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base to cover 0eO 2 , HfO 2 , ZrO2 and TIO which are of interest In
applIcationE requiring toughness and structural performance at high

temperatures. This has been effected by employing available sources of

thermochemical and phase diagram data. Recently It has been shown that
by alloying 0eOn with SIO a whole range of glasses can be synthesized2 2with tailor-made coefficients of expansion. Utilization of such

compositionE offers the possibility of enhancing the high temperature

oxidation resistance of ceramic compositeE in which a mixed GeOSlO
2 2

phaEe with a desired CTE would replace the conventional SiO 2 as a
filler. \One of the major obstacles In the development of complex

composite \ystems is the lack of phase diagram information which can be

used to gui e the fabrication and processing of a new material and help

to predict its performance. The current methods of employing models to

predict high temperature behaviour has proven useful when basic data is

unavailable or too costly and time consuming to obtain by conventional

means. Tnis method consists of developing a data base of
thermochemical and phase diagram Information In analytical forr and

employing computer models to extend the description to binary and

ternary systems. This technique was also applied In order to provide

Information relative to the development of oxidation resistant coatings

for superaJloys through calculations of the Cr-Si-NI and AI-Ni-Si

systems between 700K and 1500K to establish minimum liquiduE

temperatures relevant to the allicide coating technology as well as

descriptions of the CrO 2-Si0 2 and NiO-SiO 2 system was provided.

Calculations of the Fe-Ni-O, Fe-Cr-0, TI-C-4 and Al2 O 3-Y2 0-ZrO 2
e[sten.s were performed on thc new "Thernocalc" system,

developed at the Royal Institute of Technology Jr, Stockholr. These

caxulatlonE which were carried out at the Massachusetts InEtitute o f

lechnolo£y in Carridge, Vassachusetts and at the Natlona] Bareau of

Standard, Ir, Oaitheraberi, Kary]and &! locatlors which were rerote fro-

thE 'Tr.ernoca c" rrorrar-F which wt-re rt rrre oy, VA comjluterr.
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ABSTRACT

A data base Is being developed for calculation of quasi-binary and

quasi-ternary phase diagrams of ceramic systems. Previous segments of

this base cover combinations of Cr203 , 0 gM0, A1203, Sio 2 CaO, SI3N4,

AlN, BeO, Y203 and Ce2 0 * Sixty-six quasi binary and nineteen quasi

ternary systems have been calculated. The current work extends the

base to cover Ge0 2, HfO 2, ZrO 2 and TiO 2 which are of Interest In

applications requiring toughness and structural performance at high

temperatures. This has been effected by employing available sources of

thermochemical and phase diagram data. Recently It has been shown that

by alloying GeO 2 with SIO 2 a whole range of glasses can be synthesized

with tailor-made coefficients of expansion. Utilization of such

compositions offers the possibility of enhancing the high temperature

oxidation resistance of ceramic composites In which a mixed GeO 2-SIO 2

phase with a desired CTE would replace the conventional SiO 2 as a

filler. One of the major obstacles In the development of complex

composite systems Is the lack of phase diagram Information which can be

used to guide the fabrication and processing of a new material and help

to predict Its performance. The current methods of employing models to

predict high temperature behaviour has proven useful when basic data Is

unavailable or too costly and time consuming to obtain by conventional

means. This method consists of developing a data base of

thermochemical and phase diagram information In analytical form and

employing computer models to extend the description to binary and

ternary systems. This technique was also applied In order to provide

Information relative to the development of oxidation resistant coatings

for superalloys through calculations of the Cr-SI-NI and Al-NI-Si

systems between 700K and 1500K to establish minimum liquidus

temperatures relevant to the sllicide coating technology as well as

descriptions of the CrO2-SIO 2 and 110-SIO 2 system was provided.

Calculations of the Fe-NI-O, Fe-Cr-O, TI-C-N and Al 0 -Y 0 -ZrO 4
systems were performed on the new "Thermoca'c" system H

developeJ at the Royal Institite of Technology In Stockholr. These

calculatIonE which were carriel out at the Massachusetts InmtItute of _

Technology In Cambridge, Masschuse-tts anil a, the National Bureau of

Standards Ir Oaithersberg, Maryland at lor4tlo t which were remote fror-

the. "Triermocal r" programs whhc', were st-rte I or. VAX comj uterE .
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I INTRODUCTION AND SUMMARY

A data base is being developed for calculation of quasi-binary and

quasi-ternary phase diagrams of ceramic systems. Previous segments of

this base cover combinations of Cr 203 , MgO, A1203, SiO 2, CaO, SI3N 4,

AiN, BeO, Y203 and Ce203. Lattice Stability, Solution and Compound

Phase Parameters have been derived covering the liquid, spinel,

corundum, perilase, crystobalite, tridymite, quartz, hexagonal and beta

prime phases which appear In the binary systems composed of pairs of

these compounds. Compound phases formed from specific binary

combinations of these compounds (i.e. MgO Cr2 0 3) have been

characterized. This description Is based on observed thermochemisty

and phase diagrams for the binary systems of interest. Selected

ternary systems have been computed based on the foregoing data base for

comparison with experimental sections In order to illustate the

usefulness of the data base. To date, sixty-six quasi binary and

nineteen quasi ternary systems have been calculated. The current work

extends the base to cover Oe0 2 , Hf0 2, ZrO 2 and TiO 2 . The components

are of particular interest in applying ceramic systems in applications

requiring toughness and structural performance at high temperatures.

This has been effected by employing available sources of thermochemical

and phase diagram data. High temperature ceramics have received

increased attention during the last few years for structural, thermal

protection and engine applications. SIALONS and combinations of

zirconla and hafnia with A12 03, SIC and Si3N 4 have been shown to

develop strength and toughness. This has opened the door to a whole

range of new uses for these materials. Recently Slichting and

co-workers have shown that by alloying OeO 2 with SIO2 a whole range of

glasses can be synthesized with tailor-made coefficients of expansion.

Utilization of such compositions offers the possibility of enhancing

the high temperature oxidation resistance of ceramic composites In

which a mixed 02-SIO2 phase with a desired CTE would replace the

conventional SI02 as a filler. This kind of compositing would open an

entire spectrum of new optuortunltles for synthesis of high temperature

ceramics. One of the major obstacles In the development of complex
composite systems Is the lark of .h4ase diaira- information which can be



used to guide the fabrication and processing of a new material and help

to predict Its performance. The current methods of employing models to

predict high temperature behaviour has proven useful when basic data Is

unavailable or too costly and time consuming to obtain by conventional

means. This method consists of developing a data base of

thermochemical and phase diagram Information in analytical form and

employing computer models to extend the description to binary and

ternary systems. Recently J. Lorenz et al. applied this method
successfully to SiC-ZrO 2 and SiC-ZrO 2-A203-SiO2 in order to evaluate

composition effects and identify fabrication conditions. In the

present work, the data base has been expanded by analyzing the

following quasi-binary systems: GeO 2-Hf2, Ge02 -Ti02, GeO2-A2039

GeO 2-MgO, GeO 2-CaO, Ge0 2-Si02, TiO 2-MgO, Hf0 2-Si02, HfO 2-MgO, HfO 2-CaO,

Al 2 0 3 -HfO 2 , HfO2-Y 2 03, HfO 2-TiO 2, Ce203-Al2 03, ZrO 2 -HfO 2, Zr0 2-SiO 2,

ZrO 2 -CaO, Y2 03 -CaO, Y2 03-MgO, TiO2 -AI 2 03 , TiO2 -Si0 2 , TiO2 -CaO and

TiO 2-Y2 03. These results when combined with earlier findings were

employed to compute a range of isothermal sections in the following

quasi ternary systems sufficient to define their characteristics:

MgO-TiO2-Sio 2 , MO-Si0 2 -Ge0 2 , Ge0 2 -MgO-CaO, HfO 2 -CaO-MgO,

HfO 2-SiO 2 -Zr0 2 , HfO 2 -CaO-Y 203 , HfO 2 -MgO-Y203, HfO 2-CaO-ZrO 2 P
SIO 2-HfO 2-Y MgO-SiO 2-HfO 2 TO2-A203-MgO, Al 20 3-TiO 2-SiO 2

TiO 2-A2 0 3-HfO 2 and MgO-SiO2 -TiO 2 .

The coupled thermochemical/phase diagram technique was also

applied in order to provide information relative to the development of

oxidation resistant coatings for superalloys. Thus, calculations of

the Cr-Si-Ni and Al-Ni-Si systems between 700K and 1500K in order to

establish minimum liquidus temperatures relevant to the silicide

coating technology. In addition a description of the Cr0 2-SiO 2 and

NIO-SiO 2 system was provided.

Finally, calculations of the Fe-NI-0, Fe-Cr-O, Ti-C-N and

A2 03-Y 2 03- ZrO 2 systems were performed on the new "Thermocalc" system

developed at the Royal Institute of Technology in Stockholm. These

calculations which were carried out at the Massachusetts Institute of

Technology in Cambridge, Massachusetts and at the National Bureau of

Standards In Gaithersberg, Maryland at locations which were remote from

the "Thermocalc" programs which were stored on VAX computers. This
work serves to Illustrate how modern computing systems for calculating

multicomponent phase diagrams can be used effectively to deal with a

wide variety of practical problems.

".".. •".". , " , ." " ,' ' ," , " ' \ '," . -" "."-. ."-' '."-" , ."-" • 6
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II CALCULATION OF THE Cr-Si-Ni, Al-Ni-Si, CrO 2-Sio 2 , and NiO-Si0 2

PHASE DIAGRAMS

Slicide coatings being considered for application to superalloy

systems for special applications. Whenever such coatings are applied

and the system heated the interactions between coating and base alloy

can produce instabilities which reflect the phase diagram formed along

the Join between coating and base In specific directions. In order to

gain some insight into such reactions the Cr-Si-Ni, Al-Ni-Si, CrO 2 -SiO 2

and NiO-SiO 2 phase. diagrams were computed along lines described earlier

(1,2). the results are shown in Tables 1 and 2 and Figures 1-10 for

the metallic systems and Table 3 and Figures 11 and 12 for the oxide

systems. The metallic systems are based on the previous descriptions

of the metal-silicon systems (3) and the Cr-Ni (4) and Ni-Al (5)

systems. Tables 1 and 2 show that all of compound phases were

considered to be ideal solutions and that only the ternary sigma phase

was added to the Cr-SI-Ni system. Reference to Figures 1-5 shows that

an extensive liquid zone exists at 1500K but this zone is virtually

eliminated at 1300K. The equilibria calculated below 1300K is in

agreement with experimental finding (6-8). The Al-Ni-Cr results in

Figures 6-10 show extensive liquid fields at 1100K. The calculated

equilibria at low temperature is in agreement with experimental results

(9,10).

The calculated Cr0 2-SiO 2 and NiO-SiO 2 phase diagrams shown in

Figures 11 and 12 show liquids above 1880 and 1900K respectively.

4



TABLE 1

SUMMARY OF COMPOUND PARAMETERS FOR UNSTABLE COUNTER PHASES AND COMPOUND

INTERACTION PARAMETERS IN THE Cr-Si-Ni System.

Compound Chemistry Name Base Phase Cak CAB

Joules/ Joules/

g.at g.at

(CrNi).7 5 Si. 2 5  W B 0 0

(Cr,NI) 6 2 5Si 3 7 5  U B 0 0

(Cr,Ni) 5Si 5  Q B (Cr 5 Si and 0

Ni Si are stable)
.5 .5

(Cr,Ni) 6 67Si.333 Z B 0 0

(NiCr).3 33 Si. 667 R A 0 0

(NiCr).6 Si. 4 P A 0 0

(Ni,Cr).6 6 7 Si H A 0 0

(NiCr).7 1 4Si. 2 8 6  T A 0 0

(Ni,Cr).7 5Si. 2 5  X A 0 0

Cr. 6 1 Si .11 Ni.28 Sigma B C=13807 + 8.368T

(Ternary Phase)(Melting Point 15220 K, Entropy of Fusion=13.26 J/g.at°K)

TABLE 2

SUMMARY OF COMPOUND PARAMETERS FOR UNSTABLE COUNTER PHASES AND COMPOUND

INTERACTION PARAMETERS IN THE Al-Ni-Si System

Compound Chemistry Name Base Phase C k CAB

Joules/ Joules/

g.at g.at

(A1,Si) 7 5Ni.25  V A 0 0

(Al,Si).6 Ni.4  S A 0 0

Ni 7 5 (Al,Si) 2 5  X A Ni 7 5 A1 2 5 and 0

Ni Si are stable
•75 .25

Ni 3 3 3 (SI,Al) 6 6 7  R A 0 0

Ni (SiAl) Q B 0 0
. 5 .5

Ni. 6 (SI,A1).4 P A 0 0

Ni 6 6 7 (Si,Al) 3 3 3  H A 0 0

Ni. 71 (Si,AI) 2 8 6  T A 0 0

5
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TABLE 3

SUMMARY OF LATTICE STABILITY, SOLUTION AND COMPOUND PARAMETERS FOR THE

CrO 2 -S1O 2 AND NIO-SbO 2 SYSTEMS (Units In J/g.at and J/g.at0 K)

CO a 1/3CrO 2, NO-1/2NiO, CO-I/3CrO2 , L-Liquid, C-Corundum,

X-Crystoballlte, TaTrydlimite, P-Periclase

CDCOLC-34351-13.47I NONOLP-25158-1.30T

COCOLX- -1.67T NONOLX- -1.67T

SOSOLC- -2.09T NONOLT- -2.01T

SOSOLP- -2.09T

SOLUTION PARAMETER

LCOSO-LSOCO68200 O<XNO<0.43

CCOSO-CSOCO-151879 LSONO-33472 LNOSO=379070-225.94T

XCOSO-XSOCO-151879 XSONO-115688-41.8T XNOSO=400000-225.94T

TCOSO-TSOCO-151879 TSONO-115688-1.ST TNOSO-400000-225.94T

0. 43<XNO<I .0
LSONOuI47310-97.15T LNOSO=228166-97.15T

PSONO-189150-97.15T PNOSO-270006-97.15T

COMPOUND PARAMETER

FA=Payale=(SO. 9NO )=1/7(SIO .2Ni0)
PA-ay.ie-SO 2 9  .571 2'

Base-P, Compound Parameter=198711-1O2.34T

* ' " £' f 'P s 2,2? V " .'.£ ' Z '-" 22 ". ' . , '' "."" , "" ". . - ', - " .- ""'-.
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III. CALCULATION OF QUASIBINARY AND QUASITERNARY
CERAMIC SYSTEMS

by

Larry Kaufman

ManLabs, Inc.

21 Erie Street, Cambridge, Massachusetts 02139

(Presented October 1986, ASM Symposium on USER APPLICATIONS OF PHASE

DIAGRAMS, Orlando Florida Proceedings to be published In 1987)

ABSTRACT particular interest In recent

developments of structural high
A data base Is being developed for temperature ceramics and applications
calculation or quasi-binary and requiring unusual toughness. (6). In
quasi-ternary phase diagrams of order to expand the data base nineteen

ceramic systems. Previous segments of quasi-binary systems have been
this base cover combinations of Cr203, analyzed and ten quasi-ternary systems
V40, A1203, SiC 2, CaO, SI3N4, AlN, have been calculated over a wide range
BeO, Y203 and Ce2o3. Lattice or temperatures. These samples
Stability, Solution and Compound Phase demonstrate the capability of the data
Parameters have been derived covering base and computational model for
the liquid, spinel, corundum, dealing with phase equilibria In
periclase, crystobalite, trldymite, multicomponent oxide systems over a
quartz, hexagonal and beta prime wide range of conditions and
phases which appear In the binary compositions of practical interest.

systems composed of pairs of these

compounds. Compound phases formed
from specific binary combinations of INTRODUCTION

these compounds (I.e. MgO*Cr2o 3 ) have
been characterized. This description Previous papers in the current series
Is based on observed thermochemistry (1-1) provide descriptive information

and phase diagrams for the binary for computing condensed phase
systems of interest. Selected ternary equilibria In ceramic systems. In
systems have been computed based on view of current interest In applying
the foregoing date base for comparison ceramic systems In applications

with experimental sections In order to requiring toughness and structural
illustrate the usefulness of the date performance at high temperatures the
base. The present paper extends the present data base Is belng extended to
data basu to cover GeO 2. Hfo,, ZrO, cover GeO,, HIfO?. Zr.1 and TIO2 . Thlik

a,,1 7 I. ,(. r((!.j 'fnents are of har been effertel t)' un,]oying

20



available sources (7-9) of the description to binary and ternary

thermochemical and phase diagram data. systems. Recently J. Lorenz et al.

High temperature ceramics have (12) applied this method successfully

received increased attention during to SiC-ZrO 2 and SIC-ZrO 2 -Al 2 03 -SiO 2 in

the last few years for structural, order to evaluate composition effects

thermal protection and engine and identify fabrication conditions.

applications. SIALONS and In the present paper, the data base

combinations of zirconia and hafnia has been expanded by analyzing the

with A1 2 03 , SiC and Si 3N have been following quasi-binary systems:

shown to develope strength and GeO 2 -HfO 2, 0eO 2 -TiO 2, GeO2-Al 203

toughness. This has opened the door Ge0 2 - .g0, GeO 2 -CaO, Ge0 2 -SiO 2,

to a whle range of new uses for these TiO 2 -MgO, HfO2 -Si0 2 , HfO 2 -MgO,

materials. Recently Slichting and HfO 2 -CaO, Al 2 03 -HfO 2, HfO 2 -Y 2 03,

co-workers (10-11) have shown that by HfO-TiO 2, Ce 2 03 -Al 203 , ZrO 2 -HfO 2 ,

alloying GeO 2 with SiO 2 a whole range ZrO 2 -Sio 2, ZrO 2 -CaO, Y2 0 3-CaO and

of glasses can be synthesized with Y2 03 -MgO. These results when combined

tailor-made coefficients of expansion, with earlier findings (1-5) were

Utilization of such compositions employed to compute a range of

offers the possibility of enhancing isothermal sections in the following

the high temperature oxidation quasi-ternary systems sufficient to

resistance of ceramic composites in define their characteristics:

which a mixed GeO 2 -SiO 2 phase with a MgO-TiO 2 -SiO 2 , MgO-SiO 2 -Ge02 ,

desired CTE could replace the GeO 2 -MgO-CaO, Hf02-CaO-MgO,

conventional SiO 2 as a filler. This HfO 2 -SiO 2 -Zr0 2 , HfO2 -CaO-Y 2 03 ,

kind of compositing would open an HfO 2-MgO-Y2 03 , HfO 2 -CaO-ZrO2 ,

entire spectrum of new opportunites Sio 2 -HfO 2 Y2 03 and MgO-SiO 2 -HfO 2.

for synthesis of high temperature

ceramics. One of the major obstacles

in the development of complex LATTICE STABILITY VALUES

composite systems is the lack of phase

diagram information which can be used Table 1 defines the lattice stability

to guide the fabrication and values employed in the current study.

processing of a new material and help Data for the stable forms were taken

to predict its performance. The from Kubaschewski and Alcock (7). The

current methods of employing models to remaining values were adopted along

predict high temperature behaviour has with the lines employed previously.

proven useful when basic data is As shown in Table I the present

unavailable or too costly and time analysis is based on one gram atom of

consuming to obtain by conventional compound and/or solution phase.

means. This method consists of Moreover, disociation of the

developing a data base of components or vaporization Is not

thermochemical and phase diagram considered!

information in analytical form and

e ;,lovItrg coniputur models to extend
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BINARY SYSTEMS based on the experimental phase
dlagram In Figure 264 (E) and the

Sables 2-4 and Figures 1-19 summarise analogous SO-MO results (2). This
the results for the binary systems system exhibits a liquid miscibility

listed above. The solution phases are gap and a number of compound phases

described as subregular solutions which have similar stoichlometry to

along the lines of Equations (1) and the SO-MO compounds Enstatite (E) and

(2) of reference 4. When the Fosterite (F). The GO-DO

sutregular parameters are equal (I.e. (l/3GeO2-1/2CaO) case shown In Figure

GO-HO in Table 2) the solutions are 5 Is based on the experimental diagram

regular, degenerating to Ideal given In Figure 4309 (F). Figure 6

solutions for the liquid n HO-MO or shows the GO-SO phase diagram

al of the HO-ZO phases. The compound (l/3GeO 2 -l/3SiO ) which is based upon

phases are defined at fixed the experimental diagram in Figure 357

compositions (i.e. Equations 3-6 of (8). The latter is restricted to the

reference L) in terms of the compound low temperature range, however it Is

parameter and the base phase. The sufficient to permit definition of the

latter values are listed In Table 3 solution phase parameters listed In
for the compounds of Interest while Table 2. The system Is distinguished

Table 4 shows the Gibbs energy of by a large range of solid solution

formation for these compounds from the within the H phase which is a stable

component oxides. Figure I shows the form of GeO 2 and SIO 2. This

calculated GO-H0(1/2Ge0 2 -l/2HfO2 ) continuous solid solution is

system derived fron the description Indoubtedly the basis of Slichting's

contained In Tables 1-A. This phase finding that permitted a continuous

diagram was taken to compare with the variation In the coefficient of
analogous (SO-HO) case given by Figure thermal expansion between the low

4443 (8). The system exhibits very values characteristics of SIO 2 to the

little mutual solubility In the solid Ge0 2 value, more compatible with the

phase and an equimolar compound expansion coefficients exhibited by

Go HO The GO-TO case shown in metals. The TO-MO diagram shown in
.5 .5*

FIgure 2 Is based on the experimental Figure 7 Is based on the experimental

phase diagrar In Figure 358 (8). The diagra, gIven in Figure 4336 (8).. The

syster Is characterized by a SO-HO phase d1agran calculated on the

r'scb'ty gal, ( 1 h 2 ) In the basis of the parameters listed In

ruti2e solid solution. The GO-AO Tables 1-3 and shown In Figure 8
yFter, In FIgure 3 Is based on the exhit,s lt ttle s.lut:lity In the

exlerirental diagra- Eiven In Figure so]id ar;J one equIrr.Der compound In
0372 (8) and the earlier analog SO-AO keeTIn E with Figure Ui.3 (8). The 1/3

enblysis (21. Thls ryster, exhibits HfO 2 -l/PMLO (HO-MO) case

little solutIlity In the solid and a displayed in Figure 9 shows some

,n1nZ12 co-;,ound analogcus to the SO-AO solubility In the cubic structure

r:,it,. ,. ca]culated Go-rCO phase tbasr-d on H"<. aro no corpounds. Thi

&3n Is wi drlrid c', thf tb!Il
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cf Figur. 5159 (9). b contrbst the diaErar Is based on asEuMnin Ideal

YI ;-CaO syEter IT, FiEure 10, while solutions for each of the solution

airlar to the HfO 2 -?.D case exhibits phases as can be seen In Table 2.
two compoundt designated F and Q. Figure 16 displays the calculated

TtLs phase diagram is based on the ZO-SO phase diagram which Is derived

work of Senft and Stutican (13). Tne from Figure 2400 (@) and the above

1O-AO case Ir, Figure 1I is based on noted HO-SO analysis. This systen Is

the analoou. 2O-AO syster, Figure characterized by a symetrical

4 8 (8), nirI.Iwg ttle volutilIty in riscibIlIty Eap, little solubility Ir.

E.-r:::! ;ha.-f a-.:: r. con~pcnundE. A the soli!d phases and ar. equincl.ar
v r. extenrive rargt cf solubility in compound which decomposes prior to

tctr, the cutlc structire based on HfO melting Into tetraEona. ZrO 2 and

&Yo that tased or, Y. ) is Illustrated crystotallite. The 20-DO system show-,

!-. the } -YC' case stowr, In Figure 12 in Figure 17 Is based on Figure 5392

w),:ch Is derived from Figure 4 436 (8). (9). It Is quite similar to the H0-DZ

Irspectior. of Table 2 shows that this system. in Figure with two compound

syten Is defined by solution phase phases and some solid phase solubility

parameters which tend to be postive especially In the cubic phase. The

ever nost cf the tenperature range of YO-D3 and YO-YO diagrams shown In

Ir.terert. Tni iF In keeping with the Figures IF and 19 comilete the set of

atsence of compoand phases and the systens considered here. The

observation that the dominant A solid YO-VO(l/5Y2 0 3-/2gO) case in Figure

solution phase decomposes. This will 19 Is based on Figure 5156 (9).

be discussed further In the Neither system contains compounds or

calculation of the SIO 2 -Hf 2 -Y 2 0 3  substantial solubility In the solid.

Eystem. in the next section of this Examination of Sable 2 shcwE that most

paper. Figure 13 shows the HfO 2 -TIO 2  of the solution phases exhibit small

system based upon the analogous 20-TO Interaction parameters except for

case shown In Figure 4452 (8). This those cases where limited solubillty

system exhibits solid phase solubility occurs leading to large positive

in the cubic phase based on HfO 2 and Interaction parameters.

the rutile phase based on TIO 2 . In

alddtlor an eQui..o2ar compound In this

syste. iS stable and melts TERKA;Y SYSTEME

ccngruerjt:.. Figure It shows the

Caliulated CE-AO( I/ eC -I/5AI203 The de rl~tcr+ of the f-orgoInE

Ste7 whI c. IF bared c, Figures 356 systenf combned wIth, thore Iresented

4f f ir, referere ( E . The eyster earlier (1-1 ) have teen e-.j cyed to

tc-,tL:.5 tw: co:;:u-r detr!7, ted as T calculate Isctherral secticr, In ten

&,a,: Q i gurt 0,'.t decomposes qjuhr-ternary systemr over a wide

SC CL) ar, A at L ow rare of ten.eratureF. The results of

t(';e-rht ur . 7it .- -'C,. Eyster, is th(,( calculations art presented In

. " . r, Y , '. i tared or FrFur.r I'.-. . . r e -  case the

44. . (L .L F rU'ru a Ied phrii I; r, rI qu!, na 2 r.,- ys ter a r.
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arrangru i. tne appropriare terrary comptilollty resulcs given in ?igure

orientation to permit interpretation 720 (8). Figures 24-26 display the
of the ternary sections. Thus the calculated isothermal sections for the

analysis of the MO-TO-GO case begins GO-MO-SO syster. The sections at
with Figure 20 showing the component 1200OK and 9000K are in agreement with

quasi-binary systems. The calculated the compatibility relations shown in

isothermal sections for this system Figure 717 (8). The high temperature

between 2800 K and 7000 K are shown in equilibria is dominated by the liquid

Figures 21-23. Figure 720 (8) shows a miscibility gap entering from the

set of compatibility relations for GO-MO edge and the Enstatite (E -

this system. Examination of Figures MO.(GO,SO) A) and Fosterite (F -

21-23 show how the phase fields MO 5 7 1 (GO,SO). 29) compounds. The

covered by the liquid shrinks as the calculated isothermal sections in the

temperature is reduced with the final GO-MO-DO system shown in Figures 27-29

bit of liquid disappearing between were derived on the basis of the

16000 K and 15°Q0K in Figure 22. The compatibility diagram in Figure 2470

isothermal sections calculated at (8). These are smillar to the

1500°X and below, in Figure 23, agree GO-MO-SO case in that the high

with the experimental compatibility temperature equilibria is dominated by

relations noted above in Figure 720 the E and F phases. In each of the

(8). The extension of the binary forgoirg systems very little solid

description into the ternary is solubility is suggested. The SO-ZO-HO

performed along the lines suggested by (SiO2 -ZrO 2-HfO 2 ) system shown in --

Equations (7) - (11) in reference (4). Figures 30-32 is of specific interest

Tables 3 and 5 contain all of the in high temperature thermal protection

required descriptive data. Reference systems due to low diffusivity for

to Table 5 shows that in most cases oxygen in silica. However the system

the counterphase parameter is equal to is dominated by liquid miscibility

zero. Two obvious exceptions are the gaps and the equimolar compound, Q,

SO 5 (HO,ZO) 5 and DO )(HO,ZO) cases which does not appear to possess very

where the counterphase is stable and high stability (see Tables 3-5). The

can be located in Table 3. In the HO-DO-MO case in Figures 33-35 shows

other five cases where the some solid solubility in the cubic A

counterphase is characterized by phase at high temperatures in t~e HO

finite values of the counterphase corner of the phase diagram. The

parameter i.e. in GO-MO-SO and calculations suggest that the liquid

GO-MO-DO, the specific values were phase will disappear just below

chosen to conform to available 2200OK. The analog HO-DO-YO and

experimental data. In all cases, the HO-MO-YO systems shown in Figures

ternary compound parameter, CAB, was 36-38 and 39-41 both show extensive

set equal to zero except for the ranges of solid solubility in the

* MO-TO-GO discussed above. In this cubic A and B phases which enter the

case the values chosen were selected ternary from the HO-YO edge. In both

to conform to the published zases liquid phase is still present at
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2200K. However the liquid Is just experimental results with respect to

barely stable in the HO-MO-YO case at disappearance of the liquid phase near

22000 K. In both these systems it is 2100°X in the HO-M join and 18000K on

likely that quenching from the high the HO-O join, the calculations do not

temperature cubic A region could show the wide range of stability In

permit retention of this phase at low the ternary for the cubic A phase

temperatures. Figures 43-45 show the indicated by the experimental diagram

calculated isothermal sections in the in Figures 5440 and 54[1 (9). It

HO-DO-ZO (i/3HfO 2-l/2CaO-l/3ZrO 2 ) would appear that the experimental

system. Experimental sections are results must reflect "quenching-in" of

displayed in Figures 5392 A and B (9). t:e high teCperature form or

Although the general features of the difficulty in recognizing the 0, M or

calculations and observations are in Q phases experimentally. In view of

agreement a nu.'mber of subtle the forgoing discussion of the heat of

differences appear which stem from formation of the A phase in the HO-YO

differences in 'the binary and unary system presented earlier it is very

systems. To start with, the unlikely that this phase could extend

experimental diagram in Figure 5392 into the ternary to the extent

(9) appears to have combined the M/T suggested by Figures 544O and 541i (9)

transition in HfO 2. Thus in without precipitation of Y2Si207,

comparison with Figure 15 or Figure Y 2SiO 5 or HfSiO2 Figures 49-51

4444 (8) where an M/T transition is display the calculated MO-SO-HO

shown at 1976 K and a T/A transition sections which is dominated by

shown at 2932 0 K, Figure 5392 B (9) miscibility gaps in the liquid phase

shows a M(T)/A transition in HfO 2 near at high temperatures and the E, F and

2273 K. A second difference is that S compound phases at low temperatures.

while Figure 15 and Figure 4444 (8) Little solubility is suggested in .the

show narrow two-phase fields in HO-ZO solid phases.

Figure 5392 shows a wide two-phase

field. Nevertheless the remaining

features of the ternary sections are SU...MA.Y

in general agreement. At high

temperatures extensive solid The forgoing set of binary and

solubility is present in cubic A phase ternary examples show how model.

leading to opportunities for retention calculations of ceramic phase diagrar.s

on quenching and the equilibria is can be performed in order to guide

dominated by the Q phase DO.4(HOZO).6  development of new structural systems

with no liquid present below 2300 K. and to evaluate existing experimental

Figures" L6-48 show the calculated data. It also provides a means for

sections in SO-HO-YO. Vertical planning future experimental studies.

sections across the join HO-O and HO-M

are shown in Figures 5440 and 54l4

(9). Although there is general

agreement between the calculated and
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IV.CALCULATION OF MULTICOMPONENT CERAMIC

PHASE DIAGRAMS

Larry Kaufman

ManLabs, Inc., 21 Erie Street

Cambridge, Massachusetts, U.S.A., 02139

(Presented at the International Conference on "Electronic Structure

and Phase Stability" Argonne National Laboratory, Argonne,

Illinois, August 1987. Proceedings to be published in Physica B

1988)

A data base is being developed for calculation of quasi-binary and

quasi-ternary phase diagrams of ceramic systems. Previous segments

of this base cover combinations of Cr 203, MgO, A1 2 03, Si0 2, CaO,

Si 3N , AIN, BeO, Y 20 3 and Ce 2O 3. Lattice Stability, Solution and

Compound Phase Parameters have been derived covering the liquid,

spinel, corundum, periclase, crystobalite, tridymite, quartz,

hexagonal and beta prime phases which appear in the binary systems

composed of pairs of these compounds. Compound phases formed from

specific binary combinations of these compounds (i.e. MgO.Cr 2 03)

have been characterized. This description is based on observed

thermochemistry and phase diagrams for the binary systems of

interest. Selected ternary systems have been computed based on the

foregoing data base for comparison with experimental sections in

order to illustrate the usefulness of the data base. To date,

sixty six quasi binary and nineteen quasi ternary systems have been

calculated. The most recent set of papers extend the base to cover

GeO 2, HfO 2 , ZrO 2 arid TiO 2 . The components are of particular
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interest in recent developments of structural high temperature

ceramics and applications requiring unusual toughness. The current

work deals with four qL,3i binary systems and four quasi ternary

systems which have been calculated over a wide range of

temperatures. These samples demonstrate the capability of the data

base and computational model for dealing with phase equilibria in

multicomponent oxide systems over a wide range of conditions and

compositions of practical interest.

INTRODUCTION

Previous papers in the current series (1-6) provide

descriptive information for computing condensed phase equilibria in

ceramic systems. In view of current interest in applying ceramic

systems in applications requiring toughness (7) and structural

performance at high temperatures the present data base is being

extended to cover GeO 2, HfO 2, ZrO 2 and TiO This has been

effected by employing available sources (8-10) of thermochemical

and phase diagram data. High temperature ceramics have received

increased attention during the last few years for structural,

thermal protection and engine applications. SIALONS and

combinations of zirconia and hafnia with Al 203 SiC and SI3 N have

been shown to develope strength and toughness. This has opened the

door to a whole range of new uses for these materials. Recently

Slichting and co-workers (11,12) have shown that by alloying GeO 2

with SiO 2 a whole range of glasses can be synthesized with

tailor-made coefficients of expansion. Utilization of such

compositions offers the possibility of enhancing the high

temperature oxidation resistance of ceramic composites in which a

mixed GeO 2-SiO 2 phase with a desired CTE could replace the

conventional SiO as a filler. This kind of composltig w-,jld open
2

an entire sipectrum of new opportun~.es fccr synthsF -)f YiIFh



temperature ceramics. One of the major obstacles in the

development of complex composite systems is the lack of phase

diagram information which can be used to guide the fabrication and

processing of a new material and help to predict its performance.

The current methods of employing models to predict high temperature

behaviour has proven useful when basic data Is unavailable or too

costly and time consuming to obtain by conventional means. This

method consists of developing a data base of thermochemical and

phase diagram information in analytical form and employing computer

models to extend the description to binary and ternary systems.

Recently J. Lorenz et al. (13) applied this method successfully to

SiC-ZrO2 and SiC-ZrO 2-Al 20 3-SiO 2 in order to evaluate composition

effects and identify fabrication conditions. In the present paper,

the data base has been expanded by analyzing the following

quasi-blnary systems: TiO -Al20 Ti02 Si0 TiO -CaO, and
2 203) Ti 2 i 2 P 2-

TIO 2 -Y2 0 3* These results when combined with earlier findings (1-6)

were employed to compute a range of Isothermal sections In the

following quasi ternary systems sufficient to define their

characteristics: TIO2-A203-MgO , A20 3-TiO 2-Sio2 TIO 2-Al 20 3-HfO 2

and MgO-SiO 2-TiO 2

LATTICE STABILITY VALUES

Table 1 defines the lattice stability values employed in the

current study. Data for the stable forms were taken from

Kibaschewski and Alcock (8). The remaining values were adopted

along with the lines employed previously. As shown in Table I the

present analysis is based on one gram ato7 of compourJ anl./or

srlution phaise. Moreover, dissociation nf tho crmponents or

vaporization is not considereJ!

, . . . - a . o - a . " . - ... ., • - . .- . . . . . .. . -,. • . . -.



TABLE I

SUMMARY OF LATTICE STABILITY PARAMETERS

(All units in Joules per gram atom (mole of atoms), T in Kelvins).

p = Periclase, C - Corundum, S = Spinel, X = Crystobalite

Tr - Tridymite, H a Hexagonal(o quartz), B(SO)= Trigonal(pquartz)

F = Rutile (TO) A = Cubic (HO and ZO)

I = Tetraoonal (HO and ZO) M = Monoclinic (HO and ZO)

Y = High Temperature YO B - Low Temperature YO

L = Liquid

GO = l/3GeO 2  HO = l/3HfO2  TO = 1/3TiO2  AO = l/5A12 03

MO - 1/2M0 DO = 1/2CaO SO = 1/3SiO2  YO - 1/5Y2 03

CE = l/3CeO2  ZO = 1/3ZrO2

GOGOLH* - (l/3)GeO 2 (liquid) - (l/3)GeO 2 (hexagonal)

GOGOLR = (l/3)GeO 2 (liquid) - (1/3)GeO 2 (rutile)

GOGOHR = (1/3)GeO 2 (hexagonal) - (l/3)GeO2 (rutile)

GOGOLR - GOGOLH + GOGOHR

GOGOLH = 14644 - 10.54T HOHOLA = 34865 - 11.00 T

GOGOLR 22087 - 16.23T HOHOAT 2239 - 0.753T

GOGOHR 7443 - 5.69T HOHOLT 37104 - 11.753T

GOGOLA - 11.00T HOHOTM 2724 - 1.381T

GOGOLT - 11.57T HOHOLM - 39828 - 13.134T

GOGOLM - 13.14T HOHOLX - 2.092T

GOGOLC - 10.21T HOHOLP - 8.368T

GOGOLP - 8.37T HOHOLC - ]0.209T

GOGOBR 7109 - 5.40T HOHOLB 3071] - 10.376T

GOGOLX - 1.67T HOHOLY 23849 - 9.396T

GOGOLTr - 2.01T HOHOLR 21882 - 10.42 7

GOGOHB(SO) 335 - 0.29T

GOGOTrH = 14644 - 8.54T

These differences specify the free energy of one phase (i.e.

liquid) minus the free energy of the second phase (i.e.

hexagonal) for a compound.
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TABLE I (CONCLUDED)

SUMMARY OF LATTICE STABILITY PARAMETERS

(All units in Joules per gram atom (mole of atoms), T in Kelvins).

P = Periclase, C - Corundum, S - Spinel, X w Crystobalite

Tr = Tridymite, H -Hexagona1(w quartz), B(SO)= Trigonal(p quartz)

R- Ritile (70) A = Cubic (HO and 20)

7 Tetragonal (HO and 20) M = Monoc]inic (HO and 20)

Y = High Temperature YO E = Low Temperature YO

L = Liquid

DODOLR = - 16.23 T MOMOLH - - 8.37 T

DODOLA = 8732 - 13.723T MOMOLR = - 10.42 T

DODOPA = -31016 MOMOPA - -31016

DODOAM = 16736 - 2.134" MOMOLA = 16682 - 15.3977

DODOAT = -22594 MOMOAM = 36736 - 2.134T

DODOLB = 5439 - 8.368T MOMOAT - -22594

DODOLY - 2929 - 6.6947 MOMOLB = 13389 - 10.0427

DODOLP - - 10.418T MCMOLY - 10878 - 8.368T

TOTOLH 1 14539 - 10.54 T YOYOLY 22694 - 6.368T

TOTOLR - 22313 - 10.42 T YOYOLB 26878 - 10.042T

TOTOHR - 7774 - 0.12 T YOYOLA - 22615 - 9.832T

TOTOLP - - 8.37 T YOYOAM -16736 - 2.134T

TOTOLT - 3527 - 31.757T YOYOTM - -8368 - 1.381T

TOTOLA - 1017 - 11.757T YOYOLP - - 12.552T

TOTOTM - -12259 YOYOLR - 10.418T

TOTOLC a - 10.209T

7OTOLX - - 2.674T ZO2OLA 2900 - 9.6327

70TOLY - - F.3681 ZOZOAT 1967 - 0.7537

7OTOLE a 68f,2 - 9.2057 ZOZOTM 200F - 1.3817

7OOL-Y - F.3(F.

A(1AQLH = - 10.54 7

ACAOLA. - 9.832 T SDSOH6 I -4790 - 5.69 T

AOAOL7 - 10.5857 FO COQL = - 2.092T

ACC4. Y - 6.367 .-O5OA - 2.0927

A1AO1 ].418 0 1 - - 2.0921

CECELC - - 19

t" U , '-q . ,



BINARY SYSTEMS

Tables 2-4 and Figures 1-4 summarize the results for the

binary systems listed above. The solution phases are described as

5ubregular solutions along the lines of Equations (1) and (2) of

reference 4. When the subregular parameters are equal (i.e. TO-YO,

R, Y and B) the solution is regular. The compound phases are

defined at fixed compositions (i.e. Equations 3-6 of reference 4)

in terms of the compound parameter and the base phase. The latter

values are listed in Table 3 for the compounds of interest while

Table 4 shows the Gibbs energy of formation for these compounds

from the component oxides. Figure 1 shows the calculated TO-AO

(1/3 Ti0 2-1/5 Al203 ) system derived from the description contained

in Tables 1-4 in conformity with Figure 316 of reference 9. There

is one quasi binary compound phase, designated as D, which

transforms on heating above 2000K to a different structure, E.

Figure 2 shows the calculated TO-SO (1/3 TiO 2-1/3SiO 2 ) system based

on Tables 1-4 which agrees with the experimental diagram in Figure

113 (9). Figure 3 displays the calculated TO-DO phase diagram (1/3

TiO 2 -I/2 CaO) based on Tables 1-4 in agreement with the

experimental results shown in Figures 239, 4312 and 4553 (9). The

final quasi binary in this group shown in Figure 4 is the

calcultated TO-YO (1/3 TiO 2 -1/5 Y2 0.) system based on the

parameters listed in Tables 1-4. These parameters were derived

from the values given earlier for the HO-YO system (6).

TERNARY SYSTEMS

The description of the forgoing systems comhlne! wit. tho

jresented ear ier (1-6) have been employei to cc. , ate is:mth.rma

sections In four quasl-ternary systems over a w v range cf

t i,erat, ares. The resuItF of t . , ar' ; erE n*, 1 ,

N.



TABLE 2

QUASIBINARY SOLUTION PARAMETERS FOR OXIDE SYSTEMS

(All units in Joules per gram atom (mole of atoms), T in Ielvine)

LTOAO 5335 * 13.60T LAOTO - 7008 + 13.60T

RTOAO £2760 RAOTO 6 62760

CIOAO 62760 CAOTO - 62760

LTOSO 53463 LSOTO - 43095

FTOSO E2760 RSOTO u 62760

XTOSO 62760 XSOTO - 62760

TTOSO 62760 TSOTO a 62760

L7ODO -127194 * 50.208T LDOTO a -127194 4 50.208T

FTODD 1.1840 RDOTO - 41840

P7ODD 83680 FDOTO - B3680

LTOYO 14016 4 4.184T LYOTO 1 14016 4 4.1847

PTOYO 20920 RYOTO v 20920

YTOYO 20920 YYOTO - 20920

BTOYO 20920 BYOTO - 20920

TABLE 3

SUMMARY OF COMPOUND PARAMETERS FOR BINARY SYSTEMS

(All units in Joules per gram- ator (mole of atoms) T in Kelvins)

Corrpc.und Nare Stoichiometry Stabi] it y Base Corpzund/Fare-.

(Jou]es/o.at.

(]/ ) (A] 0 .Tic ) V To. AO. tat 1( C L.] .

2 3* 2375 .25

(belon 20001)

( t /'(A- . . .72 C ) C Lt5 at ,It f C -. L.. .

(/C7 2 *( CaC) [ 70.f O'. 4 S7 t* z.! 1

(10 .4. '
],l]' H (+ J]+.4"+ - ,  V '(C, ,2 V tat] 1. -5Ci23 + 3 . " '

" •.'2, .4-']

% % .% J ]+(, + ' "t 3 ' ,l ,. +! ',1- 0 4 . '
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Figures 5-20. In each case the component quasi-binary systems are

arranged in the appropriate ternary orientation to permit

interpretation of the ternary sections. Thus the analysis of the

TO-AO-MO case begins with Figure 5 showing the component

quasi-binary systems. The calculated isothermal sections for this

system between 30000K and 9000 K are shown in Figures 6-8. Figures

713 and 714 (8) show experimental results which are in good

agreement with the calculations. In particular the minimum melting

point is shown at 1843K in the experimental diagram in the TO rich

part of the TO-MO edge in excellent agreement with the calculated

results shown in Figure 7. In addition, Figure 6 shows the

calculated Gibbs energy changes defining the subsolidus stability

of the various compounds in the system. The extension of the

binary description into the ternary is performed along the lines

suggested by Equations (7) - (11) in reference (4). Tables 3 and 5

contain all of the required descriptive data. Reference to Table 5

shows that in most cases the counterphase parameter is equal to

zero. This is true in the TO-AO-MO, AO-TO-SO AND AO-TO-HO cases.

The values for F, V and W in MO-SO-TO were chosen to agree with

experimental results. Figures 9-12 show the AO-TO-SO calculations

which are dominated by the miscibility gap in the liquid at high

temperatures and the compound interactions at low temperatures.

The Gibbs energy change calculated for the interactions between the

M+R and D+T pairs is shown in Figure 12 defining 1707K as the

critical temperature. The calculated results are in good agreement

with the experimental findings shown In Figures 771-775 (9). The

calculated sections for TO-AO-HO are shown in Figures 13-16 which

display the lowest temeperature for liquid stability near the TO

corner on the TO-AO edge Just below 1900K. Experimental

description of TO-AO-ZO In Figures 773-774 (9) shows simillar

behavior at 1853K. The final set of ternary calculations are

presented in Figures 17-20 for the MO-SO-TO system. Extensive

experimental data have been reported for this system In Figures

62
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723, 2542, 4573 and 457 4 of (9). Tree m~n1nu-) liquid temperature Is

rep.orted at 16630 K which compiares favorably with the calculated

section at 1700 0K In Figure 20. At high temrperatures the

equilibria Is dominated by the Interact~on between the liquid

niscibility gapE erianatinF from the Mc-S.' and SO-TO edges.

:;,- for~o'r,' et of blriar., arnd terrEr. exa-.j eE sow hcw r,of

c a uatIIcE cf cera-Ic phFFe dIagr&-r can a e I;erforr tc qj1de

dev',',.-;r, e of new structarbA c.yste.E arjJ tc, ev&luate exl.,t nE
e.; erirental dtta. It also prcvdes a meahn for plannInr future

exi, -r -enta: studles.
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TABLE 1

THERMOCALC DATA FOR THE Fe-Ni-O SYSTEM
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TABLE 2

THERMOCALC DATA FOR THE Fe-Cr-Q SYSTEM
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TABLE 3

THERMOCALC DATA FOR THE Ti-C-N SYSTEM
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Figure 3. Calculated Ti-N Phase Diagram and

Ti-N-C Isothermal Section at 16001, from i

the Thermocalc System.
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TABLE 4

SUMMARY OF LATTICE STABILITY, SOLUTION AND COMPOUND

PHASE PARAMETERS FOR THE CALCULATION OF AO-ZO-YO

S-urc-ary of Lattice Stability ParanEtersT in 1Eelvins

(All units in Joules per grap atom (mole of atoms) , T in Eelvins)

AO0.(1/5) A1 2 0 3 , ZO=(1/3) ZrO 2 0 YO=(1/5) Y 2 03' L= Liquid

C= Corundum, Y~high temperature (hexagonal) Y 2 0 3 , B-bcc

YC3  0 Y 7C, ZrO 2cutic, T=ZrC' Tetracr.nJ, !2-,Zr0 O 'ozi~c
2 22

ZO2OLA=(I/3) ZrO 2 (liquid)-(1/3) ZrO CF2) ui

AOAOC=236/iO-10.209T ZOZOAT=1987-0.753T

AOAOLA= -9.832T ZOZOTih=2008-1.381T
AO.AO L -10.586T

YOYOLY=22694- 8.36E7
ZOZOLL=29008- 91.8327' YOYOLE=26678-10.042T
ZOZOT-C= -10.209T YOYOLA-=22615- 9.832a
ZOZOLY=17991- 8.368T YOYOA-T=-6366- 0.7537
ZOZOLB=24853- 9.205T YOYOT1.!=-&368- 1.38V1'

Sumr~-ary of Solution and Compound Phase Parameters

(All units in Joules per gram atom, (mole of atoms) , T in Yelvins)

LZOAO,=17573, LAOZO=39748, TZOA.O=TAOZCO=A-ZOAO%=AAOZO=62760

CAOZO=CZOAO=6 2760

So2ution Phases

LZOYO= 14016 + 4.184T YZOYO)= 2929, + 8.366T
LYOZO= 14016 + 4.184T YYOZO= 29129 + 8.368T
BZOYO= 2929 + 6.368T TZOYO=-12552 + 11.29077
BYOZO= 29290 + 8.368T TYOZO= 637 + 4.6027'
7AZ0Y0=-12E52 +11.297T 1'ZOYO= 4164 4 11.297T
A'yOZ0= 837 +4 4.602T !lYOZo= 637 + 4.6027

Ccr: rc,',6 Pl-ase P = (1/19) (3Zr0 2 Y 0 )=(I/19a) 20ay

z2ll0./4YC '0.2 Base =A., Ccr.pounrl Farar-eter C= 31798 +

120KGil)Is Energy of Formation~ frcr- (1/3) ZrO 2 (1) and

(1/5) Y2 2 0 3 (L), LC-f- 6 .
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Figure 5.Calculation of the YO-AO, ZO-YO and

ZO-AC) Phase Diagrams on the Manlahs System.
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TABLE 5

SUMMARY OF LATTICE STABILITY, SOLUTION AND COMPOUND PHASE PARAMETERS

FOR THE CALCULATION OF THE AM-ZM-YM SYSTEM (Joules, 0K)

AM-l/2AI 2 03 * ZM-ZrO 2 9 YM - 1/2Y 20 3
C-Corundum, Y-high temperature (hexagonal), B-bcc (M~2 03 )y 2 03
A=ZrO cubic, T-ZrO Tetragonal, Y=ZrO Monoclinic

2 2 2

LATTICE STABILITY PARAMETERS

AMAMLC=591OO-25. ST ZMZMAT=5961-2. 2(T

AMAMLA= -2'4.58T ZMZMTM=624-4.1L4T

AOAOLT= -24..47T

YMYMLY=56735-20. 92T

ZMZMLA=87024-29.50T YMYMLB=67195-25.IlT

ZMZMLC= -30.63T TMTMLA=56538-214.58T

ZMZMLY=53973-25.lOT YMYMAT=-20920-1.88T

ZMZMLB=714559-27.61T YMYMTM=-20920-3.145T

SOLUTION PHASE PARAMETERS

LZMYM=-1674-37.66T LYMZM=63178-37.66T LZMAM=LAMZM=4184

BZMYM=-18L110-25. lOT BYMZM=J46L442-31 .38T TZMAM=TZMAN141840

AZMYM=-26778-33.LI7T AYMZM=38074-39.75T AZMAM=AMZM=4l84

TZMYM=-26778-33.Li7T TYMAM=38074-39.75T CZMAM=CAMZM=4l84

YZMYM=-18L410-25.lOT YYMZM=J46&42-31.38T

MZMYM=7950-33.147T MYMZM=380714-39.75T

LYMAM=-669A4L LAMYM=-66944

YYMAM=-20920 YAMYM=-20920

BYMAM=-20920 BAMYM=-20920

CYMAM=-20920 CAMYM=-20920q

COMPOUND PARAMETERS

=Z M =l/7(3ZrO *2Y 0 );Base phase=A; C=843OS-17.99T~. 429 .571 2 2 3
U=YM A 1/(Y0Al 0 );Base phase=B; C=67362+17.49T

.677 M.333= / 22 3 ' 2 3
V=YM 5AM 5 1/4(Y2 0 3 'A12 203); Base phase=C; C=24IO58+6O.25T

W=M.375 AM.625 -11(Y, 3* O3A1 2 3 ); Base phase=C; C=135980-2.89T
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Table 2 and Figure 2 show a similar exercise for the Fe-Cr-O

system. The only difference being that the fcc metallic phase (() is

the only one Included In the THERMOCALC description while the FACT

description (2) also contains the sigma (r) and bcc (0) phases which

emanate from the Fe-Cr edge. The Fe-Ni-O and Fe-Cr-O examples shown

above demonstrate how this system can be employed to compute

metal-metal-oxygen phase diagrams. Table 3 and Figures 3 and 4 show a

similar exercise performed in a calculation of the Ti-C-N system at

1600K comparing the ManLabs system (Figure 4) and the THERMOCALC system

(Figure 3) The fcc phase is the monocarbide Ti(C,N). The dashed lines

in Figure 4 are the experimental phase boundaries in the Ti-1/2N 2 phase

diagram. Table 3 and Figures 3 and 4 show how the THERMOCALC system

can readily be applied to treating hard metal carbonitride systems.

The final example selected for the study is the Al203-ZrO 2-Y2 03
system which Is shbwn in Table 4 and Figures 5-7. In this case the

system is model as AO-ZO-YO ie 1/5 Al203-1/3 Zr02-1/5 Y20 Table 4

summarizes the lattice stability, solution and compound phase

parameters along the lines described earlier in Sections III and IV.

The systems in question have been recalculated on a mole metal basis le

as AM-ZM-YM where AM=1/2 /A12 03, ZM=ZrO 2 and YM=1/2 Y2 03 on the basis

of Table 5 by matching the Gibbs energies of each of the phases in the

systems of nterest. Table 5 summarizes the AM-ZM-YM description while

Figures 8-14 show the results derived with THERMOCALC. Figure 8 shows

YO-AO and YM-AM in mol and weight percent. The upper left panel in

Figure 8 compares directly with the upper panel in Figure 5. Figures 9

and 10 show comparable results for ZO-YO, ZM-YM, ZO-AO and ZM-YM.

Finally Figures 11-14 show isothermal sections at 2700, 2400, 2200 and

1700. Comparison of the weight percent ternary sections shows little

difference between the gram atom model and the mole-metal model. These
results illustrate the general utility of the THERMOCALC system!
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