - Homogeneity of composition xin Ni.Zn, Fe,0,
Molten salt enhances the material transport, and it is expected
that the product powders are more homogeneous than those
prepared by the solid state reaction.

=
o

» To examine the compositional homogeneity in (Ni,Zn)Fe,O,
powders, NiFe,O, and ZnFe,0, powders are reacted at 900°C for
4 h by molten salt synthesis using Li,SO,-Na,SO, and by the solid
state reaction.

»The compositional fluctuation in the obtained powders is
analyzed by measuring the Curie temperature because it is a
function of composition.

»Figure shows the distribution of the Curie temperature for 0.0
(Ni,Zn)Fe,O, powders obtained by molten salt synthesis and solid 0 200 400 600
state reaction. Temperature /°C

>In the absence of molten saIt, the distribution curve is broad’ Distribution of the Curie temperatu.rein(Ni,Zn)F.eZO4 powders prepared by the
indicating 3 Iarge compositional fluctuation. The molten salt molten salt synthesis (MSS) and solid state reaction (SSR), heated at 900°C for 4 h.
narrows the distribution of the composition.

=
w

Magnetization / %

Ref: T. Kimura, Molten Salt Synthesis in Advances in Ceramics - Synthesis and Characterization, Processing and Specific Applications (2011). Pr{ Sedat Alkoy - TSD Webiner — 28 Nisan 2021 86
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Fundamentals of Molten Salt Synthesis GEBZENS

Powder characteristics — Agglomeration 100
> During the solid state reaction, sintering (neck growth) of the
product particles proceeds concurrently with their formation,
which results in the formation of aggregates.

» In contrast, in molten salt synthesis, molten salt covers the
surfaces of all particles present and prevents the formation of necks
between the product particles. Therefore, it is expected that
powders with a low degree of aggregation are obtained.

50

Cumulative volume / %

» Figure shows the particle size distribution of rod-shaped BaTiO,
particles obtained by the reaction between rod-shaped TiO,-H,0O
and BaCO Particle size / um

3-
> Heating temperatures are 700°C for the molten salt synthesis Particle size distribution of BaTiO; powders obtained by the molten salt

. . . synthesis (MSS) and solid state reaction (SSR), measured by the

using NaCl-KCl and 1000°C for the solid state reaction; these are sedimentation method.
minimum heating temperatures needed to complete the reaction
within 1 h.
»The grain size of powder obtained by the molten salt synthesis is smaller than that obtained by the solid state reaction.
Because the size of the primary particles is almost the same for both powders as observed with a scanning electron
microscope, this size distribution reflects the size of the aggregates in the product powders.

» Thus, molten salt synthesis produces powders with a low degree of aggregation.

Ref: T. Kimura, Molten Salt Synthesis in Advances in Ceramics - Synthesis and Characterization, Processing and Specific Applications (2011).Pr{ Sedat Alkoy - TSD Webiner — 28 Nisan 2021 87
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CASE STUDY - Synthesis of Plate-like NaNbO, Particles GEBZENN,

» The plate-like single crystal NaNbO, - NN template particles for the Templated Grain Growth (TGG) process were
prepared by a two-stage molten salt synthesis (MSS) method.

> In the first stage, NaCl salt was mixed with Na,CO,, Bi,O; and Nb,O. powders and then reacted at various temperatures
ranging from 1100°C to 1150°C for 6 h. The reaction products contained plate-like Bi, :Na; :Nb.O,; (BNN) particles.

> In the second stage of topochemical microcrystal transformation, these BNN particles were mixed with Na,CO, and
reacted at 975°C for 6 h in NaCl molten salth bath to obtain plate-like particles by chemically converting the BNN particles
to NN while retaining their plate-like morphology.
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CASE STUDY - Synthesis of Plate-like NaNbO, Particles GEBZEN

» The first stage synthesis yielded phase-pure BNN particles with a plate-like morphology as shown in Figure.

» The XRD pattern shown in Figure indicates that the particles are in the layered perovskite Bi, :Na; :Nb.O,; (BNN) phase.
» The particles that were obtained through topochemical microcrystal conversion of BNN in the second stage synthesis
transform fully into the cubic perovskite NaNbO; (NN) phase as shown in Figure, they retain their plate-like morphology as

clearly seen in Figure, as required.
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CASE STUDY - Synthesis of Plate-like NaNbO, Particles GeBZENS

» In the next step of our study, 10 wt% template particles were added into the KNN slurries, ribbons were drawn and
identical sintering conditions were applied.

»The preferred alignment of template particles (some of which are identified in the figure with white arrows) along the
ribbon drawing direction (which is the horizontal direction in this figure) is clearly seen in this micrograph.

» A fully dense microstructure was obtained. The growth of template particles through thickening is clearly visible in the
particles marked by white arrows, however, it was also observed that the fine matrix grains are still present in this
structure.

» Development of texture i.e. degree of orientation was clearly observable.
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CASE STUDY - Synthesis of Plate-like Bi,Ti;O,, Particles

L

»

» The objective was to investigate the effect of a strong magnetic field during the gel casting process on the texture
formation and grain orientation in anisometric Bi,Ti;O,, - BiT piezoelectric powders with plate-like morphology.
» Due to the persistence of magnetocrystalline anisotropy at high temperature, the crystal orientation in materials
(including paramagnetic and even diamagnetic materials) can be controlled by applying a high magnetic field.
» This principle can be applied not only to magnetic materials but also to nonmagnetic materials with an asymmetric unit

cell.
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Ref: M.Y. Kaya and S. Alkoy, Proc. 21th IEEE Int. Symposium on Applications of Ferroelectrics (2012).
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CASE STUDY - Synthesis of Plate-like Bi,Ti;O,, Particles GEBZENS

Structural Features of the BiT Particles Synthesized with Two Different Methods

» XRD patterns show that both of the processes yielded pure Bi,Ti;O,, powders.

» Molten salt synthesized powders had higher crystallinity and a c-axis
orientation due to the plate-like morphology of the particles.
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CASE STUDY - Textured Bi,Ti;O,, Piezoceramics GEBZENS_

Texture Development in BiT ceramics

» A notable change was observed in the peak intensities of the (111), (200), (020) and (220) planes of the samples that are
cut paralel and perpendicular to the magnetic field direction.

» A drastic change was also observed in the microstructure where the plate-like BiT particles were found to align parallel to
the magnetic field direction.

» The preferred orientation of grains and development of texture increased with increasing magnetic field strength.
» The ceramics contained porosity due to the plate-like morphology of the particles which prevents perfect packing.
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CASE STUDY - Synthesis of Needle-like KSr,Nb_O,. GEBZENS

\(Z,

»

oY

» Needle like KSr,Nb:O,c (KSN) single crystal template particles were successfully synthesized by molten salt synthesis

method from the KCI-SrNb,O, system.

» Effect of salt/powder ratio in the case of KSN, on the morphology and size of KSN particles were investigated.
» KSN particles exhibited a stepwise morphology.
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CASE STUDY - Textured KSr,Nb O, Piezoceramics GEBZENN

» Textured ceramic fibers were fabricated from the tungsten-bronze-type piezoelectric KSr,Nb;O,..
» Development of crystallographic texture was evaluated through rocking curve analysis and a texture with Lotgering factor

of 0.97 was achieved.
» 1-3 piezocomposites were prepared from the textured fibers and their electrical properties were evaluated. Highly

enhanced properties that are 2 to 3 times higher than the random case were observed with increasing texture fraction.
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\ Journal of the Turkish Ceramics Society Ozgiin Arastirma Makalesi / Original Research Article
Mangan Katkisinin 94(Na, sBij5)TiO3-6BaTiO; Cok Katmanh Piezoelektrik

Seramiklerin Elektriksel Yorulma Davramsma Etkisi

Mert GUL'?, A.Baturay GOKCEYREK?, Mevliit GURBUZ*, Ayse Giil TOKTAS>, Taner KAVAS/,
/ / Aydin DOGAN?? .
https://www.seres2021.org/ e
. . . 14 i iversitess -
A’? on Ifo._m.@e Univer E‘m‘w’ ’Mﬂ[‘émeBﬂ‘ ve Piezoelektrik ¢ok katmanh seramikler eyleyici uygulamalarinda yiiksek mekanik
Mih. Bolime, 03200 Afyonkarahisar. dayamm ve deplasman zellikleri nedeniyle kullanilmaktadirlar. Bu uygulamalarda
Nanotech fleri Tek Mal-. Elr-Elkt. Sis. san. oK fazla elektriksel ceviime mamz kalan malzemelerin elektriksel tepkileri.

! = . cevrim sayisina bagh olarak diismektedir. Buna elektriksel yorulma denmektedir.

S E R E S 2 1 V- U | us | ararasl S erami k[ Ca m, E m aye, S Ir ve Boya Tie. Lid. 5t Esfigel Eyleyici olarak kullanilacak olan malzemelerin yorulma davranisinim belirlenmesi
. . 7 . . . g *Eskigehir Teknik Universitesi, Malzeme Bil. Ve ve miimkiinse dayanimnm artinlmasi gerekmektedir. Eyleyici uygulamalarinda

KO n g reS| 1 3 = 1 5 E kl m 202 1 d e YI n e ES kl §e hl r d e Miih. Béliimii, Tepebasi, Eskisehir genellikle kursun icerikli PZT tabanli malzemeler kullamlmaktadir. Kursunsuz

piezoelektrik malzemeler ise kapasitor uygulamalarinda siklikla kullanilmaktadir.

4 - ’ i . P N . . P .
Sansun Ondokuz Mayis Unversitesi, Makine  Tolsilc etkileri sebebiyle RoHs standartlari geregi kursun icerikli malzemelerin

@ WEBMASTER @ 14 MAR

= GENEL

Mith. Boliimii, Samsun tiim endiistriyel iiriinlerde sinmladiriimasi istenmektedir. Bu sebeple tiim diinyada

kursunsuz piezoelektrik malzemeler gelistirilmektedir. Eyleyici uygulamalarinda

} Sorumlu Yazar / Corresponding Author kullamlmak tizere gelistirilen kompozisyonlardan bir tanesi de 94(Nag sBio 5)TiOs-
Mert GUL 6BaTiO; kisaca NBT-6BT kompozisyonudur. Bu ¢alismada kursunsuz NBT-6BT

meriggg@gmail.com kompozisyonuna Mangan ilavesi yapilmus, cok katmanli seramik diretilmis ve

katkisiz NBT-6BT kompozisyonu ile karsilastinlmustir. Bu sayede Mangan

Makale Bilgisi / Article Info katkisimn NBT-6BT ¢ok katmanli seramiklerin elektriksel yorulma davranislarma

g;ﬁf; [[’;”"‘e/ /IXQZ‘:; . ﬁ;;%g%g et.!ds.i_ arastinlmistir. Kursunsuz cok katmanli seramikler su (,‘(").zelti sistemiyle ve

Kabul / Accepted 01/03/2020 gimiis-paladyum (Ag-Pd) elektrot kullanidarak 1115-1120°C sinterleme sicaklig

ve 2-4-6 saat olmak tizere farkli sinterleme stirelerinde sinterlenerek tiretilmistir.

i Mangan katkisiun kalicr polarizasyon degerini artirdigi, histeris egrisinin
Destekleyen Kurulus / Funding Agency

Afvon Kocatepe Unv. BAP Birimi kareselligindeki bozulma oranim diistirdiigt belirlenmistir.

Proje No: 17.FEN.BIL.71 ve .. . .
Eskigehir Telnik Unv. BAP Birimi Effect of Manganese Additive on Electrical Fatigue
Proje No: 1705F199 ve 1605F333 Behavior of 94(Na, sBiy 5)TiO3-6BaTiO; Multilayer

Piezoelectric Ceramics
Anahtar Kelimeler
Kursunsuz
piezoelektrik
gok katmanli
elektriksel yorulma Abstract
mangan
Piezoelectric multilayer ceramics are used in actuator applications related to high

mechanical strength and actuating performances. In these applications, the

i{:g{w"?:gs electrical response of materials decreases depending on the number of applied
piezoelectric cycles. This is called electrical fatigue. Fatigue behavior of the materials must be
muliilayer determined if possible fatigue strength increased to be used as actuators. PZT based
electrical fatigie e it 1 di - T Lt

manganese materials with lead content are generally used in actuator applications. Lead-free

piezoelectric materials are frequently used in capacitor applications. Due to its toxic
effects. it is desirable to limit lead containing materials in all industrial products as
required by RoHs standarts. Therefore, lead-free piezoelectric materials are being
developed all over the world. One of the compositions developed for use in actuator
applications is 94(Nay sBiy5)TiO;-6BaTiO;. in short NBT-6BT. In this study.
manganese was added to lead free NBT-6BT composition. multilayer ceramics
were produced and compared with NBT-6BT multilayer ceramics. Thus. the effect
of manganese additive on the electrical fatigue behaviour of NBT-6BT multilayer
ceramics was investigated. Lead-free multilayer ceramics were produced with
water-based tape casting slurry system and Ag-Pd electrode by sintering at 1115C-
1120°C sintering temperature and 2-4-6 hours at different sintering times. It has
been observed that manganese additive increases the permanent polarization value.
decreases the deformation ratio of squareness of hysterisis.

. dergi.turkser.org.tr 1 9 6
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. . varligi, basing gibi pek ¢ok parametre belirlemektedir. Konvansiyonel sinterlemede malzemeler
Prof. Dr. Hiiseyin YILMAZ

genel olarak ergime sicakliklarinin ~2/3 oraninda bir sicaklikta sinterlendikleri bilinmektedir.
Seramiklerin ergime sicakliklar dolayisiyla sinterlenme sicakliklan yiiksektir ve bu durum
sinterlemeyi enerji yogun bir proses kilmaktadir. Bu sunumda en yeni sinterleme tekniklerinden

birisi olan soguk sinterleme tekniginden de bahsedilecektir.

Zr02 Elektrolit

Gebze Teknik Universitesi
Malzeme Bilimi ve Miihendisligi

Seramiklerin Sinterlenmesi

:
Konvansiyonel sinterleme, basit olarak, pargaciklarin kati bir obje olacak sekilde NiO _lzroz E-'é ktrelit

birbirine termal bir prosesle baglanmasi olarak tanmimlanmaktadir. Bu termal proses(ler)

\
7 4
sonunda onceden sekillendirilmis fakat zayif olan obje (yas numune olarak adlandirilir) ’ 4 / :

.

mekanik mukavemet (veya baska bir fonksiyon) kazanmaktadir. Sinterleme, “pisirme” olarakta

AccV SpotMagn Det WD
15.0 kv 3.0 20000x SE. 182 G{U

adlandirihir ve bu kullamm sekli ile binlerce yildir hayatimzin vazgegilmez bir pargasidir.

Hemen her hanede sinterlenerek iretilmis ¢ok sayida iiriin bulunmaktadir. Hatta arkeologlar
insanoglunun sinterlemeyi 26000 yil 6nce kesfettigini 6ne stirmektedirler. Sinterlemenin teorisi
gecen yiizyilin ikinci yarinda onemli ilerlemeler katetmesine ragmen, proses sirasinda
gergeklesen olaylar basit degildir ve bilgi birikimi iyi bir sinterleme yapabilmek igin énemlidir.

Giintimiizde sinterlemenin konvansiyonel, sicak pressleme, sicak izostatik presleme,
mikrodalga sinterleme, plasma sinterleme, lazer sinterleme gibi pek ¢ok sekli meveuttur. Her
birinin kendine gore avantaj ve dezavantajlar1 vardir. Bu proseslerden hangisinin iiretimde
tercih edilecegini agirlikli olarak maliyet ve tiretim kapasitesi belirlemektedir. Bir diger 6nemli
nokta ise bu sinterleme yontemleri yiiksek enerji dolayisiyla da yiiksek sicaklik prosesleri olup
uygun firn tasarimi ve pahali malzeme se¢imi gerektirmektedir. Bir malzemenin sinterlenme

sicakhigini yiizey alani (birim miktar malzeme), sinterleme katki ¢esidi ve orani, sivi fazin
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