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Abstract—A ceramic composite [78ZrO2–21CeO2–Y2O3]/La0.85Y0.15Al11O18/Al2O3 (zirconium dioxide submicro-
particles stabilized by cerium and yttrium oxides), which consists of a matrix filled with layered submicroparticles 
of lanthanum hexaaluminate modified by yttrium oxide and reinforced by Al2O3 nanofibers, was obtained. 
Components of the composite were synthesized by the sol-gel method, except for Al2O3 nanofibers obtained by the 
electric explosion method. The microstructure and properties of the composite depend on the composition and 
methods of its formation and sintering. The composite is intended to be used as a construction material.  
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Implantation of elements mechanically impeding 
the spread of cracks (by changing the direction of their 
movement or by blunting their vertices) into structure 
of ceramic materials improves ceramics properties. 
Initial size of powder particles substantially influences 
the material microstructure and such its properties as 
hardness, strength, plasticity, and behavior during 
prolonged operation. 

Ceramic composites can be obtained on the principle 
of from the bottom upwards using already formed 
nanosize particles as the nanocomposite structure 
elements. To obtain the composites, it is useful to 
apply ultradisperse powders of simple and complex 
compositions as nucleating centers of grain 
formatuion, and to synthesize nanostructured materials 
on their basis [1, 2]. Nanosize particles obtained by the 
sol–gel method are successfully applied to the 
formation of such matrices [2–17]. The addition of 
particles with layered structure to the composite blend 
[3, 15, 18] and reinforcement of the ceramics by 
discrete or continuous fibers of various composition 
[3, 19–22] make it possible to minimize the growth of 
microcracks and fragility of the composite. 

Zirconium-based materials are designed for continuous 
operation at high temperatures and mechanical loads as 
functional heat-shield coatings [7, 8] and heat-
insulating materials [23]. They are also applied as 
implants in bone tissue [23–25], filling material in 
dentistry [26], catalysts [4–6, 27], solid oxide fuel cells 
[9, 28], gas sensors [29], and cutting tools [22, 30]. 

Increase in the strength of ceramics based on 
zirconium oxide (considering that the metastable tetra-
gonal zirconium oxide modification t-ZrO2 is unstable 
in the temperature range 20–1170°C) is reached by 
reducing grain size and introducing stabilizing addi-
tives of oxides of alkaline-earth and rare-earth 
elements. The choice of Y2O3 and CeO2 as additives 
for stabilizing t-ZrO2 was defined by optimal condi-
tions for reaching stability of fluorite structure, 
namely, proximity of radii of Zr4+ (0.82 Å), triply 
charged Y3+ cation (0.97 Å), and rare-earth metal 
cation Ce4+ (0.88 Å). In addition, Y2O3 and CeO2 are 
resistant to evaporation [31, 32]. 

The ability to stabilize nanoparticles of the phase            
t-ZrO2 by Y2O3 and CeO2 additives as structure-
forming matrix phases and also as fillers in the t-ZrO2/
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Al2O3 composite was studied in a number of works 
(Table 1). The most effective way to increase t-ZrO2 
thermal stability is the introduction of Y2O3 and CeO2 
stabilizing additives into the a t-ZrO2/Al2O3 composite 
[11, 33, 34]. In this case the temperature of conversion 
of the ZrO2 tetragonal phase to the monoclinic phase 
(t→m) is significantly reduced. The Al2O3 addition to 
the composite additionally inhibits the growth of               
t-ZrO2 grains. This leads to an increase in elasticity 
modulus and strain energy of the composite. 

We have studied the microstructure and properties 
of a new ceramic composite depending on composition 
and methods of its molding and firing. The composite 
consists of a matrix (zirconium dioxide submicro-
particles stabilized by cerium and yttrium oxides) and 
a filler (lanthanum hexaaluminate submicroparticles 
modified by yttrium oxide). Composite components 
were obtained by the sol–gel method. The composite 
was reinforced by aluminum oxide nanofibers obtained 
by the electric explosion method. 

 The objects of the synthesis were ceramic filled 
composites 1 and 2 with ratios of components, mol %: 
[78ZrO2–21CeO2–Y2O3] : La0.85Y0.15Al11O18 = 78 : 22 

(1), ([78ZrO2–21CeO2–Y2O3] : La0.85Y0.15Al11O18) : 
Al2O3 = 99.75 [78 : 22] : 0.25 (2). The general scheme 
of obtaining the composite material and the procedures 
of preparation of sols of the composite material initial 
components are described in [3, 12–15, 35]. Mixed-
composition sols and fibers were added simultaneously. 
The disperse phase of the resulting sol included all 
components of the composite material. The composite 
microstructure was designed in the stage of sol → gel → 
xerogel transitions of the colloidal system with a 
complex oxide composition (Scheme 1). 

We have proposed the scheme of formation of 
particles of the dispersed phase with a complex 
composition starting from the solubility of metal 
hydroxides in the system (cerium hydroxide Ce(OH)4 
solubility in water, –log (SP)Ce(OH)4 54.80), is 
considerably lower than those of zirconium, aluminum, 
yttrium, and lanthanum hydroxides {–log (SP)Zr(OH)4 
52.00; –log (SP)Al(OH)3 32.00; –log (SP)Y(OH)3 
24.50; –log (SP)La(OH)3 22.24 [36]}. The formation 
and growth of nucleating particles of the dispersed 
phases under joint hydrolysis of salts of these metals 
occur at pH values corresponding to oversaturation of 

Composite 
  

Additive 
Method of 
synthesis 

Method of molding and firing 
t-ZrO2 grain 

size, µm 

Al2O3/t-ZrO2 – Sol–gel Cold isostatic pressing, firing at 1550°C, 4 h 0.020–0.200 
[10] 

Al2O3/t-ZrO2 – Sol–gel Firing at 1250°C, 2 h 0.034–0.066 
[31] 

t-ZrO2 Y2O3 Sol–gel Firing at 1100–1400°C, 100 h 0.016–0.040 
[7] 

t-ZrO2/Al2O3 Y2O3 Hydrothermal Cold isostatic pressing at 300 MPa and subsequent 
sintering in air for 2 h at 1350–1550°C 

<0.250 [26] 

t-ZrO2/Al2O3 Y2O3 Mechanochemistry Hot pressing in a vacuum, 1500°C, 30 MPa <0.270 [28] 

t-ZrO2/Al2O3/LaAl11O18 CeO2 Hydrotermal Cold isostatic pressing at 300 MPa and subsequent 
sintering in air 4 h at 1600–1625°C 

2–4 [18] 

Al2O3/t-ZrO2 Y2O3, 
CeO2 

(1) Sol–gel 
(2) Mechanochemistry 

Cold isostatic pressing at 350 MPa and subsequent 
sintering in air 4 h at 1600–1625°C 

~0.110 [11] 
0.540 [11] 

t-ZrO2 

t-ZrO2/Al2O3 

Y2O3,  
CeO2 

Sol–gel Firing at 1300°C, 5 h 0.24–1.68 
[33] 

0.21–0.58 
[33] 

t-ZrO2/Al2O3 Y2O3,  
CeO2 

Sol–gel Hot pressing in a vacuum at 1400–1450°C and 
196 MPa in ArO2 medium 

0.35–0.4 
[34] 

Table 1. Dependence of t-ZrO2 grain size on the composition and methods of synthesis and on molding and firing  
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the mixed solutions. When the Al2O3 nanofibers are 
added to the sol with a mixed composition, hydrated 
CeO2 particles are sorbed on the surface of Al2O3 
nanofibers. As pH of the dispersion medium increases, 
more soluble particles of hydrated ZrO2, Al2O3, Y2O3, 
and La2O3 are formed. So-called shell of a mixture of 
hydrated metal oxides is formed. Thus, Al2O3 fibers 
possessing excessive surface energy [1, 37] serve as 
nucleating centers of agglomerated particles (grains) of 
the phase with a complex composition consisting of a 
mixture of hydrated metal oxides. 

Integration of resulting colloidal systems and Al2O3 

nanofibers in one system with saving aggregative and 
sedimentation stability allowed us to ensure distribu-
tion uniformity of the components in bulk xerogel. 

According to the data of thermal analysis and 
differential scanning calorimetry (TG–DSC), it was 
found that joint addition of Al2O3 nanofibers, 
modifying Y2O3 and CeO2 additives, and hydrated 
metal oxides (in accordance with the filler composition 

La0.85Y0.15Al11O18) reduces the temperature of forma-
tion of the low-temperature modifications t'-ZrO2 and 
m'-ZrO2 up to 280–410°C (unlike 480°C [4] and 467°C 
[10]). The addition of Al2O3 nanofibers to the 
composite material leads to a decrease in the tempera-
ture of formation of cubic cerium oxide (c-CeO2), 
which modifies zirconium dioxide solid solutions 
(based on the t-ZrO2 and m-ZrO2 phases). The tem-
perature of obtaining ultradispersed powders of com-
posite material 2 is reduced by approximately 140°C 
(Table 2). 

According to the X-ray phase analysis (XRD), the 
composites are presented by zirconium oxide of 
monoclinic m-ZrO2 (ICSD 82543) and tetragonal              
t-ZrO2 (ICSD 68781) modifications, (x – y)ZrO2–(x – 
y)CeO2–yY2O3 solid solution (x = 0.22, y = 0.1), and 
lanthanum hexaaluminate LaAl11O18 (ICSD 38395) [38]. 

In composite 2 obtained by the semidry pressing 
method with afterburning by the ceramic technology 
(method 1) 40% of t'-ZrO2 was formed and the size of            

Scheme 1. Composite preparation.  
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t-ZrO2 crystallites reduced approximately to one-fourth 
of its original size. In composites 1 and 2 obtained by 
hot pressing (method 2), fully stabilized t-ZrO2 was 
formed at the temperature lower by 50–75°C and 
pressure lower by an order than in the work [18]. The 
addition of Al2O3 nanofibers to composite 2 
(composite 2, method 2) leads to a twofold increase in 
the size of t-ZrO2 crystallites, whereas size of t-ZrO2 

crystallites in composite 2 obtained by method 1 is less 
approximately by half (Table 3). 

Thus, two requirements of the metastable t-ZrO2 
synthesis and stabilization are fulfilled in both methods 
of molding and firing: reduction of the size of t-ZrO2 
crystallites from submicrons [16, 18, 26, 28] to 
nanometers [7, 10, 30, 39, 40] (but no more than               
30 nm [7, 10]) and limitation of the possibility of their 
agglomeration. 

Fibers Al2O3 (LLC “Novosibirsk nanomaterials”) 
before heat consisted of a mixture of ν- and δ-Al2O3 
phases with the cross-section size up to 10–50 nm. 

To prepare the composite material, Al2O3 fibers 
after heat treatment were used, the phase composition 
of which is represented by α-Al2O3 phases (not less 
than 95%) and θ-Al2O3 (no more than 5%) with a cross-
section up to 200–300 nm. 

The dependence of formation of the composite 
microstructure on the composition and procedures of 
their molding and firing was studied by the scanning 
electron microscopy (SEM) method. The micro-
structure of the resulting composites is homogeneous 
in distribution of all components. Crystallites of the 
ZrO2 matrix and their solid solutions with cerium and 
yttrium oxides have a pseudo-cubic shape with the 
fluorite structure. Their elemental composition corres-
ponds to the samples in points a (Table 4). Crystallites 
of the filler LaAl11O18 are of a plate shape with the               
β-Al2O3 layered structure. The elemental composition 
corresponds to the samples in points b (Table 4). They 
are distributed in the form of small agglomerates. Joint 
addition of Al2O3 nanofibers and CeO2 and Y2O3 
additives leads to levelling grain boundaries of the matrix. 

The elemental composition (at. %) determined by 
the SEM/EDS method for the surface of samples of 
composites 1 and 2 prepared by procedures 1 and 2 is 
presented in Table 4. According to the X-ray spectral 

Temperature of thermal effects (maxima), °C 

1 2 

Water desorption 121 100 

Decomposition of metal hydroxides 207 132, 200 

Decomposition of NH4NO3 260 250 

Decomposition of NH4Cl 281 271 

Formation of m'-ZrO2 and t'-ZrO2 280–410 280–410 

Formation of c-CeO2 521 509 

Formation of m-ZrO2 978 928 

Transformation m-ZrO2→t-ZrO2 1160 1150 

Formation of La0.85Y0.15Al11O18 1200 1200 

Formation of solid solutions 1218, 1264, 1346, 1382 1218, 1246, 1357, 1370 

Temperature of the mass loss end 700 557 

Processes 

Method  
of molding  
and firing 

Composite xt, % dt, nm 

1 1 100 16.9 

 2 40 4.3 

2 1 100 4.9 

 2 100 8.4 

Table 2. Thermal effects occurring on obtaining composite materials 1 and 2a  

a m'-ZrO2 and t'-ZrO2 are low-temperature monoclinic and tetragonal zirconium dioxide modifications, respectively; c-CeO2 is cubic 
 cerium dioxide modification; m-ZrO2 is high-temperature monoclinic zirconium dioxide modification; t-ZrO2 is high-temperature 
 tetragonal zirconium dioxide modification.  

Table 3. Fractions and size of t-ZrO2 phase crystallites in 
the composite matrix  
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analysis of the distribution of elements in the 
composite 2 sample (sintered by procedure 1), various 
metal elements (Zr , Ce, Al, and La) [Table 4, samples 
2(1c) and 2(2c)] are present in white grains formed on 
nucleation centers of Al2O3 nanofibres.  

Size of matrix and filler grains in composite 2 
containing fibers decreases in two and more times for 
both methods of obtaining composites, which points to 
the participation of fibers in the formation of 
composite microstructure. For the same chemical and 
phase composition method 2 makes it possible to 
obtain composite 2 with a grain size three times 
smaller than in the case of method 1 (Table 5). 

The results of studying physicomechanical pro-
perties of composites are presented in Table 6. In the 
case of both methods of obtaining composites 1 and 2 
their low porosity results from Y2O3 sintering action 
[14], whereas the high density of the composite 
samples (no less than 0.7 of the X-ray density [41]) 
and the increase in hardness after Vickers is defined by 
both phase composition and influence of compaction 
and sintering at various preparation procedures. 

 Thus, [78ZrO2–21CeO2–Y2O3]/La0.85Y0.15Al11O18/Al2O3 
(2) ceramic composite containing fully stabilized               
t-ZrO2 was obtained by hot pressing; grain size of the 
composite is three times less and the hardness is higher 
by 25% compared to the composite prepared by dry 
pressing with subsequent firing. It was possible to 
obtain such a composite by using composite materials 
prepared by the sol–gel method (Al2O3 nanofibers 
were obtained by the electric explosion method). The 

fundamental distinctive feature of the offered method 
of obtaining composite is the scheme of formation of 
particles of the disperse complex-composition phase 
based on growth of disperse sol phase particles formed 
on the surface of Al2O3 nanofibers. 

EXPERIMENTAL 

Components of the complex ceramic composite 
were synthesized by the sol–gel method. Nanofibers of 
Al2O3 were obtained from an aluminum wire by the 
electric explosion method [1, 41]. The size of the 
nanofibers was estimated by the specific surface area 
determined by the Brunauer, Emmett, and Teller 
method and by the laser granulometry data (LLC 
“Novosibirsk nanomaterials”). 

Sintered composite samples were obtained by the 
semidry pressing method with subsequent firing 
according to the ceramic technology (method 1) and by 
uniaxial hot pressing (method 2). 

Method 1. Samples were formed by the dry 
pressing method with uniaxial loading. Wax in CCl4 
was used as a technological binder. Firing in the range 
from 500 to 1600°C was carried out stepwise in air in 
electric furnaces with carborundum heaters. Sintered 
composite samples were obtained at 1600°C and the 
heating rate of 10 deg/min with isothermal exposure 
for 20 h in air. 

 Method 2. Samples were molded in graphite 
molds at a pressure of 15 MPa. Temperature condition 
included heating to 1550°C at a rate of 30 deg/min and 
isothermal exposure for 2 h. 

Sample Al La Y  Zr  Ce  Hf  O 

1 (1а)   6.02 1.19 3.75 23.24 0.83 0.27 64.70 

1(1b) 34.93 2.88 0.40 1.36 1.24 – 60.19 

2 (1a) – 0.23 1.31 30.89 0.39 0.23 66.23 

2 (1b) 36.04 1.49 0.09 0.29 1.66 0.11 60.12 

2 (1c) 29.20 1.49 – 6.41 1.61 0.01 61.28 

1 (2a) 35.63 2.88 0.03 0.12 1.32 – 60.02 

1 (2b)   5.02 1.29 4.02 23.78 1.13 – 64.76 

2 (2a) 34.98 2.62 0.15 0.84 1.26 0.07 60.08 

2 (2b)   6.54 1.33 4.04 22.68 0.87 – 64.54 

2 (2c) 28.34 2.54 0.91 5.85 1.18 – 61.17 

Table 4. SEM/EDS dataa on the elemental composition (at. %) in various points of sample surface of composites 1 and 2 
obtained by procedures 1 and 2  

a Ratio of components corresponds to the theoretical composition in terms of metal oxides. 
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Thermal transformations of the composite material 
were studied by the TG-DSC method on a NETZSCH 
STA 409 PC instrument. The measurements were 
carried out in a dynamic mode from 25 up to 1400°C 
at a heating rate of 10 deg/min in alundum crucibles in 
air. Phase composition of the composite was 
determined by the X-ray phase analysis data on a 
Shimadzu XRD-6000 X-ray diffractometer (CuKα 
radiation). Fractions of the t-ZrO2 phase (xt) in the 
composite were determined using values of intensities 
of the reflection from the plane (111), 2θ 30.5° for              
t-ZrO2 and from the planes (111), 2θ 28.4° and (11I), 
2θ 31.6° for m-ZrO2. Values of xi were calculated by 
the following formula [30]. 

хt = It(111)/(Im(111) + Im(11I) + It(111). 

The average crystallite size of the t-ZrO2 phase (dt) 
in composite samples was determined by broadening 
of the line corresponding to the (111) reflection, 2θ 
30.5°, the calculations being fulfilled by the Scherrer 
formula [30]. 

Microstructure of Al2O3 nanofibers was studied on 
a JEM-2010 high-resolution transmission electron 
microscope (LLC “Novosibirsk nanomaterials”). Micro-
structure of composite samples was studied on a JSM-
6400 JEOL scanning electron microscope. The X-ray 
spectral analysis of composite samples was performed 
on a Link-ISIS-300 X-ray spectrometer. Values of 
apparent density, water absorption, and open porosity 
of composite samples were determined by the water 

absorption method according to GOST 2409-95. 
Vickers hardness of composite samples was determined 
by GOST 2999-75.  
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