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PROMISINGDIRECTIONSOFREDUCING
SPECIFIC ENERGY COSTSIN GRINDING

Abstract. The grinding process is widely used in various technologies and is characterized by high energy
consumption. Besides, there is anirretrievable loss of high-quality steel due to the wear of the working elements of
grinders.

High energy costs occur not only due to the large volumes of processed materials, but also due to the extremely
low efficiency of grinding machines, especially mills, the efficiency coefficientof which is at best several percents.
Especially sharply the efficiency coefficientisreducing and the mills’drive capacityisincreasingwith an increase in the
milling fineness of the material.

Despite the new methods of grinding: electro-hydraulic, ultrasonic, gravitational, light beam grinding, etc., in all
designs of industrial units the grinding, is carried out by mechanical methods, such as crushing, cracking, impact,
attrition, breakage or a combination of these methods.

There iscarried out the analysis of energy costs for formation of new surfaces, elastic and plastic deformations,
for formation of various kinds of defects in the crystal structure (mainly dislocations), forfriction of the material’s
particles between themselves and the walls of the grinding chamber. It is noted that a small part of the input energy is
consumed by different kinds of radiation (acoustic waves, exoelectronic emission, etc.), which always accompany
the destruction.

From the analysis carried out it follows that the lowest energy intensity of the grinding process is achieved in
grinding due to impact and slightly worse - due to crushing.When grinding by impact, the loading of the material
should be pulsed with the steepest front.The loads must be dosed, corresponding to the strength and endurance of the
defective zones.

To the working zone of the mill the starting material should be supplied in small volumes and even better piece
by piece, and after grinding - quickly removed from the milling zone to the classifier. Therefore, any mill should
operate in a closed cycle.

The classifier must be of highefficiency, so that to the finished product there came the particles of only smaller
than the near-mesh grain, and the large fraction,returned to re-milling, contained as few particles of the finished
product as possible.

Keywords: grinders, mills, energy costs, milling fineness, crushing, cracking, attrition, breakage, impact,
classifier, closed cycle.

Introduction.Intensification of technological processes with reducing the energy costs for their
implementation is an urgent task of modern production. One of the main ways to solve this problem is the
creation and implementation of new high-performance machines and devices with low energy
consumption.

The problem of reducing energy costs and increasing the efficiency is particularly acute in carrying
out the grinding process. This process is widely used in various technologies and is characterized by high
energy consumption, while the equipment for its implementation is cumbersome and has low efficiency.

Large energy consumption in the process of grinding is confirmed by the fact that about 5+10% of

the world's electricity is spent on this process [1,p.8; 2, p. 6], and even more, according to the statistical
data on the United Statesmining industry [3, 4]. Besides, the irretrievable losses of high-quality steel due
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to wear of the working elements of grindersare about 4 million tons per year. The mills’drive capacity in
fine grinding of cement production, mining and other industries reaches up to 25MW [5, 6]. The size of
mills at present has reached the limit of an economically viable size.

High energy costs occur not only due to the large volumes of processed materials, but also due to the
extremely low efficiency of grinding machines, especially mills, the efficiency coefficientof which is at
best several percents. Especially sharply the efficiency coefficientisreducing and the mills’drive
capacityisincreasingwith an increase in the milling fineness of the material.

At the same time, by the studies of recent years, there has been revealed quite a number of
mechanochemical phenomena, which are observed in fine and ultrafine grinding [7, p. 21-24]. For
example, with the increase in the cementmilling fineness,thereincreases the rate of its setting and there
sharply increases the strength of the agglomerate. Rocks, such as granite, schoeniteandothers, acquire
cementingpropertiesin  this grinding. With the increase in the milling fineness of some
substances,thereincreases not only the rate, but also the degree of their dissolution. Some pigments,
depending on the milling fineness, change their color. With fine grinding of ores, the process of extracting
minerals is very fast, with high completeness of their extraction.In a number of works [7, p. 22] there is
noted the possibility of direct metal recovery by a mechanochemical method. This is not at all a complete
list of phenomena, on the basis of which it is possible to create new high-performance technologies.
However, economically it is possible only on the condition of considerable reduction of costs for grinding
of the materials.

The research methodology is to carry out the analysis of the main energy consumption items in
grinding and to develop the recommendations onrational organization of the grinding technology with
optimal process conditions.

Research results. In all designs of industrial unitsthe grinding is carried out by mechanical methods,
such as crushing, cracking, impact, attrition, breakage or a combination of these methods.

In addition to mechanical methods, recently there have been proposed new methods of grinding:
electrohydraulic, ultrasonic, gravitational, grinding with a light beam, obtained by means of a quantum
generator, cavitational, grinding by rapidly changing high and low temperatures, grinding by a compressed
gaseous mediumenergy, radiative and electromagnetic softening and others.However, the new methods
have not yet come beyond the laboratory studies, and in the nearestfuture, the main units will remain mills,
in which the grinding of the material is carried out by mechanical methods[2,p.8]. Hence, to reduce the
energy consumption and to improve the efficiency of the grinding process, it is necessary to further
improve the existing grinding units and create the fundamentally new designs.

Let’s consider the main possible energy consumption items in grinding.

When grinding,theenergy is spent not only on the formation of new surfaces, but also on the elastic
and plastic deformations, on the formation of various kinds of defects in the crystal structure (mainly
dislocations), on the friction of material particles between themselves and the walls of the grinding
chamber. A small part of the input energy is consumed by different kinds of radiation (acoustic waves,
exoelectronic emission, etc.), which always accompany the destruction[2, p.153]. The value of each of the
energy loss factors is not a constant value and varies quite sharply, depending on the nature of the material
being destructed, the scale factor and the organization of the grinding process in each specific unit.
Letusconsiderinmoredetaileachoftheaboveitems.

With the destruction of a piece of material, the new surfaces appear, with the layer of molecules of
these surfaces acquiring the excess energy, the so-called "surface energy of the body." This energy must
be transferred to the body from the outside. The amount of surface energy, depending on the formed
surface, is determined by the following dependence [8]:

A= A_AS (1)

yO

whereA — the work, spent on the increment AS of the surface; A, — the work, spent on the formation of a
unit of a new surface.

Theoretical calculations and experimental studies, conducted by many researchers,lead to paradoxical
conclusions that the real strength of most minerals is two or three orders of magnitude less than the
theoretical strength, while the real energy intensity of the destruction of these minerals is three or more
orders of magnitude more than the theoretical energy intensity of the formation of a new surface [2, p. 34].
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The differences between the theoretical strength of solids and the real one were explained by the
works of A. Griffiths and A. loffe [9, p. 45-53; 10, p. 145-163]. According to the theory of Griffiths,
strength is determined not by regular properties of the solid, but by defects, "inhabiting" it, primarily
cracks.Based on this theory, he was the first to formulate an energy strength criterion, according to which
a crack in a stressed body with fixed boundaries begins to develop at the moment, when it becomes
energetically "profitable"tothe body, namely, when the reduction of the deformation energy of the whole
body, which occurred as a result of the crack opening, exceeds the energy of the surface, formed during
this opening.

Later on, the results of a series of original studies werepublishedby other scientists, having explained
the nature of plastic deformation as a result of kinetic processes, occurring at the atomic level, which are
associated with a discrete model of matterstructure. The defects, in this case, are in the atomic structure of
the substance itself, for example, vacancies, dislocations, disclinations in crystals [11, p. 140-146; 12, p.
104- 114].

The material destruction process is to be considered as a multi-stage one and as interrelated at
different scale levels. For example, it is necessary to consider the collective effects of dislocation systems,
disclinations, further cracks, etc. Thus, in [13, 8] in general, the whole process of destruction is proposed
to be divided into the following stages: preparatory, embryonic cracks, microcracks, macrocracks, the
growth of main cracks. In certain cases, some stages may be missing.

The essential influence on energy costs in grinding is also made by the method of loading pieces of
material. Thus, during compression, the elastic deformations in the milled body occur due to its loading in
quasi-static or dynamic modes. In this case, the entire volume of the body is subjected to loading. At the
same time, it is known that compression is far from being a rational method of destruction, and finally, the
destruction occurs in those points of the body, where the tensile stresses are createdabove the critical
ones.The entire volume of the piece is subjected to loading, and the work of external forces by the time of
destruction becomes close to the value, when it is possible to destroy the whole sample into separate tiny
particles, but the destruction occurs only on separate planes with a weakened bond.Therefore, the rest of
the energy of elastic deformation, accumulated in the body, will pass into heat, that is, will be irretrievably
lost. To reduce the energy consumption for elastic deformations, it would be very promising to carry out
the local limit loading of the initial piece in the place of destruction.In this case, in the body the stress
gradient will be observed, due to which the energy selectivity of destructionwillbeincreasing. Pilot studies
of this method are being carried out in Russia under the leadership of Yu. D. Krasnikovfor the purpose of
organizing the destruction of rocks with lower energy costs [14].

Some researchers [15, pp. 68—71] prove that under high speed impact loading, the compression force
occurs in a certain section so fast that the crack is formed before the equilibrium distribution of
energyissetinthe particle,which is necessary for making a rupture. The experimental studies on impact
destruction of glass balls, given in [16, p. 1053-1060], proved that the average work of grinding by impact
is approximately 42% of the grinding work by crushing.Inpaper [17] Ye. M. Gutiyar also proves that
under dynamic loading of materials the stresses arising are twice higher than under static
loading.Apparently, this can be explained by the fact that under high-speed dynamic loading the elastic
deformation, uniform throughout the whole volume, is not yet achieved, but due to a larger stress gradient,
the destruction begins in the weakened places (sections).Itshould be noted that this position is also
theoretically proved in the classical course of resistance of materials [18 p. 516; 19].

When grinding materials by force loading, in addition to elastic deformations, the pieces will be
subjected to plastic deformations. G. S. Khodakov [1, p. 124—126] showed in his studies that even such
fragile rocks like quartzite and jaspiliteundergo plastic deformation. Thermal losses in the maximum
plastic deformation can be more than a half of the entire work of destruction for most materials.

At high loading rates of the body under grinding, the plastic deformation is localized in a relatively
small number of atomic layers, located directly in the region of formation of future fracture surfaces.
Thus, in order to reduce the costs for plastic deformation, it is also necessary to increase the speed of
loading the material with the optimally applied load.

In addition to energy losses for elastic and plastic deformations, a certain part of the energy will be
spent on the formation of new defects in the crystal structure. The main part in this process will be
occupied by the formation of dislocations. It should be noted that dislocations have a great influence on
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the strength of crystals.Under the influence of an external load, dislocations easily move, interact with
each other and with other defects, unite and come to the surface of the crystal. The very displacement of
the structure by at least one row of atoms weakens the crystal, in addition, the dislocations contribute to
the formation of embryonic cracks, developing further into cracks of destruction [20, p. 312].

For over a hundred years many researchers have been trying to identify the patterns, permitting to
quantify the energy intensity of the grinding process. The first attempt to identify the energy costs for
grinding was made by P. Rittinger. According to his hypothesis, it follows that the work, spent on
grinding, is proportional to the size of the newly formed surface in the materialunder grinding:

4, =k & @)

noe

where k= — the coefficient of proportionality.

By the supporters of this hypothesis,there were conducted numerous studies that prove the validity of
the assumption of proportionality of the grinding work to the newly formed surface. However, this
hypothesis does not take into account many factors, affecting the consumption energy and, above all, the
energy, spent on deformation of the body without destruction.

A bit later, F. Kick and V. Kirpichev [20; 21] independently from each other put forward the
hypothesis that the energy, required to obtain the similar changes in the configuration of geometrically
similar bodies of the same technological structure, is changing just like the weight or volume of these
bodies. Therefore, the work for grinding one piece of size & will be equal to:

Ao6 = ko6§3 (3)

where k,, — the coefficient of proportionality.

The experimental test has shown that the hypothesis of Kick-Kirpichevis more or less true in crushing
and completely inadequate in milling.F. Bond [20], believing that the full work should include the work of
deformation and formation of new surfaces, proposed to consider the work, spent on the piecegrinding,to
be proportional to the geometric average of the volume and surface of the piece:

A=A,+4,, =k5> @)

For ball and rod mills, for hammer crushers and other designs of grinders in thegrinding of certain
rocks and ores, on the basis of experimental studies,there were obtained the specific values of the
proportionality coefficient &, (the so-called W-index of work according to F. Bond).The industrial tests

have shown good convergence of recommendations for calculation of energy costs in crushing and milling
by Bond’s method, which ensured its application in practical calculations.

P. A. Rebinder [20; 21] also combined the hypotheses of Rittinger and Kick-Kirpichev, considering
that the destruction occurs after deformation of the piece, and the total work of crushing is equal to the
sum of deformation work and new surfaces’formation work:

A= Ao6 + Anoe = k0653 + kn0652 (5)
From the physical point of view, the formula of P. A.Rebinder is more correct, since it indicates the
multifactorial nature of the destruction process. However, to be limited to only two factors that determine
the energy intensity of the grinding process would be wrong, since in the implementation of grindingthere
are a lot of other processes, proceeding simultaneously, which can consume a significant part of
energy.Let’s consider the main ones of them. The significant power consumption in grinding is associated
with plastic deformations. Thus, in the work of G. S. Khodakov [1, p.87-89] it is shown that almost all
materials are subjected to plastic deformations, no matter how fragile they are.Thus, the analysis of the
surface layer of quartz particles after grinding shows that it has not a crystalline, but an amorphous
structure, and the thickness of this layer depends on the time and medium, in which the grinding was
performed.The calculations show that energy losses on plastic deformations are most significant at a large
specific surface area of the material to be destroyed and during a long stay in the grinding zone, i.e. in fine
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grinding.Even such a fragile material as quartzite is subjected to plastic deformation and the energy losses
for its maximum plastic deformation is about half of the entire work of destruction, and for such plastic
rocks as marble and limestone — more than 80%. Since with the existing methods of grinding the plastic
deformation occurs throughout the whole volume of the destroyed body, the volume of the plastic
deformation region of the material’s piece is proportional to the volume of this piece:

4, =k,6 (©)

In addition to energy dissipation for elastic and plastic deformation, as well as energy consumption
fornew surfaces’ formation, a certain part of the energy will be accumulated by the body in the form of
energy of various newly formed defects in the crystal structure. The decisive role in this process will be
played by dislocations. The calculations, given in the literature [2, p. 34-35], show that the maximum
energy density that the body can store due to dislocation distortions of the crystal structure is of the order

BK.O.maX ~ 107 ﬂng/M3 (7)

The formation of crystal structure defects will occur in the entire volume of the material, hence the
energy of defects, accumulated by the material, is proportional to &, and these losses can be recorded as:

A, =k,5° ®)

The most significant energy consumption (especially in ball mills) occurs due to external friction,
which is caused by resistance, arising between the particles, contacting under the action of the
compressive load, with their relative movement in the plane of contact.External friction is the result of
mechanical engagement and molecular adhesion between the surfaces and further elastic and plastic
displacement and scratching of the material out, with the subsequent destruction and restoration of
molecular bridges between the friction surfaces.Thebulk of energy costs for external friction is
not"accumulated " by the material’s particles and all the more does not go to the formation of new
surfaces, but dissipates into heat. Therefore, the larger the layer of material in the industrial apparatus and
the higher the relative speed of the friction surfaces, the higher the energy consumption for external
friction.This is confirmed by the works of German scientists of G. Rumpf’s school [22, p. 79-85], which
showed that the main energy losses in ball mills occur due to interaction of the material’s particles.

According to calculations, made by Revnivtsev, the costs for friction of one piece are proportional to
the linear size o of the latter in the degree of 2.5. Then the costs for friction will be:

2.5
Amp = kmp5 ©)

To complete the physical picture of costs for grinding, it is necessary to take into account the costs,
associated with various types of radiation. First of all, these include the acoustic waves. In the general
balance of energy consumption for grinding they are small. Since radiation comes as a rule from the
surface layers of the newly formed surface, these costs can be taken into account by the following
expression:

A, =k,0 (10)

Deeming, that we have considered all the main known energy costs for grinding, the total costs will
be equal to the amount of costs for volume and plastic deformations, formation of defects, formation of a
new surface, external friction and radiation:

A = Ao6 + Anos + Am + Ad + Amp + Au37 =

=k, 0 +k, O +k 6 +koO + kmp52’5 +k, 0O (an
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Each of the terms of this equation reflects a certain type of energy costs for processes, taking place in
the grinder, and only the fourth term of the formula takes into account the useful work, spent on the
formation of new surfaces. The percentage of each of the members of series (11) is not a constant value
and will vary for different cases, depending on the nature of the material to be destructed, its size, the
grinder’s design and geometrical parameters.

The analysis of published works shows that in fine grinding of materials in the industrial designs of
mills the value of useful costs, determined by the second member of the formula, does not exceed 3
percent of the total energy costs.

Of course, for further development of the grinding technology, it is necessary to develop successfully
such sciences as solid state physics, fracture mechanics, etc. As for making some new "laws" of crushing,
here the followingshould be noted. The natural heterogeneity of the materials, subjected to grinding, the
unevenness of the stress field in the volume of the loaded piece, its anisotropy, multi-scale defects plus a
variety of external factors (shape, material location, nature of movement of the machine’s working parts,
location of the crushed materialpieces, etc.) — make the problem of making the law of crushing, reflecting
all aspects of modern technologies in terms of physics of this process, firstly, super-complex due to agreat
number of parameters, and secondly, useless, because even in the hypothetical case, to use the record of a
full formula of such a law would be impossible due to itsvastnesses.

In such a situation, it is quite natural that instead of the physical law for practical application there are
more acceptablesimple statistical dependencies, convenient and describing close enough the phenomena in
a certain range of each of the parameters of a certain design of agrinder.

However, the main task, facing both the theory and the practice of grinding, is to reduce the energy
consumption in the implementation of this process. For this purpose, it is necessary to create
fundamentally new, incomparably more effective methods of grinding, taking into account both the
features of the natural properties of a particular material and the specifics of its further processing.First of
all, it is necessary to work on the creation of more advanced designs of mills, in which the irretrievable
energy losses, indicated in equation (11) by the first, third, fifth and sixth members,could be reduced to a
minimum. The ways to solve this problem can be found in a detailed analysis of energy consumption
items for specific structures, currently operated in the industrial production of grinding units [23-32].

Our critical analysis of the grinding process shows that the process of fine grinding (milling) is very
energy-intensive, although the share of energy, spent on the disintegration of particles itself is very small
and is equal to several percents. This occurs primarily due to imperfection of organization of the grinding
processitself and due tolow efficiency of the equipment,applied for these purposes.

To reduce energy costs, a rational organization of the grinding process should be provided, with
optimal process conditions without excessive overgrinding with minimal effort and a high degree of
destruction in one working cycle.

The lowest energy intensity of the grinding process is achieved in grinding by impact and slightly
worse - by crushing.

When grinding by impact, the loading of the material should be pulsed with the steepest front; the
loads should be dosed, corresponding to the strength and endurance of the defective zones.

To the working zone of the mill the starting material should be supplied in small volumes and even
better piece by piece, and after grinding - quickly removed from the milling zone to the classifier.
Therefore, any mill should operate in a closed cycle.

The classifier must be of highefficiency, so that to the finished product there came the particles of
only smaller than the near-mesh grain, and the large fraction, returned forre-milling, contained as few
particles of the finished product as possible.

Conclusions.

For the process of grinding solid materials there iscarried out the analysis of energy costs for
formation of new surfaces, elastic and plastic deformations,formation of various kinds of defects in the
crystal structure, for friction of the material’s particles between themselves and the walls of the grinding
chamber, as well as for various kinds of radiation (acoustic waves, exoelectronic emission, etc.), which
always accompany the destruction.

It is noted that the lowest energy intensity of the grinding process is achieved in grinding by impact
and slightly worse -by crushing.
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The recommendations are developed for organization of the optimal implementation of the processes
of grinding and classification of solid materials.
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YCAKTAY BAPBICBIHIAFBI MEHIIIKTI
SHEPI'US IbIFBIHAAPBIH TOMEHJETYAIH KEJIEINEKTI BAFBITTAPBI

AnHoTanus. ¥ cakray MpoIleci op TYpJii TEXHOJIOTHIIAPIa KCHIHEH KOJIIAHBIC Taballbl )KOHE JKOFaphl SHEPIUs
TYTBIHYMeH epekiieneHeni. OnaH 6acka, YCaKTarbIIITHIH JKYMBIC 3JIEMEHTTEpiHIH TO3ybIHa OailJIaHBICTBI JKOFaphl
caraibl OOJIATTHIH KalTapbIMCBI3 JKOFaTyJIapbl OOIabl.

JKorappl SHepreTHKajblK INBIFBIHAAD TEK OHJIEJIETIH MaTepHalJapAblH ayKbIMIbl KeJEeMiHEH FaHa eMec,
YCaKTayIIbl MalIMHAIAPIBIH aca TOMEH THIMIUTITIMEH TYCIiHAIpiIe i, omapasly maiaans! ocep koddpunmenti ([TOK)
opi kerce OipHelne MaWbI3ABI Kypaimbl. Ocipece MaTepHaNIBIH YHTAKTHIK JKYKAIBIFBl YJIKSIOIMEH IHipMEHHIH
JKeTeTiHiH KyaTsl apTein OipaeH [1OK-i temenaeiimni.

¥YcakrayIblH jkaHA dICTepiHe KapaMacTaH: 3JIeKTPIUAPABINKAJIBIK, YIbTPaIbIObICThI, TPABUTALIMOH/IBI, )KAPBIK
coyleciMeH ycakray jKoHe T.0., OHEepKACIITIK arperaTtapiblH OapiblK KOHCTPYKLMSUIAPBIHIA YCAKTay MBDKFBLIAY,
yarTy, COKKBI, YHTaKTay, ChIHIBIPY CHSAKTHI MEXaHHKAJIBIK TOCUIIEpMEH HEMece OChl TICULAEPAl YilIecTIpyMEeH JKy3ere
achIpbLIaIbL.

Xana OerrepaiH mnaiija OoOJyblHA KETETIH SHEPrusl WIBIFBIHAAPBIHA, CEPHIMIUIIK JKOHE IUIACTHKAJIBIK
nedopManunschiHa, KPUCTAIIBI KYPBIIBIMHBIH op TYPJIi akay TypJepiHiH naina OoiyblHa (HETi3iHEH JHUCIOKauus),
YCaKTarbllll Kamepa KaObIprajapbl MeH Marepuas OeseKTepiHiH e3apa YHKeNiCiHe capanTama >KYpri3uifi.
JKeTkizineTiH SHEprusiHbIH IIamajibl Oeuiri opKalaH KupaTylapiasl CyHeMeNIeHTiH op Typii coylielieHyliepre
(aKyCTTHKAIBIK TONKBIHIAPFA, YK303JEKTPOHIBI SIMUCCHIFA) KYMCAIATHIHBI aTall KOPCETIII.

JKyprizinren capanramanaH ycakray HpOIECiHIH HEFYpIIBIM TOMEH SHEPTHs CHIMBIMIBUIBIFBI COKKHI eceOiHeH
ycakTay Ke3iHze jkoHe Oipmrama Hamap MBDKFBUIAY eceOiHeH KOJI JKeTKI3UIeTiHiH aHFapyFa Oonampl. COKKbLIayMeH
ycaKTay Ke3iHAe MaTepHalbIH XYKTeTyl IMIyJIbCThl MAKCUMAJIABI KINT aliMaKThl 00ysl KaxeT. JKykTeme akayJibl
afiMaKThIH TO3IM/IUTIrT MeH OepiKTiIiriHe colikec Meiepii 60Iybl KaKeT.

JluipMeHHIH XYMbIC aiiMaFbiHa OacTamKpl MaTepHall ILIaFblH KeJeMJe TYCyl KaKeT, JaHaian 0ojica TinTeH
’KAKChI )KOHE YCaKTaJlFaHHAH COH YHTaKTay aliMarblHaH JKbUIJIaM HIETTETUIIN KJIacCU(PUKATOPFa OHEITLTyl KaxeT.
ColikeciHIe, Ke3-KeJIreH TUIPMEH TYHBIK LKA KYMBIC )Kacaybl KaKeT.

JlaiiblH eHIMre Tek meKTec OupaiiiaH Kiui OeJiekTep TYCy YIUIiH, ajl Maiganayra KaiiTapbuiaTheiH ipi ppakums
JIabIH ©HIMHIH MYMKIHZIriHIIE a3 OeJmeriH Kypaysl YIIiH KIacCH(UKATOP KOFAPhl THIMJIUIIKKE 1e 00Tyl KaXeT.

Tyiiin ce3mep: ycakrarblmitap, AWIPMEHJIEpP, PHEPrO LIBIFBIHAAP, YHTAKTHIHKYKAIBIFBI, MBDKFBUIAY, YaTy,
Maiijanay, ChIHABIPBUTY, COKKBI, KJIACCU(HKATOP, TYHBIK UK.
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HEPCIIEKTUBHBIE HAITPABJIEHUSI CHUKEHUSA YIEJBHBIX SHEPI'O3ATPAT
TP NBMEJIBYEHUUN

AnHoTanus. IIporiecc U3MenbUCHNS HAXOAUT MIMPOKOE MPUMEHEHNE B PA3IMYHBIX TEXHOJIOTUAX U OTIIMYACTCS
BBICOKHM 3HepronoTpedienneM. Kpome Toro, mponcxoanut 06e3Bo3BpaTHAs HOTEPsl BHICOKOKAYECTBEHHON CTalU H3-
3a M3HOCA PabOYMX AIEMEHTOB U3MEIbUHUTEIICH.

Beicokne sHepreTHuyeckue 3aTpaTbhl OOBACHAIOTCA HE TOJIBKO OOJBIIMMH O0beMaMu IepepabaThiBaeMbIX
MaTepUAJIOB, HO M YpPE3BbIUAHHO HHU3KOW 3(PPEKTHBHOCTHIO HU3MENIBYAMOIINX MAIIUH, OCOOCHHO MEJIbHHII,
ko3(punment nosnesnoro aedctBusi (KII) KOTOpBIX COCTAaBIsIET B JIy4llleM CiIydae HECKOJBKO IIPOLEHTOB.
Ocobenno pesko cHmxkaercss KII/l n Bo3pacTaeT MOIIHOCTH MPHBOJA MENBHHIl C YBEJIMYCHHUEM TOHHMHBI IIOMOJIA
MaTepuana.

HecmoTtpst Ha HOBBIE CIIOCOOBI M3MENBUCHHMS: HIIEKTPOTHIPABINYECKUN, YIbTPa3ByKOBOH, IPaBUTALMOHHBIN,
U3MENbUCHHE CBETOBBIM Jy4OM U T.A., BO BCEX KOHCTPYKIMAX HPOMBIIIJIEHHBIX arperatoB H3MeIb4eHUe
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OCYIIECTBIIICTCSl MEXaHHMYECKHMMH CIIOCO0AaMHM, TaKUMH KakK pa3[aBiIMBaHUe, pacKajblBaHHE, yAap, HCTHPaHHE,
pasiaMbIBaHHE HJIM COYETAaHUEM THX CIIOCOOOB.

[lpoBeneH aHanm3 3aTpaT SHEPrUM Ha OOpa3OBaHHE HOBBIX NOBEPXHOCTEH, HA YIPYTMEe W IUIACTHYCCKHE
nedopManuy, Ha o00Opa3oBaHHE pa3IMYHOIO poJa Je(eKTOB KPHUCTAIMYECKOH CTPYKTYphl (B OCHOBHOM
JUCIIOKAIMi), Ha TPEHHE YacTHL[ MaTepHaia MeXIy coOOi M CTeHKaMM M3Menpyaromiell kamepsl. OTME4eHOo, YTo
HE3HAuHUTeNbHAs YacTh ITOJBOANMON SHEPTUM PACcXOAyeTcsi HApa3JIMYHOIO pOAa M3IydeHUs (aKyCTHYECKHE BOJIHBI,
9K303JIEKTPOHHYIO IMUCCHIO U T.[.), KOTOPBIE BCET/Ia COMPOBOXKIAIOT pa3pyIleHUE.

W3 mnpoBeAeHHOro aHaiaM3a CleAyeT, 4TO HauOonee HHM3Kas SHEProeMKOCTb IIPOIECca H3MENIbUCHUS
JOCTUTACTCS MTPU UBMCIIBYCHUHU 3a CUHET yapa U HECKOJILKO XYIKE 3a CUCT paS[laBﬂl/IBaHI/lﬂ.HpI/l HU3MEJIBYCHUHN yaAapOM
Harpy>KeHne MaTepualia JOJDKHO OBITh MMITYJICHBIM C MakKCHMaJlbHO KpYThIM (poHTOM.Harpyskm NOIDKHBI OBITH
JIO3MPOBAHHBIMH COOTBETCTBYIOIIMMH NPOYHOCTH U BBIHOCIMBOCTH J€(EKTHBIX 30H.

B pabouyio 30Hy MeNbHUIIBI HCXOAHBIH MaTepHaj JOJDKEH MOCTYIaTh B HEOOJBIINX 00beMax, a elie JIydlle
MOMITYYHO M TIOCJIe W3MENBYCHHS OBICTPO YIAJSATHCS M3 30HBI IIOMOJa B KiaccupukaTop. CiemoBaTenbHO, todast
MeJIbHHIA JJOJDKHA padoTaTh B 3aMKHYTOM LIHKJIE.

Knaccudukarop nomker o61anaTh BEICOKOH d3PPEKTHBHOCTHIO, YTOOBI B TOTOBBIN MPOAYKT MOTAIaTH YaCTUIIBI
TOJIBKO MEHbIIe IPaHUYHOTO 3epHA, a BO3BpallaeMas Ha JOMOJI KpyIHas (pakuus coiepkaia KaKk MOXKHO MEHBIIE
Y4aCcTHUI] TOTOBOTO MPOJYKTA.

KinloueBble c10Ba: W3MENBYMTENH, MEJBHUIBI, JHEPro3aTpaThbL,TOHMHA IIOMOJIA, pPa3laBIUBaHMUE,
packaibIBaHUe, HICTHPAHUE, pa3iaMbIBaHHE, yIap, KIACCU(PHUKATODP, 3aMKHYTBIH IIHKJI
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