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bese to cover ceo;t nrog. Zrogvand T10;7wh1ch are of interest in
epplicstione requiring toughness and structural performance at high
temperutures. This has been effected by employing availabdble sources of
thernochenical and phase diagram date. Recently i1t has been shown thsat
by &lloying Geog with saog a whole range of glasses can be synthesized
with teilor-made coefficients of expansion., Utilization of such
coripositions offers the possibillity of enhencing the high temperature
oxidetion reslistence of cer&anic composites in which & mixed Ge03-51057
phase with & desired CTE would replece the conventional 8102 as &
filler. \One of the major obstacles in the development of complex
cornpoeite gystems 1s the lack of phase dlagram information which cen be
used to gulde the febrication and processing of a new material and help
to predict its performance. The current methods of employing models to
predict high temperature behaviour hes proven useful when basic date is
unavailable or too costly and time consuming to obtain by conventionsl
means. This method consists of developing & data base of
therrochemical and phase diagram information in anslytical form and
erploying computer models to extend the description to binary and
ternary systens. This technique was also applied in order to provide
infornation relative to the development of oxidation resistant coatings
for superalloys through calculations of the Cr-Si-N! and Al-Ni1-81
systens between 700Y and 1500K to establish minimum liqQuidus
tenperatures relevant to the silicide coating technology as well as
descriptions of the Cr0O -8102 and NiO-SiO2 system w&s provided.

2
Calculatyons of the Fe-N1-0, Fe-Cr-0, T1-C-N and Al.0._-Y OQ-ZrO?

eysters were performed on the new "Thermocalce" aystimB ?
developed st the Royel Institute of Technology in Stockholr., These
ceiculations which were csrried out at the Messachusetts Institute of
Technology in Carbtridge, Massachusetts and at the Nationsl Buresu of
Stenderds ir. Geithersbery, Maryland at locatione which were rerote fro-

the "Trernocelc” grogrars which were stored on VAY comjuters,
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ABSTRACT

A data base is being developed for calculation of quasi-binary and
quasi-ternary phase diagrams of ceramlc systems. Previous segments of
this base cover combinations of Cr203. MgO, A1203, 8102, Cal, 813 y°
AlN, BeO, Y203 and Ce203. Sixty-six quasi binary and nineteen quasi
ternary systems have been calculated, The current work extends the
29 Hfoz, Zro2 and T102 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 1t has been shown that
by alloying Geo2 with 8102 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 Ge02—810
phase with a desired CTE would replace the conventional 8102 as a
filler. One of the major obstacles in the development of complex
composite systems 1is 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 dlagram 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-St-N! and Al1-Ni1-Si
systems between 700K and 1500K to establish minimum liquidus
tenperatures relevant to the silicide coating technology as well as

descriptions of the Cr0_-S10. and NiO-SiO2 system was provided,. - I

base to cover GeO

2

e e

Calculations of the Pe-Ni-0, Fe-Cr-0, Ti-C-N and A1203-Y?OQ-ZrO2

systems were performed on the new "Thermocalc" system n
developed at the Royal Institute of Technology In Stockholr, These -
calculatione which were carriei out at the Massachusetts Institute of :
Kt
.
)
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Technology in Cambridge, Massachusetts and a* the National Rurecau of

Standards ir Gaithersberg, Maryland at lorstlons which were remote fror

the "Thermocaln" programs which, were st.oret on VAY comjuters,
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1 INTRODUCTION AND SUMMARY

A data base is being developed for calculation of quasi-binary and i
quasi-ternary phase diagrams of ceramic systems. Previous segments of
this base cover combinations of Cr203, MgO, A1203, 8102. Ca0, 813N“,
Al1N, BeO, Y203 and 03203. 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 Cr203) have been .
characterized. This description 1is based on observed thermochemisty ‘
and phase diagrams for the binary systems of interest. Selected A
ternary systems have been computed based on the foregoing data base for :
comparison with experimental sections in order to 1llustate the .
usefulness of the data base, To date, sixty-six quasi binary and 2
nineteen quasi ternary systems have been calculated. The current work
extends the base to cover GeO

e e e e e =

-nne

-

20 nroe, Zr02 and Tioz. The components i
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 f
protection and engine applications. SIALONS and combinations of g
girconia and hafnia with A1203. SiC and 813Nu 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 0e02 with Sio2 a whole range of \
glasses can be synthesized with tallor-made coefficlents of expanaion.
Utilization of such compositions offers the possibility of enhancing
the high temperature oxidation resistance of ceramic composites in

which a mixed Ge0_-S10_, phase with a desired CTE would replace the

Sy

2 2
conventional SlO2 as a filler, Thie kind of compositing would open an
entire spectrum of new opnortunities for synthesis of high temperature o
ceramlics., One of the major obatacles in the development of complex ;
]
conposite systems 18 the lack of phase diagrar information which can be g
Y
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used to gulde the fabrication and processing of a new material and help
to predict 1its performance. The current methods‘of employing models to
predict high temperature behavicur has proven useful when basic data 1is
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-ZrO2 and SiC-ZrOz—A1203—Sio2
composition effects and identify fabrication conditions. 1In the
present work, the data base has been expanded by analyzing the
following quasi-binary systems: GeOz-Hfoz, Ge02-T102, Ge02-A1203,
GeOZ-MgO, GeOZ-CaO, Ge02-8102, T102-Mgo, Hf02-8102, HfOZ-MgO, HfO
Al _O,-HfO HfO0_-Y.,0 HfO0,-Ti0 Ce_0,-Al1,0 Zroz-HfO

273 2’ 2 273 2 2’ 273 273’
-S10

Zr0,-Ca0, Y,05-Ca0, Y,0,-Mg0, T10,-A1,05, T10, »s T10,-Ca0 and

T102-Y203. These results when combined with earlier findings were
employed to compute a range of 1sothermal sections in the following
quasil ternary systems sufficlent to define thelr characteristics:
MgO-T102-SIO2, Mgo-3102-0e02, GeOZ-MgO-CaO, Hf0,-Ca0~-MgO,

Hf02-810 -2r0 Hf0,-CaO-Y 03, HfOZ—MgO-Y

2 2’ 2 2

SiOZ-HfOZ-Y203, MgO-SiOz-HfO

T102-A1203-Hf02 and MgO-SiOz-Tioz.

The coupled thermochemical/phase diagram technique was also

in order to evaluate

2-Ca0,

2

203, Hf02—CaO-Zr02,
T102-A1203-Mgo, Al _0,-Ti0_,-S10

2’ 273 2 2°

applied in order to provide information relative to the development of
oxldation resistant coatings for superalloys. Thus, calculations of
the Cr-Si-N1 and Al1-Ni1-S1 systems between 700K and 1500K in order to
establish minimum liquidus temperatures relevant to the silicide
coating technology. 1In addition a description of the Cr02-8102 and
NiO-SiO2 system was provided.

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

A1203-Y203-Zr02 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 1llustrate how modern computing systems for calculating

multicomponent phase dlagrams can be used effectively to deal with a

wide varlety of practical problems,

...........
-----------------

-----
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The following personnel have been active in this program: L.
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1.
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1985,

"Binary Common lon Alkalil Halide Mixtures-Solid/Liquid
Equilibria in Systems Showing Isodimorphism" CALPHAD (1986)
vol. 10, No. 2 pp. 163-174,

"CALPHAD Generated Multicomponent Phase Diagrams for Elements
I1 Through VI"™ Annual Meeting TMS-ASM, New Orleans, LA March
1986.

"Calculation of Multicomponent Ceramic Phase Diagrams" L.
Kaufman CALPHAD XV London, England July 1986.

"Calculatlion of Quasibinary and Quasiternary Ceramic Systems"
L. Kaufman, ASM symposium on USER APPLICATIONS OF PHASE
DIAGRAMS, Orlando, Florida September 1986, Published July
1987.

"Calculation of Multicomponent Ceramic Phase Diagrams" L.
Kaufman CALPHAD XVI Irsee, West Germany May 1987.

"Calculation of Multicomponent Ceramic Phase Diagrams"™ L.
Kaufman, International Conference on Electronic Structure and
Phase Stability of Advanced Ceramic Systems" Argonne National

Laboratory Argonne Illinois, August (1987). Proceedings to
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Il CALCULATION OF THE Cr-Si-Ni, Al-Ni-8i, CrO
PHASE DIAGRAMS

—8102, and NiO-S10

2 2

Silicide coatings belng considered for application to superalloy
systems for specilal applications. Whenever such coatings are applied
and the system heated the lnteractions between coating and base alloy
can produce instabllities which reflect the phase dlagram formed along
the join between coating and base in specific directions. In order to
galn some 1inslight into such reactions the Cr-Si-Ni, Al1-Ni-Si, Cr02-—8102
and NiO-SiO2 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 1deal 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 1s virtually
eliminated at 1300K. The equilibria calculated below 1300K 1is in
agreement with experimental finding (6-8). The Al1-Ni-Cr results in
Figures 6-10 show extensive liquid fields at 1100K. The calculated
equilibria at low temperature 18 1n agreement with experimental results

(9,10).

The calculated Cr'02-Sio2 and NiO—SiO2 phase dlagrams shown 1n
Figures 11 and 12 show liquids above 1880 and 1900K respectively.
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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

(Cr,Ni).7581.25

(Cr,N1) 60551 345
(Cr,N1) 581 5

(Cr,N1) _¢¢.S1
(N1i,Cr)
(N1,0r) (51,
(N1,Cr) ge,St 5
(N1,Cr) 1451 286
(Ni,Cr) 7531.25

Cr 6151 11N o8

.333

.333%1 667 -

O a =

M 3 m v 0N

Sigma

> w

> >» » > >» W

B

(

ok chB
Joules/ Joules/
g.at g.at

0 0

0 0

Cr _Si and 0

N1.581.;5arésstab1e)
0 0
0 0
0 0
0 0
0 0
0 0

C=13807 + 8.368T

(Ternary Phase)(Melting Point 1522 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

(Al,Si).75N1.25
(Al S1) 6N1 4

.75(A1 Si) .25

N1.333(81’A1).667
Ni.S(Si,Al) 5

N1_6(81,A1) 4
N1.667(81’A1)

.333
N1 214(S1,A) og¢

> 0 <

3 v O

> 3>

> > > o >

Ni .75

C.k CAB

Joules/ Joules/

g.at g.at
0 0
0 0
.75A1.25 and O
81.25 are stable
0 0
0 0]
0 0
0
0
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Figure 2 Calculated lsothermsl Section in the Cr-Si-Ni
System at 1300t
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Figure 7 Calculated lsothermal Sectior v the AT-Ni-Si
Systen. at 1300v
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TABLE 3

SUMMARY OP LATTICE STABILITY, SOLUTION AND COMPOUND PARAMETERS FOR THE |
Cr0,-510, AND N10-S10, SYSTEKS (Units in J/g.at and J/g.at°K)
CO = 1/3Cr0,, NO=1/2N10, CO=1/3Cr0,, L=liquid, C=Corundum,
X=Crystoballite, T=Trydimite, P=Periclase |
COCOLC=34351-13. 47T NONOLP=25158-11.30T
COCOLYX= -1.67T NONOLX= -1.67T
! SOSOLC» -2.09T NONOLT= -2.01T r
| SOSOLP= -2.09T
SOLUTION PARAMETER
LCOSO=LS0CO=68200 0<XNO<O. 43 L
CCOSO=CSOCO=151879 LSONO=33472 LNOSO=379070-225.94T

XCOSO=XS0C0=151879 XSONO=115688-41.87 XNOSO=400000-225.94T
TCOSO=TSOCO=151879 TSONO=115688-41.8T TNOSO=400000-225.94T

| 0.U43<XNO<1.0
| LSONO=147310-97.15T LNOSO=228166-97,1¢T
PSONO=189150-97.15T PNOS0=270006-97.15T

COMPOUND PARAMETER

FA=FPayalite=(SO “29N0 571)-1/7(8102-2N10)
Base=P, Compound Parameter=]198711-102.347
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Figure 11. Calculated Cr“ . 0 Phase Diagram
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III. CALCULATION OF QUASIBINARY AND QUASITERNARY
CERAMIC SYSTEMS

Larry Kaufman

Manlabs,
21 Erie Street, Cambridge, Massachusetts

Inc.

02139

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

DIAGRANMS, Orlando Florida

ABSTRACT

A data base is being developed for
caiculetion of quasi-binary and
quasi-ternary phase diagrams of
ceramlic systems. Previous segnents of
this base cover combinations of Cr203.
Ygo, A1203. 8102. Ca0, SisN“. AlN,
BeO, !203 and Cezos. Lattice
Stability, Solution and Compound Phase
Parameters have been derived covering
the 11quid, spinel, corundum,
periclase, crystobalite, tridymite,
quartz, hexagonal and beta prime
phases which appear in the binary
systens composed of pairs of these
compounds, Compound phases formed
from specific binary combinations of
these compounds (i.e. MgO-Cr203) have
been characterized. This description
is besed on observed thermochemistry
and phase diasgrams for the binary
Selected ternary
systems have been computed based on
the foregoing date base for comparison

systems of interest.

with experimental sections in order to
1llustrete the usefulness of the data
bese. The present pajper extends the

dsta base¢ Lo cover Geo?, HIO 2rd

e’ e

end 717, ., The comjponents are of
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particular interest in recent
developments of structural high
tenperature ceramics and applications
requiring unusual toughness. (6). 1In
order to expand the dats base nineteen
quasi-binary systems have been
analyted and ten quasi-ternary systems
have been calculated over a wide range
of temperatures. These samples
demonstrate the capsbllity of the date
base and computational model for
dealing with phase equilibria in
multiconmponent oxide systems over a
wide range of conditions and
compositions of practical interest.,

INTRODUCTION

Previous papers in the current serles
(1-5) provide descriptive information
for computing condensed phase
equilibria 4in ceramic systems. 1In
view of current interest in epplying
ceramic systems in applications
requiring toughness and structural
performence at high temperatures the
present data base is being extended to
cover GeO?, Hfo?. Zrﬂ? and 710?. This
hes teen effected ty employing
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avallable sources (7-9) of
thermochemical and phase diagram data,
High temperature ceramics have
recelved lncreased attention during
the last few years for structural,
thermal protection and engine
applications. SIALONS and
combinations of zirconla and hafnia
with A1203, Si1C and 513Nu have been
shown to develope strength and
toughness. This has opened the door
to a whole range of new uses for these
materlals. Recently Slichting and
co-workers (10-11) have shown that by
alloying GeO2 with 5102 & whole range
of glasses c&n be synthesized with
tellor-made coefficients of expansion.
Utilization of such compositions
offers the possibility of enhancing
the high temperature oxldation
resistance of ceramic composites 1in
which a mixed Ge02—8102 phase with a
desired CTE could replace the
conventional SiO2 as a filler. This
kind of compositing would open an
entire spectrum of new opportunites
for synthesis of high temperature
ceramics. One of the major obstacles
in the development of complex
composite systems 18 the lack of phase
dlagram information which can be used
to gulde the febricatlion and
processing of a new materisl and help
to predict 1its performance, The
current methods of employing models to
predict high temperature behaviour has
proven useful when besic data 1is
unavailable or too costly and time
consuming to obtaln by conventional
means, Thls method consists of
developing & data base of
thermochenical and phase dlagram
information in analytical form and
employling computer models to extend

21

the description to binary &and ternary
systems. Recently J. Lorenz et al.
(12) applied this method successfully
to SiC—Zr02 and SiC-Zroz-A1203-Sio2 in
order to evaluate composition effects
and identify fsbrication conditions,
In the present peper, the data base
has been expanded by analyzing the
following quasi-binary systems:
Ge02-Hf02, Geoe-T102. Geoz-A1203,

-y - -
GeO2 g0, GeO2 Cal, GeO2 8102,
T102-Mg0, HfOz-Sioz, HfOZ-MgO,

- ~HT -
Hfo2 Ca0, A1203 H.Oz, Hf‘o2 Y203,

HfO-Tioz, Ce203-A1203, Zroz—HfOE,
Zr0.,~S10 2r0_-Cal, Y, 0_.-Ca0 and

2 2’ 2 273
Y203-Mgo. These results when combined
with earlier findings (1-5) were
employed to compute a range of
isothermal sections in the following
quasl-ternary systems sufficient to
define their characteristics:
MgO-TiOQ-Sioz, MgO-SiOz-Geoz,
GeOE—MgO-CaO, Hroz—Cao—MgO.
Hf02-8102—2r02, Hf02~CaO-Y2O3,
Hfoz-MgO-YEOB. Hfoz-Cao-Zroz,

SiOe-H!‘O2Y203 and MgO-SiOz-Hfoz.

LATTICE STABILITY VALUES

Table 1 defines the lattice stability
values employed in the current study.
Data for the stable forms were taken
fron Kubaschewskl and Alcock (7). The
remaining values were adopted along
with the lines employed previously.

As shown in Tatle 1 the present
analysis is based on one gram atom of
compound and/or solution phase.
Moreover, disocliation of the
components or vaporization 1s not
considered!
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BINARY SYSTEMS

Tebles 2-4 end Figures 1-19 summerice
the results for the binary systems
listed above. The solution phases are
described &t subregular solutions
tlong the lines of Equetions (1) and
wWhen the
subreguler peraretere &re equel (1.e.
GO-HO 1in Table 2) the solutions ere
reguler, degenerating to 1ideal
solutions fer the liquid in HO-NMO or
&1l of the HO-20 pheses.
rhases &re defined et fixed

(2) of reference &4,

The compound

compoeitiones (1.e. Equations 3-6 of
reference 4) in terms of the compound
perameter and the base phese. The
latter velues are listed in Teble 3
for the cornpounds of interest while
Table 4 shows the Gibbs energy of
formatior. for these compounds from the
component oxides. Filgure ] shows the
celculated GO—HO(I/?GeO2—1/2Hf02)
system derived from the description
contained in Tables 1-4, This phase
dlegrer wes taken to compare with the
erialogous (SO-HO) case given by Figure
LuL3 (&). The system exhibits very
little mutual solubility 4n the solid
phese and an equimdlar compound
GO.SHO.S’ The GO-TO cese shown in
Figure 2 is based on the experimental
rhase diegram in Figure 358 (B8). The
eyster. 1 characterized by &
riscibility gep (ﬁ] + HP) in the

The GO-AO
syster, in Flgure 3 1s based on the

rutile g011d solution.

experirentel dlegre-
L372 (8) &nd the earlier anelog SO-AO
This ryster exhibits
Jittle solutility in the 50113 and a
cinfle compound anslogous to the SO-AQ

giver in Figure

enelysis (2.

raildte,  The calculaeted GO-¥0 phese

Siuyras 4 o thown 1y Fipure L osnd s
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besed on the experimental pharce
dlsgram in Figure 264 (£) end the
enalogous SO-MO results (2). This
system exhibits a 1iquid miscibility
gap and a number of compound phases
which heve similar stoichiometry to
the SO0-¥0 compounds Enstatite (E) and
Fosterite (F). The GO-DO
(1/3Ge0?-1/2CaO) cece shown in Figure
5 1s besed on the experimentel diagram
given in Figure 4309 (B), Figure €
shows the GO-SO phese dlagranm
(1/36e02-1/35102) which 1s based upon
the experimental diagram in Figure 357
(B). The latter 1s restricted to the
low tempereture range, however it is
sufficlent to permit definition of the
solution phase parameters listed in
Teble 2.
by & large range of s0lid solution
within the B phese which is & stable
form of Geo2 end 8102. This
continuous so0lid solution is
indoubtedly the basis of Slichting's
finding thet permitted & contlinuous
vaeriation in the coefficient of

Trie system i1s distinguished

thermal expansion between the low
values characteristics of 5102 to the
GeO2
expansion coefficlents exhibited by
Tre TO-N0O diegram shown in
Figure 7 15 based on the experimental
diagrar. given in Figure 4336 (8). The
S0-HO phase dlagrem celculsasted on the
1isted in
Tatles 1-3 end shown in Figure B
exhiblts 1fttle solutility in the
£€011d ar3 one equimoler cormpound 1irn
keeping with Figure LLL3 (§). The 1/3
Hf02—1/2M50 (HO-MD) case

displayed 1In Figure 9 shows some
solubility
hgeed on H’U?

value, more compatible with the

metels.

basis of the perameters

in the cublc structure

Thie

deTined or the tasltr

&4 no compounds,
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¢f Filgure 51%9 (9). By contrast the
Hroi-Ceo gytter 11 Figure 10, while
eirilar to the nro?-ngo case exhibite
two compounds designated Kk and Q.
Tnie phese dlagrer 3t based on the
work of Senft and Stutican (13). Tne
EO-AQD cese i Figure 11 1 besed on
the analogour Z0-AD systern., Figure
L:7F (E), erowing 1ittie solutility in
tre ETI22 phese g2 rc compounds, A
very extensive renge ¢f solubility in
tctrn the cutlic structure besed on HfO

2
613 thet tesed on Y.0. 15 1llustrated

~Q
tv. the EDL-YO cese s;o;n in Figure 112
which 1s derived fron Figure 4436 (B).
Inspectior. of Teble 2 ghows that thie
syveter if defined bty golution phace
pereteters which tend tc be postive
cver roet ¢f the tezpereture range of
irterest. Trnie 1f irn keeping with the
etcence of corpound fheses and the
observetion that the dorminent A s011d
gclutior. phase decomposes. This will
be discussed further in the
celculation of the SiOE-HfOQ-Yzo3
teystenm in the next section of this
paper. Filgure 13 shows the HfOZ-T102
eyster based upon the analogous 20-TO
cate shown in Figure L4552 (B). This
syster exhibits esclid phase solubility
in the cubic phese based on HYO2 and
the rutlle phese based on TiOz. In
ajditior. er. equircler compound 1in this
syster 1s stable 8nd relts
congruently. Filgure 1L shows the
cualzuletes CE-A0(1/5C6203-1/5A3203)
tyster which 18 bared cr Flgures 356
Br.i L3€€ v reference (£5, Thne syster
crrtelnes two compoutds desigrneted as F
£r.2 Q in Figure b wlichl decomposes

into Ce. 0. end AL, 0. et low

?
temjereture. The TrCQ-EfO; eyster 1s
e S Flpare 37 owricor 9§ tesed ON
Viyate bbub (B, Toe calculeted phate
32

diegrar 1¢ bessed on srturing 1desl
solutione for each of the solution
prhitees &5 can be seen in Tadble 2.
Figure 16 dieplays the celculated
20-S0 phase diagram which ia derived
from Figure 2400 (£) end the above
noted HO-S0O &nelysis. This syster 1r
cherscterized by & symetrical
riscibility gep, little solubility 1ir
tre 521:d pheses &nd er equimcler
compound which decomposes prior to
melting intc tetragcral Zr02 &nd
crystobellite, The 20-DO systerx shown
in Figure 17 15 besed on Figure 5392
(9). It 1s quite sirmilar to the HO-DC
syster. in Figure with two conpound
pheses and some 8011d phese solubility
especielly in the cubic phese. The
Y0-DO &nd YO-MO diegrars shown 1in
Figures 1F end 19 coxylete the £et of
eystems coneldered here. The
YO-MD(]/5Y203-1/2M50) case in Figure
19 1s based on Figure 156 (9).
Nelther eysterm conteins cornpounds or
substantial sclubllity irn the solid.
Exarinstion of Tetle 2 shows thet most
of the so0lution phases exhibit small
interactlion paraceters except for
those cases where limited solubility
occurs leading to large positive
interection perameters.

TERKAFY SYSTENS

Trhe descripticn of the forgoing
systers combined with those presented
eerliler (1-f) heve teern e~jloyed to
celiculete lscthermel sectione ir ten
Guesli-ternary gystems over & wide
rarnfe of terjperaturer, Tne resulte of
there calculetions are precernted in

Filpurer e2l-t, Ir. eect cese the

coerponent quusri-tinery gysters &re
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Calculated Isothermal Sections in the
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arranged In Lhe appropriate ternary
orientation to permit interpretation
of the ternary sections. Thus the

analysis of the MO-TO-GO case begins
with Flgure 20 showing the component
quasi-binary systems. The calculated
isothermal sections for this systen
between 2800°K and 700°K are shown in
Figures 21-23. Figure 720 (8) shows a
set of compatibility relations for
this system. Examination of Filgures
21-23 show how the phase flelds
covered by the liquld shrinks as the
temperature 1s reduced with the final
bit of liquid disappearing between
1600°Kk ana 1592°K in Pigure 22. The
isothermal sections calculated at
1500°K and below, in Figure 23, agree
with the experimental compatibility
relations noted above in Figure 720
(8). The extension of the binary
description into the ternary 1is
performed along the llnes suggested by
Equations (7) - (11) in reference (3).
Tables 3 and 5§ contain all of the
required descriptive data. Reference
to Table 5 shows that in most cases
the counterphase parameter 1s equal to
Zero. Two obvious exceptions are the
SO_S(HO,ZO).5 and DO.u(HO,ZO).s cases
where the counterphase 1s stable and
can be located in Table 3. 1In the
other flve cases where the
counterphase 13 characterized by
finite values of the counterphase
parameter i.e. in GO-MO-SO and
GO-MO-DO, the specific values were
chosen to conform to available
experimental data. In all cases, the
ternary compound parameter, CAB, was
set equal to zero except for the
MO-TO-GO diScussed above., In this
case the values chosen were éelected
to conform to the published
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compstiollitly results given in Figure
720 (8). Filgures 24-26 display the
calculated isothermal sections for the
GO-M0O-SO syster. The sections at
1200°K and 900°K are in agreement with
the compatibility relations shown in
Figure 717 (8). The high temperature
egquilibria is dominated by the liquid
miscibility gap entering from the
GO-MO edge and the Enstatite (E =
xo.u(co,so).s) and Fosterite (T =
HO.571(GO,SO)-“29) compounds. The b
calculated isothermal sections in the 1

GO-MO-DO system shown in Figures 27-29
were derived on the basis of the
compatibility diagram in Flgure 2470
(8). These are similiar to the
GO-MO-SO case in that the high
temperature equilibria 1s dominated by
the E and F phases. In each of the
forgolinrg systems very little solid
solubility is suggested. The S0-Z0-HO
(5102-Zr02-xr02) system shown in --
Figures 30-32 1s of specific 1interest
in high temperature thermal protection
systems due to low diffusivity for
oxygen in silica. However the systen
1s dominated by liquid miscibility -
gaps and the equimolar compound, Q,
which does not appear to possess very
high stability (see Tables 3-5). The
KO-DO-MO case in Figures 33-35 shows
some 5011d solubility in the cubic A
phase at high temperatures in the HO
corner of the phase diagram. The
calculations suggest that the liquid
phase will disappear Jjust below
2200°K. The analog HO-DO-YO and
HO-MO-YO systems shown in Figures
36-38 and 39-41 both show extensive
ranges of solid solubility in the
cubic A and B phases which enter the
ternary from the HO-YO edge. In both
sases liquild phase 13 stil} present at

.
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2200YK. However the liquid is Just
barely stable 1n the HO-MD-YO case at
2200°K. In both these systems 1t 1s
likely that quenching from the high
temperature cubic A region could
permit retention of this phase at low
temperatures. Filgures U43-45 show the
calculated 1lsothermel sections 1in the
HO~-DO-Z0 (1/3Hr02-1/2CaO-1/32r02)
system. Experimental sectlions are
displayed in Filgures 53%2 A an2 B (5.
Although the general features ¢of the
calculations and observations are in
agreement a number of subtle
differences appear which stem from
differences in the binary and unary
systems., To Start with, the )
experimental diagram in PFigure 5392
(9) appears to have combined the M/T
transition in Hfoz. Thus in
comparison with Figure 15 or Figure
4444 (8) where an M/T transition 1s
shown at 1976°K and a T/A transition
shown at 2932°K, Figure 5392 B (9)
shows a M(T)/A transition 1in HfO, near
2273°X. A second difference is that
while Figure 15 and Figure Ll (8)
show narrow two-phase fields in HO-Z0
Figure 5392 shows a wide two-~phase
field. Nevertheless the remaining
features of the ternary sections are
in general agreement., At high
temperatures extensive solid
solubility is present in cuble A phase
leading to opportunities for retention
on quenching and the equilibrla is
dominated by the Q phase DO.u(HO,ZO)_6

_ With no 1liquid present below 2300°K.

lgures’ 46-48 show the calculated
sections in SO-HO~YO. Vertical
sections across the Join HO-O and HO-M
are shown in Figures 5440 and 544}
(9). Although there 13 general
agreemnent between the calculated and
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experimental resylts with respect to
disappearance of the liquid phase near
2100°K in the HO-M join and 1800°K on
the HO-0 Join, the calculations do not
show the wide range of stabllity in
the ternary for the cubic A phase
indicated by the experimental dilagram
in Figures S440 and 5441 (9). It
would appear that the experimental
results must reflect "quenching-in®" of
the high temnperature form or
difficulty in recognizing the 0, M or
Q phases experimentally. In view of
the forgoing discussion of the heat of
formation of the A phase in the HO-YO
system presented earlier it is very
unlikely that this phase could extend
1ﬁto the ternary to the extent
suggested by Figures 5440 and 5441 (9)
without precipitation of Y251207,
Y251O5 or Hr51021 Figures 49-51
display the calculated MO-SO-HO
sections which 15 dominated by a
miscibility gaps in the 1iquid phase
at high temperatures and the E, P and
S compound phases at low temperatures.
Little solubility 1s suggested in the
solid phases,

SUMMARY

The forgoing set of binary and
ternary examples show how model.
calculations of ceramic phase dlagrans
can be performed in order to gulde
development of new structural systems
and to evaluate existing experimental
data, It also provides a means for

planning future experimental studles.
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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 Stabillity" Argonne Natlional Laboratory, Argonne,
Illinoils, August 1987. Proceedings to be published in Physica B
1988)

A data base 1s being developed for calculation of quasli-binary and
quasl-ternary phase diagrams of ceramic systems. Previous segments
of this base cover combinations of Cr203, MgO, A1203, 8102, Cal,
513”u' Al1N, BeO, Y203 and Ce203. 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 blnary systems
composed of pairs of these compounds. Compound phases formed from
specific binary combinations of these compounds (1i.e. MgO-Cr2O3)
have been characterized. This description 1s based on observed
thermochemistry and phase diagrams for the binary systems of
interest, Selected ternary systems have been computed based on the
foregoling data base for comparison with experimental sections 1in
order to 1llustrate the usefulness of the data base. To date,
sixty six quasi binary and nineteen quasil ternary systems have been
calculated. The most recent set of papers extend the base to cover

GeO Hf02, Zr02 and TiO,. The components are of particular

2° 2
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interest in recent developments of structural high temperature

ceramics and applications requiring unusual toughness. The current
work deals with four qu-;1 blnary 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 oxlde systems over a wide range of conditions and
compositions of practical interest.

INTRODUCTION

Previous papers 1in inhe current series (1-6) provide
descriptive information for computing condensed phase equilibria in
ceramlic systems. In view of current interest in aprlying ceranmic
systems 1n applicatlions requiring toughness (7) and structural
performance at hlgh temperatures the present data base 1s being
extended to cover Ge02, Hf02, ZrO2 and TiOz. This has been
effected by employing avallable sources (§'19) of therriochenical
and phase dlagram data. High temperature ceramlics have received
increased attention during the last few years for structursal,
thermal protection and engine applications. SIALONS and

combinations of zirconla and hafnia with Al1_.0O SiC and Si1_N, have

23 374
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 GeO2

with SiO2 a whole range of glasses can be synthesized with
tallor-made coefficients of expansion. Utilizatlion of such
compositions offers the possibillity of enhancing the high

temperature oxidation resistance of ceramlc composites in which &

mixed GeO2—SiO? phase with a desired CTE could replace the

conventlional 3102 as a flller., This kind of compositing would opern

an entire spectrum of new opportunites for synthesis »f high
¥ R &
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temperature ceramics. One of the major obstacles in the
development of complex composite systems 18 the lack of phase
diagram information which can be used to guide the fabrication eand
processing of a new material and help to predict 1ts performance.
The current methods of employing models to predict high temperature
behaviour has proven useful when basic data 1s unavailable or too
costly and time consuming to obtaln by conventional means. This
method consists of developing a data base of thermochemical and
phese dlagram information in analytical form and employing computer
models to extend the description to bilnary and ternary systems.
Recently J. Lorenz et al. (13) appllied this method successfully to
SiC—Zr‘O2 and SiC-Zr‘O2—A1203-Sio2 in order to evaluate composition
effects and identify fabrication conditions. 1In the present paper,
the data base has been expanded by analyzing the following
quasl-binary systems: T102-A12O3, T102-Sio2, T102-Cao, and
T102-Y203. These results when combined with earller findings (1-6)
were employed to compute a range of isotherrnal sections in the
following quasi ternary systems sufficient to define thelr
characteristics: Ti0,-Al -Mgo0, A120 -T10,-S10 TiC,-A1.0_-HIO

o7AL,04 3 2 2 2~A1503 >
and MgO-SiOe-T102.

LATTICE STABILITY VALUES

Table 1 deflnes the lattice stabllity values employed 1in the
current study. Data for the stable forms were taken from
Kabaschewskl and Alcock (8). The remaining values were adopted
along with the lines employed previously. As shown in Table 1 the
present analyslis 1s based on one gram atorm of compound ani’or
solutiorn phase. Moreover, dissocrlation of the components or

vaporization 1s not considered!
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I TABLE 1}

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

- e

Tr = Tridymite, H = Hexagonal(& quartz), B(SO)= Trigonal(pquartz)
’ )
N F = Rutile (TO) A = Cubic (HO and 2z0)
$ 17 = Tetragonal (HO end 20) ¥ = Monoclinic (HO and 20)
. Y = High Temperature YO B = Low Temperature YO
L = Liguid

5 GO = 1/3Ge0, HO = 1/3HfO, TO = 1/3TiO, AO = 1/5A1,0,
“ "0 = 1/2M30 DO = 1/2Ca0 SO = 1/3si02 YO = 1/5y203
. CE = 1/3Ce02 20 = 1/3Zr02
2 GOGOLH* = (1/3)Ge02 (liquid) - (1/3)GeO2 (hexagonal)
\ GOGOLR = (1/3)Ge02 (liquid) - (1/3)Ge02 (rutile)
GOGOHR = (1/3)Ge02 (hexagonal) - (1/3)Ge02 (rutile)
s 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
y GOGOLA = - 11.00T HOHOTM = 2724 - 1.381T
p GOGOLT = - 11.57T HOHOLM = 39828 - 13.134T
.E GOGOLM = - 13.14T7T HOHOLX = - 2.092T
W GOGOLC = - 10.21T HOHOLP = - 8.368T
GOGOLP = - 8.37T HOHOLC = - 10.209T
g GOGOBR = 7109 - 5.40T HOHOLB = 30711 - 10.376T
; GOGOLX = - 1.67T HOHOLY = 23849 - 9.396T
g GOGOLTr = - 2.01T HOHOLR = 21882 - 10.42 T
. GOGOHB(S0O) = 335 - 0.29T
§ GOGOTrH = 14644 - B8.54T
;
;. * 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 ) (CONCLUDED)

SUMMARY OF LATTICE STABILITY PARAMETERS
(A1l units in Joules per gram atom (mole of atoms), T in Kelvins).

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

Tr = Tridymite, H = Hexagonal(« quartz), B(SO)= Trigonal(P quartz)
R = Rutile (70) A = Cubic (HO and 20)
T = Tetragonal (KO and 20) M = Monoclinic (HO &and 20)
Y = High Temperature YO E = Low Temperature YO
L = Liquid
DODOLR = ' - 16.23 T MOMOLH = - 8.37T
DODOLA = 8732 - 13.723T MONMOLR = - 10.42 7T
DODOFA = -31016 MOMOPA = =-31016
DODOAM = 16736 - 2.1347 MOMOLA = 16682 - 15.3977
DODOAT = =~22594 MOMOAN = 16736 - 2.134T
DODOLB = 5439 -~ 8.368T MOMOAT = -22594
DODOLY = 2929 - 6.694T MOMOLB = 13389 - 10.0427
DODOLR = - 10.418T MCMOLY = 10878 - B8.368T
TOTOLH = 14539 - 10.54 T YOYOLY = 22694 - 8.36E7
TOTOLR = 22313 - 10.42 T YOYOLB = 26878 - 10.042T
TOTOHR = 7774 - 0.12 T YOYOLA = 22615 - 9.832T
TOTOLP = - 8.37 T YOYOAN. = -16736 - 2.134T
TOTOLT = 3527 - 11,7577 YOYOTM = -B8368 - 1.381T
TOTOLA = 1017 - 11.757T YOYOLP = - 12.552T
TOTOTK. = -12259 YOYOLR = - 10.418T7
TOTOLC = - 10.209T
TOTOLX = - 1.674T Z0Z0LR = 2900F - 9.E327
TJOTOLY = - €.368T 2020AT = 1987 - 0.7531
TOTOLE = 6B£2 - 9,205T ZOZ0TV = 2008 - 1.3817
070LF = - £.3€€7
AOADLE = - 10.5%4 7T
FOAOLE = - °.8327 SOSOHF = -4790 - 5.69 T
FOAOLT = - 10.5%5857 COLOLT = - 2.0927
AGLOLY = - E.3€6ET LOSOLA = - 2.0927
EOROLE = - 10.4187 COLOLE - - 2.0921
CECELC = - N 20yT
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BINARY SYSTEMS

Tebles 2-4 and Filgures 1-4 summarize the results for the
binary systems listed above. The solution phases are described as
subregular 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 (1.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 formatlion for these compounds
from the component oxlides. Figure 1 shows the calculated TO-AO
(1/3 T102—1/5 Al2 3) system derived from the description contalned
in Taebles 1-4 in conformity with Flgure 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 T0-S0O (1/3 T102—1/38102) system based
on Tables 1-4 which agrees with the experimental dlagram in Figure
113 (9). Figure 3 displays the calculated TO-DO phase diagram (1/3
T102-1/2 Ca0) based on Tables 1-4 1in agreement with the
experimental results shown in Flgures 239, 4312 and 4553 (9). The
final gquasi binary in this group shown in Flgure 4 is the
calcultated TO-YO (1/3 Ti0,-1/5 Y,0 3
parameters listed 1n Tables 1-4, These parameters were derived

) system based on the

from the values glven earller for the HO-YO system (6).

TERNARY SYSTEME

The description of the forgoling systems combined wit) thocse
presented earller (1-6) have heen employed to rcelrulate 1sntlermal
sections in four quasli-ternary systems over a wlie range ¢f

termjperatures, The results of these ~alculatlons are precented {rn
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TRBLE 2

OUASIBIKNARY SOLUTION PARAMETERS FOR OXIDE BYSTENS
(1) units in Joules per gram atom (mole of atoms), T in Kelvine)

LTORO = 5335 + 13.60T LAOTO = 7008 + 13.60T

RTORD = €2760 RAOTO = 62760

CTORD = 62760 CKOTO = 62760 ]

LTOSO = 51463 LSOTO = £309%

FTOSO = €2760 RSOTO = €2760

XTOSO = 62760 XSOTO = €2760

TTOSO = €2760 TSOTO = €2760

LTODO = -127194 + 50.2087 LDOTO = ~-127194 + 50.208T

RTODD = 41840 RDOTO = 41840

PIODD = 3680 FDOTO = 83680 )

LTOYO = 14016 + &.184T LYOTO = 14016 + &.1847T

PTOYO = 20920 RYOTO = 20920

YIOYO = 20920 YYOTO = 20920 .

BTOYO = 20920 BYOTO = 20920 :
TABLE 3

SUMMARY OF COMPOUND PARAMETERS FOR BINARY SYSTENMS
(Al)l units in Joules per grar atorm (mble of atoms) T in Kelvins)

Compound Nare Stoichiometry Stability Base Compound/Pare-: t.

(Joules/g.at.)

3 .Ta h - e

(]/&)(k1203 7102) o] TO.37SAO.(25 gtatle C Er7erf L, 1F
(below 2000%)

ZENYIRY LG . . -1600L .o

(178 204 ’11(() t ‘I(\.375},.(?( gtetde C € + LL
(ebove 20004 )

(l/S)(?zo?.CaO) v 10 (DO p stalle F 87k€ + 37,037

(1/17) (3110, 470, v TO (ol ooy  Eratle ) -502) + 33.437

I S TR I W SR FOF S ' 1¢ , 0, e D ¥ -)1004; <« 3. BT 8
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TAELE 4

FORV.ATION OF CO%FOUKD FHASLS

CALCULATED FREE ENCRGY OF
(role ©of otors) T fn Kelving)

(A}) units in Joules per grar stor

Free Energy of rormalion,tcll29ll)

Co-pount Nare Etoichionetry fror Corponent Corpounds
(3781 (M) 203730, D TO 396M0 25 -§272 + 4. 0B1T
stable below 20001
()/E)(A):03.7z(b) £ 70.37£AO.£25 1€0f - 7.37327
statle abtove 2000}
(3751110, .Co0) U 10 (DO, ~1€6175 - 3.857 (
(1/5)(1:02.&0) 1] 70.(03.‘ AH‘(expersnenlhl) = ~1€150 « St¢
()/17)(37302.(1200) \Y 10.52903.‘71 -174%) <« 3.03T
(l/l?)(37102.4C30) v TO'S?QDD-‘7] AH‘(experinentll) = -17472
‘ (1/32)(27.0,.3Ca0) w T0 (DO =17397 « 3. 0€T
(l/l?)(21102.3C00) w TO.SDO.S AH‘(elperimentl]) = ~1743])
TABLF &
‘ SUMMAKY OF COUNTEKRFHASE STOICHIOMETFY AND PARAMETEKS
| E¥FLOYED IN TEKNARY CALCULATIONS
CStahble Fhase Courterphase
Sysre- (No~¢) Bsse Counterrhace Bare Farareter
1o AO-N: 10 . (w) E AO "o . (qu]eséq. at.)
S A Y L7577, 2%
TO'(HD.‘ (V) ¥ AO“GO.‘ F ¢
TO 426MC g9y (V) F AC 429" 59, F 0
1€, 395h0 g8 (D) C MO 3750 g3t ¢ °
7O 395A0 g2y (P) € PO 39520 625 ¢ e
PO 26€h . 9)4 (SP) S PO 26679 904 5 ¢
AL-10-80 ’0.375AO.(25 (D) € 50.375A0.625 C C
TS 39AT g0 (B C S0 3500 (o c <
oM M TC 2ee™™. 914 ¢ ¢
TiokTey bl T (£) 1 AT T, ! C
LR ( S T ( (
Y P T Fooaseh s ¢ !
LA N LN S ‘v 2 Toaef L ' CLCAE » —2t)0¢
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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 3000°K and 900°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 1s shown at 1843K in the experimental diagram in the TO rich
part of the TO-MO edge 1n excellent agreement with the calculated
results shown 1in Figure 7. In addition, Figure 6 shows the
calculated Glbbs energy changes deflining the subsolidus stability
of the various compounds Iin 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, Thils 1s true in the T0-A0-MO, AQO-TO-SO AND AO-TO-HO cases.
The values for F, V and W 1In MO-SO-TO were chosen to agree with
experimental results. Flgures 9-12 show the A0-T0-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 interactlions between the
M+R and D+T pairs 1s shown in Figure 12 defining 1707K as the
critical temperature. The calculated results are in good agreement
with the experimental findlngs 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 T0-AO edge Just below 1900K. Experimental
description of TO-AO-Z0 1in Figures 773-774 (9) shows similiar
behavior at 1853K. The final set of ternary calculations are
presented 1n Flgures 17-20 for the M0O-SO-TO system. Extensive

experimental data have been reported for this system In Filgures
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723, 25L2, 4573 &nd 4574 of (9).
rejorted at 1663°K which comjares fevorebly with the celculeted
section &t 1700°K in Figure 20. At high tempersatures the
equilidbris 15 dominated by the interaction between the 1iquid
niscibility gepes emanating from the MO-SD and SO-TO edges.

The minimum liqQuid terpersture 16

SUMMERY

~,

e Torgoling fet of binery &nd terner) exarjples show how rodel

ce.culetions ¢f ceravic phece diagrams cen te performed tce qgulde

development of new structurel systermes and tc eveluate existing

e jerireritel dete. It also provides & means for planning future

ex;erirente. studies.
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TABLE 1
THERMOCALC DATA FOR THE Fe-Ni-0O SYSTEM
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TABLE 2
THERMOCALC DATA FOR THE Fe-Cr-0 SYSTEM
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THERMOCALC DATA FOR THE Ti-C-N SYSTEM
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TABLE 4

SUMMARY OF LATTICE STABILITY, SOLUTION AND COMPOUND
PHASE PARAMETERS FOR THE CALCULATION OF AO-Z0-YO

Summary of Lattice Stability Paranetersy,T in Kelvins

(11 units in Joules per gram atom (mole of atoms), Tin Kelvins)

A0=(1/5) A1203, 20=(1/3) ZrOZ, YO=(1/5) Y203. L= Liguid
C= Corundur.,, Y=hich temperature (hexaconal) Y203, B-bcc
;23263) yzos, A=Zr02 cukic, T=Zr62 Tetreccrel, H=Zr02 Mornozsliric
2040L4a=(1/3) ZrO2 (liguicé)-(1/3) Zr02 (Can) Cubic
~LOROLC=23640-10.209T Z0ZOxT=1987-0.753T
AOLOLA= - 9.8327T 20Z0Tii=20086-1.361T
LOLOLT= -10.586T

YOYOLY=22694~ £.36ET
Z0ZOLL=2°008~- ©2.832T YOYOLE=268678~10.042T
Z0Z0LC= -10.20097 YOYOLA=22615- 9.8321
Z20Z0LY=17991- §.368T YOYORT=-6368- 0.7537
Z0ZOLB=24853- 9.2057 YOYOTH=-E3€6€86- 1.3817

summary of Solution and Compound Phase Parameters
(11 urites in Joules per gram atom (mole of &stoms), T in Kelvins)

LZ0Kx0=17573, LAOZ0=39748, TZOLO=TAROZO=LZOLO=LKR0Z0=62760
CAOZ0=CZ080=62760
Solution Phases

LZOYO= 14016 + 4.184T YZOYO= 2829 + 8.368T
LYOZO= 14016 + 4.184T YYOZO= 2929 + E£.368T
bZOYO= 2929 + 8.368T TZ0YO=-12552 + 11,2877
BYOZO= 292¢ + 8.368T TYOZO= 837 + 4.602T
AZOY0=-12552 +11.297T 1Z20YO= 4164 + 11.297T7
ARYOZO= 8§37 + 4.602T HYOZ0O= 637 + 4.602T1

Ccrmpound Phace = P = (1/19)(32r02-2y203)=(1/l9) 209Y010=

U - ¥ - ce =& T, - " Sy . 4" = - ,
“ 0-4/4&00.526' Base =%, Corpound Pararneter C= 31798 +
o Giblie Eneray of Formaticr frern (1/3) Zroz(u) ar.d

11 ,
(1/5) Y.O_(LE), LGf=-2&-6-2.86?‘ ]

81

- csraca . ~ . . - . NP e ama et
PO PP R R P R PO 2 IO SNy AT AT T s O e T S S R PG L A A AR N A i
L S A A A e A A A A S s s S L LR SR L R A TR P A O



W ST % ¥ FOV.N A AR W W ST T T e W

N,

~
i 8,

/e lt? O.‘——c—

v Wy Ng W My R VALY LR Y

. v,o_‘ & 1 T} o3 h 3] a0 s ¢ cT AL
17 T - —— Y 1§ 2 Y Y v
2ok eV VU A T 000 A0

~ l ]
Y 2780
_\ —_— 7
2420 X
o0} 7120 o0t 4
| vep 2180
-
Ueha aAeC
1zock -
8 -
0o 1 11/15) (31,10, - AL 0] M EIAIDAEASIUNE LR SN
] ) _____t 'y 4 . 4 1 _
. v B - . . .
REE DR Il O A R TR TR RO 3rghipleny TR

Celcu)oted l/E\J‘3

- I/SA(.O‘ Phase Msjrar

Yiy oerl. w/CY.CLoTe 17 (’3
‘ - -
10.¢ 2.4 3i.% 4Ll MDY 62,3 7).¢ El.c &0 ¢ {
3%y X T B 3 - B S -1 R T
TR L
<>~~ Y Gexeporely
le0s h‘\ £ (Cotics 4 .
)
T ‘\ 1 et
Toul JARES1 h
TelTE el T
e K -4
e - \ .
Morociiniosl, b et F et
[ X0 o
«OU B e g
A L d ) Kl — 1 - !
« (Qrasy(ori el Cdmbeity g Yo i 3
Coleuletec Zn'-.,-\.l’r3 Fleee liagre
1/3 Zi(lz v/0 61203 — 175 }:203
&, 7 11,0 372,64 27.¢ 35,0 ¢2,% 83.% €¢.3  £).¢ ‘
1%k Y Y T T T T T T T
2.1
2 L (ligsie) .
R e |
. (i
o 4____,.*:>x .
T —
;'";ao}‘ -, ¢
FERIN
1600 .
1200 -
! —o[ Moa
[J538) -
DEGe e
| & _ ke q 2 b i —s
re At

Colcudoted 210 =200, Fomcd Disgres
v ]

Figure 5.Calculation of the YO-AO, 20-YO and

Z0-A0O Phase Diagrams on the Manliabs System.
82

NS e LY A

LY
i
:
A
L
&
g
i
L
"
“u



:
:
m * (Wo3shg SeTUURW) wo »;,.t>hxtxafn;< GHI UL o100 (rutaylos ] poje a9 oanbty
ﬂ -
" . : botausl=
S udy M\_IQN v HrV v} ;f...\_lc.r
W L I  Jame 3 X W Ry e e ]
5
4
W V+L+] N Y G
w il
. L W\
n+1
| A00¢¢
. a4q-
LEE 00vE997 0024 0ny =11
) . l+v q+Vv
- =" €
04ue/ 1 cA\\\ y Mrr . v a®rs/1=04
Il | 7 ///
A
Vel+']

(prnbryp) 1

(GA) 2Tqni-=y

jeuodeajo=] .N;:;,
d1qni)=y N00LZ d1qny=y
lBUOUEXIH=)
N00%Z
Loliv g/1=0v toliv ¢/1=0v

Ca

TR

~

83
SR

-

NI
_all ]

Wl S

AGAIAYGS

N

AL

Gy

Rl




P VP BN F F ST TR A Y, &SN
2
- AEQ”«U.\AW mn—mﬂcmzv Mo P SAY m:_.>|rsh.\.lﬂn-m_< a7 :_ T::_gb..m et anJon | _.;:.___,__;.h OUEUﬂ&
N 47 (Y’ M «
042 ¢/1=qv 0"L G/ 1=0)
A
hat’|
2. .. +y Lrv €.C -
042 €/1=07 0°& $/1=0X
. 3
4
N
o
A
.’ -lldn
veLst 7\ u
-/ rA._
\ .m
. 52
L+ / f.\-;
~ e
L+1+9) [ruodeayay =y M“
21qn) =4 2
N0€0z A0017 1+ ﬁmh_muv 21qn) =v ....-u
wnpunio) =) w&
) pInb1 =1 X
\ R
0"1V S/1=0V X
€ecto . L99° )
ovt9% %0z ‘0R)+n N
2.4
$79°0  GlE” e
ov* 8007 taxyn .“
K7
N
ek
. _ _ e -




AM=1/2A1.,0

SUMMARY OF LATTICE STABILITY,
FOR THE CALCULATION OF THE AM-ZM-YM SYSTEM (Joules, °k)

IM=ZrQ

27’3 2’

cublc, T=ZIr0

2 2

M =
C=Corundum, Y=high temperature (hexagonal),
Tetragonal,

Wvumwwmmwmmmmmv Lo AR alie Sl Al Ate Alatile Al

TABLE 5

1/2Y20

2

B=bcc (Mn O )Y
M=Zr0O, Monoclinic

SOLUTION AND COMPOUND PHASE PARAMETERS

3

LATTICE STABILITY PARAMETERS

AMAMLC=59100-25.5T
AMAMLA= -24,58T
AOAOLT= -24. 47T

ZMZMLA=87024-29.50T
ZMZIMLC= -30.637
ZMZMLY=53973-25.10T
ZMZMLB=TU4559~27.61T

IMZIMAT=5G€61-2,2€T
ZMZMTM=6024-4, 14T

YMYMLY=56735-20.92T
YMNYMLB=67195-25.11T
TMTMLA=56538-24,.58T
YMYMAT=-20920-1.88T
YMYMTM=-20920-3.45T

SOLUTION PHASE PARAMETERS

LZMYM=-1674-37.66T

LYMZM=63178-37.66T

LZMAM=LAMZIM=4184

BZMYM=-18410-25.10T
AZMYM=-26778-33.47T
TIMYM=-26778-33.47T
YZMYM=-18410-25.10T
MZMYM=7G50~33.47T

BYMZM=46442-31,38T
AYMZM=38074-39.75T
TYMAM=38074-39.75T
YYMZM=46442-31,38T
MYMZM=38074-39.75T

TZMAM=TZMAN=41840
AZMAM=AMZIM=41840
CZMAM=CAMZM=41840

LYMAM=-66944
YYMAM=-20920
BYMAM=-20920
CYMAM=-20920

LAMYM=-66944
YAMYM=-20920
BAMYM=-20920
CAMYM=-20920

COMPOUND PARAMETERS

P=2M u29Yr’. 57l=l/7(3ZrO . )' Base phase=A; C=84308-17.99T
U=YM.677AM.333 1/6(2Y 3 A1203) Base phase=B; C=67362+17.497
V=YM 5AM 5=1/u(y 03-A1 ) Base phase=C; C=24058+60.25T

W=YM 375 1/16(5Y 3 3A12 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-0
system. The only difference being that the fcc metallic phase (3’) is
the only one included in the THERMOCALC description while the FACT
description (2) also contains the sigma (U ) and bce (&) phases which
emanate from the Fe-Cr edge. The Fe-Ni-O and Fe-Cr-0 examples shown
above demonstrate how this system can be employed to compute
metal-metal-oxygen phase dlagrams. 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 T1-1/2N2 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 1s the A1203-Zr02-Y203
system which 1s shown in Table 4 and Figures 5-7. In this case the
system is model aé A0-Z20-Y0 1e 1/5 A1203-1/3 Zr02-1/5 Y203. Table 4
summarizes the lattice stabllity, 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 1le
as AM-ZM-YM where AM=1/2 /A1203, ZM=Zr02 and YM=1/2 Y203 on the basis
of Table 5 by matching the Gibbs energles 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. PFigure 8 shows
{ YO-AO and YM-AM 1in mol and welight 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 Z0-YO, ZM-YM, Z0-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 1llustrate the general utility of the THERMOCALC system!
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