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Ozet

Calismada saf TiO, sisteminde sivi ve yogun fazlar
arasindaki araytizey enerjisinin tahmini degerini
kullanarak termodinamik hesaplamalarla titanyum
di oksit (Tio,) ergiyiginden anataz ve rutilin
cekirdeklenme kinetigi incelenmistir. Sonuglar TiO,
ergiyiginin, siper sogutma hizi ya da katilagtirma
sicakhgina bagh olarak katilastigini gostermektedir.
Hizli sogutma hizinda TiO,'nin ergime noktasina yakin
bir sicakliktan stabil rutil katilasirken, anataz 2057
K'nin altindaki bir ergiyikten direkt cekirdeklenmistir.
Deneysel gozlemler bu sonuca uygun olarak, rutilin
yaklasik denge katilasma sartlarinda form aldigini,
anatazin ise hizl sogutma prosesi ile form aldigini
gostermektedir.

Anahtar Kelimeler: Rutil, Anataz, Cekirdeklenme
Kinetigi

1. Girig

TiO, en yaygin olarak stabil rutil ve metastabil anataz
fazlari halinde bulunur [1]. Rutil ve anataz, titanyum
icerikli bilesenlerin ya da titanyumun alev veya plazma
esasli yontemlerle yiiksek sicakliklarda sentezlenerek,
oksidasyona ugramasi ile genellikle bir arada var

olan formlardir [2,3]. TiO, fazinin olusumunun yapay
kontrol(, TiO,'in yeni fonksiyonel 6zelliklerinin
gelistirilmesi (foto-kataliz etki gibi) ve glinlim{z
malzemelerinin sentezleme ¢alismalarina konu olmasi
acisindan 6nemlidir [4-6]. Plazma ya da alevleme

gibi yiiksek sicakliklardaki sentezleme proseslerinde
anataz ve rutilin faz olusum mekanizmasi net degildir.
Bu calismada TiO, ergiyiginden anataz ve rutil fazinin
olusum mekanizmasi arastirilmistir. Ergiyikten

TiO,'in cekirdeklenmesi genellikle ylksek sicaklik
sentezlemeleri olarak bilinen plazma ya da alev sprey
prosesleri ile gerceklesir. Clinkii buhar, sivi ya da kati
esasl farkh piroliz proseslerindeki sentezleme sicakhigi
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In this study, the nucleation kinets of anatase
and rutile from titanium dioxide (TiO,) melt was
analyzed by thermodynamic calculations using
the estimated value of the interfacial energy
between the liquid and condensed phases in the
pure TiO, system. Results show that the TiO, melt
solidifies depending on the rate of super cooling
or the temperature of solidification. Under a high
cooling rate, anatase nucleates directly from the
melt below 2057 K while stable rutile solidifies at
a temperature close to the melting point of TiO,,.
Experimental observation show that in line with
this result, rutile is formed under near equilibrium
solidification conditions, yet anathase is formed
in a rapid cooling process.
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1.Preamble

Most commonly, TiO, is found in stable rutile
and metastable anatase phases [1]. Rutile

and anathase are forms which usually exist
together upon synthezing and oxidation at
high temperatures of titanium containing
compounds or titanium under flame or plasma
based techniques [2,3]. Artificial control of the
formation of the TiO, phase is important for
development of the new functional properties
of TiO, (e.g. photo-catalyst effect) and as it

is a subject of synthesis studies on materials
used today [4-6]. In synthesis processes at high
temperatures like plasma or flaming, the phase
formation mechanism of anatase and rutile is
not clear. In this study, the formation mechanism
of anathase and rutile phase from the TiO, melt




TiO,'in ergime noktasinin tizerindedir (0.1 MPa’lik
basing sartlarinda 2143 K) [2,3].

Plazma [7] ya da alev sprey yontemiyle [8] TiCl,'Gn
oksidasyonu sonucu TiO, hazirlanabilmistir. Burada
metastabl anataz genellikle kiiglk partikillerde
olusmakta ve denge halindeki rutil ise genis
partikiillerden meydana gelmektedir [8,9]. Partikdil
boyut araligi g6z 6niine alindiginda Ustiin faz
rutil'dir. Anataz-rutil transformasyonu empdrite ve
stokiyometriden oldukga etkilenmektedir [10].

Ylksek sicakliklardaki oksitlenme sartlari altinda TiO,,
rutil ve anatazin kiresel kristalin partikiller seklinde
olusumuiile elde edilir [11]. Kiiresel morfoloji rutil ve
anataz partikillerinin sivi fazdan tiiredigine isaret
etmektedir. Cekirdeklenme kinetiginin g6z 6niine
alindiginda, yalnizca termodinamik itici kuvvetlerle
(sivi ve kati fazlar arasindaki Gibbs serbest enerji farki)
cekirdeklenme artigi saptanmamis ayni zamanda sivi

ve kati faz arasindaki araylizey enerjisi de belirlenmistir.

Benzer bir calisma Mc Pherson [12] tarafindan
ergiyikten a—y-ALO,'nin cekirdeklenme kinetigi ve
termodinamigi tGizerine yapilmistir. Bu ¢alismada
plazma sprey yontemi ile hazirlanan y-Al,O,'deki
metastabil kristal formasyonunun basarili oldugu
aciklanmaktadir. Fan ve Ishigaki [13] genis aralikli
bir sogutma sicakhdi altinda (0.8 T_-T ) ergiyikten
metastabil B-MoSi,'nin tercih edilen bir formasyon
oldugunu gosteren termodinamik hesaplamalarla
ve plazma prosesi sartlari altinda MoSi, sistemindeki
metastabil kristal formasyonu gézlenmislerdir.

Anataz TiO,'nin (i¢ mineral formundan birisidir. Rutil ve
brokit diger iki turdlr. Anataz'da rutil gibi tetragonal
kristal yapisina sahiptir. Fakat her iki mineralin de
kristalde simetri agilari ayni olmasina karsin araylizey
acilari arasinda bir iliski yoktur (Sekil 1).

Anataz  Anatase

Sekil 1. Anataz ve rutil tetragonal kristal kafes yapilari [14,15]

Figure 1. Tetragonal crystal lattice structures of anatase ve rutile [14,15]

was investigated. The nucleation of TiO, from a melt
usually takes place by the plasma or flame spray
processes known as high temperature synthesis.
The reason for this is that the synthesis temperature
in various vapor, liquid or solid based pyrolisis
processes is above the melting point of TiO, (under
0.1 MPa pressure 2143 K) [2,3].

TiO, could be prepared as a result of the oxidation
of TiCl, by plasma [7] or flame spray techniques.
Here, usually the metastable anatase formed in
small particles and stable rutile is formed of wide
particles [8,9]. Considering the particle size range,
the superior phase is rutile. The anatase rutile
transformation is highly affected by impurities and
stoichiometry. [10].

Under high temperature oxidizing conditions, TiO,
is derived by formation in the form of spherical
crystalline particles of rutile and anatase [11].
Spherical morphology indicates that rutile and
anatase particles are derived from the liquid

phase. This growth explains why the nucleation of
metastable anatase is preferred compared to rutile
which has a lower Gibbs free energy. Considering
the nucleation kinets; not only an increase in
nucleation by thermodynamic thrusting forces
(Gibbs free energy difference between liquid and
solid phases), also the interface energy between
liquid and solid phase was determined. A similar
study was carried out by Mc Pherson [12] on the
nucleation kinets and thermodynamics of a—y-
ALO, from melt. In this study, it is revealed that the
metastable crsytal formation in y-Al,O, prepared by
the plasma spray technique is successful. Fan and
Ishigaki [13] have observed the metastable crystal
formation in the MoSi, system by thermodynamic
calculations, showing that metastable MoSi, is the
preferred formation from under wide range cooling
temperature (0.8 T_-T ) from melt and under plasma
process conditions.

Anatase is one of the mineral forms of TiO2. rutile
and brokite are two other types. Anatase has a
tetragonal crystal structure like rutile. However,
although the crystal symmetry angles are the same
in both minerals, there is no connection between
the interface angles

(Figure 1).
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Rutil boya, refrakter, pigment, kagit, miicevherat plastik
ve gida endustrisinde 6nemli kullanim alanlarina
sahiptirler. Rutil nano boyutta gorinir i1sinlarin
gecirimliligine sahip olmasi ile beraber ultraviyole
isinlarini yiiksek verimlilikte absorbe edebilmektedir
[14,15]. Sekil 2'de rutil ve anatazin mineral goriintuleri
yer almaktadir [14,15].

Rutile has wide use in paint, refractory, pigment,
paper, jewellry, plastics and food industries.
Rutile allows transmission of visible raise in nano

dimension and it can also absorb ultraviolet
rates at high efficiency [14,15]. Figure 2 depicts
the mineral images of rutile and anatase [14,15].

Sekil 2. Rutil ve anatazin mineral gortinttileri [14, 15]
Figure 2. Mineral images of rutile and anatase [14, 15]

Bu calismada sivi ve kati arasindaki araytizey enerjisinin
tahminini esas alan, TiO, ergiyigindeki anataz ve

rutilin cekirdeklenme orani hesaplanmistir. Denge
katilasmasina yakin sartlar altinda rutil ve yiiksek
sogutma oraninda anatazin tesekkil etmesi ile anataz
ve rutilin ergiyikten ¢ekirdeklenmesinin ergiyigin
sogutulma derecesine ya da katilasma sicakhigina bagh
oldugunu gorilmektedir. Bu sonug yiiksek sicakliktaki
plazma ile sentezlenen TiO,'deki faz formasyonunun
deneysel goézlemleri ile birlikte tartisilmistir.

2. Cekirdeklenme Termodinamigi

Yiksek sicaklik altinda kiiclik damlaciklarin
katilastirilmasi homojen bir cekirdeklenme
mekanizmasi sayesinde gergeklesebilir. Clinki sivi
damlaciklarin kiiclik hacimleri icersine yabanci
atomlarin girebilme olasihgi cok dusuktir. Klasik
homojen cekirdeklenme teorisine gore stiper
sogutulan ergiyikteki cekirdeklenme orani (1), kritik
cekirdeklenme enerjisi, AG" ile Ussel olarak iliskilidir [16,
171.

| = A exp(-AG'/KT) (1

Burada A, sivi-kristal araylizeyine atom gecisinin sikhgi
ile iliskili Gssel bir faktorddr. k, Boltzman sabiti ve T,
katilastirma sicakligidir. Kiiresel sekilli cekirdek icin
kritik cekirdeklenme enerjisi su sekilde tanimlanabilir.

AG' = 16m(y*5) / 3(AG X5)2 (2)

Burada y“%, sivi ve kati arasindaki arayiizey enerjisi,
AG *, ergiyigin sogutma hizi ile saptanan [16, 17] faz
donlsiminin itici kuvveti olarak bilinen sivi ve kati
fazlari arasindaki % hacimsel serbest enerji farkidir.

1 ve 2 nolu esitliklerden, kiiresel ¢ekirdegin
cekirdeklenme alani AG, > ve y** ile saptanmustir. Rutil

In this study, the nucleation ratio of anatase and
rutile in the TiO2 melt based on the estimated
interface energy between liquid and solid was
calculated. It is observed that by formation of
rutile under conditions close to equilibrium
solidification and anatase at super cooling rate,
the nucleation of anatase and rutile from melt
is dependend on the cooling degree of the melt
or the solidification temperature. This result

is discussed together with the experimental
observations of the phase formation in TiO2
synthesised by plasma at high temperature.

2. Nucleation Thermodynamics

The solidification of small droplets under

high temperature can take place as a result of
homogeneous nucleation mechanism. Because
the probability of penetration of foreign atoms
into the small volumes of liquid droplets is very
small. According to the classical homogeneous
nucleation theory, the nucleation ratio in a super
cooled melt (I) is exponentially related to the
critical nucleation energy AG"[16, 171.

| = A exp(-AG"/KT) (1)

Here, A is an exponential factor relating to the
frequency of transition of atoms to the liquid
crystal interface. k is the Boltzman’s constant and
T is the solidification temperature. The critical
nucleation energy for a spherical shaped T may
be described as follows.

AG™ = 16m(y“°)*/ 3(AG, ) (2)




ve anatazin ¢ekirdeklenme oranini tahmin etmek

icin bunlarin hacimsel kritik cekirdeklenme enerjisi
AG,"leri basit bir sekilde karsilastinlmistir. Bunun icin
aragtirmada sivi TiO,, rutil ve anatazin Gibbs serbest
enerjisi ile sivi-rutil/anataz arasindaki araylizey enerjisi
verilerine gereksinim duyuldugundan, rutil ve sivi
arasindaki Gibbs serbest enerji farki AG “® ve anataz ve
sivi arasindaki Gibbs serbest enerji farki AG “*, sivi TiO,,
rutil ve anatazin Gibbs serbest enerji degerlerinden
hesaplanmaktadir [26]. Fazlarin Gibbs serbest enerjileri
termodinamik verilerden alinmistir [18] ve Gibbs
serbest enerji esitligi asagidaki gibi hesaplanmistir.

G(T)=A+BT+CTInT+DT?+ET* +F/T (3)

Her bir faz icin Gibbs esitligindeki katsayi degerleri
Tablo 1'de verilmistir.

Here, y* is the interface energy between liquid
and solid and AG,* is the percent volume free
energy difference between the liquid and solid
phases known as the thrusting force of the
phase transformation determined by the cooling
rate of the melt.

From equations no. 1 and 2, the nucleation area
of the spherical nucleus is determined by AG, "
and y“*. To estimate the nucleation ratio of rutile
and anatase, the volume-wise critical nucleation
energies AG s of these were compared in a
simple manner. Since the data on the Gibbs free
energy of liquid TiO2, rutile and anatase and the

interface energy between liquid-rutile/anatase
are needed in this study, the Gibbs free energy
difference AG,® between rutile and liquid and
the Gibbs free energy difference AG “* between
anatase and liquid are calculated from the Gibbs
free energy values of liquid TiO2, rutile and
anatase [26]. The Gibbs free energies of phases
are taken from thermodynamic data [18] and
the Gibbs free energy equation is calculated as
follows.

G(T)=A+BT+CTInT + DT+ ET* +F/T  (3)

The coefficients in the Gibbs equation for each
phase are given in Table 1.

A B C D E F
Rutil/ Rutile -9.725x102  4.4388x10"! -7.2044x102  -2.8038x10° 1.706x101° 9.0697x10?
Anataz/Anatase -9.674x10>  4.5832x10"! -7.4088x102  -2.2607x10¢ 2.2543x101° 9.6734x10?
Siv1/ Liquid -6.966x107 -2.413x10!

Tablo 1. Rutil, anataz ve sivi TiO, iin esitlik 3deki katsay: degerleri [26]
Table 1. Coefficients in equation 3 for rutile, anatase and liquid TiO2 [26]

Sivi-kati arayUzey enerjisi, sivi-TiO,/rutil ve sivi TiO /
anataz arasindaki araylizey enerjileri, en basit yaklasimi
esas alan Skapski [19] tarafindan gelistirilen teori
kullanilarak hesaplanmaktadir. Araylizey enerjisi su
sekilde tanimlanmustir.

YS=Z-Z AH JZNA VP +(20V/3V)o+T /A (LS, ~AS)  (4)

Burada Z, kristal ya da sivi faz icindeki en yakin komsu
atomlarinin sayisi, Z,, cekirdeklenen kristal fazin
yuzeyindeki komsu atomlarinin sayisi, AH_, % mol
cinsinden gizli fiizyon 1sis, V,, kristal fazin molar hacmi,
N, Avogadro sayisi, AV/V,, ergime noktasindaki izafi
hacim degisimi, T , ergime sicakligy, AS - AS,, sivi ve kati
ylizeyindeki entropi degisimi farki, o, cekirdeklenme
sicakligindaki sivi fazin ylzey gerilimi ve A, kati fazin
molar alanidir. 4. esitligin sagindaki 3. terim genellikle,
araylizey degerine olan katkisi diisiik oldugundan
hesaplamalarda 6nemsenmez [19].

The liquid solid interface energy, the interface
energies between liquid-TiO2/rutile and liquid TiO_/
anatase are calculated using the theory developed
by Skapski [19], taking into account the most simple
approach. The interface energy is defined as follows.

VS=Z-Z AH /Z NV +(20V/3V)o+T, /ALS, - 4S)  (4)

Here, Z is the number of the closest neighboring
atoms in the crystal or the liquied phase, Z_ is the
number of neighboring atoms on the surface of the
nucleated crystal phase, AH_ is the latest fusion
heat in % mole, V_is the molar volume of the crystal
phase, N is the Avogadro number, AV/AV, is the
relative volume change at melting point, T_is the
melting temperature, AS - AS, is the entropy change
difference between liquid and solid surface, ¢ is the
surface tension of the liquid phase at nucleation
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Katilasan kristale benzemesi nedeniyle katilasma
sicakligindaki sivi, bu kristali ifade eder. Bu nedenle

Z degeri sivi faz TiO,'nin katilasarak rutil ve anatazi
olusturmasi bakimindan énemlidir ve sirasiyla bu
kristal yapilar incelenmistir : Rutil tetrahedral bir yapiya
sahiptir ve birim hiicre boyutu a = 0.459373 nmve c =
0.295812 nm'dir. Ti atomlari birim hicrede (0,0,0), (0, Y2,
Va) ve (V4, V2, 2) bolgelerinde yer almaktadir [20]. Ti'a en
yakin 2 komsu atom 0.296 nm, biraz daha uzak olan 8
komsu atom ise 0.357 nm uzakhktadir. Nitekim rutil icin
Z degerinin 10 oldugu duslnulmektedir. Normalde
kristalde titanyumun koordinasyon sayisi 6'dir. Fakat
bu durum cekirdeklenmeden énceki deger olan Z,
degerinden farkhdir. Cekirdeklenme gerceklestiginde
yeniden diizenlenen kafes yapisi koordinasyon sayisini
etkilemektedir. Anataz'da rutile benzer bir sekilde
tetrahedral (veya orthorombic) bir yapiya sahiptir.
Fakat birim hiicre boyutu c aksisi yoniinde uzamistir (a
=0.387 nm, c = 0.954 nm). Anataz yapida Ti atomuna
en yakin 2 komsu atom 0.304 nm, diger 4 komsu atom
ise 0.3875 nm uzakliktadir ve toplam en yakin komsu
atomlarin sayisi 6'dir (Sekil 1).

4 nolu esitlikteki Z, cekirdeklenen kristaldeki en yakin
komsu atomlarin sayisini gostermektedir. Rutildeki

en atomik yogun diizlem bu kristalin klivaj dizlemi
yoniinde bulunan (110)dir [21]. Rutil kristalindeki Ti
atomuna en yakin komsu atomlarin miktari 10'dur.
Ancak 2 atom (110) diizleminin disindadir. Bu nedenle
rutil icin Z_ degeri 6dir (Ti atomunun koordinasyon

sayisi). Rutil icin gizli ergime 1sisi, AH_ = 66.9 kJ/mol'dur.

Anataz icin gizli 1si ise rutilin gizli 1sisindan ve anataz
rutil dontstimii esnasindaki is1 iceriginden (AHAT)
tahmin edilmektedir. Saf anatazin rutile donisim isisi
22.6-26.1 kJ/mol araliginda olan farkh kinetik kanunlar
kullanan MacKenzie [22] tarafindan hesaplanmistir. Li
[26] ise bu araligin ortalama degeri olan AH*®® = 24.35
kJ/mol kullanilmistir. Anatazin kayip isisi, rutilin kayip
1sistile dondsiim 1sisinin toplamina esit olan 91.25 kJ/
molddir.

Rutil ve anatazin ergime sicakliklarindaki molar
hacimleri, bu fazlarin dis sartlardaki yogunluklari (p
=4.249 gr/cm?®, p_ = 3.893 gr/cm’) ve bu fazlarin
ergime sicakliklarinin da tahmin edildigi termal
genlesme katsayilarindan (a . =28.6x10°K", a_
=249 x 10 K") yararlanarak saptanmistir [23]. 2143
K (T _)de ergiyen TiO,'nin mol hacmi Dingwell [24]
tarafindan 6l¢llen yogunluk ve sicaklik arasindaki
iliskilerden belirlenmektedir. Ikemiya ve digerleri
tarafindan ergime sicakligindaki (T_= 2143 K) sivi
TiO,'nin ylzey gerilimi 380 MNm™ olarak rapor
edilmistir [25]. Bu bilgi temel alindiginda sivi TiO,

ile rutil/anataz arasindaki araytizey enerjileri 4 nolu
esitliklerden de yararlanarak asagidaki gibi belirlenir
[26].

rutil

yYRuil = 931.5 ergs/cm?, yYAnez = 379.2 ergs/cm?

temperature and A_is the molar area of the solid
phase.. Term 3 on the right of equation 4 usually is
neglected in calculations as its contribution to the
interface value is small [19].

Liquid at solidification temperature denotes

this crystal as it looks like the solidifying crystal.
Therefore, Z value is important as the liquid phase
TiO2 solidifies and forms rutile and anatase so these
crystal structures were analyzed in order: Rutile has
a tetrahedral structure and its unit cell dimensions
are a =0.459373 nm and c = 0.295812 nm. Ti atoms
are situated at (0,0,0), (0, %2, ¥4) and ('%, Y2, 2) zones
in the unit cell [20]. The closest 2 neighboring atoms
to Ti are at 0.296 nm distance with 8 neighboring
atoms which are slightly farther are at a distance of
0.357 nm. In fact, it is believed that the Z value is

10 for rutile. Normally, the coordination coefficient
of titanium in the crystal is 6. However, this is
different from the Z value wich is the one before
nucleation. The lattice structure which is rearranged
when nucleation occurs affects the coordination
number. Anatase, similar to rutile, has a tetrahedral
(or othrorombic) structure. However, the unit cell
dimension is elongated in the direction of c axis (a
=0.387 nm, c = 0.954 nm). In anatasized structure,
the closest 2 neighboring atoms to the Ti atom is

at a distance of 0.304 nm with other 4 neighboring
atoms being at a distance of 0.3875 nm and the
total number of the closest neighboring atoms is 6
(Figure 1).

Z_in equation no. 4 shows the number of closest
neighboring atoms in the nucleated crystal. The
most atomic intensive plane in rutile is (110) which
is in the direction of the cleavage plane of this
crystal [21]. The number of closest neighboring
atoms of the Ti atom in the rutile crystal is 10.
However, 2 atoms are outside the (110) plane.
Therefore, the Z_ value for rutile is 6 (coordination
number of Ti atom). The latent melting heat for
rutile is AH_ = 66.9 kJ/mol. Latent heat for anatase,
on the other hand, is estimated from the latent heat
of rutile and the heat content during the anatase
rutile transformation (AHA™), The heat of rutile
transformation of pure anatase was calculated

by MacKenzie who used different kinetic laws in
the 22.6-26.1 kJ/mol range [22]. For Li [26], AHA®®

= 24.35 kJ/mol, which is the average value of this
range was used. The lost heat of anatase is 91.25 kJ/
mol which is equal to the sum of the lost heat of
rutile and the transformation heat.

The molar volumes of rutile and anatase at
melting temperatures are determined from the
densities of these phases in external conditions
(P, =4249gr/cm?, p_  =3.893 gr/cm’) and the
thermal expansion coefficients (o, =28.6 x 10°
K", a_ . =249x10°K") from which the melting
temperatures of these phases are estimated [23].

The mole volume of TiO2 which melts at 2143 K (T)




3. Sonug ve Tartisma

Gibbs serbest enerjisi ve araylizey enerjisi gibi
termodinamik datalarin tahmini degerlerini esas
alan AG", . /AG’, insicaklikla olan iligkisi Sekil
3'de gorilmektedir. Kavli sekil, TiO, sisteminde
fazlar arasindaki Gibbs serbest eneriji iliskilerini
belirlemektedir.
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Sekil 3. Rutil ve anatazin ¢ekirdeklenmesi icin gerekli kritik enerji
degerlerinin hesabi [26]

Figure 3. Calculation of the critical energy values required for the
nucleation of rutile and anatase [26]

Rutile gore tiim sicaklik boyunca metastabl olan anataz
sisteminde fazlar arasindaki iliskilerin hesaplanmasinda
Sekil 4'deki oranlardan yararlaniimistir.
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is determined from the relations between density
and temperature measured by Dingwell [24].
Ikemiya, et. al. have reported the surface tension of
liquid TiO, at melting temperature (T_= 2143 K) as
380 MNm™. Based on this information, the interface
energies between liquid TiO, and rutile/anatase are
determined as follows also utilizing equations no. 3
and 4.

y-Rutl = 931.5 ergs/cm?, y-Antez = 379.2 ergs/cm?

3. Conclusion and Discussion

The relationship of AG", . /AG",  with
temperature which is based on the estimated
values of thermodynamic data like the Gibbs free
energy and interface energy is shown in Figure
3.The form determines the Gibbs free energy

relations between phases in the TiO, system.

Ratios in Figure 4 was utilized in calculation of
the relationships between the phases in the
anatase system which is metastable through all
temperatures compared to rutile.

sekil 4. Anataz, rutil ve sivi TiO,in Gibbs serbest enerji degerleri, Tablo 1 ve 3 nolu esitlikteki datalardan yararlanarak [26]
Figure 4. Gibbs free energy values of anatase, rutile and liquid TiO2 utilizing data in Table 1 and equation no. 3 [26]

Sekil 3'de gortilen rutilin ergime noktasina yakin bir
noktadaki dik artisa, bu sicakliga yakin bir noktadaki
rutil ile sivi arasinda olan Gibbs serbest enerji farkindaki
(AG, ™) kademeli azalma neden olmustur (Sekil 4).
Buradan yola c¢ikilarak ve 2 nolu esitlikte g6z 6nline
alinarak asagidaki esitlik yazilabilir. Uslii ifadeler 2 nolu
esitlikten elde edilmistir.

AG*RU“//AG*AnawZ = (YL/Rur/'//YL/AnaraZ)EX (AGVL/Anaraz/AGVL/RUUI)Z (5)
Sekil 3'de gorilen 2100 K'deki bu minimum olusum
Sekil 4'deki anatazin ergime sicakhgi ile uyum
saglamaktadir. 2075 K'den daha dustk sicakliklarda
AG', /G, . > 1olmasina ragmen herhangi bir
durumdan anataz formu olusmaz. Clinki katilasma
sicakhgi aslinda anatazin ergime noktasinin

Uzerindedir.

Rutil tercihen 2075-2143 K araliginda ¢ekirdeklesirken,
metastabl anatazin 2075 K'nin de altinda form aldigdi
Sekil 1'deki hesaplama sonuglarindan gorilmektedir.

The vertical increase at a point close to the melting
point of rutile shown in Figure 3 was caused by
the staged reduction in the Gibbs free energy
difference (AG,/*""°) between rutile and liquid at a
point close to this temperature (Figure 4).

This minimum formation at 2100 K shown in Figure
3 agrees with the melting temperature of anatase
in Figure 4. Although AG", . /AG', > 1isthe
case at temperatures lower than 2075 K, no anatase
is formed at any condition. Because actually the
solidification temperature is above the melting

point of anatase.

Although rutile preferably nucleates at the range
2075-2143 K, it is observed from the calculation
results in Figure 1 that metastable anatase is also
formed under 2075 K. In other words, rutile has
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Diger bir deyisle rutil, denge katilasmaya yakin
sartlar altinda form alma egiliminde iken anataz
biraz daha yiksek sogutma hizi altinda form
almaktadir. 2075 K'nin altinda rutil yerine anataz
cekirdeklenmektedir. Clinki rutil ve sivi arasindaki
arayuzey enerjisi ile karsilastinldiginda anataz ve

sivi arasindaki araylizey enerji daha dusuktir. 0.82
T_civarindaki tipik katilagtirma sicakliginda yer alan
yavas sogutma oranindaki sartlarda bile izole edilmis
kiiciik damlaciklarin katilastirilmasinin énemli oldugu
distnilmektedir [26].

Ergime sicakliginda, kiiglik damlaciklarin katilastiriimasi
yalnizca hetorojen ¢ekirdeklenme tarafindan bir 6n
cekirdek ile olusur. Kliguik damlaciklardan TiO,'nin
cekirdeklenmesi icin katilagtirma sicakligi (0.82T ) 1714
K’e esit olmalidir. Plazma isitici hava reaksiyonlarinda,
1sitma hizi cok daha yuksektir. (103-10°K/sn). Bu

yuzden katilastirma sicakhgi daha diistiktir. Bu
nedenle ¢ekirdeklenmis faz bizim hesaplamamiza

gore bu sartlar altinda yalnizca anatazdir. Daha

dusuk katilagtirma sicakhiginda sivi TiO,'den direkt
olarak anatazin ¢ekirdeklenmesi, hizli bir sogutma

hizi ile yiiksek sicaklik oksidasyon prosesinde anataz
formasyonunun deneysel gozlemleri ile desteklenmistir
[26]. Anatazin, alev sprey prosesi yardimi ile titanyum
kloridin oksidasyonunda [5] ve plazma prosesi yardimi
ile titanyum karbidin oksidasyonunda [16] kiiresel
partikillerden olusumunun gozlenmesi, sivi fazdan
kristal blyltme ve ¢ekirdeklenmenin bir delilidir.
Bunun aksine rutil tek basina TiO, ergiyigindeki (ya da
benzer alasimlardaki) ergime noktasi civarindaki denge
noktasinda katilasmaktadir [29].

TiO, tozlarinin alev spreyleme ya da plazma ile
sentezlenmesi sonucu anataz ve rutil partikillerinin bir
karisimi tesekkil etmistir [2,3,5,16]. Rutil partikdilleri,
katilasan anatazin daha sonraki sogutma prosesi
esnasinda transformasyonundan elde edilmistir.
Anatazin rutile doniisimu, yetersiz sogutma hizinda
olusan (cekirdeklenen anataz partikilleri plazmanin
sicak zonunda daha uzun stire bulunmuslar ve bu
nedenle de faz dénusiminde basi cekmislerdir) ya
da partikil katilastirma esnasinda kaybolan flizyon
1sisi tarafindan gerceklestirilmistir. Anatazin rutile olan
transformasyonu, anatazin dis tabakasi tarafindan
cevrelenen igi rutil cekirdekli iki fazh partikilin
varliginin bir kanitidir. Bu transformasyon daha yavas
sogutma hizi, daha fazla fiizyon isisi nedeniyle daha
biyuk partikuller icin daha gecerlidir. TiC'Gin ylksek
sicakliklardaki oksidasyonunda 1-2 pm'dan daha kiiglik
partikiller ile anatazca zengin, 5 pm'den daha buyiik
tanelerde rutilce zengin bir faz s6z konusudur [11].
Bireysel partikillerin farkli sogutma hizlari nedeniyle
oksitlenen Urtindeki son faz dagilimi spesifik reaksiyon
sistemindeki sicaklik dagilimi ile saptanmistir.

Sonug olarak, TiO, ergiyigindeki kristal cekirdeklenme
davranislari, benzer hesaplamalar kullanilarak

diger yazarlar tarafindan incelenen MoSi, ve Al,O,
sistemlerinden farklidir. McPherson [12] 0.8T -T
sogutma sicakhdi araliginda metastabl y-Al,O,'in
cekirdeklendigini gostermistir. Ayrica Fan ve

the tendency to form under conditions close to
equilibrium solidification, yet anatase is formed
under a little higher cooling rate. Under 2075 K,
anatase is nucleated instead of rutile. Because
compared to the interface energy between rutile and
liquid, the interface energy between anatase and
liquid is lower. It is believed that the solidification

of isolated small droplets is important even under
conditions at the slow cooling ratio at the typical
solidification temperature of about 0.82T -

At melting temperature, solidification of small
droplets occurs via a preliminary nucleus only by
heteregeneous nucleation. For nucleation of TiO2
from small droplets, the solidification temperature
(0.82T ) must be equal to 1714 K. In plasma thermal
air reactions, the warming rate is much higher (103-
105K/sn). Therefore, the solidification temperature

is lower. Therefore, according to our calculations,
the nucleated phase under these conditions is

only anatase. Nucleation of anatase directly from
liquid TiO2 at lower solidification temperatures was
supported by experimental observations of anatase
formation at high temperature oxidation process with
a rapid cooling rate [26]. Observation of formation
from spherical particles of anatase in the oxidation
of titanium chloride with the aid of the flame spray
process [5] and in oxidation of titanium carbide with
the aid of the plasma process [16] is evidence of
crystal growth and nucleation from the liquid phase.
In contrast, rutile solidifies at the equilibrium point

at about the melting point in the TiO, melt (or similar
alloys) alone [29].

A mixture of anatase and rutile particles has formed
as a result of synthesis of TiO2 powders by either
flame spraying or plasma [2,3,5,16]. Rutile particles
have been obtained from transformation during the
subsequent cooling process of solidified anatase.
Transformation of anatase into rutile has occurred
due to the fusion heat which is formed at adequate
cooling speed (nucleated anatase particles have
stayed longer in the hot zone of plasma and hence
have lead the phase transformation) or lost during
particle solidification. Transformation of anatase
into rutile is the evidence of the existence of a two-
phased particle surrounded by the outer layer of
anatase with a rutile nucleus. This transformation

is more relevant for larger particles due its slower
cooling rate and higher fusion heat. In oxidation

of TiC at high temperatures, particles smaller than
1-2 um and an anatase rich phase and in particles
greater than 5 um, a rutile rich phase is observed [11].
A final phase distribution in the oxidized product is
determined by the temperature distribution in the
specific reaction system due to the different cooling
rates of individual particles.

As a result, the crystal nucleation behavior in

TiO2 melt differs from the MoSi, ve AL O, system
analyzed by other authors using similar calculations.
McPherson [12] has shown nucleation of metastable




Ishigaki [13] hesaplamalari ile 0.8T -T arasinda
termodinamiksel olarak stabil a-fazindan metastabl
B-MoSi, nin cekirdeklendigini bulmustur. Fakat
a-MoSi.'nin cekirdeklenmesi 0.8T 'nin altindaki
sogutma sartlarinda ve daha yiksek derecelerde
gerceklesmektedir. Bu calismada ergiyikten TiO,'nin
cekirdeklenmesi, anatazin ¢ekirdeklenmesi icin genis
bir katilagma sicaklik araligi ve rutilin ¢ekirdeklenmesi
icin dar bir katilasma sicaklk araligi ile karakterize
edilmistir. Bu durum ergiyikteki metastabl ve stabil
fazlarin ¢ekirdeklenme davraniglarinin siirece has
katilasma sicakhigina bagh oldugunu gostermektedir.

4. Sonuclar

Klasik homojen cekirdeklenme teorisi ve siviile kati
arasindaki arayiizey enerjisinin tahminini esas alarak,
hesaplamalar sonucu, metastabl anataz tercihen
daha disuk katilasma sicakliklarinda ¢ekirdeklesirken,
rutil ise T "nin biraz altindaki sicakliklarda kristalize
olmaktadir. Bu faz formasyonunun davraniglari,

rutil denge katilasma sartlarina yakin sartlar altinda
ergiyikten form alirken, daha ylksek sogutma hizi

ve yiiksek sicaklikta sentezleme ile ergiyikten direk
katilasan anataz fazinin deneysel gézlemleriile de
uyusmaktadir.
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