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Abstract

The phase diagram of the Al,O0;—ZrO,—Er,0;3 system was constructed in the temperature range 1200-2800 °C. The phase transformations in the
system are completed in eutectic reactions. No ternary compounds or regions of substantial solid solution were found in the components or binaries
in this system. Four ternary and three binary eutectics were found first. The minimum melting temperature is 1720 °C and it corresponds to the
ternary eutectic A, O3 + F-ZrO, + Er; AlsOy,. The solidus surface projection, the schematic of the alloy crystallization path and the vertical sections

present the complete phase diagram of the Al,0;—ZrO,—Er,0; system.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The investigation of the Al,O3-ZrO,—Er,O3 phase diagram
is the part of systematic investigation of ternary phase dia-
grams including alumina, zirconia and oxides of lanthanides.
Erbia is an effective ZrO stabilizer.! Alumina improves thermo
mechanical properties of zirconia ceramics and its hydrother-
mal stability.y‘ The Al,03—ZrO>—Er; O3 system contains new
ternary and binary eutectics which are perspective to obtain
structural high-temperature oxide ceramic materials by direc-
tional solidification.’

The phase diagrams of the bounding binary systems have
been examined in some detail.®!® The Al,03-ZrO, Sys-
tem is of the eutectic type and is described elsewhere.® The
Al,O3-Er, O3 system7‘12 includes three compounds: congru-
ently melting at 1960 °C ErzAl;01> (Er3As) with garnet-like
structure, congruently melting at 1963 °C ErAlO3 (ErA) with
perovskite-like structure and congruently melting at 1990 °C
ErgsAl,Og (ErpA) with monoclinic structure. No substantial
solubility regions on the base of the components and binary
compounds were found in the Al,O3—Er,O3 system. The phase
transformations of ErnO3 XSHSASBSC (X, Hy, A,
B, C—phases on the base of Er,O3 with high-temperature
cubic (X), high-temperature hexagonal (H), low-temperature
hexagonal (A), monoclinic (B) and low-temperature cubic
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(C) structures of rare-earths oxides) realize as H<= C trans-
formation in the very narrow temperature interval about
2320°C,'? while X H transformation realizes very close
to the EroO3 melting temperature (2390 °C). Therefore, we
take the H< C phase transformation as united one. It dis-
plays on the liquidus surface as metatectic point with 2320 °C,
96 mol% Er; O3 coordinates. Four eutectics were detected in
the system: Al,O3(AL)+Er3As at 1810°C, 19 mol% Er;0s,
ErsAs+ErA at 1930°C, 42.5mol% Er,O3, ErA+ErnA at
1920°C, 57mol% Er,O3 and Erp A +C at 1880°C, 74 mol%
Er203.

The system ZrO>—Er;O3 investigated in the 1250-2700 °C
range is one of the eutectic type with eutectic coordinates
2350 °C, 82 mol% Er,03.13-19 A peritectic point L + F < C with
coordinates 2400 °C, 75mol% Er,O3; was found on the lig-
uidus curve. Wide ranges of solid solutions with fluorite-like
F, tetragonal T and monoclinic structures M on the base of ZrO»
with different Er,O3 content were found in the system. Wide
range of solid solutions with cubic structure C-Er,O3 was found
on the base of EryO3. A compound-superstructure ErsZr3012
(EraZ3)? with a rhombohedral-type structure was found in the
F solid-solution field below 1490 °C having no homogeneity
area.'>1® The phase transformations of ZrO; F< T <M and
Er, O3 (H< C) take place in the solid state and are not seen
on the liquidus curves. The nature of these transformations is
eutectoid.

Systematic information about the interaction in the sys-
tem Al;O3—ZrO,-Er,O3 is absent in the literature. In a
computer simulation the Al,O3-ZrO>—Er;O3 liquidus surface
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using a CALPHAD method based on experimental results
on bounding binaries was done.’> Single alloys in Al,Oj3-rich
area of the ternary system were investigated to specify the
composition of Al,O3-rich ternary eutectic. The composition
without primary crystals was determined with mole ratio of
Al,O3/Er,03/Zr0O, =65.9/15.5/18.6.

In this investigation the Al,O3—ZrO,—Er, O3 phase diagram
is presented as isothermal sections at 1250 and 1650 °C, liquidus
and solidus projections on the concentration triangle, phase dia-
grams of the triangulating sections, schematic of the reactions
proceeding during equilibrium crystallization of melted samples
and three isopleths in a wide range of temperatures and concen-
trations. The temperatures of isothermal sections were chosen
according to the temperature stability interval for the super-
structures LnyZr,O7 and LngZr3O1, in the bounding binary
systems ZrO,—LnyO3, where Ln =lanthanides. The upper tem-
perature stability limits for these superstructures depending on
the atomic lanthanides numbers are presented in a previous
work.?0

The analysis of interaction in the binaries Al,O3-Y,03
and Al,O3-Er,O3; showed the similarity,6’10 which is given
by the closeness of Er (0.881) and Y (0.892) ionic radii.?!
It allowed to assume that the interaction in the system
Al,O3-ZrOy—-Er,O3 should be similar to the interaction in
the system Al,O3-ZrO;-Y,03 and determined by the struc-
ture of bounding systems in the absence of ternary compounds
and appreciable solubility areas. In this case the interaction in
the ternary system consists in equilibria of binary compounds
Er3As, ErA and Erp A from the bounding system Al,O3—Er; O3

with solid solutions F and Er,Z3 phase from the bounding sys-
tem ZrO—Er; O3 as well as component oxides and phases on
their base. Triangulation of the system will be realized using
Er;As—F, ErA-F and Er, A-F sections.

2. Experimental details

Specimens were obtained by both chemical method and from
melting the component oxides. Powders of alumina (99.9%),
zirconia (99.99%), erbia (99.9%) from Donetskij zavod khim-
reaktiviv, Donetsk, were used as raw materials. The appropriate
quantities of oxides were blended in an agate mortar with
ethanol, dried and pressed into pellets 5 mm in diameter and
5 mm in height.

Powders of AI(NO3)3-9H,0, ZrO(NO3),-2H,0O with purity
99.9% (Donetskij zavod khimreaktiviv, Donetsk) and erbia
(99.9%) were used for chemical route preparations. Both salts
and erbia were dissolved in water with some droplets of con-
centrated nitric acid added, dried, calcined at 900 °C in air
and pressed into pellets of the same dimensions. The speci-
mens were taken at 5-10mol% intervals on the bisector with
an Al,O3/ZrO; ratio of 1, an isopleth 20 mol% ZrO, and along
the section ErA-ZrO,. Compositions of experimental samples
are seen in the corresponding pictures. Additional compositions
were chosen in the process of identifying the location of the
ternary eutectic points. For the constructing of isothermal sec-
tions chemically derived samples were annealed at 1250 and
1650°C for the time necessary to attain equilibrium, estab-
lished by unchanging XRD patterns. Other samples were fired

20

30 ErasF+Eryz,

40 Er,7ry0,, (ErpZs)
ErA+ErpyZ
50
ErpA+EryZg
60
&
%’ 70
&
of

o]
o O O

EroA+EryZ+C
Eo . A+ErZg -
o o
o)

90

Er,A+C ®

Al,Og 10 20 30 / 40
(AL) ErzAl504,
(Er3Ag)

ErAIO

60 /70 80 90 Er,0,
EryAl,Oq
(ErA) (EraA) mol.%

Fig. 1. Isothermal section of the Al;03-ZrO,—Er, O3 phase diagram at 1250 °C: (@) two-phase samples; (O) three-phase samples.
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Fig. 2. Isothermal section of the Al;03—ZrO,-Er, O3 phase diagram at 1650 °C: (@) two-phase samples; () three-phase samples.

at 1250°C in air for 6 h then melted in molybdenum pots in a
DTA device?? at total pressure of Hy about 1.2 atm and annealed
below the solidus temperature for 1h. The specimens were
investigated by DTA in H; at temperatures to 2300 °C, X-ray
(DRON-1.5, Burevestnik, St.-Petersburg), petrographic (MIN-8

optical microscope, LOMO, St.-Petersburg) and microstruc-
ture phase (ZEISS DSM982 GEMINI) analysis. The accuracy
for XRD measurement came to +0.0003 nm, for refractive
indexes measured with immerse liquids £0.003, with alloys
+0.02.
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Fig. 3. Partially quasibinary sections of the AlO3—ZrO;—Er,O3 phase diagram: (a) Er3A5—F;; (b) ErA-F;; (c) ErnA-F3.
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Fig. 5. Projection of the liquidus surface for the Al,O3—ZrO,—Er,O3 phase diagram.

As far as wide areas of solid solutions F exist in the binary
bounding system ZrO,—Er,O3, so we used the compositional
dependence of lattice parameter af to determine conoid triangles
coordinates in the system. !

3. Results and discussion

Two isothermal sections at 1250 and 1650 °C were con-
structed incorporating literature data and the XRD results
obtained (Figs. 1 and 2). No ternary compounds or regions of
extraordinary solid solutions were found in the components or
binaries except small regions of ternary solid solutions in the
ZrO; corner. They appeared because of limited Al, O3 and Er, O3
solubility in ZrO; at elevated temperatures. Both isothermal sec-
tions are similar and differ only in the width of phase fields and
that at 1250 °C the phase ErA equilibrates not only with F solid
solution, as at 1650 °C, but also with the phase Er,Z3, which is
stable below 1490 °C. Thus new ternary regions ErA + F + EryZ3
and ErA +EryZ3 + ErpA as well as new narrow binary regions
ErA + EryZ3 and ErZ3 + Erp A appear in the section at 1250 °C.

The existence of two-phase regions AL+F, Er;As+F,
ErA +F and Er A +F makes it possible to accept them as tri-

angulating sections of the system Al,O3—ZrO;—Er,O3. As far
as phase F is of a variable composition then these sections can
be estimated as partially quasibinary. So as to verification of this
hypothesis we constructed vertical sections Er3As5—F;, ErA-F,
and Erp A-F3 of the Al,O3—ZrO,—Er;O3 phase diagram. The
specimens were taken at 5 mol% intervals in the middle of two-
phase fields, established in the isothermal section of the phase
diagram at 1650 °C.

Phase diagrams of the partially quasibinary sections of the
Al»O3-ZrO,-Er; O3 phase diagram are presented in Fig. 3 in
the 1500-1700°C interval. The sections are of the eutectic
type and exhibit no remarkable solid solubility. The coor-
dinates of the eutectic points are 14 mol% ZrO,, 1860°C
(ErsAs+F; (21.5mol% Er;03)), 12mol% ZrO,, 1900°C
(ErA+F; (33mol% Er,03)) and 12mol% ZrO,, 1940°C
(EroA+F3 (41 mol% Er;03)). Their microstructures are pre-
sented in Fig. 4A-C. At the same time these quasibinary
eutectic points are saddle points in the phase diagram of the
Al,O3-ZrO,-Er; O3 system.

The liquidus surface for the Al,O3—ZrO,—Er,O3 phase dia-
gram in conjunction with conoid triangles (Alkemade lines) is
shown in Fig. 5. It consists of eight fields for primary crystalliza-

Fig. 4. Microstructures of some alloys in the Al;O3—ZrO,—Er, 03 system, mol%. (A) Saddle point 51Al,03-14ZrO,—35Er, 03 (e1p): dark phase, Er; As; light phase,
F1; (B) saddle point 40Al,03—-12ZrO,—48Er,O3 (e7): dark phase, ErA; light phase, Fa; (C) saddle point 26Al,03-12ZrO,—62Er;O3 (e4): dark phase, Er;A; light
phase, F3; (D) ternary eutectic point 21Al,03—12ZrO,—67Er,O3 (E): dark matrix phase, Er,A; large isotropic light phase, C-Er,O3; little isotropic light phase, F;
(E) ternary eutectic point 37Al,03-10ZrO,—53Er, O3 (E»): dark matrix phase, ErA; large rectangular light phase, Ero A; light inclusions in ErA and Ery A phases, F;
(F) ternary eutectic point 47A1,03—12ZrO,—41Er,03 (E3): dark phase, Er3As; grey phase, ErA; light inclusions in Er3As and ErA phases, F; (G) ternary eutectic
point 65A1,03-19ZrO,-16Er,O3 (E4): dark phase, Al,Os3; light phase, Er3 As; light inclusions in Al,O3 phase, F.
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Fig. 6. Solidus surface projection for the Al;03-ZrO,-Er,03 phase diagram: (@) two-phase samples; (O) three-phase samples.

tion. Every component and binary compound has its own field.
No new phases or regions of remarkable solid solution were
found in the components or binaries in the AloO3—ZrO;—Er;O3
system. The largest liquidus area is occupied by solid solutions
of ErpO3 in ZrO;. This field is divided by the monovariant line
(F S T+L) into two primary crystallization fields for solid solu-
tions with fluorite-like cubic (F) and tetragonal (T) structures.
The monoclinic form of ZrO; has no primary crystallization
field on the liquidus because it exists at temperatures that do
not exceed temperatures of binary and ternary eutectics. The
Zr0O; solid solutions in Erp O3 with H- and C-structures of rare
earth oxides have their own fields for primary crystallization.
The coordinates of invariant points of the Al,O3—ZrO;—Er; O3
phase diagram are listed in Table 1. It should be emphasized a
very good agreement between the composition of E4 obtained in

Table 1
Coordinates of invariant points in the Al;03-ZrO,-Er,03 system

this investigation and the results of Ref. 5. The microstructures
of the invariant points Ej—E4 are shown in Fig. 4D-G. The min-
imum melting temperature in the system is 1720 °C and relates
to the ternary eutectic E4. The maximum liquidus temperature
is 2710 °C and refers to the melting point of pure ZrO,.

The projection of the solidus surface of the
Al,O3-ZrO-Er,O3 phase diagram is shown in Fig. 6.
Data on the coordinates of the conoid triangles of solid phases
on the solidus surface were obtained from XRD measurements
and are given in Table 2. According to the liquidus construction,
the solidus surface consists of five isothermal three-phase fields
corresponding to four invariant equilibrium of the eutectic
type and one of the transformation type. The linear surfaces
representing the solidification ends of the monovariant eutectics
AL+T, AL+F Er3As+F, ErA+F, EnA+F and EnA+C

Equilibrium points Temperature (°C)

Composition (mol%)

Invariant equilibrium

Al O3 ZrO, Er, O3
ey 1940 26 12 62 L< EnA+F
e7 1900 40 12 48 L4 ErA+F
E; 1860 21 12 67 L EnA+F+C
e10 1860 51 14 35 L < ErzAs+F
E; 1855 37 10 53 L < ErA+F+EnA
E; 1785 47 12 41 L < ErzAs +F+ErA
U 1755 63 25 12 L+T<F+AL
Ey4 1720 65 19 16 L& AL+F+ErAs
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Coordinates of the apexes of the solid-phase tie-line triangles on the solidus surface of the Al,O3—ZrO,-Er; O3 phase diagram
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Phase Composition of the equilibrium phases (mol%)
AL T F ErAs ErA EnA c
AL+T+F 100 97.5Zr0,-2.5Er,03 96Zr0,—4Er, 03 - - - -
AL+F+EnAs 100 - 87.SZr02—12.5Er203 100 - - -
Er;As +F+ErA - - 69.5Zr0,-30.5Er, 03 100 100 - -
ErA+F+EnA - - 65Zr0,—-35Er, 03 - 100 100 -
ErA+F+C - - 51Zr0,—49Er, O3 - - 100 257:r0,~75Er,03
2400 | p
L+FsC
2350 | eq
2320 | e | LSC+H
HSC+L
2260 | eg3
FST+L 1930 | e 1940 |e4
LS ErqA5+ETA LSErA+F
1920 e
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Fig. 7. Schematic of the reactions proceeding during sample crystallization in the Al,O3—ZrO,—Er; O3 system.
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4-49mol% Er,Os3 interval, and the linear surface FT'F’'T”
formed by the end of conoid triangles, which rest upon the

Fig. 10. Isopleth 15 mol% ZrO; for the Al,03-ZrO,—Er,O3 phase diagram.

equilibrium phases T and F whose compositions are located
near the ZrO, apex and move upon curves T'T” and F'F”.
The isothermal field AL+ T +F that corresponds to invariant

T°C transformation equilibrium L+ T < F+ AL (U, 1755°C) is the
R 470 part of quadrant, where the transformation reaction finishes
2600 1 with total liquid expenditure.
2500 . On the base of data on liquidus, solidus and bounding binary
2400 - L oo systems, a schematic of the reactions that proceed during the
_— equilibrium crystallization of the Al,O3-ZrO>—Er;O3 system
2200 ] | alloys is shown in Fig. 7. The equilibrium alloys crystalliza-
L+F+T tion in this system is characterized with one invariant four-phase
gl o I transformation process at 1755 °C (U), four invariant four-phase
2000 | L+ErA — ol congruent processes at 1850 (E;), 1855 (E3), 1785 (E3) and
1900 { 187 - 1720°C (E4) and three invariant three-phase congruent pro-
1800 | LHEAF LAF+AL iJ‘*T"AL cesses at 1940 (e4), 1900 (e7) and 1860 °C (eyo) (Fig. 7).
] T — Three polythermal sections were constructed to present
1600 ] L L L L R | the phase diagram of the Al,O3—ZrO;-Er,O3 system more
3 completely: bisectors Al,O3/ZrO> =1, Al,O3/Er,O3=1 and
ey ErAgtF aeE | isopleth 15 mol% ZrO, (Figs. 8—10). These figures confirm the
1400 ErAgtFEm ALSFHErA ? triangulation and discover the interaction in different parts of
1300 the Al,O3—ZrO,-Er, O3 phase diagram.
il EEEL I B N A
0 10 20 30 40 50 60 70 80 90 100 4. Conclusions
NG, 0Al05 The phase diagram of the Al,O3-ZrO,-Er;O3 system was
0219, 270 mol% 100219, constructed in the temperature range 1250-2800 °C. The lig-
50 Er,04 0 Er,04

Fig. 9. Bisector Al;03/Er,03 =1 for the Al03—ZrO,—Er,O3 phase diagram.

uidus surface of the phase diagram reflects the preferentially
eutectic interaction in the system. Four ternary and three binary
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eutectics were found. No ternary compounds or regions of
remarkable solid solution were found in the components or
binaries in this ternary system. The minimum melting tem-
perature is 1720 °C and it corresponds to the ternary eutectic
AlyO3 +F-ZrO; + Er3AlsO15. The polythermal sections present
the complete phase diagram of the Al;O3—ZrO,—Er,O3 system.
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