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INVESTIGATION OF THE WEAR PROCESS OF MIXER ELEMENTS
USING INFORMATION TECHNOLOGY

Today, mechanical engineering is one of the dynamically developing sectors of
the economy of Kazakhstan.

Any production process involving machines imposes requirements for reliability
and durability to ensure stable and trouble-free operation of technological processes.

In this regard, ensuring the operational characteristics of machines for a long
time is a key factor when choosing a manufacturer.

The quality of the materials used in the production of machines significantly
affects the service life and operational characteristics of machines.

The wear of machine parts is one of the main causes of breakdowns and accidents.

The financial costs of car repair items are quite large.

To date, the wear control of the mixer elements, removable elements of the blades
is carried out only visually and replacement occurs without a system, after complete
abrasion or breakage.

Since these elements are not always available in the warehouse of the enterprise,
downtime of equipment can take a considerable time.

Modeling of the wear process of mixer elements in the MATLAB program
allowed us to develop a simulation model using the vibroacoustic control method.
Analysis and processing of vibration signals is carried out using standard programs.
The developed algorithm of the process of monitoring the wear of the mixer elements
allows you to form a library of signals and noises, comparing them with the reference
values of the signals, to determine the degree of wear of the mixer elements. The
algorithm can be implemented on standard hardware and software devices.

Keywords: Mixer, wear, model, control, MATLAB, management.

Introduction

The organization of business processes in the real sector of the economy requires
large investments, both in the main production and in maintenance, which include
operation, repair, maintenance of technological equipment.
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In this regard, the requirements for durability, proper operation, and the expediency
of using machines are prioritized.

The fulfillment of these requirements is achieved by the introduction of methods
and controls that have the ability to detect malfunctions of machines and equipment at
the early stages of their development.

Modern advances in information technology, industry, allow us to conduct research
on various processes, including those related to the wear of the surfaces of parts and
machine elements.

There are quite a large number of methods for determining the wear of parts.

It’s no secret that the condition and dimensions of the working surface of the parts
depend on the maintenance of the working functionality of the machine, see Table 1.

Table 1 — Data on the failure of machines

No Reason Data on failures from open sources

1 Wear 49 50 51
2 Corrosion 4 3 9
3 Fatigue 19 21 17
4 Plastic deformation 28 26 19
5 Other 0 7 3

In terms of value, repair costs exceed 7-9 times the cost of machines for the entire
service life [1-4].

From [5] to restore worn parts, up to 50 % of the total repair costs are required.
In this regard, timely monitoring of the wear of parts allows you to reduce the cost of
restoration.

Depending on the degree of wear, the parts can be restored.

One of the methods for determining the wear of parts is vibration-acoustic methods.

The essence of this method is to receive vibration and acoustic signals from various
elements of machines with subsequent analysis of the frequency spectrum [1-4].

Currently, vibration-acoustic methods are used to control and detect defects in
various critical parts, structures, machining technology, etc. [5].

To date, the work related to the study of wear of mixer elements using vibration-
acoustic methods has not been published.

In this regard, the relevance of the study lies, first of all, in the need to develop a
methodology for monitoring the wear process of mixer elements.

Materials and methods of research

The object of research is a mixer, the subject of research is methods of controlling
the wear process of mixer elements.

The purpose of the study is to develop an algorithm for the process of monitoring
the wear of mixer elements, new control methods, and prediction of wear parameters.

Research objectives:

— simulation of the process of receiving a vibroacoustic signal from a mixer;

— development of an algorithm for the process of monitoring the wear of mixer
elements;
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—development of a functional control scheme for the wear process of mixer elements;

The research uses simulation modeling methods, vibration-acoustic method of
measuring machine signals received using sensors, system analysis method.

The MATLAB program is used as a modeling tool.

Results and discussion

The working elements of the mixer fig. 1 positions 1 and 2 are subjected to increased
wear during operation due to the influence of aggressive media, solid components.

Figure 1 — Working elements of the mixer

The working surfaces of the mixer (position 1) are made of high-strength steel
30HGSNA, 40HGSN3VA, 30X5MSFA, 09G2S, attached to the walls with screws.
The working surfaces of the mixer blades (position 2) are made of CHHONS cast iron.
According to the passport data, the hardness of the material of the working elements
of the mixer should ensure reliable operation for a certain time (the period is not
specified).
Depending on the hardness of the material, the degree of wear varies Table 2 [1-5].

Table 3 — Effect of material hardness on wear resistance

Material used Hardness H B Wear resistance %
0912C 220 26
YX9H5 194 18

At the same time, it should be borne in mind that the type of thermal impact, the
structure of the material, affect the resistance to wear in an abrasive environment. In
any case, the strength of the elements of the mixer material should be stronger than the
material of the abrasive medium.

The mixer studied in the article fig. 2, commissioned in 2018, over the past period,
the working elements (items 1-2) have undergone significant wear in aggressive working
environments, in this regard, the interest is how much the thickness of the working
surface of the mixer elements has changed.

13
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Figure 2 — Mixer elements

As mentioned above, the aggressiveness of the medium has a significant effect on
the rate of wear and corrosion [6—9]. Figure 3 shows the dependence of the wear of the
mixer elements on the aggressive environment of the operating time.

A : Lﬂf

Figure 3 — Dependence of the rate of wear and corrosion
on the aggressiveness of the medium

As can be seen from Fig. 3, 1 is the run—in zone, 2 is the normal wear zone, 3 is
the critical wear zone.

To date, one of the devices capable of receiving vibration signals is an accelerometer,
the accuracy of which depends on both the noise level and the sensitivity of the sensor
itself. Using the matlab tool, we will build a model of the process of receiving an
accelerometer signal from a mixer. Figure 4 shows a block diagram of a sensor for
detecting a signal from a source.
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A1)

Figure 4 — Block diagram of the sensor

where
f(t) is the incoming signal;
K. — transmission coefficient of the sensing element;
Wpu — transfer function of the mobile node;
K - transmission coefficient of a capacitive displacement converter;
W, — the transfer function of the correction device;
K .—is the transmission coefficient of the feedback link;
U — is the output voltage.
The model presented in Fig. 4 is constructed according to the method [10—12] using

the transfer function formula (1):

KppT1(Js) __ Kchen(1)

W(s)=Kche 14+KjcT1(jS)  KocJ(KocKppT1)S+1 (1)

The transfer function includes the feedback coefficients K _, the sensing element
K Kpp— the transmission coefficient, T- time constant, J-the moment of inertia.
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Figure 4 — Simulation model of the process of receiving a signal from a mixer
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Based on the simulation results, the theoretical possibility of obtaining dynamic
signals from the sensor is obtained.
Table 3 shows the parameters of the accelerometer for modeling.
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Table 3 — Accelerometer data for simulation

Parameter m,, m,, m, kg Weight, kg J, kg/m? G, Hm T,T,T,
Data 4,024x 107 5,70 1073 1,41x 10710 2,76 x10°¢ 0,0024
5,678 x107° 168,7
Parameter K, K K K T ,sec
u pp che oc pp
Data 1x107 3x107 1,1x10% 2,541x 1078 2,36 x107°

When removing signals from the source, there are difficulties associated with the
purity of the identification of the signal, which is affected by extraneous noise.

Fig. 5 shows the results of modeling using the simulation model Fig.5 of various
signal sources 1-noise from the fan, 2-—noise from the generator.

]
[
[+

o
FET - oL A ser——— ey

AN EENN

Figure 5 — Results of modeling signals from various sources

As can be seen from Fig. 5, the frequency spectra from external signals are quite
visual, the height of the amplitudes are clearly traced, the components are separated
from each other.

When using this model to study vibration signals from various objects, it is necessary
to identify the parameters of the frequency spectrum and noise, software and hardware, as
well as reference data on the classification of noise from various sources, as well as the
development of libraries of vibration signals and noise of the studied objects. [13—14].

Figure 6 shows the algorithm of the process of monitoring the wear of the mixer
elements.
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Figure 6 — Algorithm of the process of monitoring the wear of mixer elements

The algorithm works as follows: vibrations and noise transmitted by a mixer,
gearbox, motor, recorded by sensors, are transmitted to a signal amplifier, then
transmitted via communication channels to a computer and software is used to analyze,
process the received data, and identify signals, identified signals are sent to the library
and stored in a database. After identification of signals, comparison with reference
samples of signals from the library takes place and management decisions are made.
All data on monitoring the wear process of the mixer elements are sent to the central
control panel. Figure 7 shows the algorithm for processing the signal from the source.
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Figure 7 — Signal processing algorithm

As can be seen from Fig. 7, the incoming signal processed by the program is
constantly compared with the reference signal (from the library), until the moment
when it exceeds the sufficiency threshold. Only 3 conditions are good, the beginning
of wear, critical wear.

Figure 8 shows the functional control scheme of the wear process of the mixer
elements.

e e plinn sl proresing

Figure 8 — Functional control diagram of the wear process of the mixer elements

Sensors can be installed directly on vibration and noise sources. Vibration signals
and noise from sources 1 (gearbox), 2 (motor), 3 (mixer) are transmitted to the ADXL.210
Argus soft device, where signals are registered and processed. There are a large number
of programs for processing vibration signals and noise. In our study, a development
[15] operating at a frequency of 8...14 kHz can be used to analyze vibroacoustic signals.

To work with the program, you need a computer with Linux OS, a mini-ITX
motherboard (size 170x170 mm).

The ADXL210 Argus soft supports Intel Pentium M and Celeron M processors
with a system bus frequency of 400/533 MHz.), a 10/100 Ethernet network controller.
DDR SDRAM OP is 1 GB, connection of 2 devices with Serial ATA serial interface
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(bandwidth up to 150 MB/s). The proposed hardware is implemented on standard
solutions, which is not a little important.

Due to the fact that there is no data on vibration signals and noises from the mixer
elements to date, it is necessary to identify them for various operating modes and
time intervals, in order to form a library of vibration signals and noises, as well as the
formation of dependencies to determine the wear of the mixer elements.

Conclusion

The algorithm presented in the article for monitoring the wear of mixer elements
allows processing vibration signals and noises in the range of 8-14 kHz, comparing
signals and noises with reference data, forming an object identification library,
monitoring the wear of mixer elements.

The hardware part of the proposed automated control system can be made from a
standard set of peripheral and computing devices.

To date, there are no works related to the study of the wear of the mixer elements.
In particular, the works of I. Artobolevsky, E. Hayrapetov, B. Abramov, V. Dorofeev,
B. Pavlov, F. Balitsky, M. Genkin and others are devoted to the detection of defects in
machines and mechanisms using vibroacoustic methods.

In this regard, the presented methodology for monitoring the wear process of mixer
elements will be useful to anyone who deals with issues of non-destructive wear control
using information technology.
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AKIMAPATTBIK TEXHOJIOT USITTAPJIBI ITAVJIAJTAHA OTBIPBITT
MUKCEP DJIEMEHTTEPIHIH TO3Y ITPOLUHECIH 3EPTTEY

bByeinei manoa mawuna ocacay Kazaxcman 5KOHOMUKACLIHBIY KAPKLIHObI
damvin Keje HCamKaH caianiapolivly Oipi 60avin madwliaovl.

Mawunanap xamvicamoin Kez-KeieeH OHOIPICMIK Npoyecc MexHOI0SUSIbIK
npoyecmepoiy MypaKmsl HCOHe ANAMCHI3 JHCYMbLC ICMEYiH KAMMAMACHI3 emy VUi
CEHIMOILNIK nen OepikmiKKe KOUubLIAmblH MAaaanmapovl Kosiobl.

Ocvizan OQUAAHBICIbL MAWUHATAPObIY NAUOALAHY CUNAMMAMALAPLIH  Y3AK
VaKblm KamMmamacwls emy OHOIpYwiHi manoayoaebl Hezizei Gakmop 6Oonvin
maowlIaowl.

Mawunanapovr  ondipyoe  KOIOAHLLIAMbIH — MAMEPUAnoapovly — canacvl
MAWUHATAPOLIY KbI3Mem emy Mep3imine JicoHe Nauoalany CUnammamaiapbina
avmapavikmati ocep emeoi.

Mawuna benuexmepiniy mo3sybl ColHy MeH anammapobly Hezizel cebenmepiiy
0ipi bonvin madwLLIAOLL.

Mawunanapovl scenoey banmapvlia KApICHLIbIK WbIebIHOAD Ome YIKeH.

byeinei kyni 6emon apanacmoipavliuumoly, anblHOANbL KANAK dJeMEHMMEPIHIH
KOP2aHbiC NeMeHmMmepPiHiy Mmo3ybli 0aKblIAY MeK KO30eH 2aua Jicy3e2e Acblpblidobl
JHCOHe ayvicmulpy dicylieni mypoe, MOAblK MO32AHHAH HeMece CbIH2AHHAH KeliH
JHCcy3eze aAculpoliaobl.

Oumueni, by sn1emenmmep 9pOAUbIM KOCINOPLIHHbIY KOUMACHIHOA, KAPANAUbIM
arcabovikma 6oaa bepmetioi, Oy aumapivlKmail YaKblmmol a1ybl MyMKIH.

MATLAB 6azoapramaceinoa apanacmoipebiii 31eMeHmmepiniy mo3sy npoyeciu
MoOdenvoey matlab bazoapramaceinda Oipin-axycmuKaibik 90icmi KoI0aHa OMmulpuln,
MoOenboey MoOenit dcacayea MyMKIHOIK 6epoi. Jlipin cueHanoapvin maioay HcoHe
oyoey Cmandapmmul Oaz0apiramanap apxwlivl Jicy3eze acblpuliadvl. Mukcep
INEMEHMMEPIHIH MO3YbIH OAKLLIAY NPOYECIHIH O3IPICHEEH ANCOPUMMI CUSHALOAP MEH
WynapObly Kimanxauacvli Kaislnmacmuipyad, 01apovl CUSHANOAPObIH AHBIKIMAMALbIK,
MOHOEpIMEH CanviCmvlpyad, MUKCEp 1eMeHMMepIniy mo3y 0opedlcecin anvikmayaa
MYMKIHOIK Gepedi. Aneopumm cmanoapmmul 6a20apramanblk JHeoHe annapammaolk,
KYPbLISbIIAPOA HCY3e2e ACHIPBLTYbl MYMKIH.

Kinmmi ce30ep: muxcep, mo3y, mooenw, baxviiay, MATLAB, backapy.
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NCCIEJOBAHME ITPOUHECCA M3HOCA 3JIEMEHTOB MUKCEPA
C UICITIOJb30BAHUEM WH®OPMAIIMOHHBIX TEXHOJIOT UM

Ha cecoonswmnuii Oenv mawtuHocmpoenue sisiemcst 0OHOU U3 OUHAMUUHO
pazsusaiowuxcs ompaciaeti sxonomuxu Kazaxcmana.

Jloboil  npouzeo0cmeenHblll npoyecc, 6 KOMOPOM YUACMEYIOM MAUlUHbL,
npeovseisem mpebosanus o HAOEHCHOCU U O0J208eYHOCMU, O] 00eCneyeHUs.
CcmMabuIbHO20 U 0E3a68apPUIIHO20 YHKYUOHUPOBAHUS MEXHOLO0SUUECKUX NPOYECCO8.

B osmou ceazu obecneyenue KCHIYAMAYUOHHBIX XAPAKMEPUCTIUK MAUUH
NPOOOIICUMENbHOE  8PEMS,  SIGNAeMCsl  KAOUeBbIM — (DAKmMopom npu  eblbope
npouzeooumens.

Kauecmeo mamepuanos ucnonv3yemvix npu npousze00Ccmee Mauut, 3Ha4umenibHo
6IIUsIeM HA CPOK CLYAHCObL U IKCHAYAMAYUOHHBIE XAPAKMEPUCTIUKY MAUUH.

H3noc oemanei mawiun, A6715emcsi 0OHOU U3 21AGHBIX NPUYUH NOJIOMKU U ABAPULL.

QuHarcosble 3aMpamvl HA CIMAMbU PEMOHMA MAUUH OOCMATOYHO GEUKU.

Ha cecoonsiunuil 0enb, KOHMPOIb UBHOCA INEMEHMOB, CLEMHbIX INEMEHMOB
JIONAMOK MUKCePA, OCYUeCmaIsiencst MOIbKO 8U3YAIbHO U 3AMEHA NPOUCX00um Oe3
cucmemHo, nociie NoJaH020 UCIUPAHUSL UTU NOJIOMKU.

Tax kax, amu 371eMeHmMbl He 8Ce20d UMEIONCSL 8 HAUYUE HA CKAA0e NPeOnpusmus,
npocmott 000pyO0BaAHUsL, MONCEM 3AHAMb SHAYUMETbHOE BPEMSL.

Mooenuposanue npoyecca U3HOCA 9INEMEHMOE MUKCEPA 6 NPOSPAMME
MATLAB, nossonuna paspabomams UMUMAYUOHHYIO MOOETb C UCNOIb308AHUCM
BUOPOAKYCIUYECKO20 Memoda KOHMpOs. Ananuz u obpabomxa 6ubpOCUSHAI08
0CyWecmansnemcs c HOMOWbI0 CMAHOAPMHbIX npocpamm. Pazpabomannwiii arcopumm
npoyecca KOHMPOIs UBHOCA SNEMEHMO8 MUKcepd, NO380J15em  (PopMuposams
OUbIUOMEKY CUSHALO8 U ULYMOS, CDABHUBASL UX C IMATOHHBIMU 3HAYCHUSMU CUSHATLO8,
onpedensimb CMENeHb UHOCA INEeMEHMO8 Mukcepa. Aneopumm, modxcem Obimo
peanu308an Ha CMAaHOAPMHBIX NPOCPAMMHO-ANNAPAMHBIX YCMPOUCMBAX.

Knrouesvie cnosa: Mukcep, uznoc, mooenn, konmpoiav, MATLAB, ynpaenenue.
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OKCINEPUMEHTAJIbHBIE NCCJIEQOBAHWA NMPOLECCA
r'MgPOABPA3UBHOU PE3KMN

B cmamve nokazano, xaxum obpazom nooaua npu 2uopoadpa3zusHoOU pesxe
gnuUsem HA WEPoxXoeamocms nosepxHocmu pesa. Pesanue evinonnsemcs cmecvio
8006l U AOPA3UBA, UCNYCKAEMBIX U3 CONAA C 8bICOKOU CKOPOCMbBIO U NOO BbICOKUM
dasnenuem. [100 deticmsuem pedcyweli cmpyu npoucxooum 9pO3UOHHOE paspyueHie
mamepuana, Yacmuysl abpazuea CHUMArOM CLOU MUKPOCMPYIHCKU, A 600d I8AKYUPY e
UX U3 30HbI PE3AHUSL.

Memoodom eudpoabpazuenoil pe3ku MONCHO 06pabamvleams HPAKMUYECKU
nobvie mamepuanvl. IIpoyecc pesku — «XOIOOHBILY, OMCYMCMEYEn MepMUYecKoe
gozoeticmeue Ha Memanl. Bosmooicna peska cioacnoil ceomempuu.

Ananuz  noxasan  omcymcmeue  3a8ucumocmeri  Onsi  NPOSHOZUPOBAHUS
Wepoxos8amocmu NOBEPXHOCMU Pe3d OM OCHOBHbIX MEXHOIOSUYECKUX NaApamMempos
obpabomku  (OagnieHue CcmMpyu, 3ePHUCMOCMb, paA3Mep, pacxod abpasuea,
@uszuko - mexanuueckue napamempsi mamepuana um.o.). Texnonoe Ha npouzeoocmee
CMAnKueaemcss ¢ MpyOHOCMbIO  ONpeOeleHusi He MOAbKO  UepoxXo8amocmu
NOBEPXHOCMU pe3d, HO U PA3MEPO8 30HbL 2IA0K020 U BOTHUCHO20 pe3a. Omcymcemaue
AOEKBAMHBIX MEOPEeMU1ecKux mooenetl hGopmuposanusi NPOPUIs uepoxo8amocmu
He N0360J51em GbINOJHANb ONMUMUZAYUIO NPOYECCd Pe3KU, ¢ y4emom mpeboeanull
3a0aHHOll wepoxosamocmu. Bozmooicnocms onmumuzayuu npoyecca pesku no
3A0AHHOMY 3HAYEHUI) WePOXOBAMOCMU 0elden B03MONICHOCHb NPAKMUYECKO20
npumMenenus npu paspabomre mexHoI0SUYECKUX NPOYECCos.

B pesynbmame  uccne0oganuil - yCmMAHOGIEHO,  UMO  WEPOXOBAMOCMb
06pabomanHoll NOGEPXHOCMU YXYOulaemcs ¢ ygeaudenuem nooauu. Ilpu smom
YXyOuleHue HepasHOMEPHO pAcnpeoeseHo 800Nb ceuenusi pesd. [l ymeHbuueHus
WUPUHBL BOTIHUCIIO20 Pe3a HeOOX0OUMO YMEHbULAMb 3HAYEHUE NOOAYU.

Knrouesvie cnosa: euopoabpasusnas pesxa, Kaiecmso no8epXHOCU, PENCUMbl
pe3anus, nooaua, CONo, pexlcywas 20l08Kd, pacxod abpasusd, 3pO3UOHHOE
paspyuieHue memaiid.

BBenenue

B MatmmHoCTpOeHNH HCTIONB3YIOTCS TN PA3INYHBIX KOH(UTYpaLHii, CTIO)KHOCTH,
C paSHLIMI/I Tpe6OBaHI/ISIMI/I 10 HAAC)KHOCTHU U TOYHOCTH. OHI/I HN3TrO0TaBJIUBAKOTCS U3
METaJUIOB U IPYTUX MaTepuanos. Yale BCero 310 crajib, AIIOMUHUN, IIJIACTUK, CTEKIIO,
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KOMITO3UTHI. B KpyITHOCEpUItHOM IPOU3BO/ICTBE ETAIU MTOTYYAI0T METOJIOM LIITAMITOBKH,
auThs. Ha coBpeMeHHOM 3Tare pa3BUTHUS TEXHUKHU M MPOU3BOACTBA HEOOXOIMMBI
OIIBITHBIE 00PA3IIbI, TPOTOTHUIIBL, ISl KOTOPHIX U3TOTOBJICHHUE JOPOTOCTOSIINX ITAMIIOB
WIN JINTEHHBIX (OPM Heles1ecoodpasHo.

Kpome Toro, B psiie obnacteil IPOMBIIIJICHHOCTH U3/EJINE MOXET COCTOSTh M3
MHOKECTBA 3JIEMEHTOB IIPU €IMHUYHOM IIPUMEHSAEMOCTU HEKOTOPBIX Jeranei. i
YMEHBLICHHUs TPOU3BOICTBEHHBIX 3aTPaT AE€TAIN U3TOTABIMBAIOTCS METOIOM PacKpOsi
(pe3Ku) IIUT Pa3IMYHBIX MaTepuaaoB ToImMuHOHN oT 0,5 1o 200 MM ¢ mocieRyrone
MexaHudeckoil oOpaboTkoi unu 6e3 Hee. [Ipumenenue GpacoHHBIX 3arOTOBOK M3
TOJICTOJMCTOBBIX MaTEpPHUATIOB MO3BOJSAET COKPATUTh BCIIOMOTATEIBHOE BpEeMs
npu o0paboTke Ha oOpabareiBaromux neHTpax ¢ UIIY 3a cueT ympoIieHus: CXeMbl
6asupoBanus. Kak u Bce TEXHOIOTHUECKUE MPOLECCHI, Pa3INYHbIE METOABI PACKPOs
UMEIOT JJOCTOMHCTBA U HelocTaTKU. ONTUMAaIbHBINA METO]1 00ecTiedrBaeT HauydIee
KaueCTBO U TOYHOCTb Pe3a IPU HAUMEHBIINX 3aTpaTax BpeMEHHU U pecypcos [1].

Cy1iecTByIOT MeXaHHUECKasl, Ja3epHasi, IJIa3MEeHHAas U JIEKTPO3PO3HOHHAS Pe3Ka.
Kax b1t u3 31X MeTo10B 3¢ (heKTrBEH /U1 y3KOro AuanazoHa 3aaa4. Hanpumep, npu
MEXaHWYECKOU pe3Ke HEBO3MOKHO NOTydaTh (pUrypHbIN Mpoduiib 3aroToBKH. JIazepHas
peska 3¢ dexTrBHa A7 TOMIMH MaTtepuaia 10 20 MM U HE MOXET MCIOJIb30BaThCS
Ui 00pabOTKM KOMIIO3UTOB, TOKOIPOBOSIIMX U OTPAKAIOUIMX CBET MaTEpHAJIOB.
[Tna3menHas peska 00J1a1aeT BEICOKOW POU3BOIUTEIBHOCTBIO, TO3BOJISIET PACKPAUBATh
MEeTaJuIbl TONMIMHOM /10 300 MM, HO KaueCTBO pe3a OYeHb Ipy0oe, OIIaBIIseTCs KpOMKa
pesa, o0pasyeTcsi Tpat, TOUHOCTh pe3a HEBBICOKAs. DIEKTPOIPO3UOHHBIN MeTo 1 (DDOM)
MO3BOJISIET MOJy4YaTh OUYEHb KAUE€CTBEHHBIM W YHUCTBHINA pe3, HO MPOU3BOIUTEIBLHOCTh
HU3Kasi, a CTOUMOCTb PAaCXO/HBIX MaTepHUajIoB U 000PyAOBaHUs BbICOKas [2—4].

MarepuaJjbl 1 METOABI

Amnpobaryst v peanusanus ucciaeq0Banui mpoBoamimch Ha 6aze OO0 «['uapomxer»
Ha YCTaHOBKe ruapoadpazuBHOil pesku MultiCam WaterJet Systems u Flow Mach
3 1313b ¢ mpuMeHeHHEM MHBEPCHOTO MeTajuiorpaduieckoro Mukpockorna MHUM-
16006, ananutrueckux BecoB Sartorius Cubis 225S, a mepoxoBaToCTh MOBEPXHOCTH
— npodunorpad-npodunomerp bB-7669M.

Jns BeIsiBIIeHUS 1e()EKTOB Iupoadbpa3suBHON pe3KU MPOBOAMIACH CEpHUs
skcriepuMeHToB Ha npumepe ctanu 30XI'CA tommuboi 30 MM, IpU MOCTOSSHHOM
nasiienun B 400 MlIla. Mcnonp3oBascst rpaHaToBBIi aOpa3uB 3epHUCTOCTHIO 80 MKM.
DKCHEepUMEHTHI MPOBOJMWINCH IPU PA3TUYHBIX Mojgayax 5 MM/MuH U 80 MM/MUH.
Pe3anue nponsBoauiaock Ha riryOuHy 5 MM, 15 MM 1 30 M.

DKcnepuMeHTaJlbHbIE UCCIEIOBaHUS IpolLecca THAPOadpa3suBHON pe3Ku
IPOBOJWINCH Ha YCTAaHOBKE 5-TH OCEBOHM ruapoabpa3uBHOM pe3ku (pupmbl «Flowy.
YcTaHoBKa MO3BOJISIET 00padaThIiBaTh MPAKTUUYECKU JFOObIE BUIBI MAaTepPHAJIOB, Kak
MeTaJulbl, TaK U HeMmeTasulbl. Hamuuue 5-TH ynmpaBisieMbIX KOOPJIHWHATHBIX OCel
MO3BOJISIET 00pabaThIBaTh HE TOJIBKO IUIOCKHUE JI€TallM, HO M JETalIH CO CIOXHOK 3D
reomerpuen. JlanHas yCTaHOBKA ITO3BOJISIET Pa3pe3aTh CTaIbHbIE 3arOTOBKY TOJIIIIMHON
710 300 MM. JIOCTOMHCTBOM JaHHOW yCTaHOBKH SIBJISIETCS BBICOKAs! IPOU3BOJUTEIBHOCTD
Y HaJIe)KHOCTh [5—6 ].
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i

Pucynok 1 — YcranoBka runpoabpaszuBHoit pe3ku pupmbl «Flowy

YcTaHoBKa COCTOUT U3 paboUero CToJia JUist KperyieHUs 3aroTOBOK, BAHHBI C BOJIOM
JUISL TAllIeHHs CTPYH, PEXKYIIEH TOJIOBKU, HA KOTOPOW YCTaHOBJIEHBI CMEUIMBAIOLIAs
u Qoxycupyromas Tpyoku. ['ooBka kpenurcs Ha mopTajie, B MECTE KpeIJIeHUs
TOJIOBKH K ITOPTaTy PacioyioKeHbl ABe yrpasisieMbie ToBopoTHbIE ocu B u C. [Toprain
MepeMeniaeTcss mo TPEM JIMHEHHBIM KOOpAMHATHBIM ocaM X, Y, Z. Ha noprane
PacIoJIOKEHO YCTPOICTBO I Mo1au adpa3uBa, KOTOPbIN 33KEKIIMOHHBIM CIIOCOO0OM
MocTynaer B cMemmuBawnyo kamepy. Croiika YIIY ymnpasiser nepemenieHusIMU
pabo4nx opraHoB, BKJIIOYEHHEM BBIKIIOUEHHUEM [10/1a4u abpa3uBa, HACOCOM BBICOKOTO
nasieHus. Hacoc - My IbTUIIITMKATOp CO3AA€T BHICOKOE JIaBJICHHUE BOJIbI, KOTOPOE Yepe3
TpyOOIIPOBO/T BEICOKOTO JaBJICHUS T10J1a€TCs B 30HY pe3anus [5-12].

Ta6muma 1 — Texaudyeckue XapakTePUCTUKUA YCTaHOBKH
CKOpPOCTh ¥ TOYHOCTH

TouHOCTH TO3UIITMOHHUPOBAHUSA

Jlunetinsie ocu X, Y, Z +0.127 MM

[ToBopoTHas ock C +0.5°
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[ToBopoTHas ocs B +0.5°
TO4YHOCTB O3UIITMOHUPOBAHUS UHCTPYMEHTA B TOUKE +0.254 mm
[ToBTOpsiemocTh

JInneiinsie ocu X, Y, Z +0.076 Mmm
[ToBopotusie ocu C u B +0.25°
TouyHOCTH MO3UIIMOHUPOBAHNS HHCTPYMEHTA B TOUKE +0.152 mm
CKopocTh nepeMenieHui

JIunetinsie ocu X, Y, Z 15.2 M/MuH
[ToBoporusie ocu C u B 90°cex

Y ckopeHHBbIE TepeEMEILEHUS 30.5 m/MuH
[Ipenensl nepemerieHui o 0csmM

["aGaputsl cTona 2.4x1.8 m
Ocs C 360°
Ocs B 180°(x£90°)
Ocs Z 600 MM
MominocTth Hacoca 7XS-60 30 kW
MakcumalbHbIN pacxo/] BOJIbI 3.81 1/mMuH
MaxkcuManbHOE JJaBJIeHHE 4150 bap

Pe3yabTarhl U 00CyKIeHNE

[Tony4eHbl 3aBUCUMOCTHU ONpPEIEICHHS MEePOXOBATOCTH MOBEPXHOCTH JJIS
XapaKTepHOro yyacTKa MOBEPXHOCTH pe3a. [IpuBeieHb! peKOMEHalnu, IO3BOJISIOIINE
CHHU3UTb YUCIIO Je(PEeKTOB, BO3HUKAIOIIUX MPH T'HP0A0pa3uBHON pe3Kke. BrimomHeHb
HKCIIEPUMEHTAIIbHBIE UCCIIEAOBAHMS, TIOJTBEPIKIAIOIINE a/IeKBATHOCTD MOIYYEHHBIX
TEOPETUUYECKUX MOJEIEN.

B xone o6padotku cramu 30XI'CA ¢ tBepaocteio 20HRC moyava corura u3MeHsuiach
B Anamna3one ot 5 10 120 Mmm/MuH depe3 Kaxasie 15 MM pesa.
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B)
a) mojava ot 5 10 40 Mm/mMuH, 0) mogaya ot 45 1o 80 MM/MuH,
B) moaada ot 85 1o 120 Mmm/MuH.

Pucynox 2 — IToBepxHocTh pe3a o0pasna u3 cranu 30XI'CA tommunoi 30 MM
IIPU YBEJIMUYEHUH MOJauu (CrpaBa HAJIEBO)

C momorrsto podusnorpad-npodunomerpa bB-7669M Obitn ipon3BeIcHBI 3aMephl
IIEPOXOBATOCTH MMOBEPXHOCTH HA XapaKTEPHBIX yUaCcTKaX TITyOUHBI pe3a. DKCIIEPUMEHTHI
MIPOBOJIMIIUCH TIPH mojiadue 5 MM/MuH (prucyHoK 3) u 80 Mm/mMuH (pucyHok 4) [13].

Rz 148 um
Ra 244 um
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Pucynok 3 — [Ipodunorpamma nmosepxHoctu pe3a oopasma u3 cramu 30XT'CA mpu
nmojiaye 5 MM/MUH: Ha TIyOuHE pe3a 5 MM (a); Ha TimyOuHe pe3a 15 MM (0);
Ha T1yOouHe pe3a 30 MM (B)
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Rz 423 um
Ra 10.4 um
\ / - i l'\_
B)

Pucynok 4 — [IpodunmorpamMmmel TOBepXHOCTH pe3a obpasna u3 ctam 30XI'CA npu

" 6)

nojadye 80 MM/MUH: Ha TITyOHHE pe3a 5 MM (a); Ha riryOuHe pesa 15 mwm (0);
Ha TiIyouHe pe3a 30 MM (B)

O06paboTka mpouIorpaMM MPOU3BOAUIACE B CHICIIUATA3UPOBAHHOM IIPOTPAMMHOM

obecnieuennu TalyProfile Lite 7.1.

TAYLOR
[ erre— HORSON

i rRe s

Pucynok 5 — OxHo nporpammsl Ta
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[nyduna usmeperus
wepoxafamocme £ M

Pucynox 6 — 3aBUCHMOCTB IIEPOXOBATOCTH IMOBEPXHOCTH HA 00pasIie
u3 ctanu 30XI'CA tonumuon 30MM, Tpu yBETTUYEHUHT
M0JIa4 U U3MEHEHUU TITyOUHBI U3MEpEHUs

[Tpu ckopoctu 120 MM/MHH IPEKPATUIIOCH CKBO3HOE Pe3aHNe METaslla, a 3HAUHUT,
JanbHellee yBeJInUYeHre 0Jaul He UMEET CMBICIA.

B Buay TOrO, 4TO MIEPOXOBATOCTH MOBEPXHOCTH YXYIIIAETCA HE TOJBKO C
YBEIUYEHUEM IMOJa4M, HO M yBEJIMYECHHUH TIIyOMHBI. Y BEpIIMHBI pe3a M3MEHEHUe
HIepOXOBATOCTU He3Ha4yuTeNbHBI. C yBelIHMYEeHUEM TIyOHHBI HIEPOXOBATOCTH
YXyAIIAeTCs.

Wtak, npu yBenTUYeHUHU MOAAUN PACTET 3HAUCHUE IEPOXOBATOCTU MOBEPXHOCTH.
3HaueHUE HIEPOXOBATOCTH M3MEHSETCS U IO CEYEHHIO pe3a: y BEepIIMHBI pe3a
MOBEPXHOCTh PaBHOMEpHasi, K HU3Y pe3a 00pa3yeTcss BOJHHUCTAs MOBEPXHOCTh. JTO
SBJIGHUE CBSI3aHO C TE€M, UTO CTPYsI TePSET PEXKYIIYIO CIIOCOOHOCTh U OTKJIOHSIETCS OT
HAYaJIbHOM TPaeKTOPUH B HANPABJICHHUH, TPOTUBOIOI0KHOM HAIIPABJICHUIO MTOIAYH.

Ha ocHoBaHuM MoOSy4eHHBIX 3KCIEPUMEHTANIbHBIX JaHHBIX, ObUI MPOU3BEICH
pPErpecCHOHHBIN aHaJIN3 JaHHBIX B IPOrpaMMe MH)KEHEPHBIX W HAay4HBIX PacyeToB
MathCad. B pe3ynbrare mosry4eHsl ypaBHEHHS, IO KOTOPBIM BO3MOYKHO ITPOU3BOAUTH
pacyeThl HIEPOXOBATOCTH MOBEPXHOCTH pPe3a MO COOTBETCTBYIOIIUM 3HAYSHUSM 10/1a4H
[11, 14-16].

['padwiku 1 ypaBHEHHS perpecCuu NPEICTaBIICHBI Ha pUcyHKax 7—13.
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PucyHok 7 — 3aBUCHUMOCTD IEPOXOBATOCTH MOBEPXHOCTH pe3a HA BEPIIUHE pe3a

YpaBHEHUE pErpeCCUn:

WepoxopaTocTe Ra, s
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Pucynok 8 — 3aBUCHMOCTB IEPOXOBATOCTH MOBEPXHOCTH pe3a Ha TIIyOnHe SMM
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YpaBHEHHE PErPECCUH:
Ra=2.082x10"°+3.793x107® - S —5.081x10"° - S 2 +2.453x10"* - S* (2)
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PucyHok 9 — 3aBHCHMOCTH IEPOXOBATOCTH MTOBEPXHOCTHU pe3a Ha riayouHe 10 M.

YpaBHEHUE PErpECCUN:
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Pucynok 10 — 3aBUCHMOCTB IIEPOXOBATOCTH MTOBEPXHOCTH pe3a Ha TIyouHe 15 MM
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YpaBHEHHUE perpeccuu: Ra=1.109x10"°+5.715x107® - S +1.912x10"° - S? (6)
—6 -10 2 1.8=10" 5 . . . . . - .
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Pucynok 11 — 3aBucuMOCTb 1IEPOXOBATOCTH IMOBEPXHOCTHU pe3a Ha riryouHe 20 MM. PucyHok 13 — 3aBHCHMOCTS I1EPOXOBATOCTH IOBEPXHOCTH Pesa Ha TTyGuHe 30 MM

= —6 -8 . -10 . Q2
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B.4x10” 8 11 .72 12 @3 -10 , 7,3 (8) [3]
] +6.191-107* -4~ =5.056 107" - §° —1.202-107" -
g 7.2¢10” °
g
E Bx10
§ a.8x10” 6
3
3.6¢107°
2.4x10~°
1.2210°°

0
o M0 20 30 40 S50 s0 FO 80 20 100 110 120 130

NOQEHE, MM/MUH

Pucynok 12 — 3aBUCHMOCTB MIEPOXOBATOCTH IMOBEPXHOCTH Pe3a Ha TIIyOHHE 25 MM.
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(4]
3
Wepoxobamocmes Ra 1M

[ ayduna usmepeHys
wepoxobamocmy i MM

Pucynox 14 — 3aBUCHMMOCTb IIEPOXOBATOCTH MOBEPXHOCTH Ha 00pasLe
n3 ctanu 30XI'CA Tommumzo#i 30MM, IIpH yBEIUUYEHUN
M0JIa4X ¥ U3MEHEHUH ITyOUHBI U3MEPEHUS

BriBoabI

[ToydeHHast 3aBUCUMOCTD IPUMEHUMA JIJIs OTIpeIeNIeHus IiepoxoBaTocTu pe3a. C
y4eToM TpeOOBaHUM K ITOBEPXHOCTH JIETANIN OTPEIEIIIeTCs, TpeOyeTCs JIu NaabHenIas
YUCTOBasi 00pabOTKa MOBEPXHOCTH C MOCIEAYIONIMM ylaleHueMm mpumnycka. [lpu
0o0pa3oBaHUM HEIOPE30B HA BHEIIHUX M BHYTPCHHHUX MEPECEUCHHSX TpaHEH JeTanu
pEKOMEHAyeTCs MPUMEHSITh 3aMe IeHue mo1a4un. Bo m30exaHne HeraTUBHBIX P PEKTOB
B MECTE BX0/1a-BbIX0/1a CTPYH PEKOMEHIYETCS OCTABIIATH HEJIOPE3 TNOO UCIIOIH30BATh
BpE3aHUE M OTBOJI PEXKYIIEH CTPYH MO TPACKTOPHH TyTH.
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I'MIPOABPA3UBTI KECY IPOLHECIH DOKCIHEPUMEHTTIK 3EPTTEY

Maxanaoa eudpoabpasuemi kecy kesinde Oepicmiy Kecy Oeminiy Kedip-
OyOvipibiebina Kaaall ocep ememini Kepcemineen. Kecy canmamaoarn dcoeapoi
HCHLIOAMOBIKNEH JHCOHE IHCO2APbl KbICLIMMEH WbleapbLIamuli €Y MeH abpaszusmiy
KOCRAacvlMeH Jicy3eze  aculpvliadvl. Kecy azblHbiHbIY ocepinen Mamepuanobly
IPOSUANLIK  OY36LIYbl  OPbIH  anaodvl, Abpasus myuipuiikmepi MUKPOICOHKATbL
Kabammul anvin macmaiobvl, ai ¢y 01apobl Kecy auMazblHaH 38aKYAYUALAUObL.

Tuopoabpaszuemi xecy adicimen Kes-Keneen Mamepuaioapovl oyoeyze 60aaoul.
Kecy npoyeci» cyviky, memanea mepmusnvix ocep emnetioi. Kypoeni ceomempusitul
Kecyee 601aowi.

Tanoay xecy Oeminiy xedip — OyObIpblH OHOEYOIH Hezi3el MEXHOIOSUSIbIK,
napamempiepine (azvii KblCblMbl, MYUIPWIKMINIK, oauem, adpa3uemin ubleblbl,
mMamepuanoviy QUIUKATBIK-MEXAHUKALbIK, napamempiepi dcone m.6.) 6ondicayea
moyenoiikmiy Hcoxmolablh Kepcemmi. OHOIpicmezi mexHonoe mek Kecy OemiHiy
KeOip-OyObIpbiH 2aHA eMec, COHbIMEH KAMap me2ic #CoHe moKbIHObL KeCy aUMAa2bIHbLH
Moauepin 0e aHblkmayoa KublHObIKmapea man 601aosi. Kedip-6yovip npopunin
Kanulnmacmuipyovly bapabap meopusiibik MOOeibOepiniy boamaywl bepineen kedip-
OYObIp Mananmapuvli eckepe Omulpbln, Kecy Npoyecin OymatlaHobipyaa MyMKIHOIK
bepmetioi. Kedip-6yovipoviy bepineen MoHi 60UbIHULA KeCy NPOYeCiH OHMAUIAHObIPY
MYMKIHOIZI MeXHOA02UANBIK npoyecmepOli 0amvlmyod HPAKMUKAILIK KOI0AHY2d
MYMKIHOIK 6epeoi.

Kecy 6eminiy mon Oenici ywin Oemmiy Kedip-0yOvlpibleblH aHLIKMAY2d
maoyendinikmep  anviHovl. 1 uopoabpaszusemi kecy Kesinde nauda 601aMbIH

39



KA3AKCTAH FbllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.

Ne 4, 2023

*G.

axkaynapovly canvli a3aumyaa apHaiean YColHblcmap depineen. AnviHean meopusivik
MOOenbOepOiy CouKeCmiciH pacmaumoli HIKCHePUMEHIMMIK 3epmmeyiep HCypeizinoi.

3epmmeynep Homuowcecinoe enOencen bemmiy Kedip-Oyowvipavizbl OepyOin
HCO2APBIIAVHIMEH HAWAPAAUMBIHGL aHbIKmManovl. Byn oicazoaiioa xecy xumacol
botviHwa nawapaay oipkenxi 60ain6eloi. TonKbIHObL Kecy enin azaumy yuin oepic
MOHIH a3aiimy Kepex.

Kinmmi ce30ep: eudpoabpazuemi kecy, beminiy canacwel, Kecy pescumoepi,
bepic, wymek, Kecy bacvl, abpa3u8mMiH Wbl2blHbL, MEMALObIH IPOUALILIK OY3bLIYbL.
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EXPERIMENTAL STUDIES OF THE WATERJET CUTTING PROCESS

40

The article shows how the feed affects the roughness of the cutting surface
during waterjet cutting. Cutting is performed by a mixture of water and abrasive
emitted from the nozzle at high speed and under high pressure. Under the action of
the cutting jet, erosive destruction of the material occurs, abrasive particles remove
a layer of micro-chips, and water evacuates them from the cutting zone.

Waterjet cutting can be used to process almost any materials. The cutting process is
«coldy, there is no thermal effect on the metal. Cutting of complex geometry is possible.

The analysis showed the absence of dependencies for predicting the roughness
of the cutting surface on the main processing parameters (jet pressure, grain size,
abrasive consumption, physical and mechanical parameters of the material, etc.).
The production technologist faces the difficulty of determining not only the roughness
of the cut surface, but also the size of the smooth and wavy cut zone. The lack of
adequate theoretical models for the formation of the roughness profile does not allow
optimization of the cutting process, taking into account the requirements of a given
roughness. The possibility of optimizing the cutting process according to a given
roughness value makes it possible for practical application in the development of
technological processes.

The dependences of determining the surface roughness for a characteristic
section of the cut surface are obtained. Recommendations are given to reduce the
number of defects that occur during waterjet cutting. Experimental studies confirming
the adequacy of the obtained theoretical models have been carried out.

Discussions and conclusions. As a result of the research, it was found that the
roughness of the treated surface worsens with increasing feed. In this case, the
deterioration is unevenly distributed along the section of the cut. To reduce the width
of the wavy cut, it is necessary to reduce the feed value.

Keywords: waterjet cutting, surface quality, cutting modes, feed, nozzle, cutting
head, abrasive consumption, erosive destruction of metal.
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UCCJIEQOBAHUE 3ABUCUMOCTH MPOYHOCTHbIX CBOUCTB
AITMHHOMEPHbIX CTAHUH MPC OT COCTABA
MOJIMMEPBETOHHbIX CMECEW

B oannoii cmamve npedcmasien ananus paziuinblx COCMAag08 noaumepoemona.
Paccmompenvt docmouncmea u HeOOCMAmKu HOAUMEPOEMONA, NPUMEHAEMO20
0Nl NPOEeKMupo8anuss  ONUHHOMEPHLIX ~Memaniopedxcywux cmanxoe (MPC).
Boinu uccnedosanvr wecms 3anonnumenei (basanvm, cnooymeH, nemyudds 301d,
peunoll epasuti, necox u men). Obpasyvl noaumepdoemona Oviau NPU2OMOGIEHbl C
PA3TUYHBIMU  COCMABAMU  3ANOIHUMENEU, COO0ePAICAUUX OOUHAKOBYIO O0OBEMHYIO
oo cmonvt (3anornumenu 83 % u cmona 17 %). /i uszmepenus npourHocmu
00pa3zyo6 nonumepoemona Ha uzeud ObLI UCHOIBLIOBAH YeMbIPEXMOUEeUHbIL MeCm Ha
uzeu6. KTP nonumepbemona vl uzmepen ¢ HOMOubio CHeYUuaIbHO U320MoGIeHHO20
yempoticmea. Buli paccmompen OnmumanbHulil COCMas NO3601UI CHUUMb 8apUayuu
oehopmayuu OCHOBAHULL 00 OOCMAMOYHO HU3K020 VPOBHS, 4MO CHOCOOCmEyem
OanvHeluemy nOGbIUEHUIO MOYHOCHU CIAHKOS C NPEYUSUOHHBIM UHCTPYMEHMOM.
Omo  ynyuwenue ycnoeuii dKcnayamayuu - Oas  NPEYUSUOHHOU — 0OpabomKu
UHCIMPYMEHMA YCKOPSIem YPOSeHb MOYHOCTIU 00 H0Lee 8bLCOKO20 NUKA NPU NOJIYHEeHUU
mounvlx uzdenuil. Buliu npogedenvl uuciennvle UCCIeO08aAHUS OUHAMULECKUX
CBOLICME U AHANIU3 CIAMUYECKUX NPOUHOCHHBIX COUCE 08YX KOPNYCO8 cmankd. Bo
8peMsl MeopemudecKux Uccie0o8anull Memoo KOHEUHbIX dAeMEeHMO8 UCHOIb308AICS
Ol aHAIU3a 2UOPUOHO20 KOPNycd, COCMOosAuje20 u3z 08yx Mmamepuanos. mo
npedcmasisiem coboil HeKomopoe Ynpowjenue, NOCKOIbKY MOOelb KOHMAKMA
yyeyHa u noaumepbemona mpedyem skcnepumenmanbro uoenmuguxayuu. Taxas
uoeHmugpuKayus 0Xeamvi8aia c80UCMEA KOHCMPYKYUOHHBIX MAMEPUATOS.

Kntouesvie cnosa: nonumepHuiii mamepuan, noiumepoemon, Memaiiopercyuul
CMAHOK, COCMAG NOJUMEPOEMONA, NPOUHOCIb HA U32UD, KOIDduyuenm menio8o2o
pacuupenus.

Beeaenne

bnaronaps npesocxoanomy ko3 duimenty remnpupoBanus, BBICOKOW afre3uu u
OBICTPOMY OTBEPIKACHHIO ITOJTMMEPOETOH HCIIOIb3YETCs B IPOM3BOACTBE OCHOBAHHM IS
IIMPOKOT'O CIIEKTPa MPEIM3HOHHBIX CTaHKOB. KOA(pHUIMEHT TEerIoBoro pacupeHus
JUIA TIoIMMepOeTOHa SBISETCS OJHUM M3 OCHOBHBIX IapaMeTpOB, KOTOPHIH MOXKET
IIOBJIMATH HA YPOBEHb TOUHOCTH B CTAHKAX C MPELU3NOHHBIM HHCTPYMEHTOM [1].

[IpouHocTs Ha M3rKd — 3TO PyHIAMEHTANbHAsE NPOYHOCTH OCHOBaHUsA. bbian
UCCJIEJOBAHbI IIECTh 3al0IHUTENEH (0a3aibT, CIIOIyMEH, JIeTy4ast 30J1a, peUHOM IpaBuii,
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necok u men). O6pasiibl moauMepoeToHa ObUTH MPUTOTOBIIEHBI C PA3ITMYHBIMU COCTaBAMHU
3aI0JIHUTENICH, COAECPIKAIIMX OIMHAKOBYIO 00BEMHYIO OO CMOJIBI (3alIOTHUTENH 83
% u cmona 17 %). JInst uamMepenus: npoyHoCTH 00pa3loB NoauMepOeToHa Ha U3TUo
OBLJ MCIIOJIB30BAaH uYeThIpexToueuHblil TecT Ha u3rud. KTP nonumepbeTona Obu1
U3MEPEH C MOMOIIBIO CIIEUATBFHO N3MOTOBIEHHOTO YCTPOicTBa. BB ycTaHOBIIEHO,
YTO ONTUMAIBHBIM HAIIOJIHUTENEM Il COCTaBa C HAUOOJIbIIEH MPOYHOCTHIO HA U3TUO
u HauMmeHnbMM KTP sBistrores 6azanbt, criotyMeH u jetyydas 3o0ia. CocraB 6a3anbra,
necka H JIeTy4ei 30161 ObLT BTOPBIM B peiiTuHre. Paznuyunsie 00pasiibl moinumMepoeToHa
OBLIM MPHUTOTOBJICHBl C PA3JIMYHBIMU OOBEMHBIMHU JIOJISIMU CMOJIBI CIEAYIOIINM
obpazom: 17 %, 15 % u 13 %. UccnenoBanus mokasainu, 9T0 00beMHAs A0S CMOJIBI
oKa3bIBaeT 3HaunTenabHOe BiausiHue Ha KTP u mpouHocTs Ha u3rubd noiauMepoeToHa.
Koneunast onTUMH3MpOBaHHAs KOMIIO3ULIUS COCTOsIIA U3 Oa3alibTa, ecKa U JeTyuei
307161 (HamomHuTeNh 87 % u cmona 13 %). [Iporpammuoe obecnieuenue ANSYS 13
UCIOJIb30BANOCH ISl BU3YAIM3AIMH BIMSHUS MOJUMEPOSTOHHBIX KOMITO3UIIUN Ha
TEIUIOBOE PACUIMPEHUE OCHOBAHUS U TOTO, KaK 3TO BIUSIET Ha YPOBEHb TOYHOCTHU
MHCTPYMEHTAJIBHOT'O CTaHKa [2].

[TonumepOeTOH MMeeT MHUPOKUNA CHEKTp o0JacTel MpUMEHEHHUs, TaKUX Kak
IPOMBIIIJICHHBIE ITOJIbI, T0/13€MHBIE TPYOOIIPOBO/IBL, JJIsl IPOU3BOICTBEHHBIX LIEHTPOB
c UIlY u ans nummdoBaneHbix ctankoB ¢ UITY. MHoxecTBO obnactell mpuMEeHEHUs
nojauMepOeToHa OTpaXkaeT pa3HoOOpa3Hue CBOMCTB, TAKMX KaK XOpOIIas MeXaHHYeCcKast
POYHOCTh, HU3KAsi BOJONPOHUIIAEMOCTb, BBICOKUI KOAPPHUIMEHT aemMipupoBaHus,
OBICTPOE OTBEPKIICHUE, XOPOIIas aAr€3MOHHAsI IPOYHOCTb, JUTUTEIILHBINA CPOK CITY>KOBI 1
CTOMKOCTH [6]. YpOBEHB TOUHOCTH JIJIsI IPELIM3UOHHBIX CTAHKOB ONpeienseTcst 0a30Boit
pamMoii craHka, Ha KOTOPOM yCTaHOBJICHBI ITOACUCTEMBI TO3UIIMOHUPOBAHUS M IPUBO/A.
B npeunsnonHom cranke 6a3oBasi pama o0ecreyrBaeT NO3ULIMOHUPOBAHHE ITOJICUCTEM
B CJIOKHBIX JMHAMUYECKUX U CTATHYECKUX YCIOBUAX. B 3THX yCIIOBHSX SKCIUTyaTaIlluK
CHJIBL, KPYTSIIE MOMEHTBI U TPaJIUEHTHI TEMIIEPATyphl AMHAMUYECKU T€HEPUPYIOTCS
10 BCEHl cucTeme Ui CI0KHOM MeOMEeTpUH M3/EIHs U MOBBIIIEHHBIE TPEOOBaHUS K
TOYHOCTH UHCTpyMeHTa [7].

[onumepOeToH nMeeT psiJi HEAOCTAaTKOB, TAKUX KaK yCa IKa U HU3KOE COIIPOTUBIICHUE
nonzydectd [10]. CaMbiM OOJIBIIMM HEIOCTATKOM, BIHSIONUM Ha 3(PPEKTUBHOCTH
9KCILTyaTaluH, siBisiercst Koaduiument remtosoro pacimpenus (KTP), ncnonszyemoro
B nperu3noHHoM o0opynoBanuu. CornacHo Valore, KTP Beicok aiist monummepOeToHa,
B COCTaBE KOTOPOIO MOJUA(PHUPHAsi CMOJIA B KAYECTBE CBA3YIOLIETO, [0 CPABHEHHIO C
YYT'YHHBIMH U IPYTUMH METAJUIMYECKHUMHU BCTABKAMH B OCHOBaHHH.

[Ipu HEOAHOPOIHOM pacHpeAEICHUN TEIUIOBOTO PACIIMPEHUsI MOXKET CHUZUTHCS
TOYHOCTh CTaHKa C MPELU3UOHHBIM MHCTPYMEHTOM. C000IIanoch, YTO yBEINYECHUE
00BEMHOT'0 COOTHOILIEHUSI CMOJIBI B OJMMEpPOETOHE MPUBOIUT K yBennueHuto KTP,
IPOYHOCTH Ha CKaTHeE U TEIUIONPOBOIHOCTH. CBOMCTBA MOJIMMEPOETOHA TAKXKE 3aBUCAT
OT CBOMCTB 3aIoJHUTENCH: popMa U pacipeaesieHiue YacTUIl [0 pa3MepaM, CBOHCTBA
MOBEPXHOCTH YACTHIl U 0OBEMHBIE JI0JIU 3ATIOJTHUTEIS.

OCHOBHOM II€JIBIO 3TOTO MCCIEAOBAHUS SBJIAETCS ONTHUMHU3AIHUS COCTaBa
3aMOJHUTENS C JIOCTATOYHBIM KOJUYECTBOM CMOJIBI JUIsl MOJIUMEpOeToHa, YTOObI
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ymenbpunTh KTP 1 yBennuuTe mMpo4yHOCTh HA M3rHO, YTO MPHUBEAET K MOBBIIICHUIO
TOYHOCTU OCHOBaAHUs cTaHKa [1].

MarepuaJjbl 1 METOIBI

Cucrtema ynakoBKH 3alIOJHHUTENIEH OblIa OnpeaesieHa B COOTBETCTBUU C MEYHBIM
METOJ0M, HauMHasl C KOJMYECTBA 3allOJIHUTEJEH, OCHOBAHHOI'O Ha COOTHOILLIEHUU
HaMOOJIBIIEro THaMeTpa YacTHIl 1 HAMMEHBILIETo TuaMeTpa yacThil. [lyrem npuMeHeHus
COOTHOILIEHHUS AUAMETPOB M 00bEMa MYCTOT, OBLIO ONpPEAEICHO KOJIUYECTBO
3anonuuteneil. CornacHo merony dypHaca, MPOMEXYTOUHBINH nuamerp D2 Obln
paccunTaH C UCIIOJIB30BAHUEM CIIENYIOLIET0 BhIpaXkeHus [4]:

DZ - V‘Dl ' D3 (1)

rae D, u D, — nanbonblinii ¥ HAMMEHbBIINH TMaMeTphl yacTuil. OO abCOMFOTHBINA
00bemM HamoHUTENeH V0 paccunteiBaiy 1o clieayromiei hopmyre:

_1+1+1
1+, 14V, 141,

rae V, V., V, — 00beMbl yCTOT It CAMOT0 GOJIBIIOr0, IPOMEKYTOYHOTO M CaAMOTO
MaJIeHbKOro auamMerpa yactul. OOiryro 00bEMHYIO 0110, 3aHUMAEMYIO TBEPIBIMU
JacTHamu V,, pacCUnTBIBAIIA 110 ClIe/yfoei Gopmyre:

Vo (2)

Vi =Vo(1 - Vi) 3)

OGbemHas 10/ KaKI0r0 KOMIIOHEHTA HamoJHUTENEH P, Oblia paccuurana ¢
UCIIOJIb30BaHUEM IIPUBEICHHOMN HUXKE (HOPMYIIBI;

V
-2 (4)
Vr
DTOT MOJXO/ YUUTHIBAET 00BEM ITyCTOT U 00ECIIEUNBAET XOPOIIIEe IPEICTABICHUE
0 BO3MOXHOM cocTaBe HamojHutenas. OHAKO OH HE YYHUTHIBA€T (POPMBI 4aCTHUI] U
MOJKET HCIIOJIb30BAThCSl B OCHOBHOM sl chepuueckux Ten. s mpuroToBiIeHus
cmecu 11K menkuit 3anonnurens 8,3 %, kpynHblid 3anoiaHuTens 49,8 % u cpeaHuii
3anoaHuTeNs 24,9 % nobasisum K 17 % cMOITBI B TOCIEIYIONIEM HOPSIKE M CMEIINBAIIN
C TIOMOIIBIO TPATUIIMOHHOTO OeToHOcMecHuTens. [lepemeninBanyue MpoOAOKAETCS B
Te4eHuH 15 MUHYT, 4TOOBI 00ECTIEUNTh HAWTYYIlIee CMAYMBAHUE BCEX YACTHII CMOJIONH,
MaKCUMaJIbHO YBEJIMUMBAsl MOBEPXHOCTh KOHTAKTAa CMOJIbI C TajbKON U IOJYyYHTb
JOCTaTOYHYI0 aare3uto. CMechlo, KOTOpas COCTOUT M3 CMOJIBI U 3aIllOJHUTEIEH,
HAIMOJIHAIOT MPSMOYTOJIbHYI0 6eToHHYI0 (hopmy (100x100%300 MM) U MOKPBIBAIOT C
paszenuTeneM, KOTOPhI CONEPKUT IesieBOe MOKPHITHE BO M30€KAHUN MPUITHIIAHUSL
nonumepOeTona k Gpopme u3 cranu. JJanuayro ¢popmy ¢ moarumMepOeTOHOM (QUKCHPYIOT
Ha BuOpocrtosie Ha 10 MUHYT, TOCKOJIBKY 3TO OOECIIEYUT HAMIy4Illee OTBEPKICHUS.
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OO6pa3ipl OTBEpACBAIN B TeUCHUH 29 AHEH MpHU TeMIepaType OKpYKaIoIIel Cpebl.
O6pasus! 11K 660t ipurotoBnenst ¢ 17 %, 15 % u 13 % o0bvemHoOI 701U cMObI [4].
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Pucynok 1 — Pacnpenenenue yactuil o pazmMepam JUist BCEX arperaton

[Ipounocts 06pasios 1K Ha n3rud u3MepsIv C UCTIONB30BAHUEM YETHIPEXTOUEUHOTO
tecta. Koaduiment tennoBoro pacmmpenus u3MEpsIi ¢ IOMOIIBIO H3TOTOBICHHOTO
YCTpOMCTBA. Y CTPONCTBO BKIIFOYAET B CeOsl HArpeBaTEIbHYIO Kamepy (HOMEp MOIeTH
Thumler TH2700-26, I'epmanust) ¢ 1ByMsI JaTIMKAMH ITEPEMEILICHHUS, TIOAKITIOYEHHBIMH
K Hebonbmomy nudposomy aucruiero (SYLVAC DSOS, Illseiinapust), 1 TepMOCTaT,
HOJKITFOUYEHHBIN K MUKPOIIPOLIECCOPY KOHTPOJIS TeMIiepatypsl. Temmeparypa obpasia
[IK 6puta mostyyeHa ¢ MCIOJIB30BAHMEM CHCTEMBI cOOpa JaHHBIX, OCHALICHHOMN
KOMIIBIOTEPOM, KaK I0Ka3aHO Ha pUCYHKe 8. B 3TOH ycTaHOBKE HCIIOJIB3YHOTCS
JIBa CTEP>KHS, M3TOTOBJICHHBIE M3 MHBapa. MHBap npexacrasiser codoii 36 % cras
HUKelb-*kene30 ¢ cambiM HU3kuM KTP B nuanazone 30-250 °C. Oaun u3 crepxHeit
HCIIOJIb3YETCSl B KauecTBE HJeala, a Apyroi momemaerca Haja odopasmom [IK.
Pacmmpenue 3TaloHHOTO CTEPIKHS U 00pasiia Co BTOPBIM CTEPKHEM 0OHAPYKUBAETCS
B BEpXHEH YaCTH HarpeBaTeIbHOM KaMepbl, KOTOPbIe KacaloTcs cTepkHel nuBapa. Ha
pHUCYHKE 2 TIOKa3aHO PACIONIOKEHHE BHYTPU HarpeBaTteiabHoi kamepbl. Obpazern 11K
UMEET OTBEPCTHE B BEPXHEM LICHTPE [T Pa3MELICHHUS JaTInKa TepMOnapsl (TepMonapa
SE00 type K, Pico technology, BenukoOpuranus) 1yis MOHUTOPUHTA U KOHTPOJIS
TeMIepaTypbl BHyTpu obpasua. Cucrema coopa qaHHbIX Pico comepkut perucrparop
nauubeix Tepmonapsl TC-08 (Pico technology, BenmkoOpuranus), moIkiIt0ueHHBII
K KOMIBIOTEPY JUII OTOOpakeHUsl Temreparypbl. V3-3a HU3KOH TEMI0npOBOIHOCTH
noJauMepOeToHa /Ui JOCTHXKEHUS TETNIOBOTO pPaBHOBECHS TpeOyeTcs mpuMepHo | gac.
TemnoBoe pacirpeHue n3MepsIIM [P CIIEAYIOINX Temiieparypax: 25, 35,40, 50 u 60 °C.
HexoTopble TemriepaTypbl BEIXOST 3a IPEJIEITbl TEMIIEPaTypHOT'o THara3oHa OCHOBAHUS
BO BpeMs OKCILUTyaTalluy. BbIIH IPUHSTHI TOTIOJIHUTEIBHBIE MEPBI IPE0CTOPOKHOCTH,
9TOOBI B TAKOW CTEIIEHU OXBATHTh BEIOpaHHBIC TeMIepaTypbl. KoadduimeHt TemioBoro
pacimmpeHus Kaxa0ro o0pasiia u3 NoJuMepOoeToOHa paCCUYUTHIBAIN C HCIIOIB30BaHHEM
CJIeYIOMIero ypaBHeHuUs (§), MOTy4eHHOTO B COOTBETCTBUH C PU3UICCKUM IIPUHIIUIIOM
TEIUIOBOTO PACHINPEHUs CIECIYOIHM 00paszom [4]:
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AR = ail, AT + ailAT

AS = AL — AR
AS
A= ar T

rae AL — u3MeHeHue IJIMHBI CTepXKHS MHBapa M oOpasla B Ipejenax pa3HUIIbI
temneparyp AT, a AR — u3MeHeHHe JITUHBI 3TAJIOHHOTO CTEPKHS MHBapa B Mpejieax
TOM K€ pasHubl Temneparyp AT. AS —5to pasauna mexay AL u AR. [ — 510 ninna
CTEPKHs MHBapa, KOTOPHIA pacnonoxen mosepx obpasua IIK, a [ — nmna oOpasua
[K [4].

Jarnoat obHapysera M 1Kp OITP OLIECCOPHBIT

acumpeHNa F
HarpeparensHaa kamepa P i PETYRATOP TEMIIEDATYDLI

JAmcrureii MMKpOMETpPOE

Tepmonapa

I

Jmcruteii MoHMTOpa

KOMITbIOTEPpA

Pucynoxk 2 — Yerpoiicto st onpenenenust KTP mst o6pasma ITK

TennoBble cBOMCTBA YAaCTUI] U MPONOPIUYU 3AMOJHUTEINS BIMSIIOT Ha OOLIN
K03 PHIIMEHT TETIOBOTO pacmupenus noiauMepoerona [5]. Ha pucynke 3 moka3aH
noBpexieHHbIN oOpaser [1K, momy4deHHbIi uepe3 Mex(a3Hoe aAre3HOHHOE COETMHEHUE
MEX/1y YaCTUL[aMU HAIOJTHUTEIIS.
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Pucynok 3 — [ToBpexaennsiii oopazerr [1K uepe3 mexdasnoe coenqunenme

[TepBBIM ITpeITIOKEHHBIM ONITUMAIBLHBIM COCTABOM JIJIsl HAHECCHUST Ha OCHOBAHHE
MPEIM3UOHHOTO CTaHKa SBJIIETCS 0a3aibT, CIIOYMEH | JIeTydas 30J1a, KaK MOKa3aHo
B Tabmure 3 [5].

Tabmuma 1 — BiustHue pa3nuaHoro coctaBa HaMOJIHUTEIEH
Ha KTP u npouHocTs Ha U3rud

HAYKA U TEXHUKA KASAXCTAHA. ISSN 2788-8770. Ne 4, 2023

CocraB o, MIla OTKIIOHEHHE, KTP, 1/°C - 10—6
MM

bBanp3ar, ciogymeH, netydas 2315 15 95
3011a

Banp3ar, necok, neryyas 301a 22.1 1.06 15.1
Banp3ar, ciogymeH, men 20.9 1.01 9.8
banp3at, necok, men 19.95 1.005 159
I'paBuii, necok, JeTydas 30ja 19.05 0.95 14.8
I'paBuii, ciogymen, men 18.36 0.91 12.5
I'paBuii, ciogyMeH, JieTy4das 15.98 1 12.3
30J1a

I'paBuii, mecok, men 17.1 0.95 19.2

[Ipounocts Ha M3rud cocraBmia 23.15 MIla. Jleryuas 30/1a Tak:Ke yBEIMIHBACT
IPOYHOCTH NOIMMEpOeTOHA Ha U3THO.
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Pucynoxk 4 — Cnonymen (A), Ilecok (B), Jleryuas 3oma (C), Mein (D)

CnoayMmeH, KOTOpPBIM MOJydarOT HNpH A0ObIYE JIUTHUS, UMEET TEKCTYPHI,
CBsI3aHHBIE C MpoleccoM 100b1un. Ha prucynke 4 (A) nmokasaHbl 4aCTUIBI CIIOAyMEHA.
MukpocTpyKTypa ciogyMeHa uMeer (hopMmy CI0€B KpUCTAUIUTOB [6]. DTa cutyanus
MO3BOJISIET CMECH CMOJIbI U3 JIETy4eH 30JIbI IPOTEKaTh MEXIY CIOSIMH CIIOJlyMEHa.
DT0 ycnoBHe NPUBOAUT K 00Jiee BHICOKON aJre3MOHHOM CBSI3U MEXKIY CBSI3YIOIIUM U
HaITOJHUTEIIAMU [7].

[IpoyHnocTs Ha U3rud BTOpOTO cocTaBa (0a3anbT, MECOK W JIETydYasl 30J1a)
cocrasisier 21,1 MITa. I1ecok, B OTIIMYMM OT CITOAYMEHA, UMEET MEHBIIYIO TEKCTYPHYIO
IIEPOXOBATOCTh HA MOBEPXHOCTH, KaK mokazaHo Ha pucynke 10(B). Kpome toro,
B MUKPOCTPYKTYpE YacTHI] [leCKa HET CJI0EB, 00ECIeYNBAOIINX JOMOIHUTEIbHOE
CLEIJIEHUE, YTO MOKET OBbITh MPUYMHON HE3HAYUTEIHHOTO CHUKEHHUS MPOYHOCTH
npu u3rude. Bropoii coctaB HanonHuTens uMeet 6onee Boicoknii KTP, npumepno Ha
40 %, yem nepBbIH.

OcHOBHas MpUYMHA CHUXEHHS MPOYHOCTU MPHU U3TUOE B TPEThEM COCTaBE
HanoJHuTeNs (6a3aJbT, CIOJYMEH U MeN) 3aKJII0YaeTcsi B TOM, YTO CMECh MEJIOBOM
CMOJIBI 00€CTIeYNBAET MEHBIIIYIO TEKYUECTh U 3aIIOJIHSAIOIYI0 CHOCOOHOCTb, YEM CMECh
CMOJIBI U3 JIeTy4eit 3071b1. [IpuunHa 3TOro 3aKkiIt04aeTcsi B TOM, YTO YaCTHUIIBI MeJla UMEIOT
HENPaBWIbHYIO (OPMY U HECKOJIBKO OCTPBIX YIJIOB (ILIEPOXOBATasi HOBEPXHOCTH), KaK
noka3aHo Ha pucyHke 10(D). KoadduirieHT TennoBoro pacupeHus B JaHHOM cydae
OJIM30K K MIEpBOMY, U3-3a HAJIMYUS B COCTABE HANIOJHUTEIS criotymeHa [7].

UeTBepThIii cocTaB HAMOJIHUTEIS (0a3aJIbT, IECOK U MEJT) IMEET HU3KYIO TPOYHOCTh
Ha u3ru6 u Beicokuii KTP. 3amena 6a3anbpra pedHbIM T'paBUEM B ITSITOM COCTaBE MPUBETIa
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K CHIDKEHHUIO MPOYHOCTH Ha M3rHO, MOCKOJIBKY M3MEIbUEHHBIA 0a3ajbT YBETUUMI
po4HOCTh OeToHa Ha u3rud [8]. Peunoii rpasuii yBenuumn KTP nstoro cocrasa.

Ha pucyHke 5 moka3aHo BIUSHHE YMEHbIICHHUS O0OBEMHOM JOJIM CMOJBI Ha
KO3((ULHEHT TEIIOBOrO pacHIMPEHUs MOJIMMepOeToHa. YMEHbIICHHE 00beMHOMN
JI0JIY CMOJIbI IpUBOANT K yMeHbleHuI0 KTP, mockonbKy cMoia nMeeT caMblil BBICOKUI
KTP (80 x 10—6°C—1) B komnonenrax [1K. Ha pucynke 6 nokazaHo, 4To yMeHbLIEHUE
KOJIMYeCTBa CMOJIbI Ha 3 % MPUBENIO K CHIYKEHHUIO IIPOYHOCTH MPHU U3THOE MPUMEPHO
Ha 40 %. Tak KaK KOJIMYECTBO CMOJIbI, KOTOPAsi BBIMOJIHSIA MEXK(Pa3HYIO aIr€3UOHHYIO
CBsA3b MEXK/Y YaCTULIAMU, YMEHBIIAJIOCH [9].
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Pucynox 5 — BsizkocTh cMecH JieTydeit 30161 (HIDKHSIA ), Mela (BepXHsis) B
3aBHCUMOCTH OT BPEMEHH OTBEPIKICHUS
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Pucynok 6 — KoadurmeHnT tenaoBoro pacumpeHus moJmMepoeToHa
B 3aBUCHUMOCTH OT KOJIMYECTBA CMOJIBI
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Pucynok 7 — [IpounocTts nonumepOeToHa Ha U3ruo
B 3aBUCUMOCTHU OT KOJINYECTBA CMOJIBI

UT0oO6b! NOTYYUTH PEATUCTUYHOE BU3YaIM3UPOBAHHOE MPECTABIEHUE O COCTaBaxX
HAIOJHUTENS U OTPaKEHUU OOBEMHOU JIOJIM CMOJIBI HA OCHOBAaHUH, ObLT MPOBEACH
aHaJIM3 MEeTo/I0M KOoHe4HbIX aneMeHToB (MKD) ¢ ucnonap3oBaHneM MporpaMmMHOTO
obecnieuennst CAE ANSY'S 12.1 a5t BeIIBIIeHUs BIMSHUS CBOMCTB Ha (DYHKIIMOHAIbHbIE
XapakTepucTHUKU ocHoBaHusA. Ha pucynke 8 mokaszana temmepaTrypa BO BpeMEHU
JUTSL OXJI@XKIArolel KUIKOCTH Ha BXOJ€, OXJaXKJarollei *UAKOCTH Ha BBIXOJAE U
TEMIIEPATYpPhI OKpY Karoliel cpeipl B padounx yciaosusx [10].
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Pucynox 8 — 3aBUCMMOCTb TEMIIEpATyPhl OT BPEMEHU
1St i doBaibHOTO cTanka ¢ UITY

OO6nacth B paMKe Ha pUCYHKe § OblIa BhIOpaHa B Kaue€CTBE T'PAaHUYHBIX YCIIOBUI

JUTsL TEMIIEpaTyphl OKpPY>KaoIIel cpeibl, TEMIEPaTyphbl OXIaKIa0NIeH )KUIKOCTH Ha
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BXOJC U TCMIICPATYPhI OXJIAKJAOIIEH KUIKOCTH Ha BBIXO/I€, KOTOPBIC JOJIZKHBI ObLIN
HNPUMCHATHCS IPU NUKEC B MOACIIMPOBAHUH.

Pucynok 9 — CtpykrypHast nedopmanus OCHOBaHUS /IS
A) banp3ar, cionymeH, netydas 3oia; B) banbsar, necok, gerydas 3o01a

Ha pucynke 9 (A) n3o0pakeHa CTpyKTypHasi AeopMariis OCHOBAHHS JJIsI COCTABa:
0a3aypT, CIIOYMEH, JIeTy4asi 30J1a.

Tabmuuma 2 — BiusHue cocTaBa MoIMMepOETOHA M KOJIMYECTBA CMOJIBI Ha IPOTHO
OCHOBaHHS CTaHKa

MaxkcuMabHBIH H3menenne
O0beMHas U3menenue
JIOJISI CMOJTBI nporud Aepopmat, neopMaru MexIy
CocraB ’ OCHOBaHUS
% ’ 2 CTOpOHAMHU, MKM
MKM MKM
banp3ar, cn(S)EJ}IIZ[eH,nequa;I 17 25 2 01-05
I'paBuii, mecok, Mmen 18 46.2 3-5 1-3
Bainb3sar, necok, neryyas 3o01a 16 29 0.39-1.58 0.18-0.38
Banp3art, necoxk, neryvas 30ma 14 15.1 0.15-0.33 0.01-0.055
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Haub6osnee 3¢ dexTHBHOM YacThI0 OCHOBAHUS SBJISIOTCS HAIIPABIISAIOLINE, KOTOPBIE
YIIepKUBAIOT JBIKYIMECS] KOMIIOHEHTBI U YIIPABIISAIOT paboueil (hyHKIMel B OCHOBaHUU
nugosaibHoro cranka ¢ YITY. MakcumanbHas aedopMariyst coctaBisieT 25 MKM Ha
OCHOBAaHHH, COCPEAOTOUYCHHAsI Ha Hed((HEKTUBHOM, HEOOIBIIONW YAaCTH OCHOBAHUS,
KOTOpasi COCTaBJISET IPUMEPHO 2 % OT OCHOBAHMS.

[locnennuit cocraB HanoaHUTENs (O6aab3aT, MECOK, JETydas 30J1a) UMEEeT MOYTH
B 2 pa3a OoJbliee TEeII0BOEe PACUIMPEHHe, YeM HepBhlid cocTaB (0anb3ar, CroyMeH,
nery4as 3o01a). Ha pucynke 9 (B) mokazana HanpaBieHHas 1eopMaIis Ha OCHOBaHHH.
MakcumanbHas aedopmanus coctabisieT 46,2 MKkM u 75 % BepxHEel MOJOBUHBI
OCHOBaHMs, KoTopas Obu1a gedopMupoBana Oirxe Bcero Kk MakcumanbHoi. Tabmuma
2 WITIOCTPUPYET BCE TIOKA3aTEIN B OJHON 00JIACTH U1 YETKOTO CPaBHEHUSI.

Ha pucynke 10 noka3an coctas nonumep6oerona. BojgokHa 1 MUKpOHAIOIHUTETN
CMEIIMBAIOTCS C apMUPYIOIIMMHU YaCTULIAMU JUIS YIy4lleHus cBOHCTB. CBOMHCTBA,
TpeGyeMble ISl KOHCTPYKLIUI CTAHKOB, TAKHE KaK BBICOKas )KECTKOCTh, IPOYHOCTh HA
ckatue, KodpPUIMEHT 1eMI(PUPOBAHUS U XOPOILUE TEIIOBbIE CBOMCTBA, 3aBUCST OT
CJIEIYIOIIUX AJIEMEHTOB [9]:

— ApMHUpOBaHKE YaCTHIIAMU

— IHosnmmmepHas cmona

— ApMHpOBaHKE BOJIOKHAMU, HAIIOJTHUTEIH U 100aBKH

Namoie 33nomameny —

Koporkee EOnokEs —

Pucynoxk 10 — Moaens u3 nonumepoeToHa

PesyabTaTsl H 00cyx1eHue

CaoiicTBa nmosimMepOeTOHa 3aBUCAT OT pa3Mepa 3epeH H IIIOTHOCTHU JHCIIEPCHOM
apmatypsl [4]. Camas BbICOKasi MIOTHOCTh JOCTUTAETCS 3a CYET CMEIIMBAHUS
COOTBETCTBYIOIIEH MAaCCOBOM JOJM TBEPAbIX U MEJIKHX 4dacTull. MaccoBas
JIOJISL OTIPEICIISIeTCSl IMana30HOM pa3MepOB HIJIM COPTHPOBKOM, BHIOpaHHOM st
apMUPYIOHIMX YacTHIl. Bpu1o 0O0HapyKEeHO, 4TO rpagaius pa3Mepa 4acTUI] ONpeIeIsieT
pe3yABTHPYIONINE CBOWCTBA MOJUMEPOETOHA, JIETKOCTh 00paboTKu, 00paboTKy
U XapaKTEePUCTUKHU OTJEIKH MOBEPXHOCTH mojumMepOeroHa [9]. Mexanudyeckue
CBOWCTBA, TAKUE KaK MOJYJIb YIIPYTOCTH, IPOYHOCTh HA CKATHE U T.JI., ONPEICIISIOTCS
IUIOTHOCTBIO. YBEJIMUEHHUE TIIOTHOCTH U, CJIEJOBATEIbHO, YMEHBIICHHE COACPIKaHUS
MYCTOT YBEIMYUBAET MOJYJIb YIIPYTOCTH, IPOYHOCTD HA CHKATHE 33 CUET KOHTAKTHOTO
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mexaHusma [4]. OgHako 3aBUCUMOCTH KO3 (uienTa aeMnpupoBaHus OTINYAETCS
OT 3aBUCHUMOCTH IMPOYHOCTH HA C)KATUE U MOJYJISl YIIPYTOCTH, KOTOPBIE BCTPEUAIOTCS
B 00BIYHBIX MaTepuanax. Koapduuuent nemnpupoBanus sBIsSeTCS CaMbIM BEICOKUM
IIPY MUHUMAaJIbHOM MOJyJI€ YIPYTOCTH U IPOYHOCTH Ha cxkaTue [10].

B GonpInHCTBE MCCIEI0BAHUE AMANa30H Pa3MEepOB YaCTHIL, UCTIOIb3YEMBIX /IS
apMHUPOBAHMs, COCTABIIUI 10 23 MM. B Tabmmiie 3 0600111eHb! pe3yIbTaThl UCCIIeIOBAaHH,
IPOBE/ICHHBIX B OTHOIICHUH pa3Mepa YacTHUI] U BIUSHHS Ha CBOWCTBA. JTO YKa3bIBAaCT
Ha TO, YTO IyCTOTHI UTPAIOT BAXKHYIO POJIb B MEXaHU3ME I'allICHHUs BUOPAIUH.

Tabnuua 3 — Baustaue pa3mepa 4yacTUIl HA MEXaHUUECKUE CBOMCTBA
ABTOpBI Juanazox Krnaccndukanms Paznuuus B cBoiicTBax

pa3MepoB YacTHI]

Hyun Suk Kim et 0-25.4 Mmm Memnee 3,36 MM - CoJepxaHue rajbKu BapbUpOBajoCh OT
al.[4] necok, oonee 3,36 MM 0 10 50%, coxpaHsisi OOIIYH0 MACCOBYIO
— ranpkKa JIOJII0 aPMUPOBAHUS B BUJE YaCTHIL

nocrosgaHoi. C modasaenueM 50% raipku

MIPOYHOCTH HA CXKATUE U MOJTYJIh
YOPYTOCTH YBEIHYMINCH B 2,5 1 1,6 paza
COOTBETCTBEHHO.

Wenfeng 0-10 MM Koapdurment nemnpupoBanus
Bai al.[10] yMeHbImics Ha 45%, IOCKOIbKY

- KPYITHOPa3MEpHbIE YaCTUIIbI ObUTH

CMEIIaHbI C MEJIKMMH YaCTHI[AMH

Subrahmanya 0-10 MM Bonee 4,75 IIpouHOCTb Ha cxaTHE U MOLYJIb
Swamy et al. [5] ynpyroctu yBenuuuparores Ha 9% u 20%
10 Mepe yBeIUIEeHHs MacCOBOH T0IH
3allOJIHUTEIIL, MEHCE KpymHOpa3MepHbIX dacTtail ¢ 0 10 50%

MM — KpYTIHBIH

4,75 MM — MEIIKH#

3aIOJIHUTEIIb

bnaronaps npeBocxogHoMy KO3QGHUIUEHTY AeMii(pUpoBaHus, BBICOKON aJre3nud 1
OBICTPOMY OTBEP>KJICHUIO ITOTUMEPOETOH UCTIONIBL3YETCS B IPOU3BOCTBE OCHOBAHUI JIsI
HIMPOKOT0 CIEKTPA NPELM3HOHHBIX CTAaHKOB. CyIIECTBYET MHOYKECTBO UCCIIEIOBATENCKIX
paboT, CBS3aHHBIX C MPUMEHEHHEM MOJIUMEpOETOHA HAa NMPEIM3HMOHHBIX CTaHKax
C pa3jMUYHBIMU THIAMU apMHUPYIOUIUX YacTUIl. TBEpIOCTh YaCTHUIl BIUSIET Ha
nemrupyrolme U Ipyrue MexaHHuecKue cBoiicTa noimuMepoeTona [3].

MaccoBasi 05151 CMOJIBI, HCITOJIb3YEMOM B KAYECTBE CBA3YIOIIETO B OJMMEPOETOHE,
OKa3bIBAET CYIIECTBEHHOE BIUSIHNUE HA €r0 MEXaHUYECKUE U TUHAMUYECKUE CBOMCTBA.
BapbupoBaHue cMOJIbI OBLITIO OTPAaHHYEHO JI0 MAaKCUMaIbHOM MaccoBo# 1071u 20 %. [Tpu
coJiep>KaHuU cMOJTbI B onumepOeTone 10 10 % — Moayib yIpyrocTH yBEIMYUBAETCS,
MPOYHOCTH Ha CaThe W KodpunueHT nemMnpupoBaHus ¢ KOJIUYESCTBOM CMOJIBI
[4]. OqHaKO CKOPOCTh YBEJIMUYEHUs CTAHOBUJIACH HIDKE [0 MEpE TOro, KaK MaccoBasi
J0JIs1 cMoJibl ipuOmkanack Kk 10 %. YBenuuenue kodddunreHTa aemMnpupoBaHus
3ameuniiock ¢ 10—12 % maccoBod 10au cMOJbl, yBenuuuiaochk ¢ 12—-14 %, cHoBa
YMEHbIINIOCH Mex Ty 14—16 %. Onnako yBenuueHue kodpuipenra qreMnpupoBaHus
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OBbUIO TMHEWHBIM C MAacCOBOH JoJieit cMoubl 10 14%, kak cooburm Subramanya Swamy
u ap. [5].

bbu10 00HApY’KEHO, YTO apMUPOBAaHUE BOJOKHAMU YIYyUIIaeT MEXaHHYECKUE
cBoiicTBa monumepoerona. st ymyumenus TpeOyeMbIX CBOWCTB HCIIOJIB30BAJIHChH
CTaJIbHBIE BOJIOKHA, CTEKJIOBOJIOKHA, HEMJIOHOBBIE U IMOJIUIIPONUICHOBBIE BOJIOKHA.
ABtopom W. Bai u3yuyeHO BIUSHUE KOPOTKUX CTEKJIOBOJOKOH (ATUHOU 5-25 MM)
¢ MaccoBoi goneit 10 5 % Ha ko3 dunuent nemmndupoBanus noauMepOeToHa AT
IPUMEHEHHUS! B CTAHKOCTPOCHMU. ABTOpP cooOmmia o0 yBenuueHuHn Ko3dduuuenta
JIeM(pUpOBaHUs C yBEIMYEHHEM MAaCCOBOM 10T U JUTHHBI BOJIOKHA. [1o Mepe yBenmuuenus
JUIMHBI CTEKJIOBOJIOKHA KO3 PUIIMEHT eMIpUpoBaHUs CHaYasIa YBEITMUUBAJICS, A 3aTEM
ymenbmancs [10]. Makcumanbhbliii k03 duuuent gemndupoBaHust ObUI MONTYYEH,
KOrjJa JJIMHA CTEKJIOBOJIOKHA cocTaBisia 20 MM.

Ectp MHOrO Jpyrux mucciemoBaTesielf, KOTOpPbIE apMUPOBAIHM PA3IUYHbIC THIIBI
BOJIOKOH JUISI yITyUIIIEHUS] MEXaHUYECKUX CBOMCTB nosinmepoeToHa. 13 nccienoBanus
aBTopa Broniewski coobmanocs o 40 % yBeIM4eHUU MPOUYHOCTH MPHU H3TUOE C
no6asiienueM 35 % CTaabHBIX BOJIOKOH B OJMMEPOETOH, apMUPOBAaHHBIN IECUaHBIMU
3aMOJIHUTENISIMH M CBS3YIOIIUM M3 3MOKCUJHON cMoibl. Heckoibko aBTOPOB
N00aBUIIM HEMJIOHOBBIE, CTEKJITHHBIC, apaMHJIHBIE U CTaJbHbIC BOJIOKHA JJIMHON OT
12,7 no 38,1 MM u OOHapy>XuJIM 3HAYUTEIbHOE YBEIHMYEHHUE MPOUYHOCTH
IpU CXKaTUH U U3rube.

Hanecenue moOKpbITHS BOKPYT YAaCTHI[ U JAPYTUX HAMOJTHUTEIEH, TAaKUX Kak
CTEKJIOBOJIOKHO, YITYYIIIaeT aJre31to MEeKIy MOJIUMEPHOI CMOJION M HATIOJIHUTEIISIMH,
U, CIIeI0BAaTEIbHO, MEXaHUUECKUE CBOMCTBA. Y CTAHOBJIEHO, YTO IPOYHOCTH Ha CKATHE
U IPOYHOCTH Ha U3TrU0 NOJIMMepOeTOHa C CHIIAHOBBIM MOKpbITHEM Ha 15-20 % BbIie,
4eM y HEeMOJU(PHUIUPOBAHHOTO OJIUMEPOETOHA.

OO0muii cioco0 U3roTOBJICHHUS TOTMMEPOESTOHHOTO CJI0sI HAUMHAETCSI CO CMEILIUBAHHS
HOJMMEPHOM CMOJIBI C YaCTHLIAMH TPeOyeMOoi MaCCOBOM JA0JIM C MUKPOHAIIOJTHUTEIISIMHU
U KOPOTKUMH BosloKHamMH. CMech BbUIMBaeTCs B (hopMy TpeGyemoii hopmbl. UTOOBI
yIaJIUTh BO3YLIHbIE IMYCTOTHl U 00ECHEUnTh JIydlllee YIUIOTHEHHE U PaBHOMEPHOE
CMEIIMBAaHUE YaCTHUIL CO CMOJIOH, HEOOX0AUM BUOPOCTOII C ONPEIECICHHON YaCTOTOH.
OTBep>KACHHBIH CII0H MoIMMepOeTOHA YIANISIOT U BBIIOIHAIOT OTJEIOYHbIE OIlepallty,
KaK [10Ka3aHo Ha pucyHke 11.
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Pucynok 11 — DTansl H3roToBIE€HNs CTAHUHBI CTAaHKA U3 OJIUMEpOETOHA

[Tockonbky monumepOeTOH 00y1aJaeT HU3KOM KECTKOCThIO MO CPaBHEHHIO
C YYT'YHOM W CTaJibl0, HO 00JlalaeT MPEBOCXOIHBIM TalleHHneM BHOpamuu, oH
UCITOJTB30BAJICSA B KOHCTPYKIHSAX CTAaHKOB Pa3lIMYHBIMU criocobamu. HemHorue
aBTOPHI 3aMEHWJIA BCIO CTAHWHY CTaHKa IOJIMMEPOETOHOM, YBEIIMYUB 00BEM, YTOOBI
COXpPaHUTh TY )K€ KECTKOCTh, B TO BpeMsi Kak HEMHOTHE JIPyTHe HCIIOIB30BAIIN €€ B
Ka4eCTBE THOPUIHOM KOHCTPYKIIMHU HAPSTY C TPAIUIIHOHHBIMI MaTepUaIaMH BBICOKOH
KECTKOCTH, TAKUMH KaK CTallb U KOMIIO3HUT M3 YIJIIEPOJHOTO BOJIOKHA U ATIOKCHUIHON
CMOJTBL, JUTs1 yCUIICHUS IeMITI(pUpOBaHMS BUOPAIIMH U YMEHBIIICHHST MAaCChl KOHCTPYKIIUH
6e3 yBennueHust oobema. OH TakkKe HCIONb30BAJICA B Ka4eCTBE JAeMIpuUpyoIieit
KapeTKH ISl JIMHEWHBIX HAMPaBIAIONIMX B cTaHkaxX. Coolmiaercs 006 orpaHUYeHHOMN
paboTe 1Mo SKCIUTyaTaI[MOHHBIM XapaKTePUCTUKAM, TAKUM KaK YHCTOTA TIOBEPXHOCTH U
M3HOC UHCTPYMEHTA CTaHKa C MOJUMEPOETOHHBIMU KOHCTpYKIUsIMU. ABTopoM C. Bruni
coo0manock 00 yIydIIeHHH KayecTBa MOBEPXHOCTH W CHM)KEHUH M3HOCA OOKOBBIX
MOBEPXHOCTEH MHCTPYMEHTA C TIOMOIIBIO OJTMMEPOETOHHOTO cJ10s1. UncTOBast TOKapHast
00paboTKa, BHIMIOJHEHHAS HAa CTaHKE, 000pY0BaHHOM MOJUMEPOCTOHHON CTAaHWHOM,
oOecrieunBasia 3Ha4eHHUsT Ra HIDKe, 4eM TpU TeX K€ OINEpanusiX, BBHIIIOJHEHHBIX Ha
TOKapHOM IIEHTpe, 000pYy1I0BAHHOM YYT'YHHOIH CTaHHUHOI.
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Ta6nuna 4 — Hanecenue noiauMepOeToHa Ha KOHCTPYKLUH CTAHKOB Pa3HbIMU aBTOPaMHU

Maccosas ITomumepnas [Ipumenenue B
JIOJIst cMmona KOHCTPYKIIMHU CTaHKa
ABTOpBI VYayuiienue
apmatypsl (%)
C. Bruni et 92 OnokcuaHas CraHHHa TOKapHOTO Bt ymeHbIIeH H3HOC
al. cMolia uenrpa ¢ UITY OOKOBOH IMOBEPXHOCTH
UHCTPYMEHTa U
yIydIIeHa YUCTOTa
MIOBEPXHOCTU
00paboTaHHOH eTan
Hyun Suk Kim 92.5 DnokcuaHas CaepxTovHast -
etal.[4] cMosIa nutQoBanbHas
TIOBEPXHOCTE C
3epKaJIbHON
OTIEIKON
M Weck et - - KosnonHa 1 ctannHa Pe3onancHas yacrota
al. (hpe3epHOro CTaHKA YBEIUYMIIACh
Jung Do Suh 90 [MonmsdpupHast I'ubpunHas cTanbHas Jemmnpupopanue
al. cMoJIa CTaHUHA, CBAPCHHAs 3 | BUOpALUK yIyYIIEHO B
MOJMMEPOETOHA, IS 10-20 pa3
BBICOKOCKOPOCTHOTO
MIOPTAJILHOTO
(dpe3epHOro CTaHKa
33 80:10011 81

B xone mpoBeaeHus uccineqoBaHUN ObliIa MOATBEPHKACHA I€I€CO00Pa3HOCTD
MCTIOJIB30BaHUs TOTMMEPOETOHA C ONTUMATIBHBIM COCTABOM 0a3alibT, MIECOK U JIeTydast
3oma (87 % wnanomuutens u 13 % cMOIbI), TOCKOJIBKY JAaHHBIH COCTaB OOJagaeT
HauMeHblIeH Aedopmanueil 1 npueMIeMol MPOYHOCTHIO Ha U3TUO MPU U3rOTOBJICHUU
CTAaHUH METAJUIOPEKYIIUX CTAaHKOB. ONTHUMAaNBHBIN COCTAaB MO3BOJIMI CHHU3UTH
BapuaIuu jae(opMariyi OCHOBaHHUH 0 JOCTATOYHO HU3KOTO YPOBHS, UTO CIIOCOOCTBYET
JTAIbHEUIIEMY TTOBBIIIEHNIO TOYHOCTH CTAHKOB C MPELU3UOHHBIM UHCTPYMEHTOM. JTO
VIIy4IICHHE YCIOBUU JKCIUTyaTalluu ISl MPEIU3UOHHON 00pabOTKH MHCTPYMEHTA
YCKOPSIET YPOBEHB TOUHOCTH JI0 00JIee BEICOKOTO MUK MPH IMOTyYSHHH TOYHBIX U3ACIIHIA.

[IpoBenenHbIit aHanmu3 MoKaszaj, 4YTO ¢ MPUMEHEHUEM MOJTUMepOeTOHa MpH
npoeKTupoBaHuu cTaHuH MPC mpou30mnuIo MOBBIIIEHUE YaCTOTHI CBOOOJTHBIX
konebanuit ¢ 3,2 % (Ha HU3KHX YacToTax) a0 12,8 % (Ha BBICOKHX YacTOTax).
Craruueckue uccieoBaHus MoKa3aiu, YTO IPOU30IILI0 YCHIIEHUE BCeH KOHCTPYKIIMU
3a CYET MCIIOJIb30BAHUSI 3aII0JIHEHHsI CBOOOIHBIX MPOCTPAHCTB MOJTUMEPOETOHOM.

[Ipumenenune nonumepOeTOHa MPH U3roTOBIEHUU cTaHMH MPC mo3BosuT
YIIYUYLIUTh YaCTOTY ITOBEPXHOCTH, CHU3UTh CKOPOCTh U3HOCA HHCTPYMEHTA U YIIPOCTUTH
npouecc u3roropienus cranud MPC. Takke CTOUT OTMETUTh, YTO MCHOJIb30BaHUE
ONTUMAJIBHOIO COCTaBa 3AIIOJIHUTEIIS MO3BOJUT CYLIECTBEHHO CHU3UTH CTOUMOCTH
U3JIEIHs.
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IPI KAPA MAJIIBIH ¥3bIH TOCEKTEPIHIH BEPIKTIK
KACHUETTEPIHIH ITOJIMMEPBETOH KOCITAJIAPBIHBIH
KYPAMBIHA TOYEJIAUUIIT'IH 3BEPTTEY

Byn maxanaoa nonumepbemonnviy opmypii Kypamoapvih maiday yCbIHbLI2AH.
¥3oin  onuemoi memann Kecemin CMAHOKMapowl (ycax man) dcobaniay yui
KOJIOAHBIIAMbBIH — NOAUMEPOEMOHHbIY — APMBIKUBLIBIKMAPLL  MEH — KeMuliiikmepi
Kapacmulpwliaosl. Anmsl moamipevius 3epmmendi (0azanvm, cnoOyMeH, Ky, 63eH
KUublpuibly, macmapul, Kym scone bop). lonumepbemon yaeinepi wailvipovly Oipoeti
KoneMOiK yreci oap moamulpblitmapobiy Spmypii KypamoapviMeH OatiblHOAI0bl
(monmuipeviiumap 83 % owcone wativlp 17 %). Honumepbemon yneinepiniy uiny
OepikmiziH enuey yuliH mepm HyKmeai uiny ColHaabl KOL0anulLiobl. [lorumepbemonHuly
KTP apuaiivr srcacanzan Kypoiicviibiy komecimen onuenoi. Oymaiinvl KOMRO3UYus
Kapacmuipwliovl, Oy 6aA3ablK 0ehOPMAYUAHBIY APUAYUACHIH HCEMKLTIKMI MOMEH
Oeneetiee Oetiin memenoenyae MyMKIHOIK Oepoi, Oy 0o Kypaimer CaHOKmMapobly
00110i2iH 00aH opi xncakcapmyea viknai emmi. Kypanovl 0on enoey yuin sicymovic
2HCAZOAUNAPBIH dHcaKcapmy 091 OHIMOepOi aty KesiHOe 00N0IK OeH2elliH JHco2apbl
wvlH2a Oedlin  Jcvlidamoamaosl. MawunaHvly €Ki KOPNYCbIHbIE OUHAMUKALbIK
Kacuemmepin CaHObIK 3epmmey HoHe CIAMUKAIblK, 0epikmik Kacuemmepin manioay
arcypeizinoi. Teopusiivix 3epmmeynep Ke3inoe exi Mamepuaioan mypamsiy 2uopuomi
KOpnycmsl manoay ywin axvlpivl dnemenmmep 90ici Kor0anuliovl. byn bipwama
Jrcenindemyoi  0indipedi, OUMKeHI WOUbIH MeH NOAUMepOemonHvly OaulanblC
MOOei IKCHEPUMEHMMIK CollkecmeHdIpyoi Kaxcem emedi. Mynoail colikecmeHOipy
Kypuviivimovix mamepuanoapoviy Kacuemmepin Kammviob.

Kinmmi ce30ep: noaumep mamepuanvl, nonumepbemon, Memann KecKiut
CMAHOK, ROAUMEPOEemOH Kypambl, ULy Oepikmiei, JHcbliy KeHero Ko duyuenmi.
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INVESTIGATION OF THE DEPENDENCE OF THE STRENGTH

PROPERTIES OF LONG-LENGTH MRC MILLS ON THE COMPOSITION
OF POLYMER CONCRETE MIXTURES
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This article presents an analysis of various compositions of polymer concrete. The
advantages and disadvantages of polymer concrete used for the design of long-length
metal-cutting machines (MPC) are considered. Six aggregates were investigated
(basalt, spodumene, fly ash, river gravel, sand and chalk). Polymer concrete samples
were prepared with different compositions of aggregates containing the same
volume fraction of resin (aggregates 83 % and resin 17 %). A four-point bending
test was used to measure the bending strength of polymer concrete samples. The
KTR of polymer concrete was measured using a specially manufactured device. The
optimal composition was considered, which made it possible to reduce variations in
the deformation of the bases to a sufficiently low level, which contributes to further
improving the accuracy of machines with precision tools. This improvement in the
operating conditions for precision tool processing accelerates the level of accuracy
to a higher peak when producing accurate products. Numerical studies of dynamic
properties and analysis of static strength properties of two machine bodies were
carried out. During theoretical studies, the finite element method was used to analyze
a hybrid housing consisting of two materials. This represents some simplification,
since the model of contact between cast iron and polymer concrete requires
experimental identification. Such identification covered the properties of structural
materials.

Keywords: polymer material, polymer concrete, metal cutting machine, polymer
concrete composition, bending strength, coefficient of thermal expansion/
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MODELING AND JUSTIFICATION OF THE DESIGN OF WIND
TURN BLADES UNDER HIGH WIND SPEED CONDITIONS

The one of main problems that need to addressis study discuss the use renewable
energy by justifying the design of the blades to reduce fuel consumption to reduce power
by create mechanical power using two or three blade ordinary wind turbine. Each blade
length was 0.22 meter and pitch angle of the blade was 2 degrees to reach the maximum
power from the wind as shows the simulation depending on Beta limit. Solidwork used to
design the turbine and to find its moment of inertia and initial parameters. MATLAB used
to simulate the system equations to find turbine power coefficient depending on ideal pitch
angle (Beta) and the tip speed ratio (Lambda), also to find required mechanical power to
drive different small mechanical devices with power assumed 1400 Watt. As result, the
wind turbine gives optimal power required at wind speed is near to 31.5 m /s (113.4 Km/h)
and for less wind speed the device could work with less efficiency. Otherwise, high speed
produce best efficiency.

Keywords: modeling, design, blades, power, wind turbine, renewable energy, efficiency.

Introduction

The main reasons for increase the atmosphere heat are greenhouse gases, which
produced by humans in various ways. Most of them released due to burning fossil fuels
in vehicles’ engines, factories and generators. [1]

Carbon dioxide (CO,) is the largest contributor of the warming. While other gases
include methane could be come from agriculture, nitrous oxide, gases used for cooling
and industrial processes, and deforestation that would otherwise absorb CO, [2, 3].

The almost air pollution gases come from the vehicles around the world. Where
they produce most of the carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides
(NOx), and particulates in major urban areas.

The automobile emissions of carbon dioxide are the serious global threat by raise
global warming and as a result for many studies, the vehicles emissions depend on many
factors such as fuel type, road gradient conditions, the vehicle age and maintenance
quality, loads on the engine, as well as the vehicle payload [4, 5].
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The renewable energy resources are very important due to the negative effects of
the fossil and its gases on the atmosphere and the contemporary problem of the global
warming, particularly the wind power can account it free, clean and endless.

For a number of years, renewable energy has been viewed as an economical and
environmentally friendly substitute for fossil fuels as a source of power. It has recently
been demonstrated that, in many places, power plants employing wind and solar
photovoltaic (PV) systems may generate energy more affordably than those using fossil
fuels. Globally, it is predicted that more than 26 % of renewable energy might be used
to generate electricity [6]. This may result in a larger renewable energy capacity than
could be achieved by combining nuclear and fossil fuels. The shortcomings of onshore
wind turbines, such as wind speed concerns, installation site challenges, and visual
issues, have led to the development of floating offshore wind turbines, or FOWTs. The
entire worldwide onshore wind turbine capacity was 539,954 MW, while the total global
offshore wind turbine capacity was 23,706 MW, according to the 2019 International
Renewable Energy Agency (IRENA) Renewable Capacity Statistics and as published
in 2018 [7].

Unfortunately, because to the small number of deployments, there is currently little
knowledge available about storm-flexible system design. The purpose of the blades
rotating on contemporary turbines is to minimise air resistance and/or surface area
when wind speeds surpass the expected wind speed. The power that results therefore
drops and could even zero [8].

Regardless of the ideal wind conditions that have been considered in the construction
of big turbines, small wind turbines are still designed [9].

As aresult, low airspeed and tiny turbine size are employed, which results in low
energy generation and poor efficiency [10].

Consequently, a good substitute to survive environmental circumstances would
be compact turbines made to endure those conditions. They will also be affordable,
eco-friendly, and simple to install and maintain. In rural locations and away from city
centres, they might be chosen as independent power generating systems (Singh and
Gill 2020) [11].

This study shows ability of use small ordinary wind turbine to generate optimal
mechanical power Assumed 1400 watt to drive different small mechanical devices at
high wind speed.

Materials and methods

The Turbine Power

It is famous that the general value of power can be define as:

P:%*p*S*V3 (1)

60

HAYKA U TEXHUKA KASAXCTAHA. ISSN 2788-8770. Ne 4, 2023

In 1919, the German scientist Albert Betz found relation between the power obtained
from wind (P,)) and the power produced in the turbine P_ . where he found that:

Povair = By * Cp (2)
Pavai
C, = 5 L (3)

Therefore, he mentioned that the wind turbine cannot convert more than % (59.3 %)
of the wind kinetic energy into necessary mechanical energy required to rotate the
rotor. So this ratio called Betz Limit or Betz’ Low. The power coefficient (performance
coefficient) is conceptualultimate power capacity of any wind turbine modelling is no
more than 0.59 and is define as:

Vi Viy2
. 1+ (1=
Crmax = 0.59 = Pa;:” — V2 - V2

(4)

The performance coefficient can be account as function of wind speed, so in real
use conditions is lower than the Betz Limit with values of 35-45 % ifideal design taken
into account. In addition, there are some another factors take place in the calculation of
the wind power that truly converted to the electric current. Some have negative effects
as frictionlike the bearings; gearbox and generator, so only 0.1-0.30 of the wind power
are indeed converted.

Therefore, the power coefficient will take place into account these factors and the
power from the wind was given by:

1
Pc;zvail:E*C'P*p*s*v3 (5)

For more accuracy, it found that the performance coefficient is function of several
factors like ratio between the wind speed and tip speed of blade in addition to number
of blades and blade angle Beta. Actually, the C, value depends on value Beta and
Lambda, Where Betap is the pitch angle of the blade in degrees, and Lambda A is the
tip speed ratio of the turbine.
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Cp (4, B)

l

-

Figure 1 — Cp value depends on value Beta and Lambda

To get maximum power from wind it recommended to design optimal tip speed
ratio of wind turbine there are many forms to find the value of, below is the equation
that used in this study

Co(MB) = A1[((A2 %) — Azf — A4) e + Agh; (6)

A =054, = 116; Ay = 0.4:4, =5: Ac = —21: A, = 0.0068:
1_ 1 0035 (7)
b A40.08+p 143

Build the turbine essential equations in the Matlab program to calculate the power
generated, the value of founded experimentally for many researches using the following
equation:

5 = @reR ®
o = blades angular velocity (radian/ sec).
To find the turbine power used the formula
1
P, = Ecppsvi“ )

The initial parameters of the 2- blade Wind turbine:

To calculate the essential parameters of the ordinary wind turbine used the mass
properties in Solidwork packet, where the model made of Aluminum. The diameter of
the ordinary wind turbine is 0.5 meter designed to be suitable for the passenger vehicles
and can fix in front of the grill, length of the blade is 0.22 meter.

The backside area designed wider than the front area to insure create a pressure
difference between front side and backside of the fin where the wind velocity will
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increase causes low pressure in the backside, which allow wind to push the fin around
the rotation axis.
Initial parameters of wind turbine shown below
Mass m=777.86 grams (0.77787 kg); area S= 64169.80 mm? (0.06417 m?); volume
V= 287035.05 mm’ (0.000287 m?®); material density =2710 kg/m’; moment of inertia
along the movement axis [=67002280.01 g.mm? (0.06700228Kg.m?)

Assumptions to modelling the turbine:

There are some assumption to start modelling the turbine in ideal conditions

Consider the blades are similar and homogenous have the same moment of inertia
and same parameters

Friction coefficient for the air is zero

Air speed is homogenous when hit the turbine blades area

Results and Discussion

The power consumption by the A/C compressor is 1.46 kW (2H), compressor speed
is about 1000 rpm, so the torque required =5252*hp/ 1000 = 14 Nm and to drive it the ICE
required more fuel consumption that means more exhausted gases and more expenses.
Therefore, there is a need to create a system based on clean and endless energy. Wind
energy is a promising energy and it can mitigate the effects of global warming if the
studies presented are properly used. Model of a 2-blade wind turbine Cp represented
in Matlab as shown in the figure 3,as results the maximum value of depends on two
variables Lambda and beta as in figure 3.

out.Cp2

— Cont | Cont Cont ‘ ‘ Cat
Beta UZH0BUNH 0S| 05H(1BU2M0 415 exal- 21200068

[ / Cott “/Lambda | A o) S
|| ————

p outLambda

Figure 2 — Turbine equations simulated in MATLAB program
The figure shows the simulation of equation in Matlab program to fine numerically

the values of power coefficient when beta varies 2, 4, 6, 8, 10 and 12 degrees when
lambda is between 0 and 20
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Figure 3 — Values of depending on Lambda and Beta

The figure illustrates that the maximum power can obtain from the wind is when
the angle of blade Beta is two when lambda is 10, this power inversely proportional to
Beta, therefore this value was selected in this study. Because of that, the study relies
on high wind speed according to the vehicle speed.

If the rotor of the wind turbine spins too slowly, most of the wind will pass straight
through the gap between the blades, therefore giving it no power. However, if the rotor
spins too fast, the blades will be cannot seen and look like a solid wall to the wind. In
addition, blades at very high speed can create turbulence as they spin through the air.
If the next blade arrives too fast, it actually will hit that turbulent air. So sometimes, it
is better to slow down the blades.

Taking into consideration lambda optimal is 10 to get the maximum power and
represent the values in Matlab simulation.

The maximum power obtained when the air velocity was 30 m/s (108 Km/h) for
first 15 sec was more than 1250 watt then raised to approximately 3000 watt when the
wind speed was 40 m/s (144 Km/h)
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Time

Figure 4 — The range of accepted power related to wind speed

When the wind speed is near to 31.5 m /s (113.4 Km/h), the optimal mechanical
power required to drive the compressorcould be obtained as shown below

Power_Watt
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28001

2600

24001~
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I 1 I I I
0 5 10 15 20 25 30
Time

Figure 5 — Optimal power related to wind speed

Conclusion

Designing ordinary wind turbine with small shape and high performance to generate
mechanical power for small mechanical devices is possible at wind speed condition. The
study showed that optimal power for the small mechanical devicecould be obtainfrom
small diameter, 2 — blade wind turbine. The wind turbine gives optimal power required
at wind speed isnearto 31.5 m /s (113.4 Km/h) and for less wind speed the device could
work with less efficiency. However, more efficiency at higher wind speed may obtain.
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'KEJIIIH JKOFAPBI JKBIIIIAMIBIK JKAFIAWBIHIAFDBI )KEJIIK BYPY
MAJIAKTAPBIHBIH JKOBACBIH MOJIEJBEY KOHE HETI3JEY

Byn maxanaoa exi nemece yw Kanaxuacel 6ap ko0imei scen mypouHacol apKblisl
MEXAHUKANBIK, Kyam Kalaxmapowly OU3AUHbIH He2iz0ey apKulibl OHOIDY apKblibl
OMBIH UBISLIHbIH A3AUMY HCOHE KYAMMbl A3AUMY YU JHCAHAPMBLIAMbIH JHEPUSIHbL
natdananyovl maiKbliaumuly 3epmmey cunammaizan. bBema wezine oainanvicmol
MoOdenvoey apKbiibl KepcemineeHoel, Hcendiy MaKkCUMAanobl Kyamvlia Jdcemy yulin
ap acy30iy y3viHobizbl 0,22 memp, an kanrax oOypoiust 2 epadyc. Typounarwl scobaray
JHCOHE OHBIY UHEPYUs. MOMEHMIH JHCOHe DACANKbl napamempaepin aHblKmay yuin
Solidwork 6azoapramacel naiioanranviidwl.

Matlab 6az0apramacvin  natioanany Hcyuenix meHoeyaepoi Mmooeivoeyee,
mypounanvly Kyam Kodgguyuenmin udean kaoam Oypviuibina (bema) dHcoue yuibl
KAMbIHACLIHA (1AMO0a), 9pmypai wasvli MEXAHUKAIbIK Kypbliabliapovl backapyaa
APHANIZAH MEeXAHUKATLIK Kyammbvly QVHKYUACsl peminoe aHblKmayad apHal2au.
xgyamol 1400 Bamm. JKen mypounacvinOa anrvinean Homuicenep CUnammaiedw, o
wamamen 31,5 m/c (113,4 km/caz) sacen HcoliOamMOblebiHOA KANCEmMmi OHMAUIbL
Kyammol OHOIpedi, an JHCeldly MOMEH CHLIOAMObIZbIHOA KYpblidbl MOMEH
MUIMOLTIKNEH HCYMBIC icmell anaodbl. Qumnece, Hco2apbl HebLIOAMObIK MAKCUMATIObL
MUIMOLIIKMI KAMMAMAChbl3 emeoi.

Kinmmi coe30ep: modenvoey, dcobanray, Kaiakuaiap, Kyam, dcei mypouHacsl,
HCAHAPMBLIAMNBIH IHEP2UsL, MUIMOLLIK.
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MOJIEJUPOBAHUE 1 OFOCHOBAHUE KOHCTPYKIIUA JIOMMACTEX
BETPOYCTAHOKH B YCJIOBUSIX BEICOKOI CKOPOCTHU BETPA

B oamnnoii cmamve onucvigaemcs ucczzedoecmue, nocesiueHHoe 06cy9fcdemuo
UCNOIb308AHUSL 80300HOBIAEMbIX UCIOYHUKOB IHepcuu OISl CHUDICEHUL pacxoda
moniuea U CHUJNCEHUSL MOWHOCMU nynmem CO30aHUSL MEeXAHUUEeCKOU IHepcuu

67



KA3AKCTAH FbllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.

Ne 4, 2023

68

nymém 0060CHOBAHUSL KOHCMPYKYUL JIONACmel 8empsHOU mypOuHvl ¢ 08yMs Uiy
mpemst 1onacmsamu  — OAUHA Kaxcoou aonacmu cocmaeisem 0,22 mempa, a yeon
HakaoHa Jaonacmu cocmagigem 2 epadyca 075 OOCUdICEHUs MAKCUMATbHOU
MowHOCIMU 8empa, KaK NOKaA3blédem Mo0eauposanue 8 3a8UcCUmMocmu om npeoena
bema. Ilpoepamma Solidwork ucnonwsosanacv 0ia npoekmupoganusi mypouHvl u
onpedeneHuss ee MOMEHmMA UHepyuu U HAYaIbHuIX napamempos. Hcnonvzosanue
npoepammel Matlab npeonasnauanocs 01 MOOEIUPOBAHUS CUCEMHBIX YPAGHEHUL],
onpeoeneHusi Koappuyuenma MowHOCmMuU mypouHsl 8 3a6UCUMOCTIU O UOEATbHO2O0
yena Hakiowna (bema) u nepeoamouHo20 OMHOUICHUs. — 3AKOHYOSKU (MAM00a),
MEXAHUYECKOU MOWHOCMU 0151 NPUBOOA PA3TUYHBIX HEeDONbUIUX MEXAHUYECKUX
yempovicms, ¢ npeononazaemou  mownocmoio 1400 Bamm. Onucvigaromest
NOTYUEeHHble Pe3Vabmamyvl GempaHoOl MypOuHbl, KOmopas Odem ONMUMATLHYIO
MOWHOCMb, HeoOX00uMyl0 npu ckopocmu eempa oxono 31,5 m/c (113,4 xm/v),
a npu MmeHvluell CKOpOCU Gempa YCMpOUCmEo MOdicem pabomams ¢ MeHbliel
apexmusnocmoio. B npomuenom ciyyae 6vicoxkas CKOpocmbv obecnedugaem
MAKCUMATIbHYIO P DEKMUBHOCTb.

Kniouesvie crosa: moodenuposanue, KOHCMPYKYUs, JORACU, MOWHOCHD,
eempsHas mypouna, 60300no6semas snepeus, K/
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BEARBEITUNG VON ROTIERENDEN OBJEKTEN
DURCH SCHNEIDEN MIT COMPUTERSIMULATION

Die mechanische Bearbeitung von Metallen in Form eines Zylinders wird
von wesentlichen thermodynamischen Prozessen begleitet. Die Wirmequelle beim
Schneiden von Metallen ist die Arbeit, die fiir Verformungen in der Schnittschicht
und in den Schichten neben der bearbeiteten Oberfliche und der Schnittfliche und
fiir die Uberwindung der Reibung an der Vorder- und Riickseite des Schneiders
aufgewendet wird.

Die Prozessmodellierung kann einen grofien Beitrag leisten und den
Innovationsprozess beschleunigen und die Entwicklungszeit der Zyklen verkiirzen,
indem sie notwendige Experimente unterstiitzt, da sie im Vergleich zu experimentellen
Studien weniger kostenintensiv, weniger gefihrlich und weniger Vorbereitungszeit
benotigen. Dabei werden die simulierten Schneidprozesse durch viele verschiedene
Phdnomene reguliert, beispielsweise die Mechanismen der Streu- und Trennenergie
von Materialien, die gleichzeitig die Qualitit der betreffenden Bearbeitungssysteme
beeinflussen.

SPH ist wirklich keine Mesh-Methode, da es kein Hintergrundraster benétigt. In
SPHwirdder Rechenbereichmit Lagrange-Teilchen abgespeichert, dievariable Felder
tragen und sich mit dem Material bewegen. Die zelllose und lagrangeartige Natur
von SPH macht es ideal fiir die mathematische Modellierung der Metallverarbeitung.
Die Arbeiten zeigen, dass Scherbdnder und Spanbildung natiirlich ohne spezielle
Behandlung, wie z. B. Knoten-Anreicherung oder Neuplanung, eingefangen werden.
Die SPH-basierte Simulation in LS-DYNA wird durchgefiihrt, um Schnittkrdfte,
plastische Verformungen und die Schnittebene mit grofSer Prdzision vorherzusagen.

Schliisselworter: Simulationsmodellierung, Schneiden, Verschleifs, Temperatur,
Spannung.

Einleitung

Die erste Untersuchung des grundlegenden Bearbeitungsprozesses fiir das
orthogonale Schneiden mit der SPH-Methode wurde von J. Limido et al. im Jahr
2007. Aufgrund erheblicher Unterschiede zwischen ihrem Aufbau und dem realen
Szenario, wie z. B. Variationen der riumlichen Auflsung, geometrische Bruchmodelle,
empirische Bruchmodelle und SchnittDiskretisierungsmethoden auf der Grundlage von
Partikeln und Dreiecken, wird in dieser Studie jedoch kein direkter Vergleich zwischen
diesen beiden Modellen vorgestellt.
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Wenn die Breite des Frisers die Schnitttiefe stark liberschreitet, stellt sich im
Werkstiick ein zweidimensionaler Spannungszustand ein, was zu einem ebenen
Problem fiihrt [1]. Dies ermdglicht die Anwendung eines 2D-Modells, das mit einem
anorthogonalen Ausschnittmuster ausgepackt werden kann.

Orthogonale und schrige Zerspanungsprozesse beinhalten die relative
Langsverschiebung des Schneidwerkzeugs und des Werkstiicks. Solche Techniken
werden liblicherweise bei der Oberfldchenreinigung von harten Legierungen verwendet,
wobei das Hauptanliegen die Sauberkeit der bearbeiteten Werkstiickoberflachen ist,
insbesondere bei Bohrvorgingen.

Ebenso bedeutsam, aber mit potenziellen breiteren Anwendungen, ist die
mechanische Bearbeitung von rotierenden Kdrpern um eine zentrale Achse. In beiden
festen Fillen entstehen beim Auftreffen des Werkzeugs auf das Werkstiick instationédre
Spannungsfeldverteilungen aufgrund von Wellenphdnomenen. Die erhaltenen
Ergebnisse deuten darauf hin, dass im ersten Fall der Werkzeugfixierung im Moment
der Fixierung Langsdruckspannungen in den geformten Spénen auftreten, gefolgt von
einem allméhlichen Abbau. Im zweiten Fixierungsfall werden Lingsdruckspannungen
an den Extrempunkten der Spidne beobachtet, wihrend Léngszugspannungen in der
Mitte der Spéne auftreten [2].

Materialen und methoden

Hier verwenden wir die netzfreie SPH-Methodik (SmoothedParticleHydrodynamics),
um die Simulation und Analyse eines 3D-Hartbearbeitungsprozesses darzustellen.
Das auf Langrangian SPH basierende Modell wird mit dem Ls-Dyna-Programm
durchgefiihrt. Klassische Lagrange-, Euler- und ALE-Methoden wie Finite-Elemente-
Methoden (FEM) konnen grofle Verzerrungen nicht sehr gut auflosen. Die bedingte
Finite-Elemente-Analyse von Metallschneidprozessen scheitert hdufig an einer starken
Netzverformung [3].

Jiingste Entwicklungen sogenannter netzloser Methoden bieteneine Alternative zu
herkémmlichen numerischen Methoden zur Modellierung von Bearbeitungsprozessen.
SPH ist ein netzloser Ansatz, sodass endliche Verformungsprobleme leicht beseitigt
werden konnen und die SPH-Kontaktsteuerung eine «interne» Span-Teiletrennung
ermOglicht. Denn SPH vereint die Vorteile netzloser Lagrange-Partikel-Methoden. Der
orthogonale Schneidprozess von AISI H13 1-Stahl wurde mit der SPH-Methode simuliert
und analysiert. Das entwickelte SPH-Modell erlangte die Fahigkeit, die Schnittkréfte
korrekt abzuschitzen, wie in zwei orthogonalen Schnittsituationen gezeigt (Abb. 1).

Die Schnittkrifte wurden fiir SPH, explizite Langrange- und experimentelle
Ergebnisse verglichen [4].
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a — zylindrischer Stab, b — Stab mit rechteckigem Querschnitt

Abbildung 1 — Schema der mechanischen Bearbeitung von Metallen durch Schneiden
von um eine Mittelachse rotierenden Werkstiicken

Wihrend die spanabhebende Bearbeitung zylindrischer Gegenstinde die Sauberkeit
der bearbeiteten Oberflichen gewihrleistet, ist die spanabhebende Bearbeitung bei
Staben mit rechteckigem Querschnitt eine vergleichsweise kostengiinstigere Methode,
um den betreffenden Werkstiicken verschiedene geometrische Formen zu verleihen
(Abb. 2).

Abbildung 2 — Orthogonales Schneiden eines zylindrischen Werkstiicks

Aus den erhaltenen Ergebnissen folgt, dass im Anfangsstadium der mechanischen
Bearbeitung zylindrischer Proben aufgrund des Aufpralls des Schneidwerkzeugs ein
synchroner plétzlicher Anstieg des Temperaturfelds und verbleibende Endverformungen
beobachtet werden, was auf eine komplexe Spannungs-Dehnung hinweist Zustand im
Anfangsstadium der Spanbildung (Abb. 3) [5-6].
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0.6 LS-DYNA keyword deck by LS-PrePost
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a — zylindrische Werkstiicke durch Schneiden endlicher Verformungen,
b — Temperaturfeld
Abbildung 3 — Diagramme der Anderungen, die wiihrend des Prozesses
der Spanbildung wéhrend der Bearbeitung auftreten

Aus den erhaltenen Ergebnissen folgt, dass in der Anfangsphase der mechanischen
Bearbeitung zylindrischer Proben eine synchrone Anderung des Spannungsfeldes
in verschiedenen Knoten des Abfalls beobachtet wird. Gleichzeitig weist die
voriibergehende Natur der Spannungsénderung auf die Komplexitét der Spanbildung
hin (Abb. 4).

Wird bei Langsspannungen iiberwiegend Druckcharakter beobachtet, so liegen bei
Querspannungen abwechselnd Druck- und Zugspannungen vor. Dieser Sachverhalt
lasst sich dadurch erkldren, dass es in den Spdnen im Moment ihrer Entstehung zu einer
gegenseitigen Beeinflussung benachbarter Materialpunkte kommt, was eine monotone
Anderung des Spannungsfeldes verhindert (Abb. 5) [7].
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0.6, LS-DYNA keyword deck by LS-PrePost
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a — Langsspannungen, b — Querspannungen
Abbildung 4 — Diagramme der Verdanderungen, die wéihrend des Prozesses der
Spanbildung bei der Bearbeitung von zylindrischen Metallteilen auftreten
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Abbildung 5 — Die Art der Anderung des Spannungs-Dehnungs-Zustands wihrend
des Spanbildungsprozesses bei der Bearbeitung von zylindrischen Metallschneiden
mit zunehmendem Abstand vom Schnitzer

Ergebnisse und Discussion

Aus den erhaltenen Ergebnissen folgt, dass in den néchstgelegenen Knoten des
Schneidwerkzeugs ein groBer Gradient in der Verteilung des Spannungs-Dehnungs-
Zustands besteht, der sich mit der Entfernung entlang der Mantellinie des Zylinders
allmihlich einpendelt.

Somit spiegelt das entwickelte Simulationsmodell der mechanischen Bearbeitung
zylindrischer Werkstiicke die realen Prozesse beim Schneiden angemessen wider.

Die numerische Vorhersage von Metallverarbeitungsprozessen wie Metallpressen
und -schneiden ist ein anspruchsvolles Problem. Zu diesen Prozessen gehoren die
Lokalisierung plastischer Verformung, die Bildung von Scherbandern, die Trennung
von Materialien und ein Temperaturanstieg, der zur Erweichung des Materials fiihrt.
Hier werden SPH-Spurenelemente zur Simulation des Metallverarbeitungsprozesses
eingesetzt. SPH-Partikel sind von Natur aus in der Lage, grof3e plastische Verformungen
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in Materialien einzufangen. Allerdings leidet SPH unter einer Zuginstabilitét, die zu
einem numerischen Versagen des Materials fiihrt [8].

SPHs werden verwendet, um den Metallschneidprozess zu simulieren. Die
akkumulierte effektive plastische Dehnung und Temperaturverteilung werden mit
bekannten Ergebnissen aus der Literatur verglichen. Die dargestellten Ergebnisse
stimmen mit Beobachtungen aus der Literatur iiberein. Anderungen der Vorschublinge
wirken sich auf die Verformung des Materials aus. Mit zunehmender Vorschubldnge
erhoht sich die Schnittkraft. Dies flihrt zu einer Verringerung der Anzahl der Scherbander
und einer Vergroferung der Breite zwischen zwei benachbarten Scherbidndern. In dieser
Arbeit wird der Einfluss der Reibung beim Metallschneiden vernachléssigt [9].

Die Anwendung der SPH-Methode fiir die Metallbearbeitung ist recht neu,
ithre Merkmale sind noch nicht vollstindig verstanden und die effektivsten
Einsatzmdglichkeiten sind noch nicht vollstdndig entdeckt. Trotz ihrer Neuheit kann
die SPH-Methode als ein vielversprechendes Werkzeug fiir die Untersuchung der
Zerspanung angesehen werden.

Hier zeigt die SPH-Methode Mdglichkeiten auf, die Hauptschwierigkeiten der
Schnittsimulation zu iiberwinden. Das Wichtigste ist, dass diese Methode genau das
Werkzeug ist, das die Untersuchung grofer Verformungen, die in der Néhe eines
Schneidwerkzeugs auftreten, ohne Verlust an Genauigkeit und Stabilitit ermdglicht [10].

Abschluss

Als Ergebnis wurde der orthogonale Schneidprozess fiir H13-Stahlmaterial mit
Hilfe der SPH-Methode simuliert und analysiert. Aquivalente plastische Dehnungsrate,
dquivalente plastische Dehnung, effektive Spannung, Scherspannung und Schnittkraft
wurden modelliert und fiir orthogonales Schneiden ermittelt. Das entwickelte SPH-
Modell erlangte die Fahigkeit, Schnittkrifte korrekt abzuschitzen, wie in zwei
orthogonalen Schnittféllen gezeigt.
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12345M. Oye3oB atbiHaarel OHTYCTiK Ka3zakcTan yHUBEpCHTETI,
Kazakcran PecniyOnukacel, [IIbIMKEHT K.

Bacein msirapyra 22.11.23 kaObuiganabl.

KOMIBIOTEPJIIK MOJEJBAEYAI KOJJAHA OTHIPHIII,
AMHAJIMAJIBI OBBEKTIJIEPI KECY
APKBLTBI MEXAHUKAJIBIK OHJIEY

LHunundop mypinoeei memandapovl MeXaHuKaivlk 6HOey aumapiblKmail
MepMOOUHAMUKANBIK npoyecmepmer Oipee dcypedi. Memandapowvl recy Kezinoe
JACHLIY KO3I KeclneeHn Kabammasbvl JcoHe oHoenzeH bemke dcoHe Kecy bemine ipeenec
Kabammapoaavl Oepopmayusanaped dHcoHe KeCKiumiy aiOblHabl JHCOHEe apMKbl
bemmepindezi YUKeniCmi Jdcenyee HCYyMCAIAmbIH ACYMbLC 00N MAObLIAObL.

IIpoyecmi moodenvoey uHHOBaYUA NPOYeciHe YIKeH yaec KOCbin, dcedenoeme
anadvl JcoHe  Kadcemmi  IKCHepuMeHmmepoi KOoaoaul Omvlpvln, YUKIOApObl
a3ipey YaKblmvlH KblCKApmMaosl, OUMKeHI 01ap a3 wbleblHObL, KAVINMI emMec HCoHe
IKCNEPUMEHMMIK 3ePMMeEYNEPMEH CANbICMbIP2AHOA A3 OAUBIHObIK YAKbIMbIH KAXHCEN
emeoi. Convimen Kamap, MOOeIbOeH2eH Kecy npoyecmepi opmypii KyOblivicmapmer
pemmenedi, MbiCAIbl, WAWBIPAY IHEPIUACHL  MEH  Mamepuailoaposbt 0oy
mexanusmoepi, onap 6ip yaKblmma KapacmulpulLibl OMulpean OHoey Jcylenepiniy
canacvina acep emeoi.

SPH pacwinda mop sicox a0ic, etimkeri 011 poHObIK mopovl Kadcem emneidi. SPH-
Oe ecenmey aiimaevl Jlaepansicovly Komezimen manoaiadsvl OeaUeKmep, ayblCnaibl
epicmepoi anvin JHcypemin dcone mamepuaimen oipee Kozeaniaovl. SPH-niy mopcolis
JHCOHE JIASPAHINCObL MAOULAMbL OHbL MEMANObL OHOEYOl MAMEMAMUKALLIK MOOEIbOey
Yuin eme Konaiivl emeoi. Kymvicma vlebiCy HCONaKmapvl MeH HCOHKANApObIY NAloa
Oonybl myuiHOi Oauiblimy Hemece Kauma Kypy CUsSKMbl apHalibl eHOeyci3 mabuzau
mypoe ycmanamuinwl kopcemineen. LS-DYNA-oa SPH nezizinoezi mooenvoey xecy
Kywmepin, NIACTMUKATBIK 0epopMayusiapovl HcoHe Kecy JHCA3bIKMbleblH VIKeH
0010IKNneH 6OnNCAY YUWIH HCACANAODL.

Kinmmi co30ep: umumayusnvik mooenvboey, Kecymen oHoey, mo3sy, memnepamypa,
KepHey.
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H. H. Paxvimmai’, C. H. Kypoanoaesa’
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[IpunsTo k n3nanuo 22.11.23.

MEXAHHNYECKASA OBPABOTKA BPAIIAIOIIUXCHA
OBBEKTOB PESBAHUEM C IPUMEHEHUWEM
KOMIIBIOTEPHOI'O MOJAEJIMPOBAHMUSA

Mexanuueckas 0bpabomka Memainiog 6 eude YUIUHOPA CONPOBOANCOAemcse
CYWeCmBeHHbBIMU MEePMOOUHAMUYECKUMU npoyeccamu. Mcmounukom meniomol npu
pe3anuy Memaiios A6sAemcs paboma, 3ampavusaemas Ha 0eh)opmayuu  cpe3aemom
cloe U 8 ClosAX, Npune2arowux K oopadbomanHou NO8epXHOCMU U NOBEPXHOCMU
pesanus u Ha npeodoeHie mpeHust no nepeonell U 3a0Hell NOBEPXHOCMAM pe3yd.

Mooenuposanue npoyecca mooicem @uecmu OOILUIOU 6KAAO U YCKOPUMND
npoyecc UHHOBAUUU U COKpAMUMb 68pemMs paspadomKu YUKIo8, HO00epIHCUBAsL
HeoOX00UMble IKCHEePUMEHMBL, NOCKOIbKY OHU MeHee 3ampamHule, MeHee Onachvl U
mpebyom MeHbvule 6pemMeHy Ha NOO2OMOBKY N0 CPABHEHUIO ¢ IKCNEPUMEHNATbHLIMU
uccneoosanuamu. Ilpu smom mooenupyemvie Npoyeccvl pesKu pezyaupyromcs
MHOMNCECMBOM PASNUUHBIX AGNEHULl, HANPUMED, MEXAHU3Mbl IHEPSUU PACCeHUs
U pasoeneHus Mamepuaios, KOmopwvle O0O0HOBPEMEHHO 6GIUAIONM HA Kauyecmeo
paAccMampugaemvix cucmem mMexanooopabomxu.

SPH — Oeticmeumenvio 0e3 cemounvlii Memoo, NOCKOIbKY OH He mpeOyem
gonogou cemxu. B SPH svruuciumenvuas oo1acmov OUCKpemusupyemcsi ¢ nOMOwbio
JIACPAHIHCEBBIX YACTUYbL, HECYUUX NepeMeHHble NOoJA U O8UNCYWUecs émecme C
mamepuanom. Beccemounas unazpaniceso npupooa SPH oenaem e2o udeanvnvim s
MAMeMamuiecko2o MoOeIuposanus oopabomxu memanios. B pabomax noxazamo,
4Umo NOAOCLL cO8Uead U 00paA308aHue CMPYHCKU VIAGIUBAIOMC eCmeCmEeHHbIM
nymem 0e3 Kakou-1ubo CneyuaibHol 00pabomxu, maxKou Kaxk y31080e 0bo2aueHue
unu nepenaanuposxa. Mooeruposanue na ocnoee SPH ¢ LS-DYNA evinonnsemcs
07151 NPOZHO3UPOBAHUS CU PE3ANUS, NIACTIUYECKUX 0edhopmayuil U NIOCKOCMU pe3Ku
¢ 601bUOT MOYHOCTNDIO.

Kniouesvie cnosa: umumayuonnoe moolenuposauue, oOpaboOmra pe3anuem,
U3HOC, MemMnepamypa, HanPAHCeHUsl.
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NCCJIE4OBAHUE BIINAHWNS PEXXKUMOB PE3AHUS HA TBEPJOCTh
NMOBEPXHOCTU IPU PACTAYNBAHWUN CTYTIEHYATOIO OTBEPCTUA

B oannou cmamve npugoosamces pesynvmamol uccie008anus 6bINOIHEHHbLE O
PACMAUUBaHUU CMynenyamozo omeepcmus kpynuoeabapumuou demanu Cmanuna
HIIS nacoca nocpyscnozo. Paspabomana KoHCMpyKyus u u320mogner OnvlmHbulil
obpasey CneyuarbHo20 KOMOUHUPOBAHHO20 PACMOUNHO020 uHcmpymenma. Taxoice
uzeomosnen oopasey — 3acomosxa uz CH15 0ns nposedenus IKCHepUMEeHmanbHblx
uccnedosanull.

DKcnepumenmanbHvie UCCIC008ANHUSL NPOBEOCHLL 8 YCIO0GUAX 1AOOPAMOPHOU
oaswl «Llenmp pabouux npogheccuti « Mawunocmpoenuey» HAO «Kapaeanounckuii
mexuuueckuti ynugepcumem um. A. Cacunoea» Ha moKapHO-6UHINOPE3HOM CIAHKE
1K625.

B pezynvmame sxcnepumenmanbHuix uccie008aHull IUAHUS PEHCUMOS Pe3anUs
Ha meepoocms 00pabOMAaHHOU NOBEPXHOCMU NPU PACTNAYUBAHUU CMYNEHYAMO20
omeepcmus YCMAanoBIeHo, 4mo ¢ Y8eaudeHuem 4acmomsl paujeHus wnuroes u
3HAYeHUs 2IYOUHbL pe3anus meepoocms 00padbOMAanHO NOBEPXHOCIIU CHUICACTNCS,
a npu yeeauuenuy nooayu meepoocims 00padbomanHol N08EPXHOCU NOBLIUUACTNCS.

Onpedenenbl OnmMUMAaibHble PelcUMbl pe3anus 0isi 00padomKy CmyneH4amozo
omeepcmus 0295 mm u 9325 mm demanu Cmanuna HIIS nacoca noepyscnoeo:
S$=0,26 mm/06; n= 1250 o6/mun; t=1,0 mm.

B pesynvmame naanuposanus sxcnepumenma u OYeHKU NOAYUEHHBIX OAHHBIX
¢ nomowpto npoepammel «ANETR-5» Ovlia nonyuena 3a6UcumMocms meepoocmiu
NOBEPXHOCIU O PEICUMOB PE3AHUSL.

Kniouesvie cnoea. Kpynnozabapummuvie Oemanu, cmynenuamoe omeepcmue,
KOMOUHUPOBAHHBIL  PACOYHOU  UHCIPYMEHM, O0OHOBPEMENHoe pAcCmaiugaHue,
meepoocmy, nodaua.

Beenenune

PacTaunBaHue OTBEpCTHH — CUMTAETCS HE TOJBKO OJHOW M3 Hamboiee
BOCTpEeOOBAHHBIX OMNEpanuil B MeTallliooOpaboTKe, HO TaKke U OTHOCHUTCS K
KaTeropuM J0CTaTOYHO TpynoeMkux [1,2]. MccnenoBanus, IpOBEIEHHBIE B yCIOBUAX
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OTEUECTBEHHBIX MAIIMHOCTPOUTEIBHBIX 3aBOJIOB, B 4aCTHOCTH KaparaHamHCKOTro
peruoHa mokasajy, YTO CyIIECTByeT mpolieMa oOecrieueHHss TOYHOCTH M KauecTBa
IpH U3TOTOBJICHUU KpynHOradbaputHeix netaneit [3,4,5]. B pe3ynbraTe anamusa
TEXHOJIOTMYECKHX MPOLIECCOB MEXaHMYECKOM 00pabOTKH 3THX JieTasieil ObLIO BBIABIICHO,
YTO CaMBIM CJIOXKHBIM U TPYJOEMKUM sIBJIsIeTCSl 00pabOTKa CTyNEeHYaThIX OTBEPCTUH
[3,4,5,6,7]. Ans uccnenoBaHus U pelIeHUs] MpoOJieMbl B KadecTBE 0ObEeKTa ObLia
BbIOpaHa KpynHorabaputHas netaib Ctannna HII8 Hacoca morpykHOro v TeXHOJIOTUS
e U3roToBJIeHUs, KOTOpast nmpousBoautcs B ycinoBusix TOO «Maker» (Mbiikep) —
KJIM3 (r. Kaparanna). Pe3ynbpTaThl nccie1oBaHUsl TEXHOJIOTUHM U3TOTOBJIEHUS U
CYLITHOCTB Mpo0eMbl 00paboTku cTynen4yaroro orBeperust aetanu Cranumna HIIS
Hacoca Iorpy»KHOTo IpuBesieHa B padore [3].

MeTtoasl 1 MaTepHAJIBI

Jiist obecrieueHust TOYHOCTH U KauecTBa MEXaHUYECKOH 00pabOTKH CTyIIEHYaToOro
orBepctusa aetanu Cranumna HII8 nHacoca morpyXHOro ObUIO CIPOEKTHPOBAH H
U3TOTOBJICH OMNBITHBINA OOpa3el ClenualbHOTO0 KOMOMHUPOBAHHOTO PACTOYHOTO
uHcTpyMeHTa. Ha pucynke 1 mokazan cnenuaibHbIi KOMOMHUPOBAHHBIM pacTOYHON
UHCTPYMEHT.

Pucynoxk 1 — CnernuanbHblii KOMOMHHUPOBAHHBIN PACTOYHON HHCTPYMEHT

J1i1s mpoBeIeHHsI SKCTIEPUMEHTAIbHBIX HCCIIeI0OBaHMIA 10 00pabOTKe CTyIeHYAThIX
OTBEPCTUH OB M3TOTOBJIEH O00pasel] — 3aroTOBKa MPUOJIMKEHHOE MO pa3MepaM U
MaTepuany, a TakXke M0 PacHoJIOKEHUIO OTBEPCTHIl K OCHOBHOM aetann CTaHWHA
HII8 nacoca morpysxkuoro. O0Opa3en-3arotroBka Obl1 OTIUT B ycioBuiax TOO
«TemuplIpomCrmn» (r. Temuptay) uz CH 15.

Ha pucynke 2 noka3zana ¢otorpadus oOpaser] — 3aroTOBKH.
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a — OTJIMBKa, 0 — BHJI CBEpXY
Pucynok 2 — @ororpadust o6paser — 3aroToBKU
DKCHepUMEHTANIbHbIE UCCIEAOBAHUS M0 00pabOTKe CTyNeHYaThIX OTBEPCTHI
OBLIM IPOBEJEHBI B YCIOBHX JlabopaTopHOil 6a3bl «lleHTp pabouux mpodeccuit
«Mamunoctpoenue»» HAO «KaparaHJuHCKUN TEXHUUYECKUNH YHUBEPCUTET HM.
A. CaruHoBa» Ha TOKapHO-BHUHTOpe3HOM ctaHke 1K625. Ha pucyHke 3 nmoka3ana
¢dororpadus TokapHO-BUHTOPE3HOTO cTaHka 1K625.

Pucynoxk 3 — TokapHo-BuHTOpEe3HBIN cTaHOK 1K625
Jist u3MepeHust TBepA0CTH 00padOTaHHBIX OTBEPCTUM HCTIOIB30BaH YJICKTPOHHBIN

npu6dop - TBepromep nopraTuBHEIN yiabTpazBykoBoit MET-VY 1
Ha pucynke 4 nokazan TBepaomep nmopTaTuBHBIN yabTpa3BykoBoit MET-VY 1.
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Pucynok 4 — TBepomep nmopTaTuBHBIN yiabTpa3BykoBoit MET-VY 1

[InanupoBanue MHOropakTopHOro skcrnepumeHTta. C Leabl0 MOTYyUYEHUS
3aBUCHMOCTEH MMapaMeTpoB IMOKa3aTeJIe KayecTBa, TO €CTh mepoxoBaTocT (Ra) u
TBepaoctd (HB) BHyTpeHHEro moBepXHOCTHOTO CJIOS JETaId OT PEKUMOB Pe3aHUs
COCTaBJICH TUIaH dKcniepumenTa [8,9,10].

Ha kayecTBeHHBIE MMOKa3aTeM BHYTPEHHETO MOBEPXHOCTHOI'O CJIOS BIIMSET
00JIBIIIOE KOJIMYECTBO (haKTOPOB TEXHOJIOTUYECKOTO Ipoiiecca. CorimacHo MpOBEICHHBIM
SKCIIEPUMEHTAM U JIUTepaTypHOMY 0030py OBLIM MPHUHSITHI TP OCHOBHBIE (DaKTOPBI,
XapaKTEepU3YIOLINe PEXKUMbI PE3aHHUS:

1) X1 — rmyOuna pezanusi, MMm(t);

2) X2 — npoposnbHas nogava, Mm/o0 (S);

4) X3 —gacroTa BpalleHus MImuHaeNs, 00/MuH (n).

[To pucynky, npuBeaerHoi B [11, cTp. 16] 6pUT MOCTpOEH KOMOMHUPOBAHHBIN
KBaApat Jyis Tpex(aKTOPHOTO UCTbITaHus (Tabmuna 1).
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Tabnuna 1 — KoMOuHMpoBaHHBINM KBaApaT sl TPEX(PAKTOPHOTO UCTIBITAHUS

B I II III vV \Y%
LI2(3]4|511(2]314|5]1|2(3[4|5]1|2(3|4|5]1[2]3]|4|5
A
I
II
II
I
I
\Y%
\Y%

Jnis monydeHusi 0ojiee aJeKBATHBIX 3aBHCHMOCTEH WHTEPBAJIbl BapbHPOBAHUS
(haKTOPOB BEIOMPAIIUCH 110 MACTIOPTHBIM JaHHBIM cTaHka 1 K62 (S u n) Takum o06pazom,
4TOOBI MOJIYYAJTUCh MPUMEPHO PaBHbBIE IIArd MEePeMEeHHBIX (Tabnmia 2). A Takke
KOJINYECTBO MEPEMEHHBIX JIOJDKHBI OBITh HEYETHBIM U HAYMHATHCS C TISTH.

Jlnsi yMEHBIIEHUsT BPEMEHHU U 3aTpaT Ha HUCHBITaHUs ObUI BHIOPAH METOJ
PalMOHAIBHOTO IUTAHUPOBAHUS SKCIIEPUMEHTOB, KOTOPBIN COKpAIIAET 110 CPAaBHEHHUIO C
TIOJTHBIM 3KCIIEPUMEHTOM YHCIIO HEOOXOIMMBIX ONBITOB B nm-2 pa3. J[jist Hatero ciryyas,
npy n =15, m = 3 — YKCJIO OTBITOB MIPH KCIIOJIH30BAaHUH PAIIHOHAILHOTO IJTAHUPOBAHUS
COKpAIIIaeTCs B MATh pa3 ¥ CTAHOBUTCS PaBHBIM 25.

Tanmuna 2 — JInanason u3MeHeHus GakTOpoB

1 2 3 4 5
Ypos
DakTOpHI
X1 (t, M) 0,2 0.4 0,6 0.8 1,0
X (S, Mmm/00) | 0,17 0,26 0,34 0,43 0,52
C (n.| 500 800 1000 1250 1600
00/MUH)

[Inan TpexdakTOpHOTO IKCIEPUMEHTA C BBIXOAHBIMH MapaMeTpaMu Ha MATH
YPOBHSIX MPUBEJCH B Ta0nuiie 3.
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Tabnuna 3 — [1nan TpexdakTopHOro HIKCIIEPUMEHTA

X] X;- X3 Tirl ‘Yz
Howmepa
OIIEITOB
| 0,2 0,17 1000 2.5 197
2 0,2 0,26 1600 1.66 166
3 0,2 0,34 1250 2.87 202
4 0,2 0.43 500 1.5 222
5 0.2 0,52 800 0,66 221
6 0.4 0,17 1250 1,875 191
7 0.4 0.26 500 4 208
8 04 0.34 1600 1,563 193
9 0.4 0,43 800 4511 216
10 0.4 0,52 1000 4,167 213
11 0,6 0,17 1600 1,146 114
12 0,6 0.26 300 3,214 202
13 0,6 0.34 500 4.75 211
14 0,6 0.43 1000 3.5 207
15 0.6 0,52 1250 2,857 204
16 0,8 0,17 800 2.25 196
17 0,8 0.26 1250 1,563 190
18 0,8 0.34 1000 2,361 200
19 0,8 0.43 1600 1,607 195
20 0,8 0,52 500 7.5 219
21 1.0 0,17 500 2.5 197
22 1,0 0.26 1000 1,666 196
23 1,0 0.34 800 2,813 204
24 1,0 0.43 1250 1.812 199
25 1,0 0,52 1600 1.5 197

3nech Y (R)) —mepoxosatocts 06paborannoi nosepxuocty; Y,(HB) —Bepnocts
o0OpaboTtanHo#i nmoBepxHoCcTH. OlLIeHKA Pe3yIbTaTOB MHOTO()aKTOPHOT'O SKCIIEPUMEHTA
ocymiecTBisIach rmo nporpamme «KANETR-5» pa3zpadorannsiii npodeccopamu Kapl TY
EpmexoBeiM M.A. 1 MaxoBeiMm A.A. [10]. Bapupys Bo BXogHOM aiiyie mapamerp
«p», KOTOPBIA MOKET MPUHUMATH LIeJIble 3HaYeHUs OT 1 10 4, MOXKEM MOJYyYHUTh
pa3MyHbIe TUIBI 0000IIEHHOH (hOPMYITBI C pa3TMYHBIMU MTApaMETPaMU OIICHUBAIOIIN I
aJIeKBaTHOCTh MaTEMaTUYECKON MOIENU. AZIEKBAaTHOCTh HAlICHHBIX MAaTEMAaTUYECKUX
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Mojeneit onenuBarTes yepe3 CKO (cpemHero KBagpaTHYHOTO OTKIOHEHWS) U
kod(urrenToM MHOKeCTBeHHOM Koppesiiiuu (R). Cornacuno nmuteparype [ 12] Moiensb
cuutaetcs orinyHol, ecniu CKO mensiie 20 % u xopomeit, ecniu CKO Haxoautcs
B npeaenax ot 20 % no 50 %. U B pesynbrare 0OpaOOTKH MOIYYWINA CIEAYIOLIUE
3aBUCHMOCTH IMOKa3aTeu KauecTBa 00pad0TaHHO BHYTPEHHEH MOBEPXHOCTH JACTAIN
OT PEXKUMOB PE3aHUS:

Y, — TBepaocTh 06paboTanHoi mosepxnoctu HB, xI'c/mm?.

V.=50,344 X ? - 66,81 X, + (X,/(2,2-10% + 431103 X)) — 3,210°- X ? +
+3,56-102- X, + 416,58;
- CKO =50%, R=0,34.

Pe3yabTaTsl M 00Cy:KI€HUE

[Ipu mpoBegeHUU dKCIEPUMEHTAIBHBIX HCCIEIOBAHUN MO OJHOBPEMEHHOU
00paboTKe CTyneHYaThIX OTBepCcTHit 295 MM 1 (325 MM OBbLITH UCTIOJIB30BAHbI PEKUMBI
pe3aHusi, IpuBeIeHHbIC B TabmuIe 4.

Tabmuua 4 — PexxuMel pe3aHus

HAYKA N TEXHUNKA KASAXCTAHA. ISSN 2788-8770.

Ne 4, 2023

B pesyinbrare 06pabOTKH MOTyYEHHBIX JAHHBIX OBLIN OCTPOSHBI TP KK BIHSHUS

PEXKUMOB pe3aHusi Ha TBepA0CTh 00paboTaHHOK oBepXHOCTH (PHrcyHOK 6).
a—-t=02mm;60-t=04mm;, B—t=05Mm;c—t=0,8 Mm; 1—t=1,0 MM

HE ke /e’

Pexumbl 3HauCHHE PEKUMOB PE3AHHS

pe3aHus

S, MM/00 0.17 0.26 0.34 0.43 0.52

n, 00/MUH 500 800 1000 1250 1600
t, MM 0,2 0,4 0,6 0,8 1,0

HB. K/’

Ha PUCYHKEC 5 mokasaH npouecc 3KCICPUMCHTAJIIBHOTIO HCCICAOBAHUSA 1O
pacTa4yrMBaHUIO CTYIICHYATOI'O OTBCPCTUA HA PA3JIMYHBIX PCIKUMAX PC3aHUs.

9)
a — Tpolecc HajaIku; 0,B,I,¢ — IPOIECC OJHOBPEMEHHOTO PACTaunBaHUS
CTYNEHYATOr0 OTBEPCTHUS HA PA3TMYHBIX PEKUMAX
Pucynok 5 — IIpouecc 3xcrnepuMeHTaIbHOr0 UCCIAEA0BAHUS IO PACTAUMBAHHIO
CTYNEHYATOr0 OTBEPCTHS HA PA3TMUHBIX PEKUMAX pPe3aHUs
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230 1= §,017mm/08 230 1- 5,-017mt/05
220 2 = § ;<0 26000 220 2 - § ;<0 26rm/00
. 3= §3<03me/08 5 3 - § ;=0 3mt/00
4 - §,-043m/08 4 - §,=043mm/00
200 200
5 - S5=052m1/00 § = §¢=052mm/00
190 90
. 08/ muw n o8 /um
0o 500 800 1000 1750 %00 go 500 80D 1000 1250 1500
a) 6)
HB. klc/m’ HB, ke v’
230 1- 5,0 17t/0d 20 1- 5,0 17ww1/08
220 2 - § ;20 26mm/08 220 2 - §,=026m4/08
20 3= § ;=0 Jmm/08 3 - §3=03mm/ 00
0 & = S,=043m1/08 & - §,=043m/00
§ = §5=052m/08 5 - §¢=052mm/00
190
n od/mum n ofi/mm
a0 500 800 000 1250 %00 a0 s00 800 1000 1250 1600
8) c)
HB, kIC/
230
1= 5,=017mm/05
220 2 - §,=0261/08
3 - 5,=03m/00
20 '
b - S.=043m/00
5 - S5=052mm,/00
n od/Mus

—

go 500 &0 1000 250 1600
0)

Pucynoxk 6 — I'paduku BIussHHSI pe)KUMOB PE3aHUS HA
TBEPJIOCTH 00paOOTaHHON TOBEPXHOCTH

85



KA3AKCTAH FblllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.  Ne 4, 2023

[Ipu 00paboTKe Ha pa3IMUYHBIX pEKHUMaX pe3aHHs ObLIa JOCTUTHYTa TBEPJOCTh
00paboTaHHON MOBEPXHOCTU B mUpokux npexaenax HB183-245 MIla (cm. puc. 6).
Herane Cranuna HII8 Hacoca norpysxnoro usrorasnusaerca uz CH15 I'OCT 1412-
85 tBepaocth cocraBnser HB134-241 Mlla. Hcxoas u3 3TOro ObLIN OMpEIeiIeHBI
ONTHMAJIbHBIE PeKUMBI pe3anus: S=0,26 MM/00; n= 1250 o6/mun; t=1,0 mm. Ilpu
00paboTKe ONTUMAIBHBIMH PEXHMAaMH PE3aHUsI TBEPAOCTh 00paOb0TaHHOM MOBEPXHOCTH
umeer HB190 Mlla (cm. puc.6,1, kpusas 2).

AHanu3 pe3ysbTaTOB BIUSHUS PEXKMMOB PE3aHUs IOKa3alH, YTO yBEJIUYCHHE
YaCTOTHI BPAIICHUS IIMUHAEIS OTPULATENBFHO BIHUSET HA TBEPAOCTh 00pabOTaHHOMH
MOBEPXHOCTH (CM. puc. 6), a yBeTUYCHHUE MMOAaYH, HA0OOPOT, MOJIOKUTEIBHO BIUSIET
Ha TBEPIOCTh 00pabOTaHHON MOBEPXHOCTH (cM. pHc. 6). C yBeIMueHHEM 3HAYEHUU
rIIyOMHBI pe3aHusl yMEHbIIACTCS TBEPAOCTh 00paboTaHHON OBEPXHOCTH (CM. pHC.6).
MaxkcuManbHbIi TBEPI0CTh 00pab0TaHHOM MOBEPXHOCTH HAOIIOAAJICS [TPU HA3HAYCHUU
riryounsl pe3anus t = 0,2 MM u coctaBisuio ~ HB245 (cm. puc. 6,a, kpusas 5).

BriBoabI

1. s onHOBpEeMEHHOM 00pabOTKM CTYNEHYaTOro OTBEpPCTUs ObLIa pazpaboTaHa
KOHCTPYKLHS CHELHATbHOI0O KOMOMHMPOBAHHOTO PACTOYHOTO MHCTPYMEHTa U
U3rOTOBJICH ONBITHBIA 00pa3el B yCIOBUsAX JiabopaTopHoi 6a3bl «LleHTp padounx
npodeccuii «Mammunoctpoerue»» HAO «KaparanauHCKui TeXHUUECKHI YHUBEPCUTET
uM. A. CaruHoBay.

2. B pe3yinbTaTe 3KCIEpUMEHTAIBHBIX UCCIIEJOBAHUN BIUSHUS PEXUMOB pPe3aHUs
Ha TBEPAOCTH 00pab0TaHHOM MOBEPXHOCTH IIPH PACTAYMBAHUH CTYIIEHYATOIO OTBEPCTHUS
OBbUIO YCTAHOBJICHO, YTO:

— YBEJHMYEHUE YaCTOTHI BPAIICHHs IIMUHJEIS U 3HAYCHUU TIyOUHBI pe3aHus
OTPHILIATENILHO BIHSIOT HA TBEPAOCTh 00pab0OTaHHON OBEPXHOCTH;

— yBEIWYEHUE MOJIayu MOJOKUTEIBHO BIHMSAET Ha TBEPAOCTh 00paboTaHHOM
HOBEPXHOCTH.

3. B pe3ynbraTe MiIaHUPOBAaHUS SKCIIEPUMEHTA U OLIEHKU MOJTYYECHHBIX JTaHHBIX
¢ nomotbio nporpammbl «ANETR-5» Obuta mosiydeHa 3aBUCUMOCTb TBEPIOCTH
IIOBEPXHOCTHU OT PEKUMOB pesanus: Y2= 50,344 -X12 - 66,81 X1 + (X2/(2,2-10-4 +
4,31-10-3-X2)) —3,2-10-5-X32 + +3,56 '10-2 -X3 + 416,58

4. OnpeneneHsl ONTUMAIBHBIE PEXKUMbI pe3aHust sl 00pabOTKH CTYIEHYaTOro
orBepctus B295 mm u P325 mm neranu Cranuna HII8 Hacoca morpysxkHoro: S=0,26
MM/00; n= 1250 06/mun; t=1,0 MMm.
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CATBLJIbI TECIKTI KEHEUTEXKOHY KE3IHJE KECY
PEKUMJAEPIHIH BETTIH KATTbBIJIBIFbBIHA OCEPIH 3EPTTEY

byn maxanaoa HIIS cyacmul copebicbinblly cCanuna memiciniy yaKeH oauemoi
camulivl mecikmepin oHoey canacvli KAMMAMACHI3 emy YUliH Jcacanean 3epmmey
Homudicenepi  Keamipineen. ApHaulbl  Kypamanvl — KeHeumedlcoHy — KypAalblHblH
KOHCMPYKYUsCol  93IpaeHdi dicone mooicipubenix yaeici scacanovi. Conoaii - ax,
aKcnepumenmmix zepmmeyaep dscypeizy ywin CLL15-men yaei oativinoama scacanovl.

Okcnepumenmmix  sepmmeynep «06ikac Cazsvinog amvindazbl Kapazanou
mexHukanvlk, ynusepcumemininy KeAK «Mawuna osicacayy oscymvicuivl Kacinmep
opmanviably 3epmMXaHanblK, 6azacel dicazoativinoa 1K625 moxapivik-Oypanoaisi
Keckiw 0indezinoe sicypeizindi. Kecy peacumoepiniy eyoencen 6emmiy Kammblibl2blHd
dCEPIH FKCNEPUMEHTNIMIK 3ePMMe)y HOMUIICECIHOe CAmblLibl MeCikmepoi KeHeumelCony
Ke3iHOe WNUHOENbOTH AUHALY JHCULNiel MeH oHOeNcen ODemmiy Kecy mepeyOieiHiy MoHI
JACo2apuLIARan Cativli onoeIeceH bemmiy Kammoblivlebl momeHoell mycemini, an bepinic
MOHI apmKaH caulbii KAMMbLILIKIMbIY HCO2APLLIAUMBIHObIZbL AHLIKIMATIObL.

HII8 cyacmul copevicbinbiy cmanuna memiciniy onuemoepi D295 mm owcone
@325 mm cambiibl mecikmepin 6HOey YuliH OHMALLIbL KeCy pescumoepi aHbiKmanobl.
S=0,26 mm/aiin; n= 1250 aun/mun; t=1,0 mm. Dxcnepumenmmi Hcocnapiay sHcone
anvinzan oepexmepoi « ANETR-5» 6azoapramacet apkwlivl 6azanay Homudicecinoe
bemmiy KammulibleblHbIY Kecy pedjcumoepine moyenoinicin cunammayusbl meyoey
ANBIHOYL.

Kinmmi  ces0ep. Ipicabapummi memixmep, camvlivl MmeciK, Kypamansl
KeHetumednicony Kypaivl, Oip yaKblmma KeHeumeicomy, KammulivlK, Oepinic.
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STUDY OF THE INFLUENCE OF CUTTING CONDITIONS
ON SURFACE HARDNESS WHEN BORING A STEP HOLE

This article presents the results of a study carried out on boring a stepped hole
in a large part of the NP8 submersible pump bed. A design has been developed and
a prototype of a special combined boring tool has been manufactured. A sample
was also made — a blank from SChl5 for experimental research. Experimental
studies were carried out in the laboratory base «Center for Working Professions
«Mechanical Engineering»» NJSC «Karaganda Technical University named after.
A. Saginovay on a screw-cutting lathe 1K625. As a result of experimental studies
of the influence of cutting conditions on the hardness of the machined surface when
boring a stepped hole, it was found that with increasing spindle speed and depth of
cut, the hardness of the machined surface decreases, and with an increase in feed, the
hardness of the machined surface increases.

The optimal cutting conditions for processing a stepped hole 9295 mm and
@325 mm parts have been determined. NP8 submersible pump frame: S=0.26 mm/
rev, n= 1250 rpm, t=1.0 mm.

As a result of planning the experiment and evaluating the obtained data using
the ANETR-5 program, the dependence of surface hardness on cutting conditions
was obtained.

Keywords: Large parts, stepped hole, combined boring tool, simultaneous
boring, hardness, feed.
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PACYET MEXAHN3MA ABTOHOMHOIO PEIYJINPOBAHWSI YACTOTbI
BPALLEHNS1 BETPOBOI'O KOJIECA U BYPEBOM 3ALUNTbI

Manvie  semposnepeemuueckue — yCmamoeKku — npeocmaeisiiom  coooul
NPUBNIEKAMENbHYIO ALbIMEPHAMUBY A8MOHOMHOU 2NeKMPUPUKAYUU U NEPEKAYUBAHUIO
800bl KAK 6 Kauecmee A6MOHOMHbLIX YCMAHOBOK, MAK U 68 COYemaHuu ¢ Opyeumu
9Hepeemu4ecKUMU MEXHOI0SUAMU.

OOHUM U3 OMBEMCMEEHHBIX V31108 YCMAHOBKU A6Temcs bypesas 3aujuma
Komopas, obecneuugaemcsi IUbO 6bI6000M pOMOpPA U3 NOMOKA eempd, JUOO
UBMEHeHUeM Yela amaku J0NAcmeti U CHUMCeHUeM 000pomos 6PaueHus..

Hcxoos uz onvima skeniyamayuu 8 KOHCIMPYKYUU 6empo8o2o Kojeca NPUMeHeHbl
JIOnacmu u3 IUCMOBOU CIMAIU C YMEHbUAIOWeENCs K nepugepuu 602Hymocmio u ¢
HEe3HAUUMENbHOU GUHMOBOU (hOPMOTL NO OTUHeE.

B cmamve paccmompena  paboma  mexanusma — Oypesou  3auumul,
NPeOHA3HAUEHHO20 OJil CHUMCEHUS 4ACTOMbl 8PAWEHUs] 8eMPOBO2O Kollecd Npu
NOBLIULEHHBIX CKOPOCAX 8eMpd.

Tlpu paznuunoil ckopocmu 6empa Ha IKPAH 6030€UCmEyen 6empogoll NOMOK U
nymem cucmembvl mse I0Nacmiu 6empogoe Koieco N0BOPAYUBAIOMCS HA ONPeOeeHHbIL
yeon, enoms 00 roeeproeo noaoxcerusi (900). Paspabomannwlii mexanuzm Oypesotl
3awumul 6cmynaem 6 pabomy npu ckopocmu eempa ceviute 9—10 m/c.

s obecneuenuss HOpmanvbHOU pabomvl MeXAHU3MA BbINOJIHEH pacdem
MOWHOCMU, CO30A8AEMOLL 6eMPOBLIM NOMOKOM, ONpedesieHbl RApaMempbl NPYHCUHbL,
npUBoOsAUelt MEXAHUIM 68 UCXOOHOE NONONCEHIUE.

Jocmuenym —mexnuueckuil pe3yibmam, 3aKI0OHAOWUIcs 6 obecnedeHuu
3auWumsl YCmMaHosKu om Oypesvix Nopuleog 6empa U NOGBIUEHUU HAOEHCHOCU
pabomul ycmanosKu.

Knrouesvie cnosa: kpymsiwuii MOMeHm, 4ACMOMA 6PAWeHUs, MeXaHUuM
8emMp06020 KoNeca, Mexamusm 0ypesoll 3aujumovl, 6emposoe KOIeco, JIONACMmb,
bypesas 3awuma.

BBenenue

B HacTosiee BpeMsi MpoCiaeKUBAETCSI MUPOBOM TPEHJ Ha JCUEHTPATIU3ALMIO
sHepretuku. [lepexon k BUD — o6meMupoBast TeHaeHIHs. Pa3BUTHIO 3TOM TEHICHITHH
CIOCOOCTBYET COBEPIICHCTBOBAHUE TEXHOJIOTUHU MAIIMHOCTPOCHHUSI, JOCTYIMHOCTh
(MHAHCOBBIX BO3MOXKHOCTEH M Pa3IMYHBIX MPOTPaAMM CTHMYJIHUPOBAHUS, a TaKKe
OCBEJIOMJICHHOCTb HaCeJIEHUs B BOIIpocax sKojoruu [1].

Psigom cTpan Havarta MOJAMTHKA MO PA3BUTHUIO BETPOIHEPre€TUKHU, B TOM UHUCIIE
BHE/IPEHHE U MaCIITA0OMPOBAHNE YCTAHOBKAMHU MaJIOW MOLIHOCTH [2].
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Cnpoc u uHTepec HaceleHUs (JOMOXO3AUCTB M HPHUIANYECKUX JHUI) K
MaJoMacIITa0HBIM MPOEKTaM €CTh M B HAllel cTpaHe. DTOT MHTEpPEC OCHOBAH Ha
OO0JIBIION J10JI€ HACETICHHUS, IPOKUBAIOIIETO B YACTHOM CEKTOPE, JKEIaHUU COKPATUTh
U ONTHUMHU3MPOBATH CBOM PACXOJBI Ha 3JIEKTPOIHEPTHUIO, IS pelIeHus mpoliem,
CBSA3AaHHBIX C HEJAOCTYNHOCTHIO KOMMYHaJIbHON MH(PACTPYKTYpPHl B OTJAJICHHBIX
peruoHax [3, 4].

B pe3ynbrare 3Toro BO3HUKaeT He00XOJMMOCTb CO3IaHHs TAKOM BETPOIHEPTreTUUECKast
yctaHoBKa (nanee BOY), kortopas OyaeT MakCUMaJbHO HpUCHOCOOIEeHA A
KIMMaTU4eCcKHX ocobeHHocTei pernonos Kazaxcrana. Ilpu co3nannu BOY neodxonumo
CO3/1aTh KOHCTPYKIIMIO BETPOBOI'O KOJIECA, BBIJAIOLIET0 MAaKCUMaJIbHbIE 3HAUEHUS 110
4acTOTE BPALCHMsI, MOMEHTY U pa3BUBAEMON MOIIIHOCTH.

MarepuaJjbl 1 METOABI

HcxoqupiMy TaHHBIMHU SIBJISIETCS: TOPU30HTAIBHO-0CEBAsl BETPO3HEPIETUYECKAS
YCTAHOBKAa C T€HEPATOPOM Ha HEOJAMMOBBIX Marurax, MoiHoctbio P = 300 Br,
HOMMHAJIbHAsl YaCTOTa BpaIeHHsi poTopa reneparopa n = 600 o6/mun. Jlonmactu
BeTpoBoro kosieca (nanee BK) U3 mucToBo cTanym ¢ yMeHbIIArOMEHCs K epudepun
BOI'HYTOCTBIO U C HE3HAUUTEIILHOIM BUHTOBOM (hOPMOIA 10 JUTMHE (13 OTIBITA SKCILTyaTalluH
BETPOIHEPTETHUECKUX YCTAHOBOK MaJloi MOITHOCTH) [5, 6] OpueHTalus HaBCTpeuy
BO3/IYIITHOMY TIOTOKY — QIrOTep.

Pacuér nuamerpa BK BbInoaHUM HAa OCHOBE M3BECTHOM 3aBUCUMOCTH [7]

(1)

rae P — MOIIHOCTh BETpOIHEPreTUYECKON YCTaHOBKHY;

U — npenenpHas paboyasi CKOPOCTh BETpa, MpuHsTas paBHor 10 m/c;

€ — K03 (PHUIMEHT UCTIOTB30BAaHUS YHEPTUH BETPa, HIealibHOE 3HaueHue € = 0,593,
C yuérom noteps npumem € = 0,467;

p — IUIOTHOCTh BO3yxa, paBHas 1,29 kr/m>.

8:300 -
1.29:10°1:0.467

1.3Mm

[Ipumeuanue: mpy CKOPOCTH, CBBILIE YKa3aHHOM, paBHOM 10 M/C, TOKEH HAUMHATD
paboTy MeXaHM3M PEryIupoBaHus 4acToThl BpameHust BK u 6ypeBoit 3amuThl.
[IpenBaputensHO TuaMeTp oOTeKaTeass Ha OCHOBAHUM OIbITAa 3Kcrutyarauuu d

D 13
NPUHAMAEM U3 COOTHOIICHUS — = 4,0, 1e. d= ru 0.32 M. M. JlyivHA JOTIACTH C
daaHEeM ee ocu puHATa paBHOK 490 MM.
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Pa3mepsl ocHOBaHUi Tpanenuu JonacTyd HuxHero — 120 MM, BepxHero 260 MM.
IImomans monactu SJ1 =0,093 m2. OTHOCHUTENIBHAS IUIOIIAIb JIONACTH SO, KaK OTHOILICHHE
rIomaay jonactu Kk omeiBaemorr BK mmomanu 6e3 yduéra mimomanu oOTekaTens,
npunsTa paguoit S = 0,074,

BBICTPOXOIHOCTh, KaK OTHOLICHUE OKPYXKHOM CKOPOCTH KOHLIA JIONACTEN K
CKOpOCTH BeTpa, onpeaeanm mno popmyne [7].

X = nRn
309

rae R — paguyc BK, paBhbiii 0,65 M.

HomuHanbHast CKOPOCTh BpalleHns1 poTopa Tpex(hazHOTro reHepaTopa epeMeHHOTO
TOKa ¢ mocTossHHBIMU MarHuTaMu 300 Bt — 600 06/MuH.

[IepenaToyHOE OTHOLIEHHE MYJIbTUIUIMKATOpPA MPHU Iepeaade BpalleHUs OT
BK k renepatopy npunsTo paBHbIM i = 6. Toraa norpeOHasi HOMHHAIbHAS 4acTOTA
Bpamenuss BK

2)

600
n= ?ZIOO 00/MUH.

BricTpoxoaHOCTh cornacHo hopmyiie 2

| m0.65100
3010

Pacuetsl mapameTpoB opueHTanuu OyeM BBITIOJHITH Ha OCHOBE MPEABAPUTEIHHO
KOHCTPYKTHUBHO BBIOPAHHBIX JJAHHBIX COTIIacHO pucyHKY 1. [Tnomans sxpana dirorepa
paccuutana 1o dopmysie 3 u cocrasiser 0,4 m? [7].

rae A — omaas giorepa;

a ¥ C — pa3Mephl, COOTBETCTBEHHO OT miockoctd BK 10 ocu moBopota cunoBoi
TOJIOBKM M OT OCH IIOBOPOTA CUJIOBOW TOJIOBKH JI0 IIeHTpa Quitorepa (a U ¢ IPUHSATHI
paBHbIMU a = 0,46 M, ¢ = 1,625 m);

D — nnametp BK;

k, — koo duiment, npuHATHIA 11 THXOX0AHBIX BKk, [7]
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Pucynok 1 — O61as cxema BETpOIHEPreTH4eCcKol yCTaHOBKM Majloi MOIIHOCTH

Pacuer cunbl, geiicTBytomeit Ha durrorep, BHIOIHEH 10 hopmydie [7]

F= X A 4)
g

rae N — ceKyH/IHasi MOIIIHOCTb, 3aK/TFOUCHHAsSI B BO3IYIIIHOM IIOTOKE, UMEIOIIEM CEUCHHUE
1 m? [7]
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Tabnuna 1 — Cuiiel [eHCTBUS BO3AYIITHOTO MOTOKA HA KPAH MPH Pa3TUIHON
CKOpPOCTH BETpa

Howmep n.m. 1 2 3 4 5 6 7 8 9
CKOpocCTh BeTpa 4 6 8 9 10 12 14 18 22
3, m/c
EH 4 8,7 16 20 24 38 48 80 125
MowmeHT 6,5 14 26 33 39 62 78 130 203
M, Hu

MoMeHT paccunTaH U3 yCJIOBUS AEHCTBUS BO3LYIIHOTO IOTOKA NEPIIEHIUKYISIPHO
w1ockocTH ¢uarorepa. C 1eNbl0 CHUYKEHUSI UHTEHCUBHOCTH PHIBKOB IPH OpUEHTAIIUH
HABCTpedy BO3JYIIHOMY HOTOKY (pitorep OyJeT BBIIOJHEH U3 ABYX IJIOCKOCTEH C
pacIooKeHUEeM JAPYT OTHOCUTEBHO Apyra moj yriom 20°.

Pe3yabTaThl 1 00cy:KIeHUS

Mexanu3Mm OypeBoi 3aIuThI MPeAHA3HAYCH JIJIs1 CHUKEHHS 4acTOThI BparieHus: BK
IIPU MOBBILIEHUH CKOPOCTH BO3/IYIIHOTO MIOTOKA CBBIIIE CKOPOCTH paBHOM 9—10 m/c u
BhIme. Yacrora Bpamenus BK 115 pa3nudHbIX 3HAaU€HU CKOPOCTH BETPA MOKET OBITh

onpeneneHa o Gopmye (5) [7].

60X-9

- 5)

n
T ¥, = 4 M/c,

60-0,7 -4

ng = 7T—1,3 = 41 06/mMuH,

PazpuBaemas reLeparopomM MOMIHOCTL IIPpHU ATOM YacToOTe BpalICHUs BK moxert
OBITh HalgeHa U3 COOTHOIICHUS

100 06/mun — 300 BT,

41 o6/mMun — N,
Orcrona,
N 2 s
o0

AHaJIOTUYHO BBITIOTHEHBI PACUYETHI IS IPYTHX CKOPOCTEH BeTpa. JlaHHbIE pacyeToB
CBEJICHBI B TAONHUITY 2.
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Tabnuua 2 — Pa3zBuBaeMasi MOIIIHOCTb IIPU PA3TUYHOM CKOPOCTH BETpa

Howmep m.1. 1 2 3 4 5 6
CKOpOoCTh BeTpa

4 6 8 9 10 12
9, M/c
Yacrora Bpamenus BK

41 62 82 93 103 123
n, 00/MuH
Pa3BuBaemast MOIIHOCTH

123 186 246 279 309 369
N, Bt

n=103-6 = 618 06/MuH,

Yacrora BpaliieHHs pOTOpa reHepaTopa He3HAYMTEIBHO MPEBBIMIACT JOMYCTHMYO
(600 06/muH).

n,=123-6 =738 06/MuH,

TaKoe MPEBbIIIEHNE YaCTOThI BPAIleHUs] pOTOpa TeHepaTopa He JOMyCTUMO, T.K.
MO>KET IPUBECTH K BBIXOAY U3 CTpOs reHepaTopa. [loaTomy npu ckopocTr BO3yITHOTO
noToka cBbImre 9—10 M/c HeoOX0AMMO 00eCTIeYNTh IEPBOHAYATILHOE U TIOCIIEAYIOITee
OTKJIOHEHHE dKpaHa pbluyara OypeBoi 3alUThI.

Camxenue yactoTsl BpamieHus BK ocyiiecTBisiercs 3a cueT moBopoTa Jionacten
Ha yroJji, 0OJIbIlIe HOMUHAIBLHOTO, PABHOMY MPEABAPUTEIbHO MpHHATOMY 0=15° (U3
OTIBITA AKCILTyaTallUM BETPOIHEPTETUUECKUX YCTAaHOBOK MaJlol MOIIMHOCTH) [§, 9,
10, 11]. Tlpu moBBIIIEHUH CKOPOCTH BO3AYIIHOTO MOTOKA cBbImE 9-10 M/c skpan
JBYIJIEYETO phlyara MexaHu3ma OypeBoi 3aIIUThl OTKIOHSAETCS U epeMeliaeT BAO0Ib
ocu Bana BK BTynky c TArou, mocienHsisi, B CBOIO O4YEPEAb, MEPEMENIAET TITOBYIO
«TapesiKy» ¢ MOJUIUITHUKAMU, YCTAaHOBJICHHBIMH Ha KOHIIAX PhIYaroB oceil jonactei
(Ha pucyHKe He Mmoka3aHo). YeM O0JIbIie CKOPOCTh BETPA, TEM OOJIBIIIE YTOJI TOBOPOTA
jomactei, TeM MeHbie yactoTa BpamnieHus BK. Ilpu ckopoctu Betpa Gonbire 2022
M/C JIOTIACTH MTOBOPAYMBAIOTCS Ha yrod 10 90°, T.e. OHU MPAKTUYECKH YCTAaHABINBAIOTCS
BO (hmrorepHoe nosnoxxenue u BK octanaBnuBaercs. B 3ToM mosokeHuu peruar sKpaHa,
a ClIeJI0BaTeIbHO, U JIONAcTH, (PUKCUPYIOTCS JI0 CHATHUSA ¢ (UKCAaTOpa BPYUHYIO.

Jlanee BBIMIOJIHUM pacyeT MOUIHOCTH, CO3/1aBaeMOil BETPOBBIM MOTOKOM,
JNEVCTBYIONIMM Ha JKpaH phlyara OypeBOU 3amIMThI, ISl Pa3IMIHBIX CKOPOCTEH
BO3/YILITHOTO MOTOKA.

Tlpu ckopoct Betpa = U, = 4% Ny; =N-55=40-0,35=14Br

rae N — TabiMuHoe 3HaueHne MOIIHOCTH, KBT/M?%;
npu ckopoctu Betpa ¥, = 6 M/c Ny, = N-5,=130-0,35=46Btur. 1

S, niomaak 5KpaHa, IpeIBapuTeIbHO NPUHATA paBHOH 0,35 M>.
PesynbTarsl pacuera juist Bcex 3HaueHUI U cBeeHbI B Ta0IMILy 3
Beimonnum pacuer cuitbl F , neficTByrommeii Ha sxpan, mo gopmysie
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Ny
F;:?'Sar

Fo= 2 035=12H, Fpo= 2 .035-2.7H ura
4 6

PacueTnbie 3Hayenus cuinbl F, 3anecensl B Tabnuiy 3. MOMEHT, co31aBaeMblii
cunoii F, na juytune mieva 1, = 0,873 m (pucyHnok 1),

F,=12:0873=10HM F,, =27 -0,873 = 24 HM uT.1.

PesynbraThl pacueToB 3aHOCUM B TaOnuIy 3.
Jlig onpeiesienns CUIlbl  CO3/1aBa€MOM BO3BPATHOM NPYKMHOM, COCTABUM CHCTEMY
YPaBHEHHUM:

ZMi:F3'12 71:1_[[3.137 FTlll: O
SF=F, —Fp+ Fr =0

rae F —cuna, HeoOXxoanuMast 1isl IEPEMEIIEHHS TATOBOM BTYJIKH M CIIEYIOIIMM 332 HUM
MIOBOPOTOM JIOMACTEH Ha yro ot o = 15° (HoMuHansHbIH yromn) ao a = 90°.
W3 ypasuenus Il Beipaskaem cuity F uepes F u an T.e. F = an— F,.
[Moxcrasisist B ypaBHenwue I 910 3HaueHne cuitbl F 1 perast ero OTHOCUTENBHO an,
MOJTyYHM:

~ (L+l)F,  (0.873+0,125)F, o
P 1341, 0,328+0,125 e

Pe3ynbTatel pacuera CUiibl an 3anocuM B Tabmuity 3. Cuny F_, Heobxoaumyro s
HEPEMEILECHHUS TATOBON BTYJIKH, ONPEICIMM U3 paBeHcTBa F = an— F.. Pesynbratsl
pacyeToB Takke 3aHeceM B Tabmuity 4. JleiictBuTenbpHas cuiia Tru F - (6e3 nmericTBHs
MPYKUHBI) OTIPeAeIIsIach IKCIEPUMEHTAIBHO C ITIOMOIIBIO THHAMOMETPA Ha OIBITHOM
o0pa3sIie BETpoIHEepreTHIecKoi yecTaHOBKH MOIITHOCTHIO 0,3 KBT. PesynbraTsl uamepenuit
noJ OyKBEHHBIM CHMBOJIOM 3aHECEHbl B Tabnuuy 3. 3HaueHHUS YIJIOB MOBOPOTa
JonacTei o, Ha4MHast ¢ HCXOAHOTO paBHOTO 0= 15° /151 MOayYEeHHBIX 3HAYEHUH YCUITHI
F, B LeHTpe 5KpaHa ONpeAEIsINCh SKCIIEPUMEHTANIBHO, IyTEM 3a/[aHUsI HATPY3KH 10
JTUHAMOMETPY U PerucTpanueil yrios o ¢ HOMOIIbIO yriaoMepa. 3HaueHHs yIiioB o U
COOTBETCTBYIOIIME UM Y/UIMHEHHUs h B MM mpeBapUTeNIbHO 10100paHHON MPY>KUHBI
3aHeceHbl B TabnuIty 3.

[To pacyeTHOMY 3HAYEHHIO yCHUIIUS an BBITIOJIHEHBI PacueThl U MOJ00paHbl
napameTpsl pykusbl: D = 15 MM, d = 1,6 MM, C = 0,88 H/MM, KOIM4YECTBO BUTKOB —
42, obmias niuHa 63 MM, JJTMHA PH MAaKCUMAIBHOM pacTshKeHud 173 M.

Yacrota Bpamenust BK npu 3ToM Moriia UMeTh HeJIOIyCTUMO OO0JIbIIIOE 3HAYCHHE.
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Tabnuua 4 — Pe3synbraTsl pacuéToB

Howmep m.1. 1 2 3 4 5 6 7 8 9
9, m/c 4 6 8 9 10 12 14 18 22
, Bm 14 46 109 160 214 400 585 1260 2188
H 1,2 2,7 4,9 6,2 7.5 11,7 14,6 26 34
1 2.4 43 5.4 6,5 10,2 12,7 21,4 31
2,2 6 10,8 13,6 16,5 26 32 54 85
1,2 3,6 6 7.4 9 14,3 17,4 29,5 42
h, mm 0 0 11 14 18 30 39 68 84
o, Tpax 15 15 21 25 28 38 46 75 90
3 4 4 8 8,5 8,5 16 20 26
BriBoabI

W3 npuBeaeHHbIX B Tabnuile HU(POBBIX 3HAUEHUH BUHO, YTO IIPU CKOPOCTH BETpa
paBHOM 8 M/C, pacueTHas cuia TAru, paBHas F = 6 H, npesbiiaer 1eHCTBUTENBHYIO
F, . 4 H, 9T0 COOTBETCTBYET Hayaly MOBOPOTA jionactei Ha yrou 10 21°, HauuHast ¢
HOMMHAJILHOTO yTJIa.

[lanee 3HaueHMe yria moBOpOTa JIONACTEN pacTeT, yacTora BpauieHus: BK npu stom
nasiaet. Peskoe nasenue yactotsl BpaieHus: BK Oyner umers mecto rpu cKopocTH BETpa
18-20 m/c, mpu KOTOPOI pacyeTHOE 3HAUNTEIBHO MPEBBIIIAET AEHCTBUTEIIBHOE , @ YTOJI
HIOBOPOTA JIONAcTeil JocTrraet npenesibHbix 3HaueHuin 72°-90°. [Ipu ckopocTH BeTpa
21-22 m/c yrou moBopoTa JocTUraeT 3HaueHus 0=90°, T.e. JIOmacTH yCTaHABIUBAIOTCS
BO QuitorepHoe nosioxkenue, BK ocranasnusaercs, a pelyar sKpaHa (PUKCHpYeTCs B 3TOM
MaKCHMaJIbHO OTKJIOHEHHOM ITOJIO>KEHHUU.

CnenosarenbHo, BeIOpanHas miuomanb skpana S, = 0,35 M® obecneunBaer
IIPaBUJIBHOE YIIpaBJIEHUE 4acTOTOM BpameHus BK.

CrnenyeT OTMETUTD, YTO BBIMOIHSIICS pacyeT NapaMeTpoB C IPUMEHEHUEM dKpaHa
mwiomaneo S, = 0,25 M?, MOBOPOT JONAcTel MpU 3TOM HAYMHANCA IIPH CKOPOCTHU
BO3JIYIITHOTO TIOTOKA paBHOM 10—12 M/c, 94TO HE HOMyCTUMO, T.K. 3TO MOXET BHI3BATh
PHUCK BBIXO/Ia U3 CTPOS FeHepaTopa.
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PKEJI IOHT EJIETTHIH AMHAJTY JKULITTH )KOHE BYPFBLIAY

KOPFAHBICBIH ABTOHOM/IbI PETTEY MEXAHUW3MIH ECEINITEY

Ulazvin sicen KOHOBIP2bLIAPBI ABMOHOMObL KOHObIp2bLIAp peminde de, backa
IHEP2EMUKANBLIK, MEXHONIOUANAPMEH YllecKeHOe e a8MOHOMObl dAeKmpiendipyee
JiCOHe CyObl atloayea mapmvimMobl 6aiama O0abIn MAOLLIAOLL.

OpHnamyodvly  dicayanmovl  KOHOBIP2bLIAPLIHLIY — OIpi-Oypebliay — KOpeaHbiCbl
POMOpObL Jicell AsbIMbIHAH Wbleapy Hemece NblUaKmapowbly wadyvll OypuliubiH
032epmy JHCoHe AUHANY IHCHIIOAMObIZLIH MOMEHOEMY apKbLIbL KAMIMAMACHL3 emineol.

JKen Oeneeneciniy KOHCMPYKYUACHIHOAEbL  JHCYMbIC Modicipubecine  CylieHe
omuIpwin, nepughepusiaa Kapai Kiuipetuemin OublC JHCoHe Y3bIHObI2bL OOUIHULA UAMATbL
Oypanoavl niwini 6ap KaHbLImelp 60IAMMAH HCACAT2AH KATAKMAP KOIOAHBLIAObL.

Maxkanaoa scendin sco2apbl Hevli0AMObIZLIHOA HCE OOH2ENCSTHIN AUHALY HCULTIIH
momeHoemyee apHan2an Oypebliay MexaHusMIHIY HCYMbICHl KAPACMbIPLLIAObL.

Kenoiy op mypai dHcolnoamovlebiMen JHcell aeblHbl IKPAHad HCoHe KAlaK mapmy
Jicytleci apxwlabl Jicenl O0oHeenezi beneini Oip Oypviuka Oypulibin, aya patvlHa
oetiin (900) ocep emeoi. Bypevliayoan Kopaayobly 93IpPAeHSeH MEeXAHUIMI HCendiH
arevLnoamovizel 9—10 m/c acoeapel bor2amn Kezoe icke KOCbliaobl.

Mexanuzmuiy Kanblnmul HCYMbICLIH KAMIMAMACHI3 €M)y YWIH JHcel a2blHbIHAH
natioa 6oIaMvIH Kyammsl ecenmey OpblHOALObl, MEeXaHusmMoi bacmankvl Kylee
Kenmipemin cepinneHiy napamempaepi anblKmaiobl.

Konowipevinvl oicendiny oayvln exnininen Kopeayovl KAMMAMACHI3 emy HCOHe
KOHOBIP2bIHBIY CeHIMOLTIZTH apmmblpy OOIbIN MAOLLIAMbIH MEXHUKATbIK, HOMUNCe2e
KOJl JICemKI3in0L.

Kinmmi ce3dep: atinany momenmi, auHay sHcuiniel, scei 0oHeenesi Mexanusmi,
Oypeviiay mexanusmi, Jcen 0oHeenesi, Kanak, Oypevliay KOp2aHulCyl.
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obosnovanie parametrov vetrovogo kolesa vetroe nergeticheskoj ustanovki maloj
moshhnosti razlichnogo naznacheniya [Investigation and substantiation of the parameters
of the wind wheel of a low-power wind power plant for various purposes] // Republican
Journal Proceedings of the University. — 2023. — Ne 3. — P. 72-78.
CALCULATION OF THE MECHANISM OF AUTONOMOUS CONTROL
[Ipunsro x uznanuto 07.12.23. OF THE WIND WHEEL ROTATION SPEED AND STORM PROTECTION
Small wind power plants represent an attractive alternative to autonomous
electrification and water pumping, both as stand-alone installations and in
combination with other energy technologies.
One of the critical components of the installation is the storm protection provided
either by removing the rotor from the wind flow, or by changing the angle of attack
of the blades and reducing the rotation speed.
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Based on operational experience, the design of the wind wheel uses blades made SRSTI 55.13.17
of sheet steel with a concavity decreasing to the periphery and with a slight helical https://doi.org/10.48081/WUTY 7402
shape along the length.

The article considers the operation of the storm protection mechanism designed Y. Y. Shayakhmetov', Y. T. Abilmazhinov?, D. K. DukenbayeV?,
to reduce the rotation frequency of the wind wheel at increased wind speeds. S. S. Shakhova*, *R. A. Sovetbayev®

At different wind speeds, the wind flow affects the screen and by means of a thrust
system, the blades of the wind wheel turn at a certain angle, up to the weather vane
position (900). The developed storm protection mechanism comes into operation at
wind speeds above 9—10 m/s.

1-234Shakarim University of Semey city, Republic of Kazakhstan, Semey;
’K. I. Satbayev Kazakh National Research Technological University,
Republic of Kazakhstan, Almaty.

To ensure the normal operation of the mechanism, the calculation of the power *e-mail: rsovetbayev(@mail.ru
generated by the wind flow was performed, the parameters of the spring that brings
the mechanism to its initial position were determined. ALGORITHM FOR PREDICTING THE ROUGHNESS
A technical result has been achieved, which consists in ensuring the protection OF THE INNER SURFACE DURING TURNING PROCESS
of the installation from wind gusts and increasing the reliability of the installation.
Keywords: torque, rotation speed, wind wheel mechanism, wind protection The article analyzes the main technological factors affecting the quality of parts,
mechanism, wind wheel, blade, wind protection. specifically the quality of the treated surface or the roughness of the surface of the

part. Turning (boring) was considered as an example, and a number of measures
aimed at improving the quality of the surface at the design stage were also proposed.
A simulation stochastic model of surface roughness shaping during surface turning
was proposed. Based on this model, an algorithm and a computer program were
developed to calculate the roughness at the design stage. The initial data for modeling
are the main angle in the plan ¢, the auxiliary angle in the plan @1, the radius at the
tip of the cutter r and the feed S, as factors that most strongly affect the roughness
during boring. An experiment was carried out, where not only average values
were obtained, but also histograms of the distribution of roughness parameters, the
adequacy of this model was proved. When calculating the roughness, additional
factors were taken into account, for example, the condition of the machine, which
made it possible to correct the simulation stochastic model and introduce vibration
components associated with the forces acting during cutting and elastic squeezes of
the cutter during boring process.

Keywords: turning processing, surface quality, surface roughness, imitating
model, stochastic model.

Introduction

The quality provision of detail surface with technological methods usually comes
down to the processing technology, choice of the metal-cutting calculation of processing
which can provide demanded parameters with the smallest expenses. Forecasting of
processed surface quality of the detail on the projecting stage is an actual task as it
allows minimizing probability of defecting products, to optimize cutting conditions, to
avoid defect products and with these essentially to save means.

A host of reasons influence on the surface roughness formation: properties of detail
material, condition and parameters of the machine, cutting tool, its geometry, processing
type etc. And the forecast of the possible surface roughness after processing is carried
out, as a rule, on the basis of mathematical modeling which being in any case only
approximate to real process of the form building at boring, nevertheless, allows to receive
very large volume of information and often can even be more exact than real model that
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allows to replace with it expensive experiments. However, not all mathematical models
as they are often heavy and difficult, are suitable for practical application, aspiring to
cover as the bigger quantity of influencing elements is possible and to receive fuller
information [1-4]. And here it is especially possible to note stochastic models allowing
to consider casual parameterization on the basis of which it is possible to define not
only demanded average output values of roughness parameters (in our case), but also
to receive their vibration and accumulated distribution [5,6].

Materials and methods

The height of roughness (or height match mark of the micro profile of the processed
surface) is closely connected with geometry of the cutter and some parameters of cutting
modes and is increased at great values of S, @, ¢, and r, value reduction, and on the contrary.
In reality, random factors influence on formation of the surface micro profile [7-9].

When turning, which includes boring; four main types of drawings are formed on
the treated surface [10].

The initial data for modeling are the main angle in the plan ¢, the auxiliary angle
in the plan @, the radius at the tip of the cutter r and the feed S. Calculations by the
formulas of roughness are quite labor-intensive therefore it is possible to use roughness
calculations by means of numerical algorithms in the Excel program where match mark
profile is in the form of tabular data presented. The height of such received profile thus
any more will not be identical and integration is conducted within base length 1. Thus it
simplifies calculation, actually being imitating model of the form building microprofile
of the processed surface and gives the open space for further modernization of the
program by means of introduction of additional factors (random factors) influencing on
the process of roughness formation. Proceeding from principles of stochastic modeling
on initial parameters overlay influence of random factors; it is in particular fluctuations
of tool parameters of the main angle in the plan ¢, an auxiliary angle in the plan ¢,
radius at top r. The normal law of distribution which was accepted is most suitable for
a large number of influencing factors (1):

flp)-— eXp[— (QJ%)I}

V270, 2o,
1 ,(4”1*51)2
7o) exp[ - ] n
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All distributions parameters are defined according to the rule of three sigma (2):

_:M- — _ Proax T Proin . F:M;
¢ 2 ’ 1 P 5 7

— Punx ™ Prin _ Prioex ~ Pinin . 5 — Tomx ™ Vonin . (2)
O = 6 2 O =7 & 7 p ;

Thus, there is the determined model with a certain set of initial parameters on the
basis of imitating stochastic model:

Initial parameters for calculation are:

— Maximum and minimum of the main angle in the plan ¢;

— Maximum and minimum of auxiliary angle in the plan ¢,;

— Maximum and minimum of the radius at the cutter top ;

— Maximum and minimum of cutting depth t;

— Feeding S;

The algorithm of imitating stochastic modeling was made on the basis of the data.

According to algorithm after input of basic data there is generation of casual
variability of data j, j,, r, set number of calculations N (it is recommended not less
than 100). On the well known restrictions (to r> 0 or 1=0, values ¢, ¢, ) is chosen match
mark option after which match mark junction points are calculated on formulas and its
profile is calculated, too. After match mark profile calculation there is its processing,
and the program can calculate average values of roughness, their disorder and receive
curve distribution density of each from parameters, in our case values R R Ramin
and curves of the distribution range R .

Taking into account all given above restrictions and on the basis of stochastic
imitating model the program for modeling of roughness formation was created at
boring of the internal surface, allowing at introduction of cutting parameters to predict
numerical profile parameters of the processed surface, in particular distribution of Ra,
Racp and some others. Modeling allows to reduce time and in many respects to reduce
expenses on researches.

Results and discussion

Carrying out of adequacy estimation of model of stochastic imitating modeling
and offered on the basis of algorithm of the computer program «Calculation of laws
of parameters distribution of roughness at turning» is possible experimentally. The
imitating stochastic model is created for turning processing of internal surface, it was
allocated operation-internal surface turning 2, (0370, 5/071,5)

Output data for modeling and experiment:

— type of processing — internal turning;

— the equipment — screw cutting lathe;

— fixing in the three-jaw self-centering chuck @315 mm;

— cutting tool — a cutter turning boring, tool section 25x25, total length L=200 mm;
tool overhang 1=70 mm;
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— Geometry of cutting tool-main angle in the plan ¢ = 60°, auxiliary angle in the
plan ¢1=300, Radius at cutter top r=0,2;

— Geometry pointing errors of the tool before processing: j =60+2,5°, p1=30°+2,5°,
¢= 0,272 mm.

— Cutting modes- feeding S=0,09"44/min., depth of cutting on the side t=0,5 mm,
spindle turns at cutting n = 630 t/min.;

— Material of processed detail-steel 30.

Processing of the batch of work pieces, all twelve, with the subsequent measurement
of roughness of internal processed surface on profile meter was made.

| — == ——

Figure 1 — Production run of the processed details

During experiment after processing of each preparation the cutter was taken away
and fixed again to the cutter holder of the machine for creation of setting error on the
anglej. Three cutters with soldered plates from hard alloy metal T15K6 are used for
approaching to real production; cutter change after processing of each feedstock, i.e.
each cutter processed four feedstock.

After processing details on the machine with identical cutting modes were made
measurements of twelve samples with usage of the profile meter Surftest SJ-210 the
producer the firm Mitutoyo (Japan), profilogram was taken from each sample. Data of
measurements are entered in table 1.

Table 1 — Values of obtained at measurement roughness parameters Ra

No. sample Ra (um) No. sample Ra (um)
1 1,710 7 1,690
2 1,634 8 1,524
3 1,577 9 1,451
4 1,533 10 1,449
5 1,689 11 1,780
6 1,507 12 1,733

The modeling of surface roughness formation for boring at these modes of cutting
with application of geometrical parameters used at processing tool was made after
carrying out the experiment. The imitating stochastic model and computer program
developed on its basis «Calculation of laws of distribution parameters of roughness at
boring» was applied to modeling.
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At modeling processing conditions similar to our carried out experiment, it is
necessary to consider equipment condition, namely screw cutting lathe 16K20 (Production
Russia). The machine condition at visual survey is estimated as satisfactory, however
the presence of vibrations when processing which will have certainly consequences for
roughness formation of the surface which we should consider in the course of program
The imitating stochastic model has to be corrected for calculation of vibrating component
at roughness calculation and to make changes in it connected with forces operating at
cutting and elastic cutting pressing at boring.

The calculation of cutting force at boring [7]:

P =10C,"SV'K, (3)

According to the reference C, = 300, K,=1,55, x =1,y = 0,75, n=-0,15.
From data on processing cutting modes: t= 0,5 mm, S = 0,09 mm / run, n = 630
run/min., D =71,5mm.

From where V = ;‘0133 = 141 m/min. P, = 178 N.

Elastic pressing can be calculated:
Flexural deformation of the cutter under the influence of cutting force:

Az=P,/C 4)

Where, C— rigidity of technological system (N/mm).

Rigidity of the cantilevered beam:

_3EI

T 5)

where E-elasticity module (for steel E=2,1 10" n/m?); L — tool overhang (L = 0,07

m); J— inertia moment of cutter section (cutter 25x25mm).
3
1= 23 255%10% m?
12
Having substituted the obtained data in the formula (5) for rigidity calculation, we
will receive C=5,98 104 N/mm.
Substituting Pz and C in the formula (4) we receive elastic pressing A z~ 3
microns.The vibrating component of roughness is developed from making roughness

from geometrical copying:

h,'®’ ’

o’ -\

where o — frequency of free vibrations; A — frequency of forced vibrations.
For calculation of frequency of free vibrations it is necessary to calculate the

specified weight.

(6)

h, =
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ca-bL Iy ‘
m:pab Lx (3_,\

| —} dx =0,038kg> @)
f02 o 0F/ L

Where p = 7850 kg/m’ — steel density; f, = 1/C -maximum ratio of deflection.

Then frequency of free vibrations is equal to: @ =+/C/m =39700 Hz

Frequency of forced vibrations is defined with run out details and frequency of its
rotation: A= 2n/60 n= 66 Hz.

Because of the fact forced frequency on some orders are less than free,
h2 =h2’ =0, 2 - A z= 0,6 microns. Actually it means that distribution of values of
roughness parameter will move towards increase at 0,6 microns.

After correction of the program, we enter known output data into the program for
profile calculation of surfaces (fig. 2), further casual values of geometrical corners of cutter
in the prescribed limits were generated, the profile match mark is calculated and expected
values Racp, distribution Ra and range of distribution parameter Ra (fig. 3) are received.

The distributions range (fig. 3) characterizes roughness variation and reasons of
this variation: geometry errors of the tool and vibration.

input parameters additional options
Geometric parameters Cutting modes angle of rotation w 0
Pmin= 57,5 n= 830 Angle step 12
Qmax= 62,5 S- 0,08] Number of risks 1
@1min= 27 5|d= 71,5] Pitch along axis 0
Q1max= 32,5|V= 2,358550685| number of sheets 200
I'min= 0,2|K= 0
Calculation Imax= 0,4 141,5130411

Calculation results
the actual geometry of the cutting edge
1 2| 3 4 5| 5 7] g 9| 10

(=] 60,95577| 60,26307679 59,94349299| 59,1934748| 59,42964171 58,48185351| 59,15058| 59,24341] 60,64355| 59,84228
(P1=]| 29,8222| 29,65898606 31,09626447| 29,0700809] 30,67102462 31,58245413] 30,271084| 30,58991| 29,00462| 29,55972
=] 0,324871| 0,248597238 0,235471806| 0,26289908| 0,322774102| 0,307183247| 0,3215193] 0,343975] 0,301328] 0,2%0758
h- 0,003132] 0,004106775) 0,004339871| 0,00287952| 0,003152262| 0,003313854] 0,0031647] 0,002956] 0,003379] 0,003503

Topographic parameters
Ra=] 0,018144] 0.018143584]  0.018143584] 0‘01314355* 0,018143594] 0,018143594] 0,0181436] 0,018144] 0,018144] 0.018144
Sres 0,079267 0,079267131 0,079267131 0,07926713  0,079267131 0,079267131 0,0792671 0,079267 0,079267 0,079267
L 1,135629 1.135629445  1.135629445 1,13562945 1,135629445 1135629445 11356294 1135629 1,135629 1.135629

Figure 2 — Output data (screenshot) entered into the program for calculation

Note: Actually geometry of the cutter received by generation of their casual values
in prescribed limits was defined in 200 options.

The distribution density is submitted to the normal law (check on criterion y2) with
parameters Racp = 1,488 microns, cRa = 0,105 microns, these data are received as a result
of calculation more than 200 roughness values for different cutters on the program.

Where parameter cRa is standard deviation or dispersion in the sampling population.

'T(Raj—Ra,)"
_ | B Nt Sl ¥
Ora = 4 n—1 (8)
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On the rule of three sigma for normal law
Rasr-3ra c<Ra <Racp+3Rac:

1,173 <Ra< 1.803 microns.

4500

4000

3500 /‘\

3000

7N
2500 \
/_ s \".‘ —e—fexp
2000 / \ —=—fnorm
1500 / :
1000 ./ \:\
” ‘ \-H
0 ==

000120 000130 000140 000150 000160 000170 000180 000150 Ra(Mm)

Figure 3 — Distribution range of the parameter Ra (mm)
taking into account shift on vibration

Experimental data are kept within this range of the theoretical variation of roughness
received by us that also confirms adequacy of model.

Conclusion

1 A simulation stochastic model of roughness formation during turning of internal
surfaces is proposed, taking into account various processing parameters, such as tool
geometry, tool vibrations, parameters of cutting modes;

2 A program has been created to calculate the laws of distribution of roughness
parameters during boring of the inner surface, theoretical data on the roughness spread
have been obtained and its convergence with experimental data has been proved, which
shows the adequacy of the computer program.

3 Received results allow approving that the imitating stochastic model of roughness
formation is adequate to real process at internal surface boring and allows receiving
not only average values, but also histograms of distribution of roughness parameters.

4 This also gives the chance to forecast roughness of the processed surface at
projecting stage and correspondingly to select necessary cutting tools, equipments and
cutting modes for achievement of necessary roughness.
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1-234Cemeit KanacbiHbIH [1IokopimM aThIHAAFBI YHHBEPCUTETI,
Kazakcran PecniyOnmkacer, Cemeli K. ;

K. . CorbaeB arsingarel Kazak ¥rTeik TeXHUKAIBIK
3eprrey YHuBepcurerti, Kazakcran PecmyOnukacel, ATMaThI K.
Bacemn msirapyra 06.11.23 kaObiimanabl.

TOKAPJIBIK OHJEY KE3IH/E IIIKI BETTIH
KEJIP-BY/IBIPBIH BOJKAY AJITOPATMI

Maxanaoa 6enwexmepdiy canacvlua, aman aumKaHod, ©HOelceH Oemmiy
canacviHa Hemece Oenik Oeminiy Kedip-OyOvipblHa ocep ememin Heeizel
MEXHOIOUANBIK, (hakmopaapea manoay cacanaovl. Mvican peminde moxapivik
oenoey (dcouvin oHoey) Kapacmuvipwliovl, COHLIMEH Kamap dcobanay Kezeninoe bem
canacwin Jcaxcapmyea bdaselmmanzan Oipxamap wapaiap yculuwviiovl. Toxapivik
oHOey Ke3inoe OemmiH Kedip-OyObipiabl2blHbIY NAida OOLYbIHbIY UMUMAYUSIBIK
CMOXACMUKAILIK, MOOeni YcbiHbliobl. Ocbl Modens Hezizinde, dcobanay Kezeyinoe
KeOIip-0yObIpIbIKmMbl ecenmey Yulin aneopumm MeH KOMRviomepuix 6bazoaprama
grcacanovl. Moodenvoeyoezi bacmankvl Oepexmepi, HCOHbIN OHOey Ke3iHOe Kedip-
OYOwLIPIbIKKA el Kon acep ememin haxmopaap peminoe, nianoazvl nezizei Oypvliu
@, nAaHOazbl KoMeKwi Oypuiut ¢ 1, KecKiumin Jco2apavl HcaeblHOA2bl PAouycC 1 HeoHe
asvikmanovipy S 6016in MadvLIAOLL. DKCNepuMenm icypeizinodi, onoa mex opmaua
MOHOEp eama emec, COHbIMEH Kamap Kedip-0yobipavlK napamempiepiniy mapauy
2UCOPAMMANAPDL ATLIHObL, 02aH KOCd, Oy MOOenviiy colkecmiei 0onel0eHOi.
Keoip-0yowipovl  ecenmey kezinde KocviMuia akmopiap eckepindi, Mblcaubl,
Mawunansly Kyui, 6yn Umumayusnelx cmoxacmuxkaivlk Mo0eivoi mysemyee HcoHe
Kecy Ke3iHOe acep ememin KYUMepMeH JHCoHe Kecy KesiHOe KeCKiumi cepnimoi
KblCYMEH OauIanblcmul Oipii KOMIOHEHMMEPIH eHeizyee MyMKIHOIK Oepoi.

Kinmmi ce30ep: moxapnvlk oH0ey, bemmiy canacvl, bemmiy kedip-0yovlpiviebl,
UMUMAYUSTILIK MOOEb, CHOXACMUKATBIK MOOED.
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1234y auBepcuret umenu [llakapuma r. Cemeit, Pecriyonuka Kaszaxcran, r. Cemeid ;
’Kazaxckuil HAMOHABHBIN HayYHO-HUCCIIEIOBATEILCKUI TEXHUUECKUI YHUBEPCUTET
umenu K. U. Carmaesa, Pecniy6nmka Kaszaxcran, r. AmmaTsl

[IpunsTo x n3nanuto 06.11.23.

AJITOPUTM NPOTHO3UPOBAHMUSA INEPOXOBATOCTHU BHYTPEHHHUX
MOBEPXHOCTEM ITPU TOKAPHOM OBPABOTKE

B cmamwve npogeden ananuz OCHOBHLIX MEXHOIO2UUECKUX (HAKMOPOS,
BIUAIOWUX HA Kayecmeo Oemanell, d KOHKPEmHO HA Kaiecmgo o0pabomanHou
NOBEPXHOCIU UTU WEPOXOBATNOCTb NOGEpXHOCIU demanu. B xauecmee npumepa
OvLIa paccmompena mokapHas oopabomxa (pacmavusanue), @ maxice npeoioltceH
PpA0  Mep, HANPABIeHHBIX HA NOBbIULeHUe KAYecmed NOGEePXHOCMU euje Ha dmane
npoexmupoganus. bvina npednodcena umumayuonHas cmoxacmuyeckas mooeb
GPopmoobpazosanus wepoxo8amocmy nOGEPXHOCMU NpU MOKAPHOU 0Opabomke
nosepxnocmu. Haocrnogesmouimooenu 0vl1paszpadoman aneopummuKoMnbiomepHasl
npocpamma 018 pacyema WepoxXo8amocmu HA dmane NpPOeKmupoBanusl.
Hcxoonvimu oannvimu npu MoOeIupoBaHuU AGIAIOMCS 2AGHbIN Y20l 6 NiaHe (¢,
6CNOMO2AMENbHBLU Y20 6 NAAHe ¢, PAOUYC NPU 6ePULUHE Pe3ya I U nooady S, Kaxk
Gaxkmopwl HauboLee CUTLHO GIUAIOWUE HA UEPOXO8AMOCHb NPU PACMAYUBAHUL.
Ilposeden sxcnepumenm, eoe ObLIU NOAYUEHbI HE MOJILKO CpeOHue 3HaA4eHusl,
HO U SUCMOSPAMMYL paACHpedesenus Napamempos uepoxoeamocmu, O00KA3aHa
aoexsamuocms OanHou Mmooeau. Ilpu nposedenuu pacuema uepoxo8amocmu
OvLIU yumenvl OONOIHUMENbHbIe (PAKMOPLI, HANPUMEP COCHOSHUE CMAHKA, YMmOo
N036801UNI0 CKOPPEKMUPOBANb UMUMAYUOHHYIO CIOXACMUYECKYIO MOOEb U 8HECMU
BUOPAYUOHHBIE COCMABTAIOWUE, CEAZAHHYIO C CULAMU, OUCEYIOWUMU NPU Pe3aAHUU
U ynpyeumu omaucamusamu pe3ya npu pacmaiusanuu.

Kniouesvie  cnosa: mokapnas obpabomka, Kawecmgo  NOGEPXHOCMIU,
Wepoxos8amocms NOGEPXHOCMU, UMUMAYUOHHASL MOOENb, CMOXACUYECKas MOOelb.
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HATPUWA XITOPULIHIH INMHAMUKATIBIK
TYTKbIP/IbIFbIHbIH TEMIIEPATYPAFA
TOYENQINITIHIH KITACTEPII-ACCOLMATTBIK MOGESI

Maxanaoa asmopnap «KypOeni OeliopeaHuKaiIblK 3am — HAMPULl XaA0puoi
MYMKbIPIbISLIHLIY — MeMnepamypaza  moyenoinicin — andvl  JCOHe  YCbIHbLI2AH
MaAmemMamuKraiblk Mooenboi mexcepoi.

TymxbipavlK CyublKMulKMulY KO32AAbICMA HCOHE MbIHLIUMBIKMA  OOJIAMbIH
xaocka —ce3imman  Kacuemi — peminoe  Kapacmulpbliadvl.  TymKbIpIbIKMbIY
mMamemamukanvlx moodeni bonvymannviy mapanyel Men pemciz  K032anamulH
Ooekmep MysHCbIpIMOAMACHIH  KOAOAHY apkwlivl ocacanovl. Ocvl Hezizoe
MYMKBIPILIKMbIY UEPAPXUALBIK, KIACMEPI-ACCOYUAMMBIK MOOEN Kypbliobl, OJ1 MeK
bacmankpl Kiacmepaepoiy my3inyin eana emec, COHbIMEH Kamap Kiacmeprepoiy
accoyuayuanany 09pexcecin auvlKmay MyMKiHOIZIMeH onapea Kamvicbl OOUbIHULA
eKiHwi pemmi accoyuammapowl 0a eckepeoi.

Knacmepni-accoyuammuix modenvoi skcnepumenmmix Oepexkmepee Oeulimoey
Yuin Mooenvoiy benzicis napamempiepin aHblKmay yuiin depekmepoi eH0eyoiy benzini
0ip vdicmepi ccacanovi. Tymxwvlpavlk OolbiHWA Oepekmepoi enoey 80ici bapibiK
HCUBIHMBIK, [UIHEH MeK Yl Hezizel Hykmenepoi KoI0aHd Omblpbli, acCOYUammapobly
azpezayus 0opesrceci KepcemKiuin aHbIKmayaa MyMKIHOIK Oepedi.

Hampuii xnopudiniy mymxgwipaviasl  OolibiHwa Oepekmepdi enoey Ke3iHoe
AHBIKMAMANLIK — WAMANAPMEH  ecenmenzer  Wamaniapovl  CanblCmulpeanoa
KOPPENAYUAHBIY Hco2apbl Koduyuenmi aHblkmanovl, OY1 Hana moyenoilikmiy
aoexkeammulibl2blH, bapabapiviabln Kepcemeoi. bepiieen modenvb Hampuli Xa0puoi
MYMKBIPILISLIHLIY OPEKEeMIH 910eKatioa JHco2apbl MeMnepamypaniap aumazviHoa
bondcayea MymKiHOIik 6epedi. Tymacmaii mymgblpaIbIKKa HCoOHe accoyuammapobliy
OY3bLI1Y OUHAMUKACHINA COUKEC, MEMNEPAMYPAHBIH HCO2APLLIAYbIMEH Kiacmepaepoiy
accoyuayus 0apesiceci momeHOeuo.

Kinmmi  cesoep: bBorvymaunvly mapanysl, OUHAMUKATLIK —MYMKbIPIGIK,
Xaomuxkanvlx, 6onuexmep, accoyuam, Kiacmep, Hampuii X10puo.

Kipicne
Cyiiblk MeTangapAbiH [1] TYTKBIPIBIFBI YIIIH apHAJIFaH ©PHEKTEY CYHBIKTHIK
TEOPUSChIHA HETI3/IeJIreH TEOPHUSIIBIK MOJIEB/1 KOJIJaHy apKbUIbl aiblHABL TeHaey
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OyabIH Tapaiy (pyHKIHUICH )KOHE yaKbIT OOMBIHIIIA OpTalllaTaHFaH aTOMaPAJIBIK KU LTIK
CHSIKTBI yHIaMEHTaJ/1bl (PU3HUKAJIBIK TapaMeTpIiep TYPFBICBIHAH opHeKTenel. Tenaey
TYTKBIPJIBIK OOMBIHIIA SKCIIEPUMEHTTIK JEPEKTEP/Ii COTTI LIBIFapaIbl.

Kyto ke3iHze TYTKBIPIBIK METAIAapAbIH MAHbI3/Ibl PEOJIOTUSIIBIK KacHeTi OOJIbII
TalObutaabl [2], 6WTKEHI 0J1 CYHBIK MeTajAapblH TaChIMAJJIaHY >KbUIAaMIBIFbIH
perreiini, Oyl KyliMa akaynapblHa 9Kelyl MYMKiH, MbICAJbl, KbI3ABIPY Ke3iHIE
KBIPTBUTY OHE KEYEKTiIiK. by Makanasa OyriHri KyHre JeiiH KapusulaHFaH CYHBIK
JKOHE KapThUIal KATThl KYWIETi METaJAapAblH TYTKBIPJIBIFBIH OJIIIEeY dICTepl MEH
CaHJBIK MOJEINbJIepPiHe IOy OepiireH. DKCHEPUMEHTTIK OIMIEeMICPAIH KOIIIiTir
aifHaIMaIbl )koHe TepOeIMerTi BUCKO3UMETPIIEp apKbLIbI JKYy3€re achbIpbUIIbL, OYII acipece
TYTKBIPJIBIKTBIH TOMEH MOH/IEPIH/IE apTHIKIIBUTBIKTAp Oepei. TYTKBIPIBIKTHI OIIey 11H
OCBI €Ki J9CTYp:l dJiciHeH Oacka, OipHele 3epTTeyJiep JKapTbulail KaTThl Kyijeri
KOPBITIIANIAPAbl U30TEPMUSIIBIK KBbICY OMICIH, TINTI IMIJAKTAPABIH TYTKBIPJIBIFBIHBIH
ONTHKAIIBIK HETI3UIrH aHBIKTay 9AiCiH e eHri3ai. CaHabIK MOAeNIbaepre KeIeTiH
0oJicak, xKapusJIaHFaH HOTIDKEJIEPAIH KOMIIIIri CyHbIK KOHE JKapThiJIald KaTThI
MeTallapAblH TYTKBIPJIBIFbIH AppeHuyc, AHapane, Kanrtait Hemece bynau-bemka-
Kanrait TenneynepiMen cumarrayra OONaTBIHIBIFBIH KopceTeai. COHBIMEH Katap,
KYIII MOJIEJIi )KoHE KepHey-1e()OopMaIisIHbIH U30TePMUSIIBIK MOJIeNTi CHSIKTHI OipHere
Oanama moenbaep oap.

TyYTKBIPIBIK - aKKbILI CYMBIK METAJIJIBIH CUIIATTAMAJIaPbIH AHBIKTAM AJIAThIH KOHE
JMKBU/1YC KYPBUIBIMBIH K@pceTeTiH MaHbI3/1bI [3] KacueT. COHIBIKTaH TYTKBIPJIBIKTHIH
HKCHEPUMEHTTIK MOHIH KaJluOpJiey YIIiH HAaKThl MOJENbIiH Oomysl Kaxer. Kasipri
yaKbITTa Ta3a CYWBIK METAJABbIH TYTKBIPJIBIFbIH, TYTKBIPJIBIKTBIH TeMIEpaTypara
TOYEJIJIUIIrH )KoHe KOl KOMIIOHEHTTI KOPBITHA >KYHeNIepiHiH TYTKBIPIBIFbIH Oaranay
YIIIiH KeNTereH MOICTIbACP YChIHBUIFaH. bys Makanana Gipkarap TaHbIMAT MOJIEbACD
KEJTIPUITeH, COHBIMEH KaTap oJIapJblH (pyHIaMEeHTaIbl, ipresi MO/IEb Iy TEOPHSICHI,
MO/IeITh CUTIATTaMaJIaphl )KOHE KOJIaHBLTYBI )KeTKUTIKTI TYp/e TaJIKbIIaHabI. Ta3a CyibIK
MeTaJIJIbIH TYTKBIPJIBIFBIH 00JDKay/1a ©T€ COTTI OOJIFaH HKaIlbl )KapThUIAH SMITUPUKAIIBIK
MoJieTbiep ekl Tapmakka Oestineni: Andrade sxone Eyring. BaiKkbIMaHbIH TYTKBIPJIBIFBIH
00JKayIbIH KAJIbl KO OJIMeM/Il MOJAENbIepl HEri3iHeH TepMOJIMHAMUKAIBIK
napameTpiepal OipiKTipeTiH kKoHe )KAaKChl CEHIMALTIKTI KaMTaMachl3 €TeTiH Herisri
MOJIEKYJIATbIK TEOpHs 9JiciHe HerizaenreH. @uHanga ¢aszanblK IHarpaMMaarsl
TYTKBIPIBIKTBI OOJIKAY/IbIH COMKEC MOJIENi OonamakTa 00Kay IbIH TOYEIICi3 KaJIIbl
TEHJICY1H aIMacCTBIPY BIKTUMAJIIBIFBI )KOFAPHI JICT KYTLIy/Ie.

TYTKBIPIBIK )KOHE IEKTP OTKI3TIIITIK [4] CYHBIK MeTangap MeH KOpPbITIaTapablH
KYPBUIBIMJIBIK CE€31MTaj TachbIMalilay KacHeTTepl peTiHae OanKky KoHe KaTaro
HPOLIECTEPiH MOJIEIIB/ICY YIIIH MaHbI3/Ibl. TYTKBIPJIBIK I1E€H AJIEKTP OTKI3TIITIK AepeKTepi
KOCHaJIap/IbIH CYWBIK KYHAET1 KyPbUIBIMIIBIK ©3TrepicTep Il TYCIHY YIIIiH Maiaabl CYHbIK
MEeTaJlI MATPULIACHIHBIH KYPBUIBIMBI MEH (DU3UKa-XUMHSIIBIK KACHETTEpiHE 9Cepi Ty palIbl
KochIMIa aknapar oepezi. byn sxympicta Sn-3,8 Ag-0,7 Cu CyHBIK KOPBITIACHIHBIH
TYTKBIPJIBIFBI MEH 3JIEKTP OTKI3riTiriHe mamaisl Co KocranapblHbIH 8cepi 3epTTEIL.
Co mamasbl KOCBIHBUIAPHI KE31H/IE TYTKBIPIBIKTHIH KOFAPbUIAYbl TEPMOIUTHAMUKAIIBIK
TOCITAEP apKbUIbl allbIHFaH OOJDKaMJIbI MOJENBAIK JAEPEeKTEepre KaHaraTTaHAPJIBIK

115



KA3AKCTAH FblllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.  Ne 4, 2023

TYpZE COUKec Kele/l KoHe aToMapalblK e3apa 9pEeKeTTECYIiH alTapibIKTail acepin
6oikaiinel. KobGanbT Kocnanapbl 3JIEKTp ©TKI3TILITIKKE alTapibIKTail acep eTefi, o
Co memiepiHiH KOFapbulaybIMeH OipTinzen TeMmenaewi. COHbIMEH KaTap, YJATiHIH
MHUKPOKYPBUIBIMBI PEHTT€H KYPBUIBIMIBIK TalJay XOHE CKaHepJIeyIli 3JIEKTPOH/IbI
MHUKpOcKomnus apKpUibl 3epTTenai. Kypambeiaga Co 1 Mac. % acaTbIH KopbITHAIapaa Sn
Herizingae Co-Sn HHTepMeTalT KOChUIBICTAPBIHBIH TY311yl aHBIKTAJIIbL.

Kyto ypuicrepin moaensaey [5] MaTeMaTHKaJIbIK MOJAEIbACPIe aypbic Oepinyi
YUIIH TaHJalFaH KOPBITIAIAPABIH TePMODU3UKAIBIK KAaCHETTEpPl Typaiabl HAKTHI
akmaparTel KaxeT ereni. OChIHIal KacHeTTep/iH Oipi-Ta3a CYHBIK MeTaiuap MEH
KOPBITIATAP/bIH TYTKBIPJIBIFEL, OHBI 9/1€0METTE HKCIEPUMEHTTIK JACPEKTEp pETiHIIe
Ta0yFa HeMece TEOpHUSJIBIK MOJENIbACP apKblabl ecenteyre Oonassl. JlereHmeH,
KeiOip Taza MeTayap YIIiH SKCIIEPUMEHTTIK JAEPEKTep MEH MOJIEbICY HOTIKEIepl
apachlH/a alTapibIKTall aNIaKTBIK KU1 Ke3Jecel, OyJl SKCIIEpUMEHTTIK ©JIIIECHIeH
MOHJIEP/ICH €Ki ece KoIl. Oedbuertepae OipHerie Mo ienbaep/i TadyFa 00J1a/1bl, MbICATIbI,
AppeHuyc TUNTI TeHAEyJIep TYpiHAE, Oap KOPIHETIH aKTUBTEHY YHEPIHACHIH KOHE
9KCIIOHEHIHUABl TYPAKTHl IMapaMeTpiiepi aHBIKTay MaKCAaTBIMEH ToXIpUOHENiK
JepeKTepiH KoJpkeTiMaulirine royenai. CoHbIMEeH KaTap, AHIpaJie TeHeYyiHe KoHE
OHBIH KEHEIOIHE HETi3JIeJreH MOJENbJIep alKblH aKTHBTEHY 3HEPIHACHIMEH JKOHE
epKiH KeJIeM KOHIEMIUACHIMEH JKYMBIC ICTEY YIIIH dJeTTe TeK TePMOINHAMHKAIIBIK
MOJIIMETTEpre, SFHU MOJISIPIIBIK MAaCCaFa, MOJISIPIIBIK KOJIeMIe, TYTKbIP TOK aKTUBTEHY1HIH
I'u66¢ sneprusiceina, ['nO6C 3HEprusichiHa )KoHE KOPHITIIa KOMIOHEHTTEPiHIH TY311y
SHTAJIBIMSACHIHA )KOHE MOJIIPIIBIK YIECTepiHE TOYeNIi. AppeHUYC TUIITI TEHIEYMEH, Ta3a
meTtasnaapra apHaiaran Kanrail skene Takaxupa moenbaepiMeH, CoHaii-aKk AppeHnyc
TUNTI TeHAeYyMeH, Kanraii Mo/ieTiMeH KoHe Kol KOMIIOHEHTTI KOPBITHAJIapFa apHaIFaH
OCBI TOCIJIMEH YCHIHBUIFaH MOJICIIB/IEP apachIHa CAIbICTRIPYJIap skacanabl. Moenbaey
HOTIDKeNepl Ta3a cyiblk Metanaapra (Al, Cu, si xxene Mg) xoHe Al Herizinzeri
YIITIK X0HE TOPTTIK KOMMEPUMUIBIK KOpBITIIANapFa apHajfaH d1e0uerTepacH
QJIBIHFaH TOXXIPHOEIIK TYTKBIPJIBIK AEPEKTePIMEH CalbICThIpbIIaAbl. Ken KoMIOHeHTT1
KOpBITHANApFa apHAJIFaH YCHIHBUIFAH TOCLI AKCIEPUMEHTTIK TapalylapMeH >KoHe
KapacTBIPBUIFaH OapJbIK JKaFaainapra apHanraH Kanrtail MogeniMeH jKaKChl COMKeC
KEeJETiHI KOPCETUITeH.

XKapreitaii kKarTel MeTanaaps! ouaey (SSMP) [6] Kyro TEXHOIOTHSICHIH/IA aKayTaphl
a3 JKOFaphbl carajbl eHIM/II eHAIpYaiH Tamaiia d/ici 601b Tadbuiaabl. TyTKBIPIbIK-
SSMP etiMziniria cunarray YUIiH €H MaHbI3/1bl (PU3UKAJIBIK )KOHE XUMUSIIBIK KaCHET.
Kaszipri yakpITTa )KapThuiail KaTThl METAIAP/IbIH TYTKBIPJIBIFBIH OaFrasay/IblH OipHeIe
TEOPUSUIBIK KOHE IKCIIEPUMEHTTIK Tociepi 6ap. Apropiap Oy makanana SSMP yin
Oip HYKTEJ jKoHE KOIl HYKTeIl BUCKO3UMETPHUSHBI JKaH-)KaKThl KapacTeipbl. Coman
keilin SSMP-nie Kosiany yuriH opTypii BUCKO3UMETpJIEPAiH cUIaTTamaliapsl,
YKCAaCTBIKTaphbl MEH IIEKTeYJIepi CalIbICTRIPbLIIbL. SSMP TYTKBIpJIBIFbIHA SCEp €TETiH
(axToprapabIH ocepi Ae atan Tl JJeHApUTTI eMec cepanblk MUKPOKYPBUIBIMHBIH
MaHbI3AbUIBIFBI )koHe SSMP Ke3iHze KaTThl O6JIIIeKTep/IiH MalblpayblHaH TYbIHAAFaH
TYTKBIPJIBIKTBIH JIe3[Ie TOMEHAey1 Tycinaipinai. 3eprrey 3eprreymuire SSMP ke3inae
TYTKBIPJIBIKTHI OJIIICYIH €H JKaKChl 9/1iCIH aHbIKTayFa KOMEKTece 11 eIl KYTLIy/e.
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[7] xymbic aBTOpaapsl Ni HaHOO®IIIEKTEPiHIH KILIIripiM KocnazapbelHbIH Sn-3.0
Ag-0.5 Cu (SAC305; mac.%) cyHbIK KOPBITIACHIHBIH AUHAMHUKAIBIK TYTKBIPJIBIFbIHA
acepiH 3eprreai. Hanokommosur yarinepi kommeprustiibik SAC305 yurars! MeH Ni HaHO
YHTaFbIHaH CYBIK 0acy apKbUIbI aJIbIH/IBL KpI3IbIpy KOHE CATIKbIHAATY Ke31HE OJIILICHI €H
100—xNix KopbITHATAPbIHBIH THHAMUKAIIBIK TYTKBIPJIBIFEI (Sn96,5Ag3,0Cu0,5) Oanky
temneparypacsiHa 100 K xorapsl Temneparypa quana3oHbIH/Ia THCTEPE3UC KOPCETTI.
Byn kp13apIpbuFad Ke3ze Sn Heri3iHaeri cyiblk MaTpuiana Ni HaHOOeIEeKTepiHiH
epyiHeH TYbIHJAFaH KYPBUIBIMJIBIK TYpPJCHIIpyiepre 0alaaHbICThl Aen OOKaHAIbI.
100—xNix(Sn96,5Ag3,0Cu0,5) KopbITHaTapbIHBIH TYTKBIPIBIFBIHBIH TOXIPUOUETIK
MOH/JIEPl TEPMOJIMHAMHUKAIBIK TOCUIIEPAl KOJIJaHa OTBIPBII, €CENTiK AepEeKTepMEH
KAKChI YHIecesIi.

Cu85In11Sn4, Cu80In15Sn5, Cu75In15Sn10, Cu55In7Sn38, Cu33In50Sn17 xone
Cu26In55Sn19 cyiibIK KopbITHATAPABIH TYTKBIPIIBIFBIH eJIIIey [ 8] )KymbIcTa TepOenmeni
HIBIHBI diciMeH opblHAaabl. Cu-In-Sn cyMbIK KOPBITIIaTapbIHBIH TYTKbIPIBIFBIHBIH
QJIBIHFAH TeMIIepaTypaiblK TOYEIIUTIKTepl AppEeHHYC TYPIHIET1 3KCIIOHEHIIUANIBIK
TEHJEyiHE COMKeC TYTKBIPJBIK MOHJACPIHIH TOMEHJICYIH KOHE TeMIlepaTypaHbIH
JKOFapbUIaybIH KepceTei. JJnHaMuKkanbIK TYTKbIpabIK Ko3dduuumenti 1073 K ke3inne
Cu85In15-In15Sn85, Cu-In75Sn25 xoene In-Cu60Sn40 ymeyi ymin Gipkarap
TEPMOJAMHAMUKAIIBIK MOJEIBACP apKbUIbl ecentemal. ToxipubHenik jkoHe eCenTik
JIepeKTep apachlH/a KaHaFaTTaHAPJIBIK COMKECTIK TaObUIIBI.

Mownorpadus aBTopaapsl [9] XaoTHKAJIBIK OOJIIEKTEP TYXKbIPbIMIaMachlHa
HETi3/IeJreH KapamaiblM 3aTTap YIIIH CYWBIK KYHAIH TOJIBIK JUAama30HbIHIAFbI
TeMIlepaTypaiaH TYTKBIPJIBIKTBIH JKaHa TOYESIAUTIKTEpiH skacabl. OChI TYKbIpbIMIaMara
colikec, boaplMaHHBIH (yHIaMEHTa bl TApATybIHA COMKEC, TYTKBIP aFbIH KJIacTepIiep
apachIHAaFbl BaH-/1EP-BAalIbC TAPTHUIBIC KYIITEPiH KEHY apKbUIbI aCCOLMATTAP/bI
0y3y peTiHjie KapacThIpbliaibl, OyJl HET131HEH TYTKbBIP aFbIM TYpPajibl KOJIAHBICTAFbI
ujesIapFa Kalibl KeIMEen/Ii s)koHe JKaHa Toyenautikke oareiHaas! [10, 11]:

n=mn (T,/T)4=* (/TP s ey

myngarel N, — T, (K) TuicTi TemnepaTypanarbl JMHAMHUKAIBIK TYTKBIPJIBIKTBIH
AHBIKTaMAIIBIK HYKTECI; a — KJIacTepliep acCOIMAIMSIaHYbIHBIH I9PEKECI, b-Kiactepiiep
accolMalysIany A9PEKECiHIH TOMEHIEY OJIIIeMI. a )koHe b KepCeTKIITepiH aHBIKTaY
yuin n,, T, sxone n,, T, eKiHIIi )X0HE YLIIHIII HETI3r1 aHBIKTaMaJIbIK HYKTEIEp 60y
Kepek

a=az (I5/1)" @)
_In(m,/n,)

2= T /my ©)

__In(my/n,) 4)

43 = In (T /Ts)
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_ In(az/ay)

= M To/Ty)’ ()

AHBIKTaManbIK HyKTenepai 1., T, TexipuOuernik MacCuBiHiH 0acblHIa, OPTaChIHAA
JKOHE COHBIHJA COMKECIHIIE TaHJaFaH >kKeH. byn karmaiina OYKiJT SKCIIEPUMEHTTIK
MacCHBTi OHJIEMEN-aK, a,, a, JKOHE b ecenteyimen (1) Moaenbre Ka>keTTi MIaManap/sl
opl Kapal €Hri3e OTBIPHII XKoHE Koppensauus KodhuureHTi OOWbIHIIA OapiIbIK
9KCIIEPUMEHTTIK MOHIEPMEH CANBICTBIPY YIIIH 1) €CENTEyMEH IIEKTeTyre 00Nabl.

KapamaliplM FaHa eMec, COHBIMEH KaTap KypJeii 3aTTap YIIiH KJacTep.i-
ACCOLIMATTHIK MOJEIIHIH JUHAMUKAIBIK TYTKBIPIBIFBIH Oapadap KepceTyiHiH MbICAIBI
petinje 613 TYCTI METaJUI KOHIIEHTPATTaphIH OHJIEY 1€ peareHT peTiH/ie, COHBIMEH KaTap
TaMaK eHepKociOiHIe, TEXHUKa[a, MeTUIIHA A, KayCTUKAIIBIK COJIa, COJa OHIIPY YIIiH
KEHIHEH KOJIJIaHbUIAThIH HATPUH XJIOpU/i OOMBIHIIA TaNAay KYPrizemis.

TeopusabIK TaNIAY

Hatpuii xsmopui KeiiHr )KyMbICTa KeJieci MalliMEeTTepMEH YChIHBUTFaH [ 12]: Ganky
temneparypacel T = 1074 K, sxone Kaiinay Temneparypacsl T, = 1738 K. byn nepekrep
opl Kapail ecenrtey YIIiH aabIH/IbL.

Bepinren anpKTamanbk aepekrep kubHThIFbIHAH 1, T [12,13] T, = 1123 K,
n, = L275 mllac; T, = 1190 K, n, = 0,95 mllac; T, = 1248 K, n, = 0,752 mllac
pETiHe Heri3ri Hykrenep Tanmanasl. (2)-(5) dopmynanap apkeuisl a, = 5,0775, b =
0,3124 manaepi ecentenai xoHe (1) Moaenbre coifkec ecenTeNreH TYTKbIPIBIK TeHILY1
AJIBIH/IBL:

77:1,275(%)5'0775 (1190/T)0'3124, mlla-¢c (6)

Ochl TeHaey OOWMBIHIIA €cenTey HOTHIKENepl KIacTepliep/iiH acCOolUaIUsIaHy
JIOPEKECIHIH TeMIepaTypara TOyeIIIITH ecenTeyiepiMen oipre

a="5,0775 (1190/T)0312 (7)

I-kectene xoHe 1-cyperre [12,13] TYTKBIPJIBIFBI OOWBIHINIA aHBIKTAMAaJIbIK
JIEPEKTEPMEH CATBICTHIPA OTHIPHIT KEATIPUITeH.

3epTTey HOTHIKEIEPi KOHE 0JIaPAbl TAJIKbLIAY

Kecrenik xoHe rpadukaablKk MaJiMETTEpre CyHeHE OTHIPHIN, YCHIHBIJIFAH
Mojienb (6) KapacThIPbUIBIIT OTHIPFAH JMaIa30Haap/laFrbl aHBIKTAMAJIBIK [IaManapra
TOJIBIK COMKEC Kelle/ll, OyJI CHI3BIKTBIK e€MeC KoeIlie Koppeasmus KodhdumueHTiMmeH
CaJIBICTBIPY/IbIH CTAaTUCTUKAJIBIK CUMaTTaMajiapbiMeH pactanajsl [14,15]: R = 0,989,
OHBIH MaHbI3BLILIFBIMEH t, =43,261>> 2, Oy HATPUH XJTOPUIIHIH CYHBIK KYHIH TOJIBIK
cUmarTay yiiH (6) TOye/IUNKTI YChIHYFa MYMKIHIIK Oepesi, Oya TYTKBIPIBIKTHIH
TeMIlepaTypara TOYEIAUTITIHIH KIacTepili-acCOMATTHIK MoIelliHe ToH [9].
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Kecte 1 — CylbIK HaTpuil XJIOPUIIHIH AUHAMHUKAIBIK TYTKBIPIBIFBl OOMBIHIIA
aHpIKTamMaubIK [12,13] xoHe (6) ecenTenreH aepekTep

TK n[12], |n[13], Ha-c | n(6), [Ta-c a TK n[12], n[13], n(6), a
mlla-c Mlla-c ITa-c MMa-c
1074 - - 1,611 5,243 1423 - - 0,409 | 4,802
1090 1,38 - 1,490 5219 1440 - - 0,388 | 4,784
1098 - 1,432 1,434 5,207 1448 - - 0,379 | 4,776
1123 - 1,275 1,275 5,170 1473 - - 0,351 | 4,750
1140 1,12 - 1,180 5,146 1490 - - 0,334 | 4,733
1148 - 1,138 1,139 5,135 1498 - - 0,327 | 4,725
1173 - 1,017 1,021 5,100 1523 - - 0,304 | 4,701
1190 0,95 - 0,950 5,078 1540 - - 0,290 | 4,685
1198 - 0,912 0,919 5,067 1548 - - 0,284 | 4,677
1223 - 0,82 0,830 5,034 1573 - - 0,266 | 4,654
1240 0,82 - 0,776 5,013 1590 - - 0254 | 4,638
1248 - 0,752 0,752 5,003 1598 - - 0,249 | 4,631
1273 - 0,704 0,684 4,972 1623 - - 0,234 | 4,608
1290 - - 0,642 4,951 1640 - - 0,224 | 4,593
1298 - - 0,623 4,942 1648 - - 0,220 | 4,586
1323 - - 0,570 4912 1673 - - 0,207 | 4,565
1340 - - 0,537 4,893 1690 - - 0,199 | 4,551
1348 - - 0,523 4,884 1698 - - 0,195 | 4,544
1373 - - 0,480 4,856 1723 - - 0,184 | 4,523
1390 - - 0,454 4,837 1738 - - 0,178 | 4,511
1398 - - 0,443 4,828
.
Msiusn 11‘50 1250 1350 1450 1550 1650 TK 1750

Cyper 1 — TemnepaTypaaan CyWbIK HATPH XJIOPUIIHIH JUHAMUKAIIBIK
TYTKBIPJBIK Toyenainiri. Hykrenep — anbIkTaManbIk nepexrep [12],
KpecTTep — aHbIKTaMalTbIK JiepekTep [13], cbI3bIk — (5) OoiibIHIIIA
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KopbIThIHABI

CyiibIK HATpHl XJOpUAl YIIIH JUHAMUKAIBIK TYTKBIPJIBIKTBIH TeMIIepaTypara
TOYEJIUTINHIH KJIACTEPIIi-aCCOLMATTHIK MOIE1 JIFaIl PET 931pJICH/I1, 01 SKCIIEPUMEHTTIK
nepexrtepi Oapabap cUmaTTai bl

Knacrepii-acconmaTThIK MOJEIB/IH apPTHIKIIBUIBIFE — KallHAY TEMIIepaTypachiHa
JIeiiiH KOFapbl TeMIlepaTypaiapia Ja, COHBIMEH KaTap TOMEH TemIepaTypajiapia
Jla TYTKBIPJIBIKTBIH MiHE3-KYJIKbIH Ooipkay MyMKiHAiri. CyWbIK HATpUH XJIOPHIIHIH
JTMHAMUKAITBIK TY TKBIPJIBIF BIHBIH TEMITEPaTypaFa ToyeIIUTITiHIH KITaCcTepIIi-aCCOUATTHIK
MOJIJIIH CeHIM/II KCTPAINOIALUACBIMEHEH, OHbI KailHay jkoHe OaJIKy TeMIepaTypachl
aliMarbIH/a CYMBIK KYHIIH OapiblK Tuana3oHbIH/A Mai1adaHyFa MYMKIHIIK Oepei.

TyYTKBIPABIKTBIH TeMIEpPATypaJblK TOYEIIIITIHIH KIacTepii-acCOLMUATTHIK
MoieNinae OanKbIMaNap/blH KypaMblHa CIIKaHAal IIEeKTeyJep KOK Jel caHayFa
60sajb1, OYJ1 OHBI K€3-KEJTeH 3aTTapFa KOJIJJaHy IMEePCIIEKTUBACKHIH alllajibl
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2 KaparaHMHCKUI TeXHUYECKUH YHHBEPCUTET UMEHU AObuTkaca CarnHoOBa,
Pecniybnuka Kaszaxcran, r. Kaparanna

[IpunsTo x n3nanuto 07.12.23.

KJIACTEPHO-ACCOLUATHASA MOJEJIb
TEMIIEPATYPHOM 3ABUCUMOCTH
JTAHAMMYECKOM BSI3KOCTH XJIOPUJIA HATPUA

B cmamve asmopamu b6vina nonyuena memnepamypHast 3a8UCUMOCmb 83KOCMU
CILOACHO20 HEOP2AHUYECKO20 8ewecmed — XA0puoa Hampus u npogedeHa nposepKa
NpeonoAHCEHHOU MaAMeMamuyeckol MoOeu.

Bsasxocmv  paccmampusaemcs  kax  XaocouygcmeumenvbHoe — C80UCBO
AHcUOKOCmu, npucyujee el 8 0sudceHuu U ¢ nokoe. Mamemamuueckas Mooenb
8A3KOCMU ObLIA pazpabomana ¢ UCHONb308anuem pacnpedenenus borvymana u
KOHYenyuy Xxaomusuposannvix yacmuy. Ha smotii ocnose nocmpoena uepapxuvecxas
KAACMEPHO-ACCOYUAMHAsL MOOeNb GA3KOCMU, KOMOPAs YYUMblédem He MOAbKO
00pazosanue NepeULHbIX KIACMEPOs8, HO U BMOPUYHBIX NO OMHOUWEHUIO K HUM
accoyuamos ¢ B03MONCHOCMbIO BbIAGNIEHUS. CIENeHU ACCOYUaYUU KIACMeEPOs.

Jna adanmayuu KiacmepHo-accoyuamuol Mooenu K 9KCHepUMEeHmanibHbiM
OaHHBIM — pa3pabomaHnvl  onpeoeieHHvie npuemvl  00pabomKu  OaHHbIX 0714
UOEHMUDUKAYUU HEUZBECMHBIX Napamempos mooeau. Memood obpabomxu OaHHbIX
1O GA3KOCMU C UCNONb30GAHUEM U3 BCE20 MHONCECNBA MpexX PEenepHuiXx MoUex
10360.715em OnpedeIums HOKa3amenb Cmenenu azpecayuu dcCoyuamos.

Ilpu obpabomxe Oanmvlx NO GAKOCMU XA0pUOAd Hampusi Obll YCMAHOGIEH
BbICOKULL KOIP uytenm KOppersyuu paccuumaHntbix no CPAGHEHUIO CO CNPABOYHbIMU
BENUYMUHAMU, YMO YKA3bIBACT HA A0EKEAMHOCHIb HOBOU 3ABUCUMOCTIIL.

Jlannas mooenv noseonsiem NpoSHO3UPOSAMb NOGEOCHUE BA3KOCMU XI0pUOa
Hampusi 6 0Oonee GvlcoKull memnepamypHuviii ouanazon. Cmenens accoyuayuu
KAACMeEPO8 ¢ NOGblULeHUEM MEMNEPAIYPbl NOHUINCAECTCSL, COOMBEMCMEYsL OUHAMUKE
PA3PYUEHUsL ACCOYUAMOB U 8A3KOCTIU 8 YETOM.

Kniouesvie cnosa: pacnpedenenue Bonvymana, OuHamuueckas 613KOCHb,
Xaomu3upo8aHHvle Yacmuybsl, ACCOYUAmM, Kiacmep, Xi10puo HAmpus.
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In the article, the authors obtained the temperature dependence of the viscosity

of a complex inorganic substance — sodium chloride and tested the proposed «YLWIKATBIH Ill» KEH OPHBIHBbIHOAFbI XKOFAPbI HET134I
mathematical model. MAPI'AHEL KEHIH NMETPOIPA®UAITIbIK >KOHE
Viscosity is considered as a chaosensitive property of a liquid inherent in it in TEPMOIPABUMETPUSITIbIK TATIJAY

motion and in motion. The mathematical model of viscosity was developed using
the Boltzmann distribution and the concept of chaotic particles. On this basis, a
hierarchical cluster-associate viscosity model is constructed, which takes into account
not only the formation of primary clusters, but also secondary associates with respect
to them, with the possibility of identifying the degree of cluster association.

To adapt the cluster-associate model to experimental data, certain data
processing techniques have been developed to identify unknown parameters of the
model. The method of processing viscosity data using a total of three reference points
allows us to determine the indicator of the degree of aggregation of associates.

When processing data on the viscosity of sodium chloride, a high correlation
coefficient was established calculated in comparison with reference values, which
indicates the adequacy of the new dependence.

This model makes it possible to predict the behavior of the viscosity of sodium
chloride in a higher temperature range. The degree of association of clusters with
increasing temperature decreases, corresponding to the dynamics of destruction of
associates and viscosity in general.

Keywords: Boltzmann’s distribution, dynamic viscosity, randomized particles,
associate, cluster, sodium chloride.

Ocvimaxanadamemaniypeusinvik onoipickekasicem« Yuuxamoinlll» kenopuvinviy
JHco2apel He2i30i Mapeaney KeHOepiniy nempocpagusIblK HCoHe MmepmocpadusiblK
3epmmeynepoiy Homudicenepi Keamipiieen. 3epmmey Homudicenepi KopcemreHoeu
OCbl KeH OpHbIHOA2bl MApeanely KeHi KypamblHOa 3usHObl KOcna ¢hocgopoviy
as 60aybl JcoHe KATbYULL Mombvlebl MOIUEPIHIY dco2apbl O0aybl Oyl KeH OPHuIH
Mapaaney Kopulmnaiapuli 06aiKelmyaa OHmaiisl wuKizam peminoe Kapacmuipyaa
oonaodvl. Ocvlean 6alIaHbICIBL Jco2apbl He2i30i Mapeanely KeHHIH MeMAarTyPeUsiIbIK,
OHOIpICKe KAdiCemMmMInieiH AHBIKMAY YULiH OHbL PEHM2EeHODA3ANbIK, MUHEPATOSUSATbIK
Jicone  mepmozpapusinwly  3epmmeynepi  ocypeizinodi.  Couxecinue, J[POH-2,0
peHmeen annapam Homudiceci OOUbIHUA, KeHHIY KYPaMblHOa Keaeci MUunepanoap
maowinowl: opaynum (Mn,0 MnSiO,), ouxcouum (Mn,Fe) O, xaroyum (CaCO,),
eemamum (a-Fe,0,). Munepanovig-nempoepagusnviy manoay «NYMCS-605»
MOOENIHIK NOPMAMUSMI MEMALY PSUSLILIK MUKPOCKONBIHbIH, KOME2IMEH JHCYp2i3inoi.
Mukpockonusnvix 3epmmeynep KopcemreHoel, AHco2apel He2i30i mapeaney KeHinoe
JCOLIMBIP Kapa dHconaxmol Kypwlivimea ue 2aycmanum (Mn,0 ) scone awwviy mycke
ue b6oc Jucvinblcmapoan, senu Kapoonam neeiznoeei az moenuepoe xamyeoon (Si0,),
kpucmanovt meghpoum (Mn,SiO ) 6ap exeni anvikmanowt. Kapoonamycaxkpucmanobl
kanvyummen Kypamoinoa podoxposum (MnCO,), keii dscepnepoe bapum (BaCO,)
nen megpoummen mypaovt. CoHviMen Kamap dco2apuvl He2iz0i mapaaney KeMi
mepmocpauanbl, manoaysl cacanovl. Juggepenyusniovik-mepmocpapusivix
manoayovt F. Paulik, J. Paulik, L. Erdei oepusamocpagpma Q=1000 10 °C/mun
Kb13061py  Kadamvimern 25—-1000 °C memnepamypa OuanaszouviHOa 3epmmey
orcypeizindi. «Yuxamoin Iy xen opHulHblY dco2apvl Heli30i mapeauely KeHIiHiy
MUKDPOKYDBLIBIMbIH NeMPOcpAPUATBIK, MEPMOSPAPUATLIK MaAnday Homudicerepi
OouviHWa OHbl Mapeaney He2i3inoecl (heppoKkopbimna O6AIKbImy MexHOI0SUACHIHA
KOMOAHY MyMKIHOI2l 0o/1e10eHOI.

Kinmmi ce30ep: mapearney keni, heppomapeaney, He2iz0LNiK, MUHEPAIOUSTbIK-
nempozpagusinblK manioday, peHmeeHopa3anvlK maioay, mepmozpagusivlk maiody.
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Kipicne

Mapranen Herizingeri ¢peppokKopsiTnagapasl 0ankbITy 0ail Mapraner
KOHIICHTpATTapblHA HET13/1ereH. OHepKaciNTiH Mapranerke 06aii KOHIEHTpaTTapblHa
JIeTeH KaXETTLIIr Ka3ip/iH e31H7e KUBIHABIKIIEH KaMTamach3 eTity e [ 1-3]. Mapranen
KEHJIEpiHEe OCIIl KeJle KAaTKaH KaKETTUIIKTI KaHaFaTTaHJbIpy YIUiH, (heppOKOpHITIA
OH/IIpiciHe KeJlel KeH/Iep MEH JKaHa/laH allbuIFaH KeH OPbIHIapbIHBIH KeHIEPiH TapTy
KakeT. Maprauner KeHJiepiHiH canachl xarbiHaH Oipereit « Ymkatsin 11Dy (Kaparanab
OOJIBICHI) KE€H OPHBI YJIKEH KBI3BIFYIIBUIBIK TyAbIpaabl. OHBIH XUMUSIIBIK KYpPaMbl
ToMeH Gocdop KOHIEHTPALUACHIMEH KOHe KoFapbl Herizainiknen (CaO/Si0, = 1,69)
TyciHaipineni. Mapranery KOpbITHa-JapblH OaJKpITy Ke3iHAE KOKJama PETiHIe 9K
(eKTac) KOJIJaHyBIH €CKEPCEK, OCBI KE€H/II TAIIThIPMAC IIUKI3aT K31 peTiHjae Oaranayra
MYMKIiHIiK Oepeni [4-7].

XKymbicTeiH Makcathl — « YKaTeH [11» KeH OpHBIHBIH >KOFAphI HET13/11 MapraHell
KEHIHIH METaJUIypTHUsJIBIK OHJEYre >KapaMJbUIBIFBIH aHBIKTAy MaKCaTbIHJA,
pEHTreHOrpamMMa, IeTPorpadusIIbIK )KoHe TEPMOTPaPUSIIBIK 3epTTEYIIEp KYPri3y.

Marepuanaap MeH oicTep

JXKoraps! Heri3al Mapraser] KeHHIH TEXHOJOTHSUIBIK TYPFbIIaH MUHEPAJIOTHSUIBIK,
(azanplK, TeMrepaTypa ocepiHeH OOJaThIH ©3repicTep/li aHBIKTAay YIIIH KelleHIl
3epTTeysep XKYPriziaai, ojlap: peHTTeHOrpausIbIK, MUHEPATOTHAJIBIK >KOHE
TepMorpadusisik Tangayiap [8—10].

JKoraps! Heri3/1i Mapraser] KeHiHiH TOJIBIK 3€pTTeyiH KYPri3y YIIiH, OJJaH aJIbIH-
aja CblHaMaJlap JaubIHAAJbL.

ConbiMeH, « YmKaTein» [11» KeH OpHBIHBIH KOFaphl HET13/ll MapraHell KeHiHAer1
ceiHamansl JIPOH-2,0 peHTren anmapartblH/a )KYpri3uireH a3aiblK Tajaaybl HEri3iH1e
KypaMbIHJla Kejleci MuHepanaap anbikTanis: Opaynur (Mn,O,-MnSiO3), GukcOuut
(Mn,Fe),0,, kanbuut (CaCO,), remarut (a-Fe,0O,). PenrerenorpaMma HOTHKECI CypeT
1-1e KenTipinarex.

M- SpayuuT; §- umclHuT; ‘v- KATbUHT; & - TEMATHT

Cypet 1 — JXKorapsl Heri3/li Maprasel| KeHiHiH PeHTI€HOTrpaMMa HOTIKEC]

XKympic GapbIChIHIA KEHII *KoHE KeHAl eMec (00C KBIHBIC) KOMIIOHEHTTEPIIH
MHUHEPAJOTUSIIBIK KYPaMBIHBIH TEKCTYPaJIBIK-KYPBUIBIMIBIK €peKIIeIiKTepi
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3eprTenai. Munepanapik-nerporpadusuibik Tannayasl «NYMCS-605» moaeningeri
METaJUTyprHsUTBIK MUKPOCKOI KOMET1MEH >KYPri3iii.

3epTTeneTiH MapraHel] KeHiH MUKPOCKOMMSUIBIK Tajjay HOTHXKECIH/AE ChlHama
kesieMi 5,0 MM ©TKip OYPBIIITHI CHIHBIKTAp/AAaH TYPAThIHBI aHBIKTAIAbI. CHIHBIKTBHIH
TEKCTYpachl JKaFbIHAH /4, KYPbUIBIMBI JKaFbIHAH Ja Oipkesnki emec. KelOip chIHBIKTap
KIHIIIKE, BIPFAKTHI KabaTTaHy Oap, COHBIMEH KOca Kyie TeKTec KoHe KOIOMOP(THI
KYPBUIBIMJIBI aiimMakTap Oap ekeni Oaiikanael. Keitbip OemikTepiHae KadblUTIICH
TOJIBIKTBIPBUTFAH KYHiHzAer1 Kipinainep 0ap. KeH ChIHBIFBIHBIH TYCl OipKenki emec,
Kapa-KOHBIP/IaH Kapara AeiiiH e3repeai. Herizinae TekcTypa maccuBke kakbiH. CypeT
2-71e XKOFaphl HET13/1i MapraHel CbIHaMaChIHBIH MUKPOKYPBUIBIMBI KEJITIPIJITeH.

a— 100 ece ynraiiteurras, 0 — 500 ece yiFaiTbIH
1 — raycmMaHuT; 2 — pogoXpo3uT; 3 — OpayHUT; 4 — KaJIbIIUT;
Cyper 2 — JXKorapsl Heri3/1i MapraHel CbIHaMaChIHbIH MUKPOKY PbUIBIMbI

MHUKpPOCKOTHUSIIBIK 3€PTTEYIIEp KOPCETKEH IEH, )KOFaphl HET13/11 MapraHel KeHiH e
THIFBI3 OpHAJIaCKaH raycManuT (Mn,0,) )KoHe allbIK TYCKE He 00C KBbIHBICTapIaH, AFHHI
KapOOHAT HETI3HAETI a3 Mosmuepe xanueaon (Si0,), kpucranasl Tegpout (Mn,SiO,)
Oap exeHi aHBIKTAJIIBI.

KapGonar ycakkpucTanipl KaablUUTTEH Kypambinaa pogoxposut (MnCO,), kei
xeprepae 6aput (BaCO,) nen reppoutren Typabl. Kennin keiOip GomKTepin/ie rayCMaHuT
J1ajia IaThl JKbIHBICTaphIMEH OailmanbIicKaH. At OpayHUT HUTH(TE YCAKKPUCTAIIBI KIpiH/I
TYpIH/I€ KJIBLUTIIEH ’KaHACHII, KAapOOHATTHI XKbIHBIC Ty3UIreH [11].

Yarini erxeif-terkeitni 3eprrey yuriH Philips XL 20 sHeproaucnepcHsiibk
nerexktopbiMed (ESD) skypri3iireH canAblK TajjgayFa 3epTTeysep >KYpri3iuiii.
[Iponectin MaHi Kenecifei 00/1bl: OipHele HyKTeep (Hemece aiiMakTap) OpHAThLIIBL,
013/1iH >KaFaaiiga 3epTTey YIIiH CypeT 2-re colikec 4 aiiMak TaHAAJIIbl, COAAH KeiiH
Oarmapiama opTypii aliMaKTapAaH CIEKTpJep >KuHai Oactanbl. bapiblk TepiireH
CIEKTpJIep aBTOMATTHI TYP/E CaKTaJIa bl )KOHE HJIEMEHTTEP Il TEKCEPreHHEH KeWiH ap
TaHJIaJIFaH HYKTe/Ie CaHIbIK Kypamaap aHbIKTanaTsiH 0ol (1-1mi kecte). Hotmxkenep
KOPCETKEH 1eH, Heri3r1 aJIeMeHTTep MbIHaNapAaH Typaasi: Mn, Ca, O, Fe.
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Cypet 3 — DHeproaucnepcuoH/ Il TauaayAaH KeHiHri celHama (pparmeHTi

Kecrte 1 — Ynri aiiMakTapbIHBIH CaHABIK KYypambl

v DnemeHrrep, %

fimak | Kypamer C 0 Na Mg Al Si Ca Mn Fe

} MaCC@BIK 0 37,2 3.4 12,6 11,9 15,8 0 19,1 0

Alimak YJhect

1 AToMIBIK 0 535 34 12,0 10,2 12,9 0 8,0 0
Maccacsl

) Maccan_bn( 1.4 215 0 0 0 0,5 1,1 29,7 45,8

AliMak YJect

2
ATOMJIBIK 40 46,9 0 0 0 0,6 0,9 18,8 28,6
Maccachl

Ang/[aK MaccaJ'{LIK 2.7 334 1,5 1,5 1,4 16,0 3,1 40,3 0
yueci
ATOMITBIK 5.8 53.8 1,7 1,5 1,4 14,7 1,9 18,9 0
Maccachl

AHZMK Maccan}m 8.5 36,8 5.6 0 0 1,5 15 32,5 0
yuteci
ATOMJIBIK 16,5 53.4 57 0 0 1,3 8,7 13,8 0
Maccacsl

ConbIMeH KaTap, « YKaTbiH [11» KeH OpHBIHBIH )KOFaphl HEr'13/11 MapraHel KeHiHe
tepmorpadusibik 3eprreyiep F. Paulik, J. Paulik, L. Erdei Derivatograph nepusarorpad
xyiecinze Q=1000 T=25-1000 °C remnepatypa auanazonbisia 10 °C/MuH KbI3asIpy
KagaMbpIMeH Xyprizinai. TemnepaTypa niaTHHa-IUIaTHHA-POAMM TepMolapaiap
KOMETIMEH eJIIeH 1. 3epTTeyep TOTBIKTHIPFBINI aTMOc(epaaa xKypri3iiii.
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TepmorpaduiablK KUCBIKTap HOTHUKECIHEH Kopill TypFaHbIMbI3Aai, (cypeT 4)
T =107-120 °C apanbIFpiHia dJCi3 JHIOTEPMUSIIBIK dcep OaiiKallFaHbIH KopyTe 00IaIbl,
OHBI aJICOPOLUSIIAHFAaH BUIFAIIBIH OONiHyiHe OalIaHBICTBI TYCIHAIpyTre OO0JIajbI.
T =435-460 °C remniepatypanan 6actan DTA (nuddepeHinanpi-TepMIsUIbIK TaIaay )
KHUCBIKTapbIH/Ia TaFbl 12 SHJO0TEPMUSUIIBIK dcep/i Kopyre 00J1aabl, OHbI POAOXPO3UTTIH
bUIBIPAYBI apKbUIbl MnO, Mn, O, MapraHen TOTBIKTapbIHBIH TY31IyiMEH TYCIHIIpLIe .
Opnan keiiin T = 730-765 °C TemnepaTypa apaibIFbIHAA a3 FAHA YIK30TEPMHUSIIBIK dCEP
Oaiikananel, on B-kypHakuTke neiiH (- Mn304) Ty3UIreH TOTBIKTapIbIH HOTHUKECI.
T = 770 °C remnepatrypana nuddepeHnuanplK KUCHIK CBI3BIFbIHAA ailKbIH
SHIOTEPMISIIBIK dcep Maiia O0I/Ibl, 0J1 KaJbIMi KapOOHATBHIHBIH JHCCOIMALIUSIIAHYbI
HoTmxkecinae CaO Ty3UTyiMeH IaJIeNIeH] .

Cyper 4 — Mapranen KOHIEHTPaThIHBIH J1€PUBATOTPAMMACHI

T=930-950°C Temneparypa 1uarna3oHbIH/IA YITiJIE e1eyCi3 dcepaiH OalKaaFaHbIH
KopeMi3, oJI OYpBIH TY3UIreH [-KypHAKHUTTIH BIIbIpAaybl HOTHXKECIHAE [-rayCMaHUT
Ty3u1yi ocepineH 6omapl. TemmnepaTtypanbiy 1000 °C-re neiiiH oaH api JKOFapblIaybl
40 Mr canmak >KOFaJITyFa 9KeJeIi.

HoaTu:kesiep #xaHe TaIKbLIAY

JKyprizinren 3epTreyeH Keaeci HOTIKeIep Il ayFra 00ma bl
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Pentrennik-aszansik ceiHama Tangay, temip (Fe), 6ipHemie Munepanisl Ke3aep:
opaynut (Mn,O,-MnSi0O,), 6ukcount (Mn,Fe),0,, kanpuut (CaCO,), rematur (a-Fe,0,)
KOMOMHAIMSICHIH Kosgana oTeIpbin, JIPOH-2,0 Bu3yanisl qudpakromerpae sKypriziu.
MunepaigapAblH TaIIIBIKTaPbIHAH XUMISUIBIK KeHE MapraHel| eH TeMip OKCHATEDI,
COHJIali-aK KaJbLUT Oap ekeHiH Oiayre 00abl.

3epTTeneTiH MapraHel KeHIH MHHEPaJAbIK-MeTporpadusablK Tajagaybl
«NYMCS-605» MozieniHiH HOPTaTUBTI METAJUTY PrUSIIBIK MUKPOCKOIIBIHBIH KOMET1MEH
Kyprizuiai. byn tangay keHzi )koHe KeHJI eMec KOMIIOHEHTTEPIiH MUHEPAJIOTHSUTBIK
KYPaMbIHbIH TEKCTYPaJIbIK-KYPBUIBIM/BIK €PEKIIETIKTEPiH 3epTTeyre MyMKIHAIK Oepeti.
MUKpOCKOIUAIIBIK Taj/lay HOTHKEJIEpl MapraHel] KeHiHiH cblHaMackl 5,0 MM ©TKip
OYpBIILTHI CBIHBIKTAPMEH YChIHBUIFAHBIH KOPCETTI. Byl CBIHBIKTapABIH KYPhUIBIMBI 12,
KypaMsl Ja OipKeJKi emec.

JuddepeHnmanibl-TepMUsIIBIK Talay HOTHXKECI OOMBIHIIIA MapraHel KeHiHiH
dazanbik aysicynapbiH DTA KHCBIK CHI3BIKTap apKbUlbl ganenaeHai. DTA Kuchik
CBI3BIKTap/IbIH TEMIIEPATypaIbIK MAKCUMYM/IAPBIH CcapariTail Keie, el sKaFaaibIHaa
YKOFaphl HET13/11 MapraHel] KeHiHIH TOTBIKCBI3IaHIBIPFBIIIITAPMEH TOJIBIK OaillaHbICKa
TYCETiHI aHBIKTAJIJIbI.

KopbIThIHABI

«YmkateiH-111» KeH OpHBIHBIH )KOFaphI HET13/1l MapraHel] KeHiHiH MeTporpadusIbK
KYypaMbl 3€pTTEei, OJI THIFbI3 YCaK KPUCTAJIbl TayCMaHUTTIH XBUITBIP Kapa
Ka0aTTapbIHBIH Ke3eKTeCcyiHe 0aliIaHbICThI dKOJAKTHI KYPBUIBIMHBIH TayCMAHHUT KEHIH
Oinaipesni, )koHe KEyeKTI eMec XKOJIaKTap, a3 MeJIepae XalleJ0H KoHEe KPUCTAIIbI
Tedpout 6ap KapOOHATTAH TYPaJIbl.

Oceunaiiima, «YmkateiH [11» keH opHBIHBIH OacTamkbl MapraHell KeHAEepiHiH
MHUKPOKYPBUIBIMBIH NETPOrpadusuIbK, TepMOrpadusIblK Talaay HOTHXKeNIepl oJaH
api peppoMapraHelTii opTaiia ;KkoHe TOMEH KOMIPTEKTI COpTTapblHA KaiiTa OHICYAiH
OPBIHBUIBIFBIH KOPCETEI.

AJBIHFaH TepMOT paHSIIBIK MOJIIMETTEP MapraHel IMKi3aThIH MUPOMETAILTY PTHSIIBIK
OHJICY IPOLIECTEPIH 3epTTEY/e Maii1aJaHbUTybl MYMKIH.
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AHAJIN3 BBICOKOOCHOBHbBIX MAPI'AHIEBbBIX
PYJA MECTOPOXIEHUA «YIIKATBIH IID»
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B Oannoti  cmamve mpedocmaenenvi  pesyrvmamvi  nNempocpaguueckux
U  mepmocpagpuueckux  UCCre008anUll  BbICOKOOCHOBHBIX — MAP2AHYEsbIX  PYO
mecmopodcoenusi  « Ywkamoin Iy,  BvicoxoocHoenvle mapeanyesvie  pyobl
mecmopoacoenus «Ywxamvin Iy  xapaxmepusylomes HUsKuUM cooepicanuem
Qocopa npu  00HOBPEMEHHOM  BbICOKUM —COOEPIHCAHUEM OKUCU KATbYUs 6
pyoe. [Tlosmomy oOanuyio pyoy MONCHO PACCMAMPUBAMb KAK KOMNJIEKCHOE
colpve  O0lsL  NPOU3BOOCMBA  MAP2SAHEYCOOepIHcaux Ccnuagos. [na nomyuenus
00bLEKMUBHOU KAPMUHBL NPUMEHUMOCIU 8blCOKOOCHOBHBIX MAP2AHYE8bIX PYO 0714
Memaniypeuieckoeo nepeoeid Ovliu NpPoGeOeHbl PeHMeeHOPA3HbIU, MUHEPAL0-
nempoepaguueckutiumepmocpaguieckutianaius. Bpezyismamepenmeenoghazo6ozo
aHanu3a 6bIACHUIOCH, Ymo ocroeHas asza npeocmaenena xarvyumom (CaCO,),
opaynumom (Mn,0 -MnSiO ) u buxcouumom (Mn,Fe) O, a maxaice npucymcmeyem
6 nebonvbuom Konuuecmee 2emamumosas gasa (Fe,0,). B mom uucne 6 xooe pabom
ObLIU  UBVUEHbL MEKCMYPHO-CIMPYKMYPHble  0COOEHHOCIU MUHEPAL02UYECKO20
coCmasa pyoHuIX U HEPYOHBIX COCMABAAIOUUX. MUKPOCKONUYeCKUMUUCCIe008aAHUAMU
VCMAHOBIEHO, MO NPOoObl GbICOKOOCHOBHBIX MAP2AHYEBbIX PYO NPeOCmAsisiion
eaycmanumosyio pyoy (Mn,0,) norocuamozo cmpoenus 61a200aps uepe0osaHuio
OnecmAwux MEMHLIX NPOCIOE8 NIOMHO20 MEIKO-KPUCTHATIUYECKO20 2AYCMAHUMA
u 6bonee CGEMABIX HEPYOHBIX NOAOC, COCMOAWUX U3 KapOoHama ¢ HeOOIbUUM
Konuuecmeom xanvyeoona (Si0,) u mecmamu Kpucmamiudeckum megppoumom
(Mn,SiO,). [Jaree ougppepryuaroho-mepmudeckum anaiusom Ovliu onpeoenervl
@azosvle npespaujerull bICOKOOCHOBHOU MAP2AHYe8Ol PYObl 6 GUOE KPUBLIX TUHULL.
o pesynvmamam KOMNIEKCHO20 AHAAU3A GbICOKOOCHOBHLIX MAP2AHUEBbIX pPYO
Mecmopoarcoenus « Yuxamoin I1» doxazana 603mModACHOCHb NPUMEHEHUSL KAK CbIPbe
07151 BLINIABKU MAP2AHEYCOOEPIHCAUUX PEePPOCIIABO8.

Kniouesvie cnosa: mapeanyesas pyoa, eppomapeaney, OCHOBHOCHID,
MUHEPano2o-nempocpaghuieckul ananus, peHmeenopazoewiil ananus,
mepmocpaguyeckuil ananu3.
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PETROGRAPHIC AND THERMOGRAVIMETRIC ANALYSIS
OF HIGH-BASE MANGANESE ORE DEPOSIT «USHKATYN IID»

This article presents the results of petrographic and thermographic studies of
high-base manganese ores of the « Ushkatyn I11» deposit, necessary for metallurgical
production. The research results have shown that the manganese ore at this deposit
has a low phosphorus content in harmful impurities and a high content of calcium
oxide. This deposit can be considered as the optimal raw material for melting
manganese alloys.. In this regard, radiophasic phase and mineral-petrographic,
thermographic analysis of concentrates was carried out to obtain the quantitative
mineralogical and chemical composition of the primary manganese ores of the
deposit. A selective sample of the manganese ore of the deposit was carried out on
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an X-ray diffractometer DRON-2.0. In connection with the radiophasic analysis,
the following minerals were found in the ore: brownite (Mn,0,MnSiO,), bixbyite
(Mn,Fe),0, calcite (CaCO,), hematite (a-Fe,0,). Mineralogical and petrographic
analysis was carried out using a portable metallurgical microscope model
«NYMCS-605». Microscopic studies have established that the samples of primary
manganese ores represent gausmanite ore (Mn,0 ) of a banded structure due to the
alternation of shiny dark interlayers of dense fine-crystalline gausmanite and lighter
non-metallic bands consisting of carbonate with a small amount of chalcedony
(Si0,) and in places crystalline tephroite (Mn SiO ). In the thermographic analysis
of manganese ore F. Paulik, J. Paulik, L. Erdei Derivatograph Q = 1000, the study
was carried out in the temperature range of 25—1000 °C with a heating step of 10
° C/min. According to thermographic calculations, in the temperature ranges of
930-950 °C, an insignificant endothermic effect of the decay of the previously formed
- kurnakite with the formation of f-gausmanite in the sample was observed. According
to the results of petrographic, thermographic analysis of the microstructure of high-
base manganese ores of the « Ushkatyn Ill» deposit, the possibility of its application
on manganese ferroalloys has been proved.

Keywords: manganese ore, ferromanganese, basicity, mineralogical and
petrographic analysis, X-ray phase analysis, thermographic analysis.
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CAST HOLLOW BILLET STRUCTURE SIMULATION
MODELING FOR OIL GRADE PIPES

Simulation modeling of hollow billet casting processes for the production
of seamless oil grade pipes was performed. The aim of the work was to study the
influence of geometric shape on the quality and properties of a continuously cast pipe
billet. Modeling parameters, initial and boundary conditions were selected taking
into account the conditions of the current production. The object of the study was
a pipe billet with a diameter of 210 mm. When modeling the process of casting and
solidification of billets, low-alloy structural chromium-molybdenum steel was used.
For the simulation processes, three-dimensional models of billets were created, as
well as models of shapes. Several factors were taken into account when modeling
continuous casting and crystallization of a hollow billet: casting speed, chemical
composition of the alloy being poured; casting temperature; geometric dimensions
of the billet section. Modeling of hollow billet casting in the «LVM Flow» software
package predicted the non-shrinking structure formation a decrease in microporosity
(more than 0.85 according to the Niyama criterion) of the billet. As a result of
simulation modeling, the improvement of the structure is theoretically confirmed
when using a hollow steel billet as a starting point for the production of seamless
hot-rolled pipes. There were no signs of shrinkage and microporosity on the hollow
billet exceeding the permissible value according to the Niyama criterion.

Keywords: hollow billet, steel, modeling, pipe, 25CrMoV.

Introduction

Close conditions for the production and distribution of hydrocarbons cause a
constant increase in the oil industry requirements to the pipe products properties level.
This requires the intensification of work to improve the technological properties and
quality indicators of continuously cast billets used for the seamless pipes production
[1]. To obtain high strength characteristics of pipes, it is necessary to manufacture a
high-quality continuously cast billet with minimal chemical and structural heterogeneity.
Improving the quality indicators of continuously cast blanks requires technological
processes optimization of continuous steel casting based on modeling.

There is a problem of continuously cast billets internal defects intended for the
production of seamless oil grade pipes. Improving the production of continuously
cast billets, which allows to reduce the level of pipe defects, is relevant to increase the
competitiveness of domestic metal products [2,3].

The work purpose is to study the influence of the shape on the pipe billet quality and
properties. At the present stage of steel production development, the continuous casting
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process is the most rational way to obtain blanks for the seamless pipes production.
Distinctive features of a continuously cast billet are high crystallization rates and a
short duration of its complete solidification. The axial zone of cast billets is the thermal
center that hardens last. When solidifying a continuously cast billet in conditions of a
deep, highly elongated location of the crystallizing metal well, significant convective
flows are formed. These flows enhance axial segregation in a continuously cast billet
and cause the formation of porosity and segregation spots in the axial zone. At the
same time, an area of metal depleted by alloying impurities is often formed around the
segregation spot [4,5].

As aresult of the study [6], it was found that a two- or three-zone structure is formed
in a continuously cast billet, depending on the extent of the two-phase state zone. For
billets of large cross-sections, a three-zone structure is formed: the peripheral zone of
small crystals, the zone of columnar crystallization, which has limited development,
and differently oriented crystals in the axial zone.

In [7], a diagram of the continuously cast solidification process a billet. At the first
stage of solidification, a relatively uniform advance of columnar crystals solidification
front of occurs. At the second stage, the uniform advance of the front is disrupted. Part
of the columnar crystals grows faster, and there are prerequisites for the formation of
bridges in the middle uncured part of the billet. At the third stage, bridges are formed
as a result of the closure of the solidification fronts. These bridges are formed when
columnar crystals meet and as a result of the large crystals lowering that are “entangled”
between the solidification fronts. At the fourth stage, the bridges thicken and strengthen.
There are remnants of liquid metal under the bridges, which hardens similarly to metal
in a conventional mill, but at a much lower speed. Micro-heterogeneity in local volumes
can be almost completely eliminated as a result of heating before deformation and
deformation itself. Improving the macrostructure of a continuously cast billet requires
a wide zone of solid-liquid state with a solid phase predominance, where the course of
shrinkage and segregation phenomena is limited.

The quality of seamless pipes is largely determined by the initial billet quality. The
production process of rolled metal products includes a number of alterations, each of
which contributes to the formation of the final complex of metal properties. Nevertheless,
in most cases, the foundations for the formation of planned characteristics are laid
primarily in steelmaking. Defects formed due to deviations from a given technology
significantly reduce the technological plasticity of the metal during its further processing
and operation.

A modern, relatively new technology for the production of high-quality seamless
pipes is the use of initial hollow continuous cast billet. To date, there are enough known
methods of forming an axial cavity in the billet. Methods of forming hollow billets
directly from the melt have advantages. For example, a billet with a large cross-section
entering rolling always has an increased carbon content and most impurities in the axial
zone [8]. The low plasticity of the billet with a high metal impurities content in the axial
zone creates a risk of ruptures during subsequent rolling. Ruptures and accumulations
of impurities are stress concentrators and greatly reduce the fatigue strength of finished
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pipes. In this regard, the absence of the axial zone continuously cast metal billet is
advisable.

It seems promising to study the formation of hollow billets directly from the melt.
The advantages of a hollow billet are manifested at the stage of subsequent deformation
processing. The cavity prepared during casting, made strictly axially, avoids the
appearance of a large difference during subsequent piercing of the billet on a cross-
screw mill [9,10].

Materials and methods

Computer simulation of forming process a hollow continuously cast billet in «LVM
Flow» postprocessors has been performed. The object of the study is a pipe billet with
a diameter of 210 mm made of 25CrMoV steel, the chemical composition of which is
given in Table 1.

Table 1 — Continuously cast billet steel chemical composition, %
C Si Mn Ni S P Cr Mo \ Cu
0.25 0.19 0.56 0.11 0.004 0.009 1.63 0.33 0.17 0.13

The following requirements for the billet were taken into account: the macrostructure
of'the pipe billet should not have cracks, bubbles, crusts, foreign metal and slag inclusions
and flakes. The permissible defects of the macrostructure normalized in points should
not exceed the norms specified in Table 2.

For simulation processes, three-dimensional models of billet, as well as tools
(crystallizer and mandrel) were created in the Compas 3D program. Next, three-
dimensional models were imported into «kLVM Flow». «LVM Flow» is a program for
analyzing various foundry technologies, built on a modular principle and consisting of
several modules, the work in which is performed sequentially. The initial and boundary
conditions were set for the calculation: steel grade, material and size of the crystallizer
for casting, initial temperature of the tools, melt temperature and casting speed. Alloys
were selected in the materials database [11].

Table 2 — Permissible defects in the macrostructure of the pipe billet in points, no more

Steel class center edge pomnt light stripes | axial segregation segregation
porosity contaminations stripes
Alloyed 2 1 3 2 1
Unalloyed 3 2 3 3 2

When modeling in the processor module «Solidification», phase transitions and
gravity were taken into account. Solidification in the program was analyzed on the basis
of the thermal conductivity theory, taking into account the peculiarities of solidifying
melt and shape heat transfer. The solution of the problem was based on the kinetics of
the increase in the solid phase volume of the solidifying melt and the advance of the
solid metal front. The ability of the crystallizer to remove heat, the thermophysical
properties of the melt and the crystallizer design were taken into account. Metal seemed
to be a continuous medium. To analyze the result of melt pouring and crystallization, the
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Niyama criterion was used to assess the microporosity of the metal. The shrinkage of the
metal was taken into account to assess the reduction in volume and linear dimensions
during solidification [12].

Several factors were taken into account when modeling continuous casting of a
hollow billet: casting speed, chemical composition of the alloy being poured; casting
temperature; geometric dimensions of the billet section. The temperature of the casting
beginning was assigned to 80—100 °C above the melting point of steel. The casting speed
corresponded to that used at the operating plant of «kKSP Steel» LLP. The microporosity
index, the Niyama criterion, is taken as the output parameter Niy (1):

Niy = G/vR (1)

where G, R are the temperature gradient and the cooling rate in the region under research,
respectively, when the point is in a two-phase zone near the solidus temperature [13,14].

Results and discussion

All the specified input and output parameters were used in the simulation of
continuous casting in «KLVM Flow». The factors and their variation levels are given in
Table 3.

Table 3 — The factors and their variation levels

Name of factors -1 0 +1

X, — casting speed, tons/min 0.271 0.273 0.275
X, — casting temperature, °C 1600 1655 1710
X, — cross-sectional area,10* m? 333.1 339.7 346.2

For a three-factor experiment, the planning matrix will contain N=2°=8 experiments
according to Table 4.

Table 4 — Planning matrix

Experiment number X, X, X,

1 +1 +1 +1 1.52
2 -1 +1 +1 1.65
3 +1 -1 +1 0.87
4 -1 -1 +1 1.58
5 +1 +1 -1 0.89
6 -1 +1 -1 1.64
7 +1 -1 -1 0.69
8 -1 -1 -1 0.95

Regression analysis has produced a mathematical model (2):

y =1.22—0.23x; + 0.20x, — 0.18x; 2)
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After building a mathematical model, a statistical analysis was performed.
Comparison of t-statistics with the tabular value Students coefficient showed that all
coefficients are statistically significant and the regression equation remains unchanged.
The Fischer test confirms the adequacy of the mathematical model.

Thus, the influence of changes in the casting speed, casting temperature and the
cross-sectional area of the billet on the microporosity index has been confirmed. This
model shows that reducing the cross-sectional area has a positive effect on improving
the quality of the billet.

Then, to confirm the influence of casting geometry and technological parameters,
computer simulation of the casting was carried out.

Figure 1 shows the results of modeling a hollow billet, where one feeding point
was used when casting metal.

After completing the casting and solidification process, the shrinkage of the metal was
analyzed (Figure 2). It can be seen that there are no shrinkage defects on the hollow billet.
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Figure 2 — Shrinkage in a hollow billet
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Further, the Niyama criterion was used to determine microporosity [15]. For dense
billet, values of at least 0.85 are considered the norm. The simulation results demonstrate
the occurrence of shrinkage and discontinuity of the metal in Figure 3.

The use of computer simulation systems of metallurgical processes, allows you
to reduce the cost of technology development. The specified modeling conditions: the
casting temperature of the billet is 1600 °C and the speed is 3.6 m/min, the material of
the crystallizer and mandrel when casting a hollow billet is copper. The macrostructure
of the billet is evaluated according to the normative document GOST R 58228-2018
«Continuous cast steel billet. Methods of control and evaluation of macrostructure.

Figure 3 — Microporosity in a hollow billet according to Niyama criterion

There are significant tensile stresses in the axial zone of the billet, which lead to
the destruction of its central zone when the billet meets the toe of the piercing mill
mandrel. If, at the same time, the central zone of the billet is weakened by defects such
as central porosity and axial segregation, then the probability of captivity formation
on the inner surface of the sleeve increases. The defects are small and tightly pressed
to the inner surface of the sleeve, and during subsequent calibration or reduction, such
defects are opened.

Segregation strips and cracks are formed when the temperature and speed regime
of casting the billet is breach. Internal cracks are fractures spreading through the
interaxial spaces of the dendritic structure, enriched with liquates and accompanied
by accumulations of sulfides and phosphorus segregation. Such defects will definitely
lead to the destruction of the metal in the process of casting the billet. When piercing
defective billets with segregation strips, coars scabs and rolled cracks are formed on the
outer and inner surfaces [16]. It should also be noted that an important advantage of the
hollow cast billets use in the pipes production is the rejection of hot deformation at a
temperature of 1250—1280 °C. In this case, the danger of the oxides and scale formation
on the product surface is eliminated, the products quality is improved and energy costs
for the pipe production process are reduced.
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Conclusions

To predict the structure and properties of a continuously cast billet and the product
obtained from it, the process of casting a hollow billet was modeled. As a result of
computer modeling in «LVM Flowy, the improvement of the structure was theoretically
confirmed when using a hollow steel billet as a starting point for the production
of seamless hot-rolled pipes. At the same time, there are no signs of shrinkage and
microporosity on the hollow billet exceeding the permissible value of more than 0.85
according to the Niyama criterion. Thus, the use of a hollow steel billet is advisable
for the production of oil and gas grade pipes. The next stage of research may be to
conduct a laboratory experiment on casting hollow billets, obtaining and examining
pipe samples from them.

REFERENCES

1 Zhakupova, A., Bogomolov, A., Zhakupov, A. «The Influence of the Initial
Billet on the Mechanical Properties of Pipes» IOP Conference Series: Materials
Science and Engineering, vol. 969(1), article 012033, 2020. — Mentaliter 10.1088/1757-
899X/969/1/012033.

2 Choudhary, S. «Influence of Modified Casting Practice on Steel Cleanliness» // ISIJ
Int., 2011.—vol. 51(4). — P. 557-565. — https//doi.org/10.2355/isijinternational.51.557.

3 Kobayashi, M., Isobe, K., Arai, M. «Technical progress in steelmaking and
casting for special bar and wire steel at Muroran work» // Nippon Steel Technical
Report. —2012. — vol. 394. — P. 119-124.

4 Rogberg, B. «Influence of Soft Reduction on the Liquid Flow Velocity and Pore
Formation in the Mushy Zone» // In The 2nd ISIJ-VDEh-Jernkontoret Joint Symposium.
-2017.-P. 12-13.

5 Smirnov, Y., Sklyar, V. «Development of the method prevention of internal
cracks in process of soft reduction contiuously cast blooms» // METAL 2010 — 19th
International Conference on Metallurgy and Materials // Conference Proceedings, 2010.

6 Dauby, P., Kunstreich, S. «Application of micro-refrigerators as the active
element on the crystallization of metal» // ISS Tech. — 2003. — P. 491-504.

7 Nakashima, J., Kiyose, A., Ohtani, Y., Fukuda, J., Kawase, T., Doki, M.
«Micro—-refrigerators» // Nippon Steel Technical Report. —2002. — Vol. 86. —P. 68-73.

8 Thome, R., Harste, K. «Principles of billet soft-reduction and consequences for
continuous casting» // Isij International. —2006. — Vol. 46(12). — P. 1839-1844, https//
doi.org/10.2355/isijinternational .46.1839.

141



KA3AKCTAH FblllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.  Ne 4, 2023

9 Zhakupov, A., Bogomolov, A., Zhakupova, A., Abdulina, S., Salina, V.
«Determination of technological parameters for continiuous casting of a hollow pipe
billet», Metalurgija, 2021. — Vol. 60(3—4), P. 329-331, [Electronic resource]. — https://
hrcak.srce.hr/clanak/372265.

10 Yong, T., Hackl, G., Nitzl, G. «Optimization of submerged entry nozzles to
improve steel cleanliness and productivity» // Proceedings of 8th European Continuous
Casting Conf., Graz, Austria, 2014. — P. 487-497.

11 Shen, M., Zang, Z., Shu, K. «Mathematics simulation and experiments of
continuous casting with strip feeding in mold», Metalurgija, vol. 56(3—4), P. 315-318,
2017.—[Electronic resource]. — [Electronic resource]. — https://hrcak.srce.hr/file/266727.

12 Popa, E., Mihu, G., Alexa, V. «Simulation Tendencies in the Continuously Cast
Half-products Area» // Acta Techical Corviniensis-Bulletin of Engineering. — 2010.
Vol. I(II). — P. 95-102.

13 Ardelean, E., Lascutoni, A., Ardelean, M., Socalici, A., Heput, T. «Simulation
of solidification process for billet with $350mm section, continuous casted» // IOP
Conference Series: Materials Science and Engineering, 2016. — Vol. 106(1), article
012034, https//doi.org/10.1088/1757-899X/106/1/012034.

14 Li, D., Su, Z., Chen, J., Wang, Q., Yang, Y., Nakajima, K., He, J. «Effects
of electromagnetic swirling flow in submerged entry nozzle on square billet continuous
casting of steel process» // IS1J international. — 2013. — Vol. 53(7), P. 1187-1194. —
https//doi.org/10.2355/isijinternational.53.1187.

15 Stulov, V. «Temperature Differences in the Mold of a Continuous-Casting
Machine with a New Cooling System» // Steel Transl., 2018. — Vol. 48. — P. 78-81. —
https//doi.org/10.3103/S0967091218020134.

16 Carlson, K., Beckermann, C. «Prediction of shrinkage pore volume fraction
using a dimensionless Niyama criterion», Metallurgical and Materials Transactions A.
—2009. - Vol. 40. — P. 163—175. — https//doi.org/10.1007/s11661-008-9715-y.

Accepted for publication on 07.12.23

A. T. Kaxynosa', A. H. ’Kaxynoé’
“TopaiireipoB yHuBepcureti, Kazakcran PecryOnukacsl, [1aBnonap k.
Bacein msirapyra 07.12.23 kaObliganabl.

MYHAW KYBBIPJIAPBIHBIH K¥UBIJIFAH KYBIC
JTAVIBIHIAMA CBIHBIH KYPBLJIBIMBIH MOJIEJIBJEY

JKixciz mynaii Kyobipaapwin 6HOIpY YUuliH Kyblc 0alublHOAMAIAPObL KYH NPOYECiH
MoOdenvoey dcypeizindi. JKymvicmoly maxcamol eeomMempusiiblk NiWiHHIY Y30IKCi3
KyUbliean Kyowvlp OatiblHOAMACHIHbIY CANACbl MeH Kacuemmepine ocepin 3epmmey
oondvl. Modenvoey napamempiepi, OACMANKbl JHCOHE WEKAPALIK UWAPIMMAD
asblmMOazbl OHOIPIC HCA2OAUNAPBIH eCKepe OMbIPbIN MAKOAI0bl. 3epmmey HblCAHbl
ouamempi 210 mm KyOuip OatibinOamacsl OONObl. OAUBIHOAMALAPObL KYIO JHCOHE
Kamaimy npoyecin mMooeiboey Ke3iHOe MOMeH NeSUPIeH2eH KYpbLIbLMObIK XPOM-
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MonubOen boramul Kon0auwvliowvl. Ilpoyecmepoi modenvoey yuin 0atblHOamMaiaposly
yuw  onuemoi moodenvoepi, coHoau-ax niwin modenvoepi dicacanovl. Kywic
OaUbIHOAMAHbL  Y30IKCI3  KYHObl  JiCOHe KPUCMANOAHYObl MOOenboey Ke3iHoe
Oipnewe axmopaap eckepinoi: Ky HiCuli0amobvlebl, KyUbliamuvlH KOPbINNAHbIY
XUMUSLTIBIK, KYPAMYL, KYI0 MEeMRepamypacsl, OatblHOAMAHbIY KOI0EeHel KUMACLIHbIY
eeomempusiivl  omuemoepi. «LVM Flowy 6az0apramanvly KewieHiHoe KybiC
O0aUbIHOAMANAPObL KYi00bl MOOeib0e)y OAUbIHOAMAHbIY UO2IIMEUMIH KYPblLIbIMbIHbIH
KaIblnmacyvli  JCoHe  MUKpoKeyekminieiniy meomenoeyin (Husima Kpumeputli
ootvinwa 0,85-men acmam) 6oaxcadvl. Umumayusanvix mooenvoey HOmuicecinoe
KyblC 60aam 0QUubIHOAMAHbL JHCIKCI3 bICMbIKMAl uieMOoeneet Kyouipaapovl 6HOIpyOiH
bacmankwl Ko3i peminde nardaiany Kezinoe KypbliblMHLIY JHCAKCAPYbL MEOPUSTbIK,
mypevioan pacmanosi. Kyvic oatbinoamaoa Husima xkpumepuiii 6otiviHuwa pykcam
emineen MOHHEH acamblH ULO2Y HCOHE MUKPO KeYeKMINIK beneinepi anbiKman2am iHeok.
Kinmmi ce30ep: Kyvic oaitbinoama, boiam, mooenvoey, Kyooip, 25XMDA.

A. T. Kaxynosa', A. H. ’Kakynoé’
2TopaiireipoB yHuBepcureT, Pecriyonuka Kaszaxcran, r. [TaBnogap.
[Tpunsto k nznanuto 07.12.23.

MOJIEJMPOBAHHUE CTPYKTYPBI JINTOM
MMOJION 3ATOTOBKA HE®TSHBIX TPYE

Ilposedeno  umumayuonnoe MOOeIUPOBAHUEe Npoyecca JAumvs — NOJbIX
3A20MOBOK 0/ NPOU3600CMBA becuiosHblx He@msnbix mpyo. Llenvio pabomol
ObLIO UCCTEO06aHUe GIUANHUS 2COMEMPULECKO POPMbL HA KAYECB0 U CBOUCEA
HenpepuleHOAUMO mpyonou 3a2omogxu. Ilapamempuvl Mooeruposanus, Ha4aIbHble
U epanudHble YCI08Us ObLIU GLIOPAHDL C YUemOoM YCI08ULl MeKYe20 Npou3eo0Ccmad.
Obvexmom uccnedoganus A6aa1acy mpyonas 3acomoska ouamempom 210 mm. Ilpu
MOOeIUPOBAHUY NpoYecca umbvs U 3ameepoesanis 3d20Mo6oK UCNOTb308ANACH
HU3KONIECUPOBAHHASL  KOHCMPYKYUOHHASL — XPOMOMOIuOOenosas — cmanv.  Ja
MOOeUPOBANUS NPOYECCOB ObLIU CO30AHBL MPEXMePHble MOOEU 3A20MOBOK, A MAKICe
mooenu popm. [lpumoodenruposanuu HenpepvleHOU pa3IUEKU U KPUCTALTUIAYUL NOTOT
3G20MOBKU YUUMBIBANIOCH HECKOALKO (PAKmMOpPO8: CKOPOCHb PA3NUEKU, XUMUYECKUL
COCMAs pasiueaemoco Cniagd, MemMnepamypa aumvs, 2eoMempuiecKue pasmepvl
ceyenus 3aeomosku. Modenupoganue numvs HOIBIX 3A20MOBOK 8 NPOZPAMMHOM
xomnaexkce «LVM  Flowy cnpoenosuposano gopmuposanue 0e3ycadounoll
CmMpyKmypul U cuudicenue muxponopucmocmu (bonee 0,85 no kpumepuio Husmoi)
3ae0mosku. B pesynemame umumayuonHozo MOOeIUpOBAHUs MeOpemudecKu
NOOMBEPICOCHO  YIyUuleHue CMpYKmMypvl Npu UCNOIb306AHUU NOJOU CMATbHOU
3a20MOBKU 8 Kauecmee UCX0OHOU Oisl NPOU3BOOCMEA OECULOBHBIX 2OPSYEKAMAHBIX
mpy6. Ha nonoii 3a20mogxe ne 8ulsig1eH0 NPU3HAKO8 YCAOKU U MUKPOROPUCTHOCTIUL,
NpesLIUATOWUX OONYCMUMOe 3HayeHue no Kpumepuio Husmo.

Koueesvle cnosa: nonas 3aeomoseka, cmaib, mooeauposanue, mpyoa, 25XM®PA.
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THERMODYNAMIC AND EXPERIMENTAL SIMULATION
OF THE SMELTING PROCESS

OF MEDIUM CARBON FERROMANGANESE

WITH THE USE OF ZHEZDINSKY MANGANESE ORES

This article presents the results of a complete thermodynamic modeling and
experimental study of the process of smelting medium-carbon ferromanganese
using Zhezdinsky manganese ores. Full thermodynamic modeling of the process of
smelting medium-carbon ferromanganese was carried out in the HSC Chemistry 6
software package. Thermodynamic modeling of the smelting process was carried
out in the temperature range of 898—1989 K. Thermodynamic analysis for modeling
the smelting process was carried out for four real charge compositions depending
on the basicity of the slag (CaO/SiO, — 1,4; 1,6, 1,8, 2,0). Based on the obtained
thermodynamic data, an experimental study was carried out on the smelting of
medium-carbon ferromanganese in a Tamman laboratory high-temperature furnace.
Manganese ore MnTot. was used as charge material — 48,23 %, SiO, — 12.48 %,
ALO, - 2,76 %, Fetot. — 3,45 %, ferrosilicomanganese grade SMn-17, not less than
90 % lime CaO. According to thermodynamic data, the optimal composition of the
slag was established, which provides the highest extraction of manganese into the
alloy and metal-slag separation. The chemical composition of the metal obtained in
the laboratory is as follows, %.:Mn — 83-84; Si— 1,5-3; C—0,95-1,68; P—0,13—1,6;
which corresponds to GOST 4755-91. Slag chemical composition, %: MnO — 10,92—
17,90; SiO, 19,02-21,45; CaO 36,92-40,43; FeO — 0,33-0,77.

Keywords: ferromanganese, ferrosilicomanganese, thermodynamics, manganese
ore, laboratory smelting, slag basicity.

Introduction

The main direction in the development of ferrous metallurgy is to improve the
quality and increase the output of new highly efficient types of metal products, including
alloy steels, the production of which is impossible without the use of refined manganese
ferroalloys.

Despite significant advances in the development of ferroalloy production, the
problem of the rational use of manganese has acquired particular importance in recent
years. The main reason for this is the constantly deteriorating quality of mined manganese
ores, as well as the high cost of raw materials and electricity. In this regard, the issues
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of improving the technology for the production of refined manganese alloys continue
to be relevant and require further theoretical, laboratory and industrial research.

One of the main determining factors in the development of the mining and
metallurgical complex of a country is a high-quality ore and raw material base and its
impressive reserves. Kazakhstan has large reserves of manganese raw materials and is
among the top ten leading countries in terms of its production. Information about the
manganese ore reserves of Kazakhstan is given in many open sources [ 1, 2]. The reserves
of manganese ores in the country are sufficient in absolute terms to provide for the
metallurgical enterprises of the Republic of Kazakhstan, however, their unsatisfactory
quality served as an obstacle to the use of ores [3]. Along with ore quality requirements
for phosphorus and silica content, there is also a restriction on iron content. This moment
is absent in the universal integrated technology for the processing of manganese ore,
which could provide the country’s operating enterprises with high-quality raw materials.
At the moment, Kazakhstan produces only ferrosilicomanganese, and there is no
production of refined ferromanganese at all. This is primarily due to the lack of high-
quality initial charge materials, as well as the lack of theoretical and applied research
adapted to new production conditions.

In our country, the reserves of manganese ores are concentrated in Central
Kazakhstan. Kazmanganets Mining Administration is the country’s main enterprise for
the extraction of manganese ore. In 2021, the mining department will produce 0.9 million
tons of ore and 0.2 million tons. The main fields of management are the Dzhezdinskoye
deposit and the Zhairemskoye GOK [4].

Kazakhstani sources of manganese raw materials are beneficial for Russia by the
relative cheapness of the supplied products, the absence of interaction of import duties
(like the countries of the Customs Union) and low transport costs for delivery to the
place of consumption [5].

Ferrosilicomanganese is a deoxidizer in steel production. The largest producer of
ferrosilicomanganese in the Republic of Kazakhstan is Aksu Ferroalloy Plant JSC, a
branch of TUK Kazchrome JSC (ERG Eurasian Group). The plant has four main melting
shops with 26 powerful electric furnaces, as well as auxiliary facilities. The production
capacity is more than 1 million tons of ferroalloys per year, of which 200,000 tons of
ferrosilicomanganese. The enterprise manufactures the following products: high-carbon
ferrochrome, ferrosilichrome, ferrosilicon, ferrosilicomanganese. The company’s
products are exported to the markets of Western Europe, USA, Japan, China, Russia
[4-6].

Based on the above requirements, it is clear that the production of medium-carbon
ferromanganese in the country is the most promising. It is necessary to carry out
experimental and theoretical work to determine the optimal basicity of the slag during
the smelting of medium-carbon ferromanganese. Information obtained from laboratory
studies is important in assessing the possibility of certain chemical interactions. The
main raw materials for smelting medium-carbon ferromanganese are manganese ore,
ferrosilicomanganese, and lime. The study of the main reactions in the Mn-Fe-Si-
Al-Ca-Mg-O system is necessary to create a mechanism for the joint metallothermic
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reduction of manganese, iron, silicon, aluminum in the alloy and to study the process
of slag formation [7,8].

Materials and methods. Full thermodynamic modeling (FTM) is widely used in
research and production practice in the study of chemically complex systems at high
temperatures, when chemical and phase transformations play an important role.

FTM of'the process of smelting complex master alloys was carried out using the HSC
Chemistry software package [9,10] containing an extensive thermochemical database
of enthalpy (H), entropy (S) and heat capacity (C) for more than 29,000 chemical
compounds. The HSC Chemistry software package includes more than 10 modules. The
article used the Equilibrium Compositions module using the equilibrium calculation
method using the Gibbs minimum energy principle. To analyze the metallurgical
reduction of manganese, the method of full thermodynamic modeling of the metallurgical
process (TTM) was implemented using the HSC Chemistry 6 complex software package.
Experimental studies were carried out on the smelting of medium-carbon ferromanganese
in the Tamman high-temperature resistance furnace (Figure 1). The Tamman Furnace
is designed to simulate metallurgical processes. The working area of the device is made
of a graphite tube, and a thyristor voltage regulator is used to control the temperature.
Since the thyristor voltage regulator is connected to the primary winding of the power
transformer, it is possible to obtain a current of several thousand amperes on the output
busbars at low voltage (in the range from 0.5 to 15V). The temperature in the Tammann
furnace was measured with a VR-5/20 tungsten-rhenium thermocouple in a corundum
housing [11, 12].

To determine the optimal mode of the metallurgical process, a complete
thermodynamic analysis of the feedstock was carried out (Table 1).

Table 1 — Chemical composition of primary raw materials, %

Material Mn, SiO, ALO, Fe,, MgO CaO

Manganese ore 48,23 12,48 2,76 3,45 1,47 1,28
Lime - 1 0,18 0,62 1,14 90
Reducing agent Mn Si Fe S P C
Ferrosilicomanganese 65,54 16,5 9,5 0,05 0,05 2,5
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1 — carbon-graphite tube; 2 — copper compression ring;
3 — water-cooled cover; 4 — water-cooled housing; 5 — alundum glass;
6 — investigated charge; 7 — protective lining;
8 — thermocouple; 9 — bottom electrode;

Figure 1- Tamman High Temperature Furnace (sectional view)
To determine the thermodynamic parameters for the composition of the 4 options

for raw materials, the composition of the working bodies was calculated in the range
of 1.4-2.0, depending on the suitability of the slag (Table 2).

a — manganese ore b — Ferrosilicomanganese
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Table 2 — List of raw materials for smelting medium-carbon ferromanganese, in grams . .
Raw materials, versions " - Mat‘_’flr_ialsﬁ gr 5 898 998 1098 1198 1298 1398 1498 1598 1698 1798 1898 1998
anganese ore errosilicomanganese 1me Temperature, K
1 59 53 38
2 59 53 44 Figure 3 — Full results of thermodynamic modeling B=1.4
3 59 53 49
4 59 53 55 100 0
E=dMn E==iFe L__ISi =QO=yMn
The equilibrium composition of the multicomponent oxide-metal system was e “
carried out every 100 K in the temperature range 898—1998 K using the Equilibrium %’ © i‘587’95 i'ssg_'i'% 539_397 58499 583’99
Compositions software module. To calculate the silicothermal reduction of medium- ?é ' ' ' ' ' -
carbon ferromanganese, the following phases were taken: g 0 et
- in molten metal: Mn, Mn,Si, Fe, Fe Si, MnSi, Si, Al, Fe Si,, Mn_Si,, FeSi, FeSi,, - g
. . 3 60 45810, 5 &
MnSi, , MnSi, 2 £ . -
- in molten slag: 2Ca0O -Si0O,, CaSiO,, MnO, 2Ca0 Al O, Si0,, 2Ca0 -MgO 28i0,, é 50 §
CaO, 'CaMgSiO v MgO, CaO -ALQO,, MpO ‘AL O,, Si0,, MgSiO,, AIZO? MgO -Al%OS, é. “ 0 g
Mn,SiO,, Mg, SiO,, CaO 2A1,0,, MnSiO,, FeO, FeAl O,, FeO Si0,, 3Al1,0, 28i0,, S 2
. . . 5]
2Fe0 Si0,, MnﬁO » Mn,O,, Mg Al Si.O ., Al Mg Si.O , MnO2, Fe,O,, 12Ca0O ‘7ALO,, 3 30 0 3
Fe.O,, Fe, Al Si,O , CaFe O.. E 2
Results and discussion = 10
The results of thermodynamic modeling in 4 versions are presented in fig. 1. As MUY ® ¥ ¥ T T T 4 v v ¥ ¥ ¥
a result, the complete reduction of manganese ends at a temperature of 1598 K. The . )

optimal basicity of the slag composition is determined in the range of 1.6—1.8. 898 998 1098 1198 1298 1398 1498 1598 1698 1798 1898 1998

Temperature, K

Figure 4 — Complete thermodynamic simulation results B=1,6
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As aresult of thermodynamic modeling of the process of smelting medium-carbon
ferromanganese, a forecast for obtaining a real alloy was determined. Therefore, a
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number of practical experiments were carried out with various raw materials in order
to establish technological and temperature regimes and technical parameters close to
the real conditions for carrying out reduction reactions.

Sampling and preparation of samples of manganese ores, ferrosilicomanganese,
quartzite and lime were carried out to study the physical and chemical characteristics
of raw materials used in laboratory studies.

The chemical composition of raw materials was taken according to table 1, and
materials for experimental melting were prepared according to 4 options. The calculation
was taken in the range of 1.4-2.0 depending on the basicity of the slag, as indicated
above. The raw materials for the Tamman furnace were placed into the furnace space
through the crucible.

During the experiment, according to the results of thermodynamic modeling, it was
heated to a temperature of 1698 K. As a result of heating, further combustion of silicon
in the deoxidizer allows the metal and slag to be completely formed. Figure 7 shows a
cross section of a crucible (metal and slag).

HOMl

Ll ilidalgl

elidalallll]

i
I

ARy

Figure 7 — Sectional crucible (metal and slag)
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Tables 3 and 4 show the results of experimental melting in Tamman’s laboratory
resistance furnace and the chemical composition of the metal and slag. According to
the obtained experimental results, the separation of metal and slag is shown in Table 5.

Table 3 — Chemical composition of the metal,%

No Mn Fe Si C P

1 83,54 11,36 2,13 0,95 0,161
2 84,81 10,4 0,6 1,46 0,137
3 84,39 11,46 0,23 1,66 0,16
4 84,81 12,23 0,055 1,68 0,155

Table 4 — Chemical composition of slag, %

No MnO SiO, Ca0 MgO FeO
1 17,90 21,45 36,92 7,94 0,77
2 11,79 22,19 36,92 10,83 0,55
3 10,92 20,51 38,67 9,03 0,73
4 12,22 19,02 40,43 10,11 0,33

Table 5 — Extraction into the alloy, %

Distribution of elements
Variants Metal Slag
Fe Mn Fe Mn
1 99 60 1 40
2 99 61 1 39
3 99 61 1 39
4 99 60 1 40

Financing information
This study is funded by the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (Grant No. AP14972750)

Conclusion

Full thermodynamic modeling of medium-carbon ferromanganese and the study
of laboratory experiments in the Tamman furnace led to the following conclusions:

- temperature range by thermodynamic simulation

A period of 1598-1698 K was observed. As a result of the study, the optimal slag
range of 1.6—1.8 is suitable for melting medium-carbon ferromanganese;

- The process was completely carried out at the working temperature of the Tamman
furnace approximately 1598—1698. At a temperature of 1698 K, metal and slag were
completely formed during the melting process.

In a word, the optimal requirements for the technological regime of the normal
process of smelting medium-carbon ferromanganese, implemented in a refined furnace,
were established. It allows you to conduct laboratory and large-scale laboratory tests
based on data obtained from thermodynamic and laboratory studies.
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KE311I MAPT'AHEIl KEHIH KOJITAHA OTbBIPBIII,
OPTA KOMIPTEKTI ®EPPOMAPI'AHELTI BAJIKBITY ITPOLHECIH
TEPMOJANHAMMKAJIBIK ’KOHE OKCIIEPUMEHTTIK MOAEJIBJIEY

Byn makanaoa monvik mepmoOUHAMUKATBIK MOOenbOey Homudicenepi HcoHe
JKe30i mapeaney kenoepin Koroana omuipbin, opma Komipmexkmi gheppomapeaneymi
bankbimy npoyecin sxKcnepumeHmmix 3epmmey Keamipineen. Opma Komipmexmi
Geppomapeaneymi OANKLIMY NPOYECIH MOABLIK MEPMOOUHAMUKATBIK MOOEIbOey
«HSC Chemistry 6» b6az0apramanvlk KeuleHiHOe HcacaiviHobl. bankwimy npoyecin
mepmoouHamurxanvly mooeavoey 898—-1989 K memnepamypanvly unmepeanod
arcypeizindi.  bankwimy npoyecin mooenvoeyee apHanaH MepMOOUHAMUKATBIK
manoay Koucovly He2izoinicine OAUIAHBICIbL WUXMAHBLIY MOPH HAKMblL KYpambl
ywin ocypeizinoi (CaO/SiO, — 1,4; 1,6; 1,8; 2,0). Anvinearn mepmoouHamuxaiviy
monimemmepee cotikec Tammannviy Koeapvl memnepamypanvl 3epmxaHaibik,
newinoe opma Komipmexmi gheppomapeaneymi OarKuimy 60UbIHULA IKCHEPUMEHIMINIK
sepmmeynep dCcypeizinoi. Mapeaney KeHi wuKikypam mamepuaioapvl peminoe
navoananviiovl Mnobwy. — 48,23 %, SiO, — 12.48 %, A1203 — 2,76 %, Feoow. —
3,45 %, CMn-17 mapraner peppocuruxomapearney, ok CaO 90 % acnayvl xepex.
Tepmoounamuxanvix Monimemmepee coukec, KONcOblH OHMAILIbL KYypambl AHbIKMAL
OMuIPEN, Mapeaneymiy KOpblmnaza ey ico2apbl WbleapbliyblH JHCOHe Memai-
KOCObIH DOIHYIH KAMMAMACHL3 emeol. 3epmXAHAIbIK Hca20atiod AibIH2AH MemaiOblH
Xumusanvlk Kypamol xeaecioeul %: Mn — 83-84, Si — 1,5-3; C — 0,95-1,68; P—0,13—
1,6, komopwiti coomeemcmeyem I'OCTy 4755-91. Koocoviy xumusiivix Kypamsel, %:
MnO —10,92-17,90; SiO, 19,02-21,45: CaO 36,92-40,43; FeO — 0,33-0,77.

Kinmmi ce30ep. geppomapeaney, eppocunuxomapeaney, mepmoOUHAMUuKda,
Mapeaney KeHi, 3epmXaHaIblK OAIKbINY, KOJC He2i30Lniel.
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TEPMOJIUNHAMMNYECKOE U OKCIHEPUMEHTAJIBHOE
MOJAEJIMPOBAHMUME ITPOLECCA BbIIIVIABKH
CPEJHEYIJIEPOAUCTOI'O ®PEPPOMAPI'AHLIA
C UCHIOJIB3OBAHUMEM KE3IUHCKUX MAPI'AHLEBBIX PY /]

B oannoui cmamve npugedenvl pe3yibmamsl NOIHO20 MEPMOOUHAMULECKOSO
MOOCUPOBAHUSL U  IKCNEPUMEHMANbHOE UCCLEO008AHUE NPOYEccd  GbINIAGKU
cpeoneyanepooucmozo  eppomapeanya ¢ - UCHOIb308aHUeM  HKe30uHCKux
mapeanyesvixpyo.[1oinoe mepmMoOuHamMuyeckoe MOOeIUpO8aHUs NPOYEcca GbINiaAGKU
cpeoneyanepooucmozo eppomapeanya ObLIU NPOU3EEOCHbL 8 NPOSPAMMHOM
xomniexce «HSC Chemistry 6». Tepmoounamuueckoe mMooeauposanue npoyeccd
8bINIABKUNPOBOOUNU 8 uHmepesaie memnepamypwl 898—1989 K. Tepmoounamuueckuit
amanuz 0 MOOEIUPOBAHUs.  Npoyecca  BbINIAGKU — OCYWECMEISICs — OJis
yemvlpex pPearbHbiX COCMABO8 UWUXMbL 8 3AGUCUMOCMU 0N OCHOBHOCMU WIIAKA
(CaO/SiO2 —1,4, 1,6, 1,8, 2,0). [1o nonyuennvlm mepmoOuHaAMuyecKum OaHHbIM ObLIU
NnPOBEOCHbL IKCNEPUMEHMATbHBIE UCCIEO08AHUE NO BbINIABKE CPEOHEY2NEPOOUCTIO0
Geppomapeanya 6 aabopamopHou 8vicOKomemnepamypHou neuu Tammanua.
Brauecmee uwuxmogvix mamepuanos Ovliu ucnonb308anbl MapeanyesasipyoaMnoow.
48,23 %, Si0,—12.48 %, A1203—2, 76 %, Feoow. — 3,45 %, (heppocunuxomapearney
mapku CMu-17, uzeecmo CaO ne menee 90 %. Coenacno mepmoOuHAMU4eCKum
OAHHLIM  YCMAHOGIEH ONMUMAIbHLIL COCMA8 WLIAKA, KOmopoe obecnedusaem
Haubolee 8bICOKOE U3GNCUCHUS MAP2AHYA 6 CNIA8 U pa30eleHue Memaii-uidx.
Xumuueckutl cocmag Memaiia noayHeHHo20 1abopamopHblxX YCl08Uusx ciedyuee,
%: Mn—83-84; Si—1,5-3; C—0,95-1,68; P—0,13—1,6, xomopwiii coomeemcmayem
I'OCTy 4755-91. Xumuueckuii cocmas winaka, %: MnO — 10,92-17,90; SiO, 19,02—
21,45: CaO 36,92—40,43; FeO — 0,33-0,77.

Knroueswvie crosa: gpeppomapeaney, heppocuiukomapeaneyy, mepmoouHamura,
Mapeanyesas pyod, 1abopamopHasi NiAeKd, OCHOBHOCHb WIAKA.
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TEST OF AN BAKED ANODE OF AN ALUMINUM
ELECTROLYZER WITH A NEW NIPPLE SOCKET DESIGN

The results of laboratory and industrial tests on a new design of a baked anode
for aluminum electrolyzers are presented. At present, in the process of dismantling
anodes from anode holders, there is a problem with the incomplete removal of cast
iron filling from steel nipples.

At loose contact of the nipple with the carbon block, there is the formation of a
solid cast iron layer between the nipple and the anode, which leads to the formation
of a thick solid bottom of the cast iron filling without a central hole provided in
the corresponding drawing. This situation makes it difficult to remove the cast iron
casting from the steel nipple.

Moreover, the increased thickness of the bottom of the cast iron casting results in
additional electrical resistance, which reduces electrical conductivity and adversely
affects the voltage across the contact between the nipple and the anode.

The anode of the new design offers a solution to this problem. A feature of the
new anode design is the modification of the cast iron casting geometry by modifying
the design of the anode holder nipple socket. The anode has trapezoidal protrusions
located along the anode axis on both sides of the «lugy protrusion in the nipple
socket. The new design provides stress concentration. It allows more efficient and
less labor-intensive removal of the cast iron casting.

Keywords: baked anode, anode dismantling, cast iron casting, electrical voltage
drop, aluminum electrolyzer.

Introduction

Modern electrolyzers use an anode array consisting of pre-baked carbon blocks,
which are arranged in two rows along the electrolysis bath. These blocks have sockets
into which steel nipples filled with cast iron are inserted. The nipples are connected to
the aluminum anode holder using electric welding [1-3].

Before casting the cast iron, the anode holder with nipples is immersed in a bath
with colloidal graphite preparation and undergoes the drying process at a special
station for nipples. The installed anodes remain in the electrolysis bath for 27-28 days.
After completion of the electrolysis process, the anode holder with nipples is sent to
the dismantling station to remove the cast iron casting. However, the hydraulic press
does not always ensure complete removal of the cast iron casting, so if necessary, rods
with anode holders are sent to the repair station for manual removal of the casting and
cleaning of the nipples [4].
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In the course of research at the production site, cases of increased thickness in the
bottom of the cast iron casting were found. The destruction of such a casting requires
considerable effort, sometimes exceeding the capabilities of the press used. The increased
thickness of the bottom of the cast iron casting is because not all nipples fit tightly to
the anode protrusions when they are inserted into a nipple socket. There are four steel
nipples welded on the anode holder rod, which change their geometric dimensions after
the electrolysis process as a result of physical and chemical influences.

Moreover, the increase in the thickness of the bottom of the cast iron casting leads to
additional electrical resistance, which adversely affects the voltage value in the contact
between the nipple and the anode [4]. To address these issues, a new design of a baked
anode was developed and patented [5].

The new design of a baked anode of an aluminum electrolyzer consists of a current
supply rod, a steel bracket with nipples fixed by cast iron casting in a carbon block, and
differs in that the carbon block is additionally provided with trapezoidal protrusions,
located along the anode axis on both sides of the «lug» protrusion in the nipple socket
and made with a height equal to that of the «lug» protrusion, the width of the surfaces
depending on the diameter of the «lug» protrusion and equal to 0.3-0.4 times the
diameter.:

B=f(d)=0.3 — 0.4

Methods and materials

To develop an innovative design for the baked anode, an extensive patent search
[6,7] and a series of research studies were undertaken. Three distinct 3D models of cast
iron casting were created, namely, the «cast iron casting of the proposed design with a
mechanical stress concentrator» (Figure 1), «cast iron casting with a hole», and «cast
iron casting with a poured bottom». Utilizing the APM FEM software environment for
KOMPAS-3D, each model underwent meticulous computer simulations to analyze the
fracture process of the cast iron casting. During the simulations, the hydraulic press
punch’s pressure on the cast iron pour and the anode holder nipple was thoroughly
examined.

For ensuring reliable and realistic testing, a maximum load of 4000 kN was applied.
This value was determined based on calculations established in prior work for a single
cylinder [4]. The simulations allowed us to assess the structural integrity and performance
of each cast iron casting variant under different loading conditions, providing valuable
insights for the development of the new baked anode design.
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Figure 1 — 3D model of cast iron casting of the proposed design
(with mechanical stress concentrator)

2) During the course of the experiment, a scale model tooling was fabricated in
the laboratory. The tooling was purposefully designed to include a steel rod, which
effectively simulated the anode nipple (refer to Figure 2 for details). Subsequently,
employing a laboratory hydraulic press, specifically the PGM 1000-MG4, we conducted
controlled fracture tests on the cast iron casting. Throughout the experiment, the actual
force applied during the fracture process was accurately measured and recorded (see
Figure 3 for the force measurement setup).

The scale model tooling served as a valuable experimental setup, providing crucial
insights into the fracture behavior of cast iron casting under controlled conditions.

Figure 2 — Scale model tooling
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Figure 3 — Results of measuring the fracture force of cast iron casting

3) To implement the experiment in the production conditions, several anode
mass inserts were manufactured (Figure 4). These inserts are designed for subsequent
installation in the existing nipple sockets of anodes, to create a concentrator of mechanical
stresses in the cast iron casting. This concentrator helps to reduce the fracture force of
the cast iron casting when using a hydraulic press.

The use of these inserts serves as an essential step in enhancing the accuracy and
applicability of the experimental findings, ensuring that the results obtained can be
effectively applied to real production environments.

e e T R S R

Figure 4 — Graphite insert sample

Results and discussions

The essence of the new design of the baked anode lies in the incorporation of
trapezoidal protrusions within the nipple socket, effectively altering the geometry of
the cast iron casting and thereby forming concentrators of mechanical stresses in the
structure.

The laboratory tests conducted to assess the performance of the baked anode for
aluminum electrolyzers have yielded promising results. The obtained data revealed
that during the cast iron casting fracture process at the dismantling station after the
electrolysis, an average 32.4 % reduction in the required press force was achieved
compared to the existing production design [5].
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For industrial-scale testing, graphite inserts were installed in the experimental
anode (refer to Figure 5). These inserts represent a key feature of the experimental
setup, aiming to replicate real-world conditions and validate the practical applicability
of the proposed anode design.

Figure 5 — Installed graphite inserts in the experimental anode

Extensive industrial testing has revealed and verified the significant effectiveness
of enhancing the contact area between the carbon block and the steel nipple through
the implementation of a novel nipple socket design.

The carbon blocks comprising the anode array play a pivotal role in facilitating
electrical contact with the nipples, which serve as conduits for delivering electric current
during the electrolysis process [8§—10]. It has been identified that a loose fit between the
carbon block and the nipple can result in reduced contact area, adversely impacting the
overall efficiency of the electrolysis process. Table 1 presents the measured results of
voltage drop in anodes utilized during the production process.

Table 1 — Results of voltage drop measurements in the nipple-anode contact

No. of Electrolyzera Voltage drop of anode No.1, mV Voltage drop of anode No.2, mV
221 121 119
223 170 184
224 172 155
229 143 150
230 137 133
232 167 107

The acquired findings hold crucial practical significance for industrial enterprises
involved in aluminum production. The augmentation of the contact area between the
carbon block and steel nipple can yield a substantial improvement in the efficiency and
stability of aluminum electrolyzers. This, in turn, leads to enhanced product quality,
reduced energy consumption, and increased economic viability of the overall process.
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Based on the results obtained during the tests of the new design conducted at the
production site, a notable reduction in voltage drop at the contact point between the
nipple and the anode was observed. The average voltage drop of the proposed design’s
baked anode for the aluminum electrolyzer was measured at 37.8 mV. In comparison to
the anode used in regular production, the voltage drop exhibited an average reduction
of 73.12 % [5].

These outcomes highlight the substantial benefits of the proposed design,
underscoring its potential to revolutionize aluminum production processes and contribute
to greater sustainability and competitiveness in the industry. The significant decrease
in voltage drop signifies improved electrical performance and more efficient utilization
of resources, leading to a more cost-effective and environmentally friendly approach
to aluminum production.

Conclusion

The research thoroughly investigated the problem of incomplete removal of cast
iron casting from steel nipples of anode holders during the process of dismantling burnt
anodes. The primary influencing factors include the loose contact between the nipple
and anode protrusion caused by uneven ends of four nipples on one crosshead and the
formation of a solid cast iron layer leading to the absence of a central hole.

To solve the aforementioned problem, a new baked anode was developed and
extensively examined through laboratory and industrial testing. The design had two
primary objectives: to establish an efficient and convenient process for removing cast
iron casting and to reduce the electrical voltage drop at the contact interface between
the nipple and the anode. The new anode design’s key feature is modifying the cast iron
casting geometry by altering the anode holder’s nipple socket design.

Test results indicate that the new anode design concentrates stress effectively in
areas where crack localization occurs, leading to the subsequent destruction of the cast
iron casting. This feature aids in the efficient dismantling of cast iron casting. One
important result is that the average press force required to break the cast iron casting
after electrolysis at the dismantling station is reduced by 32.4 % compared to using the
existing design.

Additionally, the modified geometry of the cast iron casting leads to a substantial
increase in the contact area between the steel nipple and the carbon block. As a result,
there is an average reduction of 73.12 % in the electrical voltage drop at the nipple-
anode contact. This decrease in electrical voltage is instrumental in establishing a more
stable and efficient electrolysis process.

The findings of this study carry significant implications for industrial enterprises
engaged in aluminum production. The adoption of the new design of an baked anode
has the potential to enhance productivity, lower energy costs, and improve the quality
of the produced products. These advancements present exciting prospects for process
optimization and elevate the overall competitiveness of the aluminum industry.

In conclusion, the results of this research pave the way for transformative changes
in aluminum electrolyzer anode design and offer practical solutions to the challenges
of incomplete cast iron casting removal and electrical voltage drop. The application
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of the proposed design has far-reaching benefits, contributing to greater sustainability,
efficiency, and economic viability in the aluminum production process.
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EMIK ¥SICBIHBIH " KAHA KOHCTPYKIUSACHI BAP ATIOMUHUN
SJEKTPOJIM3EPIHIH KYHAIPIJITEH AHO/bIH CBIHAY

Anomunuii - 91exmpoauzepnepine apuanean Kyuoipiieen amoOmvly JiCaAHA
KOHCMPYKYUSICHIH 3ePMXAHANBIK HCOHE OHEPKICINMIK CLIHAKMAPLIHBIY HOMUIcenepi
Keamipineen. Kasipei yaxvimma anod ycmazviuumapOoan Kyuikmepoi 6onuexmey
npoyecinoe 6oram emikmepoeH WoublH KYUMACbIH MObIK Albli MACMAY Moceneci
oap.

Emix xomip 0Onocvimen muleviz Oauianvicma 60imMaz2an Kesoe, eMik neH
aHOO apacviHOd KAblH WOULIH Kabamvl nauda 6onadvl, Oya muicmi cwvl306a0a
Kapacmulpvli2an OPMAnblK CAHbLIAYCHI3 WOUbIH KYUMACIHbIY KALblH, MYmac
my6iniy naida boayviHa okenedi. byn scasdaii 6oram emixmen WoOUbIH KYyUMACHIH
Anbln Macmay npoyecin KUblHOAmaobl.

CoHvimen Kamap, wolblH KyuMaculibly myOiHiy KATbIHObI2bIHGIY  APIYbl
KOChIMua aeKkmp Kedepeicine okenedi, Oyn snexmp emxizeiummicin momenoemeoi
JICOHE eMIK NeH aHOO apachlHOdebl KepHey Moaulepine mepic ocep emeoi.
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This article presents the results of calculations of the thermodynamic parameters

WCIBITAHUE OBOXKEHHOT'O AHOJIA of binary Fe-Cr and Fe-Ti systems based on their state diagrams using the Bjerrum-

AJIOMUHHUEBOTO SJIEKTPOJIM3EPA C HOBOIA Guggenheim osmotic coefficient, for the region of iron crystallization from the iron

= activity of an ideal a-y solution for the above systems.
KOHCTPYKIMEN HUITTEJBHOTO FHE3IA When calculating the lines of phase equilibrium in the Fe-Cr and Fe-Ti

systems, it was established that the Bjerrum-Guggenheim coefficient can serve
as an assessment parameter characterizing the role of exchange forces between
atoms, and by its dimension (©Qi><1) one can qualitatively judge the nature of the
intermolecular interactions in the system. The results of this work made it possible to
correctly solve the direct Gibbs problem, namely, to obtain an analytical dependence
of phase compositions on temperature at phase equilibria based on the laws of phase
formation. It is shown that with the help of the Bjerrumm-Guggenheim osmotic
coefficient (Fi), the real equilibrium in the system under study can be determined in
detail and their correct analytical expression can be obtained.

When calculating phase equilibrium lines in systems with different types of
interaction between components, it was established that the Bjerrum-Guggenheim
coefficient can serve as an assessment parameter characterizing the role of exchange
forces between atoms.

Keywords: thermodynamics,; Bjerrum-Guggenheim coefficient, state diagram;
osmotic coefficient,; binary systems.

IIpedcmasnenvl pe3ynvmamul 1a60PAMOPHBIX U NPOMBIUICHHBIX UCHLIMAHUL
HOBOU KOHCMPYKYUU 0DONCIHCEHHO20 AHOOA 071 ANIOMUHUEBbIX DJIeKIMPOIU3EPOs.
B nacmoswee epems 6 mpoyecce O0emonmasnica 02apxoé ¢ anododepicamenet
cywecmeyem npoonemMa HenoaHo2o YOAieHUus YY2YHHOU 30IUGKU CO CMATbHBIX
Hunneiuel.

Ilpu mnennomHoM KOHMAKMmMe HUNNENsl C Y2OAbHbIM OJIOKOM B03HUKAEMm
Gopmuposanue CnIOWHOZO HYSYHHO2O CNOSL MedHCOY HuUnneiem u amoOoM, 4mo
npuooOUm K 00pA308aHUI0 MOJCMO20 CHIOWHO20 OHA YY2YHHOU 3a1uUsKku 0Oe3
YEHMPAIbHO20 OMEepCmusi, nPedyCMOMPEHHO20 8 COOMBEMCMBYIoueM yepmedice.
Jlannas cumyayus 3ampyousem npoyecc YOaieHus YyeyHHOU 3aIUBKU CO CIATbHO20
HUnness.

bonee moco, yseruuenue momyunvl OHa UYSYHHOU 3AMUBKU  NPUBOOUTN
K OONOJHUMENbHOMY — 9AEeKMPUHUECKOMY  CONPOMUGTIEHUIO, YMO  CHUdICAem
INEKMPONPOBOOHOCTNL U HEDIALONPUANHO GIUSLETN HA GEeTUYUHY HANPAICEHUS 8
KOHmMaKme mexncoy Hunneiem u aHoo0oM.

AnoonogoukoHcmpykyuunpeonazaempeuerued mounpooiemoi. OcodenHocmvio

HOBOU KOHCMPYKYUU AHOOA AGNACMC MOOUDUKAYUS 2COMEMPUU YY2YHHOU 3ATUEKU IntrOdPCtlon . . )

HYmeM usMeHenus, KOHCmpYKyui HUnnensio2o enesda anododepocamens. Anod State diagrams clearly reflect the nature of the interaction of components in the
ocHawen MpaneyuesUOHbIMU GbICIYNAMU, PACNOTONCEHHBIMU 600Tb OCU AHOOA C melt, its phase composition and the structure of the alloys under conditions of stable
0beux cmopoH om évicmyna «000bLluKUY 6 HUNNeIbLHOM 2He30e. Hosas konempykyus thermodynamic equilibrium. Consequently, they contain all the fundamental and
obecneuusaem KOHYCHMPAYUIo HANPINCEHU 6 001acmsx, 20e 603HUKaem important information about the thermodynamic properties of phases and components.
JIOKAMU3aYUsl Mpewun. U Nocieoyiowee pa3pyuleHue YyeyHHOU 3aiusku. Imo The solution to the inverse Gibbs problem is to extract the thermodynamic
nosgousiem 6onee dhPexmusHo u meree mpyooeMKo CHUMANMb YYZYHHYIO 3AIUBKY. information contained in the phase diagram, subject to the correct solution of the

Kniouesvie cnosa: 060dicoicennblil anoo, 0eMOHMANC AHOOA, YY2YHHAS 3ANUBKA, mathematical problem of phase equilibria.

nepena() INIEKMPUUECKO20 HANPAINCEHUA, ANTOMUHUEBDHLL JJIEKMpOJU3ep.
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Materials and methods

We have solved the first stage of the inverse Gibbs problem, i.e. a modified
Schroeder-Le Chatelier equation was obtained, which allows one to analytically describe
the liquidus and solidus lines. In this regard, let us consider the derivation of analytical
expressions for the partial excess enthalpy (AHM®) and entropy (ASF) of mixing of the
liquidus component in systems with the relation ®i = Ai + Bi - ai.

The difference between the thermodynamic mixing function Gm for a real solution
and the value of this function for an ideal solution G at the same T and p is called the
excess thermodynamic function.

AGE = RTlnj; (1)

The relationship between the activity coefficient and the Bjerrumm-Guggenheim
coefficient is established as follows:
B AGHT* _Auf A (al/al) - ny" /oy’
L AGY, Aptizg — At - In(x /x7) - Inx */Inx 7

mi

2)

i

Where AG>~" — is the Gibbs energy of melting a component to its ideal component

mi

AG, T =RTX F—RThX .
Let us express the activity coefficient through the Bjerrumm-Guggenheim osmotic
coefficient. In the physicochemical literature, this coefficient is called the osmotic
coefficient [1,2] and it establishes a relationship between the activity and concentration
of a component in a solution, which is significantly different from the similar relationship

between the activity coefficient and concentration:
In a; = Miln x;. 3)

Since we are considering the change in the value of Fi along the line of phase
equilibrium, therefore, it depends on both the temperature and the composition of the
equilibrium phases. At the same time, as can be seen from expression (2), this quantity
is a dimensionless quantity. Its identity with the well-known osmosis is shown below.

Thermodynamic classification of solutions is based on the nature of the equations for
the chemical potentials of the solution components. In an ideal solution, the following
expression holds true for each component:

w4 (T.P.X) = g1 (T, P) + RThX )
where £ — standard chemical potential of the i-th substance in the standard state;
X, —molar concentration of the i-component in a given solution;
RTInX. — corresponds to the change in chemical potential as a result of mixing
(during the formation of an ideal solution).
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By analogy with equation (4), the dependence of the chemical potentials of a non-
ideal solution on concentration can be written, according to work [2], in the form:
l‘[i (T., P's)() = l“{io (T‘! P) + RT]n :Vi X‘l E (5)

where y, — activity coefficient.
The general condition for ideality is that for an ideal solution in the entire
concentration range the following condition is satisfied:

wTPX ... X)) =1 (1= 1.2..... k).

The advantage of using the activity coefficient is that it allows you to maintain the
formal similarity of the expressions of the thermodynamic properties of real solutions
with the equations for non-ideal solutions [3—5]. The activity coefficient of the solvent,
as opposed to the activity coefficients of the dissolved components, is not, for purely
arithmetic reasons, the most suitable function for measuring deviations from ideality.
Therefore, for a solvent, instead of the activity coefficient, it is more convenient to use
another correction factor, called the Bjerrum-Guggenheim osmotic coefficient [6-8],
which is introduced as follows:

2,(T,P.X) = 1 (T,P)+ @ - RT- X , 6)
where @1 — osmotic coefficient of Bjerrum and Guggenheim of the solvent

D — I,Xl—)l and X2_3 ..— 0.

Comparing this expression with eqation (5) we find that

Iny. Iha .
D-1= L D= =~
InX. In¥X. )

1 1

Therefore, the activity coefficient can be expressed as follows:

Inji = (@ - 1) Inx;

Then we have the initial data for calculating the partial excess thermodynamic
mixing functions of the liquidus component [9,10]:

(Di:Ai+Bi‘ aj (8)
Al L1} ©)
a. = €X —_—
L p R _Tml T
]1 AI_Irn.i 1 1
1X =———- -
' Rq)i Tml T 0 (10)
E
(dAG‘] =-ASF; AGF =AH!™ - TAS? (11)
dT
xX.p
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Table 2 — Calculated thermodynamic aFe in the Fe-Cr melt
When differentiating a function AG?, T and x = const Ne LK AH kJ/g-at. A4S k/g-atK 4G rJ/mol
Ev o aqE B - - o 1 1812 0 0 0
(AG7)"=-AS/ = [RI(@ = D Inx]" =R dax(@y =1 + T @:) (12) 2 1803 0,00192 319,5202762 -0,03789
S RIng(D—1 +T By a Hei Ly 3 1793 0.004722 670,7393355 20,08159
r 4 1783 0,008638 1017,922868 -0,12702
AH 5 1773 0,014515 1361,037675 -0,17422
ASE =-Rinx(®;— 1 +B; - a mi . (13) 6 1763 0,024346 1700,050331 -0,22322
’ RT 7 1753 0,044214 2034,927181 -0,27408
8 1743 0,105791 2365,63435 -0,32683
AHfLM} = - Bi sajc AHm.i . lnxi. (14)
_ _ ‘ . -0004 0003 -0002  -0,001 0 as*i
For the Fe-Cr and Fe-Ti systems under consideration, the thermodynamic nX: . . . 0 1 2500
characteristics of iron were calculated. 005
Initial data: AHpl, Fe= 15190.384 J/mol; Melt, Fe= 1811 K o 1 2000
Calculation of excess thermodynamic mixing functions in Cr-based systems. -0.1
015 1 1500
Results and discussion
Fe-Cr system 02 { 1000
Initial data are taken from [4] and are presented in Table 1. | 025
1 500
Table 1 — Input parameters for calculating thermodynamic data in the Fe-Cr system 4
Ne , 1035 mx,
TK L LnX* O @’ L T ' ' ' ' 0
n/n onFe "k re re @ re a6~ 0004 0003 0002  -0,001 0
1 1812 1 0 0,154 0,104 1 5,518764
2 1803 0,983 -5,4526E-05 0,145415 0,092303 0,99498 5,546312 AH EJ
3 1793 | 0,959 -0,00013484 0,135827 0,079238 0,989372 | 5,577245 L0192
4 1783 | 0,935 -0,00024809 0,126186 0,066101 0,983734 | 5,608525 '
5 1773 | 0,905 -0,00041931 0,116492 0,052893 0,978065 | 5,640158
6 1763 0,88 -0,00070744 0,106745 0,039612 0,972365 5,67215 1 0.1
7 1753 | 0,855 -0,00129236 0,096944 0,026258 0,966634 | 5,704507
8 1743 | 0,825 -0,00311079 0,08709 0,012831 0,960872 | 5,737235 1 008
The crystallization region of a-Fe is described by the equation: 1 006
Q' =-2226+233-q,
’ 1 004
Thermodynamic characteristics of iron in the Fe-Cr melt, calculated according to { on2
equations (12—14), are presented in figure 1 and table 2.
MX; T T T T 0
-0,004 -0,003 -0,002 -0,001 0
Figure 1 — Partial excess entropy, enthalpy and Gibbs energy
of mixing liquidus components in the Fe-Cr system
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Fe-Ti system

Initial data are taken from [4] and are presented in Table 3.

Table 3 — Input parameters for calculating thermodynamic data in the Fe-Ti system

Ne TK Xt LnXt >, D" @, 1/T*10°
1 1811 1 0 45278 | 2,5202 1 5,521811
2 1783 | 0984536 | -0,01360942 | 4,411107 | 2,460972 | 09864828 | 5,608525
3 1763 | 0,969214 | -0,02523365 | 4,312686 | 2,411017 | 09750821 | 5,67215
4 1743 | 0951754 | -0,03712464 | 4213183 | 2,360513 | 0963556 | 5,737235
5 1723 | 0,933107 | -0,04929169 | 4,112587 | 2309455 | 0,9519034 | 5,803831
6 1703 | 0913146 | -0,06174451 | 4,010888 | 2,257837 | 0940123 | 5,871991
7 1683 | 0,887255 | -0,07449331 | 3,908076 | 2,205654 | 0,9282137 | 5,941771
8 1663 | 0,858974 | -0,08754875 | 3,80414 | 2,152901 | 09161742 | 6,013229
9 1643 | 0,827957 | -0,10092203 | 3,699072 | 2,099572 | 0,9040035 | 6,086427
10 1613 | 0,764706 | -0,12160377 | 3,539326 | 2,018492 | 0,8854992 | 6,199628

The crystallization region of a-Fe is described by the equation:

P, =—18615+43817 -a,

Thermodynamic characteristics of iron in the Fe-Ti melt, calculated using equations
(12—14) are presented in Figure 2 and Table 4.

Table 4 — Calculated thermodynamic a-Fe in the Fe-Ti melt

Ne TK AH korc/e-am. AS k/[ic/e-am K AG korc/mono
1 1811 0 0 0

2 1783 422,6884 15932,79 -0,66649
3 1763 739,3679 28872,54 -1,22496
4 1743 1069,333 41500 -1,78596
5 1723 1413,551 53810,04 -2,34922
6 1703 1773,095 65797,46 -2,91445
7 1683 2149,153 77457,02 -3,48133
8 1663 2543,047 88783,38 -4,04953
9 1643 2956,254 99771,17 -4,61864
10 1613 3615,953 115606,2 -5,47313
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008 006 -004  -002 0 c
InX; - - - - 0 AS”i
4 140000
1{ -1
4 120000
172 4 100000
1-3 4 80000
14 4 60000
4 40000
{5
4 20000
E- InX; . i i 0
AG~; 008 -006 -0,04 -0,02 0
AHE;
-1 4000
-4 3500
-4 3000
-4 2500
4 2000
4 1500
-4 1000
4 500
InX’ T T T T 0
-0,08 -0,06 -0,04 -0,02 0

Figure 2 — Partial excess entropy, enthalpy and Gibbs energy

of mixing liquidus components in the Fe-Ti system

Conclusions

During the calculating the lines of phase equilibrium in systems with different types
of interaction between components, it was established that the Bjerrum-Guggenheim
coefficient can serve as an assessment parameter characterizing the role of exchange
forces between atoms and by its dimension (Pi><1) one can qualitatively judge the
nature of the intermolecular interaction in the system and the degree of deviation from
regularity.

The applicability of the Bjerrum-Guggenheim coefficient for the region of iron
crystallization from the iron activity of an ideal a-y solution for the calculation of
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partial thermodynamic mixing functions of liquid iron based on state diagrams of binary
systems Fe-Cr and Fe-Ti is shown.
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FE-CR KOHE FE-TI BUHAPJIbI )KYHUEJEPIHJIE A-TEMIPJIIH
TEPMOJANHAMMUKAJIBIK IIAPAMETPJIEPIH AHBIKTAY

byn maxanaoa xyi ouacpammanapul neeizinoe Fe-Cr owcone Fe-Ti ounapiv
acytienepiniy bveppym-Iyecenzeiin ocmocmulx K03 huyuenmin K010aHy apKbiivi
MEPMOOUHAMUKATILIK NAPAMEMPIEPIH ecenmey HOMUuICeaepi KeamipineeH.

Fe-Cr ocone Fe-Ti ocyiienepinoeei ¢hazanviy mene-meHOIK Cbl3bIKMApPbIH
ecenmey kesinde bweppym-Iyzeenceiim roapuyuenmi amomoap apacwvinoazsl
anmacy Kywmepiniy poniH cunammaiumvli Oazaniay napamempi 001a anamuvlHbl
AHBIKMANObL JicoHe OHbIH oautemi douvinua (Pi><l1) acyiledeci MONEKYIAAPATBIK
apexkemmecynepoiy mabuzamvliy canaivl mypoe bazanayea 6onaovl. byn scymvicmoly

Mmedxncoy amomamu, u no e2o pazmeprocmu (Qi><1) MoucHO KayecmeeHHo CyOums
0 Xapakmepe MeHCMOLEKVIAPHO20 @3aumodelicmeusi ¢ cucmeme. Pezyiomamol
Hacmosiwel pabomuvl NO360IUNU KOPPEKMHO pewums npsamyio sadauy lubbca, a
UMEHHO, NONYHUUMb AHATUMUYECK)YTO 3A8UCUMOCTIL COCMABOS (ha3 Om memnepamypbvl
npu Qasosvix paBHOBECUsIX HA OCHOBE 3aKOHOMepHOcmell Gopmuposanus ¢has.
Hokazano, uymo ¢ nomowpio ocmomuueckoeo Kodpguyuenma bveppymma-
I'yeceneetima (i) demanvHo modcem Ovimb OnpedeneHo peanvbHoe pagHogecue 8
uzyuaemoul cucmeme U NOaYUeHo Ux KOppeKmuoe aHaiumu4eckoe Gulpajicenue.

Ilpu pacueme aunuil Gazoevix pasHogecuti 6 cucmemax ¢ pPazIuyHbIM
Xapaxmepom 63aumo0etcmeuss KOMNOHEHINO8 YCMAHOGIEHO, Ymo Kodpguyuenm
bveppyma-Iyzeenceiima modxcem ciaydcums 8 Kauecmee OYeHouHo20 napamempd,

Xapaxmepusyrowezo poib 0OMEHHBIX CUT MeAHCOY AMOMAMUL.
Kniouesvie crnosa: mepmoounamuxa; xoaghpuyuenm Bveppyma-Iyeeeneetima,
QUASPaAMMA COCMOAHUS, OCMOMUYECKULL KO Puyuenm, OUHApHbIe CUCEMDL.

Homuoicenepi mikeneu I uboc ecebin Oypouic uieutyee Mymkindix bepoi, aman aumxanod
Gazanvix  Kypamoapovly  hazanels mene-meHOIK  KesiHOe2i memnepamypdead
AHATUMUKATBIK, MaYendinicin gazanapoviy naiida 001y 3aHOLLIBIKMAPLL He2i3iHOe
anyaa MymxinOik 6epoi. Bveppymm-I yeenxatim ocmocmolx kosppuyuenminiy (Fi)
KoMeziMer 3epmmeiemin  Jicyiiedeci Hakmvl mene-meHOIKmi  e2oiceli-meaicelii
AHBIKMAy2a JicoHe 0aapobly OYpblc AHATUMUKATBIK OpHeiH anyea OO01amvlHbl
KepcemiceH.

Komnonenmmep apacvinoazwl o3apa opexemmecyoiy opmypai munmepi oOap
acytienepoezi ¢hazanvlx, mene-meHOiK Chi3bIKMAPLIH ecenmey Ke3inoe bveppym-
Tyecenxaiim Koaghpuyuenmi amomoap apacvinoazvl aimacy Kywmepiniy ponin
cunammatmuiy 6azanay napamempi 6014 anamvlHbl AHLIKIMAIObL.

Kinmmi ce30ep: mepmoounamura, Bveppym-Iyeeeneetim kosppuyuenml; xyi
OUASPAMMACDL, OCMOCMBIK KO Puyuenm,; OuHapivl xcyuenep.
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ONNPEAEJIEHUE TEPMOJUHAMMNYECKUX ITAPAMETPOB
A-KEJIE3A B BUHAPHBIX CUCTEMAX FE-CR U FE-TI

B smoti cmamve npusedenvt pesyrvmamul pacuemos mepmoOUHAMULECKUX
napamempos ounapuvix cucmem Fe-Cr u Fe-Ti na 6aze ux ouazpamm cocmosiHuil
C npuMeHeHuem ocMomuyeckozo xoapuyuenma bveppyma-Iyeeenceiima, 01a
obracmu Kpucmaiiuzayuu iceiesa om axmuGHOCMU Jicene3d UOeaibHo2o -y
pacmeopa Ons 8blUleyKA3AHHbIX CUCTIEM.

Ilpu pacueme nunuii pazosvix pasnosecuti ¢ cucmemax Fe-Cr u Fe-Ti
yemanogieno, umo kodgguyuenm Bveppyma-Iyecenzeuma Modxicem Cayucums
6 Kauecmee OYEHOUHO20 NApaMempa Xapakmepuszyioujezo poib OOMEHHbIX CUT
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AHAJIN3 HATPAXXEHHO-JE®OPMUPOBAHHOIO
COCTOSIHUA TPU TTPOKATKE B OBAJIbHOM KAJIUBPE,
PEAJIN3YIOLLEM IMOINEPEYHbIN COABUI

OOHUM U3 BAJICHBIX  JJIEMEHMO8  COPMONPOKAMHO20 — 000PYO0BAHUS,
obecneuusaiowezo  opmuposanue  mpedyemMvlx — ceomempuiu U CE0UCME
MEManionpooyKyuu, A6Ia0mes Kamopyuue 6aiku. Buecme ¢ mem, npu npoxamke
8 MPAOUYUOHHBIX KATUOPAX 68 20MMOBOM NpOKAme HAOM00ArOMcs OCMAMKY IUMOoU
CMPYKmMypbl U HEOOHOPOOHOCMU MEXAHUYECKUX CBOUCME MEemAlid No CeYyeHuro.
Vkasannvle nedocmamiu MONCHO YCMPAHUMb NYMeM Dearu3ayut. UHMEeHCUGHOU
naacmuyecxkou  depopmayuu  (UIJ) 6 obveme memanna. Oouaxo, Hu3Kas
MEXHONOZUYHOCb 60NbUWUHCME0 mexHono2ull U] cOepaicusaem ux ucnonwb308anus
6 npomviwnennocmu. Ilosmomy, paspabomka u ucciedoéamue HO8020 Cnocoba
peanuzayuu HI]] 6 ycnousax uenpepvleHOCmU MEXHON02UYecKo20 npoyeccd, 6
YACMHOCMU NPU NPOKAMKE 8 HENPEPbIBGHLIX CIMANAX, ANACMCS AKMYANbHOU HAYYHO-
MexHuuecKol npooiemotl.

B macmosweii pabome paccmampusaemcsi Ho8asi cXema KamuOpo8OK
NPOKAMHBIX BAIK08, 00eCnevusanwas peaiu3ayuro UHMEHCUBHBIX COBUSOBLIX
oeghopmayuii. Ilposeden ananuz cyuecmsylomux cxem HPOKAMKU 6 KAIubpax u
npeonodcena dhgexmuenas cucmema Kaiubpog O0as pearuzayuu nonepeyHozo
coguea. DppexmusHocmv HOBOU CXeMbl NPOKAMKU OYEHEHA HA OCHO8E AHAIU3A
HANPANCEHHO-0ePOPMUPOBAHHO2O COCMOAHUSL NO PE3VAbMAMAM MOOEIUPOBAHUS
npoyecca memooom Koweunvlx snemenmos (MKDJ). Yemanosneno, umo npokamka
nONOCbL 8 KAIUOPAX, peanuzyiouux cosueosvie oegopmayuu, odecneyusaem
HEMOHOMOHHbIIL Xapakmep NAACMUYecKo20 meyeHus u Oonee Oaaconpusmuvle
nOKaA3amenu HanpsHCceHHO-0ehoPMUPOBAHHOZ0 COCMOAHUSL MEMAJNA NO CPAGHEHUIO
€ NPOKAMKOU 8 MPAOUYUOHHBIX KATUODAX.

Kmiouegvie cnosa: npokamka, Kambp, niacmuueckoe meyeHue, CcO8UL08asL
Oepopmayus, HaNpsHCEHHO-0eHOPMUPOBAHHOE COCMOSIHIUE, MEMOO KOHEYHBIX ANIEMEHMOB.

BBenenue

[IpokaTka B kanuOpax, KOTopas SBJISETCS OAHUM W3 OCHOBHBIX TEXHOJIOTHI
HOJIy‘-ICHI/ISI IUII/IHHOMepHLIX MCTAJIJINYCCKUX HSHGHHﬁ, 06CCHCI-II/IBaeT 60.]11:]].[}/}0
TUOKOCTh B OTHOIICHUU MPOEKTUPOBAHUS TEXHOJIOTHMUYECKOTO Mporiecca. Hampumep,
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JUIS TIOJYYEHHUsI OJJHOTO M TOTO e MPOo(UiIst, OTHUX U TEX ke pa3MepoB, HA OJHOM
U TOM JXK€ NMPOKATHOM CTaHE, MOXHO HCIOJIb30BaTh Pa3HbIE CXEMbl KaJUOPOBKHU
[1,2]. Bmecte ¢ TeM TpaJuIIMOHHAs ITPOKATKa B KaTMOPax COMPOBOXKIACTCS MEHBIIICH
CTETEHbI0 ieopMalvy MeTalljia, BCIEACTBUE YETO B TOTOBOM IIPOKaTe HaOII01al0TCs
OCTaTKU JUTOH cTpyKTypHl [3]. DddexkTuBHyI0 TpopabOTKy CTPYKTYpbl MaTtepHuaia
IpU MEHBIIUX CTENEHsAX JedOopMaliid MOXHO OCYIIECTBUTH 32 CUET pealln3aliu
WHTEHCUBHOW mnactudeckor aedopmanuu (UI1J]) B o6beme metamna. [IpunsTo
cuntatb, yto UIIJ[ oTauyaercs oT oOBIYHBIX cXeM aedopmanuu 60s1ee BHICOKHM
YPOBHEM JIaBJICHUS U aKTUBHOW CIBUTOBOM nedopmanueil. B pesyibrare co3narorcs
Takue ycioBus aedopManuy MeTaisia, Ipd KOTOPBIX aKTUBHBIA MaccONepeHoc
OCYIIECTBISAETCS HE TOJBKO BJOJb OCH, HO M B IONEPEYHOM HAIPaBICHUU, YTO
MO3BOJISIET U3MEHUTh MPEUMYIIECTBEHHYIO KPUCTAIIOTPaPUUECKYI0 OPHEHTUPOBKY
WM BooO11e chopMupoBaTh MATOTEKCTYPUPOBAHHBIN MaTepual [4].

B HacTosiliee Bpemst CyIECTBYIOT pa3HOOOpa3Hble criocoOb! peanuszanuu UI/I,
KOTOpBIE OTIUYAIOTCS OT OOBIUHBIX cXeM Jedopmanuu Oosee BBICOKMM YPOBHEM
NaBJICHUS U aKTHBHOW CIABHTOBOU nedopmanueit [5, 6, 7]. Oqnako, BHEApEHHE
MHoOrux meronos MII/[ B 1elcTBYIOMKE TEXHOIOTHYECKHUE MIPOLIECCHI IIPOU3BOACTBA
METAJJIOU3EIUNd BO MHOTOM CJIIEPKUBAETCS MX HU3KOM TEXHOJOTHYHOCTHIO H
PSIOM TEXHUYECKHX MPOOJIEM, CBA3AHHBIX C HEBO3MOXKHOCTHIO MX peali3alliu Ha
JEHCTBYIOIIEM HMPOMBIIIIIEHHOM oOopyaoBanuu [8]. B cBs3u ¢ 3tum pa3paboTka
U uccienoBaHue HoBoro crnocoba peanuzanuu WUIIJ[ B ycroBusix HEmpepbIBHOCTH
TEXHOJIOTUYECKOT0 MPOIIecca, B YaCTHOCTH NP MPOKATKEe B HENPEPHIBHBIX CTaHAX,
SBIISICTCS AKTYaJIbHOM MPOOIIEMO.

Panee nmpoBoAMIMCH UCCIEIOBAHUS CIIOCO0A MTPOAOIEHON MPOKATKHU C OMEPEUHBIM
CIBHUIOM, T'Jle€ JONOJHUTEIbHBIE CABUTOBbIC AedopmManuii oOecrneynBainuch 3a
CYET MCIOJIb30BAaHUSA CHUCTEMBI KaIHOPOB «POMO-KBaApaT» C HeAHArOHAJIbHBIM
pAacIoNOXKEHUEM POMOMUYECKOro Kainubpa. Pe3yiabTaTsl MpOBEICHHBIX HCCIIeI0BAHUI
MOKa3aJIi BO3MOKHOCTH peanu3armu MIT/] 3a cuer o1HOBpeMEHHOT0 BEICOTHOTO 00KaTHs
U [IOTIEPEYHOT0 C/IBUTa B o4are Ae(hopMaryu, 4To IPHUBOIUT K YITyUIICHUIO IITACTUIECKUX
Y IPOYHOCTHBIX XapaKTEPUCTUK METAIUIOB [9]. AHaIN3 MUKPOCTPYKTYpBI IIOCIIE IIPOKATKH
B JIAHHOHU CHCTeMe KaJauOpOB MOKa3all, YTO CPEAHUI pa3Mep 3epHa IO CPAaBHEHHUIO C
UCXOJIHBIMU 00pa3liaMy yMEHbILIUIICA 00JIee YeM B TPH pasa, 10 9 MKM, a B IOIEPeYHOM
CEUCHUH CTaJM MpeodagaoT OOJbIICYTTIOBBIE IPAHMIIBI 3epeH. Y BEJIIMUEHHE Mpe/erna
TEKy4eCTH U IpeJiesia IPOYHOCTH IPU PACTSHKEHUH 0 CPABHEHHUIO C UCXOIHBIM 00pa3LioM
1o ripokatku coctasiser 134,47 % u 69,41 % coorBerctBenHo [10].

Bwmecre ¢ TeM, MOTHBIM UKIT 3HAKOTIEPEMEHHOM CABUTOBOH Ie(hopMaIiiuu B cCUCTEME
KalIuOpoOB «pOMO-KBaApaT» ¢ HEAUArOHAIBHBIM PACIOIOKEHUEM POMOUYECKOTro
KanuOpa, ocyliecTBisieTcs 3a 4 Mpoxo/ia ¢ KAHTOBKOM (PUCYHOK 1), UTO MpeacTaBisieT
HEKOTOPBIE TEXHOJOTHUUECKUE CIOKHOCTH ISl peajau3alui €ro B JEHCTBYIOLIEM
000py10BaHNM, B YaCTHOCTH B HEIPEPBIBHOM CTaHE COPTOBOW mpokaTku AO
«ApcenopMurran Temupray». [losTomMy, cTOUT 3aAada NpOBEAEHUS NAJbHEUIINX
UCCIIeIOBAHUH JIJIsI TOBBIIIEHUS TEXHOJIOTHYHOCTH CII0C00a peain3alui HHTEHCUBHBIX
CABHUIOBBIX Aedopmaruii ¢ pa3paboTKoi HOBO 3((EeKTUBHON CHCTEMBbI KaTHOPOB.
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1 npoxod 2 npoxod

Karmabra packama
Ha Yzon 45°

Kanmobixa packama
Ha yzon 90°-o

PI/IcyHOK 1- IlocnenoBaTenbHOCTD IMIPOKAaTKU B CUCTEMC KaJ'II/I6pOB «pOM6-KBa,Z[paT»
C HCAWAaroHaJIbHbIM PACIIOJIOKCHUEM pOM6I/IquKOFO Kann6pa

B COpTOBOﬁ IMMPOKATKC MHUPOKO IMPUMCECHIACTCA CUCTEMaA KaJ'II/I6pOB «OBAJI-KpYyT»
(pI/IcyHOK 2), OJHUM H3 TJIABHBIX NPCUMYIICCTB KOTOpOﬁ ABJISICTCA OTCYTCTBHUC
HeO6XOI[I/IMOCTI/I KaHTOBKH ITIOJIOCHI B CTaHaxX C UYCPCAYIOUIUMUCA TOPU30HTAJIbHBIMHA
" BCPTUKAJIBHBIMH KIICTSAMU. O,Z[HaKO, IIpru MMPOKATKEC B JIaHHOI CHCTEeMe KaJ'II/I6p0B
BO3HUKAOT HCOAHOPOJAHOCTHU ,Z[C(I)OpMaL[I/II/I B pauaJIbHOM U OKPY’KHOM HAIIpaBJICHUAX
3aroToOBKHU, MPUBOJAININC K HCOAHOPOAHOCTIAM MCXAHUYCCKUX CBOICTB MeTajlia 110

ceyenuto [11].

1 npoxoo 2 npoxoo 3 npoxoo 4 npoxoo
Pucynok 2 — Cuctema KanmuOpoB «0OBaJI-KPyTr»

VYiydiieHus CBOMCTB MeTaiia MpU MPOKAaTKE B CUCTEME KalHOPOB «OBAJI-KPYyI»
MOHO JOOWUTHCS 3a CUET peaqu3alli WHTCHCUBHBIX CIBUTOBBIX JIe(opMaIiuii,
MCIOJIb3YSl BBIILICONMMCAHHYIO UCI0 HEIUArOHAIBHOIO PACTIONOKEHHSI pOMONYECKOTO
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kanuopa (cM. pucyHok 1). Jlnst 3TOro riiaBHbIE OCH OBajla B KaIHOpax pacrioyiokuM
HAKJIOHHO OTHOCUTENIFHO OCH BAJIKOB (pUCYHOK 3). B HamieMm ciyyae yros HakjiIoHa
IJIaBHOM OCH OBasia B KaTMOpe OTHOCUTENILHO OCH BAJIKOB IIPHHUMAEM paBHOM y=35°, uTo
COI'JIACHO paHee MPOBEACHHBIM UCCIIEIOBAHUSM SBJISIETCS OJIM3KOM K ONTUMANIBbHOM [9].
[Ipu 5TOM MonepeyHbIii CABUT B oyare AeopMalii OCyIIECTBIEMbINA OTHOBPEMEHHO
C BBICOTHBIM 00XaTHeM IPHBEIET WHTEHCUBHOHN MpPOpabOTKe CTPYKTYphl MeTasuia,
CHOCOOCTBYIOIIEH YTYYIICHUIO MEXaHUIECKUX U CITY>KEOHBIX CBOMCTB METAJUIOM3/ICITHH.

Hrxodhas 3020mo0Ka — KoLY2

\///ﬁ‘-\\
Ve
e

PI/ICYHOK 3 - KaJII/I6p C HAKJIOHHBIM PACIIOJIOKCHHUEM OBaJla

Lenbro HacTOsAIIEH paOOTHI SIBIISIETCS OIIeHKA 3 (EKTUBHOCTH MPOIIecca MPOKATKH
MOJIOCHl B KanuOpax, pealu3yluX CABUTOBBIE nedopMaruii, I0 CpaBHEHUIO C
TPaJULIMOHHBIMU CHCTEMaMU KaTuOpOB.

MarepuaJjasbl 1 METOIbI

D¢ DHekTUBHOCTh JaHHOTO crmocoba MPOKAaTKH B KamuOpax MOXKHO OIEHHUTh
MoKa3aTeJsIMU HanpsbKeHHO-AedopmupoBanHoro cocrosuus (HAC) meranna, mis
ONPEIEIECHUS KOTOPBIX B HACTOSIIIIEE BPEMS UCTIONIb3YETCSI METOJ] KOHEUHBIX JIEMEHTOB
(MK?D) [12. 13]. B nannoii pabote moaenuponanue H/IC ocyiiecTBieHo B IporpaMMHOM
nakere DEFORM 3D, xoTopslil siBnsieTcs OJHUM M3 HauOoJiee YHUBEPCATbHBIX U
3((PEeKTUBHBIX UHCTPYMEHTOB MOJEIUPOBAHUS U U3YUYEHHUs MPOIECCOB 00pabOTKH
METaJUIOB JIaBjieHneM rpu nomouu MKD.

MopenupoBaiuck 3a1a4u ropsiaeii IpOKaTKHU MOJIOCHl B TPAJAULIMOHHOM OBAJIbBHOM
kanuOpe u B Kanubpe ¢ HAKIOHHBIM PacCIONOKeHHeM oBana. (s mpuOnuxeHus
pEe3yIbTATOB MOJEIHPOBAHUS K pPealbHBIM MPOU3BOACTBEHHBIM YCIOBHUSIM (QOpMy
U pa3Mepbl KaTuOpPOB U MOJIOCH B T€OMETPUUYECKON MOJEIu U KHHEMaTHYEeCKUe
napaMeTpbl HHCTPYMEHTOB MPHUHSUIM B COOTBETCTBUU C JAHHBIMH HETPEPBIBHOTO
coptoBoro ctana AO «ApcenopMurran TemupTay», Tie onoca Kpyrioi hopmsl mocie
4-ii KJIeTH IPOKATHIBAETCS B TPAAUIIMOHHOM OBAaJIbHOM Kanmuope 5-if ki1eTu (pucyHok 4).
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4 knems — Apye 5 knems - Oban
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Pucynok 4 — ®opMmsl 1 pazmepoB KanuOpoB 4-it 1 5-i1 kiierell HempepbIBHOTO
coproBoro ctana AO «ApcenopMutran Temupray»

['eomerpuueckne Mmoaenu 1epOPMUPYIONTUX HHCTPYMEHTOB, BaJIKOBOM MPOBOJAKH
1 3aTOTOBKH (PUCYHOK 5), HEOOXOAMMBIE IIJIi MOACIUPOBAHUS MPOIecca MPOKATKH,
cozaanbl ¢ nomouibto cucreMbl CAITP KOMITAC 3D u nepenansl B IpOrpaMMHBIi
nmaker DEFORM 3D B ¢dopmare STL, ucnonszyemsrii 11 odmeHa rpaduueckon
nHpopmManuen.

a) 0)
a — TPAJAUITMOHHBIA OBAJIBHBIN KaIHOD;
0 — KamMOp ¢ HAKJIOHHBIM PACTIOJIOKEHUEM OBaJIa
Pucynok 5 — ['eomerprueckne MoeIM Nporecca NpoKaTKu
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[Ipu mocraHoOBKe 33aa4 MOJECIUPOBAHMS OBLIM MPUHATHI CICAYIOUINE AOMYLICHUS U
YIPOIIECHHUS:

— paboumii HHCTPYMEHT pacCcMaTpUBaeTCsd KaK abCOJNIOTHO )KECTKOE TEeJIOo C
IIOCTOSIHHOU TE€MIIEpaTypOu;

— MPOKAThIBAEMBI MaTepHall CUUTACTCS OJJHOPOAHBIM, H30TPOITHBIM;

— nedopmupyemas cpezia — BI3KOIIaCTUYEeCKasl.

B kauecTBe Marepuana mpokaThIBa€MOW MOJOCH! OblIa mpuHsATa craib AISI-
1045 [1650-2200 F (9001200 °C)] u3 cranmaptHoii oubnmuoreku DEFORM-3D,
peoJiornueckasl MOJENb KOTOPOW MpeJHa3HauYeHa AJI MOJEIMPOBAHUsA IPOLECCOB
ropsiuero nepopmupoBaHus B TemmnepatypHoM auanazone 900-1200°C. Hdns
HallluX 3aJad TeMIeparypy npouecca ycraHoBuwiu paBHoil 1000°C, xoropas
COOTBETCTBYET TEMIIEpAType 3arOTOBKU IIPH TOpsiYel MPOKATKE B IPOMEKYTOUHBIX
CTaHaX HENPEpBIBHOTO COPTOBOro crana. [lyis obecrnieueHHss TOYHOCTU pacyeTa
obuta crernepupoBana KO-cetka ¢ 86168 snementamu aedopMupyemMoi 3aroTOBKH.
VYcioBue TpeHUsl MeXy HHCTPYMEHTaMH U TOJIOCOM OMMCHIBAIIU 10 3aKOHY 3u0Oems
C MOCTOSHHBIM KO3(uienToM TpeHus paBHeiM 0,5. B xauecTBe KHHEMAaTHUYECKUX
napaMeTpoB MOJICIMPOBAHUS 3aaHO BpalleHue 1e(hOPMUPYIOIIUX HHCTPYMEHTOB CO
ckopocthio 1,0472 paz/c, 4To COOTBETCTBYET CKOPOCTH BpAILICHHsI IPOKATHBIX BAJIKOB
5-ii knetu HenpepblBHOTO coptoBoro crana AO «ApcenopMutran Temupray». s
o0ecrieyeHHs IEpBOHAYAILHOIO 3aXBaTa METaJlIa BaJIKaMU UCIIOJIb30BAIIN TOJIKATEb,
IpeBapUTENbHO MTOITAIKUBAIONINHI 3aT0TOBKY K BajikaM. KosruecTBo 1miaros pacuera
ycranoiieHo paBHbIM 1000 mpu murtensHocTH mara no Bpemenu 0,05 c/miar, 4to
o0ecrieynBaeT MOJIHOE MPOXOXKACHUE MOEIH MOJIOCHI Yepe3 Kaauop.

PesynbTaThl 1 00Cy:KICHUS

Jlig aHanu3a UCIoIb30BaHbl CIEIYIOIINE PE3YJIbTAaThl MOIETUPOBAHUS:

— BEKTOPHBIE OTOOpa)K€HUsI BEJIUYUH CMEILECHHS 3JIEMEHTOB, YKa3bIBaIOLIUE
HATpPaBJIEHUE TIACTUYECKOT0 TEYCHUS MeTaJlia B oyare Aegopmaiuu (PUCYHOK 6);

— KapTUHA paclpeaesieHus] U 3HaUY€HUs MHTEHCUBHOCTH HANpPSOHKEHHUH B odare
negopmanuu (pUCYHOK 7);

— KapTHHA PacHpeIeIeHuUs ¥ 3HAYCHUS HAKOIUICHHOM CTeneH! Jie(OpMalliy CBUra
(medopmanuu o Muszecy, puCyHOK 8).

BekropHbie 0TOOpa)kKeHHsI BETMYUH CMEIIEHUS 3JIE€MEHTOB, MOIy4YEeHHBIE B X0JI€
MOJIETTMPOBAHHSL, TOKA3bIBAET, YTO IPH ITPOKATKE B TPAAULIUOHHBIX OBAJIBHBIX KATMOpax
IUIACTHYECKOE TEYCHHE MeTalljIa B odare edopMaiiii GopMHUPYETCs 3a CUET 00XKaTUs
Y HaIIpaBJICHbI B OCHOBHOM HaBCTPEUY JAPYT JIPYTY C BHITECHEHHEM B OOKOBBIE CTOPOHBI
(pucynok 6, a). CoBepiieHHO Japyrasi KapTHHKa IJIACTHYECKOrO TEYSHHs MeTaslia
HaOmroaeTcst B ouare Aedopmanuy kaaudpa ¢ HAKIOHHBIM PaclloJIOKEHUEM OBaJa.
B sToMm citydae nosioca moziBepraercs CBUry B IONEPEYHOM HarpaBIeHUH Osarogaps
KOCOCHUMMETPUYHOMY BO3JIEHCTBUIO CO CTOPOHBI BEPXHETO M HUIYKHETO BAJIKOB U
BBICOTHOMY 00atuto. B pe3ynbrare B ouare fedopmaryu B HonepeyHOM HarpaBiIeHUN
BO3HUKAIOT BUXPEBbIE IIACTUYECKHE MOTOKHU, 00YCIIaBIMBAIOIIME HEMOHOTOHHBIH
XapakTep TeUeHHs MeTajlla IpU ero oopadboTke (pUCYHOK 6, 6). ABTOpbI paboThI [14]
YTBEPKIAIOT, YTO HEMOHOTOHHOE TEUEHHME METAJIJIA XapaKTEPU3YyeT pealn3aluio
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MHTEHCUBHBIX IJIACTUYECKUX JleopManuii 1 odecrieunBaeT (OpMUPOBAHHUE YTITOBBIX
Pa30pUEHTUPOBOK I'PAHUIL U [TOJyYEHHE YIbTPAMEIIKUX 3€PEH C paBHOOCHOH (pOpMOIii.

a — TPAJAUITMOHHBIA OBAJIBHBIN KaIHOP;
0 — KamMOp ¢ HAKJIOHHBIM PACTIOIOKEHHEM OBaJIa

Pucynok 6 — [Inmactuueckoe TeueHne MeTaiia B odare aedopmariuit

[Ipn mpokatke B TpaAUIIMOHHOM OBAJIBHOM KaJlMOpe XapakTep pacrpeiesieHus
MHTEHCUBHOCTH HANpsDKEHUM B odare gedopMainuu CUMMETPUYEH U UMEET BH]
«KOBOYHOTO KpecTa», a oceBas 30Ha IMOJOCHl MMeeT Oojiee HU3KUE MOKa3aTeln
MHTEHCHBHOCTHU HANPSHKEHUH M0 CPABHEHUIO C OCTATILHBIMU yUaCTKaMU (PUCYHOK 7, a).
B ouare nedopmanuu kanuOpa ¢ HAKJIIOHHBIM PACIIONIOKEHHEM OBajia 00Jiee BHICOKHE
YPOBHHU TOKa3aTesiell MHTEHCUBHOCTH HAMNPSKEHUM COCPEIOTOUYECHBI B OCEBOM 30HE
(pucyHnok 7, 6). ITockosbKy OCHOBHBIE T€(PEKTHI JTUThS — OCEBasi PhIXJIOCTh, TA30BbIC
My3BIPH U IEHAPUTHAS JTUKBALINS, PACIIOJIAralOTCsl B 0OCEBOI 30HE, TO BHICOKHE YPOBHU
ITHUX MOKa3areseil 00ycnaBInBaeT MX UHTEHCUBHOE «3alieunBaHuey. Takxke B Kaauope
C HAKJIOHHBIM PACIHOJIO)KEHHEM OBaja J10Js BBICOKMX 3HAYEHUN MHTEHCHUBHOCTH
HaNpsDKEHUH B ouare eopMaliy BhIIIe, 4YeM B TpaJAULIMOHHOM oBajie. Kak BUIHO U3
TabJIUIBI 1, COCTaBIEHHOM MO JaHHBIM TUCTOTPAMMBI KOJTMYECTBEHHBIX COOTHOLLIEHUI
MHTEHCUBHOCTHU HANPSHKEHUH, B KaJTMOpe ¢ HAKJIOHHBIM PACIIOIOKEHUEM OBaja J10JIs
nokKa3areJiell ”HTeHCUBHOCTH HanpspbkeHut Boimie 180 MITa coctasisiet 89,5 %, Torna
KaK JJIsl TpaJIMIMOHHOIO KanuOpa 3TOT MoKazaTeab NouTH B 2,5 pa3a Huxe (36,4 %).
B nenom takue mokaszatreay MHTEHCHBHOCTH HAIPSKEHWH B KaluOpe ¢ HAKJIOHHBIM
pacmosokeHueM OBajla 00ECIeurnBalOT HHTEHCUBHYIO MPOPadOTKy MeTalljia B o4are
nedhopmaruu.
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Histogram (on slicing plane)
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a — TPaIUIIMOHHBII OBaJIbHBIN KaIuop;
0 — KanuOp ¢ HaKJIOHHBIM PACIIOIOKEHUEM OBaJIa
Pucynok 7 — PacnipeienieHrie HHTEHCUBHOCTH HANPsDKEHUH B ouare gedopMaiuu

Ta6JII/IHa 1 — KonndecTBeHHBIE COOTHOIICHUS HHTEHCUBHOCTH Hapr[)KCHI/Iﬁ

I'pannubl qrana3oHOB MHTEHCUBHOCTH
. KonnuecTBeHHBIE COOTHOIIEHUS, %0
Hanpsbkenuid, MIla
TpaauLMOHHBIN OBaNbHBIN Kanubp ¢ HaKJIIOHHBIM
Hwxuss rpanuna Bepxusas rpanuna
KaJguop PpacroNoKeHUEM OBasa
170 171,5 0 0
171,5 173 0,17 0
173 174,5 1,82 0,09
174,5 176 9,7 0,26
176 177,5 18,27 0,26
177,5 179 16,54 3,27
179 180,5 17,14 6,62
180,5 182 10,82 14,36
182 183,5 8,66 14,62
183,5 185 9,7 11,01
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185 186,5 4,24 9,8
186,5 188 2,08 11,44
188 189,5 0,78 8,34
189,5 191 0,09 7,57
191 192,5 0 6,36
192,5 194 0 2,06
194 195,5 0 1,29
195,5 197 0 1,38
197 198,5 0 1,2
198,5 200 0 0,09

Ananu3 1e)OpMUPOBAHHOTO COCTOSHUS MTOKA3BIBAET, YTO MPOKATKA B KaIuOpe ¢
HAKJIOHHBIM PACIOJIOKEHHEM OBajia XapakTepu3yeTcs 60yiee BRICOKHMMH IMOKa3aTeIsIMI
HAKOIJICHHOM cTeneHu feopMaliiy CABUTa B OCEBOM 30HE TIOJIOCHI YeM IPH MPOKATKE B
KaauOpe ¢ TpaAuIIMOHHBIM OBaIoM (pucyHOK 8). Hanbouee nuHTEHCHBHBIE e opMaIiu
IpHU MPOKATKEe B KaauOpe C HAKIOHHBIM PACIONIOKEHHUEM OBajla JOKATHM30BaHbBI B
y4acTKax, MPHUJIETAIOMINX K KOHTAKTHON MOBEPXHOCTU C BAJIKAMU, CO CMEILIEHUEM
B CTOPOHY IJTACTUYECKOTO TEUYeHHs MmeTanna (cM. pucyHOkK 6). ComocTaBieHue
KOJINYECTBEHHBIX COOTHOIICHNI HAKOTIJICHHOM CTENeH! AeopMaIiuy CIBUTA B TAOIHUIIE
2 moKa3bIBaeT, YTO JIOJI BBICOKUX TOKa3aTeliell HaKOTUICHHON CTeneHu aedopmarum
CABHTa B IOJIOCE MOCJE MPOKATKU B KadHOpe ¢ HAKIOHHBIM PACIIONOXKEHHEM OBaja
BBIIIIE, YEM TOCJIE MpOKaTKe B KanuOpe ¢ TpaJulHOHHBEIM oBaimoM. Hampumep,
MoKa3aTeIn HAKOTUIEHHOU cTerneHu Aedopmaruu casura 6osee 0,7 mocie mpoKaTKu
B KanuOpe ¢ HAKJIIOHHBIM pacroiioskeHrneM oBajia coctasisiet 32,1 %, uro 1,43 pasa
BBIIIIE, YEM IIPU MPOKaTKe B KaJUOpe ¢ TpaJULMOHHBIM oBajioM (22,43 %). B nenom
MO>KHO KOHCTaTUPOBATh, YTO IMPOKATKA B KAIUOPE C HAKIIOHHBIM PACIIOI0KEHUEM OBajia
BBI3BIBAET OOJIee BEICOKUI YPOBEHB peau3allii HHTEHCUBHOM CIBUTOBOH 1ehopMaIiiu
M0 CPABHEHHIO C MPOKATKOM B KAIMOPE C TPATUIIHOHHBIM OBAJIOM.

Histogram (on slicing plane)
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Histogram (on slicing plane)
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0)
a — TPaAULIMOHHBII OBaJIbHBIN Kaauop;
0 — KanuOp ¢ HAaKJIOHHBIM PACIIOJIOKEHUEM OBaJla
Pucynok 8 — PacripenieneHrie HakOIUIEHHOM CTENEHU AeQopMaliK CIBUTa

Tabnuna 2 — KonnyecTBeHHbIE COOTHOIIEHUS! HAKOIUIEHHOM CTeneHu AepopMaiun
cIBHTA

I'paHu1Bl AMATIA30HOB HAKOIUIEHHOH CTeNeH! 0

nebopmatun ceira, MITa KonnuectBennsie cooTHOmEHUS, %
TpanuuuoHHBIN OBaIBHBII Kamn6p ¢ HaKJIOHHBIM
HwxHss rpanuna BepxHss rpanuna
Kanop pacnoiaoKeHueM oBajia

0,4 0,425 0 0

0,425 0,45 0 0
0,45 0,475 0 0,19
0,475 0,5 0 1,25
0,5 0,525 0 4,12
0,525 0,55 5,6 6,62
0,55 0,575 7,12 7,96

0,575 0,6 11,92 6,9
0,6 0,625 19,48 7,86
0,625 0,65 13,7 10,07
0,65 0,675 10,05 12,56
0,675 0,7 9,7 10,35
0,7 0,725 8,1 7,38
0,725 0,75 6,94 8,53
0,75 0,775 6,32 6,71
0,775 0,8 1,07 4,79
0,8 0,825 0 1,53
0,825 0,85 0 1,82
0,85 0,875 0 0,48
0,875 0,9 0 0,86
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BriBoabI

1. Ha ocHOBaHMM paHee HCCIeIOBAaHHOM HJIeU HeIMaroHAJbHOI'O PaCIIOIOKEHUS
pOMOMYECKOro Kaubpa MpeaioKeHa HoBasi cXeMa IMPOKATKH B OBAJIbHBIX KalnOpax,
o0ecrieunBaroIas peaau3alnio HHTEHCUBHBIX CBUTOBBIX Je(OpMaLnii.

2. YCTaHOBIEHO, YTO IPHU MPOKATKE B OBAJBHOM KajluOpe Mo HOBOW cxeme
HEMOHOTOHHOCTh XapaKTepa TE€YEHHUs MeTalljla M3-3a BOSHHUKHOBEHMS BHXPEBBIX
IUTACTUYECKHUX MMOTOKOB OOYCIIaBIMBACT PEATU3ALUI0 WHTCHCUBHBIX IIACTHUYECKUX
nedopMaruu.

3. ITo pe3ynpTaTam MOJAEIUPOBAHHS HAIIPSHKEHHO-/1€(OPMHUPOBAHHOTO COCTOSTHUSA
YCTAHOBJICHO, YTO BBICOKHE TOKa3aTeIM MHTEHCUBHOCTH HANPSKEHH B KaiuOpe ¢
HAKJIOHHBIM PACIOJIOKEHUEM OBaJla BBI3BIBAET 00JI€e BHICOKUN YPOBEHb pealln3aluu
MHTEHCUBHOM CIBHTOBOM JepopMaiuy M0 CPaBHEHHMIO C MPOKATKOM B Kaiudpe C
TPaJUIIMOHHBIM OBAJIOM U 00ECIIEYMBAIOT MHTEHCUBHYIO IPOPAOOTKy METaljia B oyare
nedopMaruu.
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KOJIIEHEH BIFBICY/IBI )KY3ETE ACBIPATBIH
OBAJI KAJIMBPJE TPOKATTAY KE3IHAETT
KEPHEY-JIE®OPMAIUSLILIK KYWII TAJTIAY

Copmmulk npokammay #cabOblKmapvlHbly, Memal OyublMOAPbIHbIH KAXCemmi
2e0MempusCbl MeH KAcuemmepin KaiblnmacmulpyObl KAMMAMAChl3 ememin, Maybl30bl
aneMeHmmepiniy Oipi kanubpaeneen Oinikwenep oOoavin maodwiiadvl. CoubiMeH
Kamap 09cmypni Kanuoprepoe npokammay Kesinoe OatiblH NpoKamma Kyuma
KYPbLIBIMbIHbIY KALOBIKMAPbL JHCOHE KONOEHeH KUMAaod Memdanobly MeXaHUKATbIK
Kacuemmepiniy 6ipmexkmi emecmiei Oaukanaovl. Amanean Kemwinikmepoi Mmemain
Kéneminoe KapKblHObl naacmukansik depopmayusnst (K1) scyzeze acolpy apkviiv
grcoroea  bonaowl. Meeewmen, KII[[ mexnonrocusnapvinbly KONWINICIHIY MOMeEH
6HOIpicmik Kabinemminiei o1apovl 6HepKocinme Kol0awyea Kedepei Keamipeoi.
CoHObIKmMaH MexHOL02UANIK NPOYeCmiH y30iKCi3diel sicaz0aibiHOa, aman aumkanoa
y30ixciz cmandapoa npokammay xesinde KI1/[ enzizyoin scana 90icin sxcacay sHcone
3epmmey 03eKmi 2bLIbIMU-MEXHUKATbIK Mocene 001bln madwliaobl.

Byn  oicymvicma  Kapxuinowvl  wizbicy Oeghopmayusculn  dicyzece  acvipyosl
Kammamacelz ememin npoxkam  OLIIKMepiH Kaiubpreyoiy caa cxemacsl
Kapacmuipvlizan. Kanubpnepoe npoxammayoviy KOJIOAHbICMA2bl CXEMANAPLIHA
manoay JHcypeizinoi JHeone KOIOeHeH bl2blCyObl Jcy3e2e acblpy YuliH Kaiuopiepoin
muimoi  ocyiieci  ycwviHblIObl.  JKawa npoxammay  cynOacelHblY  MuimMoiniel
wexkmi snemenmmep odicimen (LIIDO) npoyecmi modenvoey Homuvicerepine
Heziz0eneen KepHey-Oepopmayusi Kyuin manoday HeeiziHOe bazananadwvi. blevicy
dehopmayusanapvly Jicyze2e  AcblpamvliH  Kaaubpiepoe JHCoAaKmvl NPOKAMMAY
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docmypiai Kanubpaepoei NpOKAMmMAayMeH CAlblCmblpeanod NIACMUKALbIK A2bIHHbIH
MOHOMOHObL eMeC CUNAMbBIH JHCOHE MEeMANOblY KEPHEYIi-0eqhopMayusiivlK, KyUuiHiy
KOJLAUIbl KOPCEeMKIUWmepiH KAMmMAamacsl3 ememini anblKmaiobl.

Kinmmi  ce30ep: npoxkammay, Kawubp, NIACMUKANLIK — deblH,  bleblCy
Odepopmayusicol, kepuey-oegopmayus Kyii, wekmi snemenmmep 90ici.
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ANALYSIS OF STRESS-STRAIN STATE DURING ROLLING
IN AN OVAL GAUGE REALIZING TRANSVERSE SHEAR

Calibrated rolls are one of the important elements of section-rolling equipment,
providing the formation of the required geometry and properties of metal products.
At the same time, at rolling of traditional in calibrated rolls in finished rolled
products there are remnants of cast structure and inhomogeneity of mechanical
properties of metal along the cross-section. The mentioned disadvantages can be
eliminated by realization of severe plastic deformation (SPD) in the volume of metal.
However, low manufacturability of the majority of SPD technologies restrains their
use in industry. Therefore, the development and research of a new method of SPD
realization in conditions of technological process continuity, in particular during
rolling in continuous mills, is an actual scientific and technical problem.

In this paper a new scheme of rolling rolls calibrations is considered, providing
the realization of intensive shear deformation. The analysis of the existing schemes of
rolling in gauges is carried out and an effective system of gauges for the realization
of transverse shear is proposed. The efficiency of the new rolling scheme is evaluated
on the basis of stress-strain state analysis based on the results of the process modeling
by the finite element method (FEM). It is established that strip rolling in gauges
realizing shear deformations provides non-monotonic character of plastic flow and
more favorable indices of stress-strain state of metal in comparison with rolling in
traditional gauges.

Keywords: rolling, gauge, plastic flow, shear deformation, stress-strain state,
finite element method.
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MPEOBAPUTENIbHOE PA3OENEHNE N3ME/TbYEHHbIX IMTUNA-
MOHHbIX BATAPEW BO34YILUHOWA CEMAPALMNEN

Haubonee pacnpocmpanennvie mexnonrocuu nepepadomxu  Iumuli-uOHHIX
AKKYMYIAMOPO8  C6A3AHHbL € UX  NUPOMEMANIYPSUHECKol — nepepadomxou
u  nocreoyrowum  evijerauusanuem.  llupomemannypeuieckue — mMemoobvl
9HEP2o3ampamHvl U ONACHbl 01 OKpydcarowel cpedvl. Takum odpazom, Kpaiine
AKMYAaneHOU U BANCHOU OyOem pa3pabomka MmMexHOLo2UU NpedsapumenrbHo20
paszoeieHus Mamepualos, uYmo npuseoem K Y8elUudeHur) 3ppexmusHocmu
nepepabomku  ompabomannvlx — 6amapeil.  Ceoeil  3¢hexkmusnocmovro U
IKONOSUUHOCHBIO  6bI20OHO  OMAUNAIOMCA  pu3uuecKue Memoovl pa3oeieHus
Mmamepuanos. Ha cecoOnsawHull Oetsb Cyujecmsyom pasiuyHsle Memoobl pazoeieHus
Ha Qusuueckux NpuHyuUnax. INeKmpocmamuyecKkue Memoovl He MOo2ym Ovlmb
NpUMEHEeHbl, NOCKOAbKY Memaiibl (Medb U ANOMUHUL) U OKCUO TUMUs 8 Cbipbe,
NONYUEHHOM NOCTe USMENbUYEHUS AKKYMYAAMOPOS, AGNAIOMCA NPOGOOHUKAMU U He
pazoenamces. llpumenenue epasumayuonHo2o obozauenus 6 0OHOU cpede maxaice
He603ModcHo. OKcud aumusa ¢ 6000l 6CMYRAIOM 8 peaxkyuio, 00pasys weioub.
Cywecmsylom makace Cnocodbl epasumayuoHHo2o 0002aweHus 6 6030VUWHOU
cpede. Hcxo0s u3 6bluleU3N0NCEHHO20, YEAbl0 OAHHO2O UCCIe008aHUS SAGIACMCA
uzyuenue npoyecca pazoenenHus Memaiios, U CMecu yenepood ¢ OKCUOOM JUMUs Ha
2PABUMAYUOHHBIX NPUHYUNAX 8 6030VULHOM NOMOKe. [annas mexnonoaus oonaoaem
6CeMU NpeuMywecmsdami, NPOCMOmol annapamuo2o 0QopmieHus U 6HeopeHus
6 Oelicmeyloujee npPouseo0cmeo. [leyx smanmoe umenrvueHue, U G030VUIHAA
cenapayus nozeonsiem omoerums Cu u Al om cmecu LiCoO2+C. Ilonyuennvie
NPOOYKMbL AGNAIOMCA NPULOOHBIMU 0151 NPOOANCU U NPEOCMABIAION KOMMEPUECKYHO
yennocms. Cmeco LiCoO,+C 603MOXCHO OMNPABIAMb HA NPOYECC MEPMUUECKO20
B0CCMAHOGIEHUSL C UCNONb308aHUEM Al nomyuennozo npu cenapayuu.

Kniouesvie cnosa: aumuii-uonnvie 6amapeu, anomMunui, medb, GMOPUUHAA
nepepabomxka, aumutl, KOOAILM.

BBenenune
Ha ceromHsImHWNA IeHb TUTHHU SBISETCS OCHOBHBIM Ba’XKHBIM METAJLIO

M B

W3TOTOBJICHUM JTUTUN-UOHHBIX AKKYMYJIATOPOB, KOTOPBIC HAXOAAT BCC OoJiblree

MPUMEHEHHE BO BCeX 00JIaCTAX OT cMapT(HOHOB A0 TPAHCIOPTHBIX CpeacTB. Mupo

BbIC
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3arachl JINTUS COCTABIISIOT 86 MIIH. T IPU €XKEroAHOM notpediaenuu 82 Teic. T. bonee
70 % nuTUs NIET Ha U3TOTOBIICHUS AKKYMYJIITOPOB, U ATOT MPOLIEHT B Oy 1y1iem Oy et
ToNbKO pactu [1]. TunuuHas KOHCTPYKUUS JUTUNH-UOHHBIE OaTapel 3TO CTaabHOU
METAJTIMYECKUH KOPITyC, aHOJ — MEeJHas JIEHTa ¥ KaToJ — aJlOMUHHUEBas JICHTA C
HAaHECEHHON CMECBIO COJEpKalllel yriiepoJ U OKCHUJ JINTHS U APYTUX METAJIOB
(kobanbT, Mapranen u 1.1.) [2]. Haubonpias 9acTe TUTUH-HOHHBIX aKKyMYJISTOPOB
UJIET Ha U3TOTOBJICHHUE PA3IMYHBIX JICKTPOHHBIX TPKETOB U CMAPT(OHOB. Y UUTHIBAs,
YTO CPEJHUH LMK KU3HU TaKuX akkyMyssiTopoB 300-500 mepesapsaok ¢ KakIbIM
TOJIOM  pacTeT KOJUYECTBO BBILIEIINX U3 CTPOSI INTUI-NOHHBIX aKKyMYJITOPOB. TOT
(axT, YTO IUTUH-UOHHBIE AKKYMYJIITOPBI COJIEPKAT OOJIBIIOE KOJTMUECTBO TOKCUYHBIX
BEIIEeCTB, a UX nepepadorku He npesbimaet 10 % Bo Bcem mupe [3], a B Kazaxcrane
BOOOIIE HE NepepadaThIBAIOTCs, BHI3BIBACT OMACEHUsI C TOUKU 3PEHUS 3arps3HEHUs
OKpyxatoliei cpebl. O6beM Ka3axCTaHCKOro pbIHKa cMapT¢oHOB 1o uroram 2020 rosa
coctaBui 4,3 MIIH. IITYK, yBEJIMYUBIIKUCH Ha 6,7 % B cpaBHEHUH ¢ 2019-M. [Iponaxu
BCEX BUI0B MOOHJIBHBIX TeNIE(OHOB (BKITFOUAs IPOCTHIC KHOTIOYHBIC MOJICITH ) TTOTHSUTUCH
Ha 11 %, no 4,7 muH. iTyk [4].

Takum 06pa3oM, KOIUYECTBO 0/y aKKyMyJIATOPHI TOJIBKO cMapT(oHOB B Kazaxcrane
€XKEeroJIHO OyAET COCTaBJIATh HECKOJIBKO MIIH. IITYK. DTO TOBOPUT O HEOOXOIUMOCTH
co3anus 3(p(HEKTUBHBIX TEXHOJOTHUECKUX PELICHHH Mo nepepaboTku O0/y IuTHii-
MOHHBIX aKKyMYJSTOPOB. JTO MO3BOJUT YMEHBIIUTh HAarpy3Ky Ha OKpPY’KaOILYIO
Cpelly, BEpPHYTb B IIPOM3BOJCTBEHHBIN LIUKJI JINTUN U APYTUE MOJIE3HBIE JIEMEHTHI U
co3ziath paboune mecta. Hambosee pacnpocTpaHeHHbIE TEXHOJIOTHH HepepaboTKu
JUTUH-UOHHBIX aKKyMYJIATOPOB CBSI3aHHBI C MX MUPOMETAIUTYPrU4eCcKOi epepaboTKoi
U TIOCJIETYIOIIUM BhIlIeTaunBanueM. [IpeBapuTebHO aKKyMyJIATOPBI TO/IBEPTaIOTCS
po0iaeHnto 1 u3MenbueHuio. CTalbHOM KOPITyC OTAENAETCS MarHUTHOM cenaparuei,
[IOJIYYEHHBI MaTepuaja COAEPKAILUKU Melb, AJIIOMUHUN, DJIEKTPOIUT U CMECH
yrieposia U OKCHJa JINTUSI, IepepadaThiBaeTCsl TUAPOMETAITYPrU4ecKUMH JTHO0
NUPOMETAIUTYPTUYECKMMUA METOJJaMH, a TakXke MX KomOuHarmen. Tak CyliecTByrOT
METO/Ibl KOTJIa Npu 00xure B TedeHuu 4aca ¢ temneparypoi 800 °C ¢ CaCl,
nosy4arot LiC [5]. [Ipennararorcs Takxke METO/IbI HU3KOTEMIIEPATYPHOM 00pabOTKHM C
ucnonb3oBanueM pacriasiaennoro (NH,)2S0, mpu remnepatype 400 °C B atmochepe
aproma, ¢ BBICOKOM crenenbro uspiedenus Li (98 %) B Bune LiCoO, [6]. Tlomyuennbie
OPOAYKTHI OOBIYHO MOJBEPrarOTCs BBHINIETAUYUBAHUIO MPHU MOMOIIU PA3IUYHBIX
peareHTos [7].

Haubosnee yacto npuMeHsI€MbIi THAPOMETAITYPTHYECKUNA METOST  TTepepaboTKU
OTpabOTAHHBIX AKKYMYJSTOPOB SIBJISETCS BBINIEIAYMBAaHUE C IOMOIIBIO BOJHOTO
pactBopa NaOH [8]. Oxnako, Bce 3T METO/Ibl UMEIOT HEJOCTATKHU.

[Mupomeranmyprudeckie MeTobl epepaboTku 0TpabOTaHHBIX aKKyMYJISATOPOB
SHEpPro3aTpaTHBl M ONACHBI Ui OKpYXarwlled cpeasl. BellienaunBanue orapka
MaTepuagoB, HE pa3Je]eHHBIX NPEABAPUTEIBHO, BEAET K 3aTpaTaM pEarcHTOB.
Pearent tpebyer ocoboro oOpaiieHusi, TOCKOIbKY MOXET BbI3bIBATh XHUMUYECKUE
oxoru. OOpa3yroIuiicss pacTBOP CIOXKHO MOJIAaeTcs paszaeneHuto. s pazaeneHus
MaTepHaioB TpedyeTcs mnpecc GUIbTp. Y TUIU3AIMS MOJIYYEHHOTO pacTBOpa TaKKe
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He npopabotana [9]. Takum oO6pazom, KpalilHe aKTyallbHOH M BaXXHOU OynaeT
pa3paboTKa TEXHOJOTUH MPEABAPUTEIHHOTO Pa3/IeieHUs] MaTEPUAIIOB, YTO MPUBEIET
K yBenu4yeHU1o 3(ppeKTuBHOCTH nepepaboTku oTpaboTraHHBIX Oartapeil. CBoeit
3P PEKTUBHOCTHIO U HKOJOTUYHOCTHIO BBITOJHO OTIMYAIOTCSA (DPU3MUYECKUE METOJbI
pasznenenus Mmatepuainos [ 10]. Ha ceroqusamnuii 1eHp CyIIeCTBYIOT pa3InYHbIE METOIbI
pazzneneHus Ha puznueckux npuHOMNAX. OJHAKO 3JIEKTPOCTATHUECKUE METOIbl HE
MOTYT OBbITh IPUMEHEHBI, MOCKOJIBKY METAJLJIbI (ME/Ib U AIFOMUHUI) U OKCHUJI JIUTHUS B
CBIpPbE, IMOJYYECHHOM I10CIIE U3METbUCHHS aKKYyMYJISITOPOB, SBIISIOTCS IPOBOIHUKAMHU
U He pazgensaTcs. U3BecTHO, 4TO IUIOTHOCTh Mean — 8,96 r/cm?; okcua kobanbTa
5,2 t/em?; okcua nutus 2,01 r/em?; amromunuil 2,7 v/em®; yraepoa =~ 1,9-2,7 r/em?.
Taxum 00pa3oM, TEOPETUYECKH MEAb U OKCHJ KOOaabTa MOXKHO OyJeT OTICIUTh OT
CMECH aJIFOMUHMS, YTIIEPO/1a M OKCHJIA JIUTHUS C IOMOIIBIO IPAaBUTAIIMOHHBIX METO/IOB.
[IpuMeHeHre rpaBUTALIMOHHOTO OOOTAIICHUSI B BOJHOM Cpelie TaKkKe He BO3MOXKHO.
Oxcu TUTHS ¢ BOJON BCTYNAIOT B PEaKIHI0, 00pa3yst menodb. CyIiecTBYIOT ClIocOObI
IPaBUTAIIMOHHOTO OOOramieHust B BO3AyIIHON cpene. [Ipu pazaeneHun marepuanoB
U3MEJIbUCHHBIX JINTUH-NOHHBIX aKKyMYJIITOPOB C TOMOIIBEO BOCXO/ISIIIETO BO3TYIIIHOTO
IOTOKa He 00pa3yeTcst OTX0/0B, 2 yCTaHOBKA IPOCTa KOHCTPYKTUBHO. J{J1s ee 3amycka
U M3TOTOBJICHUS HE TpeOyeTcsl YHHUKaJIbHOE 000pYy/I0BaHUE, PACXOJIHBIE PEAreHThl U
BBICOKOKBaJTM(UIIUPOBAHHBIN nepcoHat. Llenpio TaHHOrO MCCiae10BaHus SBISETCS
U3yueHHe mpoliecca pa3feieHUs METaUIOB, U CMECH yriepoja ¢ OKCUIOM JIUTHS Ha
IPAaBUTAIMOHHBIX INPUHIMIIAX B BO3AYLIHOM MOTOKE. JlaHHAst TeXHOJIOrus 00siaaaer
BCEMH NPEUMYLIECTBAMHU, MMPOCTOTOM anmapaTHOTO Oo(OpPMIICHUS M BHEJIPEHUS B
JIEUCTBYIOLLIEE IPOU3BOJICTBO.

MarepuaJjbl 1 METOIBI

Bce skcnepuMeHTHl MPOBOAMIUCH B JlabopaTopun (axkynbTeTa MHXeHepuu
TopaiireipoB Yuausepcurerta (https://tou.edu.kz/en/) u BKTY um. [1.Cepukbaesa (https://
www.ektu.kz). B xadecTBe chIpbsi MCIOIB30BANNCH JTUTHIH-UOHHBIE aKKYMYJISITOPbI
0oTpabOTaHHBIX COTOBBIX Telae(OHOB OOHOM Mapku B KouudecTBe 4 mT. Jlns
U3MENIbYCHUsI MaTepUalioB HCIONb30Bajack OapabanHas apoduika QL-500. [lns
IPaBUTAIMOHHOTO OOOTaIIeHUsI B BO3AYIIHOM Cpe/ie MCIOIb30BajIach J1abopaTopHas
yCTaHOBKA IMOKa3aHHAasi HAa pUCYHKeE 1.
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1 — murarens; 2 — NUKIIOH; 3 — OyHKep; 4 — HacoC
Pucynok 1 — YcranoBka Bo3ayIIHOM cenapanuu

JluTuii-noHHBIE aKKYMYJSTOPBI ObUIM pa300paHbl Bpy4HYI0. JIMTHII-MOHHBII
AKKyMYJISITOp COCTOMT M3 KOpIIyca, aHojJa W KaToja. AHOJ MpeacTaBiseT co0oit
MEJIHYIO JIEHTY (PUCYHOK 2a), a KaTO JICHTY U3 aJIFOMUHHS (PUCYHOK 20) C HAHECEHHON
CMECBIO U3 YIIIEpOo/ia, OKCUIA JIUTHSI U IPYTHX DJIEMEHTOB, Pa3/IEIUTENS U 3JIEKTPOJIUTA.
CopepkuMoOe OJTHOTO aKKyMyJsTopa (aHOJ, KaTOJ U T.J.) ObUTH TOHKO H3MEITbUEHBI
C IENIBI0 OMpEeAEeICHUs UX XUMHUYECKOTO 3JIEMEHTHOro M (a3oBOTr0 COCTaBa.
W3menbueHHBII MaTepran OT OCTANbHBIX 3X OaTapeil mojaBaics B MUTATEINb, U 3aTEM
I0JT BO3/JICHCTBUEM Pa3psIKEHUS CO3/]aBA€MOT0 yCTaHOBKOH (MoIIHOCTBIO = 1800 w)
ToTajias MooYepeIHO B IIUKIOHBI M 3aTeM B OyHKep. OTeNeHHBIH OT METaJUIMYECKUX
JICHT MOPOLIOK OB TIPOCYIIEH B My denbHOM neun npu remmepartype 250 °C ¢ nenbio
yJaJIeHUs! paCTBOPUTEIIA dIEKTponuTa. [t u3yuenust a30BOro cocTaBa MpUMEHSIICS
pentrenoBckuii qudpakromerp X' Pert PRO npousBoacTBa kommannu «PANalitical»
(Tabnumal).
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Pucynok 2 — Anon (a) u karon (6) TUTUNH-MOHHOTO aKKyMYJIITOpa

DJEeMEHTHBIM COCTaB MaTEePHUAJIOB OMNPENCISIIN C UCIOJIb30BAHMEM MaccC-
CIIEKTpOMETpa C UHAYKTUBHO-CBs13aHHOM 11a3moii ICP-MS 7500 cx ot Agilenttechnologies
(CIIA) (Tabauma 2).

Pe3yabTarsl H 00CyKACHHE

CocTaB NUTHH-UOHHBIX OaTapeil mpenacrtaBieH B Tabnune 1. Bumgno, 4To
cmech LiCoO2 u yraepona cocrasiuseT 10 27,1 % u 16,3 % cooTBEeTCTBEHHO.
Coneprkanue aTroMUHES U Meab aocturaeT 14,7 %. Cpennuii Bec 6atapeu, Takoi Kak
BL-51YF=200r.

Ta6mmma 1 — CoctaB IMTHIH-HOHHBIX OaTapeit B % OT MacChl
KommoHeHT LiCoO, Cu/Al C OcraibHoe

Macca, % 27,1 14,7 16,3 41,9

[IpenBapuTenbHO M3BJICUCHHBIC M3 KOpIyca OaTapew aHOJ W KaToja ObLIU
U3MEBYCHBI C TOMOIIBI0 OapabanHol npoOmiku 10 ppakuuu < 10 MM (pucyHOK 3a).
VYike Ha 3TO# CTauu MPAKTUYCCKH BECh MaTepHall, HAXOSIIHICS B OaTapee B BHJIE
HIOPOILIKA ¥ COJIEPIKAIIMN YTIIEPO], OKCHIA JIUTHUS U IPYTUE SIIEMEHTBI ObLT OTAEJICH OT
neHt (pucyHnok 30). OnHako yacth MaTepuana jJeHT u3 Cu u Al B Bue KyCOYKOB B HEM
ocranack. Ha cremyromei craaust ObUIO OCYIIECTBIEHO 0OJIee MEJIKOEe H3METbUCHUE
CMECH MEJIHOM M aJFOMUHHEBOW JICHT TOKAa3aHHOW Ha pucCyHKe 3a 10 dpaximm < 2
MM. 3aTeM CMech ObLIa 1o/IaHa Ha BO3AYLIHYIO cernapanuio. OTIeeHHbIA Ha TIEPBOM
CTaJIMM U3MEJILYCHHS MOPOIIKOOOPA3HBIN MaTepual ¢ KyCOYKaMU METATHUECKUX
JICHT NOKa3aHHbII Ha pUcyHKe 30, Takke ObUT OTIPABIICH Ha BO3YLIHYO CEMapaIiio.
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Pucynox 3 — Ao 1 KaToJ1 mocie uaMenbyeHus 10 ¢pakuuu < 10 MM - (a);
OTJICTICHHBIN JINTUH COAEpPIKalUi MaTepHal ¢ KyCOYKaMHM JIEHT aHOoJ1a U Katoja - (0)

Cxema npeaBapuTeIbHON EpepabOTKU Mpe/ICTaBIeHa Ha PUCYHKE 4.

OTpaboTaHHble
NNTUN-NOHHbIE GaTapen

Bo3aayLiHbIn BapabaHHas
cenapartop apoburnka

v

.

BosayLiHbin
cenapaTtop

Pucynok 4 — Cxema npeaBapuTeabHON nmepepadoTKu
0TpabOTaHHBIX JTUTUH-UOHHBIX OaTapen

B pe3ynbTare npoBeIeHHBIX ONepaIHii Ha BEIX0/1€ OBLIO MOTyYeHa ITOPOIIKO0Opa3Hast
cmech ALLICoO, u C (pucynok Sa), a Takxke Kycouku u3 Cu (pucyHok 50) u Al
(pucynok 5B). CocTaB 1osryu4eHHBIX IPOYKTOB IpeCcTaBieH B Tabmnuie 2. BugHo, 4ro
B pE3yJIbTATE MIPEIBAPUTEILHOTO Pa3/A€JIEHNUS Ha CTalUN U3MEIbYEHMsI ObLIa OTAEIEHA
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MPaKTUYECKH BCs 9acTh, coaeprkaiias Cu u Al. Jlaee Ha cTajuy BO3AYIIHOM cenaparim
U3 opoIKoobpasHoit uactu otaensiercs Cu, u paznemnsitorcs Cu u Al oTaeneHHbie OT
MOPOIIKOOOPA3HOHM YacTh HA CTaauu ApoOJieHuU. B MpOTHBHOM ciyuyae Ha CTaJAUH
BO3JIyIIHOM cenaparuu oTaenuth Al (2,7 r/cM?®) oT cMecu coaepiKamieil OT OKCUA
kobanbTa (5,2 r/cm?), okcuaa nutus 2,01 r/cm® u yrnepona (1,9-2,7 r/cm?) 6bu10 ObI
3aTpyIHUTENBHO.

Pucynok 5 — ITopomkoo6pasnas cmech LiCoO, u C (a);
paznenennsie neHTH U3 Cu (0) u Al (B)

Takske B IIOJIyYEHHBIX IPOAYKTAaX PUCYTCTBYET IUIACTUK U IPYTHEe KOMIIOHEHTBI
(ocTanpHOE)

Tabnuna 2 — CocTaB MOMYyYEHHBIX IPOIYKTOB B % OT MacChl

Kommonent LiCoO, Cu/Al C OcransHoe
Y Macca, % 54,1 0,2 33,2 12,5
6 Kommonent LiCoO,+C Cu Al Ocranbuoe
Macca, % 0,12 87,3 2.3 10,28
Komrmonent LiCoO+C Al Cu Ocranbnoe
& Macca, % 19,1 73,7 0,3 6,9
133 80:10)11 81

DKCIEpUMEHTAIIBHO YCTaHOBJIEHO, UTO Ipe/IBapuTeibHas 00paboTka OTpabOTaHHBIX
M3MEIBUEHHBIX JINTHI MOHHBIX 6aTapeﬁ, BKJIIOHaromas AByX 3TAIIHOC U3MCJIbUCHUMU,
¥ BO3JYLIHYIO cenapanuio mospouser oraenautb Cu u Al ot cmecn LiCoO,+C.
HOJIyLIGHHI)Ie MNPOAYKTHI ABJIAKOTCA NPUTOAHBIMU IJISA OPOAAXKU U NPCACTABIIAIOT
KOMMepYeCKyI0 HeHHOCTh. [lomyuennyro cmechk LiCoO,+C BO3MOXHO OTHPABIIATH
Ha MPOIECC TEPMUIECKOTO BOCCTAHOBIICHHS C MCIIOJIb30BaHHEM Al 1MorydeHHOTO Ipu
cerapanuu. ABTOpI)I IUIAHUPYIOT IPOJ0JIKATE SKCIICPUMCHTBI, B 9TOM HallpaBJICHUU,
a TaKKC UBYUYUTD Pa3JINIHBIC PCIKUMbIL BO3I[yIHHOI>i cernapanuu (MOHIHOCTI) YCTaHOBKH
n T.I[.) N CTCIICHU U3MCJIIBUYCHHSA CBIPbA C LCJIbIO NOCTHIKCHUA 0OJIbIIIEH CTEIEHH
pasaeneHust MpOAyKTOB.
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*P. B. Canunoé’, JK. lllowmair’, A. b. baesd’, C. I0. Mapxosa’, P. K. Omapoe’ of processing spent batteries. Physical methods of separating materials compare
1-243TopaiirpipoB yHHBepcuTeTi, Kasakcran PecryOnukacer, [TaBnoaap K. ; favorably with their efficiency and environmental friendliness. To date, there are
SYnrThIK capantama optanbirsl IIDKK PMK ITanonap o6i1sIck! G0ibIHIIA various methods of separation based on physical principles. Electrostatic methods

CaHUTapIIBIK-TUrHeHaNBIK 3epTxana KP JICM KK cannot be applied, since the metals (copper and aluminum) and lithium oxide in
Kasakcran Pecry6mukacer, [aBnosap K the raw material obtained after grinding the batteries are conductors and will

Bacbm msirapyra 20.08.23 KaGbULIAH B not separate. The use of gravity enrichment in the aquatic environment is also not
Py T ) possible. Lithium oxide reacts with water to form alkali. There are also methods
of gravitational enrichment in the air. Based on the foregoing, the purpose of this

¥CAKTAJIFAH JIUTUN-NOH/IbI BATAPESJIAP/IBI study is to study the process of separation of metals, and a mixture of carbon with

AYA CETAPALIMSA APKBLJIBI AJIIBIH AJIA BOJTY lithium oxide on gravitational principles in an air stream. This technology has

all the advantages, simplicity of hardware design and implementation in existing

Jlumuii-uonovl  akkymyiamopiapovl - Kaima  oH0eyoiy ey Key mapanean production. Two-stage grinding and air separation allows separating Cu and Al from

MEXHOTO2UANAPLL  ONAPObL  NUPOMEMANTYPUATBLK,  OHOCYMEH  JCOoHe  KelIHHEH the LiCoO,+C mixture. The resulting products are suitable for sale and represent

watimanaymen oainanvicmol. Ilupoymemaniypeusinbiiy s0icmep nepeustbl Kajcenm commercial value. The LiCoO, + C mixture can be sent to the thermal reduction

emedi dcone Kopuiazan opmaza Kayinmi. Ocviraiiua, mamepuanroaposl ai0biH-alda process using the Al obtained during separation.

0oy MeXHONOUACHIN Jicacdy ome 03eKmi Jcone Manpi30bl 601advl, Oy Kanowik Keywords: lithium-ion batteries, aluminum, copper, recycling, lithium, cobalt.

bamapesinapovl Katima onoey muiMmOinieiniy apmyvina okenedi. Mamepuandapovi
bomy0iy uzuranvly odicmepi MuimOiniei MeH MypaKmvlibleblMeH epeKuleneHeol.
byeinei manyoa ¢usuxanvix npunyunmep OotviHua 661y0iy opmypii adicmepi dbap.
Dnexmpocmamuxanvix, 90icmepoi KOI0AHY MYMKIH emec, oumKeni bamapesiapovl
YCaKkmazanHan Keuin anblHeaH WUKi3ammazel Memanoap (MulC JcoHe antoMUHULL)
MeH qumuil okcudi emkizeiut 6oavin madwvliadwvl dcone voainoeudi. Cy opmacwvinoa
epasumayusivlk, Oavlmyosl Koa0awy 0a MyMKiH emec. Jlumuil oxcudi cymen
opexkemmecin, ciimi my3edi. CoHOQuU-aK, aya OpmacvblHOAd 2PAGUMAYUSIBIK
bativimyovly ancondapel Oap. Hozapwioa aumovlizanoapaa cylene omvipvin, Oy
sepmmeyodiy MaKcamvl Memanodapovl 001y NPOYeCiH JHcoHe ayd aeblHbIHOAbl
2PABUMAYUATBIK NPUHYUNmMep OOUbIHIA KOMIpme2l MeH Tumuil OKCuoi KOCNAChiH
sepmmey 6oavin madwliaovl. Byn mexnonrocus 0apivik apmulKUbLILIKMAaped,
annapammulx, OU3AUHHBIY KAPANAULIMObLILIZLIHA HCOHE KOIOAHLICTNAZbl OHOIDICKe
encizyee ue. Exi kezenoi ynmaxmay, scone ayanvlt 6ony Cu scone Al-0i LiCoO,+C
Kocnacvinan bonyee mymindix bepeoi. LiCoO,+C xocnacwin bony kesinoe anvinean
Al komecimen mepmMusiIblK KAINbIHA Kelmipy npoyecine sxcivepyze 6onaoul.

Kinmmi ce30ep. numuii-uonObl bamapesnap, amoMUHUL, Mblc, Kauma eHoey,
Jumuil, Kooanbm.
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PRE-SEPARATION OF SHREDDED LITHIUM-ION
BATTERIES BY AIR SEPARATION

Themost common technologies for processing lithium-ion batteries are associated
with their pyrometallurgical processing and subsequent leaching. Pyrometallurgical
methods are energy-consuming and dangerous for the environment. Thus, the
development of a technology for the preliminary separation of materials will be
extremely relevant and important, which will lead to an increase in the efficiency
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TEOPETUYECKUE PACYETbLI U TOCTPOEHUE ®A30BbIX OUATPAMM
MHOIrOKOMITOHEHTHOU CUCTEMbI TI-AL-MO-V-ZR

B Odannoiti  pabome 6wviiu  npogedenvi pacuemvl UOMEPMUYECKUX U
noaumepmudeckux — paciemos cucmemwvl  1i-2,541-5Mo-5V ¢ 0obasrenuem
pasauunblx macc.% Zr ¢ nomowwto npoepammul Thermo-Calc Perpetual SUNLL
2023a c ucnonvzosanuem o6azvl oOannvix TCS Ti-and TiAl Alloys Datebase, Perpetual
DSUNLL 5. Pacuemnvim nymem onpeodeneHvl NOKA3AMenU USMEHEHUs (a3068020
cocmasa cnaasa cucmemul Ti-Al-Mo-V-Zr 6 3agucumocmu om ycio8us oxXaancoenus
u cocmasa. Beedenue yupkonusi 6 mumarnoswviti cnaag cucmemvl Ti-2,541-5Mo-5V
6 konuvecmee 1 % npueooum K 3HAUUMENLHOMY USMEHEHUIO (a3068020 COCMAsA.
Yemanosneno, umo necuposanuvie HebOnLUUM KOTUYECTNBOM YUPKOHUS TMUMAHOGbIE
CNIABYL AGNAIOMCA O8YXPASHLIMU, U 8 CEA3U C IMUM YEETUUUBAMb COOEPIHCAHUE
yupkonus eviute 1 % nepayuoHaibHo.

Tonumepmuueckumupacyemamuonpeoenet ONMUMAIbHbILCOCMASMUMAHOB8020
cnaasa, macc. %: 2,5 Al, 5 Mo, 5V, 1Zr, ocmanvnoe muman. Ycmanoenerno, ymo
6 Oduanazone memnepamyp 0660-700 °C npoucxooum pasHoe pacnpedeienue
Konuwecmsa o u B gas. s moeo umodsl 3aduxcuposames He0OX0OUMYHO OBOUHYIO
o + f obnacmv HeobX00uMo npogecmu OONOIHUMENbHYIO EPMUYECKYIO 00padOmKY
cnnasa npu 660-700 °C, a npoyecc OanvHeuuiell NPOKAMKU CHAABA 8 JUCHIbL
daem 603MOIICHOCb NOJYYUNG VIbMPAMETKOIEPHUCTIYIO CIMPYKMYpPY, O1a2o0aps
KOMOpOU 00CMU2aiomcesi NOGbLIUEHHbLE NPOYHOCTIHbLE, NIACMUYHbLE U YCMANLOCHHbIE
ceoticmeaa.

Kniouesvie cnosa: YaompameikozepHucmocms, UHMEHCUBHAS NIACMUYeCcKas
dehopmayus, cmpykmypa, HaHOPA3Mepbvl, CEEPXNAACMUUHOCHID.

BBenenue

B HacTosgmmii MOMEHT OJMH W3 MEPCIEKTUBHBIX METOJOB, KOTOPBIN MO3BOJISET
CYILIECTBEHHO yCOBEPILIEHCTBOBATh MEXaHUYECKUE MTapaMETPbl METAJIJIOB U CIUIABOB,
COCTOUT B CO3/IaHMHU B HUX HAHOCTPYKTYPHBIX M3MEHEHUN pa3HBIMHU CIOCOOaMH
uHTeHcHBHOU Tactudeckoit nedopmamuu (UITM). [Mocpencreom UIT/] B MeTamnax
U CIUIaBaxX CO3/AI0T yibTpamenkozepHuctoe (YM?3) uzMeHneHnue ¢ pasHoOOpa3HBIMH
HAaHOCTPYKTYPHBIMU KOMIIOHEHTaMH, OKa3bIBAIOILIEE CYIIECTBEHHOE BO3/CICTBUE HA
UX KQ4eCTBa, YTO JJACT BO3MOXKHOCTh IIPUPABHATH ¥ M3 MaTepualibl K KJ1acCy OOJIBIITUX
HAHOCTPYKTYpPHBIX MaTepuaios [1]. OTo qaeT BO3MOKHOCTb CYILIECTBEHHO YBEJINYHUTh
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IPOYHOCTh, A TAKXKe MpeJesl BEBIHOCIUBOCTH JIBYX(a3HbIX TUTAHOBBIX CILIABOB,
OCYILIECTBUTH UX BBICOKO- H/MJIM HU3KOTEMIIEPATYPHYIO CBEPXIIACTUYHOCTD [2].

[locnenHue SKCEPUMEHTHI BBISIBUIIN, TO, YTO CO3JIaHHUE YIbTAPAMEIKO3EPHUCTOM
(YM3) TekcTypsl B MeTajulax M CIUIaBaX 3a4acTyl0 HMPHUBOJIUT K 3HAYUTEIBHOMY
YMEHBIIEHUIO YAAPHOU BSI3KOCTH U BSI3KOCTH paspyieHus [3—5]. Kak pesynbrar, 310
CHJIBHO OTpaHUYMBaeT (akThyeckoe mpuMeHeHne Y M3 THTaHOBBIX CILIaBOB, KaK
KOHCTPYKLIMOHHBIX MaTepuaioB. [1o 3Tol mpuunHe TOCTHKEHUE B HUX KOMIIPOMHUCCA
MEXJly IPOYHOCTHIO M BS3KOCTHIO pa3pyLICHHUS CUUTACTCS OCTPOH 3ajaueil B
COBPEMEHHOM MaTepUaJIOBEICHUH.

B aBuanimoHHOM MaIIMHOCTPOSHUH MPOCIICKHUBACTCS BHICOKAs! 3aMHTEPECOBAHHOCTh
K MPOU3BOJICTBY IyCTOTEJIBIX TOHKOCTEHHBIX JETalell ¢ BHICOKUMH MPOYHOCTHBIMHU
CBOMCTBaMH, KOTOPbIE JOCTUTAIOTCS IPH IPUMEHEHNUH CBEPXILIACTUYECKUX TEXHOJIOT .
Ocob6oe BHUMaHHE y1eIeTCs TEXHOIOTHAM, 0a3UPYIOIINMCS Ha IpUMEeHEeHUH 3 dexTa
TPaZULINOHHON ¥ HU3KOTEMIIEPATYpPHOU CBEPXILJIACTUYHOCTH [6].

YMeHblLIeHHEe TeMIepaTypbl CBEPXIIJIACTHYECKON nepopManuu TUTAHOBBIX
CIUIABOB C IOMOIIBI0O U3MEHEHHUS CTPYKTYpbl U (popmupoBanus YM3 cTpyKTypsl
TepMoedhopMalmOHHON 00pabOTKOI SBISETCS OJHUM U3 HanboJiee MePCIeKTUBHBIX
croco6oB. HeBricokas Temmeparypa cBepXIlacTHYecKoil aedopmanuu gact
BO3MOKHOCTh HE TOJIBKO MPOIJIUTH MEPUOJI CIYkKObI OCHACTKU A1 (POPMOBKHU, HO
TaKXe MPUMEHATh MEHEee IOPOTHe MapKH CTaJIeH.

JUis co3aHus MPEUU3UOHHBIX TUTAHOBBIX CILIABOB, JIETMPOBAHHBIX PEAKUMU
U PEIKO3EMENbHBIMU METAJUIAMH C YJIbTPaMEJIKO3EpPHUCTON CTPYKTYpoOH, BeIOOpa
PEKHUMOB UX TEPMUYECKOM 00pabOTKH M Topsiuel MpoKaTKu TpeOyroTcst Oobline
BpEMEHHBIE 3aTpaThl U (pruHaHCOBBIE pecypchl. [loaToMy B mociieanee Bpemsi Bce varie
IPY TOUCKE HOBBIX CIIJIABOB C YHUKAJIBHBIMHU CBOMCTBAMHU TPUMEHSIOT KOMITBIOTEPHOE
MoOJIeTMpoBaHue. B cBsI31 ¢ 3TUM [U1s1 000CHOBAHUSI PEKHMOB ITOTYYEHHS U TEPMUYECKOM
00pabOTKM TUTAHOBBIX CIJIABOB, HEOOXOAUMO MPOBEJCHUE TEOPETUUECKUX PACUECTOB
(a30BBIX PABHOBECHI U IIOCTPOCHUE IUArpaMM B MHOTOKOMIIOHEHTHBIX CHCTEMax Ha
ocHoBe tutana Ti-Al-Mo-V-Zr.

B oranune OT ABOMHBIX CHCTEM MOJHOLIEHHBIM aHalW3 MHOTOKOMIIOHEHTHBIX
cucteM (HadWHas YK€ C TPOWHBIX) TpeOyeT AOCTATOYHO OOJIBIIOTO KOJIMYECTBA
rpaduueckux M300paKeHUi, B YaCTHOCTH, U30TEPMUUYECKUX U MOJIUTEPMHUECKHUX
ceyeHull. MIMeomuxcs B IUTEpaType CBEACHUN JaXe 10 TPOMHBIM CUCTEMaM SIBHO
HEJ0CTAaTO4YHO [7-9], a UX 3KCHEepPUMEHTAIbHOE M3y4YeHHE TpeOyeT MIUTEITbHOTO
BpeMEHHU. B cBs3M ¢ 3TUM 1eaeco00pa3HO HCIOIb30BaTh CIECIHATN3UPOBAHHBIC
KOMITBIOTEpHBIE TPOrpaMMsl. C 3TOM LENBIO ISl HCCIIEA0BAaHNN PUMEHSUTN IIPOrpaMMy
Thermo-Calc (Perpetual SUNLL 2023a) ¢ ucnonb3oBanueM 6a3bl JaHHBIX Titanium
and Ti-Al alloy database TCTI: TCS Ti-and TiAl Alloys Database, Perpetual DSUNLL
5[10]. Ananu3 MHOTOKOMITOHEHTHBIX CHCTEM PACYETHBIMHU METOJaMU IIEJIeCO00Pa3HO
IPOBOJUTH JI0 SKCIEPUMEHTAIBHBIX UCCIEAOBAaHUM, KOTOPbIE MPUMEHHUTEIBHO K
TUTAHOBBIM CIJIaBaM BECbMa TPYIO0EMKH.
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MaTtepuajbl H METOAbI HCCJIE0BAHUS

B pabore g oneHku (a3oBOro cocraBa M CTPYKTYpHI CIIABOB MCIOJIb30BaH
KOMITBIOTEPHBIN pacyeT XapaKTepHBIX H30TEPMUUECKUX U MOJTUTEPMUUYECKHUX Pa3pe30B
(a30BoOIi AUarpaMMbl MHOTOKOMITOHEHTHBIX CHCTEM C IIOMOIIbIO IporpaMmsbl Thermo-
Calc (Perpetual SUNLL 2023a) ¢ ucnons3zoBanuem 0asbl nanHbix Titanium and Ti-Al
alloy datebase TCTI: TCS Ti-and TiAl Alloys Datebase, Perpetual DSUNLL 5 [10].
[TosykonuuecTBEHHYIO OIICHKY (pa30BOTO COCTaBa MHOTOKOMIIOHEHTHBIX CIIJIaBOB
OCYILECTBIISIIOT C MCIIOJIb30BAHHEM MOJIUTEPMUUYECKUX U U30TEPMUYECKUX Pa3pe30B.
[HomuTepmuueckue pa3pesbl MO3BOJISIOT OLEHUTh BIUSHHUE OTAEIBHBIX JIETUPYIOIINX
9JIEMEHTOB Ha (opMupoBaHue (pa3oBOro cocraBa Mpu OXJAXKJIECHUU U Harpese. B
YaCTHOCTH, OIPEACNIUTh B KaKOW Mepe 3TH JIETUPYIOUIUE 3JIEMEHTHI BIMIIOT Ha
TeMIlepaTypy nepexoja B -o0JacTh NMpU HArpeBe TeMIEpaTypy HOJIUMOPPHOTO
IpEeBpALCHHUS.

Pe3yabTaTsl M 00Cy:KI€HUE

N3otepmuueckue pazpess CIutaBoB cucteMsbl Ti-2,5A1-5Mo-5V-1Zr paccuntanHbie
pu 400 u 700 °C npuBeneHsl Ha pucyHkax | u 2.

[Ipu pacuere cucremsl Ti-2,5A1-5Mo-5V-1Zr B unrepaine temneparyp ot 400 1o
700 °C popmupyroTcs cienyromue (asbl: o — TBEpPAbIH pacTBOpP Ha OCHOBE
reKCOTrOHaJIbHON MIOTHOW pemeTku (a-Ti); B-TBepaAblii pacTBOp Ha OCHOBE
OJIHOLICHTPUPOBaHHOH KyOmueckoil pemerku (B-Ti); B2 — TBepabli pacTBOp C
MOBBIIIICHHBIM COJIEpKaHueM [-ctabunuzaropa, y-hasa.

4 i, i, Yo

a 0

2 3 a4 85 6 T B 9 Vien

Pucynok 1 — M3orepmuueckue pa3pessl CIUIABOB CHCTEMBI
Ti-Al-Mo-V-1Zr ipu 400 °C
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[To monyuenHbiM pacuetHbiM nanHbiM pu 400 °C B crutaBax cuctemsl Ti-2,5A1-
5SMo-5V-1Zr obpasyrorcs tpu ¢asel: f + B, + o (pucynox 1). Ilpu mocrmwxennu
temneparypsl 700 °C n yBelIMYEHUH COAEPKAHUS AIIOMUHMSI B CUCTEME ITPOUCXOIAT
npeBpateHus: u3 o + [ obnactu nepexoaut B Tpexdasnyio o + B + v (pUCyHOK 2a).

[Ipu yBenn4YeHUN KOHIIEHTPALUHU [IUPKOHUSA BbIlIe 1 % U 3HAYeHUSX MOJIMOIeHa
Mo > 5,5 %, Bananus V > 5,5 % Habmoaetcs nepexoauT ¢ AByxQasuoii a + 3 obixactu
B ogHO(a3Hyto P obnacts (puc. 20, B).

PacyeTHble gaHHBIE TPOBEIECHHOI'O MCCIEAOBAHHUS YKa3bIBAaIOT, HA TO, YTO
JIETUPOBaHHbIC HEOOJBIINM KOJIMYECTBOM IIUPKOHHS THUTAHOBBIE CILUIABBI SBISIOTCS
IBYX(a3HBIMU, U B CBA3H C 3TUM YyBEIMYMBATH COJIEp)KaHHE LUPKOHHUA Bbime 1 %
HEePaAIOHAIIBHO.

T Y i, ince, %

-
o

A Ko ok B R w
- i

i
I

-]
(=]

Pucynok 2 — M3otepMuueckue pa3pesbl CIIaBOB CUCTEMBI
Ti-Al-Mo-V-1Zr ipu 700 °C
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Pucynok 3 — [Monutepmudeckuii pa3zpes cucremsl Ti-Al-Mo-V

Konuenrpanus amomunus 2,5 % B nuamnazone temnepatyp ot 0 10 400 °C npuBoaut
K oOpaszoBanuio B + o + v o6mactu. Ho yke BCIeACTBUYU MOBBIMIEHUS TEMITEPATypPhI
ot 400 o 750 °C B cruaBe HeXxenaTenbHas Y-a3a mporaaaer, 0CTaeTcs TOJIBKO 3 + o
¢a3bl. [IyreM yBennueHus cosiepkaHus aTloMUHUS Belie 3 % B Tnana3zoHe TeMrepaTyp
ot 0 10 400 °C B crimaBe o6pasyroTcs B2 u v dasbl.

[Ipu pacuete 3a OCHOBY ObLTH B35ITHI TIOCTOSTHHBIE KOHIIEHTpaluu 2,5A1, SMo, 5V
U Pa3InYHOE KOJIMYECTBO BBOJUMOMN 03Bl IUPKOHUS.

Ha pucynke 4 npencraBieHbl HOJTUTEPMUYECKUE Pa3pe3bl CUCTEMBbI

Ti-Al-Mo-V-Zr.
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Pucynok 4 — [Nonutepmuueckuii paspes cuctemsl Ti-Al-Mo-V-Zr

B paBHOBECHBIX YyCIOBHUSX, MPEXKAE BCEro, Kpucramnusyercs P-dasa,
NPHUCYTCTBYIOIIAsA JOCTATOYHO IIMPOKOM KOHIEHTPAIMOHHOM M TEMIIEpaTypHOM
nuanasone ot 1650 1o 800 °C. Ho yxe ¢ nonmkenuem temiepatypsl oT 800 1o 380
°C u copepxannem mupkonus ot 0 10 3,5 macc. % cruiaB nepexouT B IByX(a3Hyo
B + o obmacte. B ToM ke TemmepaTypHOM HMHTEpBAJIC MIPU MOBBILICHUN COJEPKAHHS
upkoHust oopasyercst B + v ¢daza. Tpexdasznas B + o + y ob6macTs oTMevaercs
NOHMWKeHueM Temnepatypsl B paiione 380-200 °C, Hy a ¢ MOBBIIIEHUEM COAEPIKAHUS
mupkoHus popmupyercs yetbipexdasznas odmacts f+ B2 + o + .

B tabnunax 1-3 nmpuBeeHbI pe3yabTaThl pacueToB MoKa3arenel (ha30Boro cocrana
craBa cucteM Ti-2,5A1-5Mo-5V ¢ pa3niyHbIM coiepskaHieM HUPKOHHUS B 3aBUCUMOCTH
OT TeMIIEPATYPHI.

Tabmuua 1 — IToka3zarenu ¢a3oBoro cocraa craBa cuctemsl Ti-Al-Mo-V-0,5Zr
IIPU Pa3JIMYHOW TEMIIEPAType

ConepxaHue IEMEHTOB, Macc. %

0, 0,

T, °C daza Q,, macc, % Ti Al Mo v 7:
850 B 100,0 87,0 2.5 5,0 5,0 0,5
800 B 100,0 87,0 2,5 5,0 5,0 0,5
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790 B 96,6 86,6 24 52 52 0,5
o 4.4 94,6 3.4 0,4 1,1 03
7580 B 88,7 86,0 24 55 5.4 0,5
a 11,3 94,6 33 0,4 1,2 0,3
750 B 71,6 84,0 2,2 6.8 6,5 03
a 28,4 94,7 3.2 0,4 1,2 0,4
700 B 522 80,0 2,1 9,1 8,3 0,5
a 47,7 95,0 3,0 0,5 1,3 0,4
680 B 46,7 78,2 2,0 10,1 9,1 0,5
o 53,3 95,0 3,0 0,5 1,3 0,4
660 B 42,0 76,3 2,0 11,1 9,9 0,6
a 58,0 95,0 2,8 0,5 1,3 0,4
640 B 38,0 74,4 2,0 12 1,1 0,6
o 62,0 94,7 2.8 0,5 1,3 0,4
620 B 34,7 72,4 2,0 1,3 12 0,6
a 65,2 94,7 2.8 1,3 1,3 0,4
500 B 31,8 70,3 1,8 14,4 12,7 0,6
o 68,1 94,8 2.8 0,5 1.4 0,4

Tabnuma 2 — Ilokazatenu (azoBoro cocrtaBa crmiaBa cucteMbl Ti-Al-Mo-V-1Zr
NIPU Pa3IIUYHON TeMIIepaType
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Tabmuma 3 — Ilokaszatenu ¢a3oBoro coctaBa cruiaBa cucrembl Ti-Al-Mo-V-1,5Zr
[IPU Pa3JINYHON TEMIIEPAType

ConeprkaHue JIEMEHTOB, Macc. %

T, °C daza Q., macc, %
" Ti Al Mo A% Zr
850 B 100,0 86,5 2.5 5.0 5.0 1,0
800 B 100,0 86,5 2,5 5,0 5,0 1,0
290 B 97,4 86,3 2,5 5,1 5.1 1,0
a 2,6 94,3 3,5 04 1,1 0,7
780 B 90,3 85,7 2.4 5,5 5.4 1,0
a 9,7 94,3 34 04 12 0,7
750 B 72,9 83,6 2,2 6,7 6,4 1,1
a 27,1 94,3 3.2 0,5 1,2 0,8
00 B 53,1 79,6 2,1 9,0 8,2 1,2
a 46,9 94,3 3,0 0,5 1,3 0,8
680 B 47,5 77,8 2,0 9,9 9,0 1.2
a 52,5 94,3 2,9 0,5 1.4 0,8
660 B 42,7 76,0 2,0 11,0 9,9 1,2
a 57,3 94,3 2,9 0,5 1,4 0,8
640 B 38,7 74,1 1,9 12,0 10,7 12
a 61,3 94,3 2,9 0,6 14 0,9
620 B 35,3 72,1 1,9 13,1 11,6 13
a 64,7 94,4 2.8 0,6 1,4 0,9
500 B 32,3 70,0 1,8 14,3 12,6 13
a 67,7 94.4 2.8 0,5 1,4 0,9
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MACC ConepxaHue SJIEMEHTOB, Macc. %

T, °C ®daza M’O/ ’ -
0 Ti Al Mo Vv Zr
850 B 100,0 86 2,5 5,0 5,0 1,5
800 B 100,0 86 2,5 5,0 5,0 1,5
790 B 99,1 85,9 2,5 5,0 5,0 1,5
o 0,9 93,9 3,5 0,4 1,1 1,1
780 B 91,9 85,3 2,4 5,4 53 1,5
o 8,1 93,9 34 0,4 1,2 1,1
750 B 74,2 83,2 2,3 6,6 6,3 1,6
o 258 93,9 3,2 0,5 1,2 1,2
700 B 54,0 79,3 2,1 8,8 8,1 1,7
o 46,0 93,9 3,0 0,5 1,3 1,2
680 B 48,2 71,5 2,0 9,8 8,9 1,8
o 51,8 93,9 2,9 0,5 1,4 1,2
660 B 43,4 75,7 2,0 10,8 9,7 1,8
o 56,6 93,9 2,9 0,5 1,4 1,3
640 B 35,8 71,8 1,9 13,0 11,5 1,9
o 64,2 93,9 2,9 0,6 1,4 1,3
620 B 35,8 71,8 1,9 13,0 11,5 1,9
o 64,2 93,9 2,9 0,6 1,4 1,3
600 B 32,8 69,7 1,8 14,1 12,5 1,9
o 67,1 94,0 2,8 1,3 1,3 0,6

Jannbie B Tabnumax 1-3 ykas3blBalOT Ha TO, YTO MPHU JOCTHKEHUH TeMIIEpaTyphl
600 °C konmuecTBo 3 ha3bl 1oxoauT 110 ypoBHs 31,8 macc. % npu copepskaHiU HUPKOHUS
B cruiase 0,5 % u 1o 32,5 macc. % npu coaepxanun uupkonus 1-1,5 %. Mexny tem,
yBermueHue Temmepatypsl 10 700 °C MpUBOIUT K 3HAYUTEITBHOMY U3MEHEHHIO (Da30BOTo
cocTaBa, T.e. 00pa3yroTcs aABe ¢a3bl — o U . Yke HIpu JOCTHKEHUH TeMIepaTyphbl
800 °C wu Bpimie cniasel, compepxamue 0,5-1,5 macc. % HUPKOHUS SABISIOTCS
onHO(a3HBIMU, B HUX HaOIOaeTCs TOJIBKO B ¢aza. DTo MPUBOAUT K 0OpPa30BaAHUIO
KPYIHOT'O 3epHa.

B numanazone temnepatyp 660—700 °C nmpouCXOOUT paBHOE pacupelieieHue
KojmdecTBa o 1 B ¢a3. [[s Toro 4ToOs! 3auKCHpPOBATh HEOOXOAUMYO ABOMHYIO o +
[ 061acTh HEOOXOAMMO IPOBECTH JIOMOJHUTEIIbHYIO TEPMUUECKYIO 00padOTKY CIuIaBa
nipu 660—700 °C, a nponecc JanbHenIel MPOKATKY CIIJIaBa B JIUCTHI 1A€T BO3MOKHOCTh
MOJIYYUTh YJIbTPAMEIKO3EPHUCTYIO CTPYKTYpPY, Osarogapst KOTOPOW JTOCTUTAIOTCS
MOBBIIICHHBIE IPOYHOCTHBIE, INTACTUYHBIE U YCTAJIOCTHBIE CBOMCTBA. [Ipu nmoBbIeHn#
temriepaTypsbl ¢ 600 1o 800 °C xonudecTBO MOIMOICHA 1 BaHAUs B 3-(ha3e CHUKAETCS
¢ 14,3 no 5,0 macc. % u 12,6 go 5,0 macc. %.

BaxxupiM mapameTpoMm HpH cocTaBieHUH (a30BBIX AUArpaMMm SIBISIOTCA
TEMIIEPaTyphl JIUKBUAYCA U COJMIYyCa, KOTOPBIE MMOKAa3bIBAIOT TEMIIEpAaTypbl Havasa
U KOHIIa KPUCTA/UIM3ALUM, a TaKXKe TeMIepaTypbl MOIUMOP(HBIX MpEeBpalleHH,
OTIpeIeIIAIONIMEe OCHOBHBIE TEMIIEPATypPHBIE TapaMeTPhl TEPMOOOPAOOTKH.
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Tabnuua 4 — Temneparypa TUTAaHOBBIX CILIaBOB IIPU PABHOBECHOH KPUCTAJUIM3ALIUN

Cocras, Macc. % o o o o o
Al Mo v 7 T.,°C T,, °C AT, °C T\ °C AT, °C
2,5 5 5 0,5 1689 1548 141 1586 103
2,5 5 5 1 1686 1515 171 1554 132
2,5 5 5 1,5 1684 1481 203 1521 163

TL - paBHOBECHasd TEMIIEpaTypa JIMKBUAYCA; TS - paBHOBECHad TEMIIEpaTypa CoInayca;

T, - HEpaBHOBeCHas Temnepatypa mukBuyca; AT u AT, - pABHOBECHBII M HEPABHOBECHBIN HHTEPBAT
KpHCTaJUIU3aLUH

VYBenuueHue colepKaHUs LUPKOHHUS B CIJIaB€ NMPHUBOAMT K YMEHBIIEHHIO
TEMIIepaTyphl JIUKBUAYCAa U COIUAYCA, KaK BUIHO U3 TAOIHUIBl 4, HO MIPU 3TOM
PAaBHOBECHBINI U HEPAaBHOBECHBII TEMIEpPAaTypHbIH MHTEpPBAJ KPUCTAJIIN3ALUU
nossitaercs. Ciaen0BaTebHO, HEPABHOBECHAS! KPUCTAJUIM3ALMS OTPaHUYMBAETCS HA
YPOBHE HU3KHUX TEMIIEPATYp, B OTIIMYUE OT PABHOBECHBIX YCIOBHIA.

IIpoBenenHble Hccaeq0BaHUs O (a30BOM COCTaBE MPELU3HMOHHBIX TUTAHOBBIX
CIJIaBOB JAaIOT BO3MOXHOCTh HayYHO OOBSICHUTH BHIOOpP XMMHUYECKOTO COCTaBa,
TEMIIEpaTypHOT0 PeKUMa U yCI0BUN 00pabOTKH.

Nudopmanus o puHaHCHPOBAHUH

PaGoTa mpoBeseHa B paMkax IporpamMMmHo-LeneBoro ¢uxHancuposanus MPH
BR 18574219 «Pa3paboTka 3KOJIOTHYECKH O€30MaCHBIX TEXHOJOTHH MOTydeHHS
MHHOBALIMOHHOW MTPOLYKIMH U3 IPUPOJHOIO U TEXHOTEHHOTO ChIpbsi Kazaxcranay.

BoiBoabI

BBenenne nupKkoHus B THTAHOBBIN cIuTaB cuctemsl Ti-2,5A1-5Mo-5V B konnuectBe
1 % npuUBOIUT K 3HAUYUTETFHOMY H3MEHEHHIO (Da30BOTO COCTaBa.

[TonmurepmudeckuMu pacueTaMy OINPEAENIEH ONTHUMAJIbHBIN COCTaB TUTAHOBOTO
cmiaBa, Macc. %: 2,5 Al, 5 Mo, 5 V, 1 Zr, octanbHOE THUTaH. Y CTaHOBJICHO, YTO B
nuanasone temnepatyp 660—700 °C nporcxoauT paBHOE paclpeesieHne KOJIU4ecTBa
o 1 B ¢a3. s Toro 4ToObl 3aUKCUPOBATh HEOOXOUMYIO JIBOMHYIO o + 3 061acTh
HEO0OXO0JMMO MPOBECTH JOMOJIHUTENIBbHYI0 TEPMHUECKYI0 00pabOTKy cIjiaBa IpH
660-700 °C, a npouecc JanbHENUIIEH MPOKATKU CILJIaBa B JIUCTHI 1a€T BO3MOYKHOCTD
HOJIYYUTh YJIBTPAMEIKO3EPHUCTYIO CTPYKTYpY, OJlaroapsi KOTOpOl AOCTUTArOTCs
MOBBILIEHHBIE IIPOYHOCTHBIE, INIACTUYHBIE U YCTAJIOCTHBIE CBONCTBA.

IIpoBenenHble Hccae0BaHUs O (a30BOM COCTaBE MPELU3MOHHBIX TUTAHOBBIX
CIUJIaBOB JAalOT BO3MOXHOCTh HaYyYHO OOBSICHUTH BHIOOpP XMMHUYECKOTO COCTaBa,
TEMIIEPaTypHOTO PeKuUMa U yCI0BUN 00pabOTKH.
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TI-AL-MO-V-ZR KOIIKOMIIOHEHTTI ’)KYUECIHIH ®A3AJIBIK
JAUNATPAMMAUJIAPBIH KYPY )KOHE TEOPUSAJIBIK ECEIITEY

byn ocymvicma TCS Ti-and TiAl Alloys Datebase, Perpetual DSUNLL
5 Oepexxopvin natioarana omuwipoin, Thermo-Calc Perpetual sunll 2023a
bazoapramacvinvly Komezimen Zr opmypiai maccanvi % xocviiean Ti-2,5A1-5Mo-
SV owcylieciniy uzomepmMusiilK  JCoHe NONUMEPMUSLLIK  0onimOepi  ecenmenoi.
Ecenmey apxuvinvl cankvinoamy wapmol men Kypamwvina oaiianvicmol Ti-Al-Mo-
V-Zr omcytieciniy Kopwimnacvinvly azansvlk KypamulHbly o32epy Kopcemkiwimepi
anvikmanovl. Lupxkonuuoi Ti-2,5A1-5Mo-5V ocytiecinin muman Kopbimnacwvlua
1% momuepinoe enzizy hazanvlk Kypamuvly aumapivikmail eszepyine oKeneoi.
Lupxonutioiy az menwepimen jnecupieHeen Mmumar KOpubImMnaiapvl exi ¢hazaivl
eKxenoiel anblkmanovl, COHOLIKMAH YUPKOHULOTY Monwepin 1% - Oan dcosapwviiamy
Kucwvicewi3. Honumepmusnvix ecenmeyiep apKblivl MUMAaH KOPbIMNAacblHblY OYMatlivl
Kypamvl anbikmanovi macc.% : 2,5 Al, 5 Mo, 5 V, 1 Zr, kareanvt muman. Temnepamypa
660-700 °C apacwinoa o dicone f§ haszanap canvbiHbly MeH mapaiybl OPbIH AIANMbIHbL
anvikmanovl. Kasicemmi xoc o + f atimazvin 6eximy ywin kopeimnaust 660—-700 °C
memnepamypaoa KoCbLMua mepMusiivlK o40eyoi acypeizy Kascem, ai KOpblmnaHbsl
napakmapaa 00aH opi uiemoey npoyeci Yyibmpa ycax myuipuixmi KypbliblMObl
anyaa MymMKiHOIK 6epedi, COHbIH apKACLIHOA HCO2apbl OEPIKMIK, NAACMUKATIBIK HCOHE
wapway Kacuemmepine Kojl JHCemKizineoi.

Kinmmi  ce3dep:  Yaompaycaxmyuipwixmix, KapKbiHObI — NIACMUKATBIK
dehopmayus, KypwlaviM, HAHOOIUEMOED, CYNEPRAACTIUKA.
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THEORETICAL CALCULATIONS AND CONSTRUCTION OF PHASE
DIAGRAMS OF A MULTICOMPONENT TI-AL-MO-V-ZR SYSTEM
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In this work, isothermal and polythermal calculations of the system Ti-2.5A1-
SMo-5V with the addition of different wt.% Zr were carried out with the program
Thermo-Calc Perpetual SUNLL 2023a using the TCS Ti-and TiAl Alloys Datebase,
Perpetual DSUNLL 5. The phase composition change rates of the alloy of the Ti-
Al-Mo-V-Zr system alloy as a function of cooling condition and composition were
determined by calculation. Introduction of zirconium into the titanium alloy of the
Ti-2,541-5Mo-5V system in the amount of 1 % leads to a significant change in the
phase composition. It is established that titanium alloys alloyed with a small amount
of zirconium are two-phase, and in this connection it is irrational to increase the
content of zirconium above 1 %. Polythermal calculations determined the optimal
composition of titanium alloy, wt. %: 2,5 Al, 5 Mo, 5 V, 1Zr, the rest titanium. It was
found that in the temperature range of 660—700 °C there is an equal distribution of
the amount of o and f phases. In order to fix the necessary double a + [ region it
is necessary to carry out additional heat treatment of the alloy at 660700 °C, and
the process of further rolling of the alloy into sheets makes it possible to obtain
an ultrafine-grained structure, due to which increased strength, plastic and fatigue
properties are achieved.

Keywords: Ultra fine-grained, intense plastic deformation, structure, nanoscale,
superplasticity.
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ANALYSIS OF THE STRUCTURE OF INDUSTRIAL WASTE
USED TO CREATE NEW COMPOSITE MATERIALS

During the production of silicon, a significant amount of waste is generated,
namely micro- and nanosilica. Micro- and nanosilica, with its properties and
structure, immediately interested scientists in many countries from the point of view
of processing this material into a new product with unique functional properties. The
article presents the results of studies of waste from various industries — microsilica,
as a waste of silicon production, zinc ash — a waste of the hot-dip galvanizing process,
and abrasive powder — a waste of metal machining. To study waste from various
industries, the authors used the method of electron microscopy as the simplest and
fastest way to transmit information about the microstructure, elemental composition
and grain size distribution. A comparative analysis of the microstructures and
properties of these materials was carried out in order to better understand the nature
and predict the possibility of their further use as initial components for the production
of new composite materials.

Keywords: microsilica, zinc ash, microstructure, waste disposal, composite
material, properties of new materials.

Introduction

Characteristics of the objects of study. In the works [1], it was indicated that
microsilica is one of the most famous pozzolanic substances to date, which is actively
used in the construction industry; It is a fine gray dust with amorphous properties. It is
extracted from the exhaust gases of furnaces during the smelting of metallurgical silicon
and ferrosilicon. Microsilica, in contrast to traditional high-silica raw materials, such
as quartz sand, is a light, finely dispersed material consisting of the smallest spheres of
amorphous silica with particle sizes of 0.01-0.07 um [2].

Microsilica consists of the smallest conglomerates of dust particles with the
following diameter: — in an uncompacted state: 5 mm — 0%. The angle of repose of
compacted silica fume is 600. According to the results of studies by Russian and foreign
companies, the chemical composition of microsilica is as follows: Si0O,: 90-92 %; AL O,:
0.6-0.8%; Fe 0,: 0.4-0.7 %; CaO: 0.4-0.9 %; MgO: 0.8-1.0 %; Na,O: 0.6-0.8%; K,O:
1.2-1.4 %; C: 0.9-1.2 %; S: 0.2-0.3 %.

At the moment, the fields of application of microsilica as a hardening modifier in
the production of concrete [3, 4], as well as in the production of dry building mixes,
foam concrete, cement, ceramics, facing slabs, paving slabs, curbs, tiles, refractory
masses, rubber, coatings are known.
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Zinc ash (zinc slag) is the residue that forms in the galvanizing bath after hot dip
galvanization of steel. Table 1 shows the classic chemical composition of zinc ash.

Table 1 — Chemical composition of zinc burns

Element name Zn (0] C Si P S Cl
Element content, [%] 65,66 22,22 6,68 0,64 0,05 0,10 2,80

Element name K Ca Mn Fe Cu Al Pb
Element content, [%] 0,10 0,10 0,10 0,27 0,46 0,63 0,16

After galvanization, zinc ash is removed after each galvanizing cycle. It is known
that zinc ashes in the future in the form of powder or wire can be used in zinc sputtering
in order to obtain a protective layer to increase the service life of surfaces.

Cutting disc waste is abrasive particles lagging behind cutting or grinding wheels
during the cutting process, consisting of electrocorundum. Table 2 shows the classical
chemical composition of abrasive dust [5]. The composition of abrasive dust can be
simpler and consist of 80-90 % silicon dioxide and 20—10 % iron.

Table 2 — Chemical composition of abrasive dust

Component name Fe P As S Cu Si
Content, [%] 29,6 0,0075 0,000003 0,009 0,045 0,009
Component name Mn Ni Cr FeO ALO, C
Content, [%] 0,135 0,03 0,03 21,1501 48,9 0,03

Scrap metal recycling is of great economic and environmental importance. Taking
into account the modern industrial development of the world and the volumes of metal
involved in the sphere of industrial use, it becomes clear that the volume of metal and
the amount of scrap metal constantly entering the scrap is colossal. In many countries
of the world, technologies for the processing of metal production waste have existed
for more than a hundred years.

The main incentives for the processing of metal production waste:

— reducing the load on metal deposits, which are currently heavily depleted;

— improvement of the ecological situation;

— reduction of fuel volumes for obtaining the most important metals [6].

And the development of nanotechnology and the widespread use of nanomaterials
in various industries (electronics, medicine, plastic, ceramic, polymeric materials,
pigments and paint) allows us to count on their successful application in the construction
industry [7].

Material and research methods

1) zinc ash.

Closed-loop technology in which zinc ash from hot dip galvanization is recycled
and sprayed thinly onto steel products. This sustainable solution extends the life of the
surfaces by converting zinc ash into a valuable raw material.

When galvanizing every 1000 kg of steel products, 10.1 kg of hotzinc and 9.1 kg
of zinc ash are formed, which can be used in the manufacture of mixtures for applying
zinc coatings. RUE «Rechitsa hardware plant» (Belarus) produces 13 tons of hardzinc
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and about 8 tons of pussier per month. About 120 tons of zinc-containing wastes have
accumulated at the KONUS RDPP (Belarus). According to the authors of [7], the
development of a competitive galvanizing technology based on mixtures obtained from
zinc-containing waste will improve the quality of the coating and ensure the processing
of many tons of galvanizing waste.

The paper [8] considers the technology of zinc depletion in the composition of ash,
which is one of the main wastes of hot-dip galvanizing of metal products.

2) microsilica.

Currently, in addition to the natural forms of silicon dioxide, there are many synthetic
types. Amorphous (non-crystalline) silicon dioxide with a high specific surface area is
almost never found in nature in its pure form. Amorphous silicas, including nanosilicas
obtained from hydrothermal solutions, are finding new applications in the construction
industry. Thus, in [9, 10], the authors present a technology for the use of reactive Si02
nanoparticles as an additive for strengthening concrete instead of microsilica. The results
showed an increased strength of fine-grained concrete when using nanosilica, which is
explained by its smaller size, respectively, higher specific surface area of the particles.

3) abrasive cutting discs.

Abrasive materials come in many varieties, which is one of the reasons why so
much attention is paid to the disposal of abrasive materials. Abrasive materials are
divided by chemical composition, degree of hardness, size of the grinding grain. In
our time, these materials are produced and mined mainly synthetically, whereas in the
past natural abrasive materials were widely used. Disposal of abrasive materials can
be divided into two parts. This is the disposal of abrasive materials in the form of dust
and powder and the disposal of abrasive materials in the form of used abrasive wheels
and scrap from abrasive wheels. Abrasives are very hard materials used on a variety
of surfaces. Used for polishing, grinding, cutting, honing, superfinishing both metal
and other materials. The first type, in the form of powder and dust, is precisely what is
formed after all these types of processing. Disposal of abrasive materials is a necessary
measure resorted to by various factories and plants where all the treatments described
above take place [11].

The importance of abrasive powder in the field of abrasive blasting is constantly
increasing and today, it occupies a very high place. Leading companies in the field of
ACB use exactly abrasive powder - cooper slag, which is increasingly replacing other
types of abrasive materials and, above all, quartz sand (already banned for use by dry
cleaning). The consumption of abrasive powder is only increasing every year. Thus, in
2017 alone, the Karabash Abrasive Plant doubled its shipment compared to 2016 [12].

Scrap abrasive wheels represent a specific type of waste. Undoubtedly, even used
grinding materials are of interest to a certain category of entrepreneurs. A significant
share of the demand for abrasive waste falls on discs with a ceramic or bakelite base,
where the technology for separating grinding granules is well developed. Similar
requirements for a certain type of bond are often associated with the technology for
extracting grinding grain from waste products. For example, scrap abrasive wheels
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are often recycled by annealing or two-stage leaching, which effectively removes the
bakelite bond [13].

The Karabash Abrasive Plant LLC [12] offers a technology for using abrasive
waste for sandblasting, while only the fractional composition changes, while all other
properties remain the same. This method allows several times to reduce the cost of
disposal of abrasive powder waste, since there is no need to transport it to specially
prepared sites for the disposal of hazardous waste.

The paper [14] provides a technology for processing abrasive materials when
extracting conditioned abrasive materials, magnetic and non-magnetic metals, and
binders from abrasive production waste in order to increase their degree of extraction
and reduce processing costs. The method includes magnetic and electrostatic separation
at an electric field strength of 0.8-5.0 kV/cm and classification by grain composition.

Thus, as can be seen from the above literature review of the current state of the
problem of utilization and use of finely dispersed waste, the authors of this work see
great prospects for using production waste, taking into account their properties, structure,
and fineness, to obtain new composite nanomaterials.

Microsilica powder weighing 100 g was divided into fractions of 45-63 and less
than 45 em on an analytical laboratory sieving machine «Retsch AS200 control» [15].

Then, microsilica powder with fractions of 45—63 and less than 45 um was ground
in a high-speed ball mill by Emax in order to reach the nanoscale level. Grinding speed
1000 rpm, duration 1 hour.

The cutting disc waste and zinc ash were ground in a laboratory ball mill with a
duration of 20 min. Then the crushed powder of these materials was separated into a
fraction of less than 45 em on an analytical laboratory sieving machine «Retsch AS200
controly.

Results and discussion

Using a scanning electron microscope, the particles of the resulting sieved powders
of the starting materials were measured (figure 1).

Table 3 shows the average particle sizes of the powdered materials.

Table 3 — Particle size of powder materials

Parameter Values
SiO,, >45 um Si0,, 45-63 um ZnO disk waste
Average particle size, [nm?] 38300 175743 251853 166465
Maximum value, [nm?] 246076 371810 583748 219100
Minimum value, [nm?] 20741 157090 107219 82973
Takeoff run, [nm?] 225335 214720 476529 136127

As can be seen from the figure and table, the particle size of the components used
in the creation of new materials reaches the nanolevel. The microsilica particles of
fraction >45 pum (38300 nm?) have the smallest sizes, and zinc ash (251853 nm?) have
the largest values. The figure shows that the particles of the studied samples have
different geometric shapes and their bond nature. So, microsilica of both fractions has
a pronounced spherical shape, the particles themselves form conglomerates («cloudsy)

219



KA3AKCTAH FblllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.  Ne 4, 2023

of a dense structure, located separately from each other, consisting of many crystallites
of various sizes closely spaced to each other. Such a structure suggests that such a
substance has increased strength properties.

PhT=R0AN  Magy TR2ITKN Sgeslds SO0 2l 2021 r= ¥ Mage B4EKX Soaids st Dafe § Juf 2T
WO B3 1
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WO A Prs o 5 2108 Tims 11809 ,B W= AT - Pocie o = 3153 Feee 11T I,

Figure 1 — Microstructure of production waste: a — microsilica >45 em, 12370x;
b - microsilica 45-63 em, 6500x; ¢ — cutting disc waste, 5500x; d — zinc ash, 5440x

The waste of the cutting disc has crystallites of irregular geometrical, fragmentary
shape with sharp edges of various sizes and smooth walls. This suggests the presence
of a characteristic increased hardness combined with some brittleness of the ground
material. Also, a characteristic feature is the disparate relative position of the particles,
which indicates weak cohesive forces.

Waste particles from zinc ash are characterized by a distinct drop-shaped and/or
rounded structure. The particles have even smooth walls and are located close enough
to each other, which indicates an intermediate position of the specified material in terms
of strength properties in comparison with microsilica and cutting disc abrasive.

Determining the shape of particles seems to be one of the simplest and most
accessible characteristics of a material to a researcher. The shape of the particles
significantly affects the technological properties of the material and through them on
the density, strength and uniformity of the properties of the workpiece obtained from
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it. For example, the most durable products give particles of a dendritic shape, since
in this case, along with cohesive forces, there are purely mechanical causes: jamming
of particles, interweaving of protrusions and branches. The surface roughness of the
particles increases their excess energy, which subsequently accelerates the formation
of the properties of powder nanoproducts during sintering [16].

Conclusion

Thus, as can be seen from the nature of the mutual arrangement and geometry of the
structures of the powders under study, it is possible to grind microsilica to the smallest
particle sizes (to individual spheres), which is evidence of the greatest promise of this
material in the creation of new materials, including nanocomposites.
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'KAHA KOMIIO3UIHASIIIBIK MATEPHAJIIAP/BI
JKACAYJIA KOJJAHBLIATBIH OHEPKOCIITIK
KAJIBIKTAPIBIH KYPBLIBIMBIH TAJIJIAY

Kpemnuii  endipy kesinde KanObikmapOwvly e0oyip Mmemuepi, sieHu aman
AUmMKAHOa MUKPO- JICOHE HAHOCUTUKA nauda 60nadvl. Mukpo- dcone HAHOCUTUKA
O3IHIH KYPbLIbIMbL JHCOHE Kacuemmepi OOublHua Konmezen enoepoiy aaablMOapbit
ocvl mMamepuandvl bipezell QYHKYUOHANOLIK Kacuemmepi Oap dcana eHimee Kauma
onoey mypeviColHan OIpoer Kbi3blkmbulpobl. Byn maxanada spmypii cananapoasvl
Kanoblkmapoul 3epmmey Homudicenepi, sieHu MUKPOKPEMHe3eM - KPeMHUL OHOIPICIHIH
KanObIKMapbl, MbIpblild Kyl — bICIMbLK MbIPIUMAY NPOYECIHIY KATOIKMAPbl HCOHE
abpasuemi yHmax — Memandapobl MeXaHuKaivlk OHOey KalOoblKmapvl peminoe
s3epmmeyaepoiy Homudicenepi Keamipiieen. Op mypii cananiapoazsl KaioblKmapovl
3epmmey YWiH agmopaap 31eKmpOHObl MUKPOCKONUS 90ICIH MUKPOKYDLLILIMObI,
NEeMEHMMIK Kypamobl HcoHe Myip MoIuepin mapaiy mypdaisl aknapammel 6epyoiy
eH OHAUl JCoHe JHCLLIOAM 90ici peminde Koaoanowl. Tabusamoin mepenipex myciny
JICOHE ONAPOaH HCAHA KOMNOZUYUSIBIK Mamepuanioaposbl 6HOIpyOiH 6acmankul
KOMROHewmmepi peminoe 00au opi KONOAHY MYMKIHOIZIH OOMcay MAaKcamvlHOd
amanzan mMamepuanoaposbly MUKpPOKYPbLIbIMbL MEH Kacuemmepine CaiblCmblpmMansl
manoay Hcypeizinoi.

Kinmmi  ce3dep:  Muxpoxpemmesem,  MUKPOCUNUKA, — MuIpblul  KyJi,
MUKDOKYPULIbLIM, KATOLIKMApObl Kodeze dicapamy, KOMHOZUYUSIbIK Mamepuar,
AHCana Mamepuanoapobly Kacuemmepi.
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AHAJIN3 CTPOEHUSA ITPOMBIIIVIEHHBIX OTXO1OB,
HNCHHOJIB3YEMBIX ITPU CO3JAHUUN HOBbIX
KOMIIO3UIIMOHHBIX MATEPHUAJIOB

Ipu npouszeodcmee Kpemmuus 00pa3yemcs SHAYUMeIbHOe KOIUYECTNE0 OMX0008,
a UMeHHO MUKpO- U Hanocuiuxa. Mukpo- u HAHOCUNUKA CBOUMU CEOUCMBAMU
U CMpYKmypou cpaszy 3auHmepeco8asl YYeHbIX MHOSUX CMpaH C MOYKU 3peHus
nepepabomKu 3mMo20 Mamepuaid 8 HOGulll NPOOYKm, 001A0AIOWUL YHUKATLHLIMU
yHKYUOHATLHBIMU C8OliIcMEaMU. B cmambe npusedenvt pe3ynvmamul Ucciedo8anull
OMX0008 pAaA3IUUHbIX OmMpAciell NPOMbIUIEHHOCMU — MUKPOKpeMHe3eMa, Kak
0mMxX00a KPeMHUe8020 NPoU3800CMEd, U32apu YUHKA — 0mxo0a npoyecca 2opsayezo
OYUHKOBAHUSL U AOPA3UBHDBILL NOPOUWOK — OMX00d MeXAHUueckou obpabomxu
Memannos. [ns uccie0oganus 0mxo008 pasiuyHblX OMpacield npoMbluLIeHHOCHU
ABMOPHI UCNOABLIOBATU MEMOO INEKMPOHHOU MUKPOCKONUU, KaK Hauboiee npocmou
u bvicmpbill cnocob nepedayu UHGOpMAYUU O MUKPOCMPYKIMYpe, dNeMEHMHOM
cocmase u pacnpeodenenue no pasmepam 3epen. llpoeeden cpagnumenvHvlil aHAIU3
MUKPOCIPYKIMYP U C8OUCME VKA3AHHBIX MAMEPUAnos ¢ yevio Oonee 21yooKkoeo
NOHUMAHUSL NPUPOOBL U NPOSHO3A BO3MONCHOCU UX OATbHeuulec0 NpuMeHenus 6
Kayecmee UCXOOHBIX KOMNOHEHMO8 OJi NPOU3800CMEA HOBbIX KOMHOZUYUOHHBIX
MAmepuanos.

Kntouegvie  cnosa:  mMukpoxkpemnezem,  MUKPOCUNUKA, — U32aApb  YUHKA,
MUKPOCIMPYKIMYPA, YIMUIUZAYUS OMX0008, KOMNOZUYUOHHBIL Mamepual, c8oucmesa
HOBBIX MAMEPUAILOS.
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PONDERING THE CHOICE OF PCM AND MATHEMATICAL
MODEL IN AUTOMOTIVE LHTS

Phase change materials are latent heat storage materials. As the source
temperature rises, the chemical bonds within the PCM break up as the material
changes phase. Upon storing heat in the storage material, the material begins to melt
when the phase change temperature is reached. The temperature then stays constant
until the melting process is finished. The heat stored during the phase change process
of the material is called latent heat.

Ideally, automotive engine cooling is undesirable from the thermodynamic point
of view. If the heat transfer rates from the gas to metal could be reduced, then more
power could be produced at a particular fuel flow rate, i.e. the thermal efficiency of
the engine would increase. Also the heat removed out via radiator could be reduced
and hence smaller radiator size. That is why powertrain thermal management is
extremely necessary for good engine reliability and durability with a compromise of
the thermal efficiency.

One of the most technically and commercially available options for this is the
use of latent heat thermal energy storage system. Despite the fact that there are
numerous works and reviews covering this topic, the author hopes to draw attention
to some aspects of the choice of material and mathematical model for such systems.

Keywords: phase-change materials, latent heat, energy storage systems, thermal
conductivity, thermo-physical properties, kinetic properties.

Introduction

Phase-change materials (PCM) are latent heat storage materials. When the source
temperature increases, the chemical bonds in the PCM break up as the material transitions
from solid to liquid (as is the case with solid-liquid PCMs, which are particularly relevant
to the author’s thesis.). The phase change is a heat-seeking (endothermic) process and
therefore, the PCM absorbs heat. As heat is stored in the storage material, it melts at the
phase change temperature, and until the melting process is complete, the temperature
remains constant. Latent heat is the heat that remains after the material undergoes phase
change (melting process) [1].

Changing the internal energy of a material can result in the storage of thermal energy,
such as sensible heat, latent heat, and thermo-chemical heat, or a combination of them.
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In sensible heat storage (SHS), raising the temperature of a solid or liquid is how thermal
energy can be stored. During the process of charging and discharging, SHS systems
make use of the material’s heat capacity and temperature change. The heat stored is
determined by the medium’s specific heat, temperature changes, and storage material.

Latent heat storage (LHS) involves heat absorption or release when a storage material
changes from solid to liquid, liquid to gas, or vice-versa. Latent heat thermal energy
storage is a particularly attractive technique for thermal heat storage due to its ability to
provide high energy storage density and its ability to store heat at constant temperature
corresponding to the phase transition temperature of the PCM.

On the other hand, automotive ICEs are arguably the most widely used power
generators. The efficiency of these systems is unimpressive, using only one-third of
the input energy for propulsion. The coolant and exhaust streams both release energy
into the environment in similar amounts [2]. Waste heat recovery from automotive
systems is essential because there is no alternative to these ubiquitous individual power
generation systems.

The use of thermal energy storage is advantageous in recovering heat from a waste
stream that can be stored as latent heat in thermal energy storages (LHTS). Phase change
materials are used as storage media in LHTS units, resulting in much higher energy
storage capacities. Latent energy storage is facilitated by a phase change process that
has an approximative isothermal behavior. The commercial usage of LHTS is still
limited to sensible heat storages due to low charging and discharging heat rates, and
poor thermal conductivity of the phase change material, resulting in start-up times that
are impractical. Also, during phase transition, the solid-liquid interface moves away
from the convective heat transfer surface, leading to an increase in thermal resistance
through the solidified/melted layer.

The choice of a suitable material for the development of a LHTS-based device that
facilitates starting a car engine in cold conditions, as well as the selection of an optimal
mathematical calculation model, form the subject of this scientific article.

Materials and methods

When a PCM absorbs heat, it undergoes sensible heat storage until it reaches its
fusion temperature, and any additional heat it absorbs is converted to latent heat for
phase change.

One of the major criteria in the design of heat recovery system is the proper selection
of material with optimum conditions. The extraction of heat and its storage could be
achieved either by embedding the heat exchanger coil surface inside the storage tank
where the storage material is present and allowed to pass through the warm water
through the heat exchanger coil or providing a separate heat exchanger through which
heat transferring fluid is circulated to extract heat [3].

The first step should be the selection of the PCM based on the desired melting
temperature. Melting temperatures between 15 °C and 90 °C can be applied for heat
leveling applications. Secondly, the selected PCM needs to present desirable thermo-
physical, chemical and kinetic properties [4]. The PCM should demonstrate the congruent
melting for a constant storage capacity of the material with each solidifying/liquefying
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cycle as well as the high latent heat of fusion per unit volume in order to limit the
required volume of the container to store the given amount of energy, while not failing
to provide significant heat storage. Desired kinetic properties include high nucleating
rate and high rate of crystal growth thus avoiding supercoolant of the liquid phase.
The material as a chemical substance should perform reversible solidifying/liquefying
cycles, do not degrade after a large number of aforementioned transformations and do
not corrode the construction material either of its own container or the vehicle.

To make a meanwhile conclusion, one can say that while selecting a suitable PCM,
the criteria should go as following: high latent heat of phase change, appropriate of
the working temperature range, high thermal conductivity at solid state, high specific
heat capacity at liquid state, good chemical stability and low vapor pressure at working
temperature ranges, high density, inflammability, little volume variation during
solidification, minimum thermal storing losses, environment friendly and reasonable
price [5].

Results and discussions

For the low-temperature range the following PCMs are the most useful (names
in brackets are given according to IUPAC nomenclature, and not trade and other
commercial names): Na,CO;, -12H,0 (sodium carbonate dodecahydrate), NaCH, (sodium
monomethyl), CaO - 3H,0 (calcium oxide trihydrate), NaOH -H,O (sodium hydroxide
hydrate), Ba(OH), -8H,0O (barium hydroxide octahydrate), LINO, :3H,O (lithium nitrate
trihydrate) [5, 6, 7].

Thermal energy stored by thermal energy storage device can also be increased with
using different PCM’s having high heat of fusion. For heavy duty engine, thermal energy
can be increased with increasing dimensions of thermal energy storage device [8].

Thermal energy storages using PCMs with the low thermal conductivity necessitate
careful design to ensure complete melting within a desired time by choosing suitable
physical geometry and dimensions. The first prototype can be developed once the most
suitable PCM and proper heat exchanger are identified with potential enhancement
techniques, and following stage is to numerically analyze and evaluate the prototype.
The mathematical methodology should be the first step to present the melting and
solidification behavior of PCM in theory.

The storage capacity of the thermal energy storage device depends on both sensible
heat storage and latent heat storage. In the sensible heat storage, the energy is stored as the
temperature of the storage material increases while the energy stored when a substance
changes from one phase to another in the latent heat storage. The total amount of energy
(Qstored) stored by the storage material can be calculated by following equation:

Qstored =m [f;l Cps(T)dT + L+ f;f CpI(T)dT]’ (1)

i
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where m is the mass of material, kg;
¢, 1s the specific heat of material in solid phase, J/(kg-K);
c,,1s the specific heat of material in liquid phase, J/(kg-K);
L is the latent heat of solid-liquid phase change, J;
T is the initial temperature of solid state, K;
T, is the temperature of solid-liquid phase change, K;
T, is the final temperature of liquid state, K.

The essential feature of the enthalpy technique [9] for convection/diffusion phase
change is the latent-heat source term treatment, in the energy equation. In a system
which is undergoing a change of phase under heat transfer the total enthalpy, H, may
be expressed as

H=h+AH, (2)

where / is the sensible enthalpy, J;

AH is the latent heat, J.
Latent heat storage (LHS) is based on the heat absorption or release when a storage
material undergoes a phase change from solid to liquid or liquid to gas or vice—versa.
The storage capacity of the LHS system with a PCM medium is given by

,
Q = mayAhy, + [ mCydT + [} mC,ydt =

3
m| Ay, + Cop(Tyy — T + Cpp(Tr — Ty |- )

where m is the mass of heat storage medium, kg;
a_ is the fraction melted,
Ah s the heat of fusion, kJ/kg;
Cpis the specific heat, kJ/kg-K;
C, is the average specific heat between T’ and T , kJ/kg'K;
T is the melting temperature, K;
T is the initial temperature, K;
C, is the average specific heat between 7' and T, kJ/kg-K;

Tfis the final temperature, K.
However, only a portion of stored thermal energy is available as useful heating.
The rest of the energy is dissipated through the thermal losses. The useful heat (Q
which is necessary for the heating of the engine over a temperature AT is determined as

Quseful = X AT, (4)
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where ¢, is the specific heat of the engine components, J/(kg-K);
m_ is the mass of the engine components, kg [6].

Pure substances have a single temperature of solidification, In the opposite
situation, solidification occurs at different temperatures, leading to a two-phase zone
(a «mushy region») [10] between the solid and liquid zones. In this latter case, it is
appropriate to consider the energy equation in terms of enthalpy for the advective
movements (it should be noted that although in fluid mechanics the term convection is
often used as a synonym instead of the term «advection», many authors and engineers
try to use the word «convection» to describe transport through molecular and eddy
diffusion, while «advection» denotes the overall flow of fluid [in a pipe or channel]).

The solution of this equation problem requires knowledge of the enthalpy—
temperature functional dependency. Similarly, it is necessary to know the function
relating the thermal conductivity and the temperature.

The main advantages of this method are that the equation is directly applicable
to the three phases, the temperature is determined at each point and the value of the
thermo-physical properties can be evaluated, and finally, according to the temperature
field, it is possible to ascertain the position of the two boundaries if so desired, although
as indicated above this is not necessary.

Conclusions

Latent heat storage system is a good device, which offers the following benefits:

— higher heat capacity;

— isothermal charging and discharging;

— variation in the surface heat transfer rate due to poor thermal conductivity of
phase change material is minimized;

— compact size;

— economical operation.

If all the conditions for a competent and rational choice of material for the latent
heat accumulation system are met, mathematical calculations show the following:

1. Regardless of load conditions, the effectiveness of these systems reaches its peak
at the end of the charging process.

2. The system is capable of recovering nearly fifteen hundredths of total heat that
would otherwise be wasted in the atmosphere.

3. By lowering the temperature of the heat transfer fluid below 90 °C, heat can be
extracted more efficiently.

4. Heat is transferred in the axial direction of the storage tank by conduction due to
the presence of the container and the high conductivity storage wall, thus, no stratification
and a temperature that is almost uniform throughout the tank are observed.

Both the charging rate and charging efficiency are very high at higher load and
they decrease with respect to load, as seen on Fig. 1. In order to recover the maximum
amount of heat, a cascaded latent heat storage system with multiple PCM is suggested
and this concept is presently under investigation.
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Figure 1 — Phase change enthalpy (in kJ kg °C™")
for different phase change materials.

At higher load, both the charging rate and charging efficiency are very high, but
they decrease depending on the load. To maximize heat recovery, a latent heat storage
system with multiple PCM can being suggested, and this concept is of a significant
interest to explore further.
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ABTOKOJIIKTIH )KACBIPBIH )KBLTY CAKTAY )KYHECI
YIHITH ®A3AJIBIK O3I'EPTY MATEPHAJIbBI
KIOHE MATEMATHUKAJIBIK MOJEJIIH TAHIAAY

Dazanvik ayvblCnanibl MamepuaIoap HACbIPbIH HCbLIY CAKMAUMbIH MAMepualiap
bonvin  mabwiiaovl. Kezoiy memnepamypacel KemepineeH CaiiblH, Mamepuan
(aszacel e32epeen kezde hazanvlK aybiCnaibl MAmMepuanlodp imiHoe2i XuMUsiblK
batinanvicmap  y3inedi. Mamepuanvina JcblIyIbl  HcemKIi3y CAKmai Omuipbin,
azanviy 632epyi memnepamypacvlna dcemrkernoe mamepuai epu bacmatiovl. Cooan
Kellin memnepamypa OAiKblmy npoyeci aakmaneaHula mypakmel 60abin Kauaobl.
Mamepuanowiy gazanvix e32epy npoyecinoe HUHAKMAN2AH HCBLLY HCACHIPUIH HCHLLY
den amanaowl.

Ex Oypuicyl, agmokenix MOMopviH CankblHOAmy mepmoOUHAMUKATbIK MYP2blOaH
Kaosicem emec. Eeep eazoan memanza jicoliy Oepy AHCblIOAMObIZbIH MOMEHOenyee
bonamuin 601aca, onoa 6eneini 6ip OMbIH A2LIHLL JHCLIIOAMObIZLIHOA KOOIPEK Kyam
6HOIpy2e OONA0bL, s2HU KO32AIMKbIUWMbIH Jicblly muimoiniei apmaowi. Conoati-ax,
Paouamop apxblibl WbI2APLUIAMbIH JHCLLIYObL asaimyed, OeMeK, paouamopobly
oemuemin azatimyea 601a0vl. COHObIKMAH KO32ANMKbIUMbIY JHCAKCHL CEHIMOLNiel
MeH JHCHLLY MUIMOINiciH meMeHOememin Y3aK Mep3imoiniel yuin Kyam O102biHbIH
JACHLIYBIH OACKapy ome Kajcen.

Byn ywin mexnuxanvix dcone KOMMEPYUSIbIK KO JHCemimOi HYCKAAapowly 0ipi
HCACHIPBLH IHCBLILY HCBLILY IHEPSUSICHIH CAKMAY HCYUeCiH natoanany 60avin madwvliaouwl.
Ocbl MaKpipblnmvl KAMMUMbIH KONME2EeH HCYMbICIAP MEeH WOoNYaap 0ap eKeHine
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Kapamacma, agmop MyHoatl jcytienep yYuin Mamepuaniovl HeoHe MamemMamuKaibliK
MO0enbOi maydayovly Kelhip acnekminepine Hazap ayoapyea yMimmeHneoi.

Kinmmi ce30ep.: ¢hazanvix ayvicnanwl mamepuandap, HCACbIPpblH  JiCbLLY,
SHepeus cakmay icytienepi, JHcblly OmKI3eIWmiK, mepmouuKanivly Kacuemmep,
KUHEeMUKALIK Kacuemmep.

*B. C. Ecaynkoé', X. Maxkamog®

'TopaiireipoB YHuBepcutet, Pecniyonuka Kazaxcran, r. [1aBnoxap
*Yuusepcuter HoprymOpus, BenmukoOpuranusi, r. Hetokac-amnon-TaiiH
[Tpunsto x nznanuto 07.12.23.

BbIBOP INOAXOJAIIEI'O MATEPHUAJIA C ®A30BBIM IIEPEXO/I0OM U
MATEMATHYECKOM MOJEJIH IJ51 ABTOMOBHUJIBHOM CUCTEMBI
AKKYMYJIMPOBAHUS JIATEHTHOM TEILIOTHI

Mamepuanvi ¢ hazosvim nepexodom (MPII) akkymyaupyiom cKpulmyro meniomy.
1o mepe nogviuienus memnepamypvl UCOYHUKA MENia XUMUYECKUe CE:3U HYMpU
M®II paspywaromes, noCKoIbKY umeem mecmo ¢azoswiti nepexoo. llpu coxpanenuu
Meniono0800a MAmepual HavuHaem Nadsumscs N0 OOCHUNCEHUIO MEeMNEePamypbl
@azoeozo nepexoda. 3amem memnepamypa OCmaemcsi NOCMOAHHON 00 mex nop,
noKa npoyecc niasienus He sagepuumces. Tenno, 3anacaemoe 6 npoyecce azo8020
nepexooa Mamepuand, Ha3vl8aemcs CKpblmotl meniomoil.

B uoeane oxnasxcoenue agmomoOunbHO20 O8UCAMEN  HENHCENAMENLHO C
MePMOOUHAMUYECKOU TOYKU 3penust. Ecau 6bl MOJCHO ObLIO CHUBUMb CKOPOCHb
menionepeoayu om MOnIUSHBIX NAPOE K MEMAILLY, MO NPU ONPEOeieHHOM Pacxooe
monausa mennogoti KII/{ osueamens ysenuuuncs 6v1. OOHAKO MONCHO YMEHLUUMD
menio, omeooumoe uepe3 paouamop, u, Cie008amenbHO, YMEHbUWUMb pazmep
paouamopa. [losmomy ynpasnenue memnepamypHuLM PerCUMOM CULOBOU YCIMAHOBK
KpatiHe Heobdxo0umo 0Jist 00ecneyeHust HA0ENCHOCMU U 00208EYHOCU OBUSAMENSL .

O0un u3 naubonee 00CMYNHbIX MEXHUYECKU U KOMMEPYECKU 6APUAHMOB PeueHUs
OaHHOU NpoOIeMbl — 2O NPUMEHEHUe CUCTeM AKKYMYIUPOBAHUsL JAMEeHIMHOU
meniomul. Hecmompsi Ha mo, umo cywecmsyom MHO20UUCTeHHble padomuvl U
0030pbl, 3ampazusarowue 9my MmemMamuxy, demop Haoeemcs oopamums GHUMAHUe
Ha HeKOmopble ACNeKmvl 6bl0opa Mamepuala u pacyémuol Mamemamuyeckou
MoOenu OJisk MAKUX CUCTEM.

Kniouesvie cnosa: mamepuanvt ¢ (hazoevim nepexo0om, CKpblmas meniomd,
cucmemvl HAKONJEHUs. SHEPeUL, MEeNI1onPOBOOHOCHb, MENIoPU3UUecKUe C8OUCMEd,
KuHemuuecKue c8olcmad.
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KAJIAJIbIK >KOJTAYLLIBITIAP KOJIIr'l X>X¥MbICbIHbBIH TUIMAITITIH
APTTbIPY MO CEJIECIHIH XXAU-KYUIH 3EPTTEY

Asmobyc HcolIdHCHIMANbL KYyPaMbl KALALbIK HCOLAYUBLIAD KO2AMOIK KOiciHIHY
ey Kapanavvim mypi. On apuaiivl KOiK KypbliebliapblHa (Oatlianvlc oiceninepi,
9JIEKMP IHEPSUACHIMEH HCADOLIKMAY2a APHANSAH KYPbLIZbLIAD, PEeNbC HCONOapbl)
aumapaelKmail wsl2blHOapowvl Kadicem emneloi, Koaikmi natoananyaa bepy mep3imi
as, mapupymmapowl sxcedell o32epmyee O01a0bl, OIPAHCON2bL KANCEMMILIKMep YU
YAKeH Kejemoezi macviManoayovl me3 yublmMoacmipyea 0a MYMKIHOIK Oepeoi.
¥cvinvinzan makanaoa Kazaxcmarnuviy Oec ipi KanacvlHoa asmo0ycmapobly Hcannail
ACONAVULBLIAD MACHIMATLIHA KAMBICYbIHA MA0AY HCypei3indi, conoau-ax Acmana
KanacvblHOa mypaxmol HCONAYUbLIAP MACBLMATbIHbLY HCAU-KYUI CUNAmmainobl.

Kananoiy  oiconaywvinap  keniei  ocylieciniy  muimoinicine ocep ememin
Hezizel Kepcemxiwmepi KeamipineeH. MKbLIdiCbIMAIbL KYypam NApKiH Nauoaiany
Kepcemkiwmepiniy ecebin keseH iwiHoe emec, Oip KyH OOAIHICIHOe dHCyp2i3yOiH
OPBIHOBLIbIZbL HEe2I30e2¢CH.

Counvimen kamap, Acmana xanracvinoiy Nel Asmonapkinoe Kblsmem Kepcememin
HCHUINCHIMANBL KYPaM Jiceniniepi OotblHua Kanauwix stcorayuviiap keniciniy (KXKK)
arcymuicul 3epmmenoi socone KIKK-0e aconayuviiap macblmanoaybii canaivl mypoe
ylbLmoacmulpyaa coil agmooycmapovly Mep3iMineH OYPulH CbIHbIN KALYbIHAH JICOHE
bacmol  Kypolisbliap MeH mopanmapobly ICMeH Wbl2yblHaH 0d MYbIHOAUMbIH
MOKmMan Kauxyiap aumapiviKmail ocep ememini aHblKmaiobl.

Omanovly, ~ a8MoOHEepKaCin - Ha20aublHOA  JHCOHOEY-KAINbIHA — KeAmipy
ACYMBICIAPBIH OPLIHOAY JHCOHE HCYMBICIbIY YUBIMOACMBIPY CANACLIH 3epmmey
MeH 3epoeney Kaxcemminiel anvlkmanowvl. Cebebi Oy KaNaHbIH HCONAYUbLIAD KOAi2l
arcytieciniy muimoinieine mixkenetl ocep emeoi.

Kinmmi ce30ep: agmobyc, Kaianvlk sHconayubliap macblMaibl, HCbLIHCLIMATbL
KYpam, napkmiy mMexHUuKaivlk KOpCemKiumepi, JCoLINCHIMANIbL Kypam pe3epéi,
HCOHOCY-KANNBIHA KEeMIP).
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Kipicne

Ipi enai MekeHZep MEH Kajajap camajibl KeJliK HHPPaKypPbUIBIMBIHBIH KaJIbIIIThI
KYMBIC ICTEYIH Tajam eTeTiH KypJeini xyihe 6ombin Tadbutazgs [1,2,3]. Kyn caiibin
YJIKEeH KajalxapAblH TYPFBIHJAAPHI TYPFBUIBIKTHI )KEpiHEH €HOEK KOJIIaHbLIAThIH
Kepre aybIcajbl, COHai-aK 0acka xepiepre (MOACHU-TYPMBICTHIK KbI3MET KOPCETY
OpBIHZIAPBl MEH JIeMaJIbIC OpBIHAAphl) Oapaabl. OJeTTe, Kaja TYPFhIHAAphl 2—3 KM-
JICH acTaM, aJl Keiae 1 KM-JeH acTaM KO3FaJIbICThl aBTOKOIIIKIICH, KOOIHECe JKallIbIFa
OpTaK MaianaHbUIaThIH Kalanblk sxonaybuiap kemirived (KXXK) xxypeni. Kazakcran
KajajapblH/la KOJaylbUlap TackbiMalbl 0acklM TYpJEe aBTOMOOMIb KeJiriMeH
(aBTOOYCTapMeH, 31eKTPOOYCTapMEH KOHE aBTOKOJIIK-TAKCHMEH ) KY3€Te achIpbLIa/Ibl.
Anmartsl Kanaceiaga KXKK-ne 6yran Koca penbeTi kenik (MeTpo) Kipeai. A [laBnoxaap,
OckemeH xoHe Temipray Kananapeiaaa KXKK-ne TpamBaii na kipeni. Kanran kananapia
TEK YKOJICBI3 KOJIiK (aBTOOYCTap MEH IEKTpoOycTap).

Kasipri ke3zne, Kazakcran KananapbIHa TYpaKThl )KOJIAYILIbLIAP TACKIMAIIBIH JKY3€Te
achIPaThIH KOJIIKTIH Heri3ri Typi aBTo0yc Ooubin Tadbuiaabl. Erep 500 MpiHHAH actam
xasKel 0ap KazakcTaHHbIH 5 ipi KaslanapbIH/a )KoIayIbliap TAChIMAJIbIH KapacThIPaThIH
Ooicak, kenecineid aknmapaT amaMbi3. 2023 KBUIFBI aKllaH albIHAAFbl CTATUCTHKA
nepekTepi 6oiibiHma [4] Actana KanaceiHaa KyH caiibiH KXKK-zae (sFau aBT0O0yCcTapmMen
xoHe 3M1ekTpodycrapmen) S00 MbIH jkosaymibsl TackiMasigana sl (Oip aiiga 14,3 miH.)
(KaylagaFsl JKOJIayIIblIap TaChIMANIBIHBIH OapibIK kejeMiHiH 99, 3 %). An TakcumeH
KyHiHe 3,5 MbIH xosayibl (alibiHa 100 MBIH KOJIayIIbl) TaChIMANIaHAIbI.

OceiFan yKkcac KyH caiibiH Ka3zakcTaHHBIH 06acka TepT ipi Kajackl OOWBIHIIA
aBTOOyCTapMeH oJlaylibuiap TackiMannanaasl: Anmatsiga — 1077 meie (83 %),
[emmkenTTe — 258 MbIH (99 %), Aktebene — 157 mbiH (92 %), Kaparanasiga — 329
MbIH (99 %) xonayuibuiap.

1 xecrene 2023 xputrbl aknangarsl K)XKK-MeH TaceiManjanFaH skoiayubliap CaHbl
TypaJibl MAJIIMETTEP KENTIPireH.

Kecte 1 — 2023 sxpurrbl aknangarsl KXKK-MeH Tacbimanjanras sxonayuisliap CaHsl,
MBIH ajJiaM [4]

E:;I; KTYpi/ Anmatsl Acrana HIbIMKeHT Akrebe Kaparan bt
ABT00YyC 30181 | 83% 14294 99% | 7226 | 99% | 4394 | 92% 9204 99%
Metpo 2 087 6% 0 0 0 0 0 0 0 0
TpamBaii 0 0,00 0 0 0 0 0 0 0 0
Tponneiidyc 3187 8% 0 0 0 0 0 0 0 0
ABTOKOITIK-

TaKCH 936 3% 105 1% 78 1% 390 8% 61 1%
BapJibirbl 36391 | 100% | 14399 | 100% | 7304 | 100% | 4784 | 100% | 9265 100%

XKorapeina kentipinren manimerrep KXKT-narsl aBToOycTapablH YIKEH
MaHBI3JIBUTBIFBIH KOpceTei, TackiMaiaay keneminidg 90 %-maH actambl (AMaThl
KaJIaChIHAaH 0acKa) aBTOOyCTapFa THECLI.
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Marepunangap MeH aaicrep

Tuimainik OOHbIHIIA KPUTEPH] TEK KOJIIKKE FaHa THecUIl ekeHi Oenrini, Oy
JIereHIMI3 KeJIiK XKeJiCiHIH e3apa OaillaHbICYbl MEH 9PEKETTECYiHIH TOJIBIK XKYyHeci
KOPIHETIH alMaKTaFbl KOJIK KbI3METIHIH CalalbIK-CaHAbIK HBICAHBIH Olipenl [5].

Kasipri yakpITTa *O0JayIbuiap KeJiri *KyMBICBIHBIH THIMJILTITT KOPCeTKIILTePiHIH
JKaNmblFa OipjJed TaHBUIFAH Ti3iMi JKOK. Alaiijia, Kem >karaaiia >KoJayibuiap
KOCIMOPHBIHBIH TMaiijalaHy KbI3METiIHIH JKalINbIJIaHFAaH KepCceTKimTepiHiy Oipi
TackIMaliZiay KYHbI O0JbI Tabbutazpl. TackiManiay KyHbI KeJliK-KMUJIOMETpre Hemece
KOJIayIIbI-KMUJIOMETPre aKianai KaTbIHacTa KepceTiayl MyMKiH [5]. bipax Oy sxemie
KYMBIC icTeTiH >kbUDKbIMaIBI KypaM (JKK) mapkiniy 6ip 6esirine Fana kaTbIcThl. JKK
napKiHiH KaJiFaH OeliriH ecenke any ymriH uHBeHTapbIK JKK-HbIH (KOCITOPHIHIAFEI
6apubik JKK) maiinanany 1opexeci eckepy Kaxer.

Keuik xylieci KanpllTacCKaH Kajla YIIiH COJI KeJIK )KYHEeCiHIH THIMIUIIriHEe acep
€TETIH HEeTi3r1 KOpCeTKIITepre MbIHANAP KAaTKbI3BUTYBI Kepek [S]:

— TEXHUKAJIBIK-9KOHOMHUKAJIBIK;

— TEXHUKAaJbIK-T1ali1aJIaHy;

— JKOJIayIIBUIAPFa KbI3MET KOPCETY Carachl;

— YHBIMIACTBIPY-TEXHUKAIBIK;

— OH/IIPICTIK JKOHE TYPMBICTHIK.

1 cyperTe Kasa GOMBIHILIA KOTIK )KYHECIHIH THIMUTIK KOPCETKIIITEPiHIH KYPhLUIBIMBI
KenTipinareH [5].

ABTOKOJTIK KOCITOPHBIHBIH XXYMBICHIH KOCTIapJIay >koHe Tanaay yiriH, KK kyMbIChIH
€cerke ajy YIIiH Ji¢ aBTOMOOMWJIb KOJITiHIH JKbUDKbIMAJbl KYpaMbIH IMaiagany
KOPCETKIMTEPI KONAAHAABI, MBICANIBI, TEXHUKAIBIK NalbIHIBIK KOA(hHUIIUEHTI,
Oip KoJIFa aBTOKOIIKTep.i IMbIFapy Ko3((UIMEHTI, aBTOKOIIKTEpAl naigagany
koddurmenti [6,7,8,9].

ABToOycTapablH pe3epBi An maijganaHyra TeXHUKaNbIK aaiibiH JKK mapkiHig
Am KoHe A XKeJliciH/e maligalaHbUIaThlH MapPKTIH albIpMAIIBIIBIFEl PETIH/IE
KaJIBIITACTBIPBIIA/IbL:

AH:ATH-AH
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KanaHblH Kenik }yneci
TUIMAINITIHIH KepceTKiWTepi
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| | [ [ |
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Cypet 1 — KanansIH KeJliK )KYHECIHIH THIMALTIK KOPCETKIIITEPiHIH KYPhUTBIMBI

KbUDKBIMATBl KypPaMHBIH TEXHUKAJBIK KapaMJbl Kyie 00ybiHa OalTaHBICTHI
ABTOKOJTIK-KYHJIEP CaHBI KAJIbI aBTOKOTIK-KYHJIEP CAHBIHBIH KAThIHACHI TEXHUKAJIBIK
JTAUBIHIBIK KO3 PUITMCHTI e aTaaaibl.

o, = AKM/AK)K

ATtanran ko3QuuueHT Oip KYH YIIiH Keleci e aHbIKTaIa bl
a =A /A
TA T €

HIpiry K03 GUIHEHTI — JKEeiIer )KbUHKBIMAIIbl KYPaMHBIH IIBIFYbIH aHBIKTAHTHIH
KepceTKinl. Atanran Ko3dduuuent O6ip KyH YIIiH KeJleciiel aHbIKTaIabl:

Otm=An/Ae

KK mapki yiria kepceTkimTep aaeTTe 0enriii 0ip Ke3eHaeri aBTOKeIK-KyHIepiHe
ecenTemnei:

AK =AK +AK,
AK, =AK +AK,
AK =AK +AK +AK_
AK =AK +AK

MYHJIa,

AK, — KBUDKBIMAJIBI KYPaM NapKiH KOJIAaHyAaFbl aBTOKOIIK-KYH/EP;

AK —KbUDKbIMAJIbI KypaM MApKIH TEXHUKANBIK [ali/[allaHbIMFa JalbIH aBTOKOJIIK-
KYHJED;

AK)K. — KBUDKBIMAJIbl KypaM/ibl JKOHJEY KoHe TeXHUKaJbIK Kbi3MeT (TK) yin
ABTOKOJIIK-KYHJED;

AK — naiinananbIMIarbl aBTOKOJIK-KYHIED;

AK — nmaijananpIMFa 1aiblH TOKTay HapKiHIETi aBTOKOIK-KYHIIED;
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AK_ — ecenTik aBTOKeJIK-KYHJIED;

AK — HOpPMaTHMBTIK TOKTaylarbl aBTOKOJIK-KyHaep canbl (AKM-HiH KyMbIC
KacaMalTBIH JIeMaJIbIC KYHEPI).

JXKyk TachIManbIHaH jKOJIayIIbLIap TaChIMAIIBIHBIH albIPMAIIbUIBIFbL, «KBI3METT1»
Oonarrakra KoiMa/ia xKy3ere acblpy MyMKiH eMecTiri 00:1bIn Ta0bitaabl. JKomaybuiapisiy
TachIMaJIJlayFa JIETeH CYPaHbICHI IIYFbUT OOJBIN TaObLIAIbl, THICIHIIE, KOMIKTI Oepy
YKYMBICBI J19J1 YaKbITBIH/IA OPBIHAATYBl KaXkeT.

Conppikran asromobnis-kyHzepae (AK , AK, AK ) )KK napkiHiH kepceTkituTepid
ecerike aimy opbIHChI3, JKK pe3epBi KyH caliblH KaxkeTTi Metep/e 0omysl mapt. Ecenke
aiy/ipl aBTOKeIiK OipikTepine Kyprisy kaxer (AK , AK_, AK ).

HaTu:kesiep ’xaHe TaAKbLIAY

KKK sxyMbICBIH, aTam alTKaHa AcTaHa KaJlaChIHaFbl aBTOOYCTapP IbIH )KYMBICHIH
KapacThIPAUBIK.

XKocnapisl kectere colikec, KyH CailblH ACTaHa KaJlaChIHBIH TYPaKThl OaFbITTapbIHIA
KoJaymbuiap TackiMaisl 898 nana aBToOycTapMeH KaMTaMachl3 €TUIEl, SFHU: YIKEeH
(90 opeiaIbIK) xkoHE aca yiakeH (150 opbIHIABIK) CHIMBIMABUIBIKKA Ue 798 naHa aBTOOYC
KaJIaIbIK OarpITTap/a xxoHe 89 gana aBToOyC Kalla MaHBbIHIAFbI OaFBITTAp/1a, COHJIAM-
aK ChIUBIMIBUIBIFEI a3 (15 opeiHAbIK) 11 mana aBToOycTap Nel2( kama MaHBIHAAFBI
OarbITTapaa KbI3MET KOPCETE/I.

XKannsl, Actana kanacsl OoiibiHia JXK-HbIH yikeH yieciH MBeko Mapkaibl
aBTOOyCcTap Kypaiiael. byn aBroOycTap >KOFapbl KaWIbIIBIKKa Ue OOJTybIMEH,
CeHIMIUTIrIMEH, SprOHOMHUKACBIMEH, YHEMIUTITIMEH epeKiieneHe li. ABTOOyCTapbIH
y3bIHABIFBL 12—14 M. 2014-2017 >xpuigapsl ocbl Mapkaisl 738 naHa aBToOycC caThIl
aneiarad [10]. Ocer xpuigap imiage XK mapkiHiH opraimia caHbIH aWTapibIKTAM
TOMEHETYTe KOJ )KETKI3LIiI, OYyJI COMKECIHIIE KOoayIbuIap TACHIMAIBIHBIH CallaChlH
xoHe KK >KyMBICBIHBIH THIMJUIITIH apTThIpyFa bIKnau kacaraH. COHBIMEH Karap,
KaJaJbIK >KOJaylIblIap TachIMaJIbIH CyOCHIMsIIAay aBTOKOJIK KOCIMOPHIHAAPBIHBIH
OYpBIH-COH/IBI OOJIMaraH Kap>KbUIBIK JKaFJalbIH jKaKcapTThl. EHAI TachIMangaymibl
kacinmopbiaaap XKK-ab1 sxocrapisl )KaHAPTY bl ©3 OETIHILE KYpri3e ajaibl.

AcTtaHa KajachlHAa XOJIAyIIbUIap TachbIMajAay/bl JKy3eTre achbIpaThlH €H ipi
aBTOeHepkacin-racsiManaymsl Ne 1 ABToOyc mapki Oomabin TaObutagbl. OHBIH
KBUDKBIMaJIBI Kypambl xkeijie (0arsiTTapaa) 557 nana aBToOyCThI Kypaiibl: KajJaablK
MapuipyTTapaa 468 qaHa skeHe Kajia MaHbIHIAFbI MapIpyTTapaa 89 gana aBrodycrap
XKyMBIC jkacaipl. by xemnineri KK canbiabiH xanmsl 62 % Kypaiasl. JKeUHKbIMATbI
KYPaMHBIH PE3epBTIK OOIri TEXHHUKAIBIK ce0entep OOWBIHINA JKENACH MIBIKKAH
aBTOOYCTap/bl aybICTBHIPYFa apHaliFaH. Anaiija, Ka3ipri yakbITTa AcTaHa KalacklHIa
KBUDKBIMAJIBI KYPAMHBIH TAIIBUIBIFBI OPBIH aJIFAH KOHE PE3ePBTIK CAaHbI 6T€ a3 EKEH/IIT1
MOJIiM 00J1/1bI. ONIeTTEe, aFBIM/IAFbI XKOHACYI€ HEMeCe TEXHUKAJIBIK KbI3MET KOPCeTy/ 1€
60c TypraH aBToOycTap *KeJire Kipmei i (0arbITTapra sxypMeiii).

JKK-HBIH KETKUTIKTI pe3epBi OoMaraH Ke3/1e jKelijie aBTo0ycTap akayJibl O0IFaH
KaFaai1a MapIIpy TTapAbIH KYHeIiIiri Oy3bUIbII, KO3FaJIbIC apaJIbIFbI 2 €Cere YIIFasiIbl.
Erep 6yn «kapOanac» yakbITTa OpbIH ajica, OHJa Ka3ipiH ©31HIe TOJBIN KaTKaH

238

HAYKA U TEXHUKA KASAXCTAHA. ISSN 2788-8770. Ne 4, 2023

aBTOOyCTap KOCHIMIIIA )KOJIAYIIbLUIap aFbIHbIHA — «aKaYJIbDy )KOJayIIbIIapFa Tar 00J1a Ibl.
Hoatmxecinge, xonaymbuiapra KbI3MET KOPCETY carachl alTapibIKTail TOMEeHACH/I1.

3eprTey HOTHKENepl AcTaHa Kajachl JKaFJaibIH A, aTar aiTkana Nol ABTOMapKTiH
XKBUDKBIMAJIbl KypaMmbl KeI3MeT kKepceTeTin xenuiepae KXKK xomaymibsinapast
TachbIMaJIay bl YHBIMAACTHIPY callachblHa aBTOOYCTapAbIH HET'13T1 kayanThl OeJeKTepi
MEH TOpaITapbIHBIH Mep3iMiHEH OYpbIH OY3bUTybIHA )KOHE ICTEH IIBIFybIHA OAlIaHBICTHI
TOKTal KajyJiap aliTapiblKkTail acep eTeTiHiH kepcerTi. OcblHIall Macenenepre
OaitnaHbICThI Oy/JaH KEHIHT1 3epTTey dKYMBICTAPhI OTAHBIK ABTOOHEPKACIII KaF IaiibIHIa
KOHJCY-KAJIIbIHA KENTIPY KYMBICTAPhIH YHBIMIACTBHIPY MEH OpBIHIAYABIH CalachlH
3epTTEyre JKoHEe 3ep/eeyre OarbITTAIAThIH OOIAbI.
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KapamacTtal, Oyringe KazakcTan KanamapblHIa aBTOOycTap TYpPakThl jKammai
YKOJIayIIbUIAP TACKIMAJIBIH JKY3€Te aChIpaThIH KOIIKTIH HETi3r1 Typi OOJIbIIT TaObLIa b
ABTOOYCTBIH KbIDKBIMAJIBI KYPaMbIHBIH THIMJILTIriHE 6acKa KOpCeTKIITepMeH Kartap,
OTaHJBIK aBTOOHEPKACIIN KaFAaiblHIa KOHACY-KaJIlblHA KENTIPY KYMBICTapbIH
YHBIMIACTBIPY KOHE OpPbIH/AY CalachIHBIH JIEHTeWl J1e alTapibIKTail ocep eTeTiHi
aHBIKTAIBL. Byl 9pi KapaiFbl 3epTTey OaFbIThIH aHBIKTAM/IbI.

TTAMJIAJIAHFAH JEPEKTEP TI3IMI

1 Cimpun, U. B. Opranusanys u ynpasiieHHE TACCAKUPCKUMHU aBTOMOOHIbHBIMHU
MEPEeBO3KAMHU : YUEOHHK JUIsI CTY 1. YUPEXKACHUN cpel. mpod. oOpa3oBaHus. — 5-¢ U3,
nepepad. — M. : M3natenscTBO HeHTp «Akagemus», 2010. — b. 400.

2 Auapees, K. I1., TepentseB, B. B., TemuoB, 3. C. [Ipo6reMbl kauecTBa
TPaHCHOPTHOTO 00cCIy>XKuBaHus HaceneHus // B coopuuke : [Ipobnemsl nccienoBanus
CHCTEM M CPEJICTB aBTOMOOMJILHOTI'O TPAHCIIOPTa MaTepHuajsl MexayHapoJHOW OYHO-
3204HOM Hay4yHO-TexHHYecKor KoHPpepenuuu. —2017. — b. 105-110.

3 Anapees, K. II. Tepentbes, B. B. [laccaxupckue nepeBo3ku U ONTUMHU3ALUSA
ropoACKON MapupyTHO# cetu // Mup tpancnopta. —2017. — T. 15. — Ne 6 (73). — b.
156-161.

4 Crarucruka pernoHo PK. bropo HannoHaibHONH CTaTUCTUKU ATEHTCTBA IO
CTpaTernueckoMy IUIaHMpOBaHUIO U pedopmam Pecnybnuku Kazaxcran. pexum
noctyna: [DneKTpoHHbIi pecypc]. — https://new.stat.gov.kz.

5 Beabmo:xkuH, A. B., I'ynkos, B. A., Kyaukos, A. B., CepuxkoB, A. A.
D¢ (PeKTUBHOCTD TOPOJCKOr0 MAaCCAXKUPCKOr0 OOIIECTBEHHOr0 TpaHCIOpTa :
Mouorpadus; Bonrorpaz, roc. Texs. yH-1. — Bonrorpan, 2002. — b. 256.

6 I'mymenko, A. A. Texauueckasi SKCIUTyaTalys aBTOMOOWIIEH: yueOHoe mocodue st
CTYJICHTOB HH)KeHEpHO-(hu3nueckoro axkynprera — YiabsHoBek: Yal'Y, 2019. —b. 232.

7 Arees, E. B. IIpo0ieMbl 1 epcreKTUBBI pa3BUTHUS TEXHUYECKOM IKCIUTyaTal[iH
aBToMoOwelt : monorpacgus / E. B. Arees, A. JI. CeBoctbsiHoB, 0. B. Pognonos. —
Ilenza : III'YAC., 2014. — B. 200.

239



KA3AKCTAH FblllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.  Ne 4, 2023

8 Typesckuii, . C. Texuuueckoe oOcimyxuanue aBromoduneit. Kuura 1.
TexHuueckoe 00CIyKHUBaHUE U TEKYILIHI pEMOHT aBTOMOOJIEH : yuebHoe mocodue. —
M. : U1 «Dopym» : Uudppa-M, 2007. — b. 432.

9 bepnapackuii, B. B. Texuudeckoe o0cTy>kuBaHue U peMOHT aBToMOoOwMITeH [ TekcT]
: yaeOHuk / B. B. bepuapackuii. — PoctoB u//l. : @ennkc, 2005. — b. 448.

10 Unrepuer pecypc — opuuuansubiii cailt TOO City Transportation Systems.
[DnexTpoHasIK pecypc]. — https://cts.gov.kz.

REFERENCES

1 Spirin, I. V. Organizatsiya i upravleniye passazhirskimi avtomobil’nymi
perevozkami: uchebnik dlya stud. uchrezhdeniya sred. prof. obrazovaniye. [Organization
and management of passenger road transport : a textbook for students. medium
institutions. prof. education] — 5-ye izd., pererab. — Moscow : Izdatel’stvo tsentr
«Akademiyay, 2010. — P. 400.

2 Andreyev, K. P., Terent’yev, V. V., Temnov, E. S. Problemy kachestva
transportnogo obsluzhivaniya naseleniya [Problems of the quality of transport
services for the population] // V sbornike: Problemy issledovaniya sistem i sredstv
avtomobil nogo transporta Mezhdunarodnoy nauchno-zaochnoy nauchno-tekhnicheskoy
konferentsii. —2017. — P. 105-110.

3 Andreyev, K. P. Terent’yev, V. V. Passazhirskiye perevozki i optimizatsiya
gorodskoy marshrutnoy seti [Passenger transportation and optimization of the urban
route network] // Mirovoy transport. —2017. —T. 15. — Ne 6 (73). — P. 156-161.

4 Statistika regionov RK. Byuro natsional’noy statistiki Agentstva po
strategicheskomu planirovaniyu i reformam Respubliki Kazakhstan. [Statistics of the
regions of the Republic of Kazakhstan. Bureau of National Statistics of the Agency for
Strategic Planning and Reforms of the Republic of Kazakhstan]. — [Electronic resource].
— https://new.stat.gov .kz.

5 Vel’mozhin, A.V., Gudkov, V. A., Kulikov, A. V., Serikov, A. A. Effektivnost’
gorodskogo passazhirskogo obshchestvennogo transporta [Efficiency of Urban
Passenger Public Transport] : Monografiya. — Volgograd, Volgograd, gos. tekhn. un-t.
2002. — B. 256.

6 Glushchenko, A. A. Tekhnicheskaya ekspluatatsiya avtomobiley [Technical
operation of vehicles] : uchebnoye posobiye dlya studentov inzhenerno-fizicheskogo
fakul’teta. — Ul’yanovsk : UIGU, 2019. — P. 232.

7 Ageyev, Ye. V. Problemy i perspektivy razvitiya tekhnicheskoy ekspluatatsii
avtomobiley [Problems and prospects for the development of technical operation of
automobiles] : monografiya / Ye.V. Ageyev, A.L. Sevost’yanov, Yu.V. Rodionov. —
Penza : PGUAS, 2014. — P. 200.

8 Turevskiy, I. S. Tekhnicheskoye obsluzhivaniye avtomobiley. Kniga 1.
Tekhnicheskoye obsluzhivaniye i tekushchiy remont avtomobley [Car maintenance.
Book 1. Maintenance and current repair of automobiles]: uchebnoye posobiye. —
Moscow : ID «Forumy: Infra-M, 2007. — B. 432.

240

HAYKA U TEXHUKA KASAXCTAHA. ISSN 2788-8770. Ne 4, 2023

9 Bernardskiy, V. V. Tekhnicheskoye obsluzhivaniye i remont avtomobiley
[Maintenance and repair of cars] : uchebnik / V.V. Bernardskiy. — Rostov n/D. : Feniks,
2005. — P. 448.

10 Internet resurs — ofitsial ’nyy sayt TOO City Transportation Systems [Internet
resource — official site of LLP City Transportation Systems]. — [Electronic resource].
— https://cts.gov.kz.

Bacein msirapyra 04.09.23 kaOplganabl.

A. H. Kouxwvioaesa', *K. T. Illepoé’, A. luecaux’,

A. E. Oxumébaesa’, K. H. Hnwawesa’

?Ka3zaxckuil arpoTeXHHYECKUH MCCIEN0BATEIbCKHI YHHUBEPCUTET MMCHH
C. Ceiipynnuna, Pecmyonuka Kazaxcran, r. Actana,

’Kpaxosckuii yausepcurer AGH-UST, Pecriy6nnka Ilonbina, r. Kpakos;
+>KaparanIMHCKHI TeXHUYECKUI yHUBepcuTeT nMeHu A. CarnHoBa,

Pecriy6nuka Kaszaxcrawn, r. Kaparanna.

[IpunsaTo k nznanuro 04.09.23.

NCCIEJOBAHUE COCTOAHUA ITPOBJIEMbI IIOBBIIIIEHU A
IOPEKTUBHOCTU PABOTBI HACCAKUPCKOI'O
I'OPOACKOI'O TPAHCIIOPTA

AemobOycuvill  NOOBUNICHOU  cocmag Haubonee Npocmol  6uUd  20pPOOCKO20
naccaxicupckozo odwecmsennoeo mparcnopma. On He mpedyem 3HAYUNETbHBIX
3ampam Ha CcneyudaibHvie MpPAHCHOPMHbIE YCMPOUCMEa (KOMMAKMHOU cemu,
yempoucmea O CHAONHCeHUst  DAEKMPOIHEPIUet, PenbCo8blX Nymet), CpOoKu
66€0€HUsL 8 IKCNIYAMAYUIO HEOOMbULUE, MOICHO ONEPATNUBHO USMEHSAINb MAPUWPY b,
ObICIMPO OP2aHU306bIBAML 8 OONBLUUX 00bEeMAX NEPeso3KU O PA3080 GOIHUKUUIUX
nompebnocmeti. B nacmosawel cmamove npou3geoer aHamu3 yuacmus asmoodycos @
MACCOBHIX NACCANCUPCKUX NEPEBO30K 8 NAMU KpYNHbIX 20podax Kasaxcmana, a maxaice
ONUCAHO COCMOSIHUE PESYISAPHBIX NACCANCUPCKUX NEPEBO30K 6 20pode Acmate.

Ilpusedenvt  ocHogHble nokazamenu, GuUAIOWUE HA  IPHEKMUSHOCTID
NACcancupcKoll mpancnopmuol cucmemsl 2opooa. Qbocrosana yenecooopasHocmy
6edens yuema nokasameietl UCNOIb308aHUsL NAPKA NOOBUNHCHO20 COCMABA 6 PA3Pe3e
00HO020 OHsl, A He 3a NePuoo.

Tax sice uccnedosano paboma I'lIT 6 ycrosusx e. Acmanvl, 6 wacmiHocmu Ha
JUHUSIX, KOMOpble O0OCIYHCUBACTNCS NOOSUNCHBIM cocmasom Asmonapka Nel u
BbIABIIEHO, UMO HA KA4ecmeo op2anuzayuu nepegosku naccadxcupog I'TIT oxazvieaem
Cywecmeentoe GauaHue HPOCMOoU, CEA3AHHbIE C NPENCOe8PEMEHHOU NOAOMKOU
U 6bIX00A U3 CMPOsL OCHOBHBIX OMBETNCMEEHHbIX Oemanel U Y3108 aAmooycos.
Yemanosneno neobxooumocmo ucciredosanus u uzyuenus Kavyecmea OpeaHu3ayuu
U BLINOHEHUS PEMOHMHO-B0CCINAHOBUMENLHBIX PAOOM 8 YCI0BUAX OMEUeCMBEHHbIX
aemonpeonpusimui. Tax Kax oHa HeNOCPeOCmEeHHO Gausem Ha IPPeKmueHocmy
NAccancupcKol mpaHcnopmHol CUcmeMsl 20pood.
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OBOCHOBAHUWE KOHCTPYKTUBHOW CXEMbI
KPYTOHAKIIOHHOI'O KAPBEPHOIO
IMIACTUHYATOIO KOHBEUEPA

RESEARCH OF THE STATE OF THE PROBLEM OF INCREASING
THE EFFICIENCY OF PASSENGER URBAN TRANSPORT

Bus rolling stock is the simplest type of urban passenger public transport. It
does not require significant costs for special transport devices (contact network,
devices for supplying electricity, rail tracks), the commissioning time is short, you
can quickly change routes, quickly organize transportation in large volumes for one-
time needs. This article analyzes the participation of buses in mass passenger traffic
in five major cities of Kazakhstan, and also describes the state of regular passenger
traffic in the city of Astana. The main indicators influencing the efficiency of the
city’s passenger transport system are given. The expediency of keeping records of
indicators of the use of the fleet of rolling stock in the context of one day, and not for
a period, is substantiated.

The work of the GPT in the conditions of Astana, in particular, on the lines
serviced by the rolling stock of Autopark No. 1, was also studied and it was found
that the quality of the organization of the transportation of passengers of the GPT is
significantly affected by downtime associated with premature breakdown and failure
of the main critical parts and bus nodes.

The necessity of research and study of the quality of the organization and
performance of repair and restoration work in the conditions of domestic auto
enterprises has been established. Since it directly affects the efficiency of the city’s
passenger transport system.

Keywords: bus, urban passenger transportation, rolling stock, fleet technical
indicators, rolling stock reserve, repair and restoration.
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Ananuz  aumepamypHuiX UCMOUYHUKOE NOKA3bIBAEm, HMO HeOOCMAmMKOM
Kiaccugurayuu - KPYMOHAKIOHHBIX — KOHBeUepos  AGIAemCcs  02PAHUYEeHHOCHID,
KaK 6 KOHCMPYKIMUGHBIX CXeMax, max U 68 mpeOOoGaHUsAX, NpPeobAGIieMblX K
KpPYMOHAKIOHHOMY Koueeliepy. Llenb cmamvu — na ocnoge ananusa cmpyKmypHuIX
@dopmyn  KPYMOHAKIOHHBIX — KOHEeUepo8  6blasumsv  Haubolee  npuemiemvie
cmpyKkmypHvle (opmynvl u onpederums Gopmyny, Haubosee coomeemcmeyouyio
VOO0BNEeMBOPEHUI0 MPeOOGAHUAM  IKCHIVAMAYUY OMKPBLIMbIX 20PHBIX  pabom,
cocmagums  KOHCMPYKMUBHbIE — CXeMbl  KPYMOHAKIOHHLIX — KOHBelepos,
COOMBEMCBYIOWUX BLIOPAHHOU CIMPYKMYPHOU (hOpMYIe U OYEeHUMb CPABHUMENbHbIL
MexXHU4ecKull ypoGeHb KOHCMPYKMUBHLIX cXeM. [lI CpasHUMenbHOU OYeHKU
KOHCMPYKMUBHBIX CXEM 8blOPAHbI YYHKYUOHAIbHBIE KPUMEPUU. NPU CPAGHUMETbHOU
oyenkKe KOHCMPYKYUY KOHBEUEPO8 — MAKCUMATbHOE OONYcKaemMoe YCuiue msaz08020
opeamna; npu CpasHUmMenbHoOl OYeHKe MEeXHON02UUECKUX CXeM — MAKCUMATbHO
BO3MOJICHASL  BbLICOMA NOO0bEMA 20PHOL  Macchl. B xauecmee noxazameneii
cpasHenus, NepedtucieHHbIX 8 NOPAOKe BANCHOCU NPUHAMbL: NPU CPAGHUMENbHOU
oyeHKe KOHCMPYKYUU KOHBEUEePO8 — MAKCUMANbHBIU Y207l YCMAHOSKU KOoHEeliepd,
MAKCUMATLHAS KPYNHOCMb KYCKA MPAHCIOPIMUPYEMO20 2PY3d, MACCA OBUNCYUYUXCS
yacmell KoHeeliepa, NIOWAO0bL NONEPEYHO20 CedeHusi 2py3a Ha KoHeelepe, npu
CPABHUMENLHOU OYeHKe MEXHOLO2UUECKUX cXeM — ONUHA KOHGeUepHol Junul,
00was macca Koueelepa, KPYNHOCMb KVCKA MPAHCHOPMUPYEMO20 Mamepuand,
KOUYECme0 NOCc1e008amenbHo VYCMAHOBNIEHHbIX CMA808 Kouegellepa. 3Hauenus
KO huyuenmos ecomocmu, NO360AAIOUUX ONPEOeTUMb KOMNIEKCHblE NOKA3amenu
ONpeoensinucCy pacuemuuiM Memooom. Munumanvrvle 3HAYEHUSs KOMNIAEKCHBIX
nokazameneil, ONpeoenIOWUX MEXHUYECKUll Ypogenb KOHCMPYKMUBHBIX CXEeM,
8bIAGNEHbL Y CHEYUATbHBIX MUNOE KPYMOHAKIOHHBIX KOHEEeUepos, npuyem npu
OYyeHKe  MEeXHONO2UYECKUX CXeM, MEeXHUYECKUll yYpo8eHb  KOHCMPYKMUBHOU
cXemvbl KpYMOHAKIOHHO20 OBYXKOHMYPHO20 KOHEeuepd, 6bINOIHEeHH020 Ha 0Oaze
nAACMUHYAMOo20 KOHGelepa A8NAemcs HaAuIyYuum.

Kniouesvie cnoea: cmpyxmypuas ¢opmyna, KOHCMPYKMUGHAS — cXeMd,
MEeXHUYeCKUll  YPOGeHb, (DYHKYUOHANbHBIL Kpumepuil, NOKA3amenu CpasHeHus,
KOMNIIEKCHbLU NOKA3amelb.
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Beeaenne

TpanuuuoHHBIE BUABl KapbEPHOTIO TPAHCHOPTA — JKEJIE3HOAOPOKHBIM,
ABTOMOOMJIbHBIN U KOHBEHEPHBIH (JIGHTOUHBIN KOHBEHEp B KIIACCUYECKOM UCTIOIHEHHN )
MMEIOT ECTKHE OTPAHUYEHUs IO JONYCTUMOMY YIiy NOABEMA, YTO NMPUBOJIUT K
YBEJIUYEHUIO JJTMHBI TPAHCTIOPTUPOBAHUS U 00BEMOB T'OPHO-KaTUTAIBHBIX padoT. [1pu
9TOM 3HAYMUTEIBHO YBEJIMYMBAIOTCS 3aTpaThl HA TPAHCIIOPTUPOBAHUE, 101 KOTOPBIX
B 0o0meit cebecronMocT H00bIYM mpeBbimaeT 60 %. B 3Tux ycrnoBusX OgHUM H3
1eJ1eco00pa3HbIX MyTel peIIeHus] TPAHCIOPTHBIX MPOOJIEM SIBIISETCS IPUMEHEHHE B
Ka4yecTBE IMOJIbEMHBIX — KPYTOHAKJIOHHBIX KOHBEHEpOB, T.K. MOCIEIHUE B OOJbILIEH
CTEINEHU CHIDKAIOT JUIMHY TPAaHCIIOPTUPOBAHUS U YIIPOLIAtOT Tpaccy. KpyToHaKIIOHHbIE
KOHBEHEphI sl MIyOOKUX KaphepoB MPEJCTaBISIIOTCS HanOoJiee panuoHalIbHBIMH,
TaK KaK OHU YHUBEPCAJIbHBI, CIOCOOHBI paboTaTh MOJ yIriiamMH HakjioHa 10 90°,
o0ecrnieynBaTh MPOU3BOIUTEIBHOCTH 10 15000 M/4ac 1 UMETh BBICOTY MOJIBEMA MPU
COBpeMeHHOM npouHocty jeHT 10 300 metpos [1-3].

Pa3paboTanbl pa3inuyHble KOHCTPYKTUBHbBIE CXEMbl KOHBEHEPHBIX MObEMHHKOB,
B KOTOPBIX B Ka4ECTBE CIOCO0A yJep KaHUsI IPy3a Ha HECYIIEM ITOJIOTHE UCTIONIb3YETCs
MIPUHIIMIT YBEJIMUYCHHUS CHEIICHUS TPy3a ¢ HECYIIIUM IOJIOTHOM (pUQJIICHbIE JICHTHI), U
IIPUHLIMI YBEINYEHNS] HOPMAJIBHOI'O JJaBJIEHHS] HECYILIETO 3JIEMEHTA Ha TPAHCIIOPTUPYEMBII
rpy3 (TpyOuaTbie KOHBeepbl; KOHBEHEpPhI C MPHKUMHOMN JICHTOH) [4—6].

[pu ncronb30BaHUH HUKITMYHO-MIOTOYHOM TEXHOJIOTHH Pa3pabOTKH MECTOPOKICHUI
TIOJIE3HBIX HCKOIMAEMBIX, B Psi/Ie ClTy4aeB HEOOXO0AUMO TPAHCIIOPTUPOBATH HEPOOIICHYIO
KPYITHOKYCKOBYIO TOPHYIO Maccy. 3ToMy TpeOOBaHUIO YAOBIECTBOPSAIOT KOHBEHEPHI HA
XOJIOBBIX OIMOPAX — JIGHTOYHO-KATKOBBIE U IJTACTUHYATHIE [7, §].

BwmecTe ¢ Tem, npu 000CHOBAaHUU KOHCTPYKTHUBHBIX CXEM KPYTOHAKIOHHBIX
KOHBEHEpOB, HE YUUTHIBAIOTCS YCIOBUS TOPHBIX pa3pabOTOK, I KOTOPBIX B OCHOBHOM
U NpeJHa3HAauYeHbl JaHHble KOHBeleprl. KpoMme TOro, mpu CpaBHUTENBHONW OLIEHKE
KOHCTPYKTHBHBIX CXEM OTCYTCTBYET KOJIMYECTBEHHAs OLIEHKA CPaBHEHUS.

Ilenpto uccieqoBaHus sABIASETCS BHIOOp U 00OCHOBaHHE PaIlMOHAJIbHOMN
KOHCTPYKTHBHOM CX€MbI KPYyTOHAKJIOHHOI'O IUIACTUHYATOI0 KOHBEHEpa.

JUist TOCTHKEHHUSI TIOCTaBJICHHOM LIEJIH HE00X0AUMO PELIUTh CICAYIOUINE 3a0a4u:

— COCTaBHUTh M IPOAHAIU3UPOBATH CTPYKTYPHYIO (OpPMYIy KPYTOHAKIOHHOTO
KOHBEHeEpa,

— 000CHOBATHh CTPYKTYpHYIO GopMylly KPYyTOHAKJIOHHOIO KOHBelepa,
YIOBJIETBOPSIONIYIO YCIOBUSAM 3KCILTyaTallud OTKPBITBIX TOPHBIX padoT;

— BBIIIOJIHUTH CPABHUTEJIBHYIO OI[EHKY TEXHHYECKOTO yPOBHS BBIOpAHHBIX
KOHCTPYKTHUBHBIX CXEM KPYTOHAKJIIOHHBIX KOHBEHEPOB.

MarepuaJbl 1 METOIbI

Bce knaccu¢ukanuy KpyTOHAKIOHHBIX KOHBEHEPOB HCHOJB3YIOT B Ka4eCTBE
OCHOBHOT'O IPU3HAKa CIIOCO0 yAepKaHUs rpy3a Ha HecyIleM HojoTHe [9].

C y4eroM TEXHMYECKHX BO3MOKHOCTEW TOM MM MHOM KOHCTPYKTHUBHOM CXEMBI
KpPYTOHAKJIOHHOTO KOHBeWepa, UX KJIaCCU(PUKALINIO MOXKHO MTPEICTABUTH CIIEIyIOIIUM
o0pa3om (pucyHOK 1).
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Koncrpykimis C rnanxoit | Jlenta c | JleHTta Jlenta ¢ | C Korniorsl
KOHBellepa TIeHTOIT piudiIieHO | ocHamIeH | TOPPHPOR | TPIDKNMH | I
it Had AHHBIMII oil neHToOIl | 3MeBaTOp
[IOBEPXH | Kylauka | OOpTaMIl It
OCTBIO MII  Ha | IIeperopol
padoueil | Kami
HOBEPXH
OCTII
CxemMa KoHBeilepa 1 ) 2 4 5
0 o B /
0/ 9/ ./

Cropocth
KOHBefiepa
. M/c

Vron
YCTAHOBKII
KOHBefiepa
. Tpax

MaxkcumMan
BHBII
pasmep

KYCKa, MM

1 — ¢ rmaaKo# IEHTOH; 2 — OCHAIIEHHBIN JIEHTOH ¢ pU(IEHON TOBEPXHOCTHIO; 3 — C
JICHTOM, OCHAIIIEHHOW KOCBHIMH KyJIadyKaMH Ha pabovell TOBEPXHOCTH;
4 — ¢ roppupoBaHHBIMU OOPTAMH U TIEPETOPOJIKAMH; 5 — C TIPHIKUMHON JICHTOMH;
6 — KOBILOBBIH 3J1€BATOP.
Pucynok 1 — Knaccudukanust KpyTOHaKJIOHHBIX KOHBEHEpOB

[IpumeHeHue CTPYKTypHOH CHUCTEMATU3ALMU 3JIEMEHTOB COCTABISIOLIUX
KOHCTPYKTUBHYIO CXEMY KPYTOHAKJIIOHHOTO KOHBEMepa MO3BOJIUT POAHATIN3UPOBATh
BCE BO3MOKHbIE KOHCTPYKTHBHBIE KPYTOHAKIIOHHBIX KOHBEepoB [10].

Pe3yabTarsl U 00CyKIeHTE

CucreMaTu3anus OCHOBAaHA Ha BBIJEICHUU 4-X CTPYKTYPHBIX 3JIEMEHTOB,
COCTABISIOMUX KPYTOHAKJIOHHBIH KOHBeilep, o003HayaeMble YCIOBHO
cooTBeTCTBYOIMUMHU OykBamu: JI- rpy3onecyuuii snemenT; T— cTpyKTypHBII
9JIEMEHT, YBEJIMYMUBAIOMUNA KOI(PPHUIIMEHT TPEeHUs rpys3a o Tpy30HECYIIH Opras;
Jl— CTpYKTYpHBIi 3JIEMEHT, YBEJINYUBAIOLIUHI JABJICHHE IPy3a HAa IPY30HECYIIUI OpraH;
I1 — cTpyKTYypHBIH 3JIeMEHT, 00eCIeunBaIOLINA TOAIOP Ipy3a.

CousileHeHHEe CTPYKTYPHBIX 3JIEMEHTOB JPYr C JPYroM 00O03HAYaeTCs] 3HAKOM
(+), a coBmemenne 3HakoM (+). Takum oOpa3zoMm 00IIyI0 CTPYKTYpHYIO hopmymy
KpPYTOHAKJIOHHOTO KOHBEMepa MOKHO MPEACTaBUTh B BUJIE!

KHK={JL;T;ILJT; (+);(+)} (1)
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PaccmatpuBast BO3MOXHBIE CTPYKTYpHBIEC ()OPMYJIBI KOHBEHEpa B COMOCTaBICHUH
¢ TpeOOBaHHUSIMHU, MPEIBABISAEMBIMU YCIOBUSMH JKCILTyaTallUd K KOHCTPYKIIUH
KPYTOHAKJIOHHOTO KapbepHOr0 KOHBEHEpa, MOXKHO BBISIBUTH HauOoJee MpHeMIIeMbIe
KOHCTPYKTHUBHBIE CXEMBI, IO KOTOPBIM MOKET OBITh BHIMIOJIHEH STOT KOHBEHED.

Ucxons u3 popmynsr (1), a Takke U3 TOTO, YTO MPUCYTCTBHE TPY30HECYIIETO
3JIeMEHTa HE00X0aUMO BO BceX (hopmyrax, MOXKHO MOIYYUTH 36 BO3MOKHBIX
CTPYKTYPHBIX (pOPMYJI, KOTOPBIE MOXHO Pa3JEIUTh MO KOJUYECTBY BBIPOXKICHHBIX
3JIeMeHTOB (Tabmuma 1).

CrtpykTypHBIe opMyIbl, UMetonue B cowieHenuu 3meMenTsl JI u T He mator
0COOBIX MPEUMYIIECTB [0 CPABHEHHIO C X COBMEIIICHHEM, ITOITOMY UX MOKHO CUUTATh
HEeIeJIeCO00Pa3HBIMH.

Takum 00pa3oM, cxeMbl, ONMUCHIBaeMbie (OPMYIaAMH MOXKHO U3 PaCCMOTPEHUS
UCKJIIOUHTb.

Ecin umeercst snement Il B counenenuu ¢ JI B coueranuu c snemenramu T (B
COBMEIIECHUU WM COWICHEHHH), a TakxKe 3JeMeHT Il B cousieHeHUHU C 3JIeMEHTaMHu
T umu [I, To B 3THX Cay4asX HaJaeKHOE ylepiKaHue rpy3a 00eclednBaeTCsl TOIBKO
MOJANOPOM, U BKIIOYEHHE APYTUX HIIEMEHTOB SIBJISIETCSI HEONIPABJAHHBIM YCI0KHEHUEM
KOHCTPYKIIMH, [0 3TOW MPUYUHE CXEMBbI, OIICHIBAEMbIE CTPYKTYPHBIMH (hOpMyTaMu
MO>HO TaK>K€ U3 pACCMOTPEHUS UCKIIFOUUTb.

CrtpyktypHBbIe (HOPMYIIBI, UMEIOIIUE B COCTABE JIEMEHTHI MOANOPa U JaBICHHUS,
TOXKE CIIeJyeT MPU3HATH HEPAMOHAIBHBIMU, T.K. SJIEMEHT MOJIOpa O00eCreunBaeT
yAep:kaHue rpy3a u 0e3 dJIeMeHTa JaBIEHHUsI, UCIOIb30BAHUE JAOMOIHUTEIBHOTO
JABJICHUS YBEIIMYUBAET CONMPOTUBIICHHUE ABIKCHUIO KoHBelepa. [Tloaromy dhopmyibr
TaK)Ke UCKIIYAIOTCS U3 PACCMOTPEHUSL.

Tabmuua 1 — CtpykTypHBIE POPMYIIBI

C BBIPOXKJIEHUEM 2-X DJIEMEHTOB

1. J+T 3.J1+11 5. JI+]0
2.JIT 4. ]I 6. JIJ

C BBIPOXKICHHEM 1-T0O 3JIeMEHTa

7. J+THI 12. JI+T+[ 17. JI+HII+1
8. JIT+IT 13. JIT+ 18. JII+/1,
9. JII+T 14. JIJ+T 19. JII+IT
10. JI+IIT 15. JJ+AT 20. JI+OI1
11. JITIT 16. JITJ 21. JII
bes BbIpoxkieHUs

22, JHI+T+H] 27. JIHI+T/, 32. JITI+]
23. JII+T+] 28. JI+T+HIIT 33. JITB+II
24, JIT+HII+] 29. JII+T/ 34 JIHIO+T
25, JII+T+I 30. JIT+IIT, 35. JI+IIAT
26. JIHIIT+ 31. JAHIOT 36. JITII

Takum 00pa3oM pacCMOTPEHUIO C TOUKH 3pEHHUS Y IOBICTBOPEHHS IPEIbSIBIISIEMbIM
TpeOOBaHUSAM TOJUICKAT KOHBEHEPHI CO CIEAYIOMIUMHU CTPYKTYPHBIMH (popMysiamu:
JIHL, JI+ 0, JIT, JIIL, JLA, JIT+HIL, JIT+O, JI+AT, JITA.
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CreneHb y10BIETBOPEHHUS YCIOBHAM HKCILTyaTaI[MK OTKPBITHIX TOPHBIX Pa3pabOTOK
CTPYKTYpPHBIX (POpMYJI IIpeJICTaBlIeHa B Tabuie 2.

CumBon * B Tabnuie 2 O3Ha4yaeT, YTO CTPYKTypHas (opMylia yAOBIETBOPSET
JTAaHHOMY TPEOOBaHHIO.

B nocnenneii rpade tabiuipl 2 peacTaBleHO YAOBIETBOPEHUE CTPYKTYPHBIX
dopmy Bceil cymme TpeOoBaHUH, TPEABSIBIAEMBIX K KDY TOHAKJIOHHOMY KapbepHOMY
KOHBEHepy 1 U3 KOTOPOIl BUTHO, UTO HanOoJIee MPUEMIIEMBIMHU SIBIISTFOTCSI KOHCTPYKLIUU
KOHBEHEPOB, BBIMIOJHEHHBIE B COOTBETCTBUU CO CTPYKTypHOU dopmynoit JI+II T.e.
IPY30HECYLIEE MTOJIOTHO B COUJIEHEHUH € IIOJIIOPHBIM 3JIEMEHTOM.

Ha HacTroAmuil MOMEHT U3BECTHBI KOHCTPYKTUBHBIE CXE€MBI KOHBEUEPOB,
IpeJAHa3HauYEeHHbIE JJI TPAHCIOPTUPOBAHUS KPYNHOKYCKoBOH (mo 1200 mm)
KPYITHOKYCKOBOM TOPHOM MAacCCBI.

Orto koHBeiiep KJIT — neHTOUHBIN KOHBEWEp, B KOTOPOM JIEHTAa OIMPAETCS Ha
OIIOPbI, CHAO’KEHHBIE XOJJOBBIMH POJIMKAMHU U COCIMHEHHBIMH B OTJICJIBbHBIA KOHTYP,
JIBIKYIIUICS COBMECTHO C JieHTOU, U kouBeiep [1K-140 — rmuiactuHuateiii KOHBEMeEp,
Ipy30HECyIee MOJIOTHO KOTOPOI'0 COCTOUT M3 Habopa TMHEWHBIX U OMIOPHBIX IJIACTUH
C XO/I0BBIMH POJIMKAMH, YKPEIIJIEHHBIMU Ha TATOBOW LIEMN.

Tabnuna 2 — CreneHp yAOBIETBOPEHUSI CTPYKTYPHBIX (OpPMYIN TpeOOBAHUSM,
IpPEIbABISEMBIM K KPYyTOHAKIIOHHOMY KOHBEHepy

CTpyKTYpHBIE QOPMYIIBI
JAID | JI+4 | JIT | I JOT | JIT+IO | JIT+4 | JIHAT | JITA

Tpebopanus

TpancoptupoBKa
KPYITHOKYCKOBOTO .
(mo 1200 mmM)
MaTepHaa
VYroi yeTaHOBKU .
o 35-40°
Hapexnas
OYHCTKA II0JIOTHA
OT HaJIHIIAFIIEro .
51
NIPHMEP3af0IIero
MaTepHaa
BosMoskHOCTE
YCTaHOBKH
MIPOMEKYTOUHBIX .
MIPHUBOJIOB H
ABTOHOMHBIX
KOHTYPOB
CoBMermeHne .
BCeX TpeOOoBaHUH

Peanuzanust KOHCTPYKTHBHOM CXEMbI KPYTOHAKIIOHHOTO KOHBEHEPA, BBHITIOJTHEHHON
B COOTBETCTBUH C CTPYKTYypHO JI+II, BO3MOKHA 10TIOTHEHHEM aBTOHOMHOI'O KOHTYpa
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(emns), ¢ 3aKpereHHbIMM Ha HEM MOJMNOPHBIMU 3JE€MEHTaMHU (IIeperopoaKaMu),
KOTOpPBIN KpoMe (DYyHKIUH 0OecTIeUeH s yAepKaHus Ipy3a Ha HECYILEM [TOJIOTHE, MOXKET
CILyKHUTb U TATOBBIM OPIaHOM.

ITonepeunsle ceyeHUss KOHCTPYKTUBHBIX CXEM TAKMX KOHBEUEPOB, YCIOBHO
o6o3nauennbIx kak [IKH-140 u KJITB, npencraBnensl Ha pucyHke 2 0) u B).

Jns monydeHuss KOJMYECTBEHHON OLICHKHM TEXHHUYECKOTO YPOBHS JaHHBIX
KOHCTPYKTUBHBIX CXEM, JUIs CPAaBHEHUs MCIIOJb30BAHA KOHCTPYKTHUBHAs CXeMa
JIEHTOYHOI 0 KoHBelepa Tsxenoro tuna C200200.

YuureiBas, 4TO KPYTOHAKJIOHHBIM KOHBEWEp NpeJHa3HadYeH JJs BbIAAYHU
KPYITHOKYCKOBOW T'OPHOM MAacChl Ha IIOBEPXHOCTb Kapbepa, IMPUHATHI CICAYIOLINE
[IOKA3aTeJIU JJIs1 OLICHKY TEXHUYECKOT'O YPOBHS KOHCTPYKTUBHBIX CXEM, PACIIOTI0KCHHbIE
B TIOpsiIKe YOBIBAHUS CTEIIEHH BaKHOCTH:

— MaKCUMAaJIbHBIN yIrOJ1 YCTAaHOBKH KOHBEHEpa;

— MaKCUMaJlbHasl KPYITHOCTh KyCKa TPaHCIIOPTUPYEMOI'0 MaTepuaa;

— JIMHEWHAs Macca JIBUKYIIUXCS YacTell KOHBEWepa,

— CKOPOCTb KOHBEHEPa;

— IUIOLIAJb TIONIEPEYHOr0 CEUECHM IPy3a Ha KOHBEHepe.

2350

N D AN AN N7 NN AN A

1550
a) B)

a) cepuiinbiii kouBeiiep C200200; 0) kpyToHakioHHbIH TuracTuaYaThiil [IKH-140;
B) JeHTOouHO-Tenexeunnrii KJITB

[
T

— —
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2360
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Pucynok 2 — [lonepeunbie ceUeHUs] CPABHUBAEMBIX KOHCTPYKTUBHBIX CXEM
KOHBEWEPOB JIJIs1 BbIJIa4M TOPHOM MACChl U3 Kapbepa

B kauecTBe (PyHKIIMOHAIBHOTO KPUTEPHS, XapaKTEPU3YIOIIETr0 KOHCTPYKTUBHYIO
cXeMy KOHBelepa, IPUHATO JI0IyCKaeMOoe YCHIIUE TSrOBOIO OpraHa, XapakTepusyromiee
CIIOCOOHOCTH KOHBEIepa COBEPIINTD MOJIE3HYIO0 paboTy M0 MEePEMEIIECHHUIO Ipy3a.

TexHu4Yeckuil ypoBeHb CPaBHHBAEMBIX MAIIWH OLIEHUBAETCS MO BEIUYHHE
KOMITJIEKCHOTO ITOKa3aTeJsl, paccuuThiBaeMoro 1mo ¢popmysie [10]:
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K, 2 vy 2)

rae Y, ; - i-i HOPMUPOBAHHBIA MOKA3aTENb, CPABHMBAEMOM j-i MAIUHBI,
B — k0o>pPULHMEHT BECOMOCTH 1-TO MOKa3aTeIs.

HOpMI/IpOBaHHLIe IMoKa3aTcJik ONpeaACIIAOTCSA COOTHOICHHUCM!
' Yij
Yij =
Ymin j (3)

TAe Y, ; - HOPMHPOBAHHbIC [IOKA3ATCIIN;
Yimin; - MUHAMAJIBHBIA U3 YJEJILHBIX IIOKA3aTENIEN BCEX CPABHUBAEMbIX MALLUH.
VY ienbHbIE MOKA3aTENN ONPEACIISIOTCS:

X. .

Yij= f 4)

J

re: X, ; — i-ii aDCONMOTHBIN MOKA3aTENb j-i MaIlUHbI,
A, — OYHKUMOHANBHBI KPUTEPHH j-i MAIIMHBL.

AOGCOJFOTHBIE TTOKA3aTEIU OMPEACISIIOTCS 10 MPUHIUITY «4eM MEHbIIE, TeM
JydIIe», TOITOMY JUIS TaKUX IOKa3arelei, Kak yroj HakJIOHa, KPYyITHOCTh KycCKa,
CKOpOCTh KOHBE#epa, IJI0MIa (b MOTIEPEYHOT0 CEUEHUS TPy3a Ha KOHBEHepe B KauecTBEe
a0COJTIOTHBIX TIOKa3aTesiel OepyTcss 00paTHBIC BETMYHUHBI.

KoaddurmeHTs BECOMOCTH HOPMUPOBAHHBIX MMOKA3aTeNed ONMpenesioTcs
pPacyeTHBIM METOJIOM M3 COOTHOIICHHS:

IBi+l = ﬁza (5)
rze & - 105 Mociaeayromero ko3 duiuenTa ot npeabIyILero.

3a[laBaﬂCL KOS(I)(I)I/IL[I/ICHTOM BCCOMOCTH IICPBOI'0 IMOKA3ATECJIsA, MOKHO OIIPCACIINTD
OO0 & U3 PCIICHUA CICAYIOMIETO YPpaBHCHUA:

pd-a")=1-a (6)

YHUCJICHHBIM MCTOAOM.
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EAWMHUYHBIE M KOMINIEKCHBIE NOKa3aTeENn
HOHCTPYHETUMEHBIX CXeM
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