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ABSTRACT

The importance of aluminum nitride (AIN) stems from its application in

microelectronics as a substrate material due to its high thermal conductivity, high

electrical resistance, mechanical strength and hardness, thermal durability and

chemical stability. yttria (Y203) is the best additive for AIN sintering, which

undergoes densification through a liquid phase mechanism. The surface oxide, Ah03,

reacts with the oxide additive, Y203, to form a Y-AI-O-N liquid that promotes particle

rearrangement and densification. Construction of the phase relations in this

multicomponent system is becoming essential for further development of AIN.

Binary diagrams of Al203-Y203, AIN-Ah03, and AIN-Y203 were

thennodynamically modeled in this work. The obtained Gibbs free energies of the

components, stoichiometric phases and solution parameters were used for the

calculation of the isothennal sections and liquidus surface of the AlN-Ah03-y 203

system. Phase evolutions, melting and solidifications in the Ah03-y 203 phase diagram

were investigated using x-ray diffraction and in situ high temperature neutron

diffractometry. The phase diagram of AIN-Y203 system was established and verified

experimentally. The predicted temary phase diagram for AIN-Ah03-y 203 was also

verified experimentally using in situ high temperature neutron diffractometry and it

has been constructed for the fust rime in this work.

A self-consistent thennodynamic database including all the phases in the AIN

Ah03-y 203 system was developed during the course of this project. This database was

used to expIain the experimental results of AIN sintering. It has been found that the

samples with high densities had lower liquid formation temperatures, and low thermal

conductivity was related to the residual Al203 and high YAP (Al203.Y203) content.
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•

RÉsUMÉ

L'importance du nitrure d'aluminium (AIN) provient des applications dans le domaine de

la micro-electronique; étant une matière utiliser comme substrat dû à sa haute

conductivité thermique, haute résistance électrique, force mécanique et dureté, durabilité

thermique et stabilité chimique. L'oxyde d'yttrium (Y203) est le meilleur additif pour le

frittage de AIN, et il a été montré que AlN se densifie par un mécanisme en phase liquide

où l'oxyde de surface, Ah03, réagit avec l'additif, Y203, formant un de composition Y

Al-O-N liquide qui favorise le réarrangement des particules et la densification. La

construction des relations de phases dans ce système a plusieur composés devient

essentiel pour le développement future de l'AIN.

Les diagrammes binaires Ah03-Y203, AIN-Al203, et AIN-Y203 ont ètè modélisés

thermodynamiquement. Les valeurs obtenues de l'énergie Gibbs des composants~ les

phases stoichiometriques et les paramètres de la solution ont été utilisés pour le calcul des

sections isothermales et les liquidus du systèm d'AIN-Al203-Y203. L'évolution des

phases, les liquéfaitions et les solidifications dans le diagramme de phases AhD3-Y203 a

été enquêté par l'utilisation de la diffraction des rayous X et la diffraction a haute

température de neutron en situ. Le diagramme de la phase de système AIN-Y203 a été

établi et vérifié expérimentalement. Le diagramme ternaire de phases prédit a été vérifié

expérimentalement par l'utilisation de la diffraction a haute température de neutron en

situ. Le diagramme ternaire de phases AIN-Al20 3-Y203 a été construit pour la première

fois dans cette recherche.

Une base de données thermodynamiques auto-compatible incluant toutes les

phases du système AlN-Ah03-y 203 a été développé au cours de ce projet. Cette base de

données a été utilisée pour expliquer les résultats expérimentaux du frittage de l'AIN. On

a trouvé que les échantillons possedant une grande densification ont une basse

temperature de formation de liquide, et que la faible conductivité thermique est dû à la

quantité residuelle d'Al203 et de la haute teneur en YAP.
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NOMENCLATURE

k Thennal conductivity

CTE Coefficient of thermal expansion

q Heat flux per unit time per unit area
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G Gibbs energy of the system under consideration
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componentA

a(s) The activity ofthat species on the solidus with

respect ta the liquid standard state

a(liq) The activity of that species on the liquidus with

respect to the liquid standard state

e Diffraction angle

À. Wavelength
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Chapter 1:

INTRODUCTION

The use of ceramics can he traced back to early civilizations when clay pots were

used to keep food. After the discovery of tire, early humans used firing to improve the

quality of the clay. The importance of ceramics increased significanùy in the twentieth

century for industrial applications involving the design and developrnent of electrical

systems. Ceramics have becorne the main stream foon of electronic packaging. Their

importance is direcùy related to their good electrical insulation, mechanical strength,

thennal and chemical stability and durability. Aluminum nitride, AIN, is one of the most

promising ceramic materials due to its excellent physical properties such as high thennal

conductivity and high electrical resistivity, which are increasingly important in modem

industrial and consumer applications, such as electronic packaging and microelectronics

[1,2,3].

According to the United States Advanced Ceramic Association (USACA), there are

currenùy twelve Japanese companies involved in AIN powder or comPOnent manufacturing,

whereas in the USA only eight companies are involved in production and/or research and

development [4], with one being in Canada. Moreover, a joint project involving both

govemment and industry in Japan and United States bas been established to detennine the

effects of microstructure and grain boundary chemistry on the strength of AIN substrates.

This collaboration between Japan and the United States represents one of the first fonnal

joint venture ofbath govemment and commercial enterprises in these two countries [5].
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Numerous research programs are aimed at providing the technological base for the

high volume production of AIN packaging at a cost comparable to al~ Ah03.

Currently, alumina is the dominant material used in ceramic packaging with an annual

worldwide market for co-fired Ah03 packaging of two billion dollars. AIN is also the most

promising substrate alternative, due to its high thermal conductivity which is approximately

20 times better than that ofalumina.

1.1 Applications of Aluminum Nitride

Alurninurn nitride is an electrical insulator and a good thennal conductor. This

combination of properties makes it a suitable material for packaging electronic devices,

since there is no loss in the electrical signal and, at the same time, the heat generated can

be dissipated efficiently [6].

Diamond and cubic boron nitride are theoretically superior to other ceramic

materials with regards to their high thermal conductivity, but they are very expensive and

processes for manufacturing practical parts have not yet been achieved. In addition,

beryllium oxide, BeO, bas a theoretical thermal conductivity of 370 W/m.K and a

practical value of approximately 260 W/m.K, but it has a relatively high coefficient of

thermal expansion, eTE, (8xl0-6fC) compared with silicon (3.2xI0-6fC) [7,8]. Although

it is toxic, it is still being used [7]. On the other hand, AIN is a non-hazardous, synthetic

ceramic material that can offer similar functionality as BeO [9] and experiments from

Miyashiro showed that BeO can he replaced by AIN without any circuit pattern changes

[7].

Therefore AIN is a very promising material for electronic substrate applications, due

to its intrinsic properties such as a low dielectric constant and electrical resistivity, good

mechanical properties, a coefficient of thermal expansion near that of silicon and high

thennal conductivity [7,9]. Moreover, the temperature dependent difference in the thermal

expansion coefficient between AIN and Si is very small. lbis is considered as a major

advantage for high power semiconductor substrates and packages and for large silicon chips
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[7,10]. Moreover, the co-firing approach enables the creation ofsophisticated AIN packages

with up to twelve layers ofceramic and metal [9].

Nipko et al. mentioned that AIN has a pbonon Density-of-State similar to those of

BeO and SiC, and its thennal conductivity peaks at -45 K can be seen in Figure 1-1. It

was found that AIN possesses the microscopie and macroscopic properties that are

desirable for wide-bandgap semiconducting devices capable of operating at elevated

temperatures [1 1].
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Figure 1-1: Thermal conductivity versus temperature for AIN[11].
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Conventionally, Ah03 bas been used as an electronic substrate due to its good

mechanical properties as well as low manufacturing costs. But due to its low thermal

conductivity (-20W/m.K) at room temperature and high CTE (7.2xI0-6fC) compared

with that of silicon (3.2xl0-6f'C) alumina is adequate to dissipate the beat of simple

modules. However it is not adequate for the newer modules with a high circuit density

[7,8,12]. Hence Miyashiro et al. proposed that AIN can replace alumina because of its

high thermal conductivity [7]. Furthermore, its dielectric constant is no more than that of

alumina and the thermal expansion coefficient (4.2x10-6f'C ) matches that ofsilicon [3] .



Introduction 4

•

Recently, a higher frequency band bas been introduced for telecommunication

systems such as mobile cellular phones and broadcasting satellites due to the increasing

volume of infonnation and communication media. Since AIN films exhibit piezoelectric

behaviour with high velocity, AIN has drawn attention as a piezoelectric material for high

frequency acoustic wave devices [13]. Furthennore, because ofthis property, AIN bas also

been used in thin-film microwave acoustic resonator applications [14].

AIN substrates are more translucent when their purity is increased, resulting in

higher thennal conductivity. This is not a problem for general use, but in the case of

packages for Large-Scale Integrated (LSn memories, light from outside the package must

be avoided because the devices are light sensitive [7]. However in other areas, this

transparent property when combined with its wear resistance make AIN attractive for sorne

electro-optic applications [4].

1.2 Major obstacles to commercialization of AIN

The single most important obstacle in the commercialisation ofAIN is the cost, since

the cast of most AIN powders in the market is four to ten tintes that of electronic grade

a1wnina [4, 16].

Another obstacle is the reputation for poor lot-to-Iot reproducibility bath in thennal

conductivity and the adhesion of metallization layers [4]. As a result, ooly directly bonded

copper substrates and metallized substrates are currently on the market because there are still

severa! production problems to he solved [7] .
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LITERATURE SURVEY

2.1 Crystal structure of AIN

Aluminum nitride is a tetrahedrally coordinated rn-v compound which crystallizes

at ambient conditions in the hexagonal, wurtzite structure [14,17-19]. However at a high

pressure of 16-17 GPa and at 1673-1873K, it undergoes a first order phase transition to the

rock salt, cubic stnlctW'e.

z
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Figure 2-1: (a) The crystal structure ofAIN [19]. (b) Wurtzite structure ofAIN [14].

According to Jackson et al. and Ruiz et al., [1,14], the wurtzite structure (shawn

in Figure 2-1) has cell dimensions of a = 3.11(2)Â, c = 4.98(2)Â, and the internai
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coordinate u = O.382(I)A. The careful determination of the AIN lattice parameters has

been proposed as a means of obtaining quantitative information about the oxygen

concentration in the AIN lanice, and its thermal conductivity. A reduction in the c lattice

parameter has been shown to accompany higher oxygen concentration and lower thermal

conductivity of the AIN grains [20]. Even though severa! investigators have focused on

relating thermal conductivity of AIN to /attice oxygen concentration, Grigoriev et al. [21]

mentioned that the investigation of grain-boundary purity is an equally important factor

affecting thermal conductivity. Also, Tsuge et al. [22] related the oxygen contents in

synthesized AIN in the formation of the spinel phase. As the spinel content increases with

greater oxygen impurity in the starting PQwder there was a correlation to the thermal

conductivity drop in the sintered nitride. Moreover, McCauley et al. [23] concluded that

minor additions of nitrogen or oxygen to AhD3 and AIN, respectively, result in a variety

of modulated structures based on either AIN or spinel. It is also interesting to note that

pure AIN does not form polytypic structures, whereas small oxygen additions result in

several polytype-like structures which will be discussed further in section 2.8.

Although AIN crystallizes in the hexagonal wurtzite structure, which is the ooly

stable phase at ambient pressure, the growth of single crystals is difficult primarily due to

the high melting temperature and the decomposition of the material at temperatures

approaching the melting point. Qnly small single crystals in the order of millimetres have

been prepared thus far [Il].

2.2

2.2.1

Properties of Aluminum Nitride

Thermal Conductivity

Thermal conduction is the phenomenon by which heat is transported from high to

low temperature regions of a substance. The property that characterizes the ability of a

material to transfer heat is the thennal conductivity and it is defined in tenns of the Fourier

equation:
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dT
q=-k

dx

7

.................. 2-1

where q denotes the heat flux per unit tinte per unit area, k is the thermal conductivity,

and dT/dx is the temperature gradient through the conducting medium.

Heat is transported in solid materials by both lanice vibration waves, or phonons,

and free electrons. At high temperatures, radiation conductivity becomes important. Thus

total conductivity is the sum of the three contributions,

.................. 2-2

where kf, ke and kr represent the lattice vibration, electron and radiation thennal

conductivities, respectively. In dense ceramic materials, the phonons are primarily

responsible for thermal conduction, i.e. !ce is much smaller than kt [12,24].

Extensive research is under way to increase the thermal conductivity ofsintered AIN

and to improve their lot-to-Iot reproducibility. High thennal conductivity is the main

attribute of AIN, and is the driving force behind its development as a packaging maleria!.

The principle behind this is that a high thennally conductive substrates obviates the

necessity of external cooling and facilitates the development of packages with a high chip

density [1].

The theoretical thermal conductivity of319 W/m.K [20,25-28] bas not been attained

although values above 280 W/m.K have been reported [28]. According to other investigators

this theoretical value bas ooly been measured on single crystals. Knowing that compounds

with the wurtzite structure have two different principal thennal conductivities in directions

parallel and perpendicular to the c-axis, these values do not differ by more than 20%, and

the value given is an average [29]. A thennal conductivity of230 W/m.K has been achieved

by an annealing process developed by Taiyo Yuden Company (Gumma, Japan) [4], while

the highest thermal conductivity of sintered AIN reported in the literature is 260 W/m.K

[4,20,26,30] .
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Table 2-1: Thermal conductivity ofAIN and other materials used in the electronic
industry.

8
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Thermal conductivity 25°C (WIm.K)
Reference AIN

Ah03
BeO

eXDerimental theoretical eXDerimental theoretical
SiC Si

Ref. 19 160 320 20 260 370 270 -
Ref. 7 70-270 20 250-300 - 120

Ret: 10 170-260 20 260 - -
Ret': 26

no additives 4wt% y.,Ol

114 194 - - - -

Kuramoto et al. mentioned that the thermal conductivity of AIN ceramics is very

sensitive to both metallic and oxygen impurities. As Iittle as 200ppm of silicon, iron or

Magnesium significantly reduces the conductivity, suggesting that these metals diffuse

into the AIN lanice during processing or sintering [10].

The heat carrier in AIN is the phonon. Phonon scattering May occur due to

impurities or lattice imperfections and decrease thennal conductivity. The most hannful

impurity has been found to he oxygen. This is a result of the relatively high oxygen leveIs in

the starting AIN powder, the high solubility of oxygen in the AIN lattice and the powder's

susceptibility to oxidation and hydrolysis. Dissolved oxygen ions in AIN occupy the

nitrogen sites, and they generate aluminum vacancies to compensate for the electric charge

inbalance [26,28,30]. The thennal conductivity ofAIN depends on the sintering conditions,

temperature and holding time, as weil as, the amount ofsintering additive [25,30].

Most of the recent work on high thermal conductivity AIN ceramics has focused on

reducing the oxygen levels in solution in the AIN lattice [26].

At low temperatures the major limitation of heat conduction by phonons is

scattering by external boundaries (e. g., domain size ofa powder or sample dimensions of

a single crystal). This gives rise to a - T3 behavior of the thermal conductivity al low

temperatures. In a typical log-log plot (Figure 1-1) the thermal conductivity increases

linearly, reaching a maximum at a characteristic temperature (T0), and then decreases
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with increasing temperature as phonon-phonon and phonon-defect scattering become the

dominant processes [Il].

2.2.2 Mechanical Properties

Aluminum nitride has excellent ballistic impact resistance, which has provoked

substantial attention for its potential structural applications despite its relatively low

fracture toughness and strengili [32]. The mechanical properties of AIN and other

ceramic materials used in the electronic indus1ry are summarized in Table 2-2. Il can be

noticed that AiN is stronger than AhOJ which is used in standard applications.

Table 2-2: Mechanicai properties ofAINand other ceram;cs usedfor electronic
substrates andpackaging.

Flexure strength (MPa)
Reference AIN Ah03 BeO SiC

Ref. 19 340-490 304-314 245 -
Ref. 7 300-500 240-260 170-230 450

Rer. 10 320-350 300 200 -
No additives 1 4wtOJ'o Y20]

Ref. 26 240 1 353 - - -
Vickers Hardness (GPa)

Rer. 19 12 12 23-27 -
Rer. 10 11 25 12 -
Ref. 35 12 19 12 24

Bulk modulus ofAIN (GPa)
Reference Measured value Theoretical

Ref. 14 202-237 228·231

Experimental work conducted by Chen et al. showed that the highest compressive

strength of sintered aluminum nitride was 5.4 GPa [33].
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2.2.3 Electrical Properties

Aluminum nitride is an electrical insulator [6]. Electrical resistivity of AIN,

fonned by nitrogen implantation into aluminum, increased with increasing implanted

dose, which was found experimentally to be about 1.4 Xl012 to 2xI0 12 Qcm [34].

The Raman piezo-spectroscopic behaviour of AIN bas been studied for two

materials prepared with and without sintering aids, by Muraki et al.. The values of the

slope, that is, the uniaxial piezo-spectroscopic coefficients are different, wbereas the

stress-free frequency is the same for the samples prepared with and without sintering

aids. This indicates that there is no major dissolution of the sintering aid inside the AIN

lattice. This is consistent with their TEM observations, which show that the sintering aid

tends to remain in triple pockets among the grains [6].

Table 2-3: Electrical properties ofAINand other ceram;cs usedfor substrates and
packages.

Item Reference AIN AI203 BeO SiC

Volume resistivity (a.cm) [7,19]. >10 14 >1014 >10 14 >1014

Dielectric strengili (kV/cm) r71 140-170 100 100 7
(10,19,35] 150 150 100 7

Dielectric constant (1 MHz)
[7] 8.8 8.5 6.5 40

nO,351 8.9 9.4 7.0 42

2.3 Sintering additives

In general because of its poor sinterability, AIN is densified using typical

sintering aids, such as rare earth compounds (Y203, YFJ, Y3AISOI2) and alkaline earth

compounds (CaO, CaC03) [27,36].

Aluminum nitride is a covaiently bonded solid with an associated low diffusivity

which would be expected to lead to poor sinterability. However AIN powder, when

exposed to air, always contains a protective surface oxide in addition to dissolved oxygen
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in the lattice. Hence it is possible to densify AIN directly as a result of AI-O-N liquid

formation at temperatures > 1850°C. However, this liquid wets the AIN grains and is not

effective in eliminating lanice oxygen, which invariably results in low thermal

conductivity values.

In the case of additives, it bas been hypothesized that the AIN densifies rapidly by

a transient liquid phase mechanism [1], where the surface Ah03 reacts with the oxide

additives to form the initial M-AI-O-N liquid (M = metal) that promotes particle

rearrangement and densification [2,10,27]. For example, from the experimental work of

Jackson et al.. densification of AIN-Y203 at 1850°C for 1 minute had a tendency ta

confirm this hypothesis. They inferred from the micrographs that after a few seconds, the

liquid, that originally was wetting the AIN grains, had become quickly nonwetting with

changes in concentration [1]. According ta De Baranda et al.. the effects of additives

were:

• the formation of liquid phase at high temperatures, which promoted densification via

liquid-phase sintering.

• the reduction of the impurity levels in the AIN grains by incorporating them into the

liquid [10,26,28].

The liquid effectively prevents oxygen atoms from diffusing into AIN grains

during sintering and thus prevents the decrease in thermal conductivity [10]. According

to Dumitrescu and Sundman, Ah03 is considered a basic oxide, assuming that it would

easily give up its oxygen [37]. The sintering aid for AIN should react with the surface

Ah03. Moreover the quantity of this additive should be sufficient to consume all existing

AhD3 in arder to purify AIN grains and ta have AIN-AIN surface contact.

Hence the addition ofsintering aids has a dual purpose; it aids in densification and

enhances the thermal conductivity by controlling the grain boundary microstructure. The

raie of additives in enhancing thermal conductivity can be understood, when considering

the effect of various parameters on thermal conductivity, particularly the role of

impurities. From a thermodYnamic point of view, the greater the affinity of an additive
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for Ah03, the greater the degree of purification of the AIN lanice during sintering and/or

annealing [1].

According to Kuramoto et al., AIN sintered without an aid had a thermal

conductivity of 124 W/m.K. They also studied the sintering behaviour of AIN using

calcium aluminate (3CaO.Ah03) as sintering aid. They concluded that a translucent and

higher thermal conductivity (175 W/m.K) AIN ceramie cao be produced from high-purity

raw powder using this sintering aid by normal sintering in N2 at 18000 e [ID].

Kasori and Ueno have shown that Y203 was a better additive for thermal

conductivity enhancement than YAG (Y3AIsOI2), although YAG has been used as a

sintering aid for AIN, but without any thermal conductivity improvement (90-110

W/m.K). On the other hand, a value of 245 W/m.K was achieved using Y20 3 and by

annealing it in a carbon-reducing atmosphere al 18500C for 100 h [30]. Also it was

concluded by More et al., that Y203 was an excellent additive for AIN, when compared

with other rare-earth additives such as; Sm203, LU20), Ce203, Nd20 3 and Pr60l1 [1].
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Figure 2-2: Variation ofthermal conductivity ofAINas afunction ofY203 content.

De Baranda et al., studied the effects of Y203 over the range of 1.0 to 10.0 wt%.

Figure 2-2 shows that the thermal eonductivity increases with inereasing Y203 doping,

goes through a maximum at about 3 to 5 wt% Y203 and then slowly decreases with

increasing Y203 doping [28]. This is consistent with the observations of More et al., in

that the thermal eonductivity of the AIN ceramic inereases as the Y203 content increases
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and then decreases after 5 wt% Y203 because of the increasing volume fraction ofyttrium

aluminate volume at the grain boundaries [1].

Hirano et al., studied the effeet of Y203 on sinterability, thermal conductivity and

microstructure of AIN~ and showed that addition of3 wt% YZ0 3 was required to achieve

a fully densified AIN body by sintering at 1750°C for 2 h., white material with only 1.5

wt% YZ03 did not reach its theoretical density. They also found that Y203 enhanced the

thennal conductivity ofAIN [25].

It is becoming clear that an understanding of the phase equilibria of the ternary

AlN-Ah03-y 203 system is essential for further deve10pment of the AIN ceramic

materials, because phase diagrams (even if based on estimated data) can illustrate the

phase relations and phase stability under different sintering conditions.

2.4 Sintering Mechanism of AIN

Sintering of AIN with the addition of Y203 occurs in the presence of a liquid

phase. According to Kingery the classical liquid-phase sintering must satisfy three

requirements:

1. fonnation ofa liquid phase, even though it is metastable at the sintering temperature.

2. Solubility ofthe solid phase in the liquide

3. Wetting of the solid by the liquid [38].

Aluminate

Initial stage Final Stage

Figure 2-3: Schematic diagram ofAIN sintering.
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Figure 2-3 illustrates a model for AIN sintering, where the interaction between

y 203 and the surface oxide of AIN powder leads to the formation of a liquid during

sintering. When the liquid frrst forms, it tends to completely coat the surface of the solid

particles. At later stages this liquid becomes nonwetting and migrates to the triple points

prior to solidification. Chen et al. observed that the distribution of the secondary phase

changed from good to nonwetting with increasing sintering time [39].

Secondary phases

•

(a) hUll (b)

Figure 2-4: (a) TEM Micrograph offracture surface ofsinteredAINwithout YzOJ [19J
(b) BS-SEMmicrograph ofcommercial AINsubstrates sintered with addition of flOJ•

This cao he easily observed by comparing Figure 2-4(a) with 2-4(b). Figure 2-4(a)

shows an AIN microstructure sintered without Y203 and displays a secondary phase film

entirely coating the AIN grains. In contrast, Figure 2-4 Ch) shows the microstructure of

sintered AIN containing Y20) addition as the sintering aid. With the introduction of Y203.

the secondary phase is segregated to the triple points and adjacent AIN particles are

intimately connected without any physical barrier.

The amount of liquid and the phase formation at a selected sintering temperature

can be predicted using phase equilibrium diagrams. Hence one cao clearly see the

importance of a detailed and complete study of the temary AIN-AhO)-y 20) phase

equilibria.
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To date, there is little information on the temary AIN-Ah03-sintering additives

system [27]. To calculate reliable temary, quatemary, and higher order metallic and

ceramic phase diagrams, we need a thennodynamic description of the binaI)· phase

diagrams and a thennodynamic model that can extrapolate binary data into ternary and

higher-order systems [40]. This is commonly done for metals where the thennodynamic

data are more readily available. For ceramic systems, thermodynamic data are very

sparse. Furthermore measurements are very difficult considering the high temperatures

involved.

The effect of AhD3 additions on the phase reaction of the AlN- Y203 system at

high temperatures of 1900°C and 1950°C was investigated by Kim et al. For the AlN

3wt% Y203 system, Ah03.2Y203 (the YAM phase) having the lowest Ah03 content of

yttrium aluminates was identified. And in the AlN-I0wt% y 203 system, unreacted Y203

was detected in addition to YAM, because the Y203 was in excess amounts [27].

In a ternary system (A-S-C), the other binary systems (A-B), (A-C) and (B-C)

contribute similarly to the thermodYnamic properties of the temary component system

[40]. ln our case they are (AlN-Ah03), (AIN-Y203) and (Ah03-Y20J) respectively.

The significance of this phase diagram cornes from the importance of alumina and

yttria for liquid phase sintering of covalently bonded ceramics, such as AIN, SbN4 and

SiC.

According ta the literature review of Grobner et al.. there are three aluminate

compounds in this system; yttria Alumina Gamet (YAG), yttria Alumina Perovskite

(YAP) and yttria Alumina Monoclinic (YAM) [41]. The published stability and melting

temperatures of these phases are reported and are summarized in Table 2-4. These
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compounds are of considerable interest as solid-state laser materials [41-43]. Recent

studies show that YAG and the Ah03-y AG eutectic are potential candidate materials for

reinforcement fibers in ceramic and intermetallic composites used in structural

applications [44,45], because YAG and Ah03 do not react with each other, they have a

low thennal expansion mismatch and YAG has a lower and less anisotropie creep rate

than Ah03 [46].
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Figure 2-5: The experimenta/ phase diagram o/Y203-A/20] System [47].

y AG adopts the cubic gamet structure, YAP has an orthorohombic distorted

perovskite structure and YAM has monoclinic structure [42,43]. It can be seen from the

experimental phase diagram (Figure 2-5) that Y203 has two fonns: the low temperature

fonn which crystallizes in the cubic c-type structure with a = 10.604 A and the high

temperature hexagonal phase with a = 3.81 Aand c = 6.08 A. The transition temperature

was determined by Foex and Traverse in 1966 to be 2573K (2300°C) and in 1985 by

Mizuno as 2614K (2341 OC) [48].
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Since y AG has been found to produce translueent ceramics, it is used for high

pressure sodium lamp envel0Pes due to its better proPerties when compared to the earlier

used alumina eeramies [41]. And since it has a cubie structure, there are no birefringence

effeets and the thermal expansion is isotropie. This, coupled with ils refraetive nature and

other useful properties, makes it an advanced eeramic for applications in electronic,

optical and magneto-optie devices [49].

y AI03 CYAP) is an excellent materia! for gain media, scintillators and acousto

optics. Single crystal YAP can be grown by the Czochralski technique or by vertical

directional solidification [50]. Yamane et al. [51,52,53] studied the phase transition of

y 4Ah0 9 CYAM) by high temperature Differentiai Seanning Calormitry (OSC), high

temperature X-ray powder diffraction and high temperature dilatometry. They detected

an enthalpy and a volume change around 1400°C, which is an indication of a phase

transition. The phase transition showed thermal hysterisis with a width of 78°C and

characteristics of rnartensitic phase transition. Their powder diffraction experiments also

showed no difference in the diffraction patterns of the high temperature or the room

temperature phases [42,43,51]. YAG is the only unambiguously stable phase in the

system according to Abell et al. [42].

CockaYDe [43] reviewed this system and reported the melting points and the stability

ranges for the end and stoichiometric comPQunds that occur in this system. These data are

summarized in Table 2-4.

Table 2-4: Melting points, stability and structure ofthe phases in the Al20j-Y20J
system [43].

Compound Melting Point Stability range
Structure of room
temperature phase.

Ah0 3 2050 Tmclt to room tempo Rhombohedral
YAG 1970 Tmclt to room tempo Cubic (gamet)
YAP 1870 Tmclt to room tempo Orthorhombic (perovskite)
YAM 1930 Tmclt to 1000°C. Monoclinic
Y20 3 2400 Tmclt to room tempo Cubic
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Also Grôbner et al. [41] reported the measured melting temperature by different

researchers for the stoichiometric compounds in this system. These values are summarized

in Table 2-5.

Table 2-5: Melring temperature in the Al20rY20j system.

Researcher Meltinsz TemDerature K
YAG YAP YAM

Warshaw f551 2243 - 2303
Toropov [56] 2203 2143 2293

Abell [42] 2243 2148 2203
Caslavsky [57] 2213 2189 -

Bondar [58] 2223 2213 2293
Adylov [41] (cited) 2215 2190 2250

Grobner [41](calculated} 2213 2184 2299

A mutual solubility ofY2Û3 in Ah03 mentioned by Mizuno and Naguchi (1967),

Figure 2-6{d), could not be verified by other researchers. Whereas Goldberg stated that

there is aImost no solubility of Y203 in Ah03 [41].

La and Tseng [59] studied the phase evolution ofYAG, YAP and YAM synthesized

by a modified sol-gel method and they used X-ray diffiactometry to determine the

crystalline phases. They could obtain synthesized high-purity YAG and YAM phases, but

they concluded that YAP is a result of reaction between YAG and YAM, where residual

amounts were left even after heat treatment. The temPerature range and holding rime used in

this study are 650°C to 1500°C and 6 min. to 40 h respectively.

Gervais et al. [60] studied the solidification process of liquid YAG and YAP by

differential thennal analysis. They found that the crystallization of melts of YAG and YAP

depend on their liquidus temperature and critical temperatures and these were evident in the

liquide Cooling from these critical temperatures or above was shown to lead to a stable or

metastable solidification path, respectively. They concluded their study by referring to the

difficulties in the growth of single crystals ofboth YAG and YAP and related this behaviour

ta the discrepancies in the published Ah03-y 203 phase diagrams.
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Cockayne [43] reviewed the chronological development of the AhOrY203 phase

diagram, Figure 2-6(a) to Figure 2-6(e). Part (f) ofthis figure was published in 1992 by Mah

and PetIy after Cockayne's 1985 paper.
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Figure 2-6: Chronological development ofthe Al20rY203phase diagram; (a)Schneider
et al. (1961). (b) Olds and Otto (1961), (c) Toropov el al. (1969), (d) Mizuno and

Naguche (1967), (e) Abel! et al. (1974) and (f) Mah and Perry (1992).

Cockayne reported that the first AhD3-Y203 phase diagram was published by

Schneider et al. in 1961. However an earlier paper published by Warshawand Roy [55]

in 1959 was found. In this paper Warshaw and Roy, who were the first to study phase



Literature Survey 20

equilibria in this system, considered YAP as a thermodynamically metastable compound

and did not include it in their phase diagram. However, they indicated the liquidus in this

phase diagram with a dashed Hne [50,55]. Their phase diagram, Figure 2-7, was

measured using X-ray analysis and melting observations. It can be seen that this figure is

a better estimation for the Ah03-y 203 phase diagram than that of Schneider (1961) and

Ods and Otto (1969), if they are all compared with the most recent experimental phase

diagram shown in Figure 2-5.

+
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3YZOJ '5A120,

+
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Figure 2-7: AI;z03-Y203phase diagram, after Warshaw and Roy 1959, [55].

The first estimate of thermodYnamic fonctions in this system was published by

Kaufman et al. [62]. While, Grobner et al. [41] optimized the system using aIl available

experimental data in the literature, Jin and Chen [45] modeled the Ah03-Y203 phase

diagram using Kaufman estimating methods. Their published phase diagram is shown in

Figure 2-8.
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2.7 AIN - Y20 3 System

No effort has been made thus far in analyzing the entire system experimentally.

Kaufman et al. [62] published a thermodynamic estimation for this phase diagram and

they reported that a simple eutectic system describes the equilibria between the various

phases, as shown in Figure 2-9.
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Figure 2-9: Y20;-A1N calculatedphase diagram by; Kaufman et al. [62].
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In general, knowledge of the AlN-Ah03 phase equilibria is based on that of the

Ai-N-O-Si quaternary system, because it includes the formation of SiAION compounds,

which exhibit good properties for a wide range of applications [63]. The interest ofthese

compounds started in the United Kingdom in the early 1960s [64].

The phase diagram of AiN - Ah03 system was studied by severa! authors [23, 63

71]. McCauley and Corbin [23] published an experimental estimation for this system

shown in Figure 2-10. Qui and Metselaar [65] reviewed the contradictory information

obtained previously, reinvestigated the system and published an optimized phase diagram

shawn in Figure 2-11.
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The first phase diagram for this system was reponed by Lejus in 1964. Six phases

were identified including a phase designated 'X' which encompassed all compositions for

the polytype phases [64].

The phases which fonn in the AIN - Ah03 system can he separated into two groups

depending on their basic crystallographic structure. One group is based on polytypes of the

wurtzite structure and the other is based on the spinel structure [64].

McCauley and Corbin constructed an isobaric condensed phase diagram in the

region of stability of cubic aluminum oxynitride spinel (AlON) in the binary Ah03-AIN

system. The phase equilibria were deduced primarily from various analytical

measurements and microstructural observations (Figure 2-10). They reported that cubic

aluminurn oxynitride spinei melts incongruently at about 20S0oC and is compositionally

centered at 35.7 mol% AIN, which is equivalent to the stoichometric composition of

Aln0 27Ns or 5A1N.9Ah03 [66]. They published an experimental phase diagram for the

AlN-Ah03 system and they listed seven phases [23, 37,66]:

• AIN with the WU1tZÏte structure.

• A1903N7 with 27R AIN poIytype structure.

• Al,03Ns with 21R AIN polytype structure.

• A1603N" with 12H AIN polytype structure.

• Aln027Ns with an AlON spinel structure.

• AlnOJ3N2 with a <l>-spinel structure.

• Ah03 with a corundum structure.

The polytypes are layer super structures based on AIN hexagonal wurtizite

structure with large repeat distances along the c-axis. The first poIytype of the AIN-Ah0 3

system is 21 R and was fonned by Adams et al. in 1962 with a chemical composition of

66 moI% AIN. This is in addition to the fact that they reported an important solubility of

Al203 in AIN of up to 17 mol% [63,64]. In the notation of Ramsdell-Parthè (1964),

polytypes with the fonnula AIn03Nn-2 in the AIN-Al203 system were denoted as 2nH (n is

even) or 3nR (n is odd). The H polytypes have the P63mc space group and the R
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polytypes have theR3mspace group. Sakai (1978) found the phases 27R 16H, 21R, and

12H in the Al-N-O temary system [63].

Since Yamaguchi and Yanadigida found a new spinei phase in 1959 (the y-phase

of aluminurn oxynitride synthesized from Al203 and AIN) many investigations have been

conducted on its optical, mechanical and chemical properties. This phase has been

referred to in severa! ways, e.g. y-aIon, y-ALON, AlON, alon and spinel. The latter one

will be used in the present work for the solid solution region in the AhOJ-AIN system

and will be centered around the composition 5AlN.9Ah03, which has a spinel structure.

Spinel has been an attractive ceramic materia! for refractories in the ferrous and

non ferrous industries and for protective windows in optical systems due to its chemical

stability and transparency at high temperature [67,68]. Goursat et al. detennined by

neutron diffraction the crystal structure ofspinel to be Fd3m spinel [64] with vacancies in

the octahedral positions [69].

Although a considerable number of articles on spinel have been published the

thennodynamics of spinel are still not very weIl known. In the frrst place there is sorne

disagreement about the temperature at which spinel can be formed. Secondly, the proper

formula for spinel, which is not a stoichiometric compound, creates sorne difficulty as to

how the reactions should be balanced. Willems et al. rePQrted that values determined by

other researchers for the temperature necessary for the fonnation of spinel is above 1500

1700°C [69].

In the experimental work of Willems et al., neutron and X-ray diffraction

experiments were performed on spinel powders with compositions corresponding to 67.3,

73 and 77.5 mol% Ah03. Neutron diffraction yielded approximately the same lattice

parameters for the spinel phase as X-ray diffraction. The measured lattice parameters

were 7.953 A, 7.944 A and 7.938 A for spinel with a composition of 67.5, 73 and 77.5

mol% Ah03, respectively [68].
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Corbin et al. [23] detennined the basic properties of spinel using pressureless

sintering, fonning nearly pore free single phase samples. Their results are summarized in

Table 2-6.

Table 2-6: Properties ofspinel.

Knoop (100) hardness 1800 kg/mm.!
Elastic Modulus 3.3 x lOs MPa

4-point bend
at room temperature 306 MPa
at 1000°C 267MPastrength
at 1200°C 190 MPa

Thermal expansion coefficient 7 x 10-6 1°C

According to Corbin [64], this material bas been processed into fully dense

transparent materiaI and sho\vs promising mechanical and optical properties suitable for

infrared and visible window applications.

The stability of the spinel phase is weIl described and ail other compounds except

AI.,.,N3302 with a <I>-spinel structure are included in the new evaluation (1997) of the

AlN-Ah03 system, by Qiu and R. Metselaar [65].

Figure 2-11 shows the caIcuiated phase diagram of the binary AIN-Ah03 system,

by Qiu and Metselaar, The interaction parameters for the liquid were evaluated by

applying the ionic liquid model using the Thermo-Calc program, whereas the

thermodynamic descriptions of the temary compounds are from the work of Dumitrescu

and Sundman, where they used the substitutional model for the liquid [37,65].

The phase relations were also calculated by Domer et al. in 1981 and Kaufman in

1979 using thermodynamic data. Both investigations used a 25 mol% AIN for the

composition of spinel phase. The resulting calculated phase diagrams had spinel as the

only stable intermediate phase in the system [64]. On the other hand, HiIlert and Jonsson

in 1992 included a 27R stoichiometric phase in their calculations in addition to

considering the non-stiochiometry of the spinel phase. They reported that 27R and spinel

melt congroently at 2998K (2725°C) and 2436K (2163°C) respectively [70].
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Tabary and Servant [71] published a calculated AIN-Ah03 phase diagram

recently (1998). In their calculation the Gibbs energy of formation of the solution and

compound phases in this system were derived from an optimization procedure using aIl

the available experimental thennodynamic and phase diagram data. They used the sub

lanice model for the compounds which exhibit a range of non-stoichiometry and the

Redlich-Kister polynomial for the solution phases.
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Figure 2-11: Calculatedphase diagram ofbinary A120j-AIN system [65].
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Chapter 3:

THE AIM OF THIS WORK

Aluminum nitride substrates are of interest for applications in electronic

packaging because of severa! advantageous properties they possess. yttrium oxide is the

best sintering additive to produce high density thennally conductive AIN.

The phase diagram of the temary AlN-Ah03-Y203 is essential in understanding

the reactions which take place and for further development of AIN ceramic, because the

diagram can illustrate the phase relations and phase stability under different conditions.

To date no effort has been made ta analyze the entire AIN-AhO)-Y20) system

and to construct the phase relationships. A tirst attempt to investigate this temary system

and to construct the temary phase diagram will he done during the course ofthis work.

This work will include:

• fonnulation of the appropriate thermodynamic model to reassess A1N-Ah03 and

A120)-y 203 phase diagrams and, using the developed model, the unknown AlN

y 203 phase equilibrium will he predicted.

• Investigation of the phase development and phase stability in the Al20 3- Y203 phase

diagram using room temperature X-ray diffraction. Sînce alumina and Yttria are

important for liquid phase sintering of AIN, the need to understand the phase

relationships in the AI203-Y203 system becomes more urgent. So special focus will

he placed on the Ah03-Y203 binary phase diagram in this research.
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• In situ study of the deveiopment and stability of the phases in the Ah03-y 203 and

AIN-Y203 systems using high temperature neutron diffraction.

• Verification of the thermodynamic predictions with experimentaI data.

• Construction of the temary AlN-Ah03-y 203 phase diagram using binary data.

• Experimental verification of the predicted temary phase diagram using high

temperature neutron diffraction.

• Application of the modeled phase diagrams for the sintering of AiN.
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Chapter 4:

REVIEW OF CHEMICAL
THERMODYNAMIC CALCULATIONS

FOR ASSESSMENT OF PHASE
EQU/LIBRIA

4.1 Introduction

The state of a two-component materia! at constant pressure can be presented in

the well-known graphicaI fonn of temperature-composition isobaric binary phase

diagram. For three-component materiaIs, an additional dimension is necessary for a

complete representation. Therefore, temary systems are usually presented by a series of

isothennal sections or projections using the Gibbs triangle ta represent composition. For

systems with more than three components, the graphicaI representation of the phase

diagram in a useful fonn becomes not only a challenging task, but is aIso limited by the

lack of sufficient experimental infonnation. However, the difficulty of graphicaIly

representing systems with Many components is irrelevant for the calculation of phase

equilibrium. Such calculations can be customized for the materiaIs problem of interest

[72] and can be presented in tabular form for a particular condition of overall

composition, temperature and pressure.

While it is ooly due to modem developments in modeling and computationaI

technology that have made development of likely multicomponent phase equilibria a

realistic possibility, the correlation between thermodynamics and phase equilibria was

established more than a century aga by Josiah Willard Gibbs, whose groundbreaking
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work has been summarized by Hertz [73]. It is now universally recognized that Gibbs

invented a new science, that we DOW cali "chemical thermodynamics", when he published

bis three papers in the Transactions of the Connecticut Academy. At first two papers

were published in 1873, "GraphicaI Methods in the Thermodynamics of Fluids" [74] and

"Representation by Surfaces of the Thermodynamic Properties and Substances" [75]. But

the most important contribution of Gibbs in the field of phenomenological

thermodynamics is "On the Equilibrium of Heterogeneous Substances" [76]. The first

part was published in 1876 and the second part ofthis work [77] was published in 1878

[73,78]. However, it took many years for this work to be discovered and its full

implication to be appreciated. This delay may have been partially due to the mathematical

form of this work, but was probably also due to the fact that the Transactions of the

Connecticut Academy did not have a large international readersbip, particularly in

Europe. The method used by Gibbs was always mathematical modeling, which gjves bis

work a degree ofuniversality that persists to this day (73].

Even though the mathematical foundation was laid, more than 30 years passed

before 1.J. van Laar published bis mathematical synthesis of hypothetical binary systems

[79]. To describe the solution phases, van Laar used concentration dependent terms that

Hildebrand [80] called regular solutions. More than 40 years then passed before J.L.

Meijering [81] published bis calculations of miscibility gaps in temary and quatemary

solutions. Shortly afterward, Meijering applied this method to the thermodynamic

analysis of the Cr-Cu-Ni system [82]. Simultaneously, Kaufman and Cohen applied

thennodynamic calculations in the analysis of the martensitic transformation in the Fe-Ni

system. Kaufman continued bis work on the calculation of phase diagrams, including the

dependency pressure. In 1970, Kaufinan and Bernstein summarized the general features

of the calculation ofphase diagrams and introduced the concept of"lattice stability" [72].

Another important paper on the calculation of phase equilibria was published in

the 1950s. In bis paper, Kikuchi described a method to treat order/disorder phenomena.

This method later became known as the cluster variation method (CVM) and is

extensively used in conjunction with first-principle calculations [72].
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DifferentiaI thermal analysis is a commonly used method to determine the

location of phase boundaries. Figure 4-1 shows a hypothetical binary phase diagram and

the DTA curves that would be expected for severa! compositions within the system. The

endothermic melting and solid l-solid2 frrst-order transformations during heating are

clearly evident [83].

HrPocheticat binary aysrem B

Figure 4-1: Hypothetical phase diagram and associated DTA curves [B3}.

This experimental determination of phase diagrams is a time-consuming and

costly task, especially when it involves high temperatures. This becomes even more

pronounced as the number of components increases. The calculation of phase diagrams

reduces the effort required to determine equilibrium conditions in a multicomponent

system and focuses experimental work on critical regions. A preliminary phase diagram

can be obtained from extrapolation of the thermodynamic functions of constituent

subsystems. This preliminary diagram can be used to identify composition and

temperature regimes with limited experimental effort [72,84,85].



Review ofChemical Thermodynamic Calculations for Assessmenl ofPhase Equilibria 32

The most reHable phase diagrams are developed when all experimental data are

taken into account and if thermodynamic consistency exists between all thermodynamic

functions of the different phases and the phase diagram. If these functions are presented

analytically they can be extrapolated for systems with one additional component. If the

analytical representation always uses the same formalisms, aIl the information can be

contained in a set ofcoefficients and is, therefore, easily stored [85].

A system is al equilibrium when its Gibbs energy is at a minimum. If we could

calculate the Gibbs energy of all the possible phases of a system at a specified

temperature as a function of composition, it would be a simple matter ta select that phase

or combination of phases, which provides the lowest value of Gibbs energy for that

system. By definition these would be the equilibrium phases for the system at that

temperature. By repetition of these ealeulations for the number of temperatures, the phase

boundaries of the system can be detennined and the phase diagram can be constructed

[86].

Sïnce phase relations in ceramies involve comparison at the same pressure for each

phase, the Gibbs energy is used as the stability eriterion. The appropriate equation is:

G=H-TS 4 1

Where G is the Gibbs energy of the system under consideration, H is the enthalpy, S is the

entropyand T is the absolute temperature in degrees Kelvin [87].

The absolute values of the thermodynamie quantities are usually not known, but

the changes in these quantities can be detennined, by using the following expression:

L1G=&l-TLJS .................. 4-2

where the change in Gibbs energy of the system ean be related ta changes in enthalpy and

entropy [86,88].

In order to determine the Gibbs energy change for the reaction at sorne other

temperature, the following equations are used:
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T

H :::: H;91 + Jep dT llmol
~I

S = S;.. + I~ dT J/mol.K
291

[89,90] .................. 4-3

It is necessary to know the heat capacity as a function of temperature for each of

the reactants and products in order to calculate the changes in the enthalpy and entropy

[86]. This is usually given by an empirical series, equation 4-4, in which two to three

terms generally suffice.

4.2 Theory

[89,90] ............4-4

For the calculation of phase equilibria in a multicomponent system, it is necessary

to minimize the total Gibbs energy, G, of all the phases that take part in this equilibrium

where ni is the number of moles of phase i, Gi is the Gibbs energy of phase i and p is the

number ofphases.

. 4-5

A thermodynamic description of a systèm requires the knowledge of

thermodynamic functions for each phase. There are various models to describe the

temperature, pressure, and concentration dependencies of the Gibbs-energy functions of

the different phases. The contributions to the Gibbs energy ofa phase q> can be written as

.................. 4-6

where G;(T,x) is the contribution oftemperature and composition to the Gibbs energy,

G; (P,T; x) is the contribution of the pressure, and G: (Tc ,Po'T, x) is the magnetic

contribution of the Curie or Néel temperature (Tc) and the average magnetic moment per

atom (~o) [72].
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For multicomponent systems, it is useful to distinguish three contributions from

the concentration dependency to the Gibbs energy ofa phase, GG):

.................. 4-7

The tirst tenn, GO, corresponds to the Gibbs energy of a mechanical mixture of the

constituents of the phase; the second term, Gideal, corresponds to the entropy ofmixing for

an ideal solution, and the third term, GE, is the so-called excess term [72,84,91]. Sïnce

Hildebrand [80] introduced the term regular solution to describe interactions of different

elements in a random solution, a series of models have been proposed for phases that

deviate from this regularity (i.e., show a strong compositional variation in their

thermodynamic properties) to describe the excess Gibbs energy. For example, an ionic

liquid model or associate model, among others, have been proposed for liquid phases. For

ordered solid phases, Wagner and Schottky introduced the concept of defects on the

crystallattice in order to describe deviations from stoichiometry.

A description of order/disorder transformations was proposed by Bragg and

Williams. Since then, Many other models have been proposed. Today, the most

commonly used models are those for stoichiometric phases, regular solution-type models

for disordered phases, and sublattice models for ordered phases having a range of

solubility or exhibiting an order/disorder transformation [72].

The Gibbs energy ofa binary stoichiometric phase is given by:

.................. 4-8

where x~ and x; are mole fractions of elements A and B and are given by the

stoichiometry of the compound, G~ and G; are the respective reference states of

elements A and B, and âd is the Gibbs energy of formation. The tirst two terms

correspond to GO, and the third tenn corresponds to GE in Equation 4-7. Gideal of Equation

4-7 is zero for a stoichiometric phase, since there is no random mixing [72].
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Binary solution phases, such as liquid and disordered solid solutions, are

described as random mixtures of the components by a regular-solution type model:

At

Gf' = XAG~ +xBG; + RT~A InxA +xBInxB }+XAXBLkJ{xtl -xB)J 4-9
J-l

where XA and XB are the mole fractions, and G~ and G; are the reference states of

elements A and B, respectively. The first !Wo terms correspond to GO and the third term

corresponds to Gideal in Equation 4-7. The ~ of the fourth term are coefficients of the

excess Gibbs energy term, GE, in Equation 4-7. The sum of the terms (XA - xsY is the so

called Redlich-Kister polynomial, which is the most commonly used polynomial in

regular-solution type descriptions, and M is the number of coefficients. Redlich-Kister

polynomial can be represented as:

~. = Aj + BiT + CiT In(T) + D/r + EiT1 + ~.-r 4-10

If the first term Ai is non zero, then IÇ. is constant and the solution is tenned "regular"

[91,92].

The coefficients k:i may he written as linear functions oftemperature, T:

~ =hi - T!» 4-11

Hence the integral molar enthalpy of mixing and excess entropy of mixing, assumed

independent of temperature, are given in terms of the coefficients hi and ~ as;

M

âh =LhJx~(1-xA)J 4-12
J-l

M

SE =LSJX~(1-XA)J 4-13
J-l

where M is the total nurnber of such coefficients [93,94]. Although other polynomials

have been used in the past, in most cases they can be converted to Redlich-Kister

polynomials [72].

Since liquids have no long-range order and, since a detailed knowledge of the

short-range order is usually lacking, liquid models cannot be as structure-based as is the
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case for solids. On the other hand, models should be as physically realistic as possible

and should conform to what is known about the structure of liquids, otherwise the models

will not extrapolate properly and will not be useful in the prediction of multicomponent

solution properties [95]. Let us consider a hypothetical system:

(1-X)A + XB 4 (A( l-x)Bx)liquid .................. 4-14

The Gibbs energy, of this hypothetical system, for the Iiquid phase with a variable

composition cao be represented with an equation of the type:

LI G = {(l-X)RT In(1-X) + XRT ln(X)}+[(l-X)X(a+bXJ] 4-15

where R is the gas constant, T is the absolute temperature and X is the atom fraction of

A; a and b are empirical constants. The leading term within the braces gives the Gibbs

energy for the ideal mixing and the following term in square brackets provides the excess

Gibbs energy [96].

The mast complex and general model is the sublattice model frequently used to

describe ordered binary solution phases. The basic premise for this model is that a

sublattice is assigned for each distinct site in the crystal structure. This cao be applied

only when there is a clear understanding of the distribution of ions within the structure.

4.2.1 Margules equations for representation of excess properties

Any integral excess thermodynamic property, WAE, or ofcomponent B, WBE, in

the binary system A-B, may be expressed as a simple power series expansion of the mole

fraction [97]:

fF =X~s (qo + q /Xs + q2XB2 + )
WA

E
= XB2

(aD + a/XB + Q2XS
2 + )

WB
E = XA

2 (bo + b/XB + b2XB2 + )

.................. 4-16

.................. 4-17

.................. 4-18

Where XA and XB are the mole fractions, and W is any thermodynamic property such as

G, H or S. Excess properties are preferable in such series expansions because they are

well-behaved in the dilute regions. For example, WAE=0 when XB = 0, and Raoult's law;
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W; =RTlny.., ~O

[91.98].

as xA -+ 1~ which implies that; c:: --+ 0 as xB --+ 0 ~ is obeyed
B

The thermodynamic relationships between the coefficients of equations 4-16 to 4

18 are derived using the Gibbs-Duhem equation~ which May take the fonn;

dW E dW E
x __A_+ x __B_=O

A dx B dx
B A

These recursive relations for coefficients in equations 4-16 to 4-17 are;

bn = (n+l)qn

an = (n+l)(qn-qn-t-IJ
n+l

an =bn ---bn+1
n+2

.................. 4-19

.................. 4-20

.................. 4-21

.................. 4-22

Thus~ if values of any one of the properties ~ W,.,E or WBE are known at various

compositions, a least squares regression analysis will provide the coefficients an, bnor qn

of the measured property. Thus the behaviour of all three thermodynamic properties over

the composition range in question is defined [91.92,97].

For example, for a system where one coefficient is sufficient to describe the

measured property (i.e. n =0):

80 = bo = qo .....•............ 4-23

If relative molar enthalpy cao be described by one coefficient then we speak of a

regular-solution [91.92] and the following equations can be written;

LJh = qoX'+xB

LJh.., = qox/

LJhB= qox/

.................. 4-24

.................. 4-25

.................. 4-26

If !wo coefficients are enough to describe LJh then the solution is called sub

regular [97], and from equation 4-16 the following equation is derived:

.................. 4-27
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and so, the following can be derived from equations 4-17, 4-18, 4-20 and 4-21 :

&lA =XB2 (qo + 2q/XsJ

&1s =XA
2 ((qo- q/) + 2q/XsJ

.................. 4-28

.................. 4-29

By applying the same analogy, excess Gibbs energy expression cao be written as:

Then the partial free Gibbs energy expressions are;

GA
E =Xe2 (((qo-qIJ+2q/-2q2JXs+ 31.1X/;

GeE =XA
2 (qo + 2q/XB+ 3q~B·)

.................. 4-30

.................. 4-31

.................. 4-32

4.2.2 Determination of the coefficients

From the condition that the Gibbs energy at thermodynamic equilibrium reveals a

minimum for a given temperature, pressure, and composition, J.W. Gibbs derived the

well-known equilibrium conditions that the chemical potential, Il: ~ of each component,

n, is the same in all phases:

1/' - II- - - Jl9....( - ....1 - ••••••• - ....1

JI' -,/ - - 119
.... 2 - ....2 - ••••••• - ....2

.................. 4-33

/J' - ,/ - - JI"....n - rn - ••••••• - ....n

The chemical potentials are in effect partial molar Gibbs energies and related to the Gibbs

energy by the well-known equation:

n

G = Lf,l,X,
,,,,1

.................. 4-34

Equation 4-33 results in n nonlinear equations that can be used in numerical

calculations to minimize the Gibbs energy. These nonlinear equations cao be solved

numerically by such methods as the Newton-Raphson technique [72].
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The coefficients of the Gibbs energy functions are detennined from experimental

data for each system. In order to obtain an optimized set of coefficients, it is desirable to

take into account ail types of experimental data (e.g., phase diagram, chemical potential,

and enthalpy data). The coefficients can be determined from the experimental data bya

trial-and-error method or using mathematical methods. The trial-and-error method is only

feasible if few different data types are available. This method becomes increasingly

cumbersome as the number of components and/or the number of data types increases. [n

this case, mathematical methods, sucb as the least squares method of Gauss, the

Marquardt method, or Bayesian estimation method, are more efficient. The detennination

of the coefficients is frequently called assessment or optimization ofa system [72,85].

4.2.3 Higher component systems

A higher number of components system can he calculated from thermodynamic

extrapolation of the thermodynamic excess quantities of the constituent subsystems. Severa!

methods exist to determine the weighted terms used in such an extrapolation fonnula. Hillert

[84] analyzed various extrapolation methods and recommended the use of Muggianu's

method since it cao easily he generalized. The Gibbs energy of a temary-solution phase

detennined by extrapolation of the binary energies using Muggianu's method is given by;

aV' =XAG~ +XBG: +XcG~ +RT{XAInXA+XBlnXB+Xc ln Xc }+
,\~ ~ A~ ••• 4-35

XAXBLk;B(XA-XB)J +XAXc Lk;c(XA -Xc)J +XBXc Lk:c(XB -Xc)J
J=I J-) l':)

where the parameters ~. have the same values as in Equation 4-9 for each of the binary

systems. If necessary, a temary tenn XA XB Xc c;ABC(l',X) can he added in order to

describe the contribution of three element interactions to the Gibbs energy.

The usual strategy for assessment of a multicomponent system is shown in Figure

4-2. First, the thermodynamic descriptions of the constituent binary systems are derived.

Thermodrnamic extrapolation methods are then used to extend the thermodynamic

functions of the binaries into temary and higher order systems. The results of such
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extrapolations can then be used to design critical experiments. The results of the

experiments are compared to the extrapolation, and if necessary, interaction functions are

added to the thermodynamic description of the higher order system. As mentioned

previously, the coefficients of the interaction functions are optimized on the basis of these

data. In principle, this strategy is followed until aIl 2, 3,... n constituent systems of an n

component system have been assessed. However, experience has shown that in most

cases no corrections or very minor corrections are necessary or justified for reasonable

prediction ofquatemary or higher component systems.

Once the binary sub-systems have been analysed by a coupled

thennodynamic/phase diagram analysis, the phase diagram ofa temary or quatemary system

can usually he devel0Ped with reasonable vaIidity. Hence, in arder to minimize the

experimental wade, one should concentrate on re-measuring regions of the binary diagrams

wherc required. The temaries and quatemaries can then he recalculated [94].

G = LX, G: + RTLx, ln x, +Ga

1

Assessment: G:;"
1

Binary

Temary

Quatemary

+
Extrapolation: (L a:;,)

+ Assessmenl: G;:"

+
ExtrapolaIion: (L G:;" +L G;)

+ Assessmelll: G:'
1

•
••

Figure 4-2: The assessed excess Gibbs energies ofthe constituent subsystems are for
extrapolation to a higher component system [72].



Chapter 5:

METHODOLOGY OF
THERMODYNAMIC MODEL/NG OF

AIN-A/203-Y203 PHASE EQUILIBRIA

For storage and manipulation of data of binary and multicomponent system using

computers, it is essential to have simple and general methods of representing the

thennodynamic solution properties mathematically as a fonction of composition and

temperature [92]. Thermodynamic property data, such as activity da~ can aid in the

evaluation of the phase diagram, and phase diagram measurements can be used to deduce

thennodynamic properties [99]. Ali calculations were performed with the aid of the

F*A*C*T program [91].

Generally speaking, there will always exist some difference in thennodynamic

properties between actual and ideal solution behaviour depending on the premises for the

ideal mixing. Sïnce there was no strong basis for selection of the ideal Gibbs energy of

mixing term based upon experimental knowledge of the structure of the solution phases,

the choice was made to base it on the mole fraction ofcomPQnent oxides or nitrides in all

three sub-system solution phases. The excess Gibbs energy function was then adjusted

accordingly to provide the Gibbs energy of the solution phase to fit the knO\\tl phase

diagram. Success in this endeavour and justification of this modeling approach was

judged on the basis of being able to represent the binary phase diagrams as weIl as

cunent experimental understanding allows and further that not more than a few

adjustable parameters in the expression of the excess Gibbs energy be needed. Li et al.

[88] earlier analyzed the phase diagrams of Ah03-Si02-R203 (where R= Nd, Sm) system
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using the same methodology. Also Fang et al. [100] used this approach to study 13 binary

systems of the farm A2C03-AX or A2S04-AX (where A = Li, Na, K; X = Cl, F, N03,

OH) and to calculate their binary phase diagrams.

5.1 Mathematical expressions for the thermodynamic properties

5.1.1

The experimental phase diagram in Figure 2-5 and the Gibbs energies of fusion of

the two pure components are the only data used in the optirnization analysis. Gibbs

energy of fusion and melting points of the pure components, Ah03 and Y203were taken

from references 41,47 and 91. Mathematical expressions ofGibbs energy for the different

phases \vere generated using regression methods. Sïnce the standard Gibbs energy of

fusion of a species is given by:

àG (fusion) = -RT ln (a(liq) 1a(s» .................. 5-1

•

where a(s) and a(liq) are the activities of that species on the solidus and liquidus with

respect to the solid and liquid standard states respectively, a(1iq) can he calculated from

equation 5-1 ifa(s) as weil as àG (fusion) al the same temperature are known.

So the experimentalliquidus curves of this system are the source of thennodynamic

data for the liquid and for the stoichiometric compounds. The phase diagram data,

particularly the eutectic points, have been given heavy weighting factors. Since the Gibbs

energies of fusion of the three stoichiometric phases are unknown they are not a source of

thennodynamic data. However, the liquidus surface is used as (temperature, composition)

data points to deduce Gibbs energy of fusion expressions for these compounds from the

derived expressions for the liquid.

Basically, polYnomial expressions ofthe fonn ofequation 5-2 were obtained.

àG = a + bT + CT2+ dTJ + eT' + F*T*ln(n + Grr 5-2
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These polynomial expressions represent the excess Gibbs energy for the liquid phase, and/or

the Gibbs energy of fusion in the case ofstoichiometric compounds.

âG =RT (XAln (XA) + Xs ln (Xs») + GE

GE = HE _TSE

.................. 5-3

.................. 5-4

In equation 5-2 only two coefficients, a and b, were calculated, because the

number of coefficients must be less than or equal to the number of data points. The input

data and the mathematical expressions calculated for the Ah03 - y 203 binary system are

listed in Table 5-1.

Table 5-1: The data and the mathematica/ model ofAhOj - Y20j binary system.

Input data
Ah03 Y20 3

~GoM = 87111.0 - 37.847T âGoM = 101840.0 - 38.0T
(temperature, composition) points from the experimental phase

diagram (Figure 2-5)

Mathematical model for the different phases
Liquid Phase:

Gibbs energy ofmixing
âGLMIX = RT(XAlnXA+ XSlnXB) + GE

GE = XAl203 XY203 (-115270) + XAJ203 XY20l (18454)
Solid Phases

YAG âG = -74133 + 17.0T
YAP âG = -76364.8 + 17.0T
YAM âG = -81158.7 + 20.0T

Y20 3(high) âG = -68908.0 +25.35T

The output values shown in the table above are used when the liquid phase is the

reference state. Calculating these expressions when another phase is considered as

reference state is aIso possible. For example, if the solid phase ofAh03 and Y203 is set to

be the arbitrary zero (reference state) then âG of fusion of YAP can be calculated as:

.................. 5-5

.................. 5-6
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and L1G of reaction 5-6 can be expressed as;

44

L1G = ÂGf (AIY03) - ~ (ÂGf (Ah03» - ~ (L1Gf (Y203»

= -76364.8 + 17T - ~ (0.0) - ~ (0.0) 5-7

The zeros in the right band side ofequation 5-7 are the Gibbs energy ofthe reference

phase. The Gibbs energy of the reference phase may he assigned any value but it is easier to

select zero for aU temperatures. Substitution of ÂGf (Ah03) and ÂGf (Y203) from Table 5-1

results in:

.................. 5-8

Equation 5-8 represents ÂGf of YAP when the reference state is the solid Ah03 and Y203.

Gibbs energies of fusion for the other compounds in the system were calculated using solid

Ah03 and Y203 as the reference state. These values are summarized in Table 5-2.

Table 5-2: Gibbs energy offusion o/the soUd compounds when soUd A120] and soUd
Y203 are the reference stote

Solid phase Gibbs energy
YZ03 (BCC) ÂG = 101840.0 -38.0 T

AlZ0 3 ÂG =87918.6 - 37.85
YAG ÂG = 19006.125 - 20.906T
YAP ÂG = 18514.5 - 20.925T
YAM ÂG = 16040.83 - 17.95T

Y203(HCP) ÂG =32932 - 12.66T

5.1.2 AIN - AI20 3 phase diagram

•

So far we have mathematical expressions for the phases in Al203 - Y203 and the

same procedure was followed for the Ah03 - AIN system. The phase diagram in Figure

2-11 and Gibbs energy of fusion of the two pure components were used to model this

phase diagram. Gibbs energy of fusion and the hypothetical melting point of AIN are

taken from reference [62]. The input data and the mathematical model for this system are

shown in Table 5-3.
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Table 5-3: The input and the mathematical model ofAhOJ - AIN binary system.

Data
Ah0 3 AIN

AGoM =87111.0 - 37.847T âGoM =70557.8 - 23.0T
(temperature, composition) points from the optimized phase

diagram (Figure 2-11)
MathematicaI model

Liquid Phase:
Gibbs energy ofmixing

âGLMDC =RT(XAlnXA + XBlnXB) + GE
GE =XAl203 XAIN (-45961) + XAl203 XAJN2 (25119)

Solid Phases
27R âG =-49000 + 12.25T
21R âG =-42950 + 9.428T
12H âG =-40500 + 8.3T

Spinel {(AI203)2(AlN)} âG =-33784 +5.l85T

4S

It can be seen from Table 5...3 that the four intennediate compounds were assumed

ta he stoichiometric. The spinel phase will be treated as non...stoichiometric later.

5.1.3 AIN - Y203 phase diagram

•

In the case of the AIN - Y203, it was mentioned earlier there is no experirnental

phase diagram available for this system in the Iiterature. So this system will he predicted

using the Gibbs energy of fusion of the two pure components, AIN and Y203, which were

already used to calculate the other two binary systems, in addition to the reported eutectic

point at 14.5 wt% AIN by Kaufinan et al. [62]. Mathematical expressions for the liquid

phase of this system was obtained following the same procedure and is shawn in Table 5

4.
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Table 5-4: The data and the mathematical model ofAIN - f 20 j binary system.

Input
Y203 AIN

L\GoM = 101840 - 38.0T L\Go
M = 70557.8 - 23.0T

The eutectic point at 48 mol% AIN and 2215K
Output

Liquid Phase:
Gibbs energy ofmixing

L\GLMIX = RT(XAlnXA + XBlnXB) + GE
GE = XAIN XY203 (- 57164) + = XAIN XY203

2 (36945)

5.2 The validity of the models

From the expressions for the Gibbs energy of each phase as a function of

temperature and composition and by determining the lowest common tangents to the

Gibbs energy-eomposition curves, a graphicaI presentation of the binary phase diagram

can be generated. By comparing these diagrams \\ith the experimental phase diagrams

the mathematicaI models can be examined.

3OClOO ------------------------

•

0.9

Liquid \?
~GBCC(Y 203) = 0

' .......

"'

.~. t
~GCorundtmtAI203) = 0

20000 -
::;"->
C) ooסס1 -a:
w
zw
fi)
CD
CDa

ooסס1· -

Figure 5-1: Gibbs energy ofAhOj - YlOj system at 2000K (1727°C)
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In Figure 5-1 the Gibbs energy for the solid compounds were plotted relative to

the base line. In this case solid Ah03 and Y203 (BCC) were treated as the base line and

given a relative reference level Gibbs energy of zero Joules. This diagram was calculated

at 2000 K (1727°C), where the Gibbs energy of the solid phases were more negative than

the liquid phase. Stable phases at this temperature can be detennined using the lowest

common tangent technique. Combining severa! Gibbs energy--eomposition isothermal

sections, which cover the desired temperature range, generated a graphicai representation

of the mathematical mode!. In order to explain this technique two other isotherms at

2213K (1940°C) and 2400K (21 77°C) will be shown.

30000

20000

~
<
>

c.
<
>

o
<
>

o ~---~--O-2---0-3-....,..0-.---,0---r"~-0.....6-....,...0-.7---0.-8-----r-/-/--:e,

/"

//,/'

/,/"/"

...7 Liquid phase

10000-:!.
>
C)
Œw
Z -10000
W
U)

CD-2OOOQ
CD
a
~

~
''-, i?

------ '" . // YAM + y 0
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Figure 5-2: Gibbs energy ofAIlOj - Y20j system al 2213K (1940°C)

Figure 5-2 was computed at the fusion temperature of yttrium Alurninurn Gamet

(YAG), 2213K (1940°C). It can be seen that YAG is in equilibrium with the liquid, YAP

is more positive than the liquid (no solid YAP is expected) and YAM is more negative

than the liquid (solid YAM exists at this temperature). The lowest common tangents
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show tha~ at this temperature, from pure Ah03 ta 88 mol% Ah03, a mixture of liquid

and solid AhD3 is round. From 88 to 43 mol% AhD3 liquid is fonned. Between 43 mol%

Ah03 and YAM a mixture of liquid and YAM existed. From YAM to pure Y203 a

mixture of YAM and Y203 (BCC) was found.

20000

XY10J --+

•
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o Q., 2

~ ~i~~~ :: :: ~~~ __~~~~~~~~~
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Figure 5..3: Gibbs energy ofAl20j - Y20j system al 2400K (2127°C)

In Figure 5-3 the three stoichiometric compounds have more positive G than the

liquide Y203 (BCC) has a greater negative G than the liquid while Ah03 has a lesser

negative G than the liquide Hence, the only solid at this temperature is Y203 (BCC) and

by drawing a tangent line from Y203 (BCC) to the liquidus the phase boundary was found

to he 22.5 mol% Ah03. The liquid region is from 22.5 mol% to 100 mol% AhD3 while

the other region is a mixture of liquid and Y203 (BCC), between pure Y203 (BCC) and

22.5 mol% Ah03.

Tracing of the Gibbs energy..composition will give the stable species at different

temperatures, enabing the construction of the phase equilibria of the system. Figure 54

shows the calculated AhD3-Y203 phase diagram using !l.Go of formation of a-AhO)
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(corundum) and bec Y203 equal to zero. An identical phase diagram was obtained for this

system when the arbitrary zero was assumed to be liquid Ah03 and liquid Y203.
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0,0

Y20 J
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!.
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Figure 5-4: A!}03 - Y20j calculatedphase diagramfrom the mathematical mode!.

Comparing this diagram with the experimental one shown in Figure 5-5, indicates

reasonable consistent values for both the composition and temperature of all the phases

and the critical points of this system.
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Figure 5-5: The experimental phase diagram o/Yl0rAIJOj System [47].

The mathematical model in Table 5-3 for AhD3 - AIN system generates the phase

diagram shown in Figure 5-6. It can be seen that spinel appears as a stoichiometric

compound with a 2Ah03.AlN stoichiometry. Calculation of the mathematicaI model

which describes the spinel phase as a non-stoichiometric compound will be shown in the

next section. Comparing the other compounds and critical points of this diagram with the

phase diagram shown in Figure 2-11 indicates that the thermodynamic model describes

the Ah03 - AIN system reasonably weil.
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Figure 5-6: Calculated AhOj - AINphase diagram from the mathematical model.

As for the last binary AIN - Y203, it can he seen from Figure 5-7 that the

thennodynamic model reproduced the reported eutectic point ofthis system at 48.5 mol%

AIN. AIso the phase transfonnation of Y203 from BCC to HCP at around 2320°C is

consistent with the transfonnation temperature in the literature.
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Figure 5-7: CalculatedAlN - Y20jphase diagramfrom the mathematical model.

5.3 Thermodynamic model for the spinel phase

XAIN --?

(a) (b)

•
Figure 5-8: Schematic Gibbs energy-composition diagrams show; (a) Spinel as

stoichiometric compound. (b) spinel as non-stoichiometric phase
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In order to model the spinel phase a mathematical expression for the spinel Gibbs

energy-composition curve, Figure 5-8 (b), as a function of temperature and composition is

required. To do so the optimized phase diagram in Figure 5-9 was referred to as a source of

thennodynamic data.
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Figure 5-9: Optimizedphase diagram {65}.

The first estimation for the spinel phase was done using the tie line at 2373K

(2100°C) shown in Figure 5-9. There are four intersection points and these points must

satisfy the free Gibbs energy equations for the liquid and spinel phases. Since the liquid

phase has a1ready been calculated the empirical constants of the spinel Gibbs energy

expression can be found.

Recaii the excess Gibbs energy of the liquid phase of the AIN-Ahc3 system; GE=

XA120 3 XAIN [-45961 + 25119 XAJNJ. From the known excess Gibbs energy of the liquid
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phase, partial excess Gibbs energies of Ab03 and AIN cao be calculated along their

respective liquidus lines via equations 4-31 and 4-32, respectively:

.................. 5-9

G L =RTlnXL +X: (-45961-25119)+X l (2x25119) 5-10
AL" AL" 0'4/:0} .4/:0]

(At 21 oooe XlA)N = 0.148 and XCAIN = 0.222 points 1and 2 respectively, Figure 5-9)

Substitute in equations 5-9 and 5-10 to find;

GA~:O) =-3229.17 Jlmo/

GA~ =-49059.8 Jlmal

.................. 5-11

.................. 5-12

.................. 5-13

(At 21oooe XlAIN =0.5 and XCAIN = 0.4, points 3 and 4 respectively, Figure 5-9)

Substitute in equations 5-9 and 5-10 to fmd;

GA~:o] =-18885.7 Jlmo/

GA~ =-32815.0 Jjmo/ 5-14

Now the model for the spinel phase using equation 4-32 can he derived as the following:

G.4~:0} = G;/:O] + RT ln X~:o] + X;LN (Po) + X ;/NX04/:0} (2 x PI)

From the equilibrium at point 1 of Figure 5-9:

.......... 5-15

GA~20} =GA~20] =-3229.17Jjmo/

Assume that the relative lattice stability Gibbs energy ofAh03 is:

a;/zOJ = a + lOT

.................. 5-16

.................. 5-17

Substitute T = 2373K, XCAIN = 0.222, GOAl203 and GC
Al203 in equation 5-15:

-22006.63 =a + 0.04928 Po + 0.076686 PI

At point 2 in Figure 5-9:

.................. 5-18
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GA~" =G;/N +RrlnX~G\' +X~LV(Po -PI)+X~'!Oj(2xPI) 5-19

From the equilibrium at this point

-C -L
GAL>: = GAL" = -49059.8 J / mol

Assume that the relative lanice stability Gibbs energy ofAIN is:

G;/N =c+l0T

Substitute T = 2373K~ XCAIN = 0.222, GOAIN and Ge AIN in equation 5-19;

-43895.93 = c + 0.04928 po+ 0.8925 PI

At point 3, Figure 5-9;

GA~20] =GA~20} =-18885.7 J/mol

.................. 5-20

.................. 5-21

.................. 5-22

- ,..,.................. )---'

Substitute T = 2373K, XCAIN =0.4, GO =a+ lOT, and Ge A1203 in equation 5-15;
AllO}

At point 4, Figure 5-9;

-32537.1 =a + 0.16 Po + 0.192 Pl

-C -L 1GALV = GAIN = -32815.0J mol

.................. 5-24

.................. 5-25

Substitute T =2373K, XCAIN = 0.4, GO = c +10r and GC
AIN in equation 5-19

ALV

-38467.39 =c + 0.16 Po + 0.272 PI .................. 5-26

Solving 4-52, 4-56, 4-58 and 4-60 for Po, Pl, a and c simultaneously gives po = -39997.9,

PI =-33867.8, a = -17159.8 and c = -13730.9. Substitute for a and c in equations 5-17 and

5-21 :

G;hOJ =-17159.8 + lOT

G;LV =-13730.9+10T

.................. 5-27

.................. 5-28

The output of the tirst trail for modeling spinel phase is shown in Figure 5-10. It

can he seen that the spinel phase has a greater negative Gibbs energy than the liquid in
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the range of 52 mol% to 75 mol% AIN. This indicates that the initial assumptions should

he modified until spinel can be presented in the right range.
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Figure 5-/0: Gibbs energyfor the liquid and spinel ofAIN-AhOj system.

Several trials were attempted when po and Pl were assumed ta be temperature

independent. These trials did not lead ta the correct homogeneity region of the spinel

phase. Then Po and Pl were assumed ta have a linear relation with temperature, (Le. Po = d

+ eT and Pl = f +gn. The same procedure was repeated to evaluate; d, e , f, g, (âGoAIN =

MIoAIN - âSOAINn and (âGo
AIl03 = MIoAl2û3 - âSoAl20J T). Ta determine these eight

constants from the four equations of the Gibbs energy of mixing of the liquid and spinel

phases, four constants were assumed and four were calculated by solving the four

resulting equations. When the mathematical model gave close results to the optimized

phase diagram, as in Figure 5-9, these constants were tuned in arder to make the model as

close as possible to the experimental results of the homogeneity region of the spinel

phase in the AlN-AhOJ system reported by Willems et al. [101]. The set of constants

that gave the best agreement is:
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Po=-171499 + 38 T

Pl= 438695.08 -151.17 T

ôGoAJ20J =64500.48 - 25.85 T

L\GoAlN = 52500.15-13.36 T

.................. 5-29

.................. 5-30

.................. 5-31

.................. 5-32

GraphicaI presentation of the liquid. phase and the resulting Gibbs energy

composition ofthe spinel phase at different temperatures is shown in figure 5-11.
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It can be seen trom Figure 5-11 (a) that the resulting mathematical model for the

spinel phase gave close values for AIN concentration at points 1, 2, 3 and 4, which

correspond to points l, 2, 3 and 4 of Figure 5-9. Additional energy-composition section at

2200K (l923°C) is shown in Figure 5-11 (b). This section shows good agreement with

the lie line al 2200K (1923°C) in Figure 5-9.
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There is an increasing demand for the development of thermodynamic databases,

which are practically useful. A simple model is preferable to one which is unnecessarily

complex and is based on speculation about the ionic structure of the phases. The trick is

to identify the Hne between necessary and unnecessary complexity.

5.4.1 Stoichiometric compounds

In order to establish a thermodynamic database for new compounds, the standard

enthalpy of fonnationfrom the elements M{°298 and standard entropy S0298 at 298.15K

and the heat capacity at constant pressure must be known. These values are essential to

calculate the thennodynamic properties at 1 atm. pressure, represented by the following

equations.

T

HT.P =L1 H;. + Jep dT
291

TC
ST P=$'291 + f1 dT

• 198 T

.................. 5-33

.................. 5-34

.................. 5-35

•

MI029S, S0298 and Cp were calculated from the standard properties of Ah03 and Y203 and

from Gibbs energy of formation from the component oxides established by phase

diagram modeling.

The reaction to fonn the stoichiometric compounds in the Ah03-y 203system can

he summarized by the following equation:
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What is known about these reactions is the Gibbs energy of fonnation in the fonn

AG = MI - TâS, from the phase diagram modeling. This expression will be referred to as

AG = a + bT to distinguish these values from the standard values of Mf and AS. The

expressions in Table 5-1 are based on 1 mole of the component oxide as opposed to 1

mole of compound (Ah03)X(Y20)y. So in arder to have the enthalpy change per mole of

compound, MI should be multiplied by (x + y) while âS multiplied by (x + y) is the

entropy change per mole ofcompound.

Enthalpy change offonnation ofa compound at 298K is given by:

.................. 5-37

Absolute entropy at 298K is calculated by:

.................. 5-38

Where .MIo and 8° are the standard values at 298K.

When the enthalpy and entropy of fonnation are independent of temperature, the

heat capacity difference between reactants and products must he zero. Therefore for self

consistency, the Cp expression must he:

.................. 5-39

The absolute enthalpy changes, entropies and Cp's of AhO) and Y203 in their

standard conditions at 298K are tabulated in Table 5-5.

Table 5-5: Thermodynamic properties ofAh03 and Y203.

Reference phase Mfo298 (J) S0298 (J/K) Cp (JIK)

Ah03 (84) -1675700.00 50.82
155.018 + 3861363Tz + 828.3869rll~ +

409083646 T 3

Y20 3 (82) -1913286.01 82.75 131.796
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The stoichiometric compounds in Ah03 - y 203 system form according to the

following chemical equations:

.................. 5-40

.................. 5-41

.................. 5-42

Equation 5-40 represents the formation of the VAG compound, where x = 5 and y

= 3. Equation 5-41 is for the YAP compound, where x = 1 and y = 1. Equation 5-42 is

for the YAM compound, where x = 1 and y = 2, wherein the transfonnation of Y203 can

be described as: Y~OJ HCP +-+ Y:OJBCC or as; Y203 (S 1) !:; y 203 (82) where x =0 and y = 1.

Gibbs energy offonnation for the stoichiometric compounds resulted from the phase

diagram modeling are shown in Table 5-6.

Table 5-6: Gibbs energy offormation ofthe stoichiometric compounds in Ai]Oj-Y203
system.

Compound
YAG
YAP
YAM

Y20 3(BCC)

âG=a+bT
-74133.0 + 17T
-76364.8 + 17T
-81158.7+20T

-68908+25.35T

Using equations 5-37 to 5-39 the thennodynamic properties of the stoichiometric

compounds in Ah03 - Y203 system can he calculated. These properties are shown in Table

5-7.
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Table 5-7: Thermodynamic properties ofthe stoichiometric compounds in Al:10rY;zOj
system.

Compound M{°298 (1) S0298 (JIK) Cp (JIK)

YAG -14711422.0
366.34 1170.478 -19306815T~-4141.93T".l+

2045418230 T 3

YAP -3741715.6
99.56 286.814 - 3861363T" - 828.3869T lI

.! +
409083646 T 3

YAM -5745748.1 156.31 418.61 - 3861363T~ - 828.3869T1/l +
409083646 T 3

Y203 (SI) -1982194.0 57.40 131.796

Table 5-7 represents the input necessary to establish the database of the

stoichiometric compounds in the Ah03 - y 203 binary system. The same steps were

followed for the stoichiometric compounds in the Ah03 - AIN binary system.

5.4.1.2 Stoichiometric compounds in AIN • AI203 system

The reaction of formation of the stoichiometric compounds in the AlN - Ah03

system can he described in the following chemical equation:

.................. 5-43

The stoichiometric compounds in the AIN - Al203 binary system form according

to the following equations:

.................. 5-44

.................. 5-45

.................. 5-46

Equation 5-44 represents the foonation of 27R, where x = 1 and z = 7. Equation

5-45 is for the formation of 21R, where x = 1 and z = 5, and equation 5-46 is for the

formation of 12H compound, where x = 1 and z =4.
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•

In order to calculate the thermodynamic properties of these compounds the

absolute enthalpy changes, entropy and Cp of Ah03 are taken from the F*A*C*T

database and are shown in Table 5-5. These values for AIN are shown in Table 5-8.

Table 5-8: Thermodynamic properties ofAIN.

Reference phase M{°298 (1) g0298 (JIK) Cp (J/K)

AIN (SI) -317984 20.142
50.4165 -1665496.46T" + 7861.955T I +

232.265T I12 + 300647796 1 3

The Gibbs energy of fonnation of these stoichiometric compounds resulting from

the phase diagram model are shown in Table 5-9.

Table 5-9: Gibbs energy offormation ofthe stoichiometric
compounds in AIN-Ah03 system.

Compound L1G = a + bT
27R 27542.45 -14.486 T
21R 35587.33 -18.221 T
12H 39633.24 - 20.278 T

It can he seen that equations 5-37 ta 5-39 can he easily modified to suit the

compounds in the AlN-Ah03 system by replacing y with z and Y203 with AIN,

respectively. The thennodYIUllllic properties of 27R, 21R and 12H can he calculated using

the modified 5-37 to 5-39 equations. These properties are shown in Table 5-10.

Table 5-10: Thermodynamic properties ofthe stoichiometric compounds in AIN - AI203
system

Compound M{°298 (1) g0298 (JIK) Cp (J/K)

27R -3681248.4 307.702
507.93 - 15519838.24T" - 55027 Tl +

797.468 r 1
/2 + 2513618218 T 3

21R -3052096.02 238.446
407.101 - 4694110.32T"- 39309.78 ri +

332.938 r 1
/2 + 1912322626 T 3

12H -2749469.8 232.778
356.685 - 10523348.85T" - 31447.82T I +

100.673 r l12 + 1611674830 r 3
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Table 5-10 represents the input necessary to establish the database of the

stoichiometric compounds in the Ah03 - AIN binary system.

5.4.2 Liquid phases

The storage, retrieval and manipulation of thermodynamic data with the aid of the

computer require accurate analytical representation of the thermodynamic properties of

the solutions. Values of the standard Gibbs energies, GO, of each component are entered

and stored in the solution database along with parameters which defme the Gibbs energy

ofmixing according to the Kohlerrroop polynomial model.

Table 5-11 Thermodynamic datajOr liquid A1N-A/20rY20j system.

Component Component No. GO

AIN 1
GO ofAIN (S 1) from [91J + AGofusion

Where AG°fusion= 70557.8 - 23.0055 T

Ah0 3 2 GO ofAh03 (84) from [91J + AGofusion
Where AG°fusion= 87918.58 - 37.847 T

Y203 3
GO of Y203 (S2) fram [91J + AGofusion
Where AG°fusion= 68908.00 - 25.340 T

The Gibbs energy of the pure liquid components is expressed relative to the solid

phases so that the addition of a Gibbs energy of melting equation is consistent with the

binary diagram model discussed previously. As shown in Table 5-11, the AIN GO of SI is

taken from the F*A*C*T database and âGofusion of (AIN) is added to obtain GO of AIN.

This will cause ail the parameters for GO of SI AIN to he copied into the solution

database then the expression of L\Gofusion will be added. The same thing goes for Ah03

and Y203 except that they have different reference phases, and when this solution

database is subsequently read to calculate for the equilibrium, GO for each pure

component will be taken from the values stored in the solution database.
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Binary tenns of the polynomial expansion for GE were entered as Redlich-Kister

or Legendre polynomials due to their simplicity and the fact that their functional fonn is

consistent with the empirical observations of the solution's behavior [97]. The J'th

Redlich-Kister polynomial term in the binary system M-N is defined as: XMXNPj(XN

XMY or in a more general fonn as:

GE =X~X~(A+BT+CTlnT) .................. 5-47

In Table 5-12, the GE terms for the AlN-AhOr,Y203 system are given as Redlich

Kister polynomials, where M and N are defmed by the component number as shown in

Table 5-11.

Table 5-12: Binary excess m;x;ng terms.

Parameter M N 1 J A B C
1 1 2 1 1 -40061.00 0.0 0.0
2 1 2 2 1 29119.00 0.0 0.0
3 1 3 1 1 -57164.00 0.0 0.0
4 1 3 2 1 36945.00 0.0 0.0
5 2 3 1 1 -167230.00 0.0 0.0
6 2 3 1 2 -39366.00 0.0 0.0

5.4.3

Values of the standard Gibbs energy, GO, for AIN and Ah03 components

summarized in Table 5-13 are entered and stored in the solution database with parameters

that define the Gibbs energy of mixing according to the KohlerrrOcp polynomial model,

as shown in Table 5-14.
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Table 5-13 Thermodynamic data for spiel phase.

Component Component No. GO

AIN 1
GO ofAIN (S 1) from [91J + âGefusion
Where âG°fusion= 52500.15 -13.355 T

AlZ0 3 2 GO ofAh03 (S4) from [91J + âGofusion
Where âG°fusion= 64500.48 - 25.847 T

Table 5-/4: Binary excess m;xing termsfor spinel solution.

Parameter M N 1 J A B C
1 1 2 1 1 -171499.0 38.00 0.0
2 1 2 2 1 438695.1 -151.17 0.0

65

The self-consistent thermodynamic database developed in this way is used for

interpolation purposes in order to develop the phase equilibria in the AlN-Ah03-y Z03

temary system.



•

Chapter 6:

RESULTS AND DISCUSSION
OF THERMODYNAMIC

ANALYSIS

In a thennodynamic optimization of a binary systemy all available thennodynamic

and phase equilibrium data are critically evaluated simultaneously in order to obtain one

set of model equations for the Gibbs energy for aU the phases as a function of

temperature and composition. From these equations, ail of the thennodynamic properties

and the phase diagrams can be generated. In this wayy the data are rendered consistent

with thennodynamic principles [89,99].

Modeling the thermodYDamic properties of solutions permits a consistent means

of smoothing, interpolating and extrapolating data. Phase diagrams are a foem of

thennodynamic data since they present the conditions for minimum Gibbs energy of the

system in terms of the phases present for a given overall compositiony temperature and

pressure.

At a specified temperature and pressure the most stable product(s) is the one that

is associated with the lowest Gibbs energy. The products of the reaction are either

solution phases or stoichiometric phases. So if the existence ofa particular phase does not

assist in minimizing G, it will be dropped in the course of successive iterations. By

repeating this computation for a matrix ofcompositions and temperatures, a temary phase

diagram can be constructed.
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6.1 Alz03 - Yz03 phase diagram.

The calculated phase diagram of the AhOry 203 system is shown in Figure 6-1.

This diagram was calculated from the database buitt for the AIN-Ah03-y 203 system.

Agreement between the calculated Ah03-y 20] phase diagram and measured liquidus and

other critical points is shown in tlùs figure. The calculated eutectic composition and

temperature agree very well with the experimental values from the literature. This

indicates that the polynomial representation of the thennodynamic properties is capable

of reproducing the measured phase diagram within experimental error limits, even when

the measurements are very precise.
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Figure 6-/: Calculated Y203-Ah03 phase diagram with experimental data from the
/iterature.
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The melting point of pure Ah03 ~ 2054°C~ reported by Gervais et. al. [60] agrees

very weU with the value resulted from the present mode~ 2050°C. Likewise~ the

measured melting point ofpure Y203, 2439±12°C and 2500±50°C~ reported by [102] and

[44]~ respectively~ agrees very weU with the value that resulted trom the present model at

2445°C. The transition temperature of Y203 was detennined by Foex and Traverse to he

2300°C and by Misuno el al. as 2341°C. This is consistent with the calculated transition

temPerature~ 2310°C~ shown in Figure 6-1. Mah and Petry [44] detennined the eutectic

composition and temperature between Y20] and YAM to be (29.5 0101% AhO], 70.5

mol% Y203) and 1977°C respectively. Comparing tbis result with the corresPOoding

eutectic point in Figure 6-1 ~ 28 mol% Ah03 and 1967°C provides good agreement.

&.2 AIN • AI203 phase diagram.
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Figure 6-2: Calculated A/JOrAINphase diagram and comparison wilh experimenta/
data from the lilerature.
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The optimized phase diagram for the AlN-Ah03 system in relation to the

experimental data from the literature is shown in Figure 6-2. Since experimental data are

rarely self-consistent, a decision as to which data one wishes to emphasize is inescapable.

The most recent experimental results for AIN-Al203 were chosen for these purposes. The

present analysis is in excellent agreement with the experimental results from the

literature.

The resultant melting point of pure AIN agrees very well with the hypothetical

melting temperature of AIN, 2794°C, reported by [70] and 2797 ± 100°C reported by

[104). Spinel was reported to melt congruently at 2l65°C in one atmosphere ofnitrogen

[64,71]. Ish-Shalom observed that at l580°C, spinel and AIN are formed by carbothennal

reduction of aluminum oxide in nitrogen [69J. However, Lejus mentioned that at

temperatures below 1600°C, spinel decomposes into AIN and Ah03. According to the

experimental results of Yawei et al. [105], samples with a high content of the spinel

could be produced below 1550°C if processing parameters, for instance heating rate and

nitrogen flow rate, are carefully controlled. These results agree with what Ish-Shalom

[69] found. Dumitrescu and Sundman [37] reported that the homogeneity region ofspinel

phase varies with temperature. For instance, at 1850°C, spinel is stable between 66 mol%

Ah03 and 81 mol% Al203. This region becomes smaller at lower temperatures and below

1690°C spinel is not stable. Also, Willems el al. [69] studied the stability of spinel phase

using carbothermal reduction of alumina and reaction sintering of AIN-Al203 mixtures,

shown in Figure 6-2. It can be seen that they agree very well with the current

calculations. The 27R, 21R and 12H compounds have been considered in this calculation

and the assessment shows good agreement when compared with Metselaar's phase

diagram shown in Figure 2-11.
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Figure 6-3: Ca/cu/ated AIN-AIIJ3 phase diagram al PIOI = 1.0 atm i//ustrating AIN
decomposition.

Figure 6-3 was calculated at PN2+PAl = latm. It can he seen that AIN decomposes

at 2600°C. However, tbis temperature decreases to 2200°C when the total pressure

decreases to O.latm.(Figure 6-4). Kaufinan et al. [62] reported that AIN decomposes into

Al and N2 at one atmosphere above 2577°C. This generally agrees with the diagram in

Figure 6-3. On the other hand~ O"ychkov reported that the heating of AIN at atmospheric

pressure results in intensive dissociation and complete destruction of the sample al 2400

2700K [104], which is Iower than the decomposition temperature resulted from the

current assessment.
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Figure 6-4: Calcu/atedAIN-AI!J] phase diagram al Ptot = 0.1 atm showing AIN
decomposition.

The vapour phase was incorporated in Figures 6-3 and 6-4 at different pressures to

emphasize ils importance on the stability of AIN, but no studies were conducted to

determine either the composition or pressure ofthe vapour phase in this system.

•
&.3 AIN - Y203 phase diagram.

The AIN-Y203 phase diagram is a simple eutectic type. The calculated equibbrium

phase diagram is shown in Figure 6-5.
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In the optimization of the AIN..Y203 syste~ a bigh weighting factor was applied

to the eutectic point. This choice was made on the basis that the eutectic temperature and

composition are the only thennodynamic data available in the literature for tbis binary

system. The same Gibbs energy of fusion for Y203 and AIN, which were used in

optimizing the other two phase diagrams, were utilized in modeling the AIN-Y203

system.

Figure 6-S shows that the eutectic point is at XAIN = 47 mol% and 1942°C, which

is very close to what Kaufinan el al. [62] reported (i.e. XAJN =48.3 1001% and 1942°C, for

the eutectic composition and temperature, respectively). However, comparing the current

assessment of this phase diagram with Kaufinan's diagram (Figure 2..9) reveals two
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improvements: the melting points of the pure components are doser to the values

reported in the literature and the phase transformation of Y203 from Bee to Hep al

23 10°C.

As stated before. experimental information on this system is not available in the

literature. Hence~ this system will he studied using in situ high temperature neutron

diffiactometry in the course oftbis research.

Liquid + AIN (51)

1942OC (2215K)

Y203 (53) + AIN (SI)

3000

2900

2800

2100

2600
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2000

1900

1800

1700
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0.30.2

1600 ....._ ....._ .......__...._ ........__.10..-_....._ ........0...- ........_----'

0.0 0.1

Y203

fïgure 6-6: Calculated AIN-Y]iJ; phase diagram al P,ot = 1.0 atm showing AIN
decomposition.

Calculated AIN-Y203 phase diagrams illustrating AIN decomposition al different

total pressures are presented in Figure 6-6 and 6-7.
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Figure 6-7: Calculated AIN-Y203 phase diagram illustrating AiN decomposition
al P,O, = 0.1 atm.

6.4 Isothermal sections of AIN-Alz03-YZ03 system.

lsothermal sections are directly calculated from the constructed database for AlN

Ah03-y 20 3 system. That is9 after choosing the desired temperature, the composition of

the phases in equihorium was determined and plotted on the temary Gibbs triangle by

Triplot program. Then the phase boundaries were drawn by connecting these points by

band.

The temary phase diagrams were caIculated by assuming the ternary parameters to

he zero, and taking all the thermodynamic data stated for the binary phases ioto

consideration. The calculated isothermal sections of the AIN-Ah03-y 203 system are

given in Figures 6-8 to 6-12.
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At high temperature, prior to solidification, the whole concentration triangle is

composed of a homogeneous melt, and obviously no phase boundaries existe 2500°C is

below the temperature at which the primary crystallization of AIN sets in but is still

above the melting point of bath other two components. This isothermal section shows

that beside the region of homogeneous melt, heterogeneous regions of the primary

crystallization of AIN and AlN-based polytypes exist in equilibrium with the liquid

phase. In addition, two small three-phase areas of L+27R+AIN and L+21R+27R are

found. The regions of the melt and two solids are the result of the binary eutectic

crystallization of AIN and 27R according to:

L~ AIN + 27R 6·1

and of the binary peritectic crystallization of27R and 21R which occurs according to:

21R+L+27R
Y•••

L+27R-.21R+27R

Figure 6·8: lsotherma/ Section al 2500°C.

.................. 6·2
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•

By cooling from 2500°C to 2000°C, further primary solidification of different

phases takes place, and instead of three, there are five regions of primary solidification in

which the crystalline types, AIN, Y203, 27R, spinel and Ah03 occur in equilibrium with

the liquid phase.

AIN

Figure 6-9: Isothermal Section al 2000°C.

It is self-evident that in the isothermal sections the lines separating regions of

primary (i.e. L+ a crystalline phase) and binary eutectic crystalline (i.e. L+two crystalline

phases) must appear as straight lines, since they represent intersections of a horizontal

plane (isothermal section) with a surface which was generated through the motion of a

horizonta1line, (the eutectic tie line).
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In Figure 6-9 tie fines are drawn in the two-phase region. It can be noticed that

they rotate gradually from the orientation of bounding tie lines. The infonnation

regarding the compositions and proportional amounts of the conjugate phases for a

particular composition can he obtained by the tie Hne that passes through the composition

point, since along the tie Hne the two phases have a fixed composition but different

proportions.

Two binary eutectic points have been encountered by cooling to 2000°C, these are;

L~ spinel + 27R 6-3

L~ 27R + AIN 6-4

L+YAP+YAG
-/ L+YAP

L+YAP+YAM

Figure 6-10: Isothermal Section at 1900°C.
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At 1900°C most of the binary eutectic points of the system have appeared as

shown in Figure 6-10. There are seven areas of binary eutectic crystallization

corresponding to the following eutectic reactions;

L -+ AIN + Y20 J

L -+ Y203 + YAM

L-+ YAP + YAM

L-+ YAP + YAG

L-+AIN+27R

L -+ spinel + 27R

L -+ spinel + AhOJ

.................. 6-5

.................. 6-6

.................. 6-7

.................. 6-8

.................. 6-9

.................. 6-10

.................. 6-11

AIso, a new primary solidification for YAM, YAP and YAG occurred at this

temperature.

L+Spinel ~
+ Ah03

L+AIN ~1f"C".

''''__IC..-~_1846°C

------~~-1850°C

Figure 6-11: lsothermal Section al 1800°C.
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At 1800°C the isothermal section can be seen in Figure 6-11. It can be seen that

the region of the melt shrinks, however at this temperature the Iiquid is still in

equilibrium with the other phases in the two and three phase regions. At this temperature,

the eutectic point between Ah03 and YAG has been encountered as can be seen from the

region of L+y AG+AhO), and is a resuit of the following eutectic reaction;

.................. 6-12

AIso, there are still regions of primary solidification of AIN, YAG, spineI, and

Ah03 in equilibrium with the melt. Figure 6-11 shows three regions of three-solid

phases. These indicate that three temary eutectic points have been encountered upon

cooling to this temperature, and they are results of the following reactions:

L -+ YAM+Y203+AlN

L -+ YAM+YAP+AlN

L -+ YAP+YAG+AlN

.................. 6-13

.................. 6-14

.................. 6-15

•

The first temary eutectic point has a composition of 27.48 mol% AIN, 14.52

mol% AhO), 58 mol% Y203 and occurs at 1861°C. Whereas, the second temary eutectic

point has a composition of 16 mol% AIN, 40 mol% Ah03, 44 mol% Y203 and occurs at

1850°C, and the third one has a composition of 16.1 mol% AIN, 45.4 mol% AhO), 35.5

mol% Y203 and occurs at 1846°C.
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AIN

~F--~---1846°C

---------~-1850°C

Figure 6-12: Isothermal Section at 1700°C.

A later stage of solidification is shown in Figure 6-12, where there is no residual

liquid. At this temperature, there are five three-crystalline-phases regions and one !wo

crystalline-phases region. This means that there are two other temary eutectic points that

have been encountered upon cooling to 1700°C. They occur at 1783oC and 1776°C

according to the following reactions:

L~ spinel+YAG+AlN

L ~ spinel+YAG+Ah03

.................. 6-16

.................. 6·17
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&.5 Liquidus projection of AIN - AI20 3 - Y20 3 system.

81

Figure 6-13 shows projection of the equilibrium liquidus surface of the AlN

AhOJ-Y203 system. This diagram is calculated by using the F*A*C*T system with the

optimized models for the binary systems. The arrows on the dotted boundary lines show

directions of falling liquidus temperatures. As solidification proceeds by precipitation of

primary phases, the composition of the liquid changes progressively, and this change is

represented by a path on the liquidus projection, occuring in a direction representing a

lowering of the temperature on the liquidus surface.

___ 1846°C

--1850°C

Figure 6-13: Liquidus projection for A1N-A/20J-Y20J system.

On each liquidus surface, the liquid is in equilibrium with one solid phase, thus

only one solid phase is marked in each area. Figure 6-13 shows a1so the five temary

eutectic points and their temperatures.
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6.6 Phase assemblage diagrams

As shown in the discussion section of the temary isothennal diagrams, these

diagrams show the phases in equilibrium and their composition at various temperatures.

However, they do not show the relative amount of each phase and the formation and/or

decomposition temperature of these phases. For this purpose, relative mass versus

temperature is calculated from the database and will be compared with the experimental

results in the following sections. In order to expIain the benefit of these diagrams an

example will be demonstrated in this section.

2050

Liquid

1800 1850 1900 1950 2000
Temperature eC)

1750

_70 .:
~ :
";; 60 T
CI) ~

tU ~

::>- 50 T
(1) ~

.:: 40 T= :
~ 30 t

20 T
1

10 T

o +-:~---.-+----..;;;I~-+--...--.--+---.......--+---,~----~

1700

100 -_-------~~c=::=oo_,~I---___4l __--...---

90 .:1=:::::;;;:====lt:===:::'P'

80 7-

Figure 6-14: Phase assemblage of(7 mol% AIN, 60 mo/% Y20J, 33 mo/% A/20 ))
composition.

Figure 6-14 is calculated for a sample composed of7 mol% AIN, 60 mol% Y2Û3

and 33 mol% Ah03. The proportion of different phases at any working temperature can

easily be read from this figure. For instance, at 1820°C, 100 g of the overall matena!

consists of 8 g of liquid, 85 g of YAM, 2 g of AIN and 5 g of YAP. It can be seen from

this figure that YAM is the tirst solid to precipitate in this sample upon cooling. It starts

precipitating at 1952°C, whereas AIN and YAP phases start to precipitate at 1890°C and
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1847°C respectively. This figure aIso gives the phase proponions ofthis sample at room

temperature after solidification. One more important point can be noticed from this figure

that the proportion of solids does not increase rapidly with decreasing temperature. This

means that this composition is not sensitive to small changes in operating temperature.

&.7 Thermodynamics of AIN sintering

The sintering of AIN with an additive is usually performed at 1450-2000°C for 1

6 hours under N2 atmosphere. Nitrogen gas prevents AIN from decomposition and

oxidatioo. In this section, the thermodynamic calculations of the AlN-Ah03-y 203 system

and the experimental work of Drew et al. [106] 00 the effect of Y203 content and

sintering conditions on the densification, secondary phase evolution and thermal

conductivity of AIN will be compared. The compositions used in their study are shown in

Table 6-1.

Table 6-1: Amount ojY203 additive in each sample.

Composition Y203 Content (wt%) AIN content (wt%)
1 1.36 98.64
II 3.04 96.96
ID 3.47 96.53
IV 7.59 92.41

The amount ofAh03 in each sample was calculated according to the following

chemical equation:

.................. 6-18

•

assuming that all the oxygen in AIN powder is present in the fonn of Ah03- The total

oxygen level in the AIN powder was analysed after milling and drying by ELKEM

Metals in Niagara Falls (New York) using a TC136 LECO EFI00 electrode furnace and

associated analyser.
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Figure 6-15: Re/ative density ofthe four compositions as a function ofsintering
temperature [106].

Figure 6... 16 is taken trom the same reference [106]. It gives the X-ray powder

diffraction patterns for the four compositions after sintering at 1900°C for one hour. Each

composition shows strong peaks associated with AIN in addition to minor peaks

associated with the secondary grain boundary phase. These results agree very well with

the thermodynamic calculations presented in Figures 6..17 to 6-20.

•

d.2

u~LJUl
Il.2

1~~CwJW"-1
i.~

z•• 1900C 2••
1.~ 1900C G

1.S
G

1•• 1•• G
I.SI ..,.

a.' e.' 31.' 35.' 41.1 45.1 S .. !Sol ....
d.ê

v~lJ~ 1~[lJU~~[JLJ\
z.~

2•• 1900C
1••

1•• G

1."
a.' 25.' 31.' 35.' 41.. 45.1 SI" '5.' .... 21.' 25.' 31.' 15.' 41.' .,.. ,... ".. 61.11

Figure 6-16: X-ray powder diffraction patterns ofA/Nfor four compositions. G: YAG, P.o
YAP and *: YAM [106].
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Figure 6-15 shows that all compOSItIons reach complete densification after

sintering at >18500C for one hour. This can be explained by the phase assemblage

diagrams, Figures 6-17 to 6-20. These figures show that all compositions would have

formed liquid at this temperature. Also, Figure 6-15 shows that composition 1 reached

higher density than the other samples sintered at 1800°C, and this can be explained by

referring to Figure 6-17. This figure indicates that this composition starts fonning liquid

at 1782°C, whereas a higher temperature (-1850°C) is required for the other

compositions to form liquid.

290027002500

27R

AIN

19001700 2100 2300

Temperature eC)

Figure 6-17: Predictedphase assemblage ofcomposition l

Figure 6-17 shows, that al room temperature, composition 1 is composed of 96.64

wt% AIN with 2.38 wt% YAG and 0.976 wt% Ah03. The X-ray diffraction analysis at

room temperature in Figure 6-16(a) showed peaks for AIN and YAG phases only. Al20 3

peaks were not detected because the amount of residual Al203 is very small and below
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the detection limit of the equipment. Moreover, Ah03 occurs as a surface layer on AIN

grains. Because of this surface layer and residual spinel, thermal conductivity is very low

for this sample, as can be seen in Figure 6-21. This means that the amount ofadded Y203

was insufficient to fully react with residual Ah03 and to purify the AIN and to complete

the oxygen removal from both the lanice and the surface.

100 t=~=:::I===IH~--------"'------"""--------~~

90 i
~

80 ~
1

1700 1900

AIN

2100 2300 2500 2700 2900

Temperature (OC)

Figure 6-18: Phase assemblage ofcomposition IL

Figure 6-18 shows that the room temperature composition II consists of 94.96

wt% AIN, 3.65 wt% YAG and 1.39 wt% YAP. In this sample there is more YAG than

YAP at room temperature. This agrees with the X-ray pattern shawn in Figure 6-16(b)

where YAG peaks are stronger than those of YAP phase.
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Figure 6-19: Phase assemblage ofcomposition III
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Figure 6-19 indicates that composition m has a simiIar phase assemblage to

composition II with a difference in the relative amount of each phase. At room

temperature composition m consists of 94.53 wt% AIN, 2.52 wt% YAG and 2.95 wt%

YAP. This corresponds well with the X-ray pattern for this sample shown in Figure 6

16(c).
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Figure 6-20: Phase assemblage ofcomposition IV.
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Figure 6-20 shows the phase assemblage for composition IV and at room

temperature this sample is composed of 90.41 wt% AIN, 7.75 wt% YAM and 1.84 wt%

YAP. This sample has more YAM than YAP, which agrees with Figure 5-16(d), where

the diffraction peaks for YAM were stronger than for YAP.

Figure 6-21 is taken from reference [19]. It shows the trend in thennal conductivity

for the four compositions along with their relative densities. Compositions II, mand IV

have higher thennal conductivity than composition 1because the oxide layer was completely

reacted and consumed ta produce YAG, YAP and YAM as secondary phases.
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Figure 6-21: Variation in thermal conductivity with composition.

It was shown by the experimental work of Medraj et al. [107] that YAP wets the

surface of AIN. Hence the presence of YAP phase will prevent the AIN-AIN surface

contact. For this reason the thermal conductivity of the above samples varies according to

the amount of YAP phase. As discussed above, compositions II, mand IV have 1.39,

2.95 and 1.84 wt% YAP, respectively, and the corresponding values of thennal

conductivity, according to [19], are 148, 127 and 141 W/m.K, respectiveIy. So higher

y AP content is associated with lower thermal conductivity.
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Figure 6-22: X-ray diffractogram of5 Wl% Y20radded AINsample sintered al 1900°Cfor
1 h [108J.

Figure 6-22 shows X-ray patterns of AIN sample containing 5 wt% Y203 sintered

at 1900°C for 1 h. Thermodynamic calculations for this sample are shown in the phase

assemblage diagram (Figure 6-23).
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Figure 6-23: Phase assemblage 0/5 wf'.16 Y203-added AINsample.
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Figure 6-23 shows that liquid starts forming al 18SSoC for this sample and the

phase composition at room temperature is AIN in addition to YAP and YAM as

secondary phases. This agrees with the diffraction pattern of this sample shown in Figure

6-22.

In a very recent study Asai and Tkahashi [110] studied sintering of AIN with

Y203 and CaO additives. They used 4 wt% Y203 and sintered it at 1800°C for 3 h in a

nitrogen atmosphere. The room temperature X-ray diffraction pattern for this sample is

shown in Figure 6-24. It can be seen that the grain boundary secondary phases are YAP

and YAG.

25.0

• ••
eA...
A V.O.-AIlaO
• 3V203.5A1203

•

• •

65.0

Figure 6-24: X-ray diffraction pattern of4 wt% Y20radded AINsample sintered al
1800°Cfor 3 k
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The phase assemblage diagram for this sample is shown in Figure 6-25. It can be

seen that at room temperature, 100 gm of overall material is composed of 94 g AIN~

4.871g YAP and 1.129 g YAG. This is consistent with the X-ray diffraction pattern in

Figure 6-24, where YAP peaks are stronger than those of YAG. It can also be seen that

even though the liquid starts fonning at 1840°C for this sample, sintering at 1800°C for 3

h was enough to reach equilibrium for this sample.
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Figure 6-25: Phase assemblage of4 wt% Y20radded AINsample.
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Chapter 7:

MATERIALS, EQUIPMENT
AND PROCEDURES

7.1 Materials

7. 1. 1 AIN powder

Only recentiy have high-purity, pretreated water-resistant AIN powders become

available commercially [11]. AIN grade F supplied by Tokuyama Soda, Japan was used

in this research. The impurities and their concentrations for this powder as received from

Tokuyama Soda are shown in Table 7-1.

Table 7-1: Chemical analysis ofAINpowder.

Impurity Concentration

Qxygen <0.9 wtO.4

Carbon <400ppm

Ca <60ppm

Fe <10 ppm

Si <15 ppm

The powder had a mean particle size of 0.3 lJ.trl and a specifie surface area of 3.3

m2/g. An SEM mierograph of the as received AIN powder is shown in Figure 7-1 and
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shows that the particle size is consistent with manufacturing specifications. The particle

shape is an equiaxedlspherical morphology.

Figure 7-J: SEMmicrograph ofas receivedAINpowder.

7.1.2

Aluminum oxide powder, A16-SG, with 99.8% purity was used. This powder was

supplied by Alcoa Industrial Chemical Division. The chemical composition supplied by

Alcoa is shown in Table 7-2. An SEM micrograph of the as received Ah03 powder is

shown in Figure 7-2. It can be seen that this powder had a wide size distribution. Figure

7-2(b) shows large Ah03 particles containing fine agglomerates on the surface.

Table 7-2: Chemical analysis ofAl20j powder.

Compound Concentration

AhD3 99.8
Na20 0.06
Si02 0.03

Fe203 0.02
CaO 0.03
B20 3 <0.003
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(a) (b)

Figure 7-2: SEM micrograph ofAhOJ powder (a) x500 and (b) x2500.

7.1.3

•

yttrium Oxide powder, Grade 5630X, supplied by Union Molycorp, U.S.A., with

99.99 purity, was used. The Yl03 powder had a Mean agglomerate size of 1.8flIIl and

specific surface area of 33 m2/g. The chemical composition supplied by Union Molycorp

ofthis powder is shown in Table 7-3. An SEM micrograph of the as received powder is

shown in Figure 7-3. Given the particle size and the surface area, this PQwder clearly bas

a porous morphology.

Table 7-3: Chemical composition ojY203powder.

Compound Concentration
Y20 3 99.99%
CaO <2ppm
Si02 <25 ppm

Fe203 < 1 ppm
Na20 < 1 ppm
La203 2ppm
Nd03 4ppm

DY20 3 2 l'pm
Ce02 <1 l'pm
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(~ ~)

Figure 7-3: SEMmicrograph ofas received Y203powder (a) x3300 (b) xl 7000.

7.2

7.2.1

Equipment

X-ray diffractometry

X-ray diffraction was conducted using an APD 1700, Philips, X-ray diffractometer.

A schematic diagram is shown in Figure 74. It can he seen that this instrument consists

of three basic parts: a source of X-ray radiation, specimen and the detector and counting

equipment. This machine uses filtered CuKa radiation, at an accelerating voltage of 40

kV (±O.l%) and a beam current of 20 mA (±O.l%). The intensity and 28 data were

acquired and stored using a persona! computer.
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Each component wavelength of a polychromatic beam of radiation falling onto a

single crystal will he diffracted at a discrete angle, in accordance with Bragg's law. For

powder diffractometry one needs monochromatic X-rays. The best way ta achieve this is

with a monochromator, which selects, by diffraction at a single crystal, one wavelength

or a small wavelength band, like an analyzing crystal in a spectrometer. There are Many

physical forms of the crystal monochromator but among the most commonly used in

powder diffractometry is the Johann type in the configuration shown in Figure 7-4. Here

the crystal monochromator is placed between the specimen and the detector. The

monochromator must he curved (focusing), see Figure 7-4. The incident and take-off

angles in addition to the distance D, are adjusted to give the correct e value for the d of

the crystal, such that ooly the required wavelength can enter the detector [111,112].

7.2.2 Neutron Diffractometer

•
The major advantage of neutron diffraction compared to other diffraction

techniques is the extraordinarily penetrating nature of the neutron, which leads to its use

in measurements under special environments [83] .



Materials. Equipment and Procedures 97

To determine the phase evolution in the AlN-Ah03-Y203 system, neutron

diffraction patterns were monitored in situ at elevated temperature using the DUALSPEC

high-resolution powder diffractometer, C2, at the NRU reactor of Atomic Energy of

Canada Limited (AECL), Chalk River Laboratories.

The diffractometer, shown in Figure 7-5, is an SOO-channel position sensitive

detector that spans 80° in scattering angle, 28. The wavelength, Â., of the neutron beam

was calibrated by measuring the diffraction pattern of a standard powder of alumina,

obtained from the National Institute of Standards and Technology. In this study,

À=1.33(l) A, 28 range ofSO ta Sso and no collimation, was used.

~-Specimen

o~o ° 0 _ Detector

-Shielding Drum

------jf--Monochromator

,-Filter

1

Reactor
(Source):::::::o~!i~~~-t---,--

L..-Beam Gate

Figure 7-5: Neutron Diffractometer. C2, Chalk River LaboratoriesJ 2Bm : Scalteringfrom
monochromatic to select wavelength, 28s: Scattering.from sample.

•

The diffractometer was equipped with a tantalum-element vacuum furnace,

(Figures 7-6 and 7-7) capable of reaching temperatures as high as 2000°C. The fumace

programming and data acquisition system were fully computerized, allowing accurate

temperature control and rapid data collection.
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- JO

Figure 7-6: High tempera/ure vacuum furnacet Chalk River Laboratories.

t----- Ta Heater

15
1

5 cm 10
,

o
1

BeamCL --

N2@900mmHg-==:::=::=::;'"

Figure 7-7:Detailed drawingofthe circledparts in Figure 7-6; (1) sample capsulate, (2)
molybdenum sampie support and (3) molybdenum pencU tube.
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7.3 Experimental Procedures

The sintering behavior and the quality of the ceramic body are greatly influenced

by the quality of the starting powder [49]. Fine unagglomerated powders with narrow size

distribution~possessing the required chemical and phase pOOty were ensured throughout

the course of the experimental work in this research.

7.3.1 X-fay diffraction experiments

The overall experimental approach of the X-ray diffraction experiments is

summarized in the following flowchart.

Melting
(2200oC)

Sintering
at l5000C

for 2 h.

'---_D_iffr_~_~_:_~_e_try_---'IE<-----~veriu~ ~<_...IL-_\

Powder
preparation

(BalI milling)

Figure 7-8: Flow diagram showingX-ray diffraction experimental procedure.

Nine different compositions were prepared using the stoichiometric ratios shown in

Table 7-4 and Figure 7-9, in order to evaluate the calculated Ah03-Y203 phase diagram

experimentally and determine the phase relations and reactions.

Table 7-4: Chemical composition and the expectedphases ofthe studied samples.

•

Sampie No. AllO] mol%(wt%) Composition
1 29% (1 5.57%) E4
2 33.33% (18.42%) YAM
3 43% (25.41%) E3
4 50% (31.11%) YAP
5 57.5% (37.92%) E2
6 62.5% (42.94%) YAG
7 70% (51.3%) hypo El
8 79% (62.94%) El
9 90% (80.25%) hyper El
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Figure 7-9:Ca/cu/atedA/~J-Y~3phase diagram and the nine different compositions.

The premixed stoichiometric compositions were bail milled for 1 h using 4 mm

alumina media and water. The resultant slurry was dried in a microwave oven to

completely remove the water and then sieved to obtain a fine POwder mixture. This

powder was then mixed with water and 8 wt% ofhydroxypropyl cellulose as a plasticizer

and the mixture was extruded into 2.5 mm diameter rods. These rods were dried in air for

24 ~ then sintered in air for 2 h at lSOO°C at a heating rate of 1QOC/min using a silicon

carbide element, Blue M fumace. The rods were melted to form droplets at 2200°C using

an oxyacetylene torch. The chemical analysis of Aguilar et. al [113] showed that there is

no contamination or weight loss by using this technique for the melt extraction of Ah03

y 203 fibers.

The phase development was investigated using X-ray diffractometry, descnbed in

section 6-2-1. One of the sintered rods and a few droplets from each composition were
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crushed individually into powder in order to determine the reaction at different stages. X

ray diffraction spectra were collected for the different samples at room temperature, after

sintering at 1500°C and for the solidified droplets after melting with a scanning rate of

0.02 a/sec. The starting mixed powders and the resultant phases in the sintered rods and

in the melted samples were identified using JCPDS-XRD patterns available in the

database of the computer attached to the diffractometer.

7.3.2 Neutron diffraction experiments

•

AIN, Y203 and Ah03 powders were mixed in various stoichiometric amounts.

Table 7-5 and Figure 7-10 show the composition of these samples. The premixed

compositions were ball milled in a plastic container for 24 h using 4 mm diameter Ah03

media and reagent grade isopropanol with a solid to liquid ratio of 1:5, by volume.

Figure 7-10: A1N-AI20j-Y20j composition triangle with samples studied by neutron
diffractometry.

The mixtures were dried in a microwave oven to completely remove the

isopropanol. After drying, the mixtures were granulated through a 60 J.lIIl mesh sieve.
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Table ï-5: Chemical composition ofthe samples studied by neutron diffractometry.

Sample No. AIN mol% (wt%) Y203 mol% (wt%) Ah03 mol% (wt%)

1. 12 (4.392) 14 (28.23) 74 (67.377)
2. 17.5 (6.281) 18.5 (36.579) 64 (57.140)
3. 24 (10.381) 6 (14.298) 70(75.32)
4. 7 (1.668) 60 (78.77) 33 (19.562)
5. 33 (9.737) 47 (75.781) 20 (14.444)
6. 47 (13.865) 53 (86.135) 0
7. 0 21 (37.06) 79 (62.94)
8. 0 37.5 (57.06) 62.5 (42.94)
9. 0 42.5 (62.077) 57.5 (37.923)
10. 0 50 (68.89) 50 (31.11)
11. 0 57 (74.59) 43 (25.41)
12. 0 66.67 (81.58) 33.33 (18.42)
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A portion of each composition was encapsulated in molybdenum foil to prevent

the powder from spreading in the sample chamber upon evacuating, and to proteet the

apparatus when the sample melts, Figure 7-11.

Packed powde,,-_~
mixture

Figure 7-11: Sealed Mo container used to conduct the neutron diffraction experiments al
high temperalure.

After eentering the furnace in the beam of the neutron diffractometer, the sample

capsule was placed inside a molybdenum pencil tube, which is inside the fumace

chamber. The aluminum fumace chamber was sealed, and the volume between the

molybdenum tube and inside of the fumace chamber was evacuated to 10.s atmosphere.

A neutron diffraction spectrum for each sample was collected at room temperature to

form the reference for any reactions taking place upon heating. AIN containing samples

were heated while flowing nitrogen gas into the Mo pencil to prevent the decomposition
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of AIN, whereas samples containing no AIN were heated with argon gas in the Mo

penci!. According to the recent study of D'yachkov et al., suppression of the dissociation

of AIN and melting it is possible in a nitrogen pressure close to the atmospheric pressure

[104].

2000

1800

1600

1400

-... 1200
U
°-
~

1000

:::J

Ë 800
lUc..

600S
lU
~ 400

200

0
0 200 400 600 800 1000 1200 1400 1600 1800 2000

time (min)

Figure 7-12: Heating and cooling cycle for neutron diffraction experimenls.

The sample was observed in situ during heating and cooling as shown in Figure 7

12. Neutron diffraction spectra were collected at incremental intervals until the spectra

displayed a 10ss of crystallinity (melting) or reached the maximum temperature of the

apparatus (2000°C). Then cooling started and neutron spectra were collected at

incremental cooling temperatures to observe the precipitation ofcrystalline phases.
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Chapter 8:

PHASE EVOLUTION IN A120 3

Y203 AND AIN-Y20 3SYSTEMS

In this chapter, the experimental results of Ah03-y 203 and AlN-Y203 systems

will be discussed. Ah03-y 203 was investigated using room temperature X-ray and in situ

high temperature neutron diffractometry. AlN-Y203 was studied using in situ high

temperature neutron diffractometry. The experimental results will be compared with the

thermodynamic findings in this chapter.

Experimental verification of the phase relationships, in Ah03-y 203 binary system,

was performed using nine different Al203-Y203 compositions, as shawn in Figure 7-9.

The phase relations in Ah03-y 203 system have been investigated at room temperature

using powder X-ray diffiaction for different stages of heat treatment. First it was carried

out for the mixed starting powders in their stoichiometric ratio. This was done in order ta

have a baseline comparison to detect any change and phase development during the later

stages of heat treatment. The patterns of the mixed powder are labeled with the letter (a)

in the following diagrams.

Initially, a solid-state reaction of these powders was perfonned at 1500°C for 2 h.

X-ray diffraction was conducted at room temperature and the patterns were labeled with

the letter (b). However, it bas been found that a solid-state reaction led to an incomplete
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reaction. This indicated that a different experimental approach was required to bring

about complete reactio~ therefore, the samples were melted at -2200°C using an

oxyacetylene torch. The X-ray diffraction was performed on the crushed droplets for each

composition and the resulting patterns were Iabeled with the letter (c). Aguilar et. al [113]

used the same technique for the melt extraction of Ah03-y 203 fibers . Their chemical

analysis showed that there was no difference in the composition before and after

extracting the fibers from the melt.

After Melting

• • •

-~-Y101~

-AhO)
·YAM

~
ii
i
i

Starting powder

• -
'0 20 30 40

ZT"••a (o•• , ••• )

50 60 70

Figure 8-1: XRD patterns ofsample 2 (YAM).

X-ray difIractograms of sample 2~ (YAM cOmPOsition) are shown in Figure 8-1~

where Y20 3 peaks were indexed using JCPDS card 25-1200~Ah03 peaks by JCPDS card

10-173 and Yttrium Aluminum Monoclinic (YAM) peaks by JCPDS card 34-368.

AlI the peaks in pattern (a) in Figure 8-1 are related to Y203 and Ah03. It can he

seen that the high peaks are Y203 while the weaker ones correspond to Ah03. This is

because X-rays interact with the electrons and yttrium bas three times the number of



106

electrons of aluminum. The atomic number of yttrium is 39, whereas it is 13 for

aluminum. The same trend was observed for ail the other samples as shown in Figures 8

2 and 8-4 to 8-10.

Pattern (b) in Figure 8-1 shows peaks corresponding to Y203 and Ah03, as well

as y AM, which is the expected phase according to the phase diagram. This indicates that

reaction and formation of YAM takes place at 1500°C for 2 h but this reaction is

incomplete. The same can he said for aIl the other compositions (i. e. patterns (b) show

residual Ah03 and Y20 3 for ail the samples).

AIl the peaks in pattern (c) of Figure 8-1 correspond to the YAM phase without

any residual reactants. This indicates that the starting powder reacted completely in the

liquid state leading to the desired product being fonned.

•

After Melting • •
•

Starting powder

•
tO 20 30 40

2TII.ta (De.,•••)
50 60 70

Figure 8-2: XRD patterns ofsample 4 (YAP).
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X-ray difftactograms of sarnple 4 (YAP composition) are shown in Figure 8-2,

where yttrium a1uminum perovskite (YAP) peaks were indexed by JCPDS card 33-41.

This is the orthorhombic not the cubic structure mentioned in reference [50,114].

Pattern (c) ofFigure 8-2 shows complete fonnation ofYAP after melting. In order

to observe stability and phase transfonnation of tbis compound, heat treatment of sorne

droplets was done at 15S0°C for 3 h. X-ray diffractograms of this compound before and

after heat treatment are shown in Figure 8-3.

Heat treatment
1550°C for 3 h

After Melting

'0 20 30 40 50

2Tb.t. (O.g,••• )

60 70

Figure 8-3: XRD patterns ofYAP phase be/ore and after heat treatment.

It cao he clearly seen ftom Figure 8-3 that the two patterns belong to the same

crystal structure. This means that orthorhombic YAP is stable at room temperature.

Moreover pattern (c) ofFigures 8-8 and 8-9, (representing E2 and E3 compositions) show

orthorhombic YAP in conjunction with YAG and YAM, respectively, which is consistent

with the phase diagram. This result is aIso supported by the neutron diffiaction results as

will he shown later in this chapter.

X-ray diffiactograms of sample 6 (YAG composition) are shown in Figure 8-4,

where yttrium aluminum gamet (YAG) peaks were indexed by JCPDS card 33-40.
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Figure 8-4: XRD patterns ofsamp/e 6 (YAG).

Pattern (b) in Figure 8-4 shows that not ail the peaks are related to the YAG phase.

This indicates that the formation of YAG starts at this temperature but the reaction is

incomplete. However pattern (c) shows no residual reactants after melting.
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Figure 8-5: XRD patterns ofsamp/e 9 (hyper El).
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Figure 8·6: XRD patterns ofsamp/e 8 (El).
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Figure 8-7: XRD patterns ofsample 7 (hypo El).

Figure 8-5 is for sample 9 (hyper El composition). Pattern (c) in this figure shows

that y AG and Ah03 are the stable phases after melting and solidification. The sante thing

can he said about Figures 8-6 and 8-7 (El and hypo El, respectively) with differences in

the relative intensities ofYAG and Ah03 peaks.

Comparing Figures 8-5 to 8-7 indicates that sample 9 bas higher YAG peaks than

both samples 8 and 7. Whereas, sample 8 bas higher YAG Peaks than those of sample 7.

A reverse order for Ah03 peaks can he observed for these three samples (Le. sample 7

bas the highest while sample 9 bas the lowest relative intensity of Ah03 peaks). These

results obey the Lever Rule, exhibiting complete consistency with the calculated phase

diagram (Figure 7-9).

Figure 8-8 revealed that sample 5, which represents the second eutectic point in

the AlZ0 3- y 203 phase diagram, consists of YAG and YAP after melting. This is

consistent with the calculated phase diagram (Figure 7-9).
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Figure 8·8: XRD patterns ofsample 5 (E2).
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Figure 8-9: XRD patterns ofsampie 3 (E3).
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Figure 8-9 is for the third eutectic point in Ah03-y 203 system. Pattern (c) showed

that complete reaction took place to produce YAP and YAM after melting. This is

consistent with the Ah03-y 203 calculated phase diagram.

After Melting

• ~y~~-

• Ah0 3

.YAM

(c)

Starting powder

•
10 20 30 40

ZYlt... CD.,re••)
50 80 70

Figure 8-10: XRD patterns ofsample 1 (E4).

Sample 1 is shown in Figure 8-10. Pattern (c) in this figure shows that YAM and

y 203 are the stable phases after melting and solidification. This is again in complete

agreement with the ealeulated phase diagram (Figure 7-9).

8.2 Neutron Diffraction Results

Unlike X-ray diffiactometry, neutron diffiactometers often use different wave

lengths, À. This implies that when neutron diffiactometry is used for phase identificatio~

a specifie neutron diffiaction pattern should be calculated for each phase in the system

under investigation using the precise Â.. In our case Â. was 1.33(1)A.
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ln order to eaJeuJate a neutron diffiaetion pattern, the crystal structure and the

atoms positions in the unit eell must he known. The peak positions, 29, depend on the

wavelength used and the lattice spacing, d, aceording to Bragg's law;

sin 2B =~ ........................... 8-/
2d

Furthermore, any caleulation of the intensity of a diffi'acted beam depends on the

structure factor, whieh is determined by the arrangement of atoms within a unit eeU. In

other words the crystal structure and atom positions in the unit eeU in addition to Â. must

he known in order to ealculate a neutron diffiaction pattern.

The caIculation of the AJN neutron diffiaetion pattern will he dernonstrated in this

section, whereas.. crystal structure description, lattice parameters, atoms positions in the

unit eell and the corresponding calcuJated neutron diffiaction pattern for the other phases

are shown in appendix A.

(a) (b)

Figure 8-/1: (a) Wurtizite structure ofAIN. (b) Perspective view ofthe atoms
arrangements ofAIN.
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AIN belongs to a class ofdiamond-like, adamantine, compounds (Figure 8-11 (b»

of which the physical properties such as thermal conductivity and thermal expansion are

important factors relevant to the design of high-performance electronic packaging. For

substrate application, high thermal conductivity and low thermal expansion are desirable.

In the adamantine compounds, each atom is coordinated by four nearest neighbors

forming a tetrahedron as shown in Figure 8-11 (a).

Table 8-1: Crystal Structure data ofAIN [1,14,115}.

Structure Hexagonal

Spacegroup P63mc

Spacegroup number 186

Lattice parameter a b c
(A) 3.1120 3.1120 4.9780

Angles
a p r

90.00 90.00 120.00

Atoms in unit cel! 4

Crystal structure and lanice parameters of AIN are listed in Table 8-1. The

positions ofthe atoms in the unit cell of AIN are shown in Table 8-2.

Table 8-2: Atoms positions in the unit cell ofAIN [1,14,118].

Atom Wyckoffposition x y z
Al 2b 0.3333 0.6667 1.0000
N 2b 0.3333 0.6667 0.6150

After gathering the required information from the literature, neutron diffraction

patterns were calculated using the "PowderCell" program. AIN calculated neutron

diffraction pattern is shown in Figure 8-15.



liS

PowdcrCell2.2
2059 rr--...,.---r----,----,---r---,.--r---r--r----r----r---r----,----,-----r--,

-ALUMINUM NITRJDE

III
ë
:::
§. 1030

~
ïjj
c
u

oS
o

f"\ ~

~ ~
f"\
0
~

~
N

0 N

~~ ~

10 15 20 2S 30 JS 40 45 50 55 60 65 70 75 80

2 theta (Degrees)
Figure 8-12: CalcuIated neutron diffraction pattern for AIN
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Sînce the fumace containing the sample was scanned (as mentioned earlier in the

experimental procedure chapter) the acquired neutron diffraction spectra included peaks

of the sample and those of the furnace. Correction of these spectra was achieved by

subtracting the furnace peaks. For this purpose, neutron diffraction spectra were collected

for the empty furnace at all the interested temperatures. The following example will be

discussed in order to explain this technique.

*

11 47 57

2.11 ••• (D •• , ••••

*

17

*

77

*

17

'0000

.'000 • Furnace peaks

.0000 6 Sample peaks
*:uooo ~
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"DaO l
tao DA

5000
6 6

11 Z1

Figure 8-13: Neutron diffractogram ofthe furnace and a sampie.

Figure 8-13 shows a spectrum of the environment (Le. the sample and the

surrounding furnace) of El composition at room temperature. The corresponding empty

fumace spectrum is shown in Figure 8-14.
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Figure 8-14: Neutron diffractogram ofthe blankfurnace.

The pattern obtained after subtraction is shown in Figure 8-15, where the distinct

peaks for different phases can be easily identified comparing with Figure 8-13.
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Figure 8-15: Neutron diffractogram after subtracting the pattern ofthe blankfurnace.

8.2.1 Neutron Diffraction Results ofA/20:rY203 Phase Diagram

To investigate the nature of the reaction between AIN surface oxide (Ah03) and

the sintering additive (Y203) during sintering, phase evolution in the Ah03-y 203 system

was studied in situ at elevated temperatures using neutron diffractometry. This was

performed by monitoring the changes in the diffraction peaks and the diffraction angles

relative to the room temperature pattern as a reference. The temperature was increased
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incrementally in order to closely follo\v the evolution of the reactions. At each step the

temperature was maintained for 120 min. to ensure that the reaction was complete.

Several features are notable as heating progressed.

Diffraction patterns obtained during the heating and cooling cycles of each

sample are shown in Figures 8-16 to 8-25. The patterns are shifted by a suitable offset for

better comparison. The peaks are identified by markers as given in the legend of each

figure, and will be discussed in this section. Comparison with the thennodynamic

fmdings for Ah03-y 203 phase diagram will be carried out at the end of this section.

Figure 8-16 illustrates the reaction of the El composition from room temperature

UDtiI 1900°C. The main evolution in the diffraction pattern appears to be the graduai

formation of the YAG phase, and the graduai reduction in the intensity of the Y203

diffraction peaks with the progression of heating. The reaction of Ah03 and Y203 to

produce YAG is clearly evident from the new diffraction peaks. These peaks can be seen

fust al 1200°C in addition to diffraction peaks for Ah03 and Y203 with lower intensities

than those at room temperature. Y203 diffraction peaks were not ohserved at IS00°C.

This means all available Y203 was reacted to produce YAG upon heating from 1200°C to

IS00°C. Neutron diffraction data were collected at higher temperature to detect the

melting point of this composition. No changes can he seen in the patterns collected in the

range of 1500eC to 18S0°C. It can be seen from this figure that the sample lost

crystallinity in the diffraction pattern collected at 1900°C. This means that the sample

was melted between 18S0°C and 1900eC.

y AG peaks were indexed as a cubic unît-cell (space group [a3d, a = 12.016(3) A)

using the calculated pattern in ApPendix A-3, while Ah03 peaks and Y203 peaks were

identified using a rhomhoheadral unit-ceU (space group R3 c, a = 4.759(0) A and c =
12.992(0) A) and a cubic unit-cell (space group Ia3, a = 10.608(7) A), respectively. The

calculated patterns for AhD3 and Y203 are shown in Appendix A-l and Appendix A-2.
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Figure 8-17: Neutron diffractograms during coo/ing ofEl composition.

Figure 8-17 shows the cooling cycle of sample 1, El composition. ft can he seen

that y AG and Ah03 were fully crystallized at 1600°C. By cooling from this temperature

to room temperature no difference in the collected diffiaction pattern was noticed. This

indicates that YAG and Ah03 are the stable phases for El composition since

crystallization occured down to room temperature. This figure shows that the peaks
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•

shifted to higher diffraction angle with decreasing the temperature. The same thing can be

observed in Figure 8-16, where the peaks shifted to lower diffraction angle with

increasing temperature, indicating a positive thennal expansion coefficient for both YAG

and Ah03.

Heating and cooling of sample 2 which has YAG composition are presented in

Figure 8-18 and 7-19. It can he seen from Figure 8-18 that a mixture of 62.5 mol% Ah03

and 37.5 mol% Y203 produced a pure YAG phase at 1600°C. The first changes are

already visible when comparing the neutron diffraction patterns of 1200°C with that at

room temperature, where additional peaks, for example at 33° (28) and 64° (28), appear.

These peaks continue to grow, whereas the peaks of AhD3 and Y203 decay with

increasing temperature up to 1600°C. For example, the (440) peak ofY203 at 41.5° (28),

which does not overlap with other peaks, is still present up to 1500°C but cannot he

observed at 1600°C and higher. The same can be said about the (119) peak of Ah03 at

65° (28), which indicates that the reaction was completed between 1500°C and 1600°C.

The patterns are practically unchanged from 1600°C up to 1950°C, if peak shifts

due to thermal expansion of the lattice, are neglected. The diffraction pattern collected at

2000°C in Figure 8-18 shows complete 10ss of crystallinity. This indicates that sample 2

melts between 1950°C and 2000°C.

The neutron diffraction patterns of the cooling sequence for sample 2 in Figure 8

19 show a full recrystallization of the YAG phase at 1600°C. The shift in the peaks to

higher diffraction angles is due to the thermal contraction and can be seen when cooling

from 1600°C to 1200°C and then to 800°C. Otherwise the patterns look very similar,

which indicates that there is no phase transformation or decomposition of YAG uPOn

cooling from its melt. Sample peaks could not be seen upon cooling ta room temperature,

which May he due ta the shrinkage of the sample that removed it from the neutron beam

path. Nevertheless, the cooling sequence of sample 1 showed YAG peaks after cooling to

room temperature, which is sufficient evidence to indicate that YAG does not decompose

in the temperature range of 800°C to room temperature upon cooling.
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Figure 8-19: Neutron diffractograms during coo/ing ofYAG composition

The development of the neutron diffraction pattern of sample 3, E2 composition,

with increasing temperature up to 2000°C is shown in Figure 8-20.

Comparing the neutron diffraction patterns at 1200°C and that at room

temperature shows that no additional peaks evolved at 1200°C. The tirst changes are

visible when comparing patterns at 1SOO°C and 1200°C where additional peaks, for

example (420) of YAG and (220) of YAP at 28° (29) and 35°(29) appear. This indicates

that the reaction started in the temperature range of 1200°C to 1500°C.

At 1500°C significant proportions of both Ah03 and Y203 are present, which are

illustrated by, for example, the two overlapping peaks (413) ofY203 and (113) of AhO]

at 37° (29), while there are no Ah03 and Y203 traces visible at 1600°C. This indicates

that the reactian was completed between 1500°C and 1600°C.
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At 1600°C ail the peaks correspond to YAG and YAP phases. YAP peaks were

identified as orthorhombic unit-ceU (space group p~ a = 5.330(2)~ b = 7.375(2)A

and c =5.180(2)A) using the calculated pattern shown in Appendix A-4.

The patterns are unchanged up to 1950°C, if the shifts of retlections due to

thermal expansion of the lanice are neglected. It can he seen ftom tbis figure that sample

3 was melted in the temperature range of 1950°C to 2000°C.

The neutron diffraction patterns of the cooling sequence of sample 3 are shown in

Figure 8-21. This figure shows partial reconstruction of the YAP and the YAG phases,

where sorne reflections (the ones at 2e less than 36°) are missing at 1600°C. This is

possibly caused by a deformation of sorne components of the fumace; for example, the

heating element MaY have distorted at tbis high ternperature to shield part of the

diffiacted beam.

By cooling to room temperature sorne difference in the peaks height was noticed.

For example, YAP peak at 36° (29) lost height upon cooling. Whereas the shift in the

peaks position is due to the thermal contraction as stated earlier in this section.
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The reaction process was different when starting with 50 mol% AhO) and 50

0101% Y203 or y AP composition. This was obvious when the coUected SPectra of this

sample at different temperatures shown in Figure 8-22 were compared. The tirst changes

were already visible by comparing the neutron diffiaction patterns at 1500°C and

1200°C. The pattern at 1500°C clearly shows the elimination of the starting rnaterial

peaks and the growth ofnew Peaks. This phase was identified by the calculated pattern of

YAP.
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Following the reaction in later stages of heating shows tbat this mixture produced

pure y AP only by l800°C; since traces of Ah03 and Y203 are still visible at 1600°C and

l700aC. Other evidence of incomplete reaction at 1700°C is the growth of (230) peak of

y AP at 42° (29). It can he seen that this peak did not achieve its full height below

1800aC. Also, the decrease of the (400) YAP peak at 59°, which overlaps with (723)

Y203pe~ proves indeed that some residual Y203 exists at 1700°C. Above lsooac the

patterns were unchanged except for a smaIl shift in the peak positions due to the thermal

expansion ofYAP unit cella

During the course of in situ high temperature neutron diffraction it was often

difficult to reach 2000°C and maintain the furnace at such high temperature for more than

a few minutes. Therefore the cooling cycle often began before melting took place. During

the heating ofthis sample the fumace only reached 1900aC. Even though the melting was

not achieved it was assured that the melting temperature of the sample is higher than

1900°C.

The neutron diffiaction pattern of cooling for YAP is shown in Figure S-23.

During cooling from 1900°C to room temperature the patterns were practically unchanged.

Therefore il is clear that, under these cooling conditions, the orthorhombic YAP phase the

stable phase down to room teIDPerature.
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Figure 8-23: Neutron diffractograms during cooling ofYAP composition.

The development of the neutron diffiaction pattern with increasing temperature up

to 1950°C for sample 5 (YAM composition) is shown in Figure 8-24. The tirst noticeable

changes for tbis sample are observed by comparing the neutron diffiaction patterns at

1200°C with that al room temperature. Additional Peaks appear at 1200°C and although

traces of YAM were seen at 1200°C, complete formation of YAM was not observed

below 1800°C. This indicates that the reaction was completed in the temperature range of

1700°C to 1800°C. YAM peaks were identified according to the calculated pattern as
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monoclinic (space group P21/c, a = 7.4706(5)A, b = 10.535(6)Â, c = 11.1941(8)Â, ~ =

108.888°(5)) [53].

Patterns at I800°C, 1900°C and 1950°C were sunilar and although the fumace

reaehed 2000°C for this sample, due to technical problems, it was not possible to

maintain the temperature for a long enough time to completely colleet the pattern. So the

cooling cycle started after remaining only 5 min al 2000°C. It can be seen that the sample

is still crystalline at 1950°C. This indicates that the melting temperature of YAM is

higher than 1950°C.
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The neutron diffiaction pattern of the cooling cycle for sample 5 (VAM

composition) is shown in Figure 8-25. Upon cooling9 the ooly occurrence is the shift in

the peaks to higher diffraction angles due lo the thermal contraction. Otherwise the

patterns look very similar9 confirming that under these cooling conditions YAM is a

stable phase from 1950°C down to room temperature.

-·YAM

•

- -- •ri'; 1200°Cë •
::s
0
Çj-.0

·Vi
c •
~

.5
•

Î
• SOOOC.- • • •

1000

~ •• •RoomTemp•

29 (degrees)

Figure 8-25: Neutron diffractograms during cooling ofYAM composition.
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Table 8-3: Summary ofphase evo/ulionjôr the AhOrY203 system.

Neutron Diftraction Results
Thermodynamic

Sample Predictions
number Reaction Reaction Melting tempo Phases Melting Stable

started (Trs) finished (Tn:) (Tm) obtained tempo phases

1 Trs < 12000 e
12000 e < Tn: 18500 e <Tm Ah0 3 and

1820°C Ah03 and
< ISOOoe < 19000 e YAG YAG

2 Trs < 12000 e
ISOOoe <Tn: 1950°C <Tm

YAG 1942°C YAG< 16000 e <2000oe 1

... 12000 e <Trs IS000e <Tn: I9S0°C <Tm YAGand
1908°C

YAG and
.)

< IS00°C < 1600°C <2000oe YAP YAP
12000 e < Trs l 700°C < Tn: 1

4 Tm> I9000 e YAP 19I5°C YAP i
< ISOO°C < I8000 e 1

S Trs < 12000 e
1700°c < Tn:

Tm> 19500 e YAM 1978°c YAM
1< 18000 e

Table 8-3 summarizes the results of the neutron diffraction experiments and the

thermod)namic findings for the Ah03-Y203 system. It can he seen that the phase

evolution after heating and cooling for the different compositions are in complete

agreement with the phases that resulted from the thennodynamic model. There is sorne

discrepancy between the calculated melting temperature and those measured by neutron

diffractometry. This discrepancy is due ta the fact that the temperature was measured in a

vacuum space between the heating element and the Mo pencil tube instead of measuring

it right inside the Mo tube itself. This explains why the measured melting temperatures

were ahvays higher than the calculated ones, the latter are entirely consistent with the

literature values.
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8.2.2 Neutron Diffraction Results ofAIN-Y203 Phase Oiagram

High temperature in situ neutron diffi'action experiments were conducted in order

to study the phase relations in the calculated AIN-Y203 binary phase diagram (Figure 8

26). A sample of the eutectic composition, 47 mol% AIN, was prepared. Diffiaction

patterns obtained during heating and cooling of this sample are shown in Figures 8-27

and 8-28, respectively.

Liquid + AIN (S 1)

Liquid

Liquid + y 203(83)

3000 ..--.....---...--......- ......--.....--~--.....--.....,..--.011..--..,

2900

2800

2700

2600

2500

2400

2300 ....-~·

2200

2100

2000

1900
19420C (2215K)

:: Y20 3(S3)+f(Sl)

1600 ....._.....&..._.........~_......._-.a._-.....r..-_........__........_ ...._ .........~-.-I
Ù.O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Y20 3 Mole ftaction AIN AIN

Figure 8-26: Ca/cu/ated A/N-YJCh phase diagram with the investigated samp/e.

•
The development of the neutron diffiaction pattern with increasing temperature up

to the melting point is shown in Figure 8-27. The patterns are unchanged up to 1950°C

except for the shift due to the lattice thennaI expansion. AIN and Y203 are the only

phases which exist from room temperature ta melting. This means that no reaction takes

place between AIN and Y203 during heating from room temperature till melting.
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It can be seen from Figure 8-27 that this composition lost crystallinity in the

diffraction pattern collected at 2000°C. This means that the melting point of this

composition is between 1950°C and 2000oe.

AIN + Y20J ~Liquid 8-2

Since melting occurred when the two solid phases were transfonned into a liquid phase,

this is a result of eutectic reaction. Moreover the melting temperature is lower than the

melting point ofboth AIN, 2797±100oe [104], and Y203, 2439±12°C [102], showing that

47 mol% AIN is the eutectic composition for this binary system. The calculated eutectic

temperature of AIN-Y203 is 1942°e and the difference is due to the fact that the

measured temperature is higher than the actual one as pointed out earlier.

AIN peaks were indexed as a hexagonal unit-ceIl (space group P6_3mc, a =
3.112(0) A and c = 4.978(0) A) using the calculated pattern discussed in section 8-2.

y 203 peaks were identified as described in section 8-2-1.

Neutron diffraction patterns collected during cooling of this sample are shown in

Figure 8-28. It can he seen that AIN and Y203 were completely crystallized by cooling to

1900oe. Hence Y20 3 and AIN are the products of the eutectic reaction, when the opposite

reaction of equation 8-2 occurs upon cooling. AIN and Y203 are the ooly phases that exist

for this system down ta room temperature. This proves that the phase relation between

AIN and Y203 can be described by a simple binary eutectic phase diagram and there is no

reaction or mutual solubility between these two solids. This fact, coupled with the

measured eutectic temperature, are in complete agreement with the calculated phase

diagram for this system.

It can he seen from Figure 8-28 that the height of (440) Y203 peak at 41.5° (29)

increases with decreasing temperature from 17S0oe to room temperature. On the other

hand the calculated neutron diffraction pattern of Y203, presented in Appendix A-2,

shows that this is the strongest peak for Y203. This indicates better crystallization of the

y 203 phase upon cooling which has (440) as a preferred direction. AIN peaks remain

unchanged during solidification to room temperature.
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Chapter 9:

HIGH TEMPERATURE NEUTRON
DIFFRACTION OF AIN-AI20 3

Y20 3 TERNARY SYSTEM

In this chapter the experimental investigation of the AIN-AhD3-Y203 temary system

will be discussed. Five difIerent ternary samples, with compositions listed in Table 9-1,

were studied in situ at elevated temperatures by neutron diffractometry. These

compositions along with the AIN-Ah03-y 203 isothermal sections calculated at difIerent

temperatures are shown in Figure 9-1. It can be seen from this figure that these

compositions were selected carefully to he close to the phase boundaries in order to

critically verify the thermodynamic findings.

Table 9-1: The chemical composition ofthe studied samp/es.

SampleNo.
Composition (mol%)

AIN AI20 3 Y20 3

1 12 74 14
2 17.5 64 18.5
3 24 70 6
4 7 33 60
5 33 20 47

In situ neutron diffraction was performed during heating and cooling of these

samples by monitoring the changes in the diffraction peaks and the diffraction angles.
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Figure 9-/: A/N-AhOrY203 isothermal sections at diffèrent tempera/ures with the five

investigated ternary compositions.

The evolution of the reactions was followed by increasing the temperature

incrementally, and maintaining it for 120 min. to ensure that the reaction was complete.

Also cooling was carried out incrementally to detect the crystallization as weil as the



High Temperature Neutron Diffraction ofA/N-AI20rY20] Ternary System 139

stability of each phase. Heating and cooling profiles were determined for each sample

according to critical points, which were predicted by the thermodynamic calculations.

Diffraction patterns obtained during heating and cooling ofeach sample are shawn in

the following figures. The patterns are shifted by a suitable offset for better comparison.

The peaks are identified by markers as given in the legend of each figure, and will be

discussed and compared with the thermodynamic findings in this chapter. The effect of

thermal expansion was observed in ail the samples when the peaks shifted to lower and

higher diffraction angles due to heating and cooling, respectively.

Spinel peaks were indexed as a cubic unit-ceIl espace group Fd3m, a = 7.9435(2)À)

using the calculated pattern shown in Appendix A-6. AIN peaks were identified as a

hexagonal unit-cell espace group P6_3mc, a = 3.112(O)A and c = 4.978(O)A) using the

calculated pattern demonstrated in section 8-2, while Ah03, y 203, YAG, YAP and YAM

were identified as discussed in section 8-2-1.

Ternary isothermal sections show the phases in equilibrium at certain

temperatures, but they do not show the relative amount of each phase, the formation, the

melting and/or the decomposition temperature of these phases. Whereas the in situ

neutron diffraction experiments reveal results about formation, decomposition and

melting of the phases. Hence, the relative mass of each phase versus temperature is

drawn, for the compositions in question, and compared with the results of neutron

diffraction experiments.

9.1 Composition 1

The reaction of this composition (12 mol% AIN, 74 mol% Ah03 and 14 mol%

y 203) during heating the sample from room temperature until 1900°C is illustrated in

Figure 9-2. Increasing the temperature ta 1200°C did not introduce any change in the

neutron diffraction pattern collected at this temperature. This indicated that no reaction

took place in this temperature range. The tirst changes were visible when comparing the
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neutron diffraction patterns at 1200°C and those at l 700°C, where additionaI peaks

appear. The new peaks were found to belong to YAG and spinel phases. Unlike Ah03

diffraction peaks, Y203 peaks were not observed at 1700°C indicating that all the 14

mol% Y203 reacted to produce YAG phase, whereas residual Ah03 shows incomplete

reaction to fonn spinel. This is consistent with the temary phase diagram shown in Figure

9-1 (d) where composition 1 lies in the three-phase-region of AhO], spinel and YAG.

Cheng et al. aIso observed an incomplete reaction between AhO] and AIN at 1650°C for

6 h. They noticed an increase in the amount of spinei with increasing time from 60 min.

to 6 h [119] Moreover, Yawei et al. [105] concluded that it is difficult to produce spinel

by reaction sintering below 1650°C.

Upon heating from 1700°C to 1800°C, no difference in the collected diffraction

pattern couid be noticed. Neutron diffraction patterns were collected at higher

temperatures to detect the Iiquid formation and melting of this sample. At 1850°C y AG

peaks were not observed, whereas spinel peaks were present. Since no other peaks were

present at this temperature, it can be concluded that liquid formation started between

IS00°C to 1850°C. This is consistent with the isothermal section calcuIated at I800°C

shown by Figure 9-1(c).

It can be seen from Figure 9-2 that this composition lost crystallinity in the

diffraction pattern collected at 1900°C. This shows that the sample melted ln the

temperature range between 1850°C to 1900°C. This is consistent with the caIculated

isothermal section at 1900°C shown in Figure 9-1(b).
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Figure 9-3 shows the cooling cycle for composition 1. It cao be seen that spinel was

fully crystallized at 1850°C, confirming that the liquidus point is in the temperature range

of 1850°C to 1900°C. However the diffraction pattern collected at 1800°C did not show

y AG peaks as in the I800°C pattern collected during heating. This can be due to the

following reasons: in general it was noticed that the peaks in the cooling cycle are weaker

than those collected during heating, due to shrinkage of the sample at the melting point,

aIso, the background of the patterns collected during cooling was higher than of those

collected during the heating cycle. In any case, YAG peaks were noticed to have lower

counts than those of spinel phase. This may have contributed to the loss of YAG peaks in

the background of the pattern at 1800°C. By cooling to I400°C, decomposition of the

spinel phase occurred. This is evident by the new peaks of AiN and Ah03 detected at this

temperature. YAG peaks were also observed in the diffraction pattern collected at

I400°C. The same phases were found in the diffraction patterns collected at IOOO°C with

higher counts of AIN and Ah03 peaks indicating more decomposition of spinel phase

upon cooling.

Comparing the pattern of IOOO°C and that collected at room temperature revealed

that they were similar. This sample was composed of AIN, YAG and Ah03 at room

temperature.

In order to have a complete understanding of the reaction for this composition from

its melting point to low temperature, a continuous relationship between the relative mass

of each phase and temperature was established using the phase assemblage diagrams

(Figure 9-4). This diagram was calculated for all the investigated compositions and will

he discussed in the following sections.
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Figure 9-4: Phase assemblage diagram ofcomposition 1 (12 mol% AIN, 74 mol% Ah03

and 14 mol% Y203).

Figure 9-4 is calculated from the thermodynamic database of AIN-Ah03-y 203,

for a sample composition of 12 mol% AIN, 74 mol% Ahû3 and 14 mol% Y2Û3. The

proportion of different phases can easily he read from this figure. For instance, at

1700°C, 100 g of the overall material consists of40 g of spinel, SO g of YAG and lOg of

Ah03. This is consistent with the neutron diffraction pattern collected at 1700°C of this

composition (Figure 9-2) which shows that this sample was composed of spinel, Y AG

and AhOJ.

Thermodynamic calculations showed that the liquidus point of this composition is

181SoC. However, melting was detected in the temperature range of 18S0°C to 1900°C.

This higher value is due to the fact that the sample temperature was monitored outside the

molybdenum tube as mentioned earlier. This difference was noticed in all the samples.

As a resul4 spinel and liquid were present at 1850°C in Figure 9-2, while spinel starts

solidifying at 1815°C according to the thermodynamic calculations shown in Figure 9-4.
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Figure 9-4 shows that by cooling the melt of (12 mol% AIN, 74 mol% AhO] and

14 mol% Y203) composition, spinel first starts to recrystallize followed by the

crystallization of YAG and Ah03. This is in complete consistency with the neutron

diffraction patterns collected during.the cooling of this sample.

It can be seen from this figure that as the temperature decreased the proportion of

spinel phase decreased until it decomposes at around 1550°C to give Ah03 and AIN.

This agrees with Figure 9-3, where AIN peaks were observed in the neutron diffraction

pattern collected at 1400°C showing the decomposition of the spinel phase. One more

important point can be deduced from this figure is that, around ISOO°C, the proportion of

solids increases rapidly with small decrease in temperature. This means that the

composition is sensitive to small changes in the operating temperature.

9.2 Composition 2

Different types of reactions were obtained when starting with 17.5 mol% AIN 64

mol% Ah03 and 18.5 mol% Y203. This was obvious when the collected spectra of this

composition at different temperatures (shown in Figure 9-5) were compared. The first

changes are visible by comparing the neutron diffraction patterns collected at 1300°C

with that at room temperature. The pattern at 1300°C clearly showed a reduction in the

intensity of Y203 and Ah03 peaks in addition to the growth of YAG peaks. No changes

could be observed in AIN peaks by heating to 1300°C. YAG peaks continue to grow,

whereas the peaks of Ah03 and Y203 disappeared with increasing temperature up to

1600°C.

At 1600°C traces of AIN can be observed along with spinel and YAG phases.

This agrees with what Williams et al. reported. They found that the reaction rate between

AIN and Ah03 to produce spinel was slowat temperatures below 1750°C [101]. The

patterns collected in the temperature range of I600°C to 1850°C look sunHar, except for

the reduction in the intensity of AIN peaks with the progression of heating, indicating that

the amount of AIN is decreasing with increasing temperature.
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The isothermal section in Figure 9-1 (c) shows that this composition should have

liquid and YAG at 1800cC, whereas peaks for spinel were observed at 1850°C indicating

that no decomposition of spinel took place during heating from 17000 e to 1850°C.

Figure 9-5 shows that the current composition lost crystallinity in the diffraction

pattern collected at 1900°C. This indicates that the sample melted between 18500 e and

1900°C. This is in complete agreement with the isothermal section calculated at 19000 e

Figure 9-1 (b), where this composition lies in the liquid region.

Figure 9-6 shows the cooling cycle of composition 1 (17.5 moI% AIN 64 mol%

AhOj and 18.5 mol% Y203). It cao be seen that YAG was fulIy crystallized by cooling to

1850c e. AIN or spinel peaks could not be observed at this temperature. This indicates

that YAG and liquid are in equilibrium at 1850°C for this composition. By cooling to

1800°C spinel peaks appear. This means that spinel bas crystallized in the temperature

range of 1850CC to IS00C C.

No difference was noticed when the diffraction patterns collected during cooling

to 1750cC, 1700cC and 1400cC were compared. AIN peaks could not be seen in these

patterns because of its small quantity as it is shown in the assemblage diagram of this

composition (Figure 9-7).

In addition to YAG and spinel peaks, Ah03 and AIN peaks were observed upon

cooling to room temperature. This shows the decomposition of the spinel phase to AIN

and Ah03 while cooling to a lower temperature than I400°C. Since traces of spine1phase

were observed at room temperature, incomplete decomposition occurred for the spinel of

this sample. This migbt be due to the rapid cooIing from I4000 e to room temperature

without annealing at an intermediate temperature as in composition 1. Nevertheless, this

agrees with Yawei et al's findings, when they annealed a sampIe with high spinel content

in flowing nitrogen gas at I550°C for 3 h. They found AIN, Ah03 and spinel peaks at

room temperature. The spinel powder used was produced al ISOOoe [105].
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Figure 9- ï: Phase assemblage diagram ofcomposition 2 (17.5 mol% AIN 64 mol% AhOj

and 18.5 mol% Y]Oj).

The phase assemblage versus temperature of this composition is presented in

Figure 9-7. [t can be seen that the liquidus temperature of this composition is 1825°C,

wherein the material melted in the temperature range of 1850°C to 1900°C. This

difference is attributed to the temperature reading outside the molybdenum pencil tube as

discussed before. Cooling this composition from its melt shows that YAG solidifies first

and then spineL This is completely consistent with the neutron diffraction results for the

cooling ofthis composition shown in Figure 9-6.

Thermodynamic calculations show that spinel decomposes completely at around

1500°C, and at room temperature 100 g of overall materia! should consist of 64 g YAG 6

g AIN and 30 g Ah03, whereas, the neutron diffraction pattern collected during cooling

of this composition indicated that decomposition starts at a temperature lower than

1400°C. In addition, incomplete decomposition occurred by cooling to room temperature

leaving sorne residual spinel due to the high cooling rate (25°C/min) as shown in Figure

7-12.
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9.3 Composition 3

150

The neutron diffraction patterns of heating and cooling of composition 3 are

shown in Figures 8-8 and 8-9. It can be seen from Figure 9-8 that a mixture of 24 mol%

AIN, 6 mol% Ah03 and 70 mol% Y203 produced YAG and spinel phases at 1700°C.

This is consistent with the isothennal section calculated at this temperature shown in

Figure 9-1 (d). As it is predicted by thermodynamics, this composition has liquid and

spinel phases at I900°C as weIl as at 2000°C (Figure 9-1(b) and (a»). Neutron diffraction

patterns collected at these two temperatures are in agreement with the calculations.

The first changes are visible when comparing the neutron diffraction patterns at

I500°C with that at room temperature, where additional peaks of YAG phase appear.

y AG peaks continue to grow with increasing temperature to 1700°C indicating

incomplete formation of YAG phase at 1500°C. Also, AIN and Al20 3 were observed at

1500°C and disappeared al 1700°C to produce the spinel phase.

By heating to 1850°C, most of the YAG peaks were eliminated, however sorne

weak peaks are still present suggesting that traces of the YAG phase are still present with

the liquid and spinel phases at this temperature. YAG peaks appearing at this temperature

may be due to of the kinetics of the reaction, where YAG phase appeared for sometime at

the beginning of the two hour holding period, then when the reaction reached equilibrium

its counts did not increase, and this is the reason behind observing only weak peaks at the

diffraction angles of YAG's strong peaks. This can be supported by the neutron

diffraction pattern collected at this temperature during cooling (Figure 9-9) where there

are no YAG peaks.

Neutron diffraction pattern collected at 19000 e showed only spinel peaks, which

indicated the formation of the liquid phase. Spinel peaks are weaker at 2000°C indicating

less amount of spinel and more liquid phase. Sïnce this pattern shows that there is a

crystalline phase at this temperature, the liquidus point of this composition is higher than

2000°C.
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Figure 9-9 is for the neutron diffraction patterns collected during the cooLing cycle

of this composition. It can be seen from this figure that the spinel and liquid phases are

present down to 1850°C. The spinel peak heights increase with decreasing temperature

showing more crystallization. This is in complete agreement with the thennodynamic

calculations presented in Figures 8-1(a), (b) and (c), where this composition consisted of

liquid and spinel at 2000°C, 1900°C and 1800°C.

Upon cooling to 1600°C, y AG peaks were observed. This indicated that the YAG

phase crystallized in the temperature range from 1850°C to 1600°C.

At 1200°C .AJN and Ah03 peaks were detected in addition to spinel and YAG.

This shows that spinel decomposition occurred between 1600°C and 1200°C. Since

spinel peaks were present, incomplete decomposition occurred by cooling to 1200°C.

The pattern collected at room temperature shows sunilar composition to that at

1200°C with higher AIN peaks and lower spinel peaks. This indicates more, but still,

incomplete decomposition of spinel phase.

Figure 9-10 is calculated from the thermodynamic database constructed for AIN

Ah03-Y203 temary system for the composition 24 mol% AIN 70 mol% Ah03 and 6

mol% Y20 3). It can he seen that the calculated liquidus point for this composition is

2030°C. This agrees with the results of neutron diffraction, where the sample was still

diffracting at 2000°C, showing that melting takes place at higher temperature. From this

figure, spinel starts precipitating then YAG at a lower temperature around I800°C. This

is in complete consistency with the neutron diffraction patterns collected during cooling

ofthis composition shown in Figure 9-9, where spinel was the only solid phase down to

1850°C, then YAG started to precipitate below 1850°C and above 1600°C.

At 1600°C, 100 g of the overall materia! consists of 75g of spinel and 25 g of

YAG. This is consistent with the pattern collected at 1600°C during cooling of this

sample, Figure 9-9, which shows that this sample consists ofspinel and YAG phases.
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Figure 9-10: Phase assemblage diagram ofcomposition 3 (24 mol% AIN 70 mol% AhOJ
and 6 mol% f 20]).

Thennodynamic calculations show that spinel decomposes to Ah03 and AiN

completely below 1500°C for this composition. Whereas, the neutron diffraction results

(Figure 9...9) show ooly partial decomposition of spineL of this composition, which starts

in the temperature range 1200°C to 1600°C. This May he due to the high cooling rate,

around 25°C/min, as shown in Figure 7...12.

9.4 Composition 4

The reaction was followed in this composition (7 mol% AIN 33 mol% AhD3 and

60 mol% Y20 3) using the neutron diffraction patterns collected during the heating

process to a temperature of 1850°C. It was not possible to pursue this experiment because

the furnace failed before reaching 1900°C. However the development of the different

phases could be followed up to 1850°C.
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Comparing the neutron diffraction pattern at 1300°C and that at room temperature

showed that new additional peaks evolved at 1300°C. These peaks were identified as

y AM and YAP phases. Ah03 and Y203 peaks were observed at this temperature with

lower peak heights~ indicating incomplete fonnation of YAM and YAP, which started

below 1300°C.

By heating to 1600°C there were no visible traces of Ah03 and Y203, while

higher peaks for YAM and YAP phases were observed. This shows that the reaction to

produce YAM and YAP phases was completed below 1600°C. The patterns are not

changed at 1850°C and AIN peaks were observed in aIl the patterns collected up to this

temperature, showing that AIN does not react with YAM nor with YAP. This is in

complete agreement with the thermodynamic findings presented by the isothennal

sections at 180QoC and 1700°C, shown in Figure 9-1 (c) and (d), where this composition

lies in the three-phase-region, AIN, YAP and YAM.
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Figure 9-12 is calculated for a sample consisting of7 mol% AIN, 33 mol% Ah03

and 60 mol% Y203. The liquidus temperature of this composition was calculated to he

1952°C. The important point in this composition, as May be seen from Figure 9-12, is

that the proportion of solid does not increase rapidly with decreasing temperature. This

means that this sample is not sensitive to smali changes in temperature. It can be seen

from this figure that YAM is the frrst solid to precipitate upon cooling of this

composition. It started crystallizing at 1952°C, whereas AIN and YAP started to

precipitate at 1890°C and 1847°C, respectively.

According to the thermodynamic calculations, this composition should stan

forming a liquid above 1800°C. For example, at 1825°C, 100 g of overall material ofthis

composition should consist of 8 g liquid, 85 g YAM, 2 g AIN and 5 g YAP. However, the

liquid phase was not detected at 1850°C because of its small quantity and the fact that the

measured sample temperature was lower than 1850°C when the pattern was acquired. For

the same reasons the YAP phase was detected at this temperature.

9.5 Composition 5

The development of the neutron diffraction patterns with increasing temperature up

to 2000°C for composition 5 (33 mol% AIN 20 mol% Ah03 and 47 mol% Y203) is

shown in Figure 9-13. Comparing the neutron diffraction patterns al 12000 e and that at

room temperature shows that no additional peaks evolved at 1200°C. The first noticeable

changes for this sample is observed by comparing the neutron diffraction patterns

collected at 1500°C and 1200°C. Additional peaks of YAM phase appear, whereas no

traces of Ah03 were observed at 1SOO°C, indicating complete reaction and formation of

the YAM phase. At this temperature significant amounts of AIN and Y203 were

observed. Diffraction patterns of 18000e and 1500°C are practically unchanged, proving

that no reaction occurs between AIN with either YAM or Y203- This agrees very weIl

with the isothennal sections show in Figures 8·1(c) and (d) where this composition is in

the three.phase-region AIN, YAM and Y203 at 1800°C and 1700°C, respectively.
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By heating to 1900°C y 203 peaks were completely eliminated~ unlike the YAM

peaks~ which were still present. But Figure 9-1 Cb) shows that this composition should

have only AIN as solid phase in equilibrium with Iiquid. Since this figure is consistent

with the neutron diffraction pattern collected at 1950°C~ the discrepancy is due to the

difference between the actual and the measured temperature which is estimated to be

around 30°C.

Diffraction patterns collected at 1950°C and 2000cC were practically the same,

where AIN and liquid phases were present at these temperatures. This is in complete

agreement with the isothennal section calcuIated at 2000°C (Figure 9-1 (a».

The neutron diffraction pattern of the cooling cycle for this composition is sho'Ml

in Figure 9-14. By cooling from 2000°C to 1900cC, y AM peaks appear in addition to the

already existing AIN peaks. This indicates that YAM started to recrystallize in the

temperature range of 2000cC and I900°C. Further cooling to 1850eC resuIted in

solidification of Y203 and because higher peaks of YAM and AIN is observed at this

temperature, more precipitation of them occurred. The same phases were observed at

1600°C with a difference in their relative amounts. These results agree very weIl with the

neutron diffraction patterns collected during heating of this composition and with the

isothermal sections presented in Figure 9-1.

By cooling to 800eC and then to room temperature no difference was observed

except the increase in the peak heights showing better crystallization with decreasing

temperature. At room temperature this composition consisted ofAIN, YAM and Y203.
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Figure 9-15 is calculated for (33 mol% AIN 20 mol% Ah03 and 47 mol% Y203)

composition from the thermodynamic database of the AlN-Ah03-y 203 system. Although

this composition has a relatively high melting temperature of 2157°C, liquid starts

fonning at 1861°C, as can be seen from this figure.

Cooling a sample of this composition from its melt shows that the major phase

will be liquid, down to 1898°C. Below this temperature the amount of solid increases

rapidly. For instance: a 100 g ofthis sample will be composed of97 g liquid and 3 gAIN

at 2000°C. This agrees with the neutron diffraction pattern collected at this temperature,

where AIN peaks were observed.

This Figure shows that Y203 stans ta recrystalize below 1900°C, which is

consistent with the neutron diffraction patterns collected during cooling of this sample at

1900°C and 1850°C (the latter showed Y203 peaks).
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At room temperature a 100 g sample would he composed of lOg AIN 78 g YAM

and 12 g Y203. The room temperature pattern of Figure 9-14 showed these three phases

with strong peaks of YAM phase confinning the thennodynamic calculations.



Chapter 10:

CONCLUSIONS, ORIGINAL
CONTRIBUTIONS TO KNOWLEDGE
AND SUGGESTIONS FOR FUTURE

WORK

10.1 Conclusions

The present research was conducted to establish and investigate the equilibria in the AIN

Ah03-y 203 ternary system and from the results the following conclusions can be dra\"n:

• Thermodynamic data for the three binary systems were evaluated simultaneously

to obtain one set of self-consistent model coefficients for the Gibbs energy of aIl

phases as functions oftemperature and composition.

• The phase diagrams of the AlN-Ah03-y 203 system were calculated based on the

Redlich-Kister polynomial model. The three binary systems were first optimized,

and then phase diagrams of the temary system were calculated from the optimized

model parameters.

• Very good predictions of the thermodynamic properties of the AIN-Ah03-Y203

temary system have been obtained with the polynomial model by using only
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parameters from the binary system. Five temary eutectic points occur in this

system in the temperature range 1776°C and 1861°C.

• Calculated binary phase diagrams from the obtained thermodynamic parameters

reproduce the experimental measured values from the literature very weil.

• The optimized parameters of the spinel phase describe very closely the

thermodynamic properties of this phase.

• An optimized self-consistent thermodynamic database has been developed with

the computer system, F*A*C*T. This database can now he used to predict the

phase relations and various thermodynamic properties in this three-component

system, which represents sintering process of AIN.

• Thermodynamic modeling of the AlN-Ah03-y 203 system provides an important

basis for understanding the sintering behaviour ofaluminum nitride, and explains the

experimental results:

o Samples with higher density have lower liquid formation temperature.

o Thermal conductivity is related to the chemistry of the secondary phases.

o Samples with residual Al203 and/or spinel have Iower thermal conductivity.

o Thermal conductivity decreases with the increasing amount of the YAP

phase, because YAP wets the AIN surface and prevents AIN-AIN surface

contact.

• High-purity YAG, YAP and YAM compounds have been produced successfully

through a melt extraction technique.

• The calculated Ah03-y 203 binary phase diagram was investigated using x-ray

diffraction for nine difIerent compositions. The calculated phase diagram is in

excellent agreement with x-ray diffiaction results.
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• High temperature neutron diffractometry has pennitted us to fol1ow, in real time,

the reactions involved in the Ah03-y 203 phase diagram, especially to detennine

the temperature range of each reaction, which would have been impossible to

detennine ex situ.

• Formation of the stoichiometric compounds in the Ah03-y 203 sub-system and

their melting points were detennined using high temperature neutron

diffractometry as:

o YAG phase starts fonning below 1200°C and the reaction finishes

between 1500°C and 1600°C. y AG melts in the temperature range of

1950°C to 2000°C.

o y AP phase requires higher temperature to fonn when compared ta YAG.

It starts fonning in the temperature range of 1200°C to 1500°C and

finishes between 17000 e and 1800oe. yAP melts at a temperature higher

than 1900°C.

o And the reaction ofYAM phase starts below 1200°C and finishes between

1700°C and 1800°C. So even though YAM started ta form at lower

temperatures than YAP, the reaction was completed in the same

temperature range. YAM needed higher temperature than 1950°C to melt.

• Experimental investigation of the equilibria AlN-Y203 system was perfonned

using in situ neutron diffractometry:

o There is no reaction or mutuaI solubility between AIN and Y203.

a The equilibria in AIN-Y203 can he described as simple eutectic binary

phase diagram.

a The eutectic temperature IS between 1950°C and 2000°C and the

composition is 47 mol% AIN.

a Experimental results are consistent with the thennodynamic findings of

AIN-y 203 system.
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• AlN-Ah03-y 203 temary phase diagram was investigated and verified

experimentally using in situ neutron diffiactometry:

o Thermodynamic calculations of AIN-Ah03-Y203 agree with the

experimental results.

o There is no reaction between AIN and YAG, YAP, YAM or Y203 which

supports the thermodynamic findings.

o Discrepancy between experimental results and thennodynamic

calculations of spinel decomposition temperature was encountered.

Nevertheless, spinel slow reaction and criticai thermodynamic properties

have been previously reported in the literature.

10.2 ORIGINAL CONTRIBUTIONS TO KNOWLEDGE

• AIN-Ah03-Y203 temary phase diagram was constructed for the tirst time in this

work. This includes thermodynamic calculation of the equilibria in this system in

addition to the experimental verification.

• High temperature in situ neutron diffraction investigation up to 2000°C was

conducted for the frrst time in this work. This yielded to full understanding of the

reaction and phase fonnation in AIN-Ah03-Y203 temary system during heating

and crystallization of these phases during cooling.

• This is a tirst attempt to expIain the sintering behaviour of AIN sintered with

y 203 as an additive, using thermodynamic modeling of the AIN-Ah03-y 203

temary phase diagram.

• Unique dYDamic determination of the formation and melting temperatures of the

stoichiometric compounds in Ah03-y 203 was established in this study.

• • AlN-Y203 is thermodYDamically modeled and experimentally verified in situ at

high temperature for the tirst time in this research.
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10.3 Suggestions for future work

167

• ln situ high temperature is not restricted to the field of phase diagram elaboration.

[t should bring precise infonnation on other processing techniques. Sintering

processes of AIN or other ceramic materials cao be continuously monitored at

different working conditions. Using this technique will reveal important

information such as: the temperature at which liquid fonnation initiates, the

shrinkage rate, and the optimum time required for full densification.

• ln this study, it was possible to produce pure YAG, YAP and YAM phases using

the melt extraction technique. Since these compounds have applications in

electronic industry, a complete study of establishing suitable processes for

manufacturing modified compounds ready for electronic applications is required.

• High temperature differential thennal analysis (DTA) up ta 2000°C should be

used to study the equilibria in the AIN-Ah03-y 203 temary system. This technique

provides measured thermodynamic data for different compositions from which

thermodynamic properties such as enthalpy, entropy and heat capacity can be

generated and an experimental phase diagram can be constructed.

• Implementing the methodology used throughout this research to other ceramic

materials, especially when the equilibria phase diagram are lacking, such as in the

case ofSbN4 and SiAION.
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APPENDIXA

In order to calculate a neutron diffraction pattern" the crystal structure, as weil as,

the atoms positions in the unit cell must he known. Because the peak positions, 29,

depend on the wavelength used and the spacing of the lanice planes, d. As summarized

by Bragg"s law:

sin28=~
2d

And any calculation of the intensity of a diffracted heam depends on the structure

factor. The structure factor is detennined by the arrangement of atoms within a unit cell.

ln other words crystal structure and atoms positions in the unit cell in addition to À. must

he known to caIculate neutron diffraction pattern.

Crystal structure descriptio~ lanice parameters, atoms positions in the unit cell

and the corresponding calculated neutron diffraction pattern for the needed phases will he

demonstrated in this appendix.

A-1 Neutron Diffraction Pattern Calculation of Alz0 3

c~
a

(b)

(a)

Figure A-1: (a) A/]O] unit cell, (b) (001) projection.
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Table A-l: Crystal Structure data ofAl:!03 [122,123,124].

Structure Corundum

Spacegroup R -3 2/e

Spacegroup number 167

Lanice parameter a b c

(A) 4.759(0) 4.759(0) 12.992(0)

a ~ y
Angles

90.00 90.00 120.00

Atoms in unit cell 30

Table A-2: Atoms positions in the unit ce// ofAhOJ [122].

182

1454

727

o

Atom Wyckoff position x y z

Al 12e 0.0000 0.0000 0.8520

0 ISe 0.3060 0.0000 0.2500

PowdctCell 2.2

- . 1 1 1 1

CORUNDUM
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Figure A-2: Calculated neutron diffraction patternfor AI]Oj_
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A-2 Neutron Diffraction Pattern Calculation of Y203

y

l('1tt)t i(

~~~
j <1~ ~

~_~ ~~ ~JI.hL- - ~ _..$ •

• 0

c a
(a) (b)

Figure A-3: (a) Unit cel/ OfY203 (b) (DOl) projection.

Table A-3: Crystal Structure data O/Y203 [48,109,124,128].

Structure Cubic

Spacegroup [2 lIa-3

Spacegroup number 206

Lattice parameter a b c

(A) 10.608(7) 10.608(7) 10.608(7)

a J3 y
Angles

90.00 90.00 90.00

Atoms in unit cell 80
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Table A-4: Atoms positions in the unit cell ofY20j [109].

Atom Wyckoff position x y z

YI 8a 0.0000 0.0000 0.0000

Y2 24d 0.9686 0.0000 0.2500

0 48e 0.3890 0.1500 0.37700
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Figure A-4: Calculated neutron diffraction pattern for Y20 j.



Appendices

A·3 Neutron Diffraction Pattern Calculation of VAG
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Figure A-5: (a) YAG unit cell (b) (001) projection.

Tahle A-5: Crystal Structure data ofYAG [41.,46,60}.

(h)

185

Structure Gamet

Spacegroup 14_1/a -3 21d

Spacegroup number 230

Lanice parameter a b c

(A) 12.016(3) 12.016(3) 12.016(3)

a Jl y
Angles

90.00 90.00 90.00

Atoms in unit cell 160
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Table A-6: Atoms positions in the unit cel! ofYAG rJ29].

Atom Wyckoff position x y z

y 16c 0.1250 0.0000 0.2500

AlI 16a 0.0000 0.0000 0.0000

AI2 24d 0.3750 0.0000 0.2500

0 24h -0.0400 0.0550 0.1400
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Figure A-6: Calculated neutron diffraction patternfor YAG.
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A-4 Neutron Diffraction Pattern Calculation of YAP
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Figure A-7: (a) YAP unit cell, (h) (00/) projection.

Table A-7: Crystal Structure dala ofYAP [4/,/03./32,133}.

Structure Orthorhombic

Spacegroup Pnma

Spacegroup number 62

Lanice parameter a b c

(A) 5.330(2) 7.375(2) 5.180(2)

a p y
Angles

90.00 90.00 90.00

Atoms in unit cell 20
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Table A-8: Atoms positions in the unit cell ofYAP [133].

188

Atom Wyckoff position x Y z

YI 4c 0.5526 0.2500 0.5104

AlI 4b 0.0000 0.0000 0.5000

01 4c 0.9750 0.2500 0.4140

02 8d 0.2930 0.0440 0.7030
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Figure A-8: Calculated neutron diffraction patternfor YAP.
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A-5 Neutron Diffraction Pattern Calculation of YAM

y
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Figure A-9: (a) YAM unit cellt (b) (001) projection.

Table A-9: Crystal Structure data ofYAM{51,53, 132, 134}.

Structure Monoclinic

Spacegroup P 1 2 Ile 1

Spacegroup number 14

Lanice parameter a b c

(A) 7.4706(5) 10.535(6) 11.1941(8)

a p y
Angles

90.0090.00 108.888(5)

Atoms in unit cell 60
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Table A-ID: Atoms positions in the unit cell ofYAM[53].

190

Atom Wyckoff position x y z

YI 4e 0.5244 0.1080 0.7864

Y2 4e 0.0221 0.0944 0.8066

Y3 4e 0.3390 0.1206 0.4370

Y4 4e 0.8382 0.1206 0.4173

ALI 4e 0.2300 0.1820 0.1320

AI2 4e 0.6540 0.1810 0.1170

01 4e 0.2150 0.0180 0.1560

02 4e 0.6880 0.0050 0.1620

03 4e 0.0830 0.0050 0.3940

04 4e 0.5680 0.0060 0.4010

05 4e 0.2230 0.2610 0.2640

06 4e 0.0740 0.2310 0.9820

07 4e 0.7820 0.2660 0.2450

08 4e 0.6520 0.2370 0.9580

09 4e 0.4290 0.2310 0.1110

PowdcrCellU

243 ~--,----r----r--"'---'r-----r---r--""'--'r---....,...-...,--"'---r----r--r-"""1

YAM

122

o

lOIS 20 2S 30 3S 40 4S SO 55 60 6S 70 75 80 85

Figure A-ID: Calculated neutron diffraction pattern for YAM
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A-6 Neutron Diffraction Pattern Calculation of Spinel

191

The lanice parameter of spinel varies with composition from 7.951A (nitrogen

rich) to 7.938A (oxygen-rich). Equation A-l relates the lanice parameter of spinel to the

bulk oxygen content of fully dense single phase spinel material as detennined by Guillo

[137]. For this reason and because nitI'ongen and oxygen atoms occupY the same sites,

crystal strucuter ofspinel was not drawn.

A= 7.914 + 0.117(X) .......................A-l

•

Where A is lanice parameter in angstroms and X = 18 to 32 mol% AIN.

Table A-Il: Crystal Structure data ofspinel [64,68,115J.

Structure Cubic

Spacegroup F4 I/d-3 2/m

Spacegroup number 227

Lanice parameter a b c

(A) 7.9526(5) 7.9526(5) 7.9526(5)

a ~ y
Angles

90.00 90.00 90.00

Atoms in unit cell 56

Table A-12: Atoms positions in the unit cell ofspinel [68,115}.

Atom Wyckoff position x Y z

Ail 8a 0.0000 0.0000 0.5104

Al2 16d 0.6250 0.6250 0.6250

O+N 32e 0.8688 0.8688 0.8688
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Figure A-/1: Calculated neutron diffraction patternfor spinel when a = 7.9526(5).



APPENDIXB

ln order to eosure the stability of the compounds DTA of the YAG, YAP and

y AM was performed at temperatures ranging from 400 to 1400°C with a heating rate of

10°C/min. DTA traces of heating and cooling of YAG, YAP and YAM phases will be

discussed in this appendix.

8-1 Differentiai thermal analysis of YAG

- Heating (10°C/min)
-Cooling (10°C/min)
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Figure B-12: DTA traces ofcooling and heating ofYAG phase.

It can be seen from the above figure that there are no peaks in the heating trace.

This indicates that there is no phase transfonnation of YAG up to 1400°C. Aiso no

furthermore peaks in the cooling trace were identified which means no decomposition of

y AG occurred while cooling from 1400°C to room temperature. The same behaviour was

observed for YAP and YAM.
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8-2 Differentiai thermal analysis of YAP
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Figure 8-2: DTA traces ofheating ofYAP phase.

8-3 Differentiai thermal analysis of YAM
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Figure B-3: DrA traces ofcoo/ingand heatingofYAMphase.


