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Abstract

A hydrothermal technique was used to prepare
micropowders of ZrO, solid solutions stabilized by the
mixture of rare earth oxides and yttria (Ln,O)
recovered from phosphogypsum. Phase compositions
and particle sizes of the powders were measured.
Zirconia solid solutions of cubic and tetragonal
symmetry are the major phases. A larger Ln,O,
concentration promotes a greater cubic phase content.
Powders having low Ln, 04 concentrations have small
amounts of monoclinic phase present.

The phase composition, fracture toughness (K.)
and Vickers hardness of samples sintered at tempera-
tures ranging from 1250 to 1350°C were measured.
Tetragonal and, in some cases, monoclinic zirconia
solid solutions are found in the microstructure of the
sintered bodies. Two ordered phases with the formulae
Ln,Zr,0, and Ce,Zr,0,, were also detected in the
system. Tetragonal zirconia polycrystals (TZP) with
high (10 MPam®®) fracture toughness were found.

Es wurde eine hydrothermische Methode angewandt,
um ZrO,-Mikropulver herzustellen, die durch ein
Gemisch von Seltenen Erd-Oxiden und Yttriumdioxid
(Y,0;) stabilisiert wurden und mit Phosphai-Gips
eingehiillt wurden. Die Phasenzusammenseizungen
und die Teilchengrifien der Pulver wurden bestimmt.
Die Hauptphasen sind kubisches und tetragonales
Zirkoniumdioxid. Ein héherer Gehalt an Y,0; fiihrt
zu einem héheren kubischen Phasenanteil. Pulver mit
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geringerem Y,0 ;- Anteil zeigen geringe Gehalte an
monokliner Phase.

Die Phasenzusammensetzungen, die Bruchzihig-
keit (K\.) und die Vickers-Hdrte bei Temperaturen
zwischen 1250 und 1350° C gesinterter Proben wurden
bestimmt. Tetragonales und in einigen Fillen auch
monoklines Zirkoniumdioxid konnen im Gefiige
gesinterter Proben beobachtet werden. Zwei geord-
nete Phasen mit den Stochiometrien Ln,Zr,0, und
Ce,Zr;0,, wurden ebenfalls im System entdeckt.
Tetragonale Zirkoniumdioxid-Vielkristalle (TZP)
mit hoher Bruchzdhigkeit (10 MPam®?3) wurden
beobachtet.

Une technique hydrothermique a été utilisée pour
préparer une micro-poudre de ZrQO, stabilisée par un
mélange d'oxydes de terre rare (Ln,0) et d’oxydes
d'yttrium (Y,0;) recouverts par du phosphate de
gypse. On a étudié les compositions des phases ainsi
que la taille des particules. On a trouvé que la zircone
de symmétrie cubique et tétragonale forme la majorité
des phases. On a remarqué que lutilisation de Ln,05
en forte concentration favorise la formation de la
phase cubique et que les poudres ayant Ln, O, en faible
concentration présentent une faible quantité de phase
monoclinigue.

On a étudié la composition des phases, la ténacité
(K\.) ainsi que la dureté Vickers sur des échantillons
Srittésentre 1250 et 1350°C. De la zircone tétragonale
et dans certains cas de la zircone monoclinique ont été
trouvées dans la microstructure des produits fritiés.
En outre, deux phases crystallines ayant pour formule
Ln,Zr,0, et Ce,Zry0,, ont été aussi détectées. Les
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polycristaux de zircone tétragonale (TZP) observés,
possédent une forte ténacité (10 MPam®3).

1 Introduction

During the last 15 years several systems suitable for
the preparation of tetragonal zirconia polycrystals
of good mechanical properties have been investi-
gated. These are following: Y,0;-Zr0,,! =3 CeO,~
Zr0,,*”7 Ca0-Zr0,,2 MgO-Y,05-Zr0,,° !
CaO0-TiO,-Zr0,,'? Ti0,~-Y,0,-Zr0,.}>~1¢

The aim of the present work was to study the
possibility of the application of a mixture of rare
earth oxides and yttria recovered during phospho-
gypsum processing to the stabilization of tetragonal
zirconia polycrystals. The chemical composition of
the stabilizing mixture is given in Table 1. According
to these data CeO,, La,0; and Nd,O, are the main
components of the mixture.!”

2 Experimental

A hydrothermal technique was used to prepare the
starting powders.!® The first step of the process
consists of the coprecipitation of the mixed hydrox-
ides of zirconium and the elements shown in Table
1. This was accomplished by introducing the mixed
solution of zirconyl chloride and nitrides of the
stabilizing cations into the vigorously stirred
ammonium hydroxide solution. The final pH of 9
was maintained to obtain quantitative coprecipi-
tation. The resulting gel was washed with distilled
water to remove the remaining ammonium salts and
subsequently hydrothermally treated under the
autogeneous water vapour pressure at 250°C for 4 h.

Table 1. Rare earth oxide mixture analysis!’

Element Content Oxide Content
(wt%) (mol%)

Y 199405 Y,0, 2:58 +0-68
La 22:5+09 La,0, 19-59 +0-78
Ce 370+ 20 CeO, 639435
Pr 30+02 Pr,0, 2:57+0-17
Nd 105+05 Nd,O, 8-:80 + 042
Sm 1-13+0-05 Sm,0, 0-909 + 0-040
Eu 0-329 + 0-008 Eu,0, 02618+ 00064
Gd 079 +0-07 Gd,0, 0-608 + 0-054
Tb 0960 + 0-007 Tb,0, 03653 +0-0027
Dy 0-323 40004 Dy,0, 02404 4+ 00030
Ho 0-049 + 001 Ho,0, 0-0359+00073
Er 0-170 + 0-04 Er,0,4 01229 +0-0289
Tm 0-009 + 0-002 Tm,0, 00064 + 00014
Yb 0-04 +0-004 Yb,0, 00280+ 0-0028
Lu 0-004 + 0-0004 Lu,0, 0-002 8 + 00003

The dried powders were deagglomerated by a
method described elsewhere!® and uniaxially com-
pacted under 196 MPa into discs 12mm diameter
and ~3 mm thickness. Sintering was performed in
air at 1250, 1300 and 1350°C for 2h. The rate of
temperature increase was 4°C/min.

The monoclinic phase content in the powders
was determined by X-ray diffraction using the
method outlined by Porter & Heuer.?® The phase
relations within the sintered samples were assessed
by the relative intensities of the particular reflections
according to the formulae

T=I(111)y/ZI (N
M = I(111)/Z1 (2
O, + ©, =[1(222)y, + 1(002)g, + I(111),1/Z1  (3)
where
ZI=I(111) + I[(11T)y + 1(222)g,
+ 1(002)g, + I(111)4,

and T, M and ®,+®, stand for the relative
intensities of indicated reflections of the tetragonal,
monoclinic and ordered (®; and ®,) phases,
respectively. The method was applied to show the
trends of the phase composition changes (including
ordered phases) versus stabilizing oxides content at
different sintering temperatures.

The (111) line broadening was used to determine
the tetragonal and cubic crystallite sizes.!

Replica transmission electron micrographs al-
lowed observations of the microstructure and
determination of the ‘true’ grain size distribution by
the Saltykov method?? in the sintered bodies. This
information was useful for assessing the critical
grain sizes of the tetragonal phase in the sintered
body by the procedure shown in Ref. 8. In this case
the monoclinic phase content determined by the
Porter & Heuer method was used.

Vickers indentations under a load of 196N
applied for 10s and the Palmqvist crack model??
were used to determine the fracture toughness (K )
of the sintered samples. The apparent densities of
the sintered ceramic were found by hydrostatic
weighing.

3 Results and Discussion

3.1 Powder characteristics

Data given in Table 2 and Fig. 1 indicate that the
powders are composed of isometric ~ 10 nm crystal-
lites. Monoclinic phase content decreases with the
increased stabilizer concentration. Compositions
above 4mol% content of the stabilizing oxide
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Table 2. Characteristics of powders

Stabilizing Monoclinic Crystallite size Dy,
mixture content phase content (tetragonal and/or cubic)
(mol%s) (vol.%) (nm)
2 19-8 +0-2° 13-2
3 95+ 04 12:6
4 2:5+02 11-8
5 0 12-0
6 0 10-6
7 0 9-8
8 0 9-8
9 0 10-0

? + denotes a confidence interval at a confidence level of 0-95.

mixture show no monoclinic phase content and the
tetragonal to cubic phase ratio decreases with the
increased stabilizer concentration (see Fig. 2).

3.2 Sintered samples characteristics
Phase composition changes of the sintered samples
with the stabilizing oxide mixture concentration are
shown in Fig. 3. The tetragonal ZrO, solid solution
is the prevailing phase within the samples of the
stabilizer contents above 4-5mol% depending on
the sintering temperature. Compositions having the
stabilizer concentration within the range of 2-6
mol % reveal some monoclinic phase. In contrast to
the results on powders, no cubic phase could be
detected within this composition range. However,
the diffraction patterns of the compositions of the
stabilizing mixture concentration above 3 mol%
show some new reflections (see Fig. 4). These
reflections were attributed to the ordered phases of
the type Ln3*Zr,0, (®,) and Ce,Zr;0,, (D,).
The @, phase, having cubic symmetry and
pyrochlore-type structure, has been found in the
following systems: La,0,-Zr0,,>*72% Pr,0,-
7Zr0,,*° Nd,0,-7r0,,** Sm,0;-Zr0,,3° Eu,0,—

Fig. 1. Transmission electron micrograph of the powder with
Smol% stabilizing oxide mixture additive.
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Fig. 2. X-Ray diffraction patterns of the powders. Content of
the stabilizing oxide mixture indicated. CoK, radiation,
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Fig. 3. Tetragonal (T), monoclinic (M) and ordered (¥, + ®,)
phases content assessed on the basis of eqns (1)-(3). Sintering
temperatures indicated.
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Fig. 4. X-Ray diffraction pattern of the sample with 9 mol % stabilizing oxide mixture concentration sintered at 1350°C for 2 h. Cuk,
radiation.

Zr0,3° and Gd,0;-Zr0,.3! La,Zr,0, appears in
the system of La,O; concentration surpassing ~0-5
mol%,%® and Nd,Zr,0, appears when the Nd,0,
content is greater than 4mol% in the solid
solution.2* These phases are mutually soluble in the
solid state. Pyrochlore structures having the formula
Ln,Zr,0, are formed when the ionic radii ratio
FLp+/rze+ = 1:2. Hence, Tb, Dy, Ho, Er, Tm, Yb
and Lu oxides, present in the mixture studied, should
not form this compound as a separate phase. They
probably dissolve in Ln,Zr,0, as it occurs in the
cases of Nd,Zr,0, and Gd,Zr,0-, in which small
fractions of Dy can be substituted for Nd or Gd.?°-2¢
These oxides also dissolve in tetragonal and
monoclinic zirconia.

In the system Y,0,-ZrO, no ordered phases have
been observed in the low yttria concentration
region.??33

The ®, phase exists in the CeO,-ZrO, sys-
tem.>* 3¢ A compound of the formula Ce,Zr,0,,
has tetragonal symmetry (P4212) and is stable below
870°C.

The presented data as well as the chemical
composition of the stabilizing oxide mixture (see
Table 1) indicate that the basic role in the formation
of the @, phase is played by La,0;, Nd,O;, Pr,0;,
Sm,0;, Gd,0; and Eu,0;, and in the case of the D,
phase by CeO,. The remaining oxides probably
dissolve in the zirconia and in the ®; and ®, phases.
As would be expected, the amount of the ®, + ®,
phases increases with the stabilizing oxides concen-
tration (see Fig. 3).

The monoclinic phase content increases with sin-
tering temperature. This is the behaviour usually
encountered in the tetragonal zirconia polycrystals;
higher sintering temperatures promote grain growth
(see Table 3), causing larger volume fractions of the
grains to surpass the critical size. Such grains

transform to monoclinic symmetry on cooling. The
critical grain sizes depend on the chemical compo-
sition of the system. This is also the case for the
system studied. Relevant data are presented in Table
3. As is usually observed with the other zirconia
systems, the critical grain size increases with the
stabilizing oxides concentration. Within the studied
composition range it changes from 0-09 to >0-31 um
and is considerably smaller than those found in the
ceria-zirconia system (1-1--1-9 um; the critical grain
sizes were assessed for the composition of 12%
Ce0,-Zr0, by the method described in Ref. 8 using
micrographs presented in Ref. 37), although ceria is
the major component of the studied stabilizing
mixture. The observed critical grain sizes correspond
to those in the Y,0,-ZrO, system for yttria
concentration less than 2 mol% and is comparable
with the values found in the Ca-TZP. The data of
Table 3 show that the median grain size decreases
with the stabilizing mixture concentration, contrary

Table 3. Critical grain size (d,,;,) of the tetragonal phase and
median grain size (d,,.,) of the sintered samples

Stabilizing Sintering temperature

mixture

content 1300°C 1350°C

(mol%)

dcril (um) dmed (:um) dcril (#m) dmed (ﬂm)

2 — — 009 025
3 — — o011 021
4 — — 012 018
5 0-24 015 0-24 020
6 >022 013 031 0-18
7 >023 013 >0-31 0-19
8 — — >0-30 018
9 — — >034 0-17

Within stabilizer concentrations of 4-6 mol% assessment of d__,,

is slightly overestimated. This is due to the rough approximation
of the ®; + @, content.
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Fig. 5. Microstructure of the sample with Smol% stabilizing
oxide mixture content sintered at 1350°C for 2 h.

to the critical grain sizes. The data has been taken
from the electron micrographs similar to that shown
in Fig. 5, which is a typical microstructure of the
sintered body.

Density measurements (Fig. 6) and water absorp-
tion tests (Fig. 7) generally indicate the high
densification of the sintered samples. Lower dens-
ities and higher water absorptions shown by the
samples with low stabilizing oxides concentrations
can be attributed to the microcracks related to the
tetragonal to monoclinic transformation, which is
substantiated by the high monoclinic phase fraction
within the low stabilizers concentration range (see
Fig. 3). At lower sintering temperatures the samples
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Fig. 6. Apparent density of the green compacts and sintered
samples versus stabilizing oxide mixture concentration. Sinter-
ing temperatures indicated.

08 T L 1 T T T T T
o — 1250°C

06 F e —1300°C B
@ —1350°C

WATER ABSORBTION (%)

2 3 L 5 6 7 8 9

STABILIZING OXIDE CONTENT ( moL 7% )

Fig. 7. Water absorption of the sintered samples versus
stabilizing oxide mixture concentration. Sintering temperatures
indicated.

with the highest stabilizing oxides concentration
have relatively low densities (Fig. 6) and open
porosity, indicated by the marked water absorption
(Fig. 7). Itis worth noting that a similar phenomenon
was also observed in the CaO-ZrO, system;*8 in
this case densification of the samples has been
lower with the higher concentration of the stabilizing
oxide.

Figures 8 and 9 demonstrate the effect of sintering
temperature and chemical composition on fracture
toughness (K),) and hardness (Hy) of the studied
materials. Materials having the best fracture tough-
ness can be prepared within the stabilizing oxide
mixture concentration in the range 5-7 mol%.
Further increase of the stabilizer concentration
decreases the K value. This effect can be attributed
to the decreasing transformability of the tetragonal
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Fig. 8. Fracture toughness (K; ) versus chemical composition.
Sintering conditions indicated.
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Fig. 9. Vickers hardness (Hy) versus chemical composition.
Sintering conditions indicated.

phase, the effect shown in the Y,0;-ZrO, system. It
cannot be excluded that the increasing ‘dilution’ of
the system with the stabilizing mixture concen-
tration as well as the presence of the untrans-
formable @, and ®, phases (see Fig. 3) is another
factor which contributes to the material, showing a
decrease in toughness.

Low hardness of the samples with the lowest
stabilizers concentration can be explained by the
microcrack porosity (c. Fig. 7), and the authors
found that the samples of the highest stabilizers
concentration sintered at 1250°C do not achieve full
densification, so they show low hardness.

4 Conclusions

It has been shown that using the phosphogypsum as
a source for the mixture of the rare earth oxides and
yttria additives it is possible to obtain tetragonal
zirconia polycrystals with good mechanical prop-
erties. The best results have been obtained within
the range of 5-7mol% stabilizer concentration.

The small critical grain sizes of the tetragonal
phase (0-09 to >0-31 um) allow powders of good
sintering ability to be utilized. Hydrothermal crys-
tallization was a suitable method for the preparation
of such powders.

Chemical segregation occurs with compositions
of stabilizing mixture content >3 mol%. Ln,Zr,0,
and Ce,Zr;0,, ordered phases coexisting with the
tetragonal zirconia solid solution were identified.
The relative content of these phases increases with
the stabilizing mixture concentration.
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