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OZET

Dogal minerallerin karbotermal indirgenme

ve nitriirleme prosesi ticari olarak kullanilmasa

da; esas olarak ileri teknoloji seramik tozlarinin
sentezlenmesinde yaygin uygulanmasi olan bir
yontemdir. Bu calismada bu teknigin kullanim
potansiyeli, glincel ve 6nceki ¢calismalarin 15181
altinda vurgulanmaktadir. Bu teknik ile Gretilen
tozlarin saflik diizeyleri acisindan sorgulanabilir
olduklari bilinmektedir. Bu nedenle, bu tozlar diisiik
sicaklik uygulamalarinda basari ile kullanilabilirler.
Diger bir ifade ile hammaddeden ve/veya
indirgeyici ortamdan gelen bazi kiicik miktarlardaki
oksit katisikliklar diistk sicaklk otektikleri
olusturabileceginden bu tozlardan elde edilecek
nihai Grtinlerin yiksek sicaklik uygulamalarinda
kullanimi sorun olabilmektedir. Ancak, reaksiyon
bilesimleri ve tepkime sartlar titizlikle kontrol
edildiginde yliksek kalitede teknoloji seramik
tozlarinin Gretilmesi mimkindir.

Kilit Sozciikler: Killer; Kilciklar, Nitrur'ler,
Karbotermal, Toz-kati hal tepkimeleri

1. GIRiS

1.1. Seramik toz iiretimi

Su anda kullanilabilen bircok seramik toz iretim
yontemi vardir ve halen ticari toz liretiminde
bunlarin sadece bazilari kullanilmaktadir. Ancak

bu yontemlerin ¢cogu laboratuvar dl¢ceginde veya
dislk Gretim hizlarinda kullanilmakta olup sanayi
uygulamalarinda yer bulmamistir. Bugiline kadar
Si;N,, tozlarinin sentezlenmesi icin bir cok teknik
arastirilmistir. Bunlar, saf silisyum tozunun dogrudan
nitrirasyonu [1, 2], buhar-fazi tepkimeleri [3], sivi-
fazi tepkimeleri [4], lazer sentezi [5], mikrodalga
sentezi [6] ve karbotermal indirgeme-nitrirleme
prosesidir [7-11]. Bunlarin ilk it ticari olarak
kullanilirken; digerleri kiicuik 6l¢ekli veya laboratuvar
Uretimlerinden 6teye gitmemistir. Bu teknikler
arasinda nitrojen tabanli atmosferde bir indirgeme
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Carbothermal reduction and nitridation process of
natural minerals, if not a commercially performed
one but literally, is a well-exercised method of
synthesising advanced ceramic powders. In this
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reaction conditions, powders of high-grade ceramic
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1. INTRODUCTION

1.1. Ceramic powder production

There are many techniques of ceramic powder
synthesis available now and currently only some

of them are being used for commercial powder
production. Most of them however are in a laboratory
scale or in low production rate so that they have not
been explored widely in industry. Several techniques
have been explored in synthesizing Si;N, powders.
These are namely direct nitridation of pure silicon
powder [1, 2], vapor-phase reactions [3], liquid-phase
reactions [4], laser synthesis [5], microwave synthesis
[6] and carbothermal reduction-nitridation process
[7-11]. First three are commercially used whereas
others did not progress further than a small scale

or laboratory production. Among these techniques,
the carbothermal reduction of SiO, (in the form of
quartz or clay mineral) in the presence of a reducing
agent in a nitrogen based atmosphere deserves much
attention due to economic and potential of the mass
powder production with readily available and cheap




[3A1,0, - 65i0,]

ajani varken uygulanan SiO,'nin (kuvartz veya

kil minerali seklinde) karbotermal indirgenmesi
kolayca ve ucuz bulunabilir hammaddeler ile kitle
toz Uretiminin ekonomisi ve potansiyelinden dolayi
ozel bir ilgiyi hak etmektedir. Saflik diizeyindeki
bazi sinirlamalarin disinda bu yontem toz 6zellikleri
acisindan digerleri ile kiyaslanabilir ve diger
yontemlere nazaran en ucuz prosestir.

1.2. Karbotermal rediiksiyon-nitriirleme
metodu

Ozellikle ucuz, kolayca bulunabilir toprak mineralleri
kullanilarak yuksek teknoloji seramik tozlarinin
sentezlenmesinde karbotermal indirgeme-
nitrirleme (CRN) adi verilen bu toz tretim tekniginin
potansiyel kullanimi olasiliginin ¢ok yiiksek oldugu
gosterilmistir. CRN teknigi, oksit tabanh dogal kil
mineralleri (esas olarak Al-Mg-silikatlari) ve ince
kum / kuartz (SiO,)’ye uygulanmaktadir. On yedinci
ylzyil sonlarinda bile CRN prosesi lizerinde bir

hayli delil bulunabiliyor idi ise de [10], bu teknikle
ticari olarak biiylk miktarlarda toz Uretildigi
sOylenemez. Literatiirde esas olarak nitriir tabanh
seramik tozlarinin sentezlenmesi icin bir teknik
olarak ilgili calismalardan bahsediliyor olsa da;

bu teknik kullanilarak ticari olarak sentezlenmis
tozlarin kitle Giretimi ve 6zelliklerini gosteren
bilgilere rastlamak pek mimkiin degildir. Bunu iki
senaryo ile agtklamak miimkdn olabilir; birincisi
pazarlama kaygilari, ikincisi ise teknigin sanayide hig
arastirllmamis olmasi olabilir. Her iki durumda da

bu makale, yapisal uygulamalar ve diger alanlarda
istenilen ozelliklere sahip ileri teknoloji seramik
tozlarinin kolayca ve maliyet etkin sekilde Gretimi
icin bu yontemin kullanim potansiyelini vurgulamayi
hedeflemektedir.

CRN teknigi, eszamanh olarak oksit(ler)in
indirgenmesine ve asagidaki basit kimyasal
tepkimelerle atmosfer kontrolll bir ortamda termal
aktivasyon ile ince tozlar halinde seramik bilesimler
olusturmak iizere nitrojenin sistemdeki kalintilar ile
tepkimeye girmesine dayanmaktadir:

Si;N, olusmasi igin;

3Si0 =>Si,N

+6C1 + 2 Ny =>SizNyg

2K + 6CO(9) (M

ve SiAION olusmasi icin;

+ 15C(k) +5 Nz(g) => 25|3A1 O.N

30, 5(k)+15CO(g) (2)

(k)

Ancak, bu tepkime, bir atmosfer basing altinda
sonuclanana kadar birkag ara asamadan
gecmektedir. Denklem 1'de silika quartz
formundadir veya sentetik silika olarak prosesten
gecmistir. Bunun yerine, CRN prosesinde yararli
oldugu goriilen cok yiiksek spesifik ylizey alanina
sahip sepiolit gibi bazi kil mineralleri de saflastirma
sonrasinda SiO, kaynagi amagl kullanilabilir [7-8].
Yerel ulusal hammadde kaynaklari kullanilarak Si;N
ve SiAION seramik tozlarinin Giretimi konusunda
literatlirde bulunan cesitli ciddi arastirmalar bu
Ulkede mevcut bilimsel birikim ve kaynaklar
acisindan diizeyin potansiyelini gostermektedir [12-18].

4

starting materials. With some limitations in purity
level, the technique is comparable to others in terms
of powder specifications and least expensive process
compared to other techniques.

1.2. Carbothermal reduction-nitridation method
In this study, it is demonstrated that the potential
use of a powder production technique called
carbothermal reduction-nitridation (CRN) in
synthesising high-tech ceramic powders especially
using cheap, readily available earth minerals is very
high. The CRN technique is applied to the oxide
based natural clay minerals (mainly Al-Mg-silicates)
and fine sand / quartz (SiO,). Although many data
could be found about the CRN process as early as the
end of the XVII Century [10], it is hardly found such
powders in huge quantities commercially referred
being produced by this technique. Although much
work was reported in literature on this technique
that for synthesising mainly nitride based ceramic
powders, there is hardly any source of information
found in literature demonstrating mass production
and properties of the powders synthesized
commercially using such technique. There could be
two main scenarios to explain this; it is because of
the marketing concerns or the technique is not being
explored by the industry at all. In either case, this
paper aims to highlight the potential of using such
technique to synthesise easily and cost effectively
ceramic powders with requisite properties for use in
structural and other areas of applications.

The CRN technique is based on the simultaneous
reduction of the oxide(s) and the reaction of the
nitrogen with remainings in the system to form
ceramic compounds in the form of fine powders

with the aim of thermal activation in a controlled
environment following the simple chemical reactions:
for Si;N, formation;

3Si02(k) + 6C(k) + 2 Nz(g) => Si,N

sNggo + 6CO(9) (1)

and for the formation of SiAION
[3A1 2O3 . 6Si02](k) 29) => 25i3A1 3O3N5(k)
owever, these reaction proceeds with several
intermediate steps before finalising in an atmospheric
pressure. In Equation 1, silica is in the form of as-
received quartz or processed like synthetic silica.
Alternatively, some of the clay minerals such as
sepiolite could also be used after purification as a
source for SiO,, since clay minerals provide very high
specific surface area, which was found beneficial
in CRN process [7-8]. A number of serious research
works, found in literature for the production of Si;N,
and SiAION ceramic powders using local-national
resources of raw materials, show the potential of the
level in terms of the both scientific knowledge and
sources available in this country [12-18].

+ 15C(k) +5N + ISCO(g) (2)

The commercial method of synthesising Si;N,
is called imide decomposition method, which is




Nisan-Haziran / April-June 2008/No.25

138

Bilim - Teknoloji / Science - Technology

Si;N,'Un sentezlenmesinin ticari ydntemleri bir
hidrotermal proses olan (sivi-faz tepkimesi) imid
dekompozisyon yontemi ve silisyumun dogrudan
nitrirasyonudur [19]. Bu yontemlerin her ikisi de
ekonomik olarak uygun degildir ve yliksek saflikta
ara uruinler gerektirmektedir. Her ikisinde de Uretilen
tozlarin sentezlenmesi ve kristalizasyonu icin
ylksek sicaklik uygulamasi da gerekmektedir. Bu
sentezleme yontemlerinin alternatifleri ancak eger
Uretim gereken toz 6zelliklerinden taviz verilmeden
maliyet etkin olabiliyorsa kabul edilebilir. SiO,
tabanli hammaddelerin karbotermal indirgenme-
nitrirlemesi, Gretim asamalari ve hammadde
kullanimi acisindan maliyet etkindir. Toz formundaki
son Urliniin istenilen 6zelliklerde elde edilmesi icin
Uretim slrecinin her asamasinda sistem kolayca
ayarlanabilir.

Bu calismada yukarida vurgulanan ticari proseslere
bir alternatif olarak kullanilabilecek olan CRN
tekniginin kullanim potansiyelini gostermek lizere
ornek olarak Si;N, ve tirevlerinden olan SiAION'nun
sentezi gosterilmistir. CRN prosesi, disiik maliyeti
ve quartz/kil mineralleri gibi hammadeler ile kati
formda indirgeme elemaninin kolayca bulunmasi
nedeniyle uygun bir ydntemdir.

1.3. Si;N, ve SiAION seramiklerin kullanimi
Silisyum nitrdr (Si;N,) ve SiAION (Si;N, ve Al O, kat
eriyigi) seramikler, ileri teknoloji seramik malzemeler
olarak kullanimlari agisindan gelecek vaat
etmektedir. Bunun nedeni, bu malzemelerin 6zellikle
yuksek sertlik, iyi termal ve korozyon dayanimi
gostermesi ve ylksek sicakliklarda mukavemetlerini
korumasidir. Bunlar, tiirbosarz rotorlari ve buijiler
dahil (Sekil 1) [22] d6kme demir ve sliper alasimlarin
islenmesiicin [21] ylksek hizl kesici alet uglarindan
glines bataryalarina kadar [20] degisen genis bir
kullanim araliginda uygulamalar i¢in blyik miktarda
uretilmektedir. Ornegin silisyum nitriir tirbosarz
rotorlari, 1980’lerin sonlarindan beri Japonya'da
kullaniimaktadir.

Ancak, bu calismada tanimlanan yontem kullanilarak
sentezlenen tozlar; rulmanlar (Sekil 2), kesim
maksatlari, tekstil ipliklerinin kesilmesi, bicaklar,
ekleyiciler, sarma makineleri icin emme borulari

ve kalinti makaslari ve iplik kilavuzlari ve ipliklerin
olusturulmasi ve duizeltilmesi gibi diistk sicakliktaki
uygulamalar icin parcalarin yapilmasinda da
kullanilabilir. Sthhi tesisat icin sizdirmazlik ve
regllator diskleri ve saptiricilar, CRN ile sentezlenen
SizN, tozlarinin kullanilabilecegi diger olasi
uygulama alanlaridir. Sentetik SiO, ile baslandiginda
ortaya cikan Si;N, tozlariile elde edilen Grunlerin
saflik dlizeyi cok ylksektir ve dolayisiyla iyi termal
sok dayaniminin ve dayanikliligin temel istenilen
ozellikler oldugu termokupl kiliflari, koruma borulari,
izolasyon borulari ve seramik kireler ve hadde
astarlarinda kullanilabilir .

(Bkz. Bu calismada Bolim 3.2)

a hydrothermal process (liquid-phase reaction),

and direct nitridation of silicon [19]. Both of which
are economically unfavourable and they require

high purity intermediate products. In both cases,
high temperature application is also required for
synthesising and crystallisation of the powders
produced. Alternative to such synthesising methods
should only be welcomed if the production is cost-
effective without sacrificing from the required
powder specifications. Carbothermal reduction-
nitridation of SiO, based raw materials is cost-
effective in terms of the production steps and the use
of raw materials. Final powder properties could easily
be adjusted in each stage of the processing so that
required powder specifications to be achieved.

In this paper, the synthesis ofSi3N4 and its derivatives,
i.e., SIAIONs, were given as an example to show the
potential of the using such CRN technique which,
could be an alternative to the commercial processes
as highlighted above. CRN process is beneficial due to
the low cost and readily available starting materials,
i.e., quartz/clay minerals and reducing agent in
discrete form.

1.3.The use of Si;N, and SiAION ceramics

Silicon nitride (Si;N,) and SiAION (solid solution of
Si;N, and AL, O,) ceramics are promisingly being used
as advanced ceramic materials. This is because these
materials characteristically exhibit high hardness,
good thermal and corrosion resistance, and retention
of strength at elevated temperatures. They have been
produced in high volumes for applications in a wide
range of areas ranging from solar cells [20] and for
high-speed cutting tool inserts for machining cast
iron and super-alloys [21] including turbocharger
rotors and glow plugs (Fig. 1) [22]. Silicon nitride
turbocharger rotors, for example, have been used in
Japan since the late 1980s.

However, the powders synthesised using the method
descried in this paper could be used to make parts
for those areas of low temperature applications such
as, bearing balls (Fig. 2) and cutting purposes; cutting
textile threads, cutting blades, splicer, suction tube
and residual tread shears for winding machines and
as well as for thread-guiding, forming and modifying
yarns. Seal and regulator discs for sanitary fittings
and diverters are other areas of possible applications
where Si;N, powders synthesised by CRN could

be used. When it is started with synthetic SiO,, the
resulting products of Si;N, powders are very high

in purity level and therefore they can be used in
thermocouple tubes, protection tubes, insulating
tubes as well as ceramic balls and mill linings, where
good thermo-shock resistance and toughness are
main properties to concern (See Section 3.2 in this
paper).

2. MATERIALS AND METHOD
Processing parameters and conditions reffered in
the work for CRN process are given in Table 1. Due to




Sekil 1. Si 3N , seramik tiirbosarz rotorlar (a) ve dizel motor tapet'leri (siibap iticileri) (b) [22].
Fig. 1. Si.N,, ceramic turbocharger rotors (a), and tappets for diesel engines (cam followers) (b) [22].

Sekil. 2. Si3N 4 bilyeli rulmanlar. ~ Fig.2. Si 3N , bearing balls.

2. MATERYAL ve METOD

CRN prosesi calismalari icin kullanilan proses
parametreleri ve kosullari Tablo 1'de verilmistir.

Bu yazi kapsami dolayisiyla burada sadece en iyi
uygulamalardan ornekler verilmistir. Her bir proses
parametresi ve kullanilan ham maddeler ile bunlarin
Uretilen toz Urlinler Uzerindeki etkileri konusunda
daha fazla ayrinti almak isteyenler, literatiirdeki

ilgili eserlere veya bu calismanin ilgili bolimiine
basvurmalidir [8, 9, 23-24].

the scope of this paper, only the best practices are
given here for an example. Any parties interested

in more details of each processing parameters and
raw materials used and their effects on the products
should refer to the relevant works reported in

literature or on the appropriate part of this paper [8,
9, 23-24].

Since high purity level and high specific surface

area of the raw materials are important, the starting

materials should be selected carefully so that product
powders after CRN process may be

Parametreler Degerler
Sicaklik (°C) 1300, 1325, 1350, 1400, 1425, 1475, 1500
N -akis hizi (ml/dak.) 400, 600, 1000, 1400, 1800, 2000
Isinma hizi (°C /saat) 150, 300

Temel tepkenin ortalama biiyiikliigii

Indirgeme ajani parcacik ortalama bilyiikliigii ve spesifik
yiizey alani (degerler braket lerde verilmistir, m*/g)

-45um, -63um, -150+75um, -100um
5um (110), 30um (777), 70uvm (60)

Kuartz 100, Kil 220 ve Kaolinit 63, Kale Maden A.S.

consistent with the requirements

of structural or other use of ceramic
applications. For the intimate mixture
of the components, i.e. quartz (as

the SiO, reagent) or kaolinite (as

the Al-Si-O reagent) with carbon for
example for the synthesising of Si;N,,
or SiAION powders, respectively, the
wet method using aqueous slurry fits

well. The wet mixture then is filtered,

dried and lightly grinded before

Temel tepkenler (Canakkale-TURKIYE). Sepiolite, Eskisehir den (TURKIYE).
(ekirdekleyici AG.91-3 a-Si N, (NU10, TENMAT Ltd)

Parameters Values
Temperature (°C) 1300, 1325, 1350, 1400, 1425, 1475, 1500

N -flow rate (ml/min)
Heating rate (°C/h)
Main reactant’s mean size

400, 600, 1000, 1400, 1800, 2000
150, 300

Reducing agent particle mean size & specific surface area

(values are given in brakets, m*/g) Sum (110), 30um (777),70um (60)

Main reactants

Seeding mat erial

-45um, -63um, -150+75um, -100um

Quartz 100, Clay 220 and Kaolinite 63, from Kale Maden A.$.
(Canakkale-TURKIYE). Sepiolite from Eskisehir (TURKIYE).

1-3wt.% a-SiN, (NU10, TENMAT Ltd.)

Hammaddelerin ylksek saflik diizeyi ve yliksek
spesifik ylizey alani dnemli oldugundan, baslangi¢
malzemeleri dikkatle secilmeli ve CRN sonrasinda
Uruin tozlarinin seramigin yapisal uygulamalarda
veya diger kullanimlardaki gereksinimleri ile tutarh
olmahdir. Bilesenlerin iyi karismasi icin, sulu camur
kullanan islak ydntem uygundur; érnegin Si;N,veya
SIiAION tozlarinin sentezi igin kuartz (SiO, tepken
olarak) veya kaolinitin (Al-Si-O tepken olarak)
karbonla karisimi. Daha sonra islak karisim sizildr,
kurutulur ve hafifce 6gutilerek bir sonraki asamaya
gecilir. Orada ylksek sicaklikta karbotermik tepkime,
surekli nitrojen gazi akisi altinda gerceklesir.

CRN prosesiicin temel diizen Sekil 3'te
gosterilmistir. Sekil 4, tim prosesin asamalarini

taking it to the next stage where high
temperature carbothermic reaction
takes place under continuous flow of
nitrogen gas.

The main setup is shown in Figure 3
for the CRN process. Figure 4 shows
the stages for the whole process.
Properties and quality of the final
product in the form of fine powders depend on which
processing route taken in this flowchat (Fig. 2). For
the sake of simplicity, the degree of conversion values
were given for Si;N, synthesis as; the amount of Si;N,
formed divided by the amount of SiO, present in the
charged material and for the SiAION synthesis as; the
amount of SiIAION formed by the amount of sum of
the SiO, plus AL, O, present in the charged.

3. RESULTS AND DISCUSSION

3.1. Carbothermal reduction and nitridation of
natural minerals

Each parameter given in Table 1 has had its own
effect on the formation of final ceramic powders.
Such as, increasing in temperature had strong
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gostermektedir. ince toz seklinde son Griiniin
ozellikleri ve kalitesi, bu akis semasinda hangi
proses yonteminin kullanildigina baghdir (Sekil 2).
Basitlestirme amaciyla sdylenebilir ki; Si;N, sentezi
icin verilen donlstiirim derecesi degerleri soyledir:
Olusan Si;N,, tutari bolu yuklenen malzemedeki SiO,
tutari. SiIAION sentezi icin ise: Olusan SiAION tutari
bélu yuklenende mevcut SiO, arti Al, O, toplaminin
tutari.
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influence on the product yield phase up to a certain
limit, after which other phases rather than nitrides
formed, such as silicon carbide. Increase in N, flow
rate is favourable in increased formation of the

product phases. Gas flow rate however should be
kept at optimum level, above which sweeping of

the intermediate phases in gaseous form may occur.
When other variables were kept constant, specific
surface area of the reducing agent was found to have
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Product Tepkime alaninin izolasyonu

Isolation of the

N, - flow
= N, akisi

reaction area

—= Exhaust gases
Egzos gazlan

Sample folder
Ornek haznesi

Sekil 3. CRN diizeninin sematik gdsterimi / Figure 3. Shematic Presentation of the CRN setup.
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Sekil 4. CRN teknigi icin seramik toz hazirligi proses akis semalari/ Figure 4. The process flow diagrams of the ceramic powder preparation for the CRN technique
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3. SONUCLAR VE IRDELEME

3.1. Dogal minerallerin karbotermal
indirgenmesi ve nitriirlenmesi

Tablo 1'deki her bir parametrenin son triin seramik
tozlarin olusmasinda kendisine 6zel etkileri
olmustur. Ornegin, sicakligin belli bir sinira kadar
artinlmasi seramik toz liretim miktarina etkileri
olmus ancak daha yuksek degerlere ¢ikildik¢a
silisyum karbir gibi nitriir disindaki fazlar ortaya
ctkmistir. N, akig hizindaki artis ise son Uriin seramik
toz icerisinde arzu edilen fazlarinin artisi lehine
yarar saglamaktadir. Ancak, gaz akis hizi optimum
diizeyde tutulmalidir aksi halde daha ¢ok yiiksek
gaz akisi sistemde mevcut ara fazlarin stipirilerek
atilmasina neden olacaktir. Diger degiskenler sabit
tutuldugunda, indirgeme ajaninin spesifik yiizey
alaninin CRN prosesinde seramik toz faz formasyonu
ve olusmasi lizerinde 6nemli bir etki yaptigi
gorilmustar.

3.2. CRN tekniginin sinirlari ve avantajlari

Si (veya Si ve Al) ve karbonun (indirgeme ajan
kaynagi olarak) hammadde olarak kullaniminda
Si;N, ve SiAION turd yapisal seramik uygulamalari
icin gerekli tozlarinin sentezlenmesi icin yiksek
spesifik ylizey alani ve saflik diizeyi gereklidir
[25]. Kurt ve Davies [7,8], calismalarinda Si;N,
hammadde kaynagi olarak Tiirkiye menseli
sepiolit kil mineralinin kullanimini ayrintili

olarak incelemistir. Geldigi halindeki mineralin
hidrometalurjik saflastiriimasi sonrasinda Si;N,,
tozlarinin sentezlenmesi icin ¢ok yiiksek spesifik
yuzeyli sepiolitin (hidrate magnezyum silikat tiru
ince parcacikh kil minerali) iyi bir baslama malzemesi
oldugunu gostermislerdir.

Teknolojik seramik hammaddesi kaynagi olarak
dogal minerallerin kullaniminin temel ve tek
sinirlamasi saflik diizeyleridir. Bu yontemle elde
edilen seramikler icerisinde mevcut safsizliklar
Uretim siirecinden degil baslama ajanlarindan
ortaya cikar. Bunlar esas olarak kalinti karbon

(ve karbon yiiksek CRN sicakliklarinda olusan
SiC'den gelir) goreceli olarak yliksek oksijen diizeyi
ve bazi Al ve Mg atomlaridir. Diger katisikliklar
ppm diizeyinde olup, ticari kategori tozlarla
kiyaslanabilir duzeydedir. Si;N, Gretimi icin Al ve
Mg yaninda biraz oksijen gibi minér bilesenler
sonraki sinterleme asamasinda kullanildiklarindan
yararlidir. Hammaddeden gelen Fe gibi minér
veya ¢ok kiiciik miktardaki elemanlar yapisal
seramik uygulamalarinda Si;N, seramiklerinin
kullaniminda agisindan bir sorun yaratmazlar.
Cunkil bunlar herhangi bir kusura yol agmaksizin
Urdin icinde esit sekilde dagilmis gozikmektedir.
Ucuz hammaddelerden CRN prosesi kullanilarak
sentezlenen tozlarin tipik morfolojileri Sekil 5'te
gosterilmistir. Sirasiyla Sekil 5 b ve d'de gorildagi
gibi, cesitli morfolojili mikron alti biiytkliikte
tozlar es eksenli yapidan ince lifsi forma kadar
Uretilebilirler. CRN Teknigi ile Gretilen tozlarin tlrinu
proses parametreleri etkilemektedir. Toz morfolojisi,
bunlarin biyuklikleri ve spesifik ylizey alanlari

a substantial effect on the phase formation and the
yield of the ceramic powder in the CRN process.

3.2. Limitation and advantages of CRN
technique

In using of the raw materials as a source of Si (or

Si and Al) with carbon (as a source of reducing
agent), high specific surface area and purity level are
essential in order to synthesise Si;N, and SiAION type
ceramic powders for structural ceramic applications
[25]. Kurt and Davies [7,8] explored in detail the use
of Turkish origin sepiolite clay mineral for the source
of Si;N, raw material in their works. They showed
that sepiolite (hydrated magnesium silicate type of
fine-grained clay mineral) with very high specific
surface are provided good starting material for the
synthesising Si;N, powders after hydrometallurgical
purification of the as-received mineral.

The main and only limitation of using natural minerals
as a source of technological ceramic raw material

is their purity level. The minor elements found in

this method originate from the starting agents not
from the process. These are mainly residual carbon
(and carbon comes from SiC form at high CRN
temperatures), relatively high oxygen level, some Al
and Mg atoms. Other impurities are in ppm level and
comparable with commercial grade powders. For
producing Si;N,, the minor constituents like that of Al
and Mg along with some oxygen are beneficial since
they are used in later stage of sintering. Minor or very
small quantities of elements like Fe comes from the
raw material (that causes risk in using Si;N, ceramics
in structural applications) had no trouble since

they appear to be evenly distributed in the product
causing no flaw effects. Typical morphologies of the
powders synthesised using CRN process from cheap
raw materials were shown in Figure 5. Submicron
sized powders with various morphologies could be
produced from equiaxed morphology to whiskers

as seen in the Figure 5 b and d, respectively. Process
parameters affect the type of the powders produced
in CRN technique. Powder morphology, their size

and specific surface area maybe adjusted so that the
required powder properties are obtained by carefully
controlling the process. It was observed and reported
elsewhere in detail [7] that the type of reducing agent
affects the yield, phase content and morphology of
the powders in CRN process. An increase in specific
surface area of the precursor resulted in increased
reaction rate in CRN. Fine grain size, high specific
surface area (up to 11.5 m?/g) powders of mainly
B-Si;N, were obtained using polyacrylonitrile (PAN)
as a carbon source. Silicon nitride whiskers of sub-
micron thickness and hundreds micron in length
were synthesised when PAN was replaced with
discrete charcoal particles. Those whiskers in a-Si;N,,
form were produced in very short time than reported
earlier elsewhere [11]. The quantity of a-phase Si;N,
and B'-SiAION increased by using carbon black with
high specific surface area or using ball-milled fine
charcoal powders as well as by carefully adjusting
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prosesin titizlikle kontrolii sayesinde istenilen

toz ozelliklerinin elde edilmesi icin ayarlanabilir.
Literatlirde ayrintili olarak [7] indirgeme ajaninin
tlrlinin CRN prosesindeki tozlarin getirisi, faz icerigi
ve morfolojisini etkiledigi g6zlemlenmis ve rapor
edilmistir. Prekirsorin spesifik ylizey alanindaki
artis, CRN'de tepkime hizinin artisina yol agmistir.

Bir karbon kaynadi olarak poliakronitril (PAN)
kullanildiginda esas olarak B—Si3N4 tozlar seklinde
ince parcacik biyuklikli ylksek spesifik ylizey alanh
(11.5 m2/g’ye kadar) tozlari elde edilmistir. Mikron
alti kalinlikta ve yizlerce mikron uzunlugunda
silisyum nitrur kilgiklari PAN'In yerine odun kom{iri
tozu kullanildiginda sentezlenmistir. Bu a-Si;N,
seklindeki kilgiklar, literatiirde belirtildiginden ¢ok
daha kisa bir siire icinde olusmustur [11]. Yiksek
spesifik ylizey alanli karbon siyahi veya degirmen
ogutmeli odun kémiiri tozu kullanildiginda ve
mineralin saflastirilmasi ve prekiirsériin karbotermal
indirgenme-nitriirlenmesi esnasinda deney
degiskenleri dikkatle ayarlandiginda a-fazl Si;N, ve
B’-SiAION miktari artmistir.

Bu sekilde Uretilen tozlar, baslangic hammaddeleri
icerisinde bulunan ve homojen olarak dagilmis
kalinti metal (Mg, Al) oksit fazlarindan dolayi
kolayca sinterlenebilir. Daha dnce yiiksek kalitede
yapisal parcalar Giretmek amaciyla CRN prosesi

ile sentezlenen tozlarin ya basingsiz olarak [9]
veya basing altinda yliksek yogunluklara [25, 26]
kolayca sinterlenebilecegi bildirilmistir. Natansohn
[25], CRN prosesi ile Uretilen Si;N,'Un kolayca
teorik yogunluklara kadar sinterlenebilecegini
(agirhik olarak % 6 Y,0, eklenerek) ve sinterlenen
orneklerin ylksek mekanik mukavemet gosterdigini
gostermistir. Kalinti karbon, oksijen veya SiC veya
araM, O N, M O N veya M, O N turi fazlar gibi
diger fazlar dolayisiyla CRN ile {retilen tozlara

Ozel sinterleme proseduri uygulamak gerekebilir.
Bu ikincil fazlar herhangi bir sorun yaratmaz.
Cunki bunlar homojen olarak dagilmis in situ
halde bulunur ve miktarlari azdir. Kaldi ki ayni
veya benzer sinterleme katkilari, Si;N, ve SiC
sistemleri icin kullanilmaktadir. Az miktardaki
oksijen icerigi, genellikle CRN prosesi sonrasinda
karbon fazlasinin yandiginda Si;N, parcaciklarinin
ylizeyinde mevcut oksit fazi olarak ortaya ¢ikar.
Bu, ayni zamanda, literatiirde [27] bildirildigi gibi,
Si;N, parcaciklarinin homojen sinterlemesinde

de yararlidir. Kurt ve Davies [9] herhangi bir katki
maddesi kullanmaksizin, saflastiriimis sepiolit kil
mineralinden CRN ile Uretilen Si;N, tozlarinin ytksek
sinterlenebilme derecesini gostermistir.

indirgeme ajaninin tiirii ve parcacik biyiikliga

gibi onun bir¢ok fiziko-kimyasal 6zellikleri ve kil/
kuartz ile karisim kosullari CRN prosesi ile teknolojik
seramik tozu Gretmede énemli faktérlerdir. Ornegin
parcacik morfolojisi, ayni proses kosullari altinda
degisik indirgeme ajanlari kullanildiginda fark
gosterir. Ayiraglarin karistirillma yonteminin, seramik
parcaciklarinin olusmasi ve getirisi Gizerinde 6nemli
bir etkisinin oldugu da goritlmustir [23].

the experimental variables during purification of the
mineral and in carbothermal reduction-nitridation of
the precursor.

Powders produced in this way are readily sinterable
due to the homegenously distributed residual

metal (Mg, Al) oxide phases present in the starting
reagents. It is previously reported that the powders
synthesised by CRN process could be readily sintered
either pressureless [9] or under pressures to high
densities [25, 26] in order to produce high quality
structural parts. Natansohn [25] demonstrated

that Si;N, produced by the CRN process could be
sintered up to theoretical densities (with addition
of 6 wt%Y,0,) and sintered samples exhibited high
mechanical strength. Sintering procedure may be
needed to adapt to the powder produced by CRN
because of residual carbon, oxygen or some other
phases, such as SiC or intermediate MXOyNZ, MXOyN
or M, O,N type phases. However, this does not
exhibit any problem because they are homogenously
distributed, present in-situ form and they are minor
in quantities. Subsequently, same or similar sintering
additives are being used for Si;N, and SiC systems.
Small amount of oxygen content comes usually when
the excess carbon is burned after CRN process as a
surface oxide of Si;N, particles. This is also beneficial
in a homogenous sintering of the Si;N, particles

as reported in literature [27]. Kurt and Davies [9]
demonstrated high sinterablity of Si;N, powders
produced by the CRN of purified sepiolite clay mineral
without using any additives.

The type of reducing agent and it is physicochemical
properties, such as particle size along with its mixing
conditions with clay/quartz are important factors

in producing ceramic powders via CRN process.

For example, particle morphology differs when
using different reducing agents under the identical
processing conditions. It was found that the way of
mixing reactants also had prefound effect on the
formation and yield of ceramic particles [23].

The main expense of the CRN process is the high
temperature input. Although in the current and
previous works [7] the temperature was acceptably
lowered up to 1400°C, these can be improved
further. Currently, Si;N, and SiAION based advanced
ceramics could be sythesised in fine powder form in
high quality at 14000°C during 4 h reaction under
1000ml/min N-flow rate by this technique. One

of the important points where the research is now
concentrating on is the making of the system further
economic.

4. CONCLUSIONS

It can be concluded that advanced ceramics mainly
Si;N, and its derivatives such as SIAION powders
comparable in quality and economically feasible
could be produced easily from widely available raw
materials such as quartz and clay minerals by the
carbothermal reduction and nitridation (CRN) process




CRN prosesinin en biylik maliyet unsuru, yiksek
sicaklik girdisidir. Mevcut ve 6nceki calismalarda

[71 sicaklik kabul edilebilir bir sekilde 1400°C’ye
indirilmis olsa da; bu, daha da geriye ¢ekilebilir.
Halen Si;N, ve SIAION tabanli ileri teknoloji
seramikleri, bu teknikle 1000ml/dak N,-akis hizinda
4 saatlik bir tepkime esnasinda 1400°C'de yiiksek
kalitede ince toz halinde sentezlenebilir. Su andaki
arastirmalarin odaklandigi 6nemli noktalardan biri,
sistemin daha ekonomik hale getirilmesidir.

Sekil. 5. Kaolinit'in (a- 1475°C, 4 saat), kil (b - 1425°C, 4h), kuartz (c - 1500°C, 4h)
ve sepiolit (d - 1400°C, 4 saat)’ten CRN prosesi ile sentezlenen B*-SiAION (a & b) ve
SijN , (c & d) seramik tozlarinin parcacik biiydikliikleri ve morfolojileri

Fig. 5. Particle size and morphologies of 8*-SiAION (a & b) and SigN ’ (¢ & d) ceramic
powders synthesised by CRN process from kaolinite (a - 1475°C, 4h), clay (b- 1425°C, 4h),
quartz (c- 1500°C, 4h) and sepiolite (d - 1400°C, 4h).

4.SONUCLAR

ileri teknoloji seramiklerin esas olarak, Si;N, ve
tlrevlerinin kalite ve ekonomik olarak rantabl sekilde
burada tanimlanan yontem kullanilarak karbotermal
indirgeme ve nitriirleme (CRN) prosesi ile kuartz

ve kil mineralleri gibi bol miktarda bulunabilen
hammaddelerden kolaylikla iretilebilecegi
sonucuna varilabilir. Bu teknik basit ve kolaylikla
sanayide kesikli veya siirekli Giretim sistemine adapte
edilebilir. Ticari seramik tozu uretiminde CRN
prosesinin kullanilmasindaki temel sorunlar, bunlarin
baslangi¢c malzemelerinin ylksek saflik diizeyine
erismedeki zorluklari ve tepkimenin gerceklestigi
goreceli yuksek sicakliklardir. En iyi sonuglar 1400°C
ve 1500°C sicaklik araliginda elde edilir. Secici
saflastirma ile ve daha disik tepkime sicakligi ve
suresi kullanilarak ikincil fazin etkilerini minimize
etmek icin calismalar yapilmaktadir. Bunlardan
ikincisi, CRN prosesinin yerine dinamik karbotermal
indirgeme ve nitriirleme (DCRN) prosesi adi verilen
ve halen gelistiriimekte olan bir proses kullaniimasi
ile elde edilebilir.
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following the method described here. The technique
is simple and easy to adapt in bunch and continuous
production by the industry.

The main issues of CRN process in using commercial
ceramic powder production are their inferiority in
reaching high purity level of the starting materials
and relatively high temperatures where the reaction
takes place; the best practices are achieved between
1400°C and 1500°C temperature range (see Fig. 5
a-d). Further work is in progress to minimise the effect
of secondary phase by the selective purification and
lower the reaction temperature and time. The latter
aim can be reached through replacing CRN process
with the dynamic one called dynamic carbothermal
reduction and nitridation (DCRN) process, which is
under develeopment.
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