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Ceramics: Keramosin GreekforǇƻǘǘŜǊΩǎclayor waremadefrom clayandfired.

Chemically, with the exceptionof carbon,ceramicsare nonmetallic, inorganic
compounds. Suchas;
Å Silicates- Kaolinite[Al2Si2O5(OH)4],
Å Simpleoxides- Alumina(Al2O3),
Å Complexoxides- YBa2Cu3O6-x (0ҖxҖ1).
Å Non-oxides- Siliconcarbide(SiC), Siliconnitride (Si3N4),

Structurally, all materialsare either crystallineor amorphous(alsoreferred to asglassy).
The difficulty and expenseof growing single crystalsmeans that, normally, crystalline
ceramicsare actually polycrystallineτthey are made up of a large number of small
crystals,or grains,separatedfrom oneanother by grain boundaries.

In ceramics,we areconcernedwith two typesof structure, both of whichhavea profound
effect on properties.
1) At the atomic scale: the type of bonding and the crystal structure (for a crystalline
ceramic)or the amorphousstructure(if it isglassy).
2) At a larger scale: the microstructure, which refers to the nature, quantity, and
distribution of the structural elementsor phasesin the ceramic(e.g., crystals,glass,and
porosity).

Definitions

STEPS AT INTERFACES IN SrTiO3

Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021

Refs: Ceramic Processing and Sintering, (2009)
S.D. Hutagalung, Introductionto Electroceramics(2013).
https://program.eventact.com/viewabstract?Abst=122449&Code=2029348
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HistoricalDevelopmentof Ceramics

Refs: Fundamentalsof Ceramic Powder Processing and Synthesis (1996).
Billy Hustace/The Image Bank/Getty Images

Outlineof Prehistoryof Ceramics& Main Linesof 
TechnologicalDevelopment 

~ 22,000 B.C.  Earliestknownfired clayfigures
~ 8.000 B.C.    Firedearthenwarevesselsin NearEast 
~ 6.000 B.C.    Slip coatingsandclayspreparedby decanting
suspensions. decoration. control of oxidation, reductionduring
firing. joiningpaddleandanvilshaping, carving, andtrimming
~ 4,000 B.C.   Egyptianfaience
4.000-3,500 B.C   Wheel throwing, earthenwaremolds, craft shops
~ 1600 B.C.    Vaporglazing, prefritted glazes. leadglazes
~ 1500 B C.    Glassmaking, alkaline glazesin Egypt.
~ 1000 B.C.    Glazedstonewarein China
~ 900 B.C. Tin glaze in Baghdad 
~ 700 B.C. Greekblackandred wares
~ 800 A.D.      Crude porcelain in China during the T'angdynasty
~ 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

Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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Classificationof Ceramics
üThesubjectof ceramicscoversa wide rangeof materials,but cangenerallybe dividedinto two parts:
Traditional& Advanced(technical,special,fine,andengineering)Ceramics.

Traditional ceramicsbear a closerelationshipto those materialsthat havebeendevelopedsincethe earliestcivilizations.
Theyarepottery, structuralclayproducts,andclay-basedrefractories, with whichwe mayalsogroupcementsandconcretes
and glasses. Whereastraditional ceramicsstill representa major part of the ceramicsindustry, the interest in recent years
hasfocusedon advancedceramics,ceramicsthat with minor exceptionshavebeendevelopedwithin the last50yearsor so.

Advancedceramicsincludeceramicsfor electrical,magnetic,electronic,and optical applications(sometimesreferred to as
functional ceramics)and ceramicsfor structural applicationsat ambient as well as at elevated temperatures(structural
ceramics).

Text Ref: Ceramic Processing and Sintering (2009)
Figure Ref: S.D. Hutagalung, Introductionto Electroceramics(2013). 

üThemain differences betweenthe two classesare
the purity and particle sizeof the powdersthat are
used in their fabrication, and the applicationsand
the addedvalueof the resultantproducts.
Ourwebinarmainly dealswith synthesisof ceramic

powdersthat are usedin the fabrication of 
advancedceramicparts. 

Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021



5

Applications of Advanced Ceramics by Function

Text Ref: Ceramic Processing and Sintering, (2009)
Figures Ref:Advanced Ceramic Technologies and Products (2012) Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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Applications of Advanced Ceramics by Function

Text Ref: Ceramic Processing and Sintering, (2009)
Figures Ref:Advanced Ceramic Technologies and Products (2012) Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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Applications of Advanced Ceramics by Function

Text Ref: Ceramic Processing and Sintering, (2009)
Figures Ref:Advanced Ceramic Technologies and Products (2012) Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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Synthesis of Powders
üThecharacteristicsof the powder is very important on subsequentprocessing,suchasconsolidationinto a greenbody
andfiring to producethe desiredmicrostructure.

üIn practice,the choiceof a powder preparationmethod will dependon the production cost and the capabilityof the
methodfor achievinga certainsetof desiredcharacteristics.

üForconvenience,the powder synthesismethodscanbe dividedinto two categories: mechanicalmethodsand chemical
methods.
üPowdersynthesisby chemicalmethodsis an areaof ceramicprocessingthat hasreceiveda high degreeof interest and
hasundergoneconsiderablechangesin the last25years. Furthernew developmentsin this areaareexpectedin the future.
üOurtalk mainly dealswith synthesisof ceramicpowdersthrough chemicalmethods.

Figures Ref:www.vttresearch.com
www.mtm.kuleuven.be Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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DesirablePowderCharacteristics
Traditionalceramics
ü Generally,lessspecificproperty requirementsthan advancedceramics.
ü Theycanbechemicallyinhomogeneous
ü Theycanhavecomplexmicrostructures.
ü Unlike the case of advancedceramics,chemical reaction during firing is often a

requirement. The starting materials for traditional ceramicstherefore consist of
mixturesof powderswith a chosenreactivity.

ü Fineparticlesizeisdesirablefor goodchemicalreactivity.
ü Thepowdersmustalsobe chosento givea reasonablyhighpackingdensitythat serves
to limit the shrinkageanddistortion of the bodyduringfiring.
ü Generally,low costpowderpreparationmethodsareusedfor traditional ceramics.

Advancedceramics
× Must meetveryspecificproperty requirements.
× Chemicalcompositionandmicrostructuremustbe well controlled.
× Carefulattention mustbe paidto the qualityof the startingpowders.
× The important powder characteristicsare the size, sizedistribution, shape, state of

agglomeration, chemicalcomposition, andphasecomposition.
× Thestructureandchemistryof the surfacearealsoimportant.

SEM microstructure of an alumina porcelain

http://www.keramverband.de/brevier_engl/3/4/1/3_4_1.htm

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 ς28 Nisan 2021
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DesirablePowderCharacteristics
ü¢ƘŜǎƛȊŜΣǎƛȊŜŘƛǎǘǊƛōǳǘƛƻƴΣǎƘŀǇŜΣŀƴŘǎǘŀǘŜƻŦŀƎƎƭƻƳŜǊŀǘƛƻƴƘŀǾŜŀƴ
ƛƳǇƻǊǘŀƴǘƛƴŦƭǳŜƴŎŜƻƴōƻǘƘǘƘŜǇƻǿŘŜǊŎƻƴǎƻƭƛŘŀǘƛƻƴǎǘŜǇŀƴŘǘƘŜ
ƳƛŎǊƻǎǘǊǳŎǘǳǊŜƻŦǘƘŜŦƛǊŜŘōƻŘȅΦ
ü!ǇŀǊǘƛŎƭŜǎƛȊŜƎǊŜŀǘŜǊǘƘŀƴ мҡƳƎŜƴŜǊŀƭƭȅǇǊŜŎƭǳŘŜǎǘƘŜǳǎŜƻŦŎƻƭƭƻƛŘŀƭ
ŎƻƴǎƻƭƛŘŀǘƛƻƴƳŜǘƘƻŘǎōŜŎŀǳǎŜǘƘŜǎŜǘǘƭƛƴƎǘƛƳŜƻŦǘƘŜǇŀǊǘƛŎƭŜǎƛǎŦŀƛǊƭȅǎƘƻǊǘΦ
ü¢ƘŜƳƻǎǘǇǊƻŦƻǳƴŘŜŦŦŜŎǘƻŦǘƘŜǇŀǊǘƛŎƭŜǎƛȊŜΣƘƻǿŜǾŜǊΣƛǎƻƴǘƘŜǎƛƴǘŜǊƛƴƎΦ
¢ƘŜǊŀǘŜŀǘǿƘƛŎƘǘƘŜōƻŘȅŘŜƴǎƛŦƛŜǎƛƴŎǊŜŀǎŜǎǎǘǊƻƴƎƭȅǿƛǘƘŀŘŜŎǊŜŀǎŜƛƴ
ǇŀǊǘƛŎƭŜǎƛȊŜΦbƻǊƳŀƭƭȅΣƛŦƻǘƘŜǊŦŀŎǘƻǊǎŘƻƴƻǘŎŀǳǎŜǎŜǾŜǊŜŘƛŦŦƛŎǳƭǘƛŜǎŘǳǊƛƴƎ
ŦƛǊƛƴƎΣŀǇŀǊǘƛŎƭŜǎƛȊŜƻŦƭŜǎǎǘƘŀƴ мҡƳŀƭƭƻǿǎǘƘŜŀŎƘƛŜǾŜƳŜƴǘƻŦƘƛƎƘŘŜƴǎƛǘȅ
ǿƛǘƘƛƴŀǊŜŀǎƻƴŀōƭŜǘƛƳŜόŜΦƎΦΣŀŦŜǿƘƻǳǊǎύΦ
ü!ǇƻǿŘŜǊǿƛǘƘŀǿƛŘŜŘƛǎǘǊƛōǳǘƛƻƴƻŦǇŀǊǘƛŎƭŜǎƛȊŜǎόǎƻƳŜǘƛƳŜǎǊŜŦŜǊǊŜŘǘƻ
ŀǎŀǇƻƭȅŘƛǎǇŜǊǎŜǇƻǿŘŜǊύƳŀȅƭŜŀŘǘƻƘƛƎƘŜǊǇŀŎƪƛƴƎŘŜƴǎƛǘȅƛƴǘƘŜƎǊŜŜƴ
ōƻŘȅΣǘƘƛǎōŜƴŜŦƛǘƛǎǳǎǳŀƭƭȅǾŀǎǘƭȅƻǳǘǿŜƛƎƘŜŘōȅŘƛŦŦƛŎǳƭǘƛŜǎƛƴƳƛŎǊƻǎǘǊǳŎǘǳǊŀƭ
ŎƻƴǘǊƻƭŘǳǊƛƴƎǎƛƴǘŜǊƛƴƎΦ!ŎƻƳƳƻƴǇǊƻōƭŜƳƛǎǘƘŀǘǘƘŜƭŀǊƎŜƎǊŀƛƴǎŎƻŀǊǎŜƴ
ǊŀǇƛŘƭȅŀǘǘƘŜŜȄǇŜƴǎŜƻŦǘƘŜǎƳŀƭƭŜǊƎǊŀƛƴǎΣƳŀƪƛƴƎǘƘŜŀǘǘŀƛƴƳŜƴǘƻŦƘƛƎƘ
ŘŜƴǎƛǘȅǿƛǘƘŎƻƴǘǊƻƭƭŜŘƎǊŀƛƴǎƛȊŜƛƳǇƻǎǎƛōƭŜΦ
üIƻƳƻƎŜƴŜƻǳǎǇŀŎƪƛƴƎƻŦŀƴŀǊǊƻǿǎƛȊŜŘƛǎǘǊƛōǳǘƛƻƴǇƻǿŘŜǊόƛΦŜΦΣŀƴŜŀǊƭȅ
ƳƻƴƻŘƛǎǇŜǊǎŜǇƻǿŘŜǊύƎŜƴŜǊŀƭƭȅŀƭƭƻǿǎƎǊŜŀǘŜǊŎƻƴǘǊƻƭƻŦǘƘŜƳƛŎǊƻǎǘǊǳŎǘǳǊŜΦ
ü!ǎǇƘŜǊƛŎŀƭƻǊŜǉǳƛŀȄƛŀƭǎƘŀǇŜƛǎōŜƴŜŦƛŎƛŀƭŦƻǊŎƻƴǘǊƻƭƭƛƴƎǘƘŜǳƴƛŦƻǊƳƛǘȅƻŦ
ǘƘŜǇŀŎƪƛƴƎΦ

Text Ref: Ceramic Processing and Sintering, (2009)

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

Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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DesirablePowderCharacteristics
üAgglomerates lead to heterogeneouspacking in the green body which, in turn, leads to
differential sinteringduring the firing stage. Differentialsinteringoccurswhen different regionsof
the body shrinkat different rates. Thiscan lead to seriousproblemssuchas the developmentof
largeporesandcrack-like voidsin the fired body.
üFurthermore,the rate at which the bodydensifiesis roughlysimilarto that for a coarse-grained
body with a particle size equivalent to that of the agglomerates. An agglomeratedpowder
therefore hasseriouslimitations for the fabricationof ceramicswhen highdensitycoupledwith a
fine grainedmicrostructureisdesired.

Cracklikevoid produced by a ZrO2 agglomerate shrinking 
away from thesurrounding Al2O3/ZrO2 matrix during firing

ü!ƎƎƭƻƳŜǊŀǘŜǎŀǊŜŎƭŀǎǎƛŦƛŜŘƛƴǘƻǘǿƻǘȅǇŜǎΥǎƻŦǘ
ŀƎƎƭƻƳŜǊŀǘŜǎƛƴǿƘƛŎƘǘƘŜǇŀǊǘƛŎƭŜǎŀǊŜƘŜƭŘǘƻƎŜǘƘŜǊōȅ
ǿŜŀƪǾŀƴŘŜǊ²ŀŀƭǎŦƻǊŎŜǎŀƴŘƘŀǊŘŀƎƎƭƻƳŜǊŀǘŜǎƛƴǿƘƛŎƘ
ǘƘŜǇŀǊǘƛŎƭŜǎŀǊŜŎƘŜƳƛŎŀƭƭȅōƻƴŘŜŘǘƻƎŜǘƘŜǊōȅǎǘǊƻƴƎ
ōǊƛŘƎŜǎΦ
ü¢ƘŜƛŘŜŀƭǎƛǘǳŀǘƛƻƴƛǎǘƘŜŀǾƻƛŘŀƴŎŜƻŦŀƎƎƭƻƳŜǊŀǘƛƻƴƛƴ
ǘƘŜǇƻǿŘŜǊΦIƻǿŜǾŜǊΣƛƴƳƻǎǘŎŀǎŜǎǘƘƛǎƛǎƴƻǘǇƻǎǎƛōƭŜΦLƴ
ǎǳŎƘŎŀǎŜǎΣǿŜǿƻǳƭŘǘƘŜƴǇǊŜŦŜǊǘƻƘŀǾŜǎƻŦǘŀƎƎƭƻƳŜǊŀǘŜǎ
ǊŀǘƘŜǊǘƘŀƴƘŀǊŘŀƎƎƭƻƳŜǊŀǘŜǎΦ{ƻŦǘŀƎƎƭƻƳŜǊŀǘŜǎŎŀƴōŜ
ōǊƻƪŜƴŘƻǿƴǊŜƭŀǘƛǾŜƭȅŜŀǎƛƭȅōȅƳŜŎƘŀƴƛŎŀƭƳŜǘƘƻŘǎƻǊōȅ
ŘƛǎǇŜǊǎƛƻƴƛƴŀƭƛǉǳƛŘΦIŀǊŘŀƎƎƭƻƳŜǊŀǘŜǎŎŀƴƴƻǘōŜŜŀǎƛƭȅ
ōǊƻƪŜƴŘƻǿƴŀƴŘƳǳǎǘōŜŀǾƻƛŘŜŘƻǊǊŜƳƻǾŜŘΦ

Text Ref: Ceramic Processing and Sintering, (2009)

Characteristics of pigments, modification, and their functionalities, https://doi.org/10.1002/col.22359

Dr. Sedat Alkoy  - TSD Webiner ς7 Nisan 2021
Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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DesirablePowderCharacteristics
üSurfaceimpurities may have a significant influenceon
the dispersionof the powder in a liquid, but the most
seriouseffects of variations in chemicalcompositionare
encounteredin the firing stage.
üImpuritiesmay leadto the formation of a smallamount
of liquid phaseat the sinteringtemperature,whichcauses
selectedgrowth of large individualgrains. In sucha case,
the achievementof a fine uniform grain size would be
impossible.
üThus,it ispreferableto avoidsurfaceimpurities.

ü/ƘŜƳƛŎŀƭǊŜŀŎǘƛƻƴǎōŜǘǿŜŜƴƛƴŎƻƳǇƭŜǘŜƭȅǊŜŀŎǘŜŘǇƘŀǎŜǎŎŀƴŀƭǎƻōŜŀǎƻǳǊŎŜƻŦǇǊƻōƭŜƳǎΦ²ŜǿƻǳƭŘǘƘŜǊŜŦƻǊŜƭƛƪŜǘƻ
ƘŀǾŜƴƻŎƘŜƳƛŎŀƭŎƘŀƴƎŜƛƴǘƘŜǇƻǿŘŜǊŘǳǊƛƴƎŦƛǊƛƴƎΦ
üCƻǊǎƻƳŜƳŀǘŜǊƛŀƭǎΣǇƻƭȅƳƻǊǇƘƛŎǘǊŀƴǎŦƻǊƳŀǘƛƻƴōŜǘǿŜŜƴŘƛŦŦŜǊŜƴǘŎǊȅǎǘŀƭƭƛƴŜǎǘǊǳŎǘǳǊŜǎŎŀƴŀƭǎƻōŜŀǎƻǳǊŎŜƻŦǎŜǾŜǊŜ
ŘƛŦŦƛŎǳƭǘƛŜǎŦƻǊƳƛŎǊƻǎǘǊǳŎǘǳǊŜŎƻƴǘǊƻƭΦ/ƻƳƳƻƴŜȄŀƳǇƭŜǎŀǊŜ½ǊhнΣŦƻǊǿƘƛŎƘŎǊŀŎƪƛƴƎƛǎŀǎŜǾŜǊŜǇǊƻōƭŜƳƻƴŎƻƻƭƛƴƎΣŀƴŘ
gπ!ƭнhоΣǿƘŜǊŜǘƘŜǘǊŀƴǎŦƻǊƳŀǘƛƻƴǘƻǘƘŜaπǇƘŀǎŜǊŜǎǳƭǘǎƛƴǊŀǇƛŘƎǊŀƛƴƎǊƻǿǘƘŀƴŘŀǎŜǾŜǊŜǊŜǘŀǊŘŀǘƛƻƴƛƴǘƘŜ
ŘŜƴǎƛŦƛŎŀǘƛƻƴǊŀǘŜΦ¢ƘǳǎΣƛŦǇƻǎǎƛōƭŜΣǇƻƭȅƳƻǊǇƘƛŎǘǊŀƴǎŦƻǊƳŀǘƛƻƴǎǎƘƻǳƭŘōŜŀǾƻƛŘŜŘΦ

Large grained region of microstructural heterogeneity resulting from 
an impurity in hot pressed Al2O3.

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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DesirablePowderCharacteristicsfor Advanced Ceramics

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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PowderSynthesisMethods
üA variety of methodsexist for the synthesisof ceramicpowders. Theycan be divided into two categories:
mechanicalmethodsandchemicalmethods.

üMechanicalmethodsaregenerallyusedto preparepowdersof traditional ceramicsfrom naturallyoccurring
raw materials. Powderpreparation by mechanicalmethods is a fairly mature area of ceramicprocessingin
whichthe scopefor newdevelopmentsis rather small.
üHowever, in recent years, the preparation of fine powders of some advancedceramicsby mechanical
methods involving milling at high speeds,or mechanochemicalprocesseshave received a fair amount of
interest.

üChemicalmethodsare generallyusedto preparepowdersof advancedceramicsfrom syntheticmaterialsor
from naturallyoccurringraw materialsthat haveundergonea considerabledegreeof chemicalrefinement.
üSomeof the methodscategorizedaschemicalinvolvea mechanicalmilling step aspart of the process. The
milling step is usuallynecessaryfor the breakdownof agglomeratesand for the production of the desired
physicalcharacteristicsof the powdersuchasaverageparticlesizeandparticlesizedistribution.
üPowder preparation by chemicalmethods is an area of ceramic processingthat has seen severalnew
developmentsin the past25yearsandfurther newdevelopmentsareexpectedin the future.

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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Powder Preparation Methods for Ceramics

Text Ref: Ceramic Processing and Sintering, (2009) 5ǊΦ {ŜŘŀǘ !ƭƪƻȅ  π¢{5 ²ŜōƛƴŜǊ ςну bƛǎŀƴ нлнм
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Powder Preparation Methods for Ceramics

Text Ref: Ceramic Processing and Sintering, (2009) Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021
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Powder Preparation Methods for Ceramics

Text Ref: Ceramic Processing and Sintering, (2009) 5ǊΦ {ŜŘŀǘ !ƭƪƻȅ  π¢{5 ²ŜōƛƴŜǊ ςну bƛǎŀƴ нлнм
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Economy of Advanced Ceramics
Å Processing of advanced ceramics are very similar with the traditional ceramics, namely ;  mixing raw materials, reacting 

to obtain the final composition, shaping and sintering. 
Å 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.
Å For Ex: ;

Ceramic Tiles 0.2 $/kg
Ceramic cutting tips 2,000.0 $/kg
Multilayer piezoelectric actuators 20,000.0 $/kg

Ref:IΦ aŀƴŘŀƭ Ŝǘ ŀƭΦ ά¸Ŝƴƛ ƎŜƭƛǒǘƛǊƛƭŜƴ SiAlONǎŜǊŀƳƛƪƭŜǊƛƴ ƪŜǎƛŎƛ ǘŀƪƤƳ ǳŎǳ ƻƭŀǊŀƪ ƪǳƭƭŀƴƤƳƤέΣ рΦ 
¦ƭǳǎƭŀǊŀǊŀǎƤ YŀǘƤƭƤƳƭƤ {ŜǊŀƳƛƪ YƻƴƎǊŜǎƛΩƴŘŜ ǎǀȊƭǸ ǎǳƴǳǒΣ  о-р 9ƪƛƳ нллмΣ TǎǘŀƴōǳƭΦ
ά¦Φ{Φ !ŘǾŀƴŎŜŘ CeramicsGrowthContinuesέ Σ http://www.ceramicindustry.com/articles/u-s-
advanced-ceramics-growth-continues
άDƭƻōŀƭ !ŘǾŀƴŎŜŘ CeramicsMarket Size Growth, IndustrywŜǇƻǊǘΣ нлнпέ 
http://www.grandviewresearch.com/industry-analysis/advanced-ceramics-market, June2016.

USA Advanced CeramicsMarket Trend (2013 ς2024)  (Million US$) 

Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021

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


USA Advanced Ceramics Market (2004) 

wŜŦΥά¦Φ{Φ !ŘǾŀƴŎŜŘ /ŜǊŀƳƛŎǎDǊƻǿǘƘ/ƻƴǘƛƴǳŜǎέ Σ ƘǘǘǇΥκκǿǿǿΦŎŜǊŀƳƛŎƛƴŘǳǎǘǊȅΦŎƻƳκŀǊǘƛŎƭŜǎκǳπ
ǎπŀŘǾŀƴŎŜŘπŎŜǊŀƳƛŎǎπƎǊƻǿǘƘπŎƻƴǘƛƴǳŜǎ

by Form by Composition by Market Share

Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021 19
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¢¦wY9¸Ωǎ !ŘǾŀƴŎŜŘ /ŜǊŀƳƛŎǎ aŀǊƪŜǘ 

wŜŦΥ¢Φ .ŀȅƪŀǊŀΣ άTƭŜǊƛ {ŜǊŀƳƛƪƭŜǊ ς¢«.T¢!Yπa!a мффнπфр œŀƭƤǒƳŀƭŀǊƤ ǾŜ ǳƭǳǎŀƭ ōƛǊ 
ŘŜƐŜǊƭŜƴŘƛǊƳŜέΣ оΦ {ŜǊŀƳƛƪ YƻƴƎǊŜǎƛ .ƛƭŘƛǊƛƭŜǊ YƛǘŀōƤΣ ǾƻƭΦнΣ ǎŦΦ мπмлΣ мффсΦ

Uygulama milyon US$

!ǒƤƴƳŀǇƭŀƪŀƭŀǊƤ

{ƤȊŘƤǊƳŀȊƭƤƪŜƭŜƳŀƴƭŀǊƤ

!ǒƤƴƳŀveǀƐǸǘƳŜǘƻǇƭŀǊƤ

Pota,kruze, termokuplƪƤƭƤŦƭŀǊƤ

TekstilƪƤƭŀǾǳȊƭŀǊƤveŘƛƐŜǊƭŜǊƛ

Nozüller(kaynak,püskürtme,alev)

Özeldökümfiltreleri

Partikültutucular

!ǘŜǒƭŜƳŜbujileri

LǎƤŘŀƐƤǘƤŎƤƭŀǊ

KesiciǘŀƪƤƳƭŀǊ

Plazmapüskürtmekaplama

Elektrikςelektronikseramikler

5ƛƐŜǊȅŀǇƤǎŀƭŀƳŀœƭƤuygulamalar

0.7 - 0.9

3.5 ς4.0

0.5 ς0.7

0.3 ς0.4

2.0 ς2.2

0.3 ς0.5

3.0 ς4.0

2.0 ς3.0

2.0 ς3.0

2.0 ς3.0

1.0 ς1.2

3.5 ς4.0

45.0 ς55.0

2.0 ς3.0
TOPLAM* 67.8 ς74.9

TƭŜǊƛ ǎŜǊŀƳƛƪƭŜǊ мффпκфр ȅƤƭƭƤƪ ǳƭǳǎŀƭ ǇŀȊŀǊ ǇƻǘŀƴǎƛȅŜƭƛ

!ŘƤ milyon US$
Ferritler

Ferritler

Seramikdielektrik

Parafudr

Piezoelektrikseramik

Seramikizolatör

Fiberoptik,ȅŀǊƤiletkendevre,çok
kristalȅŀǊƤiletkenveŘƛƐŜǊ

5.0 ς6.0

1.2 ς1.5

5.0 ς6.0

0.4 ς0.8

9.5 ς11.0

1.0 ς1.2

19.0 ς23.0

TOPLAM 45.0 ς55.0

Elektroseramiklerмффпκфр ȅƤƭƭƤƪ  ǳƭǳǎŀƭ ǇŀȊŀǊ ǇƻǘŀƴǎƛȅŜƭƛ 

Å мффпκмффр ƛǘƘŀƭŀǘ ǾŜǊƛƭŜǊƛƴŜ ƎǀǊŜ ¢ǸǊƪƛȅŜ ƎŜƭƛǒƳƛǒ ǸƭƪŜƭŜǊŜ ƻǊŀƴƭŀ ƻƭŘǳƪœŀ ƪƤǎƤǘƭƤ 
ōƛǊ ƛƭŜǊƛ ǎŜǊŀƳƛƪ ǇŀȊŀǊƤƴŀ ǎŀƘƛǇǘƛǊΦ 

Å .ǳƴǳƴƭŀ ōƛǊƭƛƪǘŜ ȅŜǊƭƛ ǸǊŜǘƛƳƛƴ ƻƭƳŀƳŀǎƤΣ ƻƭŀǎƤ ƎƛǊƛǒƛƳŎƛƭŜǊ ŀœƤǎƤƴŘŀƴ ōǳ ǇŀȊŀǊƤ 
ŎŀȊƛǇ ƪƤƭƳŀƪǘŀŘƤǊΦ 

Å 5ǸƴȅŀŘŀƪƛ ŜƐƛƭƛƳŜ ōŜƴȊŜǊ ōƛǊ ǒŜƪƛƭŘŜ ȅŜǊƭƛ ǇŀȊŀǊƤƴ ǀƴŜƳƭƛ ōƛǊ ƪƤǎƳƤƴƤ ŜƭŜƪǘǊƛƪ-
ŜƭŜƪǘǊƻƴƛƪ ǎŜǊŀƳƛƪƭŜǊ ƻƭǳǒǘǳǊƳŀƪǘŀŘƤǊΦ
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¢¦wY9¸Ωǎ !ŘǾŀƴŎŜŘ /ŜǊŀƳƛŎǎ aŀǊƪŜǘ 

Ref:ά¢ǸǊƪƛȅŜ {ŜǊŀƳƛƪ {ŜƪǘǀǊǸ {ǘǊŀǘŜƧƛ 9ȅƭŜƳ tƭŀƴƤ όнлмн-нлмсύέΣ ¢Φ/Φ .ƛƭƛƳ {ŀƴŀȅƛ ǾŜ ¢ŜƪƴƻƭƻƧƛ 
.ŀƪŀƴƭƤƐƤ όнлмнύ

Å¢ǸǊƪ{ŜǊŀƳƛƪ{ŜƪǘǀǊǸΣнллфȅƤƭƤƴŘŀнто
Ƴƛƭȅƻƴ¦{ϷƛǘƘŀƭŀǘƎŜǊœŜƪƭŜǒǘƛǊƳƛǒǘƛǊΦ

Å.ǳƛǘƘŀƭŀǘƤƴмтƳƛƭȅƻƴ¦{ϷƪƤǎƳƤƴƤǘŜƪƴƛƪ
ǎŜǊŀƳƛƪǎŜƪǘǀǊǸƻƭǳǒǘǳǊǳǊƪŜƴΣссуǘƻƴƭǳƪ
ǘŜƪƴƛƪǎŜǊŀƳƛƪƛǘƘŀƭŀǘƤȅŀǇƤƭƳƤǒǘƤǊΦ

ÅнлмлȅƤƭƤƴŘŀƛǎŜƎŜǊœŜƪƭŜǒŜƴнуƳƛƭȅƻƴ¦{Ϸ
ƛǘƘŀƭŀǘΣ

ÅнлммȅƤƭƤƴŘŀопƳƛƭȅƻƴ¦{Ϸ ǎŜǾƛȅŜǎƛƴŜ
ȅǸƪǎŜƭƳƛǒǘƛǊΦ

Å Günümüzde¢ǸǊƪƛȅŜΩŘŜüretilenteknikseramiklerin,ȅŀƪƭŀǒƤƪ%80Ωƛporselenizolatörve%15Ωƛelektroporselenürünlerdir
Å 1999ȅƤƭƤƴŘŀTürkiyeǇŀȊŀǊƤƴŘŀyerliüretiminǇŀȅƤ%17seviyesindeyken, 2005ȅƤƭƤƴŘŀ%7 olarakƎŜǊœŜƪƭŜǒƳƛǒǘƛǊ.
Å Porselen izolatörler, elektroporselenmalzemeler ve ileri seramik malzemelerin üretimini içeren teknik seramik

sektöründe, üretim yapan10 firmaōǳƭǳƴƳŀƪǘŀŘƤǊ.
Å¢ǸǊƪƛȅŜΩƴƛƴteknik seramikürünleri ihracat seviyesioldukçaŘǸǒǸƪseyretmeklebirlikte; 2010ȅƤƭƤƴŘŀ525 bin US$, 2011
ȅƤƭƤƴŘŀ847bin US$ seviyelerineǳƭŀǒƳƤǒǘƤǊ.
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Advanced Ceramics Producers in TURKEY 

Ref: Google

Nanomaterials and Nanopowders
EnteknoEndüstriyel Teknolojik ve NanoMalzemeler Ltdό9ǎƪƛǒŜƘƛǊύ
BORTEK BorTeknolojileriveMekatronik!  όTǎǘŀƴōǳƭύ

Structural Ceramics and Ceramic Cutting Tools
a5! TƭŜǊƛ {ŜǊŀƳƛƪƭŜǊ Ltdό9ǎƪƛǒŜƘƛǊύ

Electroceramicsand Bioceramics
Ankara {ŜǊŀƳƛƪ !Φ Φ(Ankara)
NanotechTƭŜǊƛ ¢ŜƪƴƻƭƻƧƛƪ aŀƭȊŜƳŜƭŜǊ Ltdό9ǎƪƛǒŜƘƛǊύ
ENS tƛŜȊƻŀȅƎƤǘƭŀǊLtd(Gebze)

ƘǘǘǇΥκκǿǿǿΦƴŀƴƻǘŜŎƘΦŎƻƳΦǘǊκ

http://piezodevices.com/

https://www.ankaraseramik.com/

https://mdaceramic.com/

https://www.borteknolojileri.com/

https://www.enteknomaterials.com/
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Solid StateMethodsI
DECOMPOSITION
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Solid-StateDecompositionReactions
üChemicaldecompositionreactions,in which a solid reactant is heated to producea new solid + a gas, are
commonlyusedfor the productionof powdersof simpleoxidesfrom carbonates, hydroxides, nitrates, sulfates,
acetates, oxalates, alkoxides,andother metalsalts.

üIn general,the reactionsproduceanoxideanda volatilegaseousreactionproduct,suchasCO2, SO2, or H2O.

üAnexampleis the decompositionof calciumcarbonate(calcite)to producecalciumoxideandcarbondioxide
gas:

ü Dependingon the particular conditionsof time, temperature,ambient pressureof CO2, relative humidity,
particlesize,andsoon, the processmaybecontrolledby :

* Reactionrate at the reactionsurface
* Gasdiffusionor permeationthroughoxideproductlayer
* Heattransfer

Ref: W.D. Kingery, Introductionto Ceramics, 
John Wileyand Sons, Inc. (1976) 24Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021



Thermodynamicsof Decomposition
ü9ȄΥ 5ŜŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ŎŀƭŎƛǘŜό/ŀ/hоύΦ

üwŜŀŎǘƛƻƴ ƛǎ ǎǘǊƻƴƎƭȅ ŜƴŘƻǘƘŜǊƳƛŎ Σ ǿƘƛŎƘ ƛǎ ǘȅǇƛŎŀƭ ƻŦ Ƴƻǎǘ ǎŀƭǘ ŘŜŎƻƳǇƻǎƛǘƛƻƴǎΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ƘŜŀǘ Ƴǳǎǘ 
ōŜ ǎǳǇǇƭƛŜŘ ǘƻ ǘƘŜ ǊŜŀŎǘƛƻƴ ŦƻǊ ƛǘ ǘƻ ŎƻƴǘƛƴǳŜΦ 

üCǊƻƳ ǘƘŜ Dƛōōǎ ŦǊŜŜ ŜƴŜǊƎȅ ŎƘŀƴƎŜ Υ

¢ƘŜŜǉǳƛƭƛōǊƛǳƳŎƻƴǎǘŀƴǘόYύŦƻǊǘƘŜŘŜŎƻƳǇƻǎƛǘƛƻƴǊŜŀŎǘƛƻƴƻŦŎŀƭŎƛǳƳŎŀǊōƻƴŀǘŜΥ

¢ƘŜǇŀǊǘƛŀƭǇǊŜǎǎǳǊŜƻŦǘƘŜ/hнƎŀǎōŜŎƻƳŜǎŎǊƛǘƛŎŀƭΦ

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 25Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021



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

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

Thermodynamicsof Decomposition
üForexample,CaCO3becomesunstableabove810K,MgCO3

above 480K, and depending on the relative humidity,
Mg(OH)2 becomesunstableabove445ς465K.

üFurthermore, acetates, sulfates, oxalates, and nitrates
have essentiallyzero partial pressureof the product gas in
the ambientatmospheresothey arepredictedto beunstable
at room temperature.

üThefact that thesecompoundsare observedto be stable
at much higher temperatures indicates that their
decompositionis controlled by kinetic factors and not by
thermodynamics.

нсDr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021



Thekineticsmaybe limited by:
ü Thereactionat the surface
ü Theflow of heat from the furnaceto the reactionsurface
ü The diffusion (permeation) of the product gas from the

reactionsurfaceto the ambientfurnaceatmosphere.

üThe molar volume of the solid product is commonly
smaller than that for the reactant, so that very often, the
product forms a porouslayeraroundthe nonporouscore of
reactantasshownin Figure.

üLike most solid-state reactions, the reaction is
heterogeneous in that it occurs at a sharply defined
interface.

Ref: W.D. Kingery, Introductionto Ceramics, 
John Wileyand Sons, Inc. (1976)

Schematicrepresantationof decompositionof a sphericalparticle (e.g. CaCO3)
of a salt which yieldsa porous oxide product (e.g. CaO) and a gas(CO2). The
reactionis endothermic, requiringheat transfer. Thedrivingforcesfor heat and
masstransport for steady-state decompositionare expressedas temperatures
and pressuresin the furnace(Tf, Pf), at the particle surface(Ts,Ps), and at the
reactioninterface(Tr,Pr)

Kineticsof Decomposition

27Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021



YƛƴŜǘƛŎǎƻŦ 5ŜŎƻƳǇƻǎƛǘƛƻƴ
üThekineticinvestigationsof decompositionrxnsareconductedisothermallyor at a fixedheatingrate.
üIn isothermal studies, the maintenanceof a constant temperature representsan ideal that cannot be
achievedin practice,sincea finite time is requiredto heat the sampleto the requiredtemperature. However,
isothermaldecompositionkineticsareeasierto analyze.

üTheprogressof the reactionis commonlymeasuredby
the weight lossandthe dataareplotted asthe fractionof
the reactantdecomposedaversustime t with adefined
as:

whereDW andDWmax are the weight lossat time t and
the maximum weight loss according to the
decompositionreaction,respectively.
üThereis no generaltheory of decompositionreactions.
However,a generalizedaversustime t curve similar to
that shownin Figure isoften observed.

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

Generalizedversustime plot summarizingcharacteristickineticbehaviorobserved
for isothermaldecompositionof solids. representsthe weight lossdividedby the
maximumweight loss.
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Kineticsof Decomposition

wŜŦΥ aΦbΦ wŀƘŀƳŀƴΣ/ŜǊŀƳƛŎ tǊƻŎŜǎǎƛƴƎ ŀƴŘ {ƛƴǘŜǊƛƴƎΣ  
aŀǊŎŜƭŀƴŘ5ŜƪƪŜǊόнллфύ

üThestageA is an initial reaction,sometimesassociatedwith the decompositionof impurities or unstable
superficialmaterial. B is an induction period that is usuallyregardedas terminated by the developmentof
stable nuclei, while C is the acceleratoryperiod of growth of suchnuclei, perhapsaccompaniedby further
nucleation,whichextendsto the maximumrate of reactionat D.

Generalizedversustime plot summarizingcharacteristickineticbehaviorobserved
for isothermaldecompositionof solids. representsthe weight lossdividedby the
maximumweight loss.

ü Thereafter,the continuedexpansionof nucleiisno
longer possible due to impingement and the
consumptionof the reactant, and this leadsto a decay
period, E, that continues until the completion of the
reaction F. In practice, one or more of these features
(exceptD)maybeabsentor negligible.
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Solid StateMethodsII

REACTIONS BETWEEN SOLIDS

(Mixing & Calcination)

305ǊΦ {ŜŘŀǘ !ƭƪƻȅ  π¢{5 ²ŜōƛƴŜǊ ςну bƛǎŀƴ нлнм
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ChemicalReactionsBetweenSolids

Ref: W.D. Kingery, Introductionto Ceramics, 
John Wileyand Sons, Inc. (1976)

üThesimplestsysteminvolvesreactionbetweentwo solidphases,A andB,to producea solidsolution C.
üA and B are commonlyelementsfor metallic systems,while for ceramicsthey are commonlycrystalline
compounds.
üSolidstate reactionscanbe dividedinto two stages: nucleationof the reactionproduct and its subsequent
growth.
üTheyare heterogenoustype of reactionswhere there is reaction interface between the reactingphases,
suchasnucleusandmatrix,or phaseAandphaseB.
üAfter the initiation of the reaction,AandBareseparatedby the solidreactionproductC(seeFigure).

üIn order for the reactionto proceed,three stepsmust takeplacein series:
I- Material transport(the transportof atoms,ions,or moleculesby severalpossiblemechanisms)

throughthe phaseboundariesandthe reactionproductto the interface.
II- Reactionat the phaseboundary
III- Sometimestransportof reactionproductsfrom the interface.
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/ƘŜƳƛŎŀƭwŜŀŎǘƛƻƴǎ.ŜǘǿŜŜƴ{ƻƭƛŘǎ

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

üRactionsat the phaseboundaryliberate or absorbheat, changingthe boundarytemperatureand limiting the rate of the
process. Theslowestof any of thesestepsmaydeterminethe overallrate.

ü Reactionsbetweenmixedpowdersare technologicallyimportant for powdersynthesis.

üThereactionbetweentwo (or more)typesof solidis frequentlypracticedto producemulticomponentceramicpowders.

üSeveralexamplesinclude:
NiO(s)+ Al2O3 (s)Č NiAl2O4 (s)
MgO(s)+ Al2O3 (s)Č MgAl2O4 (s
ZnO(s)+ Fe2O3 (s)Č ZnFe2O4 (s)
ZnO(s)+ Al2O3 (s)Č ZnAl2O4 (s)
BaCO3 (s)+ SiO2 (s)Č BaSiO3 (s)+ CO2 (g)
½Y2O3(s) + 2BaCO3 (s)+ 3CuO(s)Č YBa2Cu3O6.5(s) + CO2 (g)

ü Thespinelformation reaction is one of the most widely studiedreactions
among these where where a divalent oxide (AO) and a trivalent oxide
(B2O3) in a 1:1 molar ratio react to form a product having the spinel
structure(AB2O4).

Crystallographic illustration of the MgAl2O4-spinel (normal spinel structure).
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SpinelFormationby Solid StateReactions
bƛŎƪŜƭŀƭǳƳƛƴŀǘŜǎǇƛƴŜƭόbƛ!ƭнhпύƛǎŦƻǊƳŜŘŀǎŀǊŜŀŎǘƛƻƴƭŀȅŜǊōŜǘǿŜŜƴǘƘŜbƛhŀƴŘ!ƭнhоǊŜŀŎǘŀƴǘǎΦ

ü¢ƘŜǊŜŀǊŜƳŀƴȅǇƻǎǎƛōƭŜǊŜŀŎǘƛƻƴǇŀǘƘǎΦ!ƭǘƘƻǳƎƘŦƛǾŜŀǊŜǎƘƻǿƴǎŎƘŜƳŀǘƛŎŀƭƭȅΣƴƻǘŀƭƭƻŦǘƘŜƳŀǊŜǇƻǎǎƛōƭŜ
ōŜŎŀǳǎŜŘƛŦŦǳǎƛƻƴŎƻŜŦŦƛŎƛŜƴǘǎƻŦǘƘŜƛƻƴǎŘƛŦŦŜǊǿƛŘŜƭȅΦ

Ref: W.D. Kingery, Introductionto Ceramics, 
John Wileyand Sons, Inc. (1976)

Mechanismsin which O2 molecules
are transported through the gaseous
phase and electroneutrality is
maintained by electron transport
throughthe productlayer,

If ideal contact occurs at the phase
boundaries so that transport of O2

moleculesis slow,then the mechanisms
in which O2 moleculesare transported
through the gaseous phase and
electroneutrality is maintained by
electrontransport through the product
layerareunimportant.

(1)

(2)
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{ǇƛƴŜƭCƻǊƳŀǘƛƻƴōȅ{ƻƭƛŘ {ǘŀǘŜwŜŀŎǘƛƻƴǎ
Mechanisms in which O2 ions diffusethrough the product layer

Ref: W.D. Kingery, Introductionto Ceramics, 
John Wileyand Sons, Inc. (1976)

In spinels, diffusionof the largeO2 ionsis rather slowwhencompared
to cationicdiffusion so that the mechanismsin which O2 ionsdiffuse
throughthe productlayercanbe eliminated.

(3)

(4)

(5)
The most likely mechanism is the
mechanism involving counter
diffusion of the cations with the
oxygen ions remaining essentially
stationary, where the flux of the
cations is coupled to maintain
electroneutrality.

aŜŎƘŀƴƛǎƳƛƴǾƻƭǾƛƴƎ ŎƻǳƴǘŜǊ ŘƛŦŦǳǎƛƻƴ ƻŦ ǘƘŜ Ŏŀǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ƻȄȅƎŜƴ ƛƻƴǎ 
ǊŜƳŀƛƴƛƴƎ ŜǎǎŜƴǘƛŀƭƭȅǎǘŀǘƛƻƴŀǊȅ

(3)

(4)

(5)
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SpinelFormationby Solid StateReactions
üWhen the rate of reaction-product formation is controlled by
diffusion through the planar product layer, the parabolicrate law is
observed

where K is a rate constantthat obeysthe Arrheniusrelation and the
wall thicknessof the planar product layer increaseswith the square
root of time.

üFigureshowsthe parabolictime dependencefor NiAl2O4 formation.

üA parabolicgrowth rate for the reaction layer is usually taken to
meanthat the reactionisdiffusioncontrolled.

wŜŦΥ aΦbΦ wŀƘŀƳŀƴΣ/ŜǊŀƳƛŎ tǊƻŎŜǎǎƛƴƎ ŀƴŘ {ƛƴǘŜǊƛƴƎΣ  
aŀǊŎŜƭŀƴŘ5ŜƪƪŜǊόнллфύ

Ref: W.D. Kingery, Introductionto Ceramics, 
John Wileyand Sons, Inc. (1976)

Thicknessof NiAl204 formed in NiO-Al203 couplesasa function
of time heatedin argonat 1400and1500°C.
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PowderSolid StateReactions
üFor powder reactions(seefigure), a completedescriptionof the reaction kineticsmust take into account
severalparameters,therebymakingthe analysisverycomplicated.
üSimplifiedassumptionsare commonlymadein the derivationof kinetic equations. For isothermalreaction
conditions,a frequently used equation has been derived. In the derivation, it is assumedthat equalsized
spheresof reactantA areembeddedin a quasi-continuousmediumof reactantBandthat the reactionproduct
formscoherentlyanduniformlyon the A particles.
üThevolumeof unreactedmaterialat time t is

wherer is the initial radiusof the sphericalparticlesof reactantAandy is the thicknessof the reactionlayer.

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

{ŎƘŜƳŀǘƛŎƻŦǎƻƭƛŘπǎǘŀǘŜǊŜŀŎǘƛƻƴƛƴƳƛȄŜŘǇƻǿŘŜǊǎ
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PowderSolid StateReactions
üThevolumeof unreactedmaterial isalsogivenby

where ais the fractionof the volumethat hasalreadyreacted.
üCombiningthese equations;

üAssumingthat y growsaccordingto the parabolicrelationship
givenby

then the reactionrate is;

üFigure illustrates the applicability of this
equationto the solidstatepowderreaction

SiO2 (s)+ BaCO3 (s)Č BaSiO3 (s)+ CO2 (g).

üIn Figurelineartime dependenceof
isplotted for severaltemperatures.
üFigure(c)showsthe Arrheniusexpression,

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 
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PowderSolid StateReactions
üThisequation, referred to asthe Janderequation, suffersfrom two
oversimplificationsthat limit its applicabilityandthe rangeoverwhich
it adequatelypredictsreactionrates.
(1) It isvalidfor smallreactionthicknesses;
(2) It assumesproductandreactantshavethe samemolarvolume.
üThese twooversimplifications have been taken into account by 
Carter, who derived the following equation:

where Z is the volume of the reaction product formed from unit
volumeof the reactantA.
üThisequation, referred to as the Carter equation, is applicableto
the formation of ZnAl2O4 by the reactionbetweenZnOandAl2O3 even
up to 100%of reaction( seeFigure).
üThisequationisalsovalidfor the oxidationof metalpowders.

Kinetics of reaction between spherical particles of ZnOand Al2O3 to 
form ZnAl2O4 at 1400C in air, showing the validity of the Carter 
equation.

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 
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tƻǿŘŜǊ{ƻƭƛŘ {ǘŀǘŜwŜŀŎǘƛƻƴǎ

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

üFor a solid-state diffusion mechanism,the growth of the reaction
product in powder systemsoccursat the contactpoints and for nearly
equal-sizedspheres,the number of contact points is small as in the
figure.
üNevertheless,for manysystems,the Janderequationand the Carter
equationgivea gooddescriptionof the reactionkineticsfor at leastthe
initial stagesof the reaction.
üIt appearsthat rapid surfacediffusion providesa uniform supplyof
oneof the reactantsoverthe other.
üAlternatively, if the vapor pressureof one of the reactantsis high
enoughasin the examplerxn below

ZnO(s)+ Al2O3 (s)Č ZnAl2O4 (s)
Then condensationon the surface of the other reactant can also
providea uniform supplyof the other reactant.
üIn this case,the powder reactioncanbe better describedasa gasς
solidreactionrather thana solid-statereaction.
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PowderSolid StateReactions

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

Solidstate reactionin powder systemsdependson severalparameters:
ÅThechemicalnatureof the reactantsandthe product;
ÅThesize,sizedistribution,andshapeof the particles;
ÅThe relativesizesof the reactantparticlesin the mixture;
ÅTheuniformity of the mixing,the reactionatmosphere; the temperature; andthe time.

ü¢ƘŜǊŜŀŎǘƛƻƴǊŀǘŜǿƛƭƭŘŜŎǊŜŀǎŜǿƛǘƘŀƴƛƴŎǊŜŀǎŜƛƴǇŀǊǘƛŎƭŜǎƛȊŜƻŦǘƘŜǊŜŀŎǘŀƴǘǎΦ
üCƻǊŎƻƘŜǊŜƴǘǊŜŀŎǘƛƻƴƭŀȅŜǊǎŀƴŘƴŜŀǊƭȅǎǇƘŜǊƛŎŀƭǇŀǊǘƛŎƭŜǎΣǘƘŜŘŜǇŜƴŘŜƴŎŜƻŦǘƘŜǊŜŀŎǘƛƻƴƪƛƴŜǘƛŎǎƻƴǇŀǊǘƛŎƭŜǎƛȊŜƛǎ
ƎƛǾŜƴōȅWŀƴŘŜǊƻǊ/ŀǊǘŜǊŜǉǳŀǘƛƻƴǎΦ
ü¢ƘŜǊŜŀŎǘƛƻƴǊŀǘŜǿƛƭƭƛƴŎǊŜŀǎŜǿƛǘƘǘŜƳǇŜǊŀǘǳǊŜŀŎŎƻǊŘƛƴƎǘƻǘƘŜ!ǊǊƘŜƴƛǳǎǊŜƭŀǘƛƻƴΦ
ü¢ƘŜƘƻƳƻƎŜƴŜƛǘȅƻŦƳƛȄƛƴƎƛǎƻƴŜƻŦǘƘŜƳƻǎǘƛƳǇƻǊǘŀƴǘǇŀǊŀƳŜǘŜǊǎΦLǘƛƴŦƭǳŜƴŎŜǎǘƘŜŘƛŦŦǳǎƛƻƴŘƛǎǘŀƴŎŜōŜǘǿŜŜƴǘƘŜ
ǊŜŀŎǘŀƴǘǎŀƴŘǘƘŜǊŜƭŀǘƛǾŜƴǳƳōŜǊƻŦŎƻƴǘŀŎǘǎōŜǘǿŜŜƴǘƘŜǊŜŀŎǘŀƴǘǇŀǊǘƛŎƭŜǎΣŀƴŘǘƘǳǎǘƘŜŀōƛƭƛǘȅǘƻǇǊƻŘǳŎŜ
ƘƻƳƻƎŜƴŜƻǳǎΣǎƛƴƎƭŜπǇƘŀǎŜǇƻǿŘŜǊǎΦ
ütƻǿŘŜǊǇǊŜǇŀǊŀǘƛƻƴōȅǎƻƭƛŘπǎǘŀǘŜǊŜŀŎǘƛƻƴǎƎŜƴŜǊŀƭƭȅƘŀǎŀƴŀŘǾŀƴǘŀƎŜƛƴǘŜǊƳǎƻŦǇǊƻŘǳŎǘƛƻƴŎƻǎǘΣōǳǘǘƘŜǇƻǿŘŜǊ
ǉǳŀƭƛǘȅƛǎŀƭǎƻŀƴƛƳǇƻǊǘŀƴǘŎƻƴǎƛŘŜǊŀǘƛƻƴŦƻǊŀŘǾŀƴŎŜŘŎŜǊŀƳƛŎǎΦ
ü¢ƘŜǇƻǿŘŜǊǎŀǊŜƴƻǊƳŀƭƭȅŀƎƎƭƻƳŜǊŀǘŜŘŀƴŘŀƎǊƛƴŘƛƴƎǎǘŜǇƛǎŀƭƳƻǎǘŀƭǿŀȅǎǊŜǉǳƛǊŜŘǘƻǇǊƻŘǳŎŜǇƻǿŘŜǊǎǿƛǘƘōŜǘǘŜǊ
ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΦ
üDǊƛƴŘƛƴƎƛƴōŀƭƭƳƛƭƭǎƭŜŀŘǎǘƻǘƘŜŎƻƴǘŀƳƛƴŀǘƛƻƴƻŦǘƘŜǇƻǿŘŜǊǿƛǘƘƛƳǇǳǊƛǘƛŜǎΦ
üLƴŎƻƳǇƭŜǘŜǊŜŀŎǘƛƻƴǎΣŜǎǇŜŎƛŀƭƭȅƛƴǇƻƻǊƭȅƳƛȄŜŘǇƻǿŘŜǊǎΣƳŀȅǇǊƻŘǳŎŜǳƴŘŜǎƛǊŀōƭŜǇƘŀǎŜǎΦ
ü¢ƘŜǇŀǊǘƛŎƭŜǎƘŀǇŜƻŦƎǊƻǳƴŘǇƻǿŘŜǊǎƛǎǳǎǳŀƭƭȅŘƛŦŦƛŎǳƭǘǘƻŎƻƴǘǊƻƭΦ



41Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021

Ref: Ebru Mensur-Alkoy, AyseBerksoy-YavuzΣ ΨEffect of powder 
processing conditions on the electromechanical properties of lithium 
doped potassium sodium niobateΩBoletínde la Sociedad Española de 
Cerámicay Vidrio,  Volume 55, Issue 6, Pages 246-252(2016)

Route1 (R1) Loose CalcinationČ KLSamples

Route2 (R2) Compact Calcination Č LSamples

CASE STUDY
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CASE STUDY

(R1)

(R1)

(R2)

(R2)

(R1)

(R1)

όwнύ

(R2)
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CASE STUDY

R1 - Loose Calcination

R2 - Compact Calcination
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CASE STUDY
(R1)

(R2)

(R1)

(R2)

(R1)

(R2)
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Oxidationof Sulphides

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

üTwotypesof oxidationreactionsareof interest in ceramics: oxidation of metalsandoxidationof sulfides.
üTheoxidation of sulphidesis a commonextractivemetallurgicalprocess,generatingan oxideceramicpowder. Theoxide
product isusuallyan intermediateproducton the wayto metalproductionbut if sufficientlypure it canbe useddirectlyasa
ceramicpowder.
üAcommonexampleis the roastingof zincsulphideto form zincoxide;

or the roastingof iron pyrite, FeS2 by the reaction;

üThesereactionsare stronglyexothermic, which is typicalof these typesof oxidationreactions. Thismeansthat the heat
producedby the reactionwill heatup the particleandfurther increasethe reactionrate.
üTheequilibriumconstant, Ke, for the oxidationof zincsulphideisgivenby;

assumingall gassesare idealandthe fugacitiesareequalto the partial pressures.
üTheequilibriumconstantis relatedto the standardfree energy,DG0, asshownin equation;
üWhenthe ratio of partial pressures, , is lessthan that at equilibrium,the reactant,ZnS,
isunstableat that temperature.
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üThe oxidation of metal powders is a method to produce relatively pure
oxides. Acommonmetaloxidationis;

üThisreaction,like all metal oxidationreactions,is stronglyexothermic. The
standardfree energyof this and manyother oxidationreactionsare givenin
Figure.
üThe distribution coefficientfor all metal oxidationreactionsisgivenby;

assumingidealgas.
üThedistribution coefficientand the standardfree energymakeup the total
free energyof reactionaccordingto equation;
üTerm isalsogivenin Figureon the outsidescaleof the graph.
üWhenthe standardfree energy, is lessthan

then the oxideisstable.
üIn gasfired metal oxidations,the fuel givesa combustiongasof a particular
CO2 and H20 composition. At thesehigh temperatures,the decompositionof
CO2 ;

createsan equilibrium partial pressureof oxygenthat influencesthe metal
oxidestabilityat temperature,asdoesthe decompositionof water;

Oxidationof Metals

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

Standard free energy offormation of oxides as a function of temperature. 
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wŜŘǳŎǘƛƻƴwŜŀŎǘƛƻƴǎ

Ref: Roy W. Rice,  CeramicFabrication
Technology, MarcelDekker, Inc.(2003 ). 

üThe reduction of oxides in reducing atmospheresis also an important industrial reaction that producesa powder.
However,these reduction reactionsare frequently used to produce metal powders and are not often used to produce
ceramicpowders.
üThesereductionreactioncan,however,be the first step in a sequenceof stepsto producecarbideand nitride powders.
Severalexamplesof reductionreactionsare;

üHowever, there is a much more broadlyapplicableand usedmethod of traditional reactionprocessingof mainly binary
nonoxideceramicpowders,namelycarbothermalreduction.
üThissimplyentails intimate mixingof oxidepowdersof the desiredmetals,metalloids,and carbon(or a sourceof it) to
reducethe oxides,andif producinga carbide,to reactwith the reducedmetal to form its desiredcarbide.
üFine,uniformly,and intimately mixedreactiveingredientsare important to react to the desiredproductswith little or no
residualoxideor excesscarbon,at temperaturesandtimesto limit excessiveparticlegrowth andsintering.
üRemovalof residualundesiredphasescansometimesbe done with limited negativeeffects,but are an addedcost and
posetheir own contaminationproblems.
üFinecarbonpowdersor liquid precursorssuchassugar(dissolvedin water) or furfuryl alcoholcanbe usefuland are of
modestcost,especiallysugar,whichhasbeenusedin a numberof cases.
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CarbothermalReduction

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

ü¢ƘŜǊŜŘǳŎǘƛƻƴƻŦǎƛƭƛŎŀōȅŎŀǊōƻƴƛǎǳǎŜŘƛƴŘǳǎǘǊƛŀƭƭȅǘƻǇǊƻŘǳŎŜǎƛƭƛŎƻƴŎŀǊōƛŘŜǇƻǿŘŜǊǎΥ
{ƛhнҌо/Č{ƛ/Ҍн/h

ü¢ƘƛǎǊŜŀŎǘƛƻƴǎƘƻǳƭŘƻŎŎǳǊǎƻƳŜǿƘŀǘŀōƻǾŜмрлл/̄ōǳǘƛǎǳǎǳŀƭƭȅŎŀǊǊƛŜŘƻǳǘŀǘƳǳŎƘƘƛƎƘŜǊǘŜƳǇŜǊŀǘǳǊŜǎǎƻǘƘŀǘǘƘŜ
{ƛhнƛǎŀŎǘǳŀƭƭȅŀƭƛǉǳƛŘΦ¢ƘŜǇǊƻŎŜǎǎƛǎŎŀǊǊƛŜŘƻǳǘƻƴŀƭŀǊƎŜǎŎŀƭŜƛƴŘǳǎǘǊƛŀƭƭȅŀƴŘƛǎǊŜŦŜǊǊŜŘǘƻŀǎǘƘŜ!ŎƘŜǎƻƴtǊƻŎŜǎǎΦ
ü¢ƘŜƳƛȄǘǳǊŜƛǎǎŜƭŦπŎƻƴŘǳŎǘƛƴƎŀƴŘƛǎƘŜŀǘŜŘŜƭŜŎǘǊƛŎŀƭƭȅǘƻǘŜƳǇŜǊŀǘǳǊŜǎƻŦнрлл/̄Φ{ƛŘŜǊŜŀŎǘƛƻƴǎƻŎŎǳǊǎƻǘƘŀǘǘƘŜ
ǊŜŀŎǘƛƻƴƛǎƳƻǊŜŎƻƳǇƭŜȄǘƘŀƴƎƛǾŜƴŀōƻǾŜΦ

/ Ҍ {ƛhнҦ {ƛh Ҍ /h
{ƛhнҌ /h Ҧ {ƛh Ҍ /hн

/ Ҍ /hнҦ н/h
н/ Ҍ {ƛh Ҧ {ƛ/ Ҍ /h

ü¢ƘŜǇǊƻŘǳŎǘƻōǘŀƛƴŜŘŀŦǘŜǊǎŜǾŜǊŀƭŘŀȅǎƻŦǊŜŀŎǘƛƻƴŎƻƴǎƛǎǘƻŦŀƴŀƎƎǊŜƎŀǘŜ
ƻŦōƭŀŎƪƻǊƎǊŜŜƴŎǊȅǎǘŀƭǎΦLǘƛǎŎǊǳǎƘŜŘΣǿŀǎƘŜŘΣƎǊƻǳƴŘΣŀƴŘŎƭŀǎǎƛŦƛŜŘǘƻǇǊƻŘǳŎŜǘƘŜŘŜǎƛǊŜŘǇƻǿŘŜǊǎƛȊŜǎΦ
ühƴŜŘƛǎŀŘǾŀƴǘŀƎŜƻŦǘƘŜ!ŎƘŜǎƻƴǇǊƻŎŜǎǎƛǎǘƘŀǘǇƻǿŘŜǊǉǳŀƭƛǘȅƛǎƻŦǘŜƴǘƻƻǇƻƻǊŦƻǊŘŜƳŀƴŘƛƴƎŀǇǇƭƛŎŀǘƛƻƴǎǎǳŎƘŀǎ
ƘƛƎƘπǘŜƳǇŜǊŀǘǳǊŜǎǘǊǳŎǘǳǊŀƭŎŜǊŀƳƛŎǎΦ.ŜŎŀǳǎŜǘƘŜǊŜŀŎǘŀƴǘǎŜȄƛǎǘŀǎƳƛȄŜŘǇŀǊǘƛŎƭŜǎΣǘƘŜŜȄǘŜƴǘƻŦǘƘŜǊŜŀŎǘƛƻƴƛǎƭƛƳƛǘŜŘ
ōȅǘƘŜŎƻƴǘŀŎǘŀǊŜŀŀƴŘƛƴƘƻƳƻƎŜƴŜƻǳǎƳƛȄƛƴƎōŜǘǿŜŜƴǊŜŀŎǘŀƴǘǇŀǊǘƛŎƭŜǎǿƛǘƘǘƘŜǊŜǎǳƭǘǘƘŀǘǘƘŜ{ƛ/ǇǊƻŘǳŎǘŎƻƴǘŀƛƴǎ
ǳƴŀŎŎŜǇǘŀōƭȅƘƛƎƘǉǳŀƴǘƛǘƛŜǎƻŦǳƴǊŜŀŎǘŜŘ{ƛhнŀƴŘ/Φ
ü¢ƘŜǎŜƭƛƳƛǘŀǘƛƻƴǎƘŀǾŜōŜŜƴǎǳǊƳƻǳƴǘŜŘōȅŀǇǊƻŎŜǎǎƛƴǿƘƛŎƘǘƘŜ{ƛhнǇŀǊǘƛŎƭŜǎŀǊŜŎƻŀǘŜŘǿƛǘƘǘƘŜ/ǇǊƛƻǊǘƻ
ǊŜŘǳŎǘƛƻƴΦwŜƭŀǘƛǾŜƭȅǇǳǊŜ{ƛ/ǇƻǿŘŜǊǎǿƛǘƘŦƛƴŜǇŀǊǘƛŎƭŜǎƛȊŜǎόғлΦнҡƳύŎŀƴōŜǇǊƻŘǳŎŜŘ
ü[ŀōƻǊŀǘƻǊȅǎŎŀƭŜƳŜǘƘƻŘǎŜƳǇƭƻȅƛƴƎƎŀǎπǇƘŀǎŜǊŜŀŎǘƛƻƴǎŎŀƴŀƭǎƻǇǊƻŘǳŎŜŦƛƴŜŀƴŘǇǳǊŜ{ƛ/ǇƻǿŘŜǊǎΣōǳǘǘƘŜƳŜǘƘƻŘǎ
ŀǊŜŜȄǇŜƴǎƛǾŜΦ

Cross-section of an 
Acheson furnace
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Ref: Roy W. Rice,  CeramicFabricationTechnology, 
MarcelDekker, Inc.(2003 ). 

üAnother example of these reduction reactions is the preparation of Si3N4 by
carbothermalreduction of SiO2 (which basicallyavoidsthe issueof Simelting) in a N2 or
NH3 atmosphere,the latter beingsomewhatmore reactive,generallyproducingmostlya-
Si3N4 (~2 µm) at ~ 1400°C. 3SiO2 + 6C+ 2N2Č Si3N4 + 6CO
üEither fluidized-bed reactors or rotary calcinerscan be useful whether one of the
reactantsis a gasor all are solid (e.g., asfor SiC) and mayreduceagglomerationcommon
in staticbedreactors.
üThe phaseof the oxidescan aid in some cases; for example,g-Al2O3 is beneficial for
making AlN at ~ 1500°C becauseof its finer character,but with effects of the starting
skeletalstructureof different Al2O3

phases. Al2O3+3C+N2Č 2AlN+3CO
üOn the other hand,anataseor rutile precursorsfor TiN have limited differencesother
than via somebenefit of finer TiO2 particle sizeand negativeeffects of purposelyadded
particleTiO2 coatingsfor pigment-gradematerialin makingTiNat ~ 1150°C. A fluidized-bedreactor.

üReactionscanbe affected,often significantly,by variousparameters,particularlytemperatureτe.g., SiCformation isviaa
solid-state carbon - SiO2 reaction below 1400°C, while above this temperature gaseousreaction of SiOand C becomes
dominant.
üVacuumprocessingor other control of COpressureandcontinuousmixing(e.g., viaa fluidizedbedor rotary calciner) can
alsobe important.
üMore complexcompositionscanbe made,suchasSiAlONs,sometimesusingnaturalclaysaslower costraw materials

/ŀǊōƻǘƘŜǊƳŀƭwŜŘǳŎǘƛƻƴ
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CarbothermalReduction

Ref: Roy W. Rice,  CeramicFabricationTechnology, 
MarcelDekker, Inc.(2003 ). 

üTherearethree extensionsof carbothermalprocessingthat shouldbe noted.
üFirstextension, while suchprocessingreducesor precludesmeltingof elementalprecursorssuchasAl andespeciallySi,
there are important caseswhere a low melting precursoris used,with the useof B2O3 for boron containingcompounds
beingparticularlyimportant.
üThus,for example,in the preparationof BN, B2O3 (or boricacidςH3BO3) is the typicalsourceof Bin a varietyof reactions
involvingcarbothermalor other reductions.

2B2O3 + 9C + 4NH3 (g)Č 4BN + 3CH4 (g) 6CO(g)
üComplicationsthat mayresult from forming liquid phasesduringreactionare limited by actualor effectiveencapsulation
of the initial solid particlesthat will melt so melted particlescannotcoalesce. Suchencapsulationmay be via other solid
constituentsof the reaction, fillers (suchas tricalcium ortophosphate) that are inert to the reaction, or an initial liquid
phase,e.g., sugarsolutionor furfuryl alcoholprecursorfor carbonwherethis isa constituentof the reaction.
üThesecondextensionof carbothermalprocessingis to more complexcompoundsthan just binarycompounds,e.g., of
ternarycompoundsTiZrCandTiZrB2, wheresuchprocessingof the end membersat ~ 2000°Cresultedin particlesizesof ~
2-13µm andvariousstoichiometriesof ternarysolidsolutioncompoundswith intermediateparticlesizes.
üThethird extensionof reductionprocessingnoted aboveis often usedto directly produceceramiccompositeswithout
specificallyproducinga powder that is subsequentlydensified, but the latter route has also been pursued. Thus,for
example, powdersproducedby the following reactionsgavecompositepowdersthat couldyield compositecharacterand
propertiescomparableto thoseobtainedby makingthe compositesfrom constituentsoxideandnonoxidepowders:

3TiO2 + 4 Al + 3CČ 3TiC+ 2Al2O3

3SiO2 + 4 Al + 3CČ 3SiC+ 2Al2O3
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5ƛǊŜŎǘ bƛǘǊƛŘŀǘƛƻƴwŜŀŎǘƛƻƴǎ

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

üThedirect nitridation of metalpowdersiscommonlyusedto produceSi3N4, BN,AlN,
andother nitrides:

üTheseand other nitrogen reactionsare stronglyendothermic,requiring energyto
continue.
üThestandardfree energyof severalnitridation reactionsaregivenin Figure.
üThedistribution coefficientisdefinedby;
üThis and the standard free energy make up the total free energy of reaction as
shownin equation
üIn a gasmixture where PN2

= 0.79 atm and the rest is an inert gas,all the metal
nitrides are stablewith respectto their metals,exceptFeabove250 K and Cr above
1325K.
üIn air where PN2

= 0.79 atm, this result is not true becausethe metals may also
oxidize. Dueto the presenceof O2 in air, oxidationreactionsoccurat the sametime.
üIn addition to metal nitridation, metal carbides may be reacted as follows to
producenitridesor carbonitridepowders. Standard free energy offormationof nitrides 

as a function oftemperature. 
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CASE STUDY
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CASE STUDY
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Liquid Phase Methods I

PRECIPITATION FROM SOLUTIONS

58Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021



59Dr. Sedat Alkoy  - TSD Webiner ς28 Nisan 2021

tǊŜŎƛǇƛǘŀǘƛƻƴŦǊƻƳ{ƻƭǳǘƛƻƴǎ

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

üCeramicpowderscanbe producedby precipitationusingliquid phasereactants.
üIn most cases,ceramic powder precursors(i.e., sulfates, carbonates,oxalates,hydroxides,etc.) are produced by
precipitation. Thesepowdersmust be thermallydecomposedto their oxidesin a separatestep that frequentlymaintains
their precipitatedparticlemorphologyalthoughsomedegreeof particlestickingoften occurs.

Examples:
Å AI203.3H20 (gibbsite)precipitatedfrom a sodiumaluminatesolutionthat is thermallydecomposedto givealumina.
Å Mg(OH)2 (brucite)precipitatedfrom a brine solution,whichisagaincalcinedto give"deadburnt" magnesia.

Advantages:
Å Precipitationgivesa puresolidproduct,rejectingto the supernatantmostof the impurities.
Å Particlemorphologyandparticlesizedistributioncanbe controlledto somedegree.

Disadvantages:
Å Powdersmust be separatedfrom their supernatantsand dried, as well as, frequently thermally decomposedto the

desiredceramicmaterial.
Å Dryingand calcinationoften leadsto aggregatesthat are cementedtogether. Specialprecautionsmust be used to

preventaggregateformation duringdryingandcalcination(e.g. calcinationin verydry atmospheres).

Ref: M.N. Rahaman, Ceramic Processing and 
Sintering, MarcelandDekker(2009)
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Precipitationfrom Solutions

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

¢ƘŜǇǊŜŎƛǇƛǘŀǘƛƻƴƻŦǇƻǿŘŜǊǎƛƴǾƻƭǾŜǎƴǳŎƭŜŀǘƛƻƴŀƴŘƎǊƻǿǘƘŦǊƻƳŀ
ǎǳǇŜǊǎŀǘǳǊŀǘŜŘǎƻƭǳǘƛƻƴΦ¢ƘŜǊŜŀǊŜǎŜǾŜǊŀƭǿŀȅǎǘƻŎŀǳǎŜŀǎƻƭǳǘƛƻƴǘƻ
ōŜŎƻƳŜǎǳǇŜǊǎŀǘǳǊŀǘŜŘǘƻƛƴŘǳŎŜƴǳŎƭŜŀǘƛƻƴŀƴŘƎǊƻǿǘƘΣŀǎ
ƛƭƭǳǎǘǊŀǘŜŘƛƴCƛƎǳǊŜΦ

/ǳǊǾŜ!ΥCƻǊǎȅǎǘŜƳǎƛƴǿƘƛŎƘǘƘŜǎƻƭǳōƛƭƛǘȅƛǎbh¢ŀǎǘǊƻƴƎŦǳƴŎǘƛƻƴ
ƻŦǘŜƳǇŜǊŀǘǳǊŜΣŜǾŀǇƻǊŀǘƛƻƴƛǎǳǎŜŘǘƻŎŀǳǎŜǎǳǇŜǊǎŀǘǳǊŀǘƛƻƴΦ

/ǳǊǾŜ{κ/ǳǊǾŜ/ΥCƻǊǘƘƻǎŜƛƴǿƘƛŎƘǎƻƭǳōƛƭƛǘȅŘǊŀǎǘƛŎŀƭƭȅŎƘŀƴƎŜǎ
ǿƛǘƘǘŜƳǇŜǊŀǘǳǊŜΣŎƻƻƭƛƴƎκƘŜŀǘƛƴƎƛǎǳǎŜŘǘƻǎǳǇŜǊǎŀǘǳǊŀǘŜǘƘŜ
ǎƻƭǳǘƛƻƴΦ

Highpressuresare alsousedto precipitatea particularcrystalphasethat maynot be stableat ambient pressure(e.g.,
rutile TiO2 insteadof Ti(OH)4). Theuseof highpressureprecipitationis referredto ashydrothermalsynthesis.

üSupersaturationcanalsobe producedby addinganothercomponentin whichthe soluteis insoluble.

üThemost commonmethod, reactive precipitation, occurswhen a chemicalreaction producesan insolublespecies.
Reaction-inducedsupersaturationis often very high, giving high nucleationrates. With the high number densitiesof
nuclei produced, agglomerationis an important growth mechanismleading to spherical particles that are either
polycrystallineor amorphous.

Solubilitycurvesfor varioustypesof crystallizationsystems:

isothermal solubility
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bǳŎƭŜŀǘƛƻƴƛƴ ǘƘŜtǊŜŎƛǇƛǘŀǘƛƻƴŦǊƻƳ{ƻƭǳǘƛƻƴǎ
ü Precipitationfrom solutionconsistsof two basicsteps:

i. Nucleationof fine particlesand
ii. Theirgrowth byadditionof morematerial to the surfaces.

üIn practice,control of the powder characteristicsis achievedby controllingthe reactionconditionsfor nucleationand
growth andthe extentof couplingbetweenthesetwo processes.
üControl of the kinetics of each of these fundamental steps controls the particle morphologyand size distribution
duringprecipitation.

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

üThenucleationrate generallyhasa dominatinginfluenceon the particle sizedistribution. Nucleationis alsothe least
understoodof the variousrate processesin precipitation.
üThereare three main categoriesof nucleation:

i. Primaryhomogeneous,
ii. Primaryheterogeneous,
iii. Secondary.

Homogeneousnucleationoccursin the absenceof a solidinterface
Heterogeneousnucleationoccursin the presenceof a solidinterfaceof a foreignseed
Secondarynucleationoccursin the presenceof a soluteparticleinterface.

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 
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Homogeneous Nucleation
üLƴǾŜǊȅǎƳŀƭƭǉǳŀƴǘƛǘƛŜǎƻŦƳŀǘǘŜǊǎǳŎƘŀǎŎƭǳǎǘŜǊǎƻŦǎƻƭǳǘŜƳƻƭŜŎǳƭŜǎΣŀ
ƭŀǊƎŜŦǊŀŎǘƛƻƴƻŦǘƘŜƳƻƭŜŎǳƭŜǎŀǊŜŀǘǘƘŜǎǳǊŦŀŎŜƛƴŀǎǘŀǘŜƻŦƘƛƎƘŜǊ
ǇƻǘŜƴǘƛŀƭŜƴŜǊƎȅǘƘŀƴǘƘŜƛƴǘŜǊƛƻǊƳƻƭŜŎǳƭŜǎόƛΦŜΦΣŦŜǿŜǊŀƴŘǿŜŀƪŜǊ
ōƻƴŘǎύΦ
ü¢ƘƛǎŜȄŎŜǎǎŜƴŜǊƎȅƛǎƴƻǘŎƻƳǇŜƴǎŀǘŜŘōȅŀƴŜȄŎŜǎǎƻŦŜƴǘǊƻǇȅŀƴŘ
ŎƻƴǎŜǉǳŜƴǘƭȅǘƘŜŦǊŜŜŜƴŜǊƎȅŦƻǊǘƘŜǎǳǊŦŀŎŜƳƻƭŜŎǳƭŜǎƛǎƎǊŜŀǘŜǊǘƘŀƴǘƘŜ
ŦǊŜŜŜƴŜǊƎȅŦƻǊǘƘŜƛƴǘŜǊƛƻǊƳƻƭŜŎǳƭŜǎΦ
ü¢ƘŜƻǾŜǊŀƭƭŦǊŜŜŜƴŜǊƎȅǇŜǊŎƭǳǎǘŜǊΣDDΣƻŦǘƘŜŀƎƎǊŜƎŀǘŜǎƛǎŀǊŜǎǳƭǘƻŦ
ǘǿƻǘŜǊƳǎΣǘƘŜŦǊŜŜŜƴŜǊƎȅŘǳŜǘƻǘƘŜƴŜǿǎǳǊŦŀŎŜŀƴŘǘƘŜŦǊŜŜŜƴŜǊƎȅ
ŘǳŜǘƻǘƘŜŦƻǊƳŀǘƛƻƴƻŦƴŜǿǎƻƭƛŘΥ

ǿƘŜǊŜǾόҐbǾǊ
оύƛǎǘƘŜǾƻƭǳƳŜŀƴŘŀόҐbŀǊ

нύƛǎǘƘŜŀǊŜŀƻŦǘƘŜŀƎƎǊŜƎŀǘŜΣ±ƛǎ
ǘƘŜƳƻƭŀǊǾƻƭǳƳŜƻŦǘƘŜǇǊŜŎƛǇƛǘŀǘŜΣŀƴŘgƛǎǘƘŜǎǳǊŦŀŎŜŦǊŜŜŜƴŜǊƎȅǇŜǊ
ǳƴƛǘŀǊŜŀΦ¢ƘǳǎΣǘƘŜǘƻǘŀƭŦǊŜŜŜƴŜǊƎȅΥ

ǿƘŜǊŜbǾƛǎǘƘŜǾƻƭǳƳŜŎƻƴǾŜǊǎƛƻƴŦŀŎǘƻǊŀƴŘbŀƛǎǘƘŜǎǳǊŦŀŎŜŀǊŜŀ
ŎƻƴǾŜǊǎƛƻƴŦŀŎǘƻǊΦCƻǊŀǎǇƘŜǊŜΣbǾҐпpκоŀƴŘbŀҐпpΦ

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

Classical nucleation theory dependence of nuclei size on Gibbs 
free energy at a function of saturation ratio, S. 

S<1.0 & DG> 0 Č nonspontaneous formation, 
S=1.0 & DG= 0 Č transient equilibrium, 
S>1.0 & DG< 0 Č DG(r) has a positive 
maximum at the critical size, r*, spontaneous 
formation of a solids phase. 
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HeterogeneousNucleation
üMost nucleationis in practicelikely to be heterogeneousnucleation
inducedbysolidimpurity surfacesother than the solute.
üNucleationon a foreign surfacehasa lower surfaceenergy,which
leadsto a lower criticalsupersaturation.
üThe rate of heterogeneousnucleation is the same form as that
describinghomogeneousnucleation,exceptthat the surfaceenergy,g
, of the solid-liquid interface is replacedby the surfaceenergyof the
solid-seedinterface.
üTheonly differencebetweenthe homogeneousand heterogeneous
nucleation is that, once the heteronucleiiare usedup, there are no
moreof them, limiting the maximumheterogeneousnucleationrate.
üThusthe total nucleationrate JTis the sum of the homogeneous
andthe heterogeneousnucleationrates:

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

ü!ǇƭƻǘƻŦǘƘŜǎŜǘǿƻƴǳŎƭŜŀǘƛƻƴǊŀǘŜǎŀƴŘǘƘŜǘƻǘŀƭƛǎƎƛǾŜƴƛƴCƛƎǳǊŜΦ
üIŜǊŜǿŜǎŜŜǘƘŜƘŜǘŜǊƻƎŜƴŜƻǳǎƴǳŎƭŜŀǘƛƻƴǘŀƪƛƴƎǇƭŀŎŜŀǘŀƭƻǿŜǊǎŀǘǳǊŀǘƛƻƴǊŀǘƛƻΣƎƛǾƛƴƎŀƳŀȄƛƳǳƳƴǳŎƭŜŀǘƛƻƴǊŀǘŜƻŦ
млπсΣǿƘƛŎƘŎƻǊǊŜǎǇƻƴŘǎǘƻŀƭƭǘƘŜŦƻǊŜƛƎƴƴǳŎƭŜƛΦ
ü!ǘƘƛƎƘŜǊǎǳǇŜǊǎŀǘǳǊŀǘƛƻƴΣƘƻƳƻƎŜƴŜƻǳǎƴǳŎƭŜŀǘƛƻƴǘŀƪŜǎǇƭŀŎŜΦ

Generalized nucleation rate diagram describing the characteristic
differences between homogeneous, heterogeneous, and surface nucleation 
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SecondaryNucleation
Secondarynucleationresultsfrom the presenceof soluteparticlesin solution.

üThiscanbe classifiedinto three categories: apparent, true, andcontact.

üApparent secondarynucleation refers to the small fragments washed from the surface of seedswhen they are
introducedinto the crystallizer.

üTruesecondarynucleationoccursduesimplyto the presenceof soluteparticlesin solution.

üContactsecondarynucleationoccurswhena growingparticlecontactsthe wallsof the container,the stirrer, the pump
impeller,or other particles,producingnewnuclei.

üAfter a particleisnucleated,it cangrowby variousmechanisms.

üThe kinetics of these growth mechanismsare important in determining the resultant particle structure and size
distribution. In the nextsection,we will discussthe morecommongrowth mechanisms.

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 
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Growth Kinetics
Thenatureof the crystal-solutioninterface
üBoth atomicallysmoothand roughsurfacesare shownin
Figurewhereatomsarerepresentedby cubes.
üInside a crystal, an atom will have six neighborswith a
binding energy of three times the bond energy (3Ea-a)
becauseeachbond is sharedby two atoms. For simplicity,
onlynearestneighborinteractionsareconsidered.
üIf a singlenew atom is added to the smooth surface,it
canform a bond with only one nearestneighbor,so that its
bindingenergyisonlyone-half the bondenergy(½Ea-a).
üOther atomswith extra bondsmay add to this atom and
stabilizea cluster; however,the smallbindingenergyof the
first atom is clearly a major barrier to the growth of the
crystal.
üAny atom incident on a rough surface has a greater
stickingprobabilitythan one incidenton a smoothsurface.
üFromthis simpleargument,it canbe concludedthat the
growth rate on a rough surface will be larger than on a
smoothsurface.

Ref: Terry A. Ring , Fundamentalsof Ceramic Powder 
Processing and Synthesis,  AcademicPress(1996). 

http://www.gly.uga.edu/railsback/FundamentalsIndex.html


