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Abstract—Samples of a precursor for an aluminum oxide ceramics reinforced with zirconium oxide were
synthesized by hydrolysis of various aluminum salts in the presence of a ZrO, sol under conditions of urea
decomposition at 90°C and pH < 4 maintained, with hydrolysis products deposited onto the surface of ZrO, sol
particles. It was found that the nature of a salt anion affects the interaction of hydrolysis products of the aluminum
cation with the surface of ZrO, sol particles. The structure of products formed in thermal treatment of samples
of a precursor for Al,0;—ZrO, (T = 1250°C) was characterized by X-ray phase analysis and scanning electron
microscopy. The phase transition temperatures of the oxides Al,O; and ZrO, contained in the precursor were
estimated using the results of thermal analysis of the samples in the temperature range 20—1300°C.

DOI: 10.1134/S1070427209080084

The Al,05;-ZrO, system is a basis for synthesis of
aluminum oxide ceramics reinforced with zirconium
dioxide (ZTA ceramics) [1, 2]. The strength and
crack resistance of the material is provided by the
transformation strengthening associated with the
conversion of the tetragonal phase of ZrO, to the
monoclinic phase at mouths of propagating cracks, crack
deviation (branching), microcracking, and modular load
transfer [2]. The -ZrO, modification is metastable and
its preservation in the material depends on the size and
defectiveness of particles [3, 4]. One way to solve the
problem of #-ZrO, stabilization under thermal treatment
conditions is to preserve the ZrO, phase in the finely
dispersed state by deposition of aluminum hydrolysis
products onto the surface of ZrO, sol particles in the
stage of mixing of the starting components [5]. This can
restrict the growth of ZrO, particles in thermal treatment
of the materials synthesized and thereby can diminish the
probability of nucleation of the m-ZrO, phase.

Analysis of studies concerned with chemistry of

ionic and molecular precursors for composite materials
shows that their properties are determined not only by
the chemical and phase composition, but also by the
activity of the precursors, related to their chemical and
thermal prehistory, and also by the homogeneity of
intermediates and their ability to retain this property
in the subsequent stages of product synthesis [6]. For
example, when choosing the synthesis conditions of the
aluminum oxide component of materials belonging to the
Al,05—ZrO, system, it is necessary to take into account
that the composition, structure, and properties of the
Al,O5 phase being formed are affected by the nature of
an aluminum salt and specific features of its hydrolysis
[7]. As applied to solving the problem of deposition of
hydrolysis products of aluminum salts onto the surface
of ZrO, colloid particles, the role of these factors has not
been studied.

The aim of this study was to determine the influence
exerted by the nature of aluminum salt anions in the
conditions of joint hydrolysis of aluminum salts and
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Precipitation conditions of mixtures of starting components and the phase composition of samples of mixed oxides Al,0;—ZrO,

upon a thermal treatment

pH values of a mixture of
Sample Composition of a mixture of starting components Intensity ratio of | by,/h ratio for the d =
components t/m ZrO, phases [3.84 A line for a-Al,O5
PHin  [pHAt=2h
S7 Z1O0(Tyipen=7 days), A1,(SO,);-18H,0, 2.7 2.6 3.61 0.149
CO(NH,),
S15 ZrOy(Tpen =15 days), A1,(SO,)5 18H,0, 2.5 2.7 3.15 0.134
CO(NH,),
Ch7 ZrOy(Tipen =7 days), A1C15-6H,0, 1.8 2.4 6.20 0.191
CO(NH,),
Chl5 ZrOy(Tripen =15 dyas), A1C1;-6H,0, 1.7 2.3 3.21 0.125
CO(NH,),
Ac7 ZrOy(Tripen =7 days), A1(CH;COO);, 3.4 3.6 7.30 0.294
CO(NH,),
Acl5 ZrOy(Tripen =15 days), A1(CH;COO)s, 3.2 3.6 6.80 0.300
CO(NH,),

urea at pH <4 and 7= 90°C in the presence of ZrO, sol
particles on the efficiency of stabilization of the #-ZrO,
phase in composite materials of the Al,0,—ZrO, system
in their thermal treatment.

EXPERIMENTAL

We used in experiments AlCl; - 6H,0, Al(SOy);-
18H,0, and AI(CH;COO); salts of chemically pure
grade and ZrO, sols. The sols were synthesized by
the precipitation-peptization method, with products of
ZrOCl, - 8H,0 hydrolysis used. A nitric acid solution
was used as a peptizing agent. The molar ratio NOz/Zr**
was strictly fixed. The ZrO, sol concentration was 2.5
wt %. The particle size distribution of the ZrO, sols
synthesized with different ripening times (7 and 15 days)
was analyzed by small-angle X-ray scattering method.2
The surface charge of colloid particles was determined
by electrophoresis in a Kehn instrument [5].

The contents of the components in a composite
were 75 wt % Al,O; and 25 wt % ZrO,. This ratio was
accepted in accordance with the recommendations of
[8, 9]. A mixture of a solution of an aluminum salt and
ZrO, sol was thermostated on a water bath at 90°C in
the presence of urea CO(NH,), added to the solution of
the components in a twofold excess with respect to the
aluminum salt. The process of a conjugate hydrolysis of
the aluminum salt and urea occurred in the course of 2 h

2 The measurements were made at the Institute of Crystallography,
Russian Academy of Sciences, Moscow.

to a constant solution pH. The precipitate formed was
dehydrated by evaporation, dried at 105 + 5°C for 48 h
in an SNOL-1,6.2.5.1/9-1Z chamber furnace and then
was calcined in a VTP low-inertia furnace. The rate at
which the temperature was raised to a prescribed value
was 10 deg min-!,

Precursor samples were subjected to differential-
thermal (DTA) and X-ray phase (XPA) analyses. The DTA
was performed with an MOM OD-101 derivatograph, and
the XPA, with a DRON-2 X-ray diffractometer (Cug,,
radiation, quartz monochromator in the primary beam,
counter rotation rate 2 deg min-1). The ratio between the
t-ZrO, and m-ZrO, phases in thermally treated samples
was found from the intensity ratio of reflections from
the (111) planes for -ZrO, and (111) and (111) for m-
710, [10, 11]. The dispersity of a-Al,O; was evaluated
indirectly from the ratio between the full width at half-
maximum (FWHM) and height of the peak at 4 =3.48 A
[12]. The gas evolution from the samples heated in the
derivatograph was determined by chemical analysis. The
residual content of the NO;— and SOZ- ions in different
stages of heating was found by IR spectroscopy with
a Nicolet 380 IR Fourier spectrometer.

The microstructure of a thermally heated Al,0;-ZrO,
sample was examined with a Hitachi-4800 scanning
electron microscope (accelerating voltage 1.0 kV,
magnification up to 50 000). The grain size was estimated
using the special software shipped with the instrument.

The XPA data for Al,0;—ZrO, samples synthesized
in the presence of urea and thermally treated at 1250°C
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Fig. 1. X-ray diffraction patterns of samples: (/) S7, (2) Ch15,
(3) Ch7, and (4) Ac7. (/) Intensity and (20) Bragg angle.
Designations: o, a-Al,Os; ¢, #-ZrO,; and m, m-ZrO,.

are shown in the form of X-ray diffraction patterns in
Fig. 1. In the course of calcination, both the precursor
components undergo polymorphic transformations. In
all of the thermally treated samples, aluminum oxide
is present only in the form of a-Al,O5, and zirconium
dioxide, in the tetragonal and monoclinic modifications.
No chemical interaction between the aluminum and
zirconium oxides is observed. A qualitative analysis of
the X-ray diffraction patterns shows that the crystallinities
of the samples under study and the amounts of the #-ZrO,
and m-ZrO, phases they contain are different.

The quantitative data characterizing the #/m ZrO, ratio
and the b, ,/h ratio for the diffraction peak at d=3.84 A of
the a-Al,O4 phase (where b, ), is the FWHM of the peak
and 4 is its height) for Al,0;—ZrO, samples calcined at
1250°C are listed in the table.

An important condition for preservation of a large
t/m ZrO, ratio in calcination of the material is that
zirconium dioxide should be distributed in the form of
finely dispersed particles in a homogeneous aluminum
oxide matrix. The homogeneity of a system containing
a mixture of oxides is predetermined in the stage of
precursor synthesis, and this is achieved via deposition of
hydrolysis products of the aluminum salt onto the surface

ZHARNYL'SKAYA et al.

of ZrO, sol particles. This result is confirmed by the fact
that the isoelectric point of modified ZrO, sol particles
is at pH 8.2-8.8, which corresponds to values of similar
parameters of an individual pseudoboehmite sol [5].

The #/m ZrO, phase intensity ratio in Al,0,—ZrO,
samples subjected to a thermal treatment increases in the
sample order S7 <Ch7 <Ac7. According to the variation
of the b, ,/h ratio of the d = 3.84 A line of the 0-Al,O,
phase, the dispersity of aluminum oxide particles in a
mixture of the oxides Al,O; and ZrO, increases in the
same order.

Aluminum salts are hydrolyzed via a number of
successive stages, and hydrolysis products have a variable
composition. As a rule, soluble hydroxyl-aluminum
polymeric cations are formed at pH < 4 and their
composition can be expressed by the general formula
AL, (OH),(H,O\," 2 “at (m — 1) 2 + 2u < n < 3m [7].
It is important to note that, as the number of aluminum
atoms in a polymeric cation increases, the specific charge
of the polycation, /™ = (3m — n) : m may decrease from
+3 to +0.33. The surface charge of ZrO, sol particles is
also positive [5], and the interaction between ZrO, and
aluminum-containing polycations will be facilitated
as I~ decreases. In a wide range of variation of the
hydrolysis conditions, the most typical is the polycation
of composition [AlO,4Al,(OH),4(H,0),,]7* (designated
as Al;;) for which /™ = 0.54. However, hydrolysis upon
addition of a strong base to an aluminum salt solution
leads, especially at a high neutralization rate, to formation
of neutral species [AlI(OH);]9, and a precipitate is formed
at n — oo. In hydrolysis of aluminum salts in the presence
of urea (on heating the solution to 70—100°C), premature
formation of floccules can be precluded [5, 13]. In these
conditions, urea decomposes and OH- ions are formed:

CO(NH,), + H,0 — 2NHj, + CO,,
NH, + H,0 5 NH,* + OH-.

OH- ions are released gradually and in the whole
volume of the liquid phase, which does not lead to local
solution supersaturations. In the initial stages of the
processes, the solution pH changes only slightly (see
table) because of the consumption of OH- ions formed
in hydrolysis of the aluminum salt.

Singly charged ions (the role of Cl-ions was examined
in [13]) do not hinder formation of aluminum polycations.
Moreover, the formation of a colloid in hydrolysis of the
AICl; salt may be delayed up to pH 5.16 [13]. By contrast,
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SOz~ ions hinder formation of polynuclear aluminum
cations, and especially Al,;. Hydrolysis of aluminum
sulfates yields neutral forms Al,(OH),,SO,. Floccules of
hydrolysis products of aluminum sulfate were observed
at pH 3.72 [13].

Comparison of the XPA data for synthesized and
calcined samples of a mixture of Al,05 and ZrO, makes
obvious that the highest stability of the tetragonal
modification of ZrO, are achieved for Ac7 and Acl5
samples synthesized from AI(CH;COOO);. The
hydrolysis occurs at the cation and anion:

3 2+
[AL(H,0)] 5o HyOyig) S [AL(H,0)5(OH) gy,
+ H30-('—501)’ Kal - 50,

CH;3;COOH 4,y + HyO(jiq) 5 CH3;COO0
+ H3OYSOI)7 Kaz = 48

The close acidity constants K,; and K,, [14] favor
ashift of the pH value of the salt solution to the
neutral region, which is manifested in that the pH
values increase in the course of precursor synthesis
(see table, Ac7 and Acl5 samples). Possibly, it is also
important that, exhibiting surface-active properties, the
acetate ion CH;COO- readily enters, because of the low
hydrophobicity of its hydrocarbon radical, into interaction
with aluminum complexes [ 14] and thereby hinders growth
of its particles. As a consequence, the a-Al,O; phase is
formed in a highly dispersed state in thermal treatment of
Ac7 sample. Surfactants are widely used in nanochemistry
to restrict growth of colloid particles [15].

With a ZrO, sol with a ripening time increased to
15 days used to synthesize samples, the -ZrO,/m-ZrO,
ratio in calcined Al,0;-ZrO, samples decreases as
compared with the set of samples S7, Ch7, and Ac7,
synthesized with a ZrO, sol ripened for 7 days.

A study of the samples by the small-angle X-ray
scattering method demonstrated that the average
diameter of ZrO, sol particles is 25 nm at a ripening
time of 7 days.

The positive charge is formed on the surface of sol
particles primarily via rupture of Zr—-O—Zr bonds and
appearance of cationic polymeric forms on the surface
of ZrO, particles [17]. Zirconium in their composition
can coordinate OH- ions, which allow interaction with
aluminum polycations. In the course of aging, there
occurs polycondensation of OH groups to give oxo bonds,

1367
Am |
DTA

25}
50+
75k TG 1
5ok
25
50
75

1

1 1
400 800 1200 T

Fig. 2. Results of a thermal analysis of samples: (/) Ch7,
(2) Ac7, and (3) S7.

which is the reason for weakening of the interaction of
710, sol particles with aluminum polycations.

The hydrolysis of aluminum salts ends in the stage
of evaporation of the liquid phase retained by synthesis
products. The specific properties of anions of aluminum
salts contained in the evaporation products are also
manifested in the stage of calcination of samples of the
precursor for the ZTA ceramics.

In evaporation of colloid solutions, HCI starts to
be removed from their composition, which favors
completion of the hydrolysis of AICl;. Acetic acid also
partly evaporates in these conditions. The hydrolysis
of AI(CH;COO); is particularly favored by an increase
in temperature. SOZ- ions are fully retained by the dry
residue and, as noted in [13], form a basic aluminum salt.

According to the results of a thermal analysis
(Fig. 2), Ch7 sample, preliminarily dried at 105°C, loses
physically adsorbed water and HCI in the temperature
range 100-290°C (as confirmed by qualitative chemical
analysis) and boehmite y-AlIOOH crystallizes in the
sample. Above 150°C, nitrogen oxides are released as
decomposition products of the excess amount of HNO;.
The endothermic effects and a weak exothermic effect
at 290-480°C reflect the reaction of dehydroxylation of
boehmite to give Al,O5:

2y-AIOOH — AlO3 4y + H,0.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 82 No. 8 2009
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Fig. 3. Micrograph of a part of the surface of a thermally treated
Ac7 sample.

AL O3y crystallizes at 770-840°C to give y-Al,O4
with an admixture of 0-Al,05. The complex nature
of the phase transformation can be attributed to the
inhomogeneous state of aluminum hydrolysis products,
including their accumulation on the surface of ZrO,
particles. On being heated to temperatures of 900-940°C,
Ch7 sample mostly contains y-Al,O5. The phase transition
v-Al,O3 — a-Al,O5 was recorded at 1230-1250°C.

A thermal analysis of Ac7 sample is technically
impossible because of its foaming in the temperature
range 100-400°C. However, transformations similar to
those described above occur at higher temperatures. The
principal difference is in the somewhat higher temperature
of a-Al,O5 formation (1240-1260°C).

When S7 sample is heated, the effects associated with
the formation of boehmite y-AIOOH and its subsequent
dehydroxylation(250-330°C) are less pronounced,
compared with Ch7 sample. It contains basic aluminum
sulfate [13]. In the composition of calcination products
obtained above 370-400°C, the Al,Os,y) phase and
aluminum salts containing sulfate ions coexist. Aluminum
sulfates decompose at 820-900°C, which is confirmed
by IR spectral data for samples calcined at different
temperatures. The phase transition y-Al,0; — a-Al,O4
occurs at 1230-1250°C.

The efficiency of the restrictions imposed by
aluminum hydrolysis products deposited onto the
surface of ZrO, particles on the growth of their size is
confirmed by a study of calcined Al,0;—ZrO, samples by
scanning electron microscopy. Figure 3 shows an electron
micrograph of a part of the surface of A7 sample calcined
at 1250°C for 2 h. The micrograph clearly demonstrates
individual grains rather uniformly distributed in the

ZHARNYL'SKAYA et al.

surface layer of the material. Their size is 40-80 nm, i.e.,
is smaller than the value of 113.5-136.2 nm, the grain
size in the micrograph of a previously synthesized S7
sample [5]. The assumption is confirmed that the size of
Zr0O, nanoparticles can be stabilized by their deposition
onto the surface of the aluminum oxide phase, which is
the most pronounced when aluminum acetate is used as
a precursor for synthesis. The phase composition of the
material obtained satisfies the requirements to a precursor
for a ZTA ceramics characterized by a disintegration
viscosity K. of up to 17 MPa m95 and a bending strength
Opend OF Up to 1700 MPa [2].

CONCLUSIONS

(1) It was shown that hydrolysis of various aluminum
salts under the action of NH; formed in decomposition of
urea at 90°C leads to deposition of aluminum hydrolysis
products onto the surface of ZrO, sol particles, which
restricts growth of zirconium dioxide particles in
asubsequent thermal treatment of the precursor for the
Al,05—ZrO, ceramics and provides stability of the -ZrO,
phase it contains.

(2) It was demonstrated that the effect of #-ZrO,
stabilization in thermally treated and cooled Al,0;—Z1rO,
samples increases in the following order of aluminum
salt anions: SO3- < CI- < CH;COO-, which reflects the
sequence in which grows the ability of these compounds
to form, in hydrolysis at pH < 4, aluminum polycations
with a lowered relative charge on the aluminum atom in
their composition.

(3) The temperatures at which ClI-, CH;COO-, and
SOZ- ions are removed from the precursor samples
synthesized in the study and phase transformations
of the crystalline modifications of Al,O; occur in the
temperature range 100—1300°C were determined.

(4) A study by scanning electron microscopy
confirmed the high efficiency of the method developed for
stabilization of the tetragonal modification of ZrO, in an
Al,03-ZrO, sample synthesized from AI(CH;COO);.
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