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EFFECT OF MECHANOACTIVATION ON WC ALLOYS

Abstract: This paper presents an overview of studies aimed at obtaining tungsten carbide alloys with
preliminary mechanical activation (MA). MA is widely used in the field of materials science and is aimed at
changing the physical and mechanical properties of materials in order to increase the activity of their reaction
during research. In this regard, the main attention in this article is focused on the study of the effect of
mechanical activation on tungsten carbide (WC) mixtures. WC-based hard alloys are used in various industrial
conditions due to their excellent mechanical properties and outstanding wear resistance in combination with
high strength and heat resistance, moreover, more than half of the production of WC-based hard alloys is
associated with the manufacture of cutting tools. The article also presents complex types of mechanical
activation used in various studies. And also considered the effect of the types of mechanical activation of
mixtures on the physical and mechanical properties of the obtained alloys. An analysis of the optimal conditions
for powder consolidation by spark-plasma sintering (SPS) is carried out, which allows achieving high density
and strength of materials.

Key words: mechanical activation, mechanical activation time, tungsten carbide, activation methods,
mechanical properties, microstructure.

Introduction

WC is one of the most well-known components for the production of hard alloys in industry
[1]. In the case of using mixtures based on this composition for the purpose of manufacturing cutting
tools, single-phase samples are of the greatest value, since they are distinguished by their high
thermal stability, in contrast to multiphase samples. Therefore, in order to avoid the emergence of a
multiphase component, preliminary mechanical activation of the powder is required.

Mechanical activation is the activation of solids by mechanical processing. This occurs when
the rate of accumulation of defects exceeds the rate of their disappearance. This is implemented in
the so-called energy-loaded devices: centrifugal, planetary and jet mills, disintegrators, etc., where
high frequency and force of mechanical action are combined [2, 3]. As a result of MA of powder
compositions, active phase transformations occur in them, which lead to the formation of solid
solutions and various intermediate compounds that provide dispersion and disperse hardening of
the materials included in the composition. Such removal of powder coatings from the equilibrium
state causes their unusual properties [4-6]. As the distance from the equilibrium state increases, the
number of parameters determining the state of the system increases, due to which the diversity of
structures realized in the material expands, and, consequently, its properties. The structures formed
under highly nonequilibrium conditions are stable, therefore a more thorough study of the evolution
of the particle structure during mechanical activation of multicomponent mixtures is necessary [7].
Most mechanical activations are carried out using mills, due to the fact that the mill is one of the most
common devices, and the experiment with it is distinguished by its simplicity.

The main objective of grinding is to obtain the maximum powder surface with minimum
energy expenditure, while the objective of activation is to accumulate energy in crystals in the form
of defects or other changes in the solid substance, which would reduce the activation energy of the
subsequent chemical transformation of the substance [8, 9]. Mixing tungsten oxide with soot in ball
mills was described in textbooks of the last century as a classic method for obtaining tungsten
carbide. After mixing, the resulting mixture is loaded into carbidization furnaces, where a chemical
reaction of tungsten carbide synthesis occurs in a hydrogen atmosphere [10-12]. Then the
synthesized tungsten carbide powder is ground in ball mills, the batches are coarsened and then the
material is used to obtain a hard alloy. In all the above methods and techniques using planetary ball
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mills, an improvement in the properties of the synthesized material is noted due to an increase in the
homogeneity of the mixture and the resulting average particle sizes of less than 100 nm, and in some
cases less than 40 nm [13]. In addition to mechanical activation, there are other methods of activating
materials, such as physical, chemical, thermal and complex, which combines two or more of the
above methods.

The aim of the present work is to study the influence of different types of mechanical
activation on the microstructure, mechanical properties and phase composition of tungsten carbide
(WC) based alloys.

Mechanochemical synthesis

Mechanochemical activation is currently successfully used to intensify technological
processes in the construction, food, pharmaceutical, oil and fat, chemical and other industries.
Mechanochemical activation is the acceleration or increase in the efficiency of chemical and
physicochemical processes under mechanical action [14]. The process of high-temperature
mechanochemical synthesis (MCS) was carried out in the work of Onishchenko and Reva [15] in a
specially designed experimental setup, and WC synthesis was carried out according to the reaction
given in the study of Yagofarov [16]:

WOs; + 3Mg + C — WC + 3MgO.

The work showed that increasing the amount of polymethyl methacrylate (PMMA) in the
reaction to 3% led to a decrease in the content of the W,C phase. The synthesized powders had a
high tendency to consolidation. And at a lower content of PMMA in the synthesized powder, the W,C
phase is present. And also the complete transition of the composition from W,C to WC can be
affected by increasing the reaction conditions during synthesis using molten salt, as in the work of
Yang [17], combining mechanical alloying with a chemical reaction in the liquid phase: the final
products were characterized by a particle size of 300 to 500 nm, which indicates the successful
synthesis of nanostructured materials. And also in the study it was noted that the aggregation of
particles was significant.

Tungsten carbide powders (WC and W;C) can also be synthesized from WCls and Na,CO3
by MCS [18]. This study by Aytekin showed that the addition of stoichiometric or 50 wt.% excess
magnesium leads to the formation of both WC and W>C, while excess Na,COs destroys WCls and
WO_Cl;, forming only the W,C, WC and W phases.

Ultrasonic mechanical activation

Ultrasonic mechanical allows for the mechanical activation process to be carried out in a
short period of time, to eliminate undesirable pollution phenomena, to obtain finely dispersed and
even nanocrystalline powders with a high proportion of the required fraction [19]. The subsequent
use of such powders will allow in the future to produce electroceramics with improved properties
[20]. By now, it has been well established that ultrasonic treatment (UST) is one of the highly effective
methods for modifying the microstructure and mechanical properties of materials [21-23].

The works of Shute and his colleagues [24] are well known, in which ultrasonic activation of
powders occurs in a liquid under the action of its shock waves and microcurrents that arise when
cavitation bubbles collapse, as well as as a result of mutual collisions of particles during their intense
chaotic motion.

Rubanik conducted a study [25] with the aim of clarifying the patterns of changes in composite
powders after ultrasonic mechanical activation and determining the possibility of obtaining
homogeneous materials with high mechanical properties using such treatment by hot isostatic
pressing. The study revealed that after ultrasonic treatment of CosO4 powder, the number of smaller
particles increases, while the average particle size remains the same (Fig. 1).
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Fig. 1 — Micrographs of Co304 powder after ultrasonic treat
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In aluminum powders after ultrasonic treatment, in addition to changing the size of the
agglomerates, the particle size itself also became smaller (Fig. 2). After ultrasonic treatment, the
agglomerates in tungsten and aluminum powders are crushed, as a result, the concentration of
smaller agglomerates increases.

.9

Fig. 2 — Micrographs of aluminum powder before (a) and after ultrasonic treatment (b) [25]

Analysis of X-ray patterns and histograms of particle size distribution of the powders under
study showed that intensive ultrasonic action allows for grinding agglomerates and, to a small extent,
particles. At the same time, no significant changes were detected in the X-ray patterns of the powders
under study. It can be concluded that the optimal mode of ultrasonic treatment is cavitation mode at
elevated hydrostatic pressures [25].

Mechanical thermal treatment

The essence of mechanothermal treatment is the long-term grinding of reagents in a ball mill
in an inert atmosphere at a temperature at which the surface of the reacting particles is constantly
renewed, and the reaction rate is less dependent on the diffusion of the reacting components to each
other [26]. However, thermal annealing is necessary after the mechanothermal activation stage to
impart the required crystalline structure, which leads to increased energy consumption [27, 28].

The work of Bazhenov and Kurlov [29] presents several important conclusions concerning
the synthesis of WC alloys by solid-state methods: the study showed that mechanical activation of a
mixture of pure tungsten (W) and carbon (C) in the temperature range from 1000 to 1200 °C
significantly affects the synthesis process; the results showed that, although single-phase carbon is
formed during the synthesis, the final product contains an excess of free carbon; with mechanical
activation, the average grain size of the synthesized WC was smaller.

Focusing on the formation of the ternary carbide CoWC through a process called
mechanically activated solid-state reaction, a study was conducted by Morgan [30]. This involved
milling powder mixtures of cobalt (Co), tungsten (W), and carbon (C) at specific molar ratios and
then heating them at high temperatures. The optimum molar ratio to achieve single-phase CoWwC
was found to be Co/W/C = 7/7/2. When this mixture was milled for 4 hours and heated to 1100 °C,
CoWC was successfully formed although formation began at a relatively low temperature of 800 °C.
Overall, these findings suggest that mechanical activation combined with controlled heating can
effectively form ternary carbides at lower temperatures, which may impact the synthesis of other
complex materials.

Nanosized WC particles can also be synthesized by heating a mechanically activated mixture
of WO3 and graphite under vacuum at different temperatures [31]. It was found that mechanical
activation of the WO3-C powder mixture alone did not result in the formation of the WC phase.
However, heating the mixture at 1250 °C for 2h resulted in the formation of WC nanoparticles. This
means that a certain temperature is crucial for the successful conversion of WOz to WC. The addition
of KCI to the mixture resulted in the formation of fine and uniform WC patrticles. In contrast, the
presence of nickel promoted the growth of WC particles, suggesting that these additives play an
important role in regulating the morphology and size of the nanoparticles. The obtained results
highlight the importance of temperature and additives in the synthesis process and provide insights
into how to optimize the conditions for obtaining high-quality tungsten carbide nanoparticles. The
synthesis of nanostructured WC powders using a two-step process involving mechanical activation
followed by thermal activation was also reported by Calderon [32]. The synthesized nanostructured
WC powders after sintering formed fine microstructures required to improve the mechanical
properties of WC-based solid materials. This improvement was attributed to the successful synthesis
process and careful selection of milling parameters and carbon source. Thus, the results of the study
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highlight the importance of both mechanical activation and carbon source selection in the synthesis
of nanostructured WC powders, which are critical for improving the mechanical properties of solid
materials.

Mechanical activation followed by thermal activation at temperatures up to 1100 °C is also
applicable for the synthesis of WC powders using different carbon sources (graphite and carbon
black) and different atmospheres (Ar, Ar-50H,, Ar-10CO) [33]. As aresult, single-phase WC powders
with grain sizes less than 200 nm were obtained. Ultimately, the WC synthesis was completed at
1100 °C in Ar and Ar-10CO atmospheres, with carbon black proving to be more effective than
graphite in hydrogen atmospheres.

Mechanical activation of WC-based powders

According to the results of the study by Ozolin and Sokolov [34] concerning the effect of
mechanical activation of tungsten powder on the structure and properties of sintered Sn-Cu-Co-W
materials, it can be noted that the presence of tungsten nanopatrticles significantly affects the
dissolution and precipitation of cobalt during liquid-phase sintering of Sn-Cu-Co-W powder material;
the sintered Sn-Cu-Co-W material containing mechanically activated tungsten had higher hardness
values in the range from 105 to 107 HRB.

By means of mechanical activation in a planetary ball mill, Buravlev et al. carried out work
[35] with a mixture of WC — 4 wt. % TiC — 3 wt. % TaC — 12 wt. % Co weighing 50 g. Activation was
carried out at a rotation speed of 700 rpm for 10 cycles, each of which consisted of 15 minutes of
grinding and 15 minutes of cooling the grinding cup. Then the material was pressed using the SPS
technology at different temperatures: 1000 °C, 1100 °C, 1150 °C, 1200 °C. As a result of mechanical
activation, the powder showed a significant shift in the distribution of particle sizes towards smaller
sizes with a decrease in the average particle size to 2 um (Fig. 3).
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Fig. 3 — Distribution of particle sizes in the original WC powder [35]

X-ray diffraction analysis did not reveal any phase transformation or new formation in the
activated powder mixture (Fig. 4).
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Fig. 4 — Phase composition of the initial powder [35]

Buravlev and his colleagues found that preliminary MA in a planetary mill contributed to the
grinding of agglomerates and the sizes of the particles themselves, which intensified the compaction
process in the subsequent consolidation of the powder by the SPS method. They also derived the
optimal sintering temperature for the best homogeneity and density: 1200°C. Upon completion of the
work, the following results were achieved: relative density - 99.99%; hardness, HV30 — 1623.2;
bending strength — 1125.1 MPa. In the work of Silva [36], aimed at studying the WC-FeNi alloy as
an alternative to the WC-Co alloy, MA was also carried out followed by SPS. The mass ratio of balls
to powder during MA was 10:1. The authors of the work claim that the analysis of the obtained WC-
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FeNi alloy showed a good distribution of WC grains in its microstructure without the formation of
brittle n-phases with a carbon deficiency. The results of the obtained alloy were the best at a
temperature of 1300°C: hardness — 1933 HV; density — 99%; fracture toughness — 11 MPa m 0.5.
High-energy MA followed by SPS was also mentioned in the work of Chuvildeev [37], devoted to the
mechanical properties and structure of W-Ni-Fe and W-Ni-Fe-Co alloys, and it was concluded that
the combination made it possible to obtain nanostructured tungsten alloys with exceptional
mechanical properties (an increase in macroelasticity from 230 MPa to 635 MPa), which makes them
suitable for various complex applications. As a result, the alloys obtained in the above-mentioned
works had higher homogeneity, hardness and density than those obtained in other works at the same
sintering temperatures, precisely due to the preliminary mechanical activation, due to which the WC
binder component was crushed.

Due to mechanical activation of the powder mixture (W+C) in a planetary ball mill, it was
possible to synthesize single-phase WC (Fig. 5) in a vacuum at a temperature of 1200 cm°C with the
following characteristics: Ctotal = 6.16% by weight, Cfree — not detected; Dcp = 0.3 ym, Dmin = 0.2
pum, Dmax = 0.7 um. From a powder mixture of similar composition without mechanical activation
and under the same synthesis conditions, a multiphase sample was obtained containing WC, W2C
and W [38].
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Fig. 5 — X-ray diffraction pattern (a) and SEM image (b) of WC powder synthesized in vacuum at
1200°C from a mechanically activated powder mixture of W and C (carbon black) [38]
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The conditions of the mechanical activation certainly have an impact on the final results of
the product. For example, the time of the mechanical activation directly affects the density and
microstructure of the tungsten alloy, which was revealed in the work of Evstratov et al. [39], in which
W-Cu powder composites were studied and the following results were obtained: the maximum
density of the mixture was achieved after 5 minutes of mechanical activation, but increasing the time
beyond this time led to a decrease in density due to excessive grinding and destruction of
agglomerates; the average particle size of the powder, which was previously 4 um, decreased to
100-400 nm as the mechanical activation time increased to 10 minutes; the distribution of copper
particles improved as the activation time increased, which positively affected the strength of the
composite. The study showed that although a 5-minute activation time can optimize the density and
compaction of the W-Cu composite, a longer activation time can improve the distribution of copper
particles and ultimately affect the mechanical strength of the material.

The influence of mechanical activation time on the structure and mechanical properties was
also noted in the work of Abdulmenova and Kulkov [40]. Understanding these relationships is of
particular importance for optimizing the production processes of heavy tungsten alloys, which are
used in various industrial applications. The study by Chuvil'deev [41] found that as the mechanical
activation time of WC-based powder increases from 10 to 300 seconds, structural changes in the
powder become more pronounced, leading to an increase in the content of amorphous matter and
a decrease in particle size, which facilitates subsequent sintering processes. Thus, the study shows
that mechanical activation significantly affects the properties of WC-based powder, expanding its
application possibilities in sintering hard alloys by changing the phase composition, particle size, and
dislocation density. The study by Abdulmenova and her colleagues [42] showed that the average
size of agglomerated particles was significantly reduced from 350 ym to 15 ym after 300 seconds of
mechanical activation, and the presence of CosW3C carbide phase was also detected, indicating that
long-term mechanical activation can lead to the formation of specific phases that can improve the
performance of cemented carbides. It was noted that mechanical activation can improve the physical
and mechanical properties as well as slow down the grain growth, especially when the processing
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is performed for a certain period of time from 60 to 100 seconds. In the study by Lee and his
colleagues [43], in which MA was carried out by mechanical milling (MM), WC-8Co-2Al cemented
carbide alloy was successfully manufactured by SPS. MM was carried out for 55 hours, as a result
of which the grain size was reduced from 340 nm to 27 nm, however, with a longer milling, a decrease
in the properties and density of sintered carbide alloys was observed. After conducting the SPS of
the obtained component in 55 hours of MF, at a peak pulse of 3000 A, the hardness and strength of
the material increased to 89 HRA and 1702 MPa, respectively (Table 1).

Table 1 — Effect of MA on WC-based components

Material Presence and cqndm_ons Key Results MA parameters
of subsequent sintering
700 rpm (10
Optimal parameters (1200 °C): cycles)
WC- TiC-TaC -Co SPS: 1300 °C - Hardness: 1623.2 HV30 15 min.
- Bending strength: 1125.1 MPa (activation) + 15
min. (activation)
. - Hardness: 1933 HV Ratio of
WC -FeNi SPS - Fracture toughness: 11 MPa m %5 | balls:powder :10:1
e - Getting single-phase WC
- Particle size: 0.2-0.7 microns
WC-Co - Agglomerate size: 300 — 15 ym 60-300 sec.
- Hardness: 89 HRA
WC-Co-Al SPS (Pulse: 3000 A) _ Strength: 1702 MPa 55 h. (MF)

Summarizing the results of the above studies, it can be concluded that MA is an integral part
of the process of obtaining WC components with the smallest particles and fewer agglomerations,
and understanding the relationship between the MA time and the structure and mechanical
properties of the material contributes to the production of hard, strong and dense alloys by the SPS
method.

Conclusion

Mechanical activation plays an important role in obtaining multicomponent alloys and without
it, there is a risk of discrepancy between the expected and obtained results in the study. In this paper,
a comprehensive analysis of the effect of mechanical activation on the properties and behavior of
tungsten carbide (WC) alloys is carried out. The study confirmed that mechanical activation is a key
step in improving the characteristics of powder materials, such as reactivity, structure homogeneity
and the possibility of obtaining nanostructured alloys with excellent mechanical properties.

Various approaches to mechanical activation are considered, including mechanochemical,
ultrasonic and mechanothermal treatment.

Mechanochemical synthesis allows synthesizing nanostructured materials (300-500 nm),
accelerates chemical reactions without using high-temperature processes, and ensures
homogeneity of the phase composition (e.g., the transition W,C — WC). However, the process
carries arisk of powder contamination during long-term processing, which requires extremely precise
control of the parameters (time, reagent ratio). MCS is currently successfully used to intensify
technological processes in the construction, food, pharmaceutical, oil and fat, chemical and other
industries, and is also applicable for the synthesis of ternary carbides (CoWC) for tool steels and the
production of WC nanopowders for sintered composites.

Ultrasonic mechanical activation reduces the processing time by 5-10 times, eliminates
powder contamination due to processing in a liquid medium, and reduces the size of agglomerates
without changing the crystal structure. The disadvantages of such processing include limited
effectiveness for highly plastic materials. It is applicable for the preparation of fine Al/W powders for
powder metallurgy and modification of oxide powders (Co3;0,) for catalytic systems.

Mechanothermal treatment can reduce the WC synthesis temperature by 200-300°C and
also allows controlling the particle morphology using additives (KCI, Ni). It has high energy
consumption in the case of a two-stage process and the risk of forming free carbon during WC
synthesis. It is applicable for the synthesis of single-phase WC with grain sizes less than 200 nm in
inert atmospheres and the production of W-Cu composites with improved thermal conductivity

Traditional mechanical activation has high energy efficiency and is also capable of reducing
the average particle size from 4 ym to 100-400 nm. However, excessive grinding leads to
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deterioration of properties and can lead to the formation of undesirable phases during long-term
activation. Traditional MA is applicable for the production of WC-based composite cutting tools and
for the creation of wear-resistant coatings for the aerospace industry, and is also highly efficient for
subsequent alloy production by the SPS method.

Thus, the results of the article confirm the importance of the parameters of mechanical
activation, among which the time of its implementation plays an important role, as a method of
preliminary treatment of WC powders to obtain high-quality materials. Further study of the activation
mechanisms and optimization of the process parameters provide opportunities for the development
of new generations of hard alloys with unique properties.
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BITIUAHUE MEXAHOAKTUBALIUN HA CINITABbI WC

B Hacmoswel pabome npedcmasreH 0630p uccriedogaHuli, HarnpaeeHHbIX Ha rofy4yeHue criasoe
Ha ocHoge Kapbuda eonbhpama ¢ npedeapumerbHO nposedeHHol mexaHoakmugayuel (MA). MA wupoko
npumeHsiemcss 8 obnacmu MamepuanoeedeHusi U HarpaesieHa Ha U3MEeHEHUs1 (hU3UKO-MexaHU4YeCKUX
ceolicme Mamepuasos C UesbH Mo8bILEHUST aKmU8HOCMU UX peakyuu npu nposedeHuu uccnedosaHul. B
C853U C 3MUM, OCHOBHOE BHUMaHue 8 O0aHHOU cmambe HarnpassieHo Ha uccredogaHue 6/UsHUS
MexaHoakmueauyuu Ha CMecu Ha ocHoge kapbuda eonbgpama (WC). Teepdbie cnnaebi Ha ocHoge WC
UCronb3yromes 8 pPasfiuYHbIX [POMBILWIIEHHbIX ycroeusx, bnazolaps UX OMIIUYHbIM MexaHU4YeCKUM
ceolicmeamM U ebldarowelics U3HOCOCMOUKOCMU 8 co4YemaHuu C  8bICOKOU MPOYHOCMbK U
mepmocmotikocmbto, bosiee moeao bosnbwe Moso08uHbl fnpoudsodcmea meepodbix criiagos8 Ha ocHose WC
cesi3aHa C U320moeJIeHUEM PexXyuwux UHCmpyMmeHmos. B cmambe makxe npugsedeHbl KOMI/IeKCHbIe 8UObI
MexaHu4YeckoU akmueayuu, MPUMEHSEMbIX 8 pa3/iuYHbIX UccriedosaHusx. A makxe paccMOMmMpPEeHO 8/lUsHUEe
8udos MexaHoakmugauyuu cmecel u OnumernbHOCMU ee nposedeHuss Ha (hu3UKO-MexaHu4ecKkue ceolicmea
ro71y4eHHbIX crinasos rnocredyruwumu memodamu cuHmesa. [posedeH aHanus onmumarbHbIX ycriogud 0nsi
KOHconudauuu rmopowkos MemodoM UCKPO-rna3mMeHHo20 criekaHusi (UINC), umo noseonsem docmuzamb
8bICOKOU M710MHOCMU U MPOYHOCMU Mamepuarsios.

Knroyeenie cnoea: mexaHoakmueauyusi, epemsi MA, WC, memodbl akmueauuu, MexaHu4Yeckue
ceolicmea, MUKpocmpyKmypa.
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byn makanada andbiH ana mexaHoakmusayusinay (MA) apkbinibl eonbgpam kapbudi HezisiHOezi
KopbimnanapObl arnyra OafbimmasiraH 3epmmeyriepee worny 6epinzeH. MexaHukanblk 6enceHOipy
MamepuanmaHy canacbiH0a KeHiHeH KondaHblialbl xeHe 3epmmey bapbicbiHOa 0r1apObiH peaKyusiCbIHbIH
besiceHlinieiH apmmbipy MakcambiHOa MamepuandapObiH bu3uKanbIK-MexaHUKasblK KacuemmepiH
eszepmyee b6arbimmarnfaH. OcbiraH balinaHbicmbl, OCbl MakKanaHbiH Hezidai barbimbl 8osibchpam Kapbuoi
(WC) HeziziHOeai Kocrianapra mexaHukanbik besiceHdipy acepiH 3epmmey 605bin mabbinadbl. WC HeziziHOeai
Kapbudmep onapObiH MaMawa MexaHuKarnbiK Kacuemmepi MeH mo3yra mesimoiniai xorapbl 6epikmiai MeH
bIcmbiKKa meaimodiniai apkacelHOa spmypni eHepkacinmik opmanapda KondaHblnadbl, COHbiMeH Kamap WC
HeeiziHOeai kapbudmep eHAIpiciHIH xapmbicbiHaH Kebi Keckiw Kypanldapdbl eHOipymeH 6alinnaHbicmbl.
Makanada coHbiMeH Kamap spmypni 3epmmeynepde KondaHblnambiH MexaHUKasblK akmuemeHOipydiH
Kypdeni mypnepi KenmipinzeH. ArnbiHFaH KopbimnanapObiH busuKanbiK-MexaHuKanbiKk KacuemmepiHe
KocranapObiH MexaHUKallblK akmuemeHy mypriepiHiH acepi de Kapacmbipbliadbl. ¥HMakmbl YUWKbIHObI
nnasmarnbiK aerniomepauyusnay (SPS) apkbinbl yHmakmbl 6ipikmipydiH oHmalsbl wapmmapbiHa manday
XKypeizindi, byn mamepuandapobiH XoFapbl Mbifbi30bifbl MEH BepikmiziHe Ko Xemkizyae MyMKiHOIk bepedi.

Tylin ce3dep: mexaHukanbik 6enceHdipy, MA yakbimbl, WC, 6enceHdipy adicmepi, MmexaHuKkasbiK
Kacuemmepi, MUKPOKYPbITbIMBI.
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WCCNEQOBAHUE TEMNO®U3UYECKUX CBOUCTB HAHOXUAOKOCTU AL,O; HA OCHOBE
CMECU 3TUNEHITUKONA U BOAbI (40:60) AJ1A FTEEOTEPMAJIbHOIO MNPUMEHEHUA

AHHOmMauusi: B OanHOU pabome rnpedcmassnieHbl pe3yrnbmambl  3KCNepUMEeHMarbHO20
uccnedosaHusi mennogusudeckux cgolicme HaHoxudkocmu Al,O—3:8600a 8 KOHMEKCMe ee NPUMEHEHUS 8
eeomepmarbHbIX Merioebix Hacocax. JKcrepumeHm nposodusics npu memnepamypax om 0 0o 10 °C u
KoHUeHmpauyusix HaHodacmuy, 1, 3 u 5 06.%. NsmepeHus nokasanu, 4ymo rnpu KoHuyeHmpauuu 1 06.%
mensonposodHocmb yeenudusaemcsi Ha 8,2%, npu 3 06.% — Ha 17,4%, a npu 5 06.% — Ha 27% no
cpasHeHuro ¢ basoebim pacmeopom Al :eoda (40:60). OdHako es3kocmb ripu 5 06.% eo3pocna Ha 45%, 4mo
npusodum K yeenu4yeHur eudpoduHamudeckux nomepb. OnmumanbHas KoHueHmpauyus 3 06.%
obecriequsaem nosbiWweHUe mennonposodHocmu Ha 17,4% npu pocme esiskocmu ecez2o Ha 21%, ymo
s6/15€mMCcsi  KOMIPOMUCCOM Mex0y 3ghgheKmueHOCMbI0 meriorepedadu U HaCOCHbIMU 3ampamamu.
BbiyucrienHbil kpumeput agpgpekmusHocmu (PEC) nodmeepxdaem, ymo Haunyqwul banaHc docmuzaemcs
npu 3 06.% Al,O;, 20e PEC = 0,5. JanbHelwue uccredosaHusi 00/mKHbI y4umbigams 8/1UsHUE HaHoYacmuy
Ha Kopposur, 0o208peMeHHy0 cmabunbHOCMb U 83aumodelicmeue C 37ieMeHmamu  CUCMmEMBbI.
lMony4eHHbIe pe3ynbmambl Mo2ym criocobcmeosame paspabomke bornee aghghekmueHbix mennoHocumerneu
0r1s1 2eomepmaribHO20 OMOMIEHUS U CHUXEHUST 3Hep20rnompebrieHUsi mernioebix Hacocos.

Knroyeeblie csiosa: 2ceomepmarnibHasi SHepe2emuka, HaHOXUOKOCMb, mMernsionpo8oo0HOCMb,
esiskocmab, Al;O3, amuneHanukonb, mennogusudeckue ceolicmea, mernaoeol Hacoc.

BBepgeHue

MupoBoe noTpebneHne BO30OHOBNSAEMON SHEPrMM 3HAYUTENBHO BLIPOCIIO 3a nocnegHue
OBa gecatunetue, gocturwee obbema 90,23 akcagxkoynen B 2023 roay [1]. BeicTpbiMn Temnamm
pacTeT TakOM CEKTOp BO30OHOBNSAEMOW SHEPreTUKU Kak reotepMaribHasi dHepreTvka, B OCHOBE
KOTOpPOW NeXuT ytunuadaumsa Tenna u3 Hegp 3emnn. KonvyecTBO YCTAHOBMEHHOW MOLLHOCTU
reotepMarbHbIX YCTaHOBOK Bo3pocno ¢ 14,4 BT [2] k 2020 rogy oo 16,4 Bt B 2023 rogy [3].
eoTepmanbHasa 3Heprus Kak BWG 9SKOMOrMYECKM YUCTOM SHEepruM MMeeT noTeHuman pAans
YyAOBMNETBOPEHNS HEKOTOPbIX OCHOBHbLIX MUPOBLIX NOTPEBHOCTEN B 3HEPTMK, 3aMEHbI MCKOMaemMoro
TONNMBA U COAENCTBUSA COKpALLEHMIO BbIBPOCOB NAapHMKOBLIX ra3oB [4-6].

eoTepmanbHasa aHepruss — 370 BO30OHOBMASIEMbIA WCTOYHWUK 3HEPruun, usBnekaemom ua
BHyTpeHHero Tenna 3emnu. OHa gobbiBaeTca M3 NOA3EMHbIX pPe3epByapoB ropsyen BoApl, napa
UIN TOPSYNX CYXMX MOPO U MOXET NCNONb30BaTbCA ANA NPOU3BOACTBA ANEKTPOSIHEPrUn, MPSMOro
OTONMEHMST W MNPOMbLIWSEHHbIX LUenen. HuskoTemnepatypHaa reotepmarnbHasi 3Heprus
(HM3KONOTEHUManbHOE Tensio) OTHOCUTCA K Temnny, M3BMEKaeMoOMy M3 NoA3EMHbIX UCTOYHUKOB C
TemnepaTtypow, kak npasuno, Hwke 150° C. OTOT Tun reoTepmanbHON 3HEPrUM He NoAXoauT Ans
TPagVLMOHHOW BbipabOoTKN 3NEKTPOIHEPTUN, HO LUMPOKO UCNONb3YyeTCs AN NpsiMoro Harpesa. [ons
NCNONb30BaHWS HU3KOMOTEHLMANbHOrO Tenna B reotepMaribHOW SHEPreTUKM CocTaBnseT BeCOMbIV
BKraa Ha yposHe 70 % [7, 8].
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