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1. Introduction

The study of composites based on zirconium dioxide, 
especially partially stabilized ones, is relevant for a number 
of reasons. It is promising as a tool or structural material, for 
example, in designing hydro abrasive nozzles with improved 
mechanical properties [1] and is of great functional impor-
tance. In particular, it is used in medicine as a material for 
endoprostheses [2, 3] and dentures [4, 5]. This explains nu-
merous publications on methods of obtaining and processing 
these composites [6, 7]. Another important factor is that 
zirconium compounds are widespread in the lithosphere. 
According to various data, Clark of zirconium is from 170 
to 250 g/t. Therefore, expansion of technological capabili-
ties for the use of this material, obtaining products with a 
competitive market price will contribute to the promotion of 

zirconium products on the world market. Materials based on 
nanopowders of partially stabilized zirconium dioxide with 
various additives of refractory compounds are especially 
promising [8, 9]. It should be noted that some countries 
where the greatest deposits of zirconium are concentrated 
have no own mass production of powder of this type so far. 
Therefore, the study of new methods of obtaining nanopow-
ders and products based on this material will promote the 
creation of preconditions for the large-scale production of 
zirconium dioxide nanopowders.

2. Literature review and problem statement

Much attention is paid to the problems of obtaining 
composite materials based on zirconium dioxide and deter-
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Peculiarities of formation of microstructure in com-
posites based on chemically synthesized zirconium nano-
powders obtained by the method of decomposition from 
fluoride salts were considered. Hydrofluoric acid, con-
centrated nitric acid, aqueous ammonia solution, metal-
lic zirconium, and polyvinyl alcohol were used. It was 
established that the reduction of porosity in nanopow-
ders in the sintering process is the main problem in the 
formation of high-density materials.

Analysis of various initial nanopowders, their mor-
phology, and features of sintering by the method of hot 
pressing with direct transmission of electric current was 
made. Peculiarities of obtaining the composites based 
on them with the addition of Al2O3 nanopowders apply-
ing the electric sintering method were considered. It was 
shown that the increase in the content of alumina nano 
additives leads to an increase in strength and crack 
resistance of the samples due to simultaneous inhibition 
of abnormal grain growth and formation of a finer struc-
ture with a high content of tetragonal phase.

The influence of sintering modes on the formation 
of the microstructure of zirconium nanopowders has 
been studied for different contents of alumina additives. 
Electric current promotes the surface activity of nano-
powders and its variable value promotes partial frag-
mentation of agglomerated grains thus affecting the com-
posite structure.

Physical-mechanical properties of the obtained sam-
ples, optimal compositions of mixtures, and possibilities 
of improving some parameters were determined. It was 
found that nanopowders of zirconium dioxide obtained 
by the method of decomposition from fluoride salts are 
quite suitable for the production of composite materi-
als with high physical and mechanical properties. They 
can compete with imported analogs and enable obtain-
ing of crack resistance of 7.8 MPa·m1/2 and strength of 
820 MPa
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mining the patterns of influence of additives, in particular 
alumina, on the structure of composite materials.

Nanocrystalline powders of a solid solution based on ZrO2 
were obtained in [10] by means of hydrothermal synthesis in 
an alkaline medium and the change of their properties during 
heat treatment in the temperature range of 400–1,300 °С 
was studied. It was established that hydrothermal synthesis 
results in the formation of a thermodynamical nonequilibrium 
system including a mixture of low-temperature cubic metasta-
ble solid solution and tetragonal solid solution based on ZrO2. 
However, no study on crack resistance and strength of the 
obtained nanocrystalline powder was performed.

Nanosized zirconium dioxide, cobalt oxide, and the phases 
based on them were synthesized in supercritical carbon diox-
ide [11]. Stabilization of cubic modification was observed at a 
temperature of 700 °С in samples of zirconium dioxide with an 
admixture of cobalt oxide. This is due to the entry of cobalt 
admixture into the cubic structure of zirconium oxide which 
prevents transition to tetragonal and monoclinic modifica-
tions. The limitation of the study consists in that regularities 
of the effect of additives on physical-mechanical and opera-
tional properties of the obtained composite materials based on 
zirconium dioxide were considered insufficiently.

Effect of surface processing of various types including 
pneumatic abrasion of particles on strength of various trans-
lucent materials stabilized with yttrium zirconium was mea-
sured and characterized in [12]. The type of zirconium mate-
rial and surface treatment affected the strength of translucent 
zirconium materials. Pneumatic abrasion of particles using 
alumina had a slight hardening effect on 4 mol. % zirconium 
but had a softening effect on 5 mol. % materials. Disadvantage 
consists in that abrasion of particles by an air-droplet method 
using alumina creates roughest surfaces on all materials. 
Materials will have lower strength in clinically used products 
when machining or abrasion working by air particles since 
deep surfaces cannot be ground for clinical use.

Characteristics of ceramic composites consisting of various 
compositions of alumina and zirconium dioxide are described 
in [13]. A study of material characteristics was performed in 
terms of compaction, hardness, and crack resistance. Surface 
morphology and elemental composition of composite materials 
were studied using SEM and EDX, respectively. The disadvan-
tage of this study consists in that sintering was carried out at 
a temperature of 1,150 °С which was insufficient to eliminate 
pores although it contributed to ceramics compaction. This 
requires a higher sintering temperature from 1,500 to 1,700 °С 
or pore infiltration with PDC resin.

Fracture toughness, flexural strength, Young’s modulus, 
hardness, and subcritical crack growth were determined 
in [14] for six different alumina/zirconium composites. Flex-
ural strength was modeled using the Weibull distribution. 
Fracture toughness, flexural strength, and resistance to the 
growth of subcritical cracks increase depending on ZrO2 
content (stabilized 3 mol. % Y2O3). However, the issue of 
dependence of microstructure in samples prepared from 
zirconium dioxide with the addition of alumina on tetrago-
nal-monoclinic transitions remains unresolved.

Polycrystalline 3 mol. % material of tetragonal zirco-
nium doped with yttrium (3 mol. % Y2O3–ZrO2) was pre-
pared in [15] using an optimized sintering process without 
applying pressure. Phase change and Y2O3–ZrO2 particle 
size distribution during sintering were studied. Effect of 
sintering temperature on properties of Y2O3–ZrO2 was an-
alyzed. Sintering temperatures of 800–1,200 °С were used 

in the study. The zirconium material sintered at 1,000 °С 
had the smallest porosity and the best density. However, the 
method of preparation of the material used in the study has 
a risk of environmental pollution and high cost.

Production of nanoparticles based on zirconium dioxide 
from fluoride solutions and consolidation of ZrO2-Y2O3 
nanopowders were investigated in [16, 17]. However, the is-
sue of the influence of hot pressing on mechanical properties 
of nanopowders was not considered in [16] and the influence 
of material particle morphology on characteristics of the 
obtained materials was not studied in [17].

Application of composite material Al2O3-SiC as a tool 
material was substantiated in [18]. The microstructure of 
composites was considered in different modes of electric sin-
tering. However, the issue of determining the optimal com-
position of initial mixtures and sintering conditions when 
using alumina nano additives in order to obtain improved 
physical and mechanical properties of material remained 
unresolved.

Economical thermal cycle for the production of ceramic 
products from submicron powders of alumina, titanium 
oxide, and manganese oxide was proposed in [19]. Optimal 
composition of material for a ceramic product with the high-
est physical and mechanical properties was established and 
optimal method of preparation of the initial charge and the 
sintering mode were selected. The limitation of the study 
consists in that thermogravimetric studies have not been 
performed completely for sintering with various additives. 
In addition, not all samples were tested for the mechanical 
strength of the obtained ceramic products.

Analysis of the above studies has shown that zirconium 
dioxide partially stabilized with yttrium oxide with the 
addition of alumina is a promising material for use in tri-
bosystems with improved antifriction and anti-wear prop-
erties. When studying the properties of composites under 
consideration, the main attention is paid to mechanical char-
acteristics of the material, especially crack resistance and 
hardness compared with the tribological properties. Also, 
when conducting friction and wear tests, the influence of 
the structure of the composites based on zirconium dioxide 
on wear resistance was not taken into account. Most studies 
did not correlate thermomechanical or tribological proper-
ties. There are almost no studies on the mutual influence and 
compatibility of materials of the tribosystem “ceramic com-
posite–metal” on the friction processes in the contact zone.

Thus, the issue of identifying patterns of structure for-
mation in the composites based on synthesized nanopowders 
of zirconium dioxide and the effect of alumina additives on 
the composite material structure needs to be addressed. In 
addition, reducing the cost of nanopowders, improving their 
quality, the use of modern methods of forming and sintering 
nanopowders (SPS, FAST, electric sintering) creates new 
opportunities for the production of composite materials with 
high physical and mechanical properties.

3. The aim and objectives of the study

The study objective consisted in identifying patterns 
of formation of structure in composites based on synthe-
sized nanopowders of zirconium dioxide which will make it 
possible to obtain composite materials with high physical, 
mechanical and operational properties.

To achieve this objective, the following tasks were set:
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‒ study the microstructure of composite materials based 
on chemically synthesized nanopowders of zirconium diox-
ide obtained by the method of electric sintering (electrocon-
solidation);

‒ identify patterns of influence of additives, in partic-
ular Al2O3, on the structure and physical and mechanical 
properties of composite materials based on synthesized 
specific nanopowder of zirconium dioxide, determine 
phase composition of the obtained nanocomposites and 
its features;

‒ determine the optimal composition of initial mixtures 
and sintering modes when using nano additives of alumina in 
order to obtain improved physical and mechanical properties 
of the material;

‒ forecast possible ways to the improvement of properties 
of composite materials based on zirconium dioxide with a 
fine microstructure.

4. Materials and methods used in the study

The study used ZrO2 nanopowders partially stabi-
lized with 3 wt. % Y2O3 produced by Kharkiv Institute of 
Monocrystals (Ukraine) by precipitation of ZrO2–3 wt. % 
Y2O3 from fluoride solutions (Fig. 1). Al2O3 nanopowders 
manufactured by NANOE (France) were also used (Fig. 2).

Samples were polished in steps up to 1 μm on Struers 
grinding and polishing unit (Denmark) using diamond 
pastes.

The structure of electroconsolidated samples of zirconi-
um ceramics was studied by methods of power probe micros-
copy (Ntegra Aura atomic-force microscope) and scanning 

microscopy (Nova NanoSEM scanning ion-electron micro-
scope, Quanta 200 3D scanning electron microscope).

AFM scanning was performed by the semi-contact meth-
od in the air in two modes: at a constant amplitude (topog-
raphy) and in the mode of phase contrast. Shots of 1×1 μm, 
2.5×2.5 μm and 5×5 μm were taken.

Chemical analysis of consolidated samples was per-
formed on LEO1455 VP (Zeiss, Germany) scanning elec-
tron microscope with blocks of INCA Energy-300 X-ray 
energy spectrometer.

X-ray phase analysis was performed on Shimadzu XRD-
6000 diffractometer in the following modes:

‒ CuKα: radiation with λ=1.54187 Å;
‒ curved graphite monochromator in front of the counter;
‒ method θ–2θ of continuous scanning;
‒ scanning speed: 1.2°/min;
‒ angular range: 2θ=5.0–100.0° at a step of 0.02°;
‒ voltage on the X-ray tube: 40 kV;
‒ current: 30 mA;
‒ without rotation of the sample.
Phase analysis of samples was performed using the 

ASTM database.
Values of microhardness and crack resistance were de-

termined by measuring diagonal of imprint and length of ra-
dial cracks. They were obtained by pressing with a diamond 
indenter [20] having the shape of a quadrilateral pyramid 
with the angle at the vertex α=136° (Vickers pyramid) using 
AFFRI DM8 automatic microhardness tester.

Microhardness was calculated by the following expres-
sion [21]:
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where k is the coefficient depending on the indenter shape: 
k=1.854 for the Vickers pyramid; P is the indenter load, kg; 
2·a is the average value of the length of both diagonals of the 
imprint, μm.

The fracture toughness coefficient characterizing crack 
resistance of the sample was determined by expression [22]:
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where Hv is microhardness, GPa; E is Young’s modulus, GPa; 
F is a constant, F≈3; l is the length of the crack from the cor-
ner of Vickers pyramid imprint, m; a is semi-diagonal of the 
Vickers pyramid imprint, mean distance from the imprint 
center to the crack end, m.

The bending strength of the sample under conditions of 
three-point bending was determined by the expression [23]:
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⋅ ⋅ 2
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,
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P L
b h

		  (4)

where P is the force magnitude at the time of the sample divi-
sion into parts, N; L is the sample length, mm; b is the sample 
width, mm; h is the sample thickness in the direction parallel 
to the direction of force applied to the sample, mm

Fig. 1. General view of ZrO2–3 wt. % Y2O3 nanopowders 
obtained by precipitation from fluoride salts

×20,000 

Fig. 2. General view of α–Al2O3 nanoparticles manufactured 
by NANOE

×5,000 
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5. The results of the study of obtaining composite materials 
with high physical, mechanical, and operational properties

5. 1. Microstructure of composite materials based on 
chemically synthesized zirconium nanopowders

The main characteristics of the microstructure of the 
polycrystalline material in general, and ceramics in particular, 
include the size and morphology of grains, size and morphology 
of pores, and distribution of admixtures. Moreover, to improve 
the strength properties of the material, special attention should 
be paid to its porosity nature [24, 25]. Besides the dependence 
of porosity on electroconsolidation temperature, 
the morphology of original powders, as well as the 
formation of pores of various configurations, cause 
high porosity values. For convenience and compact-
ness of presenting the further analysis, samples of 
different compositions were marked as in Table 1.

Table 1

Marking of the studied compositions

Composition 
marking

ZrO2 powder type 

P–1
Spray drying, spherical shape, 

dav=70 nm (NANOE Company, France)

P–2
Deposition from fluoride salts, disc-

shaped, dav=80 nm (Institute of 
Monocrystals, Kharkiv, Ukraine)

P–3
Chemical deposition, spherical shape, 
dav=10 nm (I.M. Frantsevich Institute 

for Problems of Materials Science, Kyiv

For example, spherical porosity the most ac-
ceptable from the point of view of predicting high 
characteristics of strength properties was found 
in samples obtained from nanopowders with grain 
shape close to isodiametric one (P–1 and P–3). 
In the samples of these powders, spherical parti-
cles remained mostly separated and formed only 
a few aggregates, up to 280 nm in size. The Scaly 
(disc-shaped) shape of P–2 powders and a certain 
presence (up to 15 %) of irregularly shaped parti-
cles (thin films and fragments of spheres) caused 
a decrease in relative density of samples to 96 %. 
In addition, the formation of coarse intergranular 
porosity was observed. This type of porosity is 
not known to delay crack propagation as the pores 
have sharpening at the grain boundaries with tip 
configurations similar to those of the primary sharp 
cracks. This is observed in contrast to the more ac-
ceptable spherical (intragranular) porosity which is 
more likely to delay crack propagation through its 
local blunting in places where the crack is crossing 
the pore.

Fig. 3 shows the Vickers pyramid imprints 
obtained at the same load of 10 N in samples 
made from powders of the same composition 
(ZrO2–10 wt. % Al2O3) and different morpholo-
gy. It is obvious that the nature of the structure 
and pores formed in the sample made from the 
powder with a spherical shape of grains (P–1 
and P–3) restrains the formation of Palmquist 
cracks. This contrasts with the structure of the 
sample prepared from scaly and fragmentary 

powders (P–2) in which cracks occur at all imprint vertices 
at the same load.

Dependence of change in relative density of the studied 
samples on sintering temperature (Fig. 4) shows that the to-
tal density level for all powders increases with increasing of 
electroconsolidation temperature. Only for P–3, an increase 
in density is inversely related to alumina concentration. That 
is, a maximum density of 0.99 was obtained for samples with 
adding 10 wt. % alumina at 1,250 °С while the density of 
samples with 20 and 30 wt. % of alumina was 0.97 and 0.89, 
respectively, at the same temperature (Fig. 4, a).

Fig. 3. General view of the imprint and propagation of cracks obtained at a 
load of 10 N: a – in the sample P–2 of composition ZrO2–10 wt. % Al2O3; 

b – sample P–3 of composition ZrO2–10 wt. % Al2O3

20.00 um 20.00 um 

a

20.00 um 20.00 um 

b

Fig. 4. Dependence of relative density γ on powder sintering 
temperature T: a – sample of composition P–3; b – sample of 

composition P–2; c – sample of composition P–1; 1 – sample with 
the addition of 10 wt. % Al2O3; 2 – sample with the addition of 
20 wt. % Al2O3; 3 – sample with the addition of 30 wt. % Al2O3

a

b

c
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The P–2 and P–1 based samples (Fig. 4, b and Fig. 4, c, 
respectively) had relative density above 0.7 already at 
1100 °С and a steep rise of the curves expressing the de-
pendence of relative density on temperature also indicates 
better compaction of powders. However, at the same time, 
this fact does not allow us to obtain P–1 samples and relative 
density above 0.93. In addition, homogeneous packaging of 
“soft” agglomerates in initial powders P–2 and P–3 during 
their compaction contributes to homogeneous packaging of 
particles in the sample and its compaction during sintering 
to almost theoretical density.

5. 2. The effect of additives on structure and proper-
ties of materials based on zirconium dioxide nanopowder

Samples prepared on the basis of zirconium nanopowders 
of different morphologies with alumina additives consolidated 
at different temperatures were investigated using SEM. It was 
found that grain size in P–1 samples prepared at temperatures 
above 1,200 °С is much higher than in the samples prepared 
from P–2 and P–3 nanopowders at the same temperatures. It 
is known [26] that aggregation of powder particles is superim-
posed on the process of growth of interparticle contacts at the 
expense of other processes, namely coalescence and coagulation 
each taken separately is capable of predominating over the 
other in the sintering process. Apparently, the coagulation pro-
cess in P–1 had a greater influence on the system compaction. 
This is confirmed by the images of the sample microstructure 
presented in Fig. 5. The images show that particles are sticking 
together with the formation of primary, and in some cases, sec-
ondary aggregates in which particles do not lose their individu-
ality. There are pores between particles in some places because 
of insufficient compacting pressure (40 MPa).

The coalescence process is characteristic of P–2 and P–3 
powder samples and competes with the shrinkage process at the 
initial stage of consolidation. During electric sintering, shrink-
age activation is provided by heating the workpiece with an in-
dustrial frequency current. This leads to a significant reduction 
in yield strength, and hence, obtaining a denser material at the 
same pressure. This feature is associated with the intensification 
of grain boundary diffusion [27] which results in the predom-
inance of compaction processes over the processes of ceramic 
grain growth due to the removal of open pores. It is known that 
the change in heating rate leads to an increase in the tempera-
ture gradient inside the powder being sintered and creating a lo-
cal mismatch of thermal expansion coefficients [28, 29]. Besides, 
a significant discrepancy between the coefficients of thermal ex-
pansion of zirconium oxide and alumina powder particles leads 
to dislocations motion to the boundaries being formed raising 
their free volume and grain boundary diffusion coefficient.

5. 3. Establishment of the optimal composition of initial 
mixtures and sintering modes using alumina nano additives

Analysis of the relationship between the structure of 
obtained samples, consolidation regimes, and final density 
has shown that temperature rise leads to rapid grain growth. 
Larger grains are characteristic of the samples obtained at 
elevated sintering temperatures (Fig. 6) under the condition 
of applying maximum pressure at the stage of holding. It 
became obvious that a temperature of 1,200 °С is sufficient 
to achieve at least a 97 % relative density. The grain size 
remains less than 300 nm (Fig. 6, a). However, it was nec-
essary to provide such a value of density at the initial stage 
that would be enough to achieve a uniform distribution of 
porosity alongside the obvious advantage of reducing the 
consolidation temperature to 1,200 °С. It became possible to 
achieve only by consolidating the P–3 powder with compo-
sition ZrO2–10 wt. % Al2O3 at 1,200 °С (Fig. 6, d).

At proximity of scales, fracture structure in samples pre-
pared from P–2 and P–3 powders (Fig. 7, a, b and Fig. 7, c, d, 
respectively) was almost the same but there were some dif-
ferences in their nature. Areas with micro pits are visible 
on the surface of fracture of the sample prepared from P–2 
powder (Fig. 8). Probably, these pits have appeared as a re-
sult of the formation and fusion of microvoids near elongated 
structural inhomogeneities [30] as well as in places of forma-
tion of large pores that are tapering at the grain boundaries.

In addition, since a large proportion of this powder’s 
particles are almost flat scales, there are a number of pores 
between two almost flat surfaces. This leads to processes of 
zonal separation which are usually decisive in the sintering 
of fine powders [31, 32].

The appearance of fracture in ceramics of P–3 pow-
der consolidated at different temperatures in the range of 
1,150–1,250 °С taken from samples with a relative density 
of more than 98 % (Fig. 9) is characterized by a morpholog-
ically uniform fracture surface. That is, it has no noticeable 
geometric areas. At a consolidation temperature of 1,150 °С 
(Fig. 9, a), chips from this sample were homogeneous, with 
almost imperceptible boundaries between grains and average 
pore size of about 190 nm. As the consolidation temperature 
increases, the average grain size increases with a simultane-
ous decrease in pore size to 150 nm. Along with well-”drawn” 
grain boundaries in the sample baked at 1,200 °С (Fig. 9, b), 
elements of microrelief of rectilinear fracture (stepwise) are 
distinguished (Fig. 9, c). They can occur as a result of split-
ting along the boundaries of twins [33, 34].

Fig. 5. Microstructure of ceramic samples prepared from 	
P–1 powder: a – composition ZrO2; 	

b – composition ZrO2–10 wt. % Al2O3

×40,000 ×40,000 
a

×40,000 ×40,000 

b
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It was also noted in [33] that the presence of areas with 
twin relief in the fracture surface may be an evidence of 
the occurrence of a tetragonal-monoclinic transition in the 
material during its fracturing. The presence of much larger 
pores (above 100 nm) was noted in fragments of the samples 
sintered at 1,250 °С (Fig. 9, c) while the inside size of 
the agglomerated pores was reduced. Moreover, the 
sample density did not change, i.e. the overall pore 
volume remained the same. All this can reduce mac-
roscopic shrinkage which is confirmed by analysis of 
the shrinkage curve for a sample with the addition of 
10 wt. % alumina.

The structure of chips taken from samples pre-
pared from P–1 powder was less homogeneous. In 
contrast to the samples prepared from P–3 powder, 
samples of the above powders (with the lowest den-
sity) examined at high magnification (×20,000) had 
not only coarser grains (Fig. 10, a) but also the frac-
ture nature. Chipping in this case occurs along the 
boundaries of grains (agglomerates) with a stream-
like pattern (Fig. 10, b) which may also indicate 
instability of boundaries [35].

Particles prepared of P–2 powder were slightly 
sticky and, in contrast to spheroidized particles (P–1 
and P–3 powders), had low fluidity. As a result, air 
that was incompletely displaced from the material 
interacted with the carbon of the graphite mold, and 
CO was formed. This was manifested by characteris-
tic odor of organic impurities in the elongated sample 
which in turn caused powder burnout during sinter-
ing. In this regard, a coefficient was introduced when 
dosing the powder to take into account the powder 

loss during sintering: K=1.01. Besides, according to the data 
of chemical analysis of samples (Fig. 11, Tables 2, 3), in addi-
tion to the main elements (Y, Zr, O), the samples contained 
adsorbed oxygen and carbon which enter the CH, C–O, and 
COOH groups [36].

Fig. 6. Microstructure of ceramics with composition ZrO2–10 wt. % Al2O3: a – the sample of P–2 powder sintered at 
1,220 °С; b – the sample of P–2 powder sintered at 1,250 °С; c – the sample of P–2 powder sintered at 1,300 °С; d – the 

sample of P–3 powder sintered at 1,200 °С

×40,000 ×40,000 

×20,000 ×20,000 

a

×40,000 ×40,000 

×20,000 ×20,000 

b
×40,000 ×40,000 

×20,000 ×20,000 
c

×40,000 ×40,000 

×20,000 ×20,000 
d

Table 2

The results of chemical analysis of samples prepared from P–2 
powder: ZrO2–10 wt. % Al2O3 composition

Spec-
trum

Statistical analysis of 
element distribution

C O Al Y Zr Total

in wt. %

1 Yes 3.24 24.39 0.84 0.23 71.31 100.00

2 Yes 5.10 23.67 0.42 0.95 69.86 100.00

3 Yes 3.31 23.88 1.49 1.06 70.27 100.00

4 Yes 1.79 23.78 0.43 0.81 73.19 100.00

5 Yes 6.39 22.72 0.55 2.53 67.81 100.00

6 Yes 6.84 22.80 0.26 2.12 67.98 100.00

7 Yes 6.45 22.21 0.49 2,84 68.00 100.00

8 Yes 5.37 23.47 2.46 2.81 65.89 100.00

9 Yes 3.08 24.88 0.99 1.22 69.84 100.00

10 Yes 5.33 23.87 1.28 2.53 66.99 100.00

Mean deviation 4.69 23.57 0.92 1.71 69.11 100.00

Standard deviation 1.72 0.80 0.67 0.96 2.18 –

Maximal deviation 6.84 24.88 2.46 2.84 73.19 –

Minimal deviation 1.79 22.21 0.26 0.23 65.89 –

Data of the reference materi-
al described in [37] 

2.50 24.90 0.90 0.24 71.46 100.00
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It should be noted that common sintering at 1,500 °С and 
holding time of 1 hour for samples of pure P–1 powder and with 
the addition of 20 wt. % Al2O3 allowed us to obtain a material 

with a relative density of 81 % (ZrO2) and 86 % (ZrO2–20 
wt% Al2O3), respectively. However, there was a significant 
growth of grains up to 580 nm and merging of individual 
grains into up to 950 nm agglomerates (Fig. 12).

Fig. 7. AFM image of chips from samples with ZrO2–30 wt. % Al2O3 composition sintered at 1,200 °С: a – fracture height in 
samples prepared from P–2 powder; b – structure of fracture in samples prepared from P–2 powder; c – fracture height in 

samples prepared from P–3 powder; d – structure of fracture in samples prepared from P–3 powder
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Table 3
The results of chemical analysis of samples prepared from P–2 

powder: ZrO2–30 wt. % Al2O3 composition

Spec-
trum

Statistical analysis of 
element distribution

C O Al Y Zr Total

in wt. %

1 Yes 0.92 45.62 50.71 0.67 2.07 100.00

2 Yes 3.33 45.81 37.23 0.85 12.78 100.00

3 Yes 2.61 46.23 43.14 0.00 8.03 100.00

4 Yes 4.31 45.73 39.25 0.29 10.42 100.00

5 Yes 2.63 45.60 48.39 0.00 3.39 100.00

6 Yes 2.41 46.23 35.60 0.00 15.75 100.00

Mean deviation 2.70 45.87 42.39 0.30 8.74 100.00

Standard deviation 1.12 0.29 6.14 0.38 5.33 –

Maximal deviation 4.31 46.23 50.71 0.85 15.75 –

Minimal deviation 0.92 45.60 35.60 0.00 2.07 –

Fig. 8. Structure of fracture in the sample with 	
ZrO2–20 wt. % Al2O3 composition prepared from 	

P–2 powder sintered at 1,250 °С

×2000 
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Besides, sintering was accompanied by significant sam-
ple shrinkage: a 40 % decrease in volume from the volume of 
the pre-compressed compact.

×15,000  ×25,000 

×5000  ×10,000 

a

Fig. 9. Microstructure of chips taken from samples of 	
ZrO2–10 wt. % Al2O3 composition obtained from 	

P–3 powder sintered at temperature: 	
a – 1,150 °С; b, c – 1,200 °С; d – 1,250 °С

×15,000  ×25,000 

×5000  ×10,000 

b
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Fig. 10. Microstructure of chips taken from samples of 
ZrO2–20 wt. % Al2O3 composition prepared from P–1 

powder: a – inhomogeneity of the sample chip structure; 	
b – stream-like pattern nature of the sample fracture

×20,000  ×1000 
a

×20,000  ×1000 
b

Fig. 11. The results of chemical analysis of samples prepared 
from P–2 powder: a – ZrO2–10 wt. % Al2O3 composition; 

b – ZrO2–30 wt. % Al2O3 composition
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5. 4. Forecasting the possible ways to improve prop-
erties of composite materials based on zirconium dioxide

Analysis of phase composition, along with morphology 
and dispersion of powders, makes it possible to predict 
the performance of products at the initial 
stage of material production [37, 38]. When 
examining radiographs taken from the pol-
ished surface of consolidated samples of 
ZrO2–Al2O3 ceramics, it was found that 
phase composition is characterized by the 
presence of peaks of monoclinic, tetragonal 
zirconium dioxide and alumina in different 
ratios. This depends on electroconsolidation 
temperature and the amount of alumina in 
the initial powder mixtures [39, 40]. The 
following can be seen when examining ra-
diographs of the samples obtained by hot 
pressing at 1,200 °С with the transmission 
of high-ampere current at various alumina 
contents:

‒ content of the monoclinic phase in-
creased with an increase in Al2O3 content 
from 10 wt. % (Fig. 13) to 20 wt. % (Fig. 14);

‒ content of the monoclinic phase in the 
sample (Fig. 15) obtained at 1,250 °С was 
reduced to almost zero at Al2O3 content of 
30 wt. % 

Some researchers [41, 42] believe that 
the composite strength should decrease 
with an increase in monoclinic phase con-
tent because the volume of the monoclinic 
phase is greater than the volume of the 
tetragonal phase. It is obvious that the 
growth of forces in the composite volume 
increases internal stresses of the system 
and this, ultimately, reduces the material 
strength [43, 44]. In the case under study, 
this did not happen due to the influence of 
additives of alumina nanopowders which 
slightly distorts the crystal structure of 
tetragonal zirconium oxide resulting in its 
growth. This compensated for the mono-
clinic phase pressure.

The presence of a large quantity of 
monoclinic phase indicates the polymorphic 
conversion of tetragonal zirconium dioxide 
into a low-temperature modification during 
cooling. The partial conversion could also 
be facilitated by the low cooling rate of the 
samples which, according to [45], does not 

contribute to the fixation of high-temperature phases. This 
fact can give an advantage in the rate of sample sintering due 
to the fact that the polymorphic transformation contributes 
to this phenomenon.

Fig. 12. Microstructure of samples prepared from P–1 powder: a – ZrO2 composition; b – ZrO2–20 wt. % Al2O3 composition

×20,000 ×20,000 
a

×20,000 ×20,000 
b

Fig. 13. Radiograph of the polished surface of the sample sintered at 1,250 °С 
containing 10 wt. % Al2O3

Fig. 14. Radiograph of the polished surface of the sample sintered at 1,250 °С 
containing 20 wt. % Al2O3
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It is known that in addition to external energy sources 
(electric current), the appearance of additional internal heat 
sources (polymorphic transformation occurs with a release 
of heat) reduces temperature and accelerates the sintering 
process [46].

We can assume a significant crystallite and porosity 
growth at 1,250 °С as well as the presence of stresses ini-
tiated by tetragonal-monoclinic transformation. This de-
stroys crystallites of the tetragonal zirconium dioxide phase 
and leads to a decrease in their number in solid solution 
(ZrO2)0.97(Y2O3)0.03 [47].

Thus, the gain in the sintering rate does not provide an 
advantage in obtaining an acceptable fine-grained structure. 
The effect of alumina at the retention of up to 30 wt. % also 
means that the monoclinic phase is completely transformed 
into a tetragonal one. This can be explained by the fact that 
temperature rises rapidly under the influence of high-ampere 
electric current in the process of hot pressing and partially 
stabilized zirconium dioxide be-
gins to conduct current through 
ion mobility as soon as 800 °С is 
reached [48].

Passage of high-ampere cur-
rent significantly activates the 
sintering process contributing to 
the grain-boundary slip of alumina 
nanopowders and complete trans-
formation of the monoclinic phase 
of zirconium dioxide into tetrago-
nal one [49, 50]. In fact, zirconium 
oxide becoming permeable as the 
temperature rises obviously con-
tributes to the percolation effects 
when an electric current is passed. 
Electric current promotes the sur-
face activity of nanopowders and 
its variable value promotes partial 
crushing of agglomerated grains, 
thus affecting structure formation 
in composites.

Naturally, the structure is affected by the final sinter-
ing temperature. It should be noted that the increase in 
sintering temperature also decreases the content of the 
monoclinic phase which turns into a tetragonal phase. The 
radiograph of the test sample containing 30 wt. % Al2O3 

(Fig. 16) obtained at 1,250 °С had reflec-
tions belonging only to the tetragonal 
zirconium oxide. Since the cooling time did 
not depend on alumina concentration in 
the starting powder, the amount of tetrago-
nal ZrO2 in the test sample increased with 
the increasing concentration of Al2O3 in 
initial powders.

It is interesting to note that the phase 
composition of this sample fracture is char-
acterized by the presence of low-inten-
sity peaks of monoclinic zirconium ox-
ide and the fracture surface has domains 
of intergranular fracture inherent in the 
presence of a low-temperature phase [51]. 
These facts indicate that there is a tetrag-
onal-monoclinic transformation during 
loading. That is, admixtures of 30 wt. % 
of alumina contribute to the strengthening 
of the material based on zirconium oxide 
while inhibiting abnormal growth of grains 
and formation of a finer structure with 
a high content of tetragonal phase. The 
tetragonal phase is capable of transforming 
into a monoclinic phase (under the action 
of stresses) near the crack tip.

Table 4 shows the mechanical properties of some samples 
of powders P–1 and P–2 obtained at different temperatures, 
the pressure of 30 MPa, and the holding time of 3 min.

Table 2 shows that the mechanical properties of the 
composite material improve with an increase in tem-
perature and quantity of Al2O3 nanopowder additives. 
Mechanical properties, in particular crack resistance, 
approach the properties of the material based on the 
NANOE brand powder at a temperature of 1,250 °С in 
the composite material based on synthesized zirconium 
dioxide.

Fig. 15. Radiograph of the polished surface of the sample obtained at 1,250 °С 
containing 30 wt. % Al2O3

Fig. 16. Radiograph of the polished surface of the sample containing 30 wt. % Al2O3 
obtained at 1,250 °С
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6. Discussion of the results obtained in the study 
of structure formation in the composites based on 

synthesized nanopowders of zirconium dioxide

Studies have shown that the microstructure of the sam-
ples in which zirconium dioxide was obtained in different 
ways strongly depends on tetragonal-monoclinic transitions. 
For example, the nature of the structure and pores formed 
in the samples prepared of powder with composition ZrO2–
10 wt. % Al2O3 with grains of spherical shape (Fig. 3, b) 
inhibit the formation of Palmquist cracks at the same load 
of 10 N. This is in contrast to the structure in a sample pre-
pared of powders of the scaly-fragmental form (Fig. 3, a) in 
which cracks occur at all vertices of the Vickers pyramid 
imprint at the same load. A maximum density of 0.99 was ob-
tained for samples with 10 wt. % Al2O3 additives at 1,250 °С 
(Fig. 4, a) while the density of the samples with 20 and 30 % 
Al2O3 additives was 0.97 and 0.89, respectively, at the same 
temperature.

In samples from P–1 powder obtained at temperatures 
above 1,200 °С, grains were much coarser than in the 
samples obtained from P–2 and P–3 nanopowders at the 
same temperature. The coagulation process in P–1 powder 
had a greater influence on the system compaction which is 
confirmed by images of the sample microstructure (Fig. 5). 
Sticking of particles occurs with the formation of primary 
and secondary aggregates (in some cases) in which particles 
have not lost their individuality. There are pores between 
particles in some places because of insufficient compacting 
pressure (40 MPa). Significant discrepancy between the 
coefficients of thermal expansion of zirconium oxide and 
alumina powder particles led to the motion of dislocations 
to the boundaries being formed increasing their free volume 
and the coefficient of grain boundary diffusion.

Chemical analysis of the samples has shown that the 
increase in the content of nano additives of alumina Al2O3 
from 10 wt. % (Table 2) to 30 wt. % (Table 3) improved 
strength and crack resistance (Fig. 11). At the same time, 
there was a restraint of abnormal grain growth and forma-
tion of a finer structure at high content of tetragonal phase. 
Sintering of samples of pure P–1 powder and samples with 

addition of 20 wt. % Al2O3 at 1,500 °С 
has allowed us to obtain a material with a 
relative density of 81 % (ZrO2) and 86 % 
(ZrO2–20 wt. % Al2O3). There was a sig-
nificant growth of grains, up to 580 nm, 
and individual grains formed agglomer-
ates of up to 950 nm size (Fig. 12).

Radiographs of the samples obtained 
by hot pressing at 1,200 °С with the trans-
mission of high-ampere electric current 
have shown the following. Content of the 
monoclinic phase increased with increas-
ing Al2O3 content from 10 wt. % (Fig. 13) 
to 20 wt. % (Fig. 14). At a content of 
30 wt. % Al2O3 in the sample (Fig. 15) 
obtained at 1,250 °С, the content of the 
monoclinic phase was reduced to almost 
zero. To further improve the mechanical 
properties of the samples, the sintering 
temperature and holding time can be in-
creased because grain growth at 30 % 
alumina content was not as fast as at lower 
values. It is assumed that the combination 

of various nano additives of other types, along with alumina, 
will further increase the physical and mechanical properties 
of the resulting composites.

The study limitation consists in that thermogravimetric 
studies have not been performed completely during sintering 
with various additives. Besides, not all samples were tested 
for mechanical strength and comparison of mechanical 
properties with materials produced by worldwide known 
manufacturers was made not in full.

It would be appropriate to achieve greater grain disper-
sion in further studies and reduce the content of residual 
additives resulting from the use of chemical processes of 
composite production.

7. Conclusions

1. Microstructure of composite materials based on chem-
ically synthesized zirconium dioxide nanopowders obtained 
by the electroconsolidation has been studied. It was found 
that the microstructure of the samples in which zirconium 
dioxide was obtained in different ways strongly depends on 
tetragonal-monoclinic transitions.

2. Regularities of the effect of additives, in particular 
alumina, on the structure and physical and mechanical 
properties of composite materials based on specifically 
synthesized zirconium dioxide nanopowder were revealed, 
phase composition of the obtained nanocomposites and their 
features were determined. For example, an increase in the 
content of alumina nano additives up to 30 wt. % helps to in-
crease the strength and crack resistance of the samples made 
of the material based on zirconium oxide. At the same time, 
there is a restraint of abnormal grain growth and formation 
of a finer structure with a high content of tetragonal phase.

3. Optimal composition of initial mixtures and sintering 
modes using alumina nano additives was established in order 
to improve the physical and mechanical properties of the 
material. To improve the mechanical properties of the sam-
ples, sintering temperature and holding time can be raised 
because alumina grain growth is less rapid at a 30 % content 
than at lower contents.

Table 4

Mechanical properties of various sintered samples

Sample composition
Tempera-
ture, °C

Density, 
g/сm3

Hardness, 
GPа

Crack growth re-
sistance, MPa m1/2

Flexural 
strength, MPa

P–1 powder of 
ZrO2–10 wt. % 

Al2O3 composition
1,150 5.45 12.5±0,15 7.2±0.2 802±25

P–1 powder of 
ZrO2–20 wt. % 

Al2O3 composition
1,200 5.49 12.5±0.12 7.5±0.2 805±10

P–1 powder of 
ZrO2–30 wt. % 

Al2O3 composition
1,250 5.54 13.2±0.15 7.8±0.4 850±25

P–2 powder of 
ZrO2–10 wt. % 

Al2O3 composition
1,150 5.32 12±0.2 7.10±0.15 780±15

P–2 powder of 
ZrO2–20 wt. % 

Al2O3 composition
1,200 5.40 12.5±0.15 7.15±0.15 810±10

P–2 powder of 
ZrO2–30 wt. % 

Al2O3 composition
1,250 5.53 13±0.15 7.8±0.23 830±10
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4. Based on the conducted studies, a forecast was made 
concerning possible ways of improving the properties of 
composite materials with a fine microstructure obtained by 
using zirconium dioxide. As the temperature and amount 
of Al2O3 nanopowder additives increase, the mechanical 
properties of the composite material improve. Mechanical 
properties, in particular crack resistance, in the composite 
material based on the synthesized zirconium dioxide ap-
proached at 1,250 °С the properties of the material based on 
NANOE brand powder. This will contribute to the fact that 
zirconium oxide obtained by chemical decomposition from 
fluoride salts and having crack resistance of 7.8 MPa·m1/2 

at a strength of 820 MPa will be quite competitive with the 
currently known imported analogs.
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