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1. Introduction
The structure and performance properties of 

ceramic materials obtained using powder tech-
nologies are largely determined by the char-
acteristics of the starting powders. The use of 
nanosized powders creates opportunities for 

the development of high-density ceramic mate-
rials with increased dispersion, and also opens 
up new prospects for improving their functional 
characteristics.

To achieve high uniformity of the ceramic 
structure and reliable manifestation of the ex-
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The presented study confirms that the reduction of the level of structural dimensions to the 
submicron and nanometric ranges is the dominant trend in the development of structural and 
instrumental ceramics. Following this trend with the use of traditional methods leads to an 
increase in cost and a significant growth of grains, which requires the introduction of additional 
preliminary operations, such as grinding of grains and selection of starting powders. At the same 
time, the application of the method of electroconsolidation under pressure in a vacuum promotes 
the acceleration of compaction processes, which makes it possible to overcome the shortcomings 
of traditional approaches when obtaining fine-dispersed, high-density ceramic structures.
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Порівняльний якісний аналіз гарячого пресування нанопорошків діоксиду 
цирконію. Е.С.Геворкян, M.Rucki, Р.В.Вовк, В.П.Нерубацький, D.Pionak, В.О.Чишкала

Представлене дослідження підтверджує, що зниження рівня структурної розмірності 
до субмікронного та нанометричного діапазонів є домінуючою тенденцією у розвитку 
конструкційної та інструментальної кераміки. Дотримання цієї тенденції з використанням 
традиційних методів призводить до збільшення собівартості та значного зростання зерен, 
що вимагає впровадження додаткових попередніх операцій, таких як розмелювання зерен 
та селекція вихідних порошків. У той же час застосування методу електроконсолідації 
під тиском у вакуумі сприяє прискоренню процесів ущільнення, що дає змогу подолати 
недоліки традиційних підходів при отриманні тонкодисперсних високощільних керамічних 
структур.
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pected properties, it is necessary to work with 
powders of a high degree of homogeneity, the 
size of individual grains of which is in the range 
of several tens of nanometers [1, 2].

Qualitative and quantitative analysis of the 
morphology, dispersion, and phase composition 
of powders is the basis of modern approaches 
to predicting the behavior of ceramic products 
in operation at the preparatory stage of their 
production. This analysis makes it possible to 
make the necessary adjustments to the ini-
tial powder composition and make reasonable 
structural and parametric decisions within the 
framework of the selected system of controlling 
influences during sintering. Considering the 
increased polyvariance of modes, which is char-
acteristic of the implementation of combined 
technological methods, including SPS (Spark 
Plasma Sintering) technologies [3] and the 
method of electroconsolidation under pressure 
[4], developed and applied in the author’s expe-
rience, this approach significantly improves the 
quality of final products [5].

An obvious difficulty in obtaining materi-
als with a homogeneous structure based on 
nanopowder technologies is the tendency of 
nanosized powders to agglomerate [6]. The 
manifestation of a tendency to agglomerate and 
the heterogeneity of the granulometric composi-
tion of the initial filling of nanopowders leads to 
increased heterogeneity of sintered structures, 
the manifestation of which is their porosity and 
low density, which leads to reduced strength of 
ceramic products and incomplete realization 
of the potential of the nanocrystalline powder 
base in them [7].

Supplementing sintering with mechanical 
pressure has a twofold effect on the reformation 
of the structure of agglomerated ultrafine pow-
ders. On the one hand, against the background 
of the destruction of mainly large structural el-
ements of the powder, its additional activation 
occurs: the formation of new surfaces, clean-
ing of boundaries from adsorbed gases. On the 
other hand, the aggregation of mainly small 
structural elements of the powder and, accord-
ingly, the reverse effects occur. If it is possible 
to maintain a balanced manifestation of both 
opposing trends, then the homogeneity of the 
sintered sample improves, but still with a loss 
of the original, non-agglomerated dimensional-
ity of the structural elements of the powder.

The study of particle morphology after pre-
liminary mechanical processing of nanopow-
ders in a drum mill shows [8] that with increas-

ing processing time, firstly, there comes a point 
when its further continuation does not lead to 
a noticeable decrease in the average size of in-
dividual particles, which is also confirmed by 
the stabilization of the specific surface area 
(surface area of grains constituting a weight 
unit), which is determined by the BET method 
(Brunauer-Emmett-Teller method) [9]; second-
ly, the powder compaction (bulk density) con-
tinuously increases with a gradual decrease in 
the growth intensity.

Due to the complex effect on the structure, 
in which additional “activation” of the powder 
can be observed due to an increase in the defec-
tivity of the crystal lattice, consolidation under 
pressure is recognized as a promising resource 
for reducing the sintering temperature of nano-
crystalline powders [10]. At the same time, the 
study of the influence of high pressures (up to 
1 GPa and above) on the structure and phase 
composition of nanocrystalline powders from 
the standpoint of expanding the possibilities of 
forming given structures is highlighted as an 
independent task [11, 12].

Zirconium dioxide-based materials are very 
promising for use in various industries: they 
are widely used in the production of refractory 
products, high-temperature heaters, heat-resis-
tant enamels, refractory glass, various types of 
ceramics, ceramic pigments, solid electrolytes, 
thermal protective coatings, etc. [13, 14].

Undoubtedly, zirconium oxide has suffi-
ciently high mechanical properties for use as 
both an instrumental and structural material 
[15–17]. The mechanism of transformation 
strengthening during the transition from the 
tetragonal to the monoclinic phase has been 
studied in considerable detail in many publica-
tions [18, 19].

In our opinion, transformation processes af-
fect not only the microstructure and morphol-
ogy due to distortion of the crystal lattice, but 
also the bond strength at grain boundaries. 
From this point of view, the processes occurring 
during the sintering of partially stabilized zir-
conia nanopowders by the electroconsolidation 
method (electrosintering) are extremely inter-
esting, since the electric current affects the 
surface layers of nanograins [20, 21]. The spark 
formed between the grains cleans the contact 
surfaces of the grains, thereby strengthening 
the bond between the grains [22–24].

In addition, the high heating rate prevents 
rapid grain growth. At the same time, the 
shrinkage process proceeds very intensively, 
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which allows for rapid densification of the 
nanopowder mixture. Sintering mechanisms 
quickly alternate with each other, giving a cu-
mulative effect on the formation of the micro-
structure of the sintered material.

The purpose of this study is to determine 
the optimal sintering temperature of zirconium 
dioxide nanopowders partially stabilized by yt-
trium oxide with additives of silicon carbide 
nanopowders, at which the highest density and 
mechanical properties of the obtained samples 
are ensured, as well as to assess the homogene-
ity of the structure and identify the features of 
the formation of the microstructure and phase 
composition of the material during rapid heat-
ing during electroconsolidation.

2. Materials and methods
The studies used ZrO2–3mol.%Y2O3 

nanopowders (Zhengzhou Xinli Wear-Resistant 
Material Co., Ltd.), manufactured in Henan 
(China).

The used ZrO2–3mol.%Y2O3 nanopowder 
(Fig. 1) had a specific surface area of 9.4 m2/
g, ZrO2 – 94.4 wt.%, Y2O3 – 5.25±0.25 wt.%, 
SiO2 – 0.0092 wt.%, Fe2O3 – 0.0014 wt.%, TiO2 
– 0.0009 wt.%.

Fig. 2 shows silicon carbide (SiC) nanopow-
ders manufactured by Nanostructured & Amor-
phous Materials (USA).

Sintering of nanopowders was carried out 
by the electroconsolidation method on a devel-
oped, manufactured, and hinged author’s in-
stallation, the principle of operation of which 
was considered [25].

To determine the specific surface area of 
nanopowders, the BET method was used, which 
is used in devices such as BELSORP-mini II 
(BEL JAPAN, INC). This method is used to de-
termine the specific surface area of a material, 
especially porous substances.

For X-ray diffraction studies, X-ray diffrac-
tion measurements were executed by XRD dif-
fractometer MiniFlex600 (RIGAKU, Japan) us-
ing Co Kα radiation (λ = 0.179 nm) with the 
voltage and emission current set to be 40 kV 
and 15 mA, respectively. Diffraction patterns 
were recorded in the diffraction angle 2θ rang-
ing from 3 to 90° at the scanning speed of 10°/
min and step 0.2°.

Fig. 1. Appearance (a) and characteristics (b) of ZrO2–3mol.%Y2O3 nanopowders determined by the BET 
method

Fig. 2. SiC nanopowders
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The surface of the samples was studied us-
ing a Hitachi SU-70 field emission scanning 
electron microscope equipped with an electron 
gun with a Schottky thermal emitter. A Thermo 
Scientific EDS-type X-ray microanalyzer was 
used, which allows the detection of elements 
from beryllium to uranium with the acquisi-
tion of an X-ray spectrum depending on the ra-
diation energy characteristic of a given element 
(qualitative and quantitative analysis).

Crack resistance was determined using a di-
amond pyramid indenter. If crack propagation 
occurs from the corners of the Vickers indent-
er impression, the stress intensity coefficient 
(KIC) of the material can be determined. This is 
the so-called first case of Griffiths cracking – a 
crack in a specific loading case. To determine 
the KIC, the crack length c and the diagonal in-
dentations a were measured (Fig. 3).

Then, the crack resistance can be calculated 
using the expression:
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where a is half of the diagonal of the imprint 
[m]; HV is the hardness [GPa]; E is the modulus 
of elasticity [GPa]; c is the crack length [m].

Nanoindentation was carried on an Agilent/
Keysight G200 Nanoindenter using a diamond 
Berkovich tip. Continuous stiffness measure-
ment (CSM) mode was applied in displacement-
controlled mode (via a force feedback loop) with 
a maximum penetration depth of 300 nm and 
a constant strain rate of 0.05 s–1. Indentation 
was performed on both the polished, non-de-
formed sample surface and in an appropriate 

part of the wear tracks. Indents were arranged 
in grids of 8×8 and 5×5, respectively for the 
non-deformed surface and wear tracks, with a 
distance between the indents of 6 μm, which 
is sufficiently large to avoid the interaction of 
stress fields of adjacent indents.

During the nanoindentation process, sur-
face mapping was performed, i.e., the hardness 
distribution of the sample surface zones was 
determined (Fig. 4).

The samples under study contain agglomer-
ates, which are not entirely homogeneous ma-
terials. The test was aimed at evaluating the 
mechanical properties of the matrix and dis-
persed grains (inclusions). The Hysitron TS77 
Select device was used to evaluate the mechan-
ical properties of the material phases. The In-
Situ SPM Imaging method was used. In this 
method, a topographic survey of the surface 
is performed using an indenter (a Berkovich 
indenter was used, the projected contact area 
A = 24,5hc2), and nanomechanical properties 
are simultaneously determined. Mapping was 
performed and the hardness was determined 
according to the equation [26]:

	 H P
AIT
max= ,  	 (2)

where the indentation hardness HIT was 
determined by the ratio of the largest normal 
force Pmax loading the indenter to the indenter 
contact area at maximum load A.

3. Result and discussion
It is known [27] that technical ceramics 

made from powders based on zirconium diox-
ide partially stabilized with yttrium oxide have 

Fig. 3. Illustration of a Vickers indenter impres-
sion (1) with radial cracks (2)

Fig. 4. Theoretical characteristics of the dis-
placement force with an indication of important 
parameters of the indentation test during na-
noindentation
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a unique set of physical and mechanical prop-
erties: high strength, hardness and fracture 
toughness, resistance to corrosion and wear. 
Studies of sintering processes by the electro-
consolidation method were carried out with 
both partially stabilized zirconium dioxide and 
mixtures of zirconium oxide, silicon carbide, 
and tungsten monocarbide. It is obvious that 
refractory carbides have high hardness and 
their addition to zirconium oxide provides the 
necessary properties for using the composite as 
an instrument [28–30].

As shown by X-ray phase analysis of the 
starting powder partially stabilized with yt-
trium oxide nanopowder, the tetragonal phase 
predominates in it (Fig. 5).

Applying pressures from 1 to 9 GPa to con-
solidated ceramic nanopowders [31, 32] makes 
it possible to overcome interparticle friction 
and break down agglomerates to obtain high-
density crystalline samples with a nanograin 
structure. However, the implementation of 
such pressures poses certain technological dif-
ficulties.

Usually, often in practice, a three-stage 
process is used to obtain ceramic nanomateri-
als with high mechanical characteristics: pre-
liminary pressing of powders in a normal atmo-
sphere, subsequent sintering of prepared com-
pacts in an air environment at temperatures 
above 1000°C, and final hot isostatic pressing 
[33]. For example, in obtaining ZrO2 products 
according to this scheme, the duration of the 
thermally loaded second and third stages can 
be from 2 to 6 hours and from 2 to 3 hours at 
temperatures from 1100 to 1300°C and from 
1150 to 1350°C, respectively [34].

The development and expanded reproduc-
tion of more technologically advanced and less 

energy-intensive sintering processes for nano-
crystalline materials is a scientific and indus-
trial priority.

Reducing the sintering temperature of nano-
crystalline samples, in addition to directly re-
ducing the cycle time of manufacturing ceramic 
products, also has an indirect effect on it with 
the same trend.

Studies [35] have shown that by changing 
the heating rate, it is possible to purposefully 
vary the shrinkage (densification) of the nano-
crystalline powder system at the isothermal 
holding stage; at the same time, lower sintering 
temperatures correspond to faster densification 
at the isothermal stage. It is also noted there 
that the formation of highly dispersed oxide 
structures under the influence of mechanical 
processing of partially aggregated nanosized 
powders is accompanied by a kind of “halo” 
around the particles recorded in SEM images, 
which may be evidence of amorphization of the 
powder during mechanical impact.

In pressure electroconsolidation technolo-
gies [36, 37], the intensity and nature of the di-
rect mechanical impact on the powder system, 
carried out in a mold with a uniaxial load, are 
inclined towards lower tension, differing from 
shock wave treatment according to the method 
[38] or improving the morphology of particles 
pre-treated in a mechanical mill, which, accord-
ing to observations, leads to partial amorphiza-
tion of the powder. However, the shock-wave 
effects of spark discharges in a powder medium 
consolidated under direct electric heating with 
alternating electric current [39] lead to the for-
mation and maintenance of amorphized near-
surface “white” layers, which can be considered 
as possible provocateurs of partial amorphiza-
tion, for example, oxide products of the highly 
quasi-explosive [40] shock compression mecha-
nism in the spot of the spark discharge chan-
nel.

When determining the modes of electrocon-
solidation under pressure of zirconium dioxide 
stabilized, for example, by yttrium [41, 42], spe-
cial attention should be paid to preventing con-
flicts with operational parameters [43] and the 
phenomena of mass transformation of the te-
tragonal T-phase into the monoclinic M-phase, 
due to the possible shock-wave consequences of 
spark discharges. Grain growth using fine-crys-
talline powders compared to coarse-crystalline 
powders, when the level of stored deformation 
energy, which finds an outlet in the transfor-
mation T→M transition, can increase signifi-

Fig. 5. X-ray phase analysis of the initial ZrO2–
3mol.%Y2O3 nanopowder and sintered by the 
electroconsolidation method at a temperature of 
1400ºC
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cantly (several times). At the same time, for 
specific conditions (impact load pressure) there 
is a critical particle size dk, exceeding which 
crystallites must transform into an operation-
ally undesirable M-phase of reduced strength 
[44]. According to the data, which converge in 
the order of the obtained results [45], dk ≈ 10 
nm and less corresponds to the impact load 
pressure within 20…30 GPa. Below, Fig. 6, 7, 8 
show how the nanohardness and elastic modu-
lus of samples sintered under different regimes 
change.

From Fig. 8 it can be seen that with increas-
ing temperature not only does the hardness 

increase, but also the heterogeneity of the com-
posite decreases.

Fig. 9 shows the distribution of nanohard-
ness values over the surface of the studied sin-
tered sample ZrO2–3mol.%Y2O3–10wt.%SiC.

Fig. 10 shows that the nanohardness distri-
bution is significantly affected by the sintering 
time. Increasing the isothermal holding time 
to 10 min reduces the spread of nanohardness 
values compared to a sintering time of 2 min, 
which indicates higher material homogeneity.

Fig. 11 shows an increase in nanohardness 
values on the sample surface with increasing 
sintering time up to 10 minutes.

Fig. 6. Distribution of nanohardness and elastic modulus for samples obtained by the method of electro-
consolidation of the ZrO2–3mol.%Y2O3 mixture at a sintering temperature of 1200ºC, a holding time of 2 
minutes and a pressure of 45 MPa

Fig. 7. Distribution of nanohardness and elastic modulus for samples obtained by the method of electro-
consolidation of the ZrO2–3mol.%Y2O3–10wt.%SiC mixture at a sintering temperature of 1400ºC, a hold-
ing time of 2 minutes and a pressure of 45 MPa
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During the electroconsolidation process, 
there may be an increase in microdistortions 

of the crystal lattice of the tetragonal T-phase 
as a result of the formation of a solid solution 
of (Zr0.6Y0.4)O1.8, which leads to its destabili-
zation and transformation into a monoclinic 
modification, and an increase in residual tem-
peratures leads to the relaxation of the defor-
mation energy and the complete disappearance 
of the M-phase. The X-ray diffraction pattern 
(Fig. 12) shows the formation of a solid solution 
and the absence of a monoclinic phase.

This dimensional characteristic of the pow-
der corresponds to a certain critical value of the 
impact pressure (compression) Pk, at which in 
a certain region Pk+∆Pk, as a rule, heating to 
high residual temperatures of recrystallization 
annealing is preceded. It is obvious that this 
reduces the level of crystallographic microdis-
tortions and, accordingly, the formation of the 
monoclinic M-phase. Thus, all particles under-
go a T→M phase transformation. It should be 
assumed that the magnitude of the lattice mi-

Fig. 8. Distribution of nanohardness and elastic modulus for samples obtained by the method of electro-
consolidation of the ZrO2–3mol.%Y2O3–10wt.%SiC mixture at a sintering temperature of 1600ºC, a hold-
ing time of 2 minutes and a pressure of 45 MPa

Fig. 9. Distribution of nanohardness values over 
the surface of the studied sintered sample ZrO2–
3mol.%Y2O3–10wt.%SiC at a sintering tempera-
ture of 1400ºC, a holding time of 2 minutes and 
a pressure of 45 MPa

Table 1. Distribution of chemical elements of the sample (isothermal exposure 2 minutes)

Spectrum In stats. C N O Si Y Zr Total
Spectrum 1 Yes 61.71 12.32 12.89 2.49 1.16 9.43 100.00
Spectrum 2 Yes 64.10 14.04 19.91 1.95 0.00 0.00 100.00
Spectrum 3 Yes 33.15 – 13.90 5.56 5.26 42.12 100.00
Spectrum 4 Yes 31.67 – 16.67 4.36 4.01 43.28 100.00
Spectrum 5 Yes 33.73 – 10.11 9.62 5.18 41.36 100.00
Spectrum 6 Yes 33.69 – 10.46 9.77 3.17 42.90 100.00
Spectrum 7 Yes 37.62 – 11.97 10.79 4.16 35.47 100.00

Max. – 64.10 14.04 19.91 10.79 5.26 43.28 –
Min. – 31.67 12.32 10.11 1.95 0.00 0.00 –
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crodistortions increases with a decrease in its 
average bulk crystal size d, which follows from 
the hypothetical feature of microdistortions at 
the phase interface.

A similar picture should obviously be ex-
pected in electrosintering technologies for some 
small value of d in a certain system of volt-am-
pere and frequency characteristics of the cur-
rent supply to the sintering object: the higher 
the power of the current supply, the greater the 
value of microdistortions of the crystal lattice. 
The subjection of a particle to electric discharge 
surface effects can essentially be considered as 
a bulk phenomenon with a predominant effect 
on the particle as a whole, and not only on the 
state of its surface layer.

The formation of microdistortions in the 
crystal lattice affects the microstructure and 
properties not only for ZrO2, but also for ZrO2–
3mol.%Y2O3–10wt.%SiC composites. Micro-
analysis at different points on the composite 
surface is presented in Fig. 13. The chemical 
composition at different points is given in Table 
1. Increasing the sintering time at a tempera-
ture of 1600ºС from 2 minutes to 10 minutes 
leads to a significant change in the chemical 
composition, shown in Fig. 14.

Chemical analysis of the composition at dif-
ferent points of the sample is given in Table 2.

Since the fracture in pressed partially sta-
bilized zirconia is caused by the tetragonal-
monoclinic T→M phase transformation, when 
the volume growth in their cells corresponding 
to these transformations, known [41], leads to 
cracking of individual particles and the sintered 
material as a whole, it is possible to determine 
the value of the pressing pressure at which the 
destruction of the structural elements of the 

Fig. 10. Distribution of nanohardness and elastic modulus for samples obtained by the method of electro-
consolidation of the ZrO2–3mol.%Y2O3–10wt.%SiC mixture at a sintering temperature of 1600ºC, a hold-
ing time of 10 minutes and a pressure of 45 MPa

Fig. 11. Distribution of nanohardness values 
over the surface of the studied sintered sample 
ZrO2–3mol.%Y2O3–10wt.%SiC at a sintering 
temperature of 1400ºC, a holding time of 10 min-
utes and a pressure of 45 MPa

Fig. 12. X-ray diffraction pattern of a ZrO2–
3mol.%Y2O3 sample sintered at a temperature 
of 1200ºС and an isothermal holding time of 10 
minutes
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powder begins, based on the increase in the 
monoclinic M phase in the pressings relative to 
its amount in the initial powder.

Taking this into account, as well as with 
an adjustment for the possible provocation of 
intensification of the T→M phase transition 
in the zones of action of spark discharges dur-
ing electrosintering, which is practiced in the 
entire nanoscale range d < 100 nm, including 
at d > 40 nm, it is possible to recommend for 
preliminary experiments with sintering ZrO2–
3mol.%Y2O3 a uniaxial load of no higher than 
30…40 MPa.

The kinetics of rapid shrinkage in the com-
paction of nanocrystalline powders at the non-
isothermal stage of sintering is determined by 
the mechanisms of substance transfer by mu-
tual slipping of powder particles, and at the 
initial stage of sintering, which is especially ac-
tive due to the relatively high porosity, as well 

as by compaction due to recrystallization grain 
growth.

It should be assumed that, perhaps, in the 
isothermal stage of sintering, the established 
thermodynamic equilibrium inhibits the active 
displacement of particles. By setting the value 
of the function in the equation of shrinkage 
kinetics to zero (∆L/L=k·τn, where ∆L/L is the 
relative shrinkage, k is the kinetic coefficient of 
the process rate, n is a constant reflecting the 
densification mechanism; according to the data 
under conditions of n = 0.02) and solving the 
inverse problem n = f(∆L/L), we can proceed to 
determine the heating temperature to the iso-
thermal holding, at which the densification of 
ceramics will not occur (Fig. 15).

Table 2. Distribution of chemical elements of the sample (isothermal exposure 10 minutes)

Spectrum In stats. C O Si Y Zr
Spectrum 1 Yes 74.06 14.90 0.92 1.01 9.10
Spectrum 2 Yes 78.48 7.10 12.30 0.00 2.12
Spectrum 3 Yes 64.08 23.63 1.16 1.28 9.85
Spectrum 4 Yes 69.22 14.76 13.52 0.24 2.26
Spectrum 5 Yes 75.95 5.73 15.80 0.33 2.19

Mean – 72.36 13.22 8.74 0.57 5.10
Std. deviation – 5.74 7.20 7.14 0.55 4.00

Max. – 78.48 23.63 15.80 1.28 9.85
Min. – 64.08 5.73 0.92 0.00 2.12

Fig. 13. Sintered sample ZrO2–3mol.%Y2O3–
10wt.%SiC at a temperature of 1600ºC, isother-
mal holding time of 2 minutes and pressure of 
45 MPa

Fig. 14. Sintered sample ZrO2–3mol.%Y2O3–
10wt.%SiC at a temperature of 1600ºC, isother-
mal holding for 10 minutes and a pressure of 45 
MPa

Fig. 15. Dependence of temperature (1) and 
shrinkage (2) on heating time
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In our experiments, the best result, combin-
ing high density, dispersion, relative unifor-
mity of grain distribution and, obviously, due 
to the above, the most viscous nature of frac-
ture, corresponds to a grain structure within 
250...300 nm, obtained by implementing an 

electric heating cycle with a final isothermal 
holding temperature of 1400ºС when using a 
ZrO2–3mol.%Y2O3 nanopowder from spherical 
particles with initial average sizes mainly with-
in 20...30 nm (Fig. 16). The crack resistance of 
this sample was 12...14 MPa·m1/2.

For comparison, nanocrystalline powders 
specially prepared for subsequent sintering by 
pre-pressing (pressure 10 MPa) in experimental 
practice have an initial size distribution within 
the range of up to 50 nm, with at least 95% of 
grains not exceeding 40 nm, and their average 
size is in the range of 20…30 nm.

It should be noted that the studied elec-
troconsolidation process is significantly more 
efficient in terms of energy consumption than 
other SPS methods, given that its optimal tem-
perature peak (0.36 in the dimensionless ho-
mologous estimate) does not exceed 65% of the 
values in the recommended [44] temperature 
range (0.56…0.63).

4. Conclusion
Thus, accelerated heating of a nanopowder 

mixture during sintering by the electroconsoli-
dation method, carried out in combination with 
uniaxial compression, can be considered a reli-
able thermomechanical basis for the production 
of high-density, highly functional and competi-
tive submicro- and nanoceramics. This is espe-
cially true for the products of the tool industry, 
the quality of which significantly affects the 
technical and economic success of mechanical 
processing enterprises in various industries. In 
this regard, the presented electroconsolidation 
technology is an important resource for the pro-
gressive development and continuity of techno-
logical systems.
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