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A comparative analysis of the effect of various nanoadditives on a matrix of
zirconium dioxide partially stabilized with Y203 during hot pressing by
electrosintering is given. The microstructure obtained with different
compositions of nanoadditives and sintering modes is investigated. The features
of the influence of various nanoadditives from AI203, WC and SiC on the
microstructure and properties of the obtained materials are revealed. The
possibility of using the obtained composite materials, taking into account the
peculiarities of mechanical properties, as functionally graded materials is
considered.
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1. Introduction

The determining factor for the structure of nanocrystalline materials is the extremely small
grain size, the resulting large area of the boundaries and, accordingly, the length of their
joints per unit volume, the difficulty or suppression of the dislocation mechanisms of plastic
deformation at grain sizes below a certain limit value, and the nonequilibrium state of the
grain boundaries [1]. The developed surface of isolated nanoparticles initiates size effects of
thermodynamic quantities. Due to the existence of a significant number of atoms near the
surface of the nanomaterial, as well as the dynamics of the lattice, which undergoes
significant changes due to a number of features of the nanostate, such characteristics of the
substance as the values of heat capacity [2], thermal conductivity [3, 4], melting temperature,
temperature Debye.
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Size effects should be understood as a complex of phenomena associated with a change in
the properties of a substance due to the actual change in particle size and a simultaneous
increase in the share of the surface contribution to the overall properties of the system. Due
to the noted structural features, nanocrystalline materials differ significantly in properties
from ordinary polycrystals. For this reason, grain size reduction is currently regarded as an
effective method for changing the properties of a solid. For example, the combination of
high hardness with plasticity in nanocrystalline materials is usually explained by difficulties
in activating dislocation sources due to the small size of crystallites, on the one hand, and the
presence of grain boundary diffusion creep, on the other hand. Nanomaterials are
distinguished by exceptionally high atomic mobility, which is 5...6 orders of magnitude
higher than that in ordinary crystals [5], however, the mechanisms of diffusion processes in
nanocrystalline substances are far from fully understood, and there are opposite explanations
in the literature on this matter. Until now, the issue of the microstructure of nanocrystals, i.e.,
the structure of interfaces and their atomic density, the effect of nanopores and other free
volumes on the properties of nanocrystals, remains debatable. In the technological series
"synthesis of nanopowders — molding — sintering", the final product — a consolidated material
— is very sensitive to all stages of its prehistory, starting with the quality parameter of
nanopowders.

Several parameters of nanopowders are known, which are very important for assessing their
quality. The first is the average particle size, the second is the particle size distribution
spectrum, which significantly depends on the preparation method. Currently, a lot of
research is devoted to zirconium dioxide ZrO2 nanopowders [6, 7]. Traditionally, ZrO2-
based ceramics have been used in the metallurgical industry to make crucibles for melting
metals. Currently, zirconium ceramics is one of the most promising ceramic materials for
structural and tool purposes and is used in the technology of obtaining parts for gas turbine
and diesel engines, friction units, pump sealing rings, shutoff valves, and cutting tools. Also,
ceramics based on ZrO2 finds application in medicine for the manufacture of implants in
bone tissues. It is known that one of the reasons for the high values of mechanical properties
is the martensitic phase transformation of the tetragonal phase into a monoclinic phase,
initiated by the elastic field of the emerging and propagating crack. Accordingly, part of the
elastic energy is spent not on destruction, but on phase transformation. In addition, the
tetragonal-monoclinic transformation is accompanied by an increase in volume; the
emerging field of compressive stresses also hinders crack propagation. A similar
phenomenon of an increase in mechanical properties as a result of a phase transformation is
called transformation hardening [8].

The widely used "stabilized" zirconia ceramic (in tetragonal or cubic form) is a solid solution
of the stabilizer oxide in ZrO2 in varying concentrations. Y203, MgO, CaO, CeO2 should
be noted among the most effective additives [9—11]. Thus, for example, experimental results
make it possible to recommend ceramics based on the ZrO2—-CeO2 system for creating solid
electrolytes [12].

One of the promising materials for the manufacture of multifunctional ceramics is zirconium
dioxide partially stabilized with yttrium oxide — ZrO2-Y203. Technical ceramics made from
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powders based on zirconium dioxide partially stabilized with yttria has a unique set of
physical and mechanical properties: high strength, hardness and fracture toughness,
resistance to corrosion and wear. Partially stabilized zirconia has a high thermal stability, and
thus is also suitable for use at high temperatures in mechanical engineering (including as
thermal coatings) [13].

Along with traditionally used stabilizers, aluminum oxide and refractory metal carbides are
used to improve some properties, in particular mechanical ones [14, 15]. From numerous
publications on this topic, the question arises which of these additives is the most effective in
terms of improving mechanical properties. For some reason, less attention is paid to issues of
thermophysical characteristics, although recently zirconium dioxide has also found other
applications, in particular, in medicine and solid electrolytes.

There is a large amount of experimental data showing the positive effect of small additions
of A1203 on the mechanical strength of zirconia ceramics [16].

In Table 1 presents some of the physical and mechanical properties of some materials.

Table 1. Physical and mechanical properties of some materials [17]

. Young's Thermal expansion Specific Thermal
: Density .. ..
Material glem? modulus coefficient heat conductivity

i E, GPa a, 106K C Ikg-°K 4, WmK
ZrO2 5.6 6.0 10 400 25
Al203 3.8 1.8 8 780 28
wC 15.6 4.7 3.9 184 29.3
SiC 3.05 0.2 4 695 80

The main materials that are widely studied are aluminum oxide (Al203), tungsten carbide
(WC), silicon carbide (SiC) [18, 19]. This is explained by the fact that systems of two non-
interacting solid phases uniformly distributed in the volume are characterized by increased
plasticity and impact strength.

Obviously, since sintering is carried out at high temperatures of 1400...1700 °C, the
thermophysical properties of the initial powders play a significant role in the obtained
composite materials [20].

For example, the smaller the difference in the coefficients of thermal expansion, heat
capacity and thermal conductivity, the more compatible the components of this composite. In
the formation of mechanical properties, respectively, an important role is played by the
elastic moduli of the initial components. And in this case, it is necessary to be able to
theoretically calculate the estimated Young's modulus of the resulting composite material.
This fact refers primarily to the ZrO2—AI203 system, in which the degree of interaction
between the components is low, which, accordingly, provides an increased stability of the
grain boundary structure [21]. As a result, the ZrO2—Al203 binary system is one of the
promising composite ceramics with high mechanical properties.

There are works in which the possibility of obtaining ceramics based on systems of the type
"ZrO2 — stabilizing oxide — Al203" is studied, which corresponds in terms of density,
strength and heat resistance to the requirements necessary for ceramics in mechanical
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engineering [22]. In addition, aluminum oxide has a stabilizing effect on the tetragonal and
cubic modifications of ZrO2 [23].

It is known that refractory transition metal carbides with a significant proportion of the ionic
component of the chemical bond have low adhesion to metals and compatibility with oxides,
they conduct electric current and are promising as additives to ceramics based on ZrO2 [24,
25]. Additives of carbides, especially in the ultrafine state, can modify the structure and
improve the mechanical and tribological characteristics, and also make it possible to obtain
materials with an increased level of thermal and electrical conductivity [26, 27].

Therefore, it is completely objective to assume high mechanical properties when ZrO2 is
strengthened by nanoparticles of another carbide, WC, and the subsequent prospects for the
use of the obtained ceramics. It is known that tungsten carbide is widely used in the
manufacture of hard alloys based on WC—Co due to their high wear resistance and low
temperatures during application. However, the poor thermal stability of the cobalt binder
largely limits its use as a structural component, where high heat resistance, oxidation and
corrosion resistance are required. Previously, attention was focused on establishing the
optimal amount of ZrO2 in WC-based composite materials obtained by electrosintering [28,
29]. It was also reported in [30] that a 30 % addition of micron-sized WC to the ZrO2 matrix
significantly increases the hardness.

It is known that grain boundary diffusion, to a greater extent than diffusion over the volume
of grains, is the determining factor affecting the compaction and growth of ceramic grains.
Controlling the coefficient of grain boundary diffusion is possible by influencing the free
volume of grain boundaries. The main methods for changing the free volume of grain
boundaries are associated with microalloying the boundaries with impurity atoms and
organizing dislocation flows to the boundaries [31]. The latter mechanism is activated in two
ways: providing plastic deformation by applying an external load and using the anisotropy of
thermal expansion of ceramic materials (high temperature gradients inside the powder). That
is, as previously established in [32], the method of hot pressing with direct current
transmission makes it possible to organize the consolidation process in such a way as to
avoid problems associated with excessive intensity of grain boundary diffusion: grain
growth, leading to an increase in the diffusion path along the boundary, which slows down
the sintering process. And the possibility of avoiding abnormal growth (exceeding the
average size by some grains) makes it possible to obtain materials with high mechanical
properties. Each of the additives to zirconium dioxide separately significantly affects the
physical and mechanical properties.

2. Materials and methods

The study used ZrO2 nanopowders partially stabilized with 3 wt.% Y203 produced by the
Donetsk Institute of Physics and Technology (Ukraine) (Fig. 1).
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Figure 1. Appearance of ZrO2 nanoparticles (A) and their size distribution (B)

Also used SiC nanopowders manufactured by NANOE (France) (Fig. 2, Table 2), tungsten
monocarbide nanopowder manufactured by Wolfram (Austria) (Fig. 3) and SiC powder of
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Figure 2. Appearance and characteristics of 0—Al203 nanoparticles produced by NANOE
Table 2. Chemical composition of a—Al203 nanoparticles

Purity Unit Al100-BA, AL100
AlO3 wt.% 99.9
MgO ppm 1000
CaO ppm <200
K20 ppm <200
Fe,03 ppm <50
Nay0, SiO; ppm <40
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Figure 3. Tungsten monocarbide nanopowder (A), produced by Wolfram (Austria) and
histogram of distribution of its fractions (B)
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Figure 4. SiC powder brand NANO SiC CAS # 409-21-2

In study, for the molding of ceramic products, a device for hot vacuum pressing with direct
current transmission was used, developed and manufactured at the enterprise NPO Kermet-
U (Ukraine) [33].

The polishing of the samples was carried out on a Struers grinding and polishing complex
(Denmark) using diamond pastes successively up to 1 um. The structure of
electroconsolidated zirconium ceramic samples was studied using force probe (atomic force
microscope Ntegra Aura) and scanning (scanning ion-electron microscope Nova NanoSEM,
scanning electron microscope Quanta 200 3D) microscopy.

X-ray phase analysis was carried out on a Shimadzu XRD-6000 diffractometer with the
following modes: CuKo. radiation with A = 1.54187 A; curved graphite monochromator in
front of the counter; method 0 — 20 of continuous scanning; scanning speed 1.2°/min
angular range 20 = 5...100° with a step of 0.02°; X-ray tube voltage 40 kV, current 30 mA;
without sample rotation. Phase analysis of the samples was performed using the ASTM
(American Society for Testing Materials) database.
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The values of microhardness and crack resistance were determined by measuring the
diagonal of the imprint and the length of radial cracks obtained by indentation with a
diamond indenter in the form of a tetrahedral pyramid with an apex angle a = 136° (Vickers
pyramid) using an AFFRI DMS automatic microhardness tester. The microhardness value
was calculated according to the formula [34, 35]:
k-P
(2-2)

where P is the load on the indenter, kg; 2-a is the average value of the lengths of both
diagonals of the imprint, um; k is the coefficient depending on the shape of the indenter, for
the Vickers pyramid k = 1.854.

The fracture toughness coefficient K1C, which characterizes the fracture toughness of the
sample, was determined by the formula [36, 37]:

| -0.5 H -0.4 H . a0.5
K. =0.016-—| | — v , 2
e (aj (E-Fj F @
given that
0.253'—3 2.5, (3)
a

where E is the Young's modulus, GPa; HV is the microhardness, GPa; F is a constant, F = 3;
1 is the crack length from the corner of the Vickers pyramid imprint, m; a is the half-diagonal
of the Vickers pyramid imprint, the average distance from the imprint center to the end of the
crack, m.

Porosity was determined by the formula [38]:

P:( —ﬁj-loo%, 4)
P

where pn is the theoretical (X-ray) density of the non-porous material; p is the density of the
powder compact.

3. Theoretical background

An analysis of the structure of ZrO2 (3 wt.% Y203) — A1203 nanocomposites shows that the
grain size in the samples obtained at temperatures above 1200 °C increased significantly. It
is known that the coarsening of powder particles is superimposed on the process of growth of
interparticle contacts due to other processes, namely, coalescence and coagulation, each of
which can prevail over the other during sintering [39]. Apparently, it was the coagulation
process that had a greater effect on the compaction of the system, which is confirmed by our
studies during the sintering of ZrO2—Al1203, the microstructures of the samples of which are
shown (Fig. 5), which show that particles stick together with the formation of primary (and
in some cases and secondary) aggregates in which the particles have not lost their
individuality. In some places, pores are observed between the particles, which is due to
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insufficient pressing pressure (35 MPa) and temperature.
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Figure 5. Microstructure of samples from the compositions ZrO2 (A) and ZrO2-10 wt.%
Al203 (B)

The coalescence process is typical for samples, and at the initial stage of consolidation it
competes with the shrinkage process. In electrosintering, shrinkage is activated by heating
the workpiece with an industrial frequency current of 50 Hz. This leads to a significant
decrease in the yield strength, and hence the production of a denser material at the same
pressure. This feature is associated with the intensification of grain boundary diffusion,
which leads to the prevalence of compaction processes due to the removal of open porosity
over the ceramic grain growth processes [40]. Also, it can be assumed that, just as a change
in the heating rate leads to an increase in the temperature gradient inside the sintered powder,
creating a local mismatch in the thermal expansion coefficients, so a significant mismatch in
the thermal expansion coefficients of the zirconium oxide and aluminum oxide powder
particles leads to the movement of dislocations to the emerging boundaries, increasing their
free volume and the coefficient of grain boundary diffusion.

An analysis of the phase composition, along with the morphology and dispersion of powders,
makes it possible to predict the performance properties of products already at the initial stage
of obtaining materials [41, 42].

Investigating the X-ray patterns of the polished surface of the consolidated samples of ZrO2—
AI203 ceramics (Fig. 6), it was found that the phase composition is characterized by the
presence of peaks of monoclinic, tetragonal zirconium dioxide and aluminum oxide in
various ratios depending on the temperature of electrosintering (electroconsolidation) and the
amount of aluminum oxide in the initial powder mixtures.
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Figure 6. X-ray pattern of the polished surface of a sample obtained at a temperature of 1250
°C and containing 10 wt.% AI203 (A), 20 wt.% AI203 (B) and 30 wt.% AI203 (C)

Considering the X-ray diffraction patterns of the samples obtained at a temperature of 1200
°C by hot pressing with the passage of a high-ampere current with a different content of
aluminum oxide (Fig. 6), it can be seen that with an increase in the content of A1203 from
10 wt.% to 20 wt.%, the content of the monoclinic phase increases , and at a content of 30
wt.% in the sample obtained at a temperature of 1250 °C, it decreases almost to zero.

4, Results and discussion

Some researchers believe that with an increase in the content of the monoclinic phase of
zirconium dioxide, the strength of the composite should decrease due to the fact that the
volume of the monoclinic phase is greater than the volume of the tetragonal phase, and,
obviously, by creating compressive forces in the volume of the composite, the internal
stresses of the system increase, and this is in ultimately contributes to a decrease in the
strength of the material [9, 43].

In the case under study, this does not occur due to the influence of the addition of aluminum
oxide nanopowders, which, apparently, somewhat distorts the crystal structure of tetragonal
zirconium oxide, thereby increasing it and thereby compensating for the pressure of the
monoclinic phase.

The presence of a certain amount of the monoclinic phase indicates a polymorphic
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transformation of tetragonal zirconium dioxide into a low-temperature modification during
cooling. The partial transformation could also be facilitated by the low cooling rate of the
samples, which, according to [44], does not favor the fixation of high-temperature phases. It
is known that in addition to external energy sources (electric current), the appearance of
additional internal heat sources (polymorphic transformation occurs with heat release) helps
to reduce the temperature and accelerates the sintering process.

The influence of aluminum oxide at a content of up to 30 wt.% also affects the fact that the
monoclinic phase is completely transformed into a tetragonal one. This can be explained by
the fact that under the influence of a high-ampere electric current during hot pressing, the
temperature rapidly rises, and already at 800 °C, partially stabilized zirconia begins to
conduct current due to the mobility of ions [45]. The passage of an electric high-ampere
current significantly activates the sintering process, contributing to the grain-boundary
sliding of aluminum oxide nanopowders and the complete transformation of the monoclinic
phase of zirconium dioxide into a tetragonal one. In fact, zirconium oxide, becoming
conductive with increasing temperature, contributes to percolation effects when an electric
current is passed. The electric current promotes the surface activity of nanopowders, and its
variable value contributes to the partial crushing of agglomerated grains, thus affecting the
structure formation of composites. Naturally, the structure is affected by the final sintering
temperature. It should be noted that with an increase in the sintering temperature, the content
of the monoclinic phase also decreases, which passes into the tetragonal one.

On the X-ray diffraction pattern of the test sample, obtained at a temperature of 1250 °C and
containing 30 wt.% AI203, there were reflections belonging only to tetragonal zirconium
oxide (Fig. 7). Since the cooling time did not depend on the concentration of aluminum
oxide in the initial powder, then, consequently, the amount of tetragonal ZrO2 in the test
sample increased with an increase in the concentration of A1203 in the initial powders.
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Figure 7. X-ray pattern of the polished surface of the sample obtained at a temperature of
1200 °C and containing 30 wt.% AI203
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Interestingly, the fracture phase composition of this sample is characterized by the presence
of low-intensity peaks of monoclinic zirconium oxide (Fig. 8), and the fracture surface has
intergranular fracture regions inherent in the presence of a low-temperature phase.
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Figure 8. X-ray pattern of the destruction surface of a sample obtained at a temperature of
1300 °C and containing 30 wt.% Al1203

These facts indicate that a tetragonal-monoclinic transformation takes place during loading.
That is, the addition of 30 wt.% alumina contributes to the strengthening of the material
based on zirconium oxide while restraining abnormal grain growth and forming a finer
structure with a high content of the tetragonal phase, capable of transformation into a
monoclinic phase (under the action of stresses) near the crack tip. Additives of 30 wt.%
alumina contribute to the strengthening of the material based on zirconium oxide while
restraining abnormal grain growth and the formation of a finer structure with a high content
of the tetragonal phase, capable of transformation into a monoclinic phase (under the action
of stresses) near the crack tip. The results of measuring the mechanical properties of some
composites are shown in the table, which presents the results for hot pressing by
electrosintering, when the maximum pressure on the graphite mold is 40 MPa, and the
sintering time at the maximum temperature is 2 minutes.

In Table 3 presents of the mechanical properties of the sintered composites with A1203.

Table 3. Mechanical properties of the sintered composites with A1203

. . Sintering Relative Hardness Fracture toughness
Composite composition temperature, °C density HV10, GPa K;c, MPa-m'?
ZrO2 — 10 wt.% Al203 1200 0.85 8.2+0.03 4.5+0.1
ZrO2 — 20 wt.% Al203 1200 0.86 8.5+0.03 4.840.1
ZrO2 — 30 wt.% Al203 1200 0.88 8.5+0.03 5.540.1
ZrO2 — 10 wt.% Al203 1400 0.91 10.5+0.03 9.5+0.1
Zr0z — 20 wt.% Al203 1400 0.95 12.5+0.03 10.2+0.1
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ZrOz2 — 30 wt.% Al203 1400 0.96 12.8+0.03 11+0.1
ZrO2 — 10 wt.% Al203 1500 0.95 12.9+0.03 12+0.1
ZrO2 — 20 wt.% Al203 1500 0.96 13.1+0.03 12.5+0.1
ZrO2 — 30 wt.% Al203 1500 0.98 13.3+0.03 13+0.1
ZrO2 — 10 wt.% Al203 1600 0.98 13.5+0.03 13.5+0.1
ZrOz2 — 20 wt.% Al203 1600 0.99 13.5+0.03 13.8+0.1
ZrO2 — 30 wt.% Al203 1600 0.99 13.6+0.03 14.6+0.1

The study of the effect of tungsten monocarbide nanopowders on the properties of zirconium
dioxide partially stabilized with yttria is topical due to the fact that tungsten monocarbide has
high hardness and abrasive resistance; therefore, it is expected that the introduction of this
additive will increase the wear resistance and fracture toughness of the composite as a whole
[46].

It should be noted that tungsten monocarbide conducts electric current, and, therefore, can
introduce positive dynamics into the mechanisms of sintering of nanopowder mixtures
during hot pressing with direct transmission of high current. Hot pressing processes with
mixtures with different contents of tungsten monocarbide at different temperatures and
holding times were investigated. The pressure in this case was the maximum that this
graphite mold can withstand. In all samples, the pore structure is represented by closed
spherical (or close to spherical) pores and pore clusters (a set of communicating pores). Pore
clusters are formed mainly around spherical grains and only for samples containing 20 wt.%
WC and 30 wt.% WC, consolidated at a temperature of 1400 °C and 1500 °C, respectively.
These grains have a size from 250 nm to 370 nm, which is 10 times larger than the size of
spherical particles in the original powder, and they, as a rule, do not have pores inside them.
Samples consolidated at a temperature of 1600 °C had the minimum porosity. The nature of
compaction of composites with different contents of tungsten carbide, in comparison with
samples of partially stabilized zirconium oxide without additives, was presented in [47].

All composites are characterized by full compaction after a holding time of 2 min. Pure
ZrO2 reaches its full density even before the sintering temperature at a maximum pressure of
40 MPa.

It is known that the thermal conductivity of pure tungsten carbide increases with increasing
temperature from 20 to 40 W/m'K-1, while the thermal conductivity of zirconium oxide is
very low (2 W/m'K-1) and does not change with increasing temperature. In this regard, the
thermal conductivity of dense composites also increases depending on temperature. The
electrical conductivity of tungsten carbide also increases with temperature and is always
several times (2...3 times) higher than pure zirconium oxide, that is, the effect of the content
of tungsten carbide in composites based on zirconium oxide is also significant.

The volume content in all samples was 0.6; 0.69; 0.76 for compositions with 10, 20 and 30
wt.% WC, respectively, which significantly exceeded the percolation threshold (= 0.33).
Thus, there is a noticeable difference in current distribution between pure zirconia and
tungsten carbide samples. The different current path during electroconsolidation greatly
affects the processes of heat generation and the internal effects of mass transfer in the
material.

In the case of a non-conductive pure zirconia sample, Joule heating does not occur; the initial
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heating of the sample is not performed by current, in contrast to the case with samples with
tungsten carbide, where Joule heating begins immediately, i.e., the formation of the structure
occurs mainly already in the process of heating to the holding temperature. The high heating
rate minimizes the effect of diffusion processes on the surface of the particles, which do not
contribute to compaction, and the samples reach high temperatures faster, while maintaining
the ability to sinter. That is, rapid heating accelerates densification due to earlier activation
of dislocation creep mechanisms and due to shortening of the low temperature sintering stage
when surface diffusion dominates.

From Table 4 it can be seen that the maximum density, close to theoretical, of the ZrO2-10
wt.% WC and ZrO2-20 wt.% WC samples is achieved at a sintering temperature of 1500 °C
and 1600 °C, respectively, while the effect of holding time at these temperatures density is
less significant.

Table 4. Mechanical properties of sintered composites with WC

. -, Sintering Relative Hardness  Fracture toughness
Composite composition temperature, °C density HV10, GPa Kic, MPa-m*?
ZrO2 — 10 wt.% WC 1400 0.81 9.2+0.03 6.31£0.1
Zr0z2 — 20 wt.% WC 1400 0.79 9.6+0.03 7.5£0.1
ZrOz2 — 30 wt.% WC 1400 0.76 10.8+0.03 7.1+0.1
ZrOz2 — 10 wt.% WC 1500 0.95 11.2+0.03 8.5+0.1
ZrOz2 — 20 wt.% WC 1500 0.95 12.5+0.03 9.310.1
ZrO2 — 30 wt.% WC 1500 0.94 13.2+0.03 9.1+0.1
ZrOz2 — 10 wt.% WC 1600 0.98 13.5+£0.03 9.240.1
ZrOz2 — 20 wt.% WC 1600 0.98 14.2+0.03 9.1+0.1
Zr02 — 30 wt.% WC 1600 0.99 14.5+0.03 8.6+0.1

The decrease in fracture toughness with increasing tungsten monocarbide content (Fig. 9)
can be explained by an increase in W2C content. Some mechanical properties of composites
of different compositions are given in the table, where the samples were obtained at a
maximum pressure of 40 MPa and a holding time of 2 min.

4 il o
EHT =20.0 kV Wi
| — WD =15.0 mm % 1000 SElI _SEM

Figure 9. Fracture of a ZrO2 sample — 30 wt.% WC, sintered at T = 1500 °C, P =30 MPa,
sintering time 2 min
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An interesting additive in the sintering of zirconium dioxide is silicon carbide [48—50]. The
effect of silicon carbide nanopowders on the properties of zirconium dioxide differs
significantly from the effect of tungsten nanocarbide additives. On Fig. 10 shows the fracture
structure of a specimen sintered at T = 1500 °C. Some elongated grains of silicon carbide,
resembling fibers, are noticeable in the structure. Perhaps, during sintering, anomalous
growth occurs in one of the crystallographic directions; further studies are required to clarify
this phenomenon, primarily the morphology of the initial silicon carbide nanograins.

1 pm " EHT = 20.0 kV .
— WD=100mm __ x5000  SEI _SEM

Figure 10. Fracture pattern of ZrO2-20 wt.% SiC composite sintered at T = 1500 °C, P =35
MPa, holding time 3 min

From Fig. 11, Fig. 12, Fig. 13 clearly shows how the chemical elements are distributed, as
well as the chemical composition in different parts of the sample. This distribution
practically remained the same at a higher sintering temperature of 1600 °C.

200KV T P ‘ ' ‘ '
=15.0mm < . . . X 2.5 keV

A B

Figure 11. Microstructure of (A) ZrO2-20 wt.% SiC sample sintered at T = 1500 °C,
pressure P =35 MPa, holding time 3 min, (B) intensity of distribution of elements at point 1
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0.5 1.0 1.5 2.0 25 keV
A B

Figure 12. Microstructure of (A) ZrO2-20 wt.% SiC sample sintered at T = 1500 °C,
pressure P = 35 MPa, holding time 3 min, (B) intensity of distribution of elements at point 2

60 um EHT = 20.0 kV NSC_KIPT 60 pm EHT = 20.0 kV NSC_KIPT
— WD = 15.0 mm %1000 SEI _SEM| | —— WD = 15.0 mm x 1000 SEI _SEM
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]

60 um EHT = 20.0 kV NSC_KIPT um EHT - 20.0 kV "
—_ WD=150mm___ x1000 _ SEI _SEM| | ——— WD=150mm___x1000__ SEI _SEM
C D

Figure 13. Spectral analysis of the distribution of elements in a ZrO2-20 wt.% SiC sample
sintered at T = 1500 °C, pressure P = 35 MPa, holding time 3 min: (A) element O K; (B) Zr
L element; (C) element Si K; (D) element C K
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The distribution of chemical elements in the ZrO2-20 wt.% SiC composite sintered at T =
1500 °C, P = 35 MPa, holding time 3 min for point 1 is presented in Table 5, for point 2 — in
Table 6.

Table 5. Distribution of chemical elements in the ZrO2-20 wt.% SiC composite for point 1

DJeMeHT Becosoit % AtoMHEIH %
CK 2.28 7.95
OK 20.21 52.84
SiK 3.56 5.3
ZrL 73.95 33.91

Table 6. Distribution of chemical elements in the ZrO2-20 wt.% SiC composite for point 2

DJIEeMEHT Becosoii % ATtoMHBEIT %
CK 19.45 39.80
OK 7.18 11.04
SiK 48.52 42.47
ZrL 24.85 6.7

In Table 7 presents of the mechanical properties of sintered composites with SiC.

Table 7. Mechanical properties of sintered composites with SiC

. . Sintering Relative Hardness  Fracture toughness
Composite composition temperature, °C density HV1o, GPa K, MPa-mY2
ZrO2 — 10 wt.% SiC 1500 0.96 13.2+0.03 12.0+0.1
ZrOz — 20 wt.% SiC 1500 0.98 13.4+0.03 12.5+0.1
ZrOz — 30 wt.% SiC 1500 0.98 13.5+0.03 12.8+0.1
ZrOz — 10 wt.% SiC 1600 0.98 13.5+0.03 13.1+0.1
ZrOz — 20 wt.% SiC 1600 0.99 13.6+0.03 13.3+0.1
Zr02 — 30 wt.% SiC 1600 0.99 13.6+0.03 13.3+0.1

From Table 7 it can be seen that silicon carbide has a strengthening effect on the mechanical
properties of yttria stabilized zirconia and provides a more acceptable combination of
hardness and crack resistance compared to AI203 and WC additives.

5. Conclusions

Various nanoadditives to zirconium dioxide affect, first of all, the hardness and strength of
the composite as a whole. They increase these values in different ways, depending on their
content and sintering conditions. Hot pressing by electrosintering, significantly activates the
compaction process, contributes to the formation of a finely dispersed microstructure. The
mechanism of the sintering process occurs in different ways, depending on the ability to
conduct electric current, hardening additives.

Based on a study on the sintering of composites based on zirconium oxide with additives of
aluminum oxide, tungsten monocarbide and silicon carbide, it can be concluded that from the
point of view of increasing strength, in particular fracture toughness, aluminum oxide
additives are more effective; from the point of view of increasing hardness and at the same
time fracture toughness, composites with additives of silicon carbide are more promising.

Thus, it is possible to propose the creation of a functional gradient material, the top layer of
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which will be from ZrO2—-Al203, the middle layer ZrO2-SiC, and the lower layer ZrO2—
WC. The material can have a multifunctional application, one of the most promising
applications would be the production of laminated inserts for cutting tools. The question of
selecting the optimal composition for each layer will be determined by the operating
conditions of this material.

Funding: The researches were co-financed by Ministry of Education and Science of Ukraine
project No. 0121U109441.
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