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Abstract

Nanocrystalline powders in the ZrO,-Y,0,-CeO -CoO-AlL,0, system with I and 10 mol% Al,O, were prepared
via hydrothermal treatment in alkaline medium. The characteristics of nanocrystalline powders after heat
treatment in the temperature range from 500 to 1200 °C were investigated by XRD phase analysis, scanning
electron microscopy, petrography and BET measurements. It was found that hydrothermally treated powders
contained metastable low-temperature cubic solid solution based on ZrO, and addition of Al,O, increased
temperature of phase transformation of the metastable cubic- ZrQ, to tetragonal-ZrO,. It was evidenced that
both powders remained nanocrystalline after all processing steps with the average particle sizes from 8 to 20
nm. The addition of 0.3 mol% CoO allows one to obtain composites with good sinterability at 1200 °C
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I. Introduction

Zirconia-based  composites incorporate  high
strength, fracture toughness, corrosion resistance,
low thermal conductivity, refractoriness, ionic con-
duction and bioinertness. The high fracture behaviour
of these ceramics resulted from the martensitic phase
transformation of tetragonal zirconia (T-ZrO,) into
monocline zironia (M-ZrO,) [1]. Nowadays a variety
of composites based on binary and ternary ZrO, sys-
tems have been developed [2]. For example, ZrO,-Y,0,
and ZrO,-AlLO, composites have high strength and
ZrO,-CeO, composites high fracture toughness. Ceram-
ics based on ternary systems may possess higher strength
(Zr0,-Y,0,-AL,0,) or higher strength and fracture
toughness (ZrO,-Y,0,-CeO,) then the binary materi-
als. Zirconia-based materials that are the most appropri-
ate for producing of bioimplants, engineering ceramics
and solid electrolytes for low-temperature fuel cells are
based on various multiphase composites. They are de-
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signed under the subsolidus range and mainly represent
composites consisting of ZrO,-based solid solutions
(T-ZrO,) and fine a-A1,0, particles. The properties of
composites in the system ZrO,-Y,0,-CeO,-Al O, de-
pend on the properties of materials based on the bound-
ing binary and ternary systems. Hence, composites with
different microstructures and toughening mechanisms
may be developed in this system [3].

Implants based on ZrO, have been developed as an al-
ternative to implants based on AL O,. One of the reasons
for using ZrO, in orthopedics is its fracture behaviour re-
sulted from transformation toughening [4,5]. Designing
the bioinert implant, possessing the enhanced phase sta-
bility in living organism, is one of the directions to de-
velop composites in the ZrO,-Y,0,-Ce0,-Al O, system.
For enhancing the contrast of implants against living tis-
sue, cobalt oxide was introduced to colour the compos-
ite [6,7].

The application of complex physicochemical tech-
niques, mechanical and thermal treatments at the very
first stages of nanocrystalline powders production is a
necessary for the structure and properties control of a
created material. So far there is no universal process
for producing nanocrystalline powders that would ful-
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ly comply with production requirements for any class
of ceramics. In general, there is a need for nanocrys-
talline powders with complex chemical composition,
narrow particle size distribution, high purity and ho-
mogeneity, and sintering activity to produce such
ZrO,-based ceramics. For their production wet chemi-
cal methods are primarily used: coprecipitation, cryo-
chemical, sol-gel methods, hydrolysis of metal alco-
holates and hydrothermal synthesis [§—14]. We believe
that the most appropriate method for producing qual-
itative and effective ZrO,-based powders in the
7r0,-Y,0,-Ce0,-A1,0,-CoO system is hydrothermal
treatment of a coprecipitated hydroxide mixture. The
choice of an alkaline medium to produce nanocrystal-
line powders with complex composition in this system
is governed by the chemical properties of oxide com-
ponents [3,15].

The purpose of this work was to investigate character-
istics of two nanocrystalline powders with different com-
positions: 95.27r0,-2.8Y,0,-0.7Ce0,-0.3Co0-1Al 0, and
86.2%7r0,-2.8%Y,0,-0.7%Ce0,-0.3%Co00-10%A1,0,,
prepared under hydrothermal conditions. The powder
compositions were selected in existence region of the
T-ZrO,, limiting to the ZrO,-Y,0,-CeO,-CoO-Al O, sys-
tem. The characteristics of the nanocrystalline powders
were studied after their heat treatment in the temperature
range from 500 to 1200 °C.

I1. Experimental

Two different zirconia-based powders with follow-
ing compositions (mol%) 95.2Zr0,-2.8Y,0,-0.7CeO,-
0.3CoO-1ALO, (sample with notation Al) and 86.2%ZrO,-
2.8%Y,0,-0.7%Ce0,-0.3%C00-10%A1,0, (sample with
notation A10) were synthesized from reagent-grade chem-
icals: zirconyl nitrate (ZrO(NO,),x2H,0), yttrium ni-
trate (Y(NO,),x6H,0), cerium nitrate (Ce(NO,),*6H,0),
aluminum nitrate (AlI(NO,),<9H,0), and cobalt nitrate
(Co(NO,),x2H,0). Hydroxides were obtained through ho-
mogeneous coprecipitation from an appropriate mixture of
aqueous solutions of the starting salts, using aqueous
NH,OH as the precipitant. After heating at 35 °C with
constant stirring, the reaction system was boiled for 3—4
h. As aresult, we obtained dull, translucent gel-like sub-
stances, consisting of zirconium, yttrium, cerium, alu-
minum and cobalt hydroxides. The obtained hydroxide
mixtures were washed many times with distilled water
by decantation. Distilled water in the ratio 1 : 2 was
added to the gel-like substances for the hydrothermal
treatment. The treatment was performed in a laborato-
ry autoclave at 210 °C for 3 h. Dehydration under the
hydrothermal conditions led to the formation of a well-
defined interface between the mother liquor and the
suspended precipitate. The separated precipitates were
washed many times with distilled water, collected on
a vacuum filter and dried at 90-95°C for 8 h. To study
the effect of heat treatment on the structure and phase

composition of the resultant nanocrystalline powders,
the dried samples were heat treated at 500, 700, 900 and
1200 °C for 1.5 h at each temperature.

Characterization of the heat treated nanocrystalline
powders were determined by X-ray diffraction (XRD),
scanning electron microscopy (SEM), petrography and
low-temperature nitrogen adsorbtion (BET). XRD char-
acterisation was performed with a DRON-1.5 powder
diffractometer (Cu, radiation, Ni filter). The scan rate
varied from 1 to 4 °/min. The average crystallite size
was determined using the Scherrer formula: D= 0.89-4/
(f-cosB), where 4 is X-ray wavelength, £ is full-width at
half height of an observed peak and @ is the diffraction
angle. Microscopic examination was carried out on a
scanning electron microscope CAMEBAX SX-50 with
the backscattered electrons (COMPO and BSE) and
secondary reflected electrons (SE). For microstructural
and phase analyses we used MIN-8 optical microscope
(magnification from 60x to 620x) and a standard set of
immersion media. The specific surface area of the nano-
crystalline powders after different processing steps was
determined by low-temperature adsorption of nitrogen
in the flow of nitrogen/helium mixture on MPP 2 unit
(Sumperk, Slovakia).

II1. Results

3.1 Powders after hydrothermal treatment

After hydrothermal treatment both powders con-
tained metastable low-temperature, cubic solid solu-
tion based on ZrO, (F-ZrO,) (Fig. 1). The formation of
the metastable F-ZrO, during hydrothermal treatment
can be accounted for a number of factors. The poly-
meric zirconium hydroxycomplex, forming during hy-
drothermal treatment, [Zr(OH),-4H,O]*, is close to
the cubic ZrO, structure [15]. Consequently, the for-
mation of the metastable F-ZrO, is consistent with the
Dankov principle [16]. Moreover, the size factor is
also of importance. The crystallite sizes of F-ZrO, are
about 8 nm in both powders. The particles in the Al
and A10 powders formed “soft” rounded agglomerates
with the dominant sizes 5—-10 pm and 3-5 pm, respec-
tively (Fig. 2.a,f).

Petrography enhanced capabilities of the powders
phase composition investigations. A microstructural
analysis showed that the two-phase agglomerates are
present in both powders. The first phase is the colour-
less isotropic phase with 1.710 <n < 1.714 (refraction
index of ZrO, is 2.04). In agglomerates of the powder
Al rounded fine grains were observed (as the second
phase) in the isotropic phase. The grains refraction in-
dex is larger then the refraction index of the colourless
isotropic phase. In agglomerates of the powder A10
the plate-like fine grains were observed in the isotropic
phase. The plate’s refraction index is below the refrac-
tion index of the colourless isotropic phase. Concern-
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ing crystal optical characteristics, there are isotro-
pic F-ZrO, and y-Al,O, as well as anisotropic T-ZrO,,
M-ZrO,, boehmite, and 6-, 0-, a-AlO,.

Thus, X-ray amorphous precipitate was formed af-
ter coprecipitation and crystallisation occurred in pre-
cipitate under the hydrothermal treatment, but part of
the precipitate remained amorphous. The amorphous
colourless isotropic phase of the precipitate was identi-
fies as the enclosing phase. Most probably, the F-ZrO,
grains were crystallized in rounded form in the powder

A1, whereas the boehmite grains were crystallized in
plate-like form in the powder A10. The powders isot-
ropy after hydrothermal treatment was conditioned by
their nanocrystallinity.

Figure 3 shows, that the specific surface area of the
A10 powder is twice as much as of the Al powder af-
ter hydrothermal treatment. The apparent reason for this
is that the agglomerates differ in porosity. According
to the microstructural analysis the porosity in the A10
powder exceeded it in the Al powder.

T-ZrO2
T-ZrO2
T-ZrO2 T-ZrOz2
T-ZrOz2
T-ZrO2
T-Zr02 1 710, (c)
F+T-ZrO2
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Figure 1. XRD patterns of A1 and A10 nanocrystalline powders after hydrothermal treatment at 210 °C (a) and heat
treatment at temperature 900 °C (b) and 1200 °C (c)
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3.2 Powders heated at 500 °C

According to XRD results, heat treatment at 500
°C had no effect on the phase composition of the pow-
ders. The primary particles sizes were constant, how-
ever, at the same time, the specific surface arca of
powders increased almost twice (Fig. 3). These chang-
es can be explained by the removal of the adsorbed
and hydration water from the multicomponent hydro-
thermal powders during heat treatment below 500 °C.
As it was shown earlier [18], these processes occur in
the temperature ranges 60—120 °C and 320-500 °C de-
pending on composition. They led to loosening of ag-
glomerates and increasing their porosity. The size of
the A1 powder agglomerates was not changed whereas
the average size of the A10 agglomerates increased to
10 pum (Fig. 2b,g). A microstructural analysis showed
that the colourless isotropic phase remained in both
powders at 500°C (but had higher refractive index)
and a fine-grained mixture of the anisotropic and iso-
tropic phases showed up with the size beyond the re-
solving power of an optical microscope. The amount
of the isotropic agglomerates, milky in polarized light, has
increased. It is reasonable to assume that heat treatment
at 500 °C initiates a low-temperature F-ZrO,—T-ZrO,
phase transformation, which can be identified only from
crystal-optical characteristics.

3.3 Powders heated at 700 °C

When temperature increased to 700 °C the refrac-
tive index of the colourless isotropic phase increased (n
£ 2.04) and the content of the fine-crystalline mixture of
anisotropic and isotropic phases became higher. This is
evidence of the phase transition F-ZrO,—T-ZrO,. Pri-
mary particles sizes of both powders were the same. Af-
ter heat treatment at 700 °C the specific surface area of
the A1 powder was decreased monotonically, whereas
the one of the A10 powder dropped nonlinearly (Fig.
3). These processes were accompanied by phase trans-
formations of the low-temperature forms of A1LO, [19],
Co,0, formation [20] and sintering of powders. Individ-
ual transparent isotropic regions with a refraction index
» 2.04 were found in the A10 powder. Apparently, there
are sintered agglomerates consisting of ZrO, nanocrys-
talline particles. As seen in Fig. 2c,h the average ag-
glomerate size were reduced by half.

3.4 Powders heated at 900 °C

Over 900 °C F-ZrO, retained in the A10 powder,
whereas in the Al powder both F- and T-ZrO, were
found by XRD. It was confirmed that the F-ZrO,®T-
ZrO, transformation process occurred (Fig. 1). The pri-
mary particle size was not varied in both powders. F-
ZrO, remained in the powder A10 due to the effect of
mutual influence on grain growth in hydrothermal ZrO,
based powders containing ALLO, [22]. Investigations
of nanocrystalline hydrothermal powders with various
compositions showed that low-temperature modifica-

tions of Al,O, appear consistently during heat treatment
and a-Al,O, can be formed at 850 °C [18,19]. The re-
flections from low-temperature Al,O, polymorphs were
not found in the XRD-patterns (Fig. 1), apparently, due
to low content of these polymorphs in the A1 and A10
powders.

Morphology of the powders heat treated at 900 °C
is similar to that obtained after heat treatment at 700 °C
(Fig. 2d,1). The densification of the agglomerates contin-
ues, the area of contacts between them further increas-
es, and the average size of the agglomerates reaches 20
and 40 pm in the A10 and A1 powders, respectively.

The specific surface area of the A1 powder drops
sharply, whereas decreasing of the A10 powder specif-
ic surface area becomes slower (Fig. 3). This is related
to the complex nature of the processes that take place
in both nanocrystalline Al and A10 powders. Micro-
structural investigation had shown that the morphology
of the A1 powder was varied topologically continuous.
In contrast, dense sintered fine-grained agglomerates
with size from 10 to 40 um appeared in the A10 pow-
der. Sintered agglomerates are characterized by milky
polarization. The ZrO, phase transformations and sin-
tering processes are accompanied by the formation of
a-A1,0,[19] and CoO [20]. Both powders were white
in colour after hydrothermal treatment and heating at
500, 700 and 900 °C.

3.5 Powders heated at 1200 °C

According to XRD results (Fig. 1), heat treatment
at 1200 °C resulted in the finish of phase transforma-
tion of the metastable F- ZrO, to T-ZrO, in both pow-
ders. The Al powder turned more bright blue, than
A10, that indicates the formation of cobalt aluminate
spinel, CoAlL O, [21]. The CoAl O, formation is ac-
companied by a twofold increase in ZrO, crystallite
size and a sharp decrease in the specific surface area
of the powders (Fig. 3). It should be noted that, for hy-
drothermal nanocrystalline ZrO, based powders in the
Zr0,-Y,0,-Ce0,-Al O, system, the similar decreasing
of specific surface area was observed at higher tem-
perature, i.e. 1300 °C [3,18,19,22]. Thus, it can be as-
sumed that with addition of CoO the sintering tem-
perature of ZrO,-based nanocrystalline powders is
reduced to 1200 °C in the ZrO,-Y,0,-Ce0,-Al,0O, sys-
tem. Primary particles sizes in both powders are 20
nm and the sintering of both powders is accelerated.
Figures 2e,j shows the formation of a sintered skeletal
structure of agglomerates.

Microstructural investigations showed that the
opaque vitrified agglomerates were formed in both pow-
ders. Agglomerates with size up to 840 pm are round-
ed. Single grains of T-ZrO,, up to 1 um, are present in
the A1 powder. Single sintered agglomerates about 20
um were found in A10 powder and consisted of T-ZrO,
fine grains.
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Figure 2. SEM images showing the nanocrystalline powders Al (a-e) and A10 (f-j): after hydrothermal treatment (a,f) and
heat treatment at 500 °C (b,g), 700 °C(c,h), 900 °C(d, i) and 1200 °C (e,j)
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Figure 3. Effect of heat treatment on the specific surface area of the nanocrystalline ZrO2-Y203-Ce02-Co0O-A1203 powders

IV. Discussion

The nanocrystalline multicomponent powders in the
Zr0,-Y,0,-Ce0,-A1,0,-CoO system are nonequilibri-
um thermodynamic systems with a high surface free en-
ergy, which retain their reactivity during heat treatments
at 500, 700, 900 and 1200 °C. This is evidenced by the
fact that the A1 and A10 powders remained nanocrys-
talline after all processing steps.

We identified a number of general trends in the vari-
ation of the Al and A10 powders characteristics during
heat treatment. In particular, the formation of metasta-
ble F-ZrO, and the F-ZrO,—T-ZrO, low-temperature
phase transition occur sequentially in identical temper-
ature ranges. However, the temperature of the phase
transformation in the A1 powders was lower then in the
A10 powder. It is attributed to the mutual inhibition ef-
fect of zirconia and alumina crystallisation that is typi-
cal for hydrothermal nanocrystalline powders.

The variation in the morphology of the powders is
topologically continuous. At temperatures below 900
°C, the sintering process does not involve active growth
of the ZrO, crystallites. Above this temperature, the
phase transformations of alumina and cobalt oxide ac-
celerate the growth of the ZrO, crystallites. In the range
700-900 °C the ZrO, and Al O, particles probably in-
hibited the growth of each other [22]. After heat treat-
ment at 1200 °C, both powders were bright blue in co-
lour, which was due to the formation of cobalt aluminate
spinel CoALQ,. The spinel reduced the mutual inhibi-
tion of structural changes and caused a twofold increase
in ZrO, crystallite size up to 20 nm. In these powders
a “skeletal” microstructure forms at 100 °C lower than
in nanocrystalline ZrO,-Y,0,-CeO,-A1,0, powders
[3,18,19,22]. This indicates that the prepared powders
retain sinterability at a reduced temperature (1200 °C)

and that one can produce composites sufficiently stable
to aging because no M-ZrO, was found in the powders.

V. Conclusions

The characteristics of nanocrystalline powders with
the compositions (mol%) 95.2Zr0,-2.8Y,0,-0.7CeO,-
0.3Co0O-IALO, and 86.2%Zr0,-2.8%Y,0,-0,7%CeO,-
0.3%C00-10%A1,0, produced by hydrothermal treat-
ment in alkaline medium were investigated. It was
found that under hydrothermal conditions in these
powders the low-temperature metastable F-ZrO, was
formed. During the thermal treatment of powders in the
temperature range 500-1200 °C phase transformations
of ZrO, as well as alumina and the formation of CoA-
1,0, occurred. The temperature of phase transformation
F-ZrO,—T-ZrO, increases from 900 to 1200 °C with in-
creasing the Al,O, content in the powders from 1 to 10
mol%. Varying of the powders morphology is topolog-
ically continuous. The CoAl O, formation reduces the
powders sintering temperature for 100 °C.
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