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A. Grabchenko, V. Fedorovych, I. Pyzhov,
Y. Ostroverkh, N. Kozakova, Kharkiv, Ukraine

THEORETICAL REASONING FOR EFFICIENT USE OF MICRO
POWDERS IN DIAMOND WHEELS ON METALLIC BONDS

Abstract. The article presents theoretical researches of improving the manufacturing process and
the subsequent using of grinding wheels from diamond micro powders of diamond on current-
carrying bonds, which allow to reduce the specific consumption of synthetic diamonds in the
finishing operations of processing polycrystalline superhard materials It is proposed to use
diamond grains with a metal coating in an abrasive tool. 3D analysis of the stress-strain state
“diamond  grain-coating-bond” system showed ways to reduce the probability of destruction of
diamond grains during sintering of the diamond-carrying layer by changing the thickness of the
coating, the elastic modulus of its material and other parameters. The calculated low values of the
concentration of coated diamond grains provide a significant reduction in their specific
consumption in the processing of polycrystalline superhard materials.

Keywords: diamond grinding, polycrystalline superhard materials, grinding wheel, stress-strain,
specific consumption, metal coating, diamond grain concentration

The last few years of processing polycrystalline superhard materials
(PSM), proved the combined processes of grinding (sharpening), developed at
NTU «KhPI» [1], to be highly efficient. This tendency can be confirmed by the
fact that at the beginning of this century a well-known Swiss company
«AGATHON Ltd.» produced a special machine «Agathon 350 Combi
EcoDress», which implements the new technology of sharpening, applied to
processing of multifaceted non-regrinding PSM plates on the base of boron
nitrides [2].

Our research shows [3, 4] that by fine finishing of PSM tools it is possible
to successfully use fine-grained (on diamond micro powders base) wheels on
metallic bonds. It allows us to essentially raise the efficiency of this process
concerning the processing productivity as well as its stability, which is
favorably reflected in the quality of working elements of edge tools, made of
super hard materials [5, 6]. However, the operating ratio of grains on diamond
micro powders base is not high enough, which is confirmed by the high value
of the specific consumption. This requires conducting further research, aimed
at the perfection of the manufacturing process of grinding wheels with
diamond micro powders and fine finishing of SPM.

© A. Grabchenko, V. Fedorovych, 1. Pyzhov, Y. Ostroverkh, N. Kozakova, 2020
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The objective of the present work is to research the ways of increasing the
efficiency of fine finishing of PSM by current-carrying wheels on the diamond
micro powder base by improving the process of their manufacture.

In order to achieve the objective the theoretic and experimental research
[7] of manufacturing the diamond layer of the wheels and grinding using the
finite element method [8, 9] have been carried out.

In our opinion the principal causes for the increased consumption of fine-
grained wheels is on the one hand the small closing depth of the bond, and on
the other hand — the lack of recommendations to defining the optimum value of
the wheel characteristic [10].

It is known [11, 12] that the effective way to improve operational
properties of diamonds, to decrease their specific consumption, and to increase
their processing productivity is diamond metallization. In some cases it leads to
increasing the productivity and decreasing the specific consumption of
diamonds to half as much again [13]. Plastic metallic coatings are the most
practically feasible coatings (for example, on the Ni base), which are used for
tools on organic bonds. Meanwhile, it is known that bad disclosure of cutting
diamond faces interferes with successful usage of such coatings for the tool on
metallic bond, which leads to loss of working capacity of the tool due to
blunting [11]. However, it has been established that this downside has no
significant effect on combined grinding processes, and there is no need to use
grains with more expensive and complex coatings, made of transitive metal
carbides.

Finite-element 3D analysis of the stress-strain state of the system
“diamond grain—coating—bond” has shown, that at the stage of producing
wheels (sintering of the diamond-carrying layer) the coating preserves the
integrity of diamond grains (which can destruction at high temperatures and
pressure [14]). At the stage of grinding it will contribute to its stability.

There is an assumption that with the increase in coating thickness (with a
stronger carcass around the grain) the probability of preserving the integrity of
the grain will increase at high temperature and pressure in the sintering zone of
the diamond-carrying layer of the wheel. This fact has been confirmed by the
calculations, the results of which are shown in figure 1.

It has been proved that the combination of the coating material and the
bond material has the essential influence on the stress-strain state of the system
“grain—coating—bond”. A stronger bond should promote greater ability of the
grain to counteract the breaking force.

At high temperatures of diamond-carrying layer sintering of the wheel the
metal phase material as well as its percentage has essential influence on grain
destruction. The factor of thermal expansion of the metal phase is considerably
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higher, than that of a diamond, which can lead to occurrence of limiting
pressure, striving to break it.

Figure 1 — Influence of coating thickness on the stress-strain state of diamond wheel
a — coating thickness — 8 um; b — coating thickness — 4 um

The increase in the elasticity module of the coating material also should
promote increase in counteraction to the forces, striving to break the grain. The
fact is illustrated in the results of our calculations in figure 2.

Metallic bondl Diamond grain| Coating I

a) b)

Figure 2 — Influence of the coating material on the stress-strain state
of the diamond wheel:
a — coating material — chrome; b — coating material — nickel

Thus, the higher the factor of thermal expansion of metal phase is, the
stronger is the pressure in the diamond grain and the higher is the probability of
its destruction by diamond wheel sintering (fig. 3).
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Metal phase Coating

Figure 3 — Influence of metal phase mark on 3D deflected mode in the coated diamond
grain: a — Cr-based metal phase; b — Fe-based metal phase

b)

At present at National Technical University «KhPI» the new perspective
chemical technology of layering metallic (for example, nickel etc.) coatings on
abrasive materials is being developed [15]. It is based on nickel sedimentation
from acetic solutions. One of the types of the technology can be based on using
nickel salts received during sewage treatment of diamond manufacture in the
technology of chemical nickel plating of synthetic diamonds.

The most widespread coating is the coating with 56 % nickel content,
however on demand of the customer, the coatings both with higher and with
lower metal content can be layered.

Thus the technology of receiving a coating with a relief surface has been
developed (fig. 4) with the ability to regulate the degree of its relief down to
nanostructural level (a coating with so-called relief, velvet and smooth
surfaces).

Figure 4 — Diamond micro powders: a — without a coating; b — with a relief coating
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Coatings of all kinds do not differ in their chemical composition and
contain not less than 98 % of nickel. The phosphorus content of all kinds of
coatings does not exceed 1 %.

It has been established, that the relief coating allows to essentially lower
the relative critical depth of the grain sealing. The reason for this improvement
is, on the one hand, the stronger adhesion of the material to the diamond
surface, in comparison with the components of bond, (the diamond surface
relief has less effect on the dependence of the coating adhesion strength with
the diamond surface, which extends technological characteristics of coatings)
and on the other hand, the considerable extension of the surface contact area of
the coated grain with the wheel bond. As it has already been stated, this fact is
particularly important for fine-grained wheels, as the reduction of the grain size
affects on increase the specific consumption of diamond wheels.

The scheme simulating the operating ratio of the diamond grain (fig. 5)
shows that this can be achieved by increasing the grain sealing in the bond by a
value of:

X 72'-Z m
2

Wherein part of the coating X, sealed up in the bond can reach significant
value = Z'/4 = Z/2 and play an independent role in the process of sealing the
grain in the bond. Even in case of destruction, the grain will be kept by the
coating and continue to perform useful work on removing an allowance off
PSM. As a result, the operating ratio of diamond grains increases.

—

Figure 5 — Influence of the coating on size of grain sealing in the bond:
1 — diamond grain; 2 — coating

In perspective the issue of covering grains with multilayered coatings is
of a certain scientific and practical interest.
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Practicing combined processing of PSM with diamond wheels on
grinding powders shows that in order to reduce the specific consumption of
diamonds, it is essential to reduce their concentration down to 25 % [1]. This
fact particularly concerns wheels on diamond micro powder base as the
granularity (Z) reduction causes a rapid increase in the quantity of grains (n) on
the working surface. As the coated grains increase in size (up to twice) it is
natural therefore (taking into account their allocation on the wheel working
surface) that their quantity (ncat) should be less than that of initial grains (Ninit.).
Considering the dependence Zcoar = Zstang. (tabl. 1) the first approximation
shows that their number should be equal, that iS Ncoat. = Nstang..

Table 1 — Approximation between the standard granularity (Zsiand.) and the granularity of
diamond micropowder grains with thick coatings (Zcoat.)

Initial Zinit 60/40 40/28 28/20 20/14 14/10
Standard Zcoat™ Zstand 100/80 80/63 50/40 40/28 28/20

With the grain in the form of ellipsoid of revolution, the initial mass of
grains Msiang. With the granularity Zinit. can be calculated by the formula:

2
2
_ Zinit.max ) Zini'(.min _ Zinit.max Zini'(.min
M M. . - M,y - . (2)
imit. — stand. 7 Zz - stand. 7 7
stand.max ~ < stand.min stand.max stand.min

Similarly the concentration of the coated grains in the wheel can be
designated as Caer., and the initial grains without any coating can be designated
as Cinit. In this case, given that:

Z =7 . +2t, (3)
where t — is the coating thickness an equation can result on the basis of (2). The
equation allows to define the necessary concentration of the coated grains in

the wheel and to calculate the values of concentration of grains in the wheels
depending on the coating thickness and the granularity of diamond micro

powders. This equation is given by:
2
_ . Zinit.max . Zinit.min
=Cinit (4)
Zinit.max + 2t Zinit.min + 2t
At the same time the marginal initial diamond grains concentration in the

diamond-carrying layer of the wheel was considered to be the concentration
value of 200 % on the basis of empirically determined value of maximum

coat. init.

C

aver.

volume filling by diamond grains, which does not exceed m/+/40 ~ 0,5

by V.N. Bakul and his colleagues. Graphic interpretation of the dependence
(4) is presented in figure 6, calculation results for are given on table 2.



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

Table 2 — The concentration of grains of diamond micro powders with a coating
for Neoat. = Nstand . aNd Zcoat. = Zstand.

Granularity Zinit, pm 60/40 40/28 28/20 20/14 14/10
Concentration Caver., % 15,0 9,9 14,0 12,5 12,5

It is essential to note that the increase in grain size due to coating can be
construed as a benefit considering manufacturing of wheels, as it promotes
their smoother spreading on the working surface (i.e. it promotes the
elimination of excessive grain aggregation in separate places of the diamond-
carrying layer of the wheel).
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Figure 6 — Dependences C = f (t, Zaver) for coated grains

It is reasonable to assume that wheels with such concentration will
contribute to the stability of the grinding process due to essential increase in
number of grains (allocated on the working surface), participating in cutting
(with their simultaneous reduction of the working height), and therefore, to
provide considerable decrease of the specific consumption.

Thus, the results of the conducted research allow us to draw the following
conclusions:

1. The process of using diamond wheels can be considerably improved by
using coated diamond micro powder grains.

2. In order to preserve the integrity of diamond grains by sintering
diamond wheels it is reasonable to use the coatings with high elasticity module
and low factor of thermal expansion. The best effect thereby can be achieved
by using diamond grains with metal phase with low factor of thermal
expansion.
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3. The use of multilayered thick relief coatings is considered effective in
terms of reducing the specific consumption of diamond grains.

4. Diamond wheels on diamond micro powder base with coating are
supposed to have the concentration of 10-15 % and 20-30 % by processing
PSM on diamond base and boron nitride base accordingly, which should allow
us to essentially decrease the number of grains, which drop out of the bond and
have not exhausted their cutting resource.

In perspective, carrying out theoretical and experimental research of
coated grains interworking with the processing of polycrystalline superhard
materials, and also the research of technical and economic parameters of
wheels on diamond micro powder base with coating in real grinding process is
of major scientific and practical interest.
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TEOPETUYHE OBTPYHTYBAHHSA EOEKTUBHOI'O
3ACTOCYBAHHA MIKPOITIOPOULIKIB B AIMAZHUX KPYT'AX
HA METAJIEBHUX 3B’A3KAX

Anorauis. Cyuacni memoou o00pobku nonikpucmaniynux Haomeepoux mamepianie (ITHTM)
0036015110Mb 3ACMOCOBYBAMU HA YUCHOGUX ONEPayisax oOpoOKU IHCMPYMEHMIE arMasui Koia Ha
OCHOBI OPIOHO3EPHUCIUX MIKPONOPOWIKI6 aimaza Ha Memanesux 36'azkax. Ilpu ybomy Koegiyicnm
GUKOPUCMANHS 3eper MIKpOnopowlkie aimasy nedocmammubo eenukui. Cmamms npedcmagnsic
meopemuyni O0CIIOHCEeH s, CNPAMOBAHT HA 600CKOHANEHHS NPOYECY BULOMOBIEHHS WUNIPYE8ATbHUX
Kpy2ie 3 MIKpONOPOWIKI6 aimMasa Ha CMpyMOnpOSIOHUX 36'3KaX, W0 00360IA0Mb SHUSUMU NUMOMI
eumpami  CUNMemu4Ho20 alMazy HA HYUCMOBUX ONepayisx 00PoOKU MAaKUM iHCIMPYMeHMOM
IIHTM. B sixocmi egexkmuenozo cnocoby noninuienHs exkcniyamayitinux —e1acmueocme
OpIOHO3EPHUCIMUX AIMA316, 3HUMICEHHS X NUMOMOI eumpamu 6 aOpaA3USHOMY THCMpPYMeHmi |
nioguWenHs:  NPOOYKMUGHOCHE  NOOAnbuwol  06pOOKU  YuM — THCIMPYMEHMOM — NPONOHYENbCA
3acmocyseanns 3epen 3 memanesum nokpummsanm. Ilpu ybomy 0o6pe po3kpumms pi3anbHux KpOMoK
Memanizoeanux — 3epeH  aiMasy  3a6esneuyiomb  KOMOIHOGaHI npoyecu  WINIQPYBAHHA, WO
sacmogyiomvesi ¢ npakmuyi 0opooku ITHTM.3D ananz mnanpyoiceno-oepopmosanozo cmamy
cucmemu “‘anmasne 3epHO—NOKPUMMA—36 ’a3ka’’ na emani CnikauHs aimMaz’onoCcHO20 wapy Kpyzie
NOKA3A6 WINAXU 3HUIICEHHS. UMOGIPHOCMI PYUHYEAHHA AIMA3HUX 3ePEeH 34 PAXYHOK 3MIHU MOGUUHU
nokpumms, MOOYIA NPY3ICHOCMI 1020 mamepiany U inwux napamempis. Ompumai
PO3PAXYHKOGUM WLNAXOM 3HAYEHHSI KOHYEHMpAayii aimMasnux 3epen 3 NOKpUmmsaM, 6 pazu MeHull
MUx, Wo MpaouyitiHo UKOPUCINOBYIOMbCS, 3a0e3nedyionb iCmomHe 30i1bueHHs 8I0COMKA 3epeH,
AKI 3HAX00AMbCs HA poOOUill nogepxHi Kpyea i bepymv yuacmv 6 pi3zauHi, a, omoice,i 3HAYHe
SHUJMCEHHs 6enuyuHu ix numomoi eumpamu.llooanvwiuli Haykosuil iHmepec CMAHOBIAIOMb
00CiddICeH A 83AEMOIT ANMA3HUX 3ePeH, WO MAlomb NOKPUMMS, ¥ MoMy Yucii i bazamouaposi,3
obpobmosanerumu ITHTM i mexniko-eKOHOMIYHUX NOKA3HUKIE PeanibHUX Npoyecie wiiigyeanis
AIMAaZHUMU KPy2amu Ha ix 0OCHOGI

KuaiouoBi cnoBa: anvasue winigyysanna; noaikpucmaniyni naomeepoi mamepianu; winighyseanvruil
Kpye; HanpyscHO-0ehopMOoBanuUll CMan; RUMoOMa UMpAama; mMemaiee NOKPUMMms,; KOHYeHmpayis
anMasHux 3epen.
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B. Konomuen, P. Punnsiii, A. Hukudopos, XapekoB, YkpanHa
C. Knumenko, Kues, Ykpanna

YINPOYHEHHME MMOBEPXHOCTHOTI'O CJIOA HAIIJIABJIEHHBIX
JETAJIEWA ITPU TOYEHUM PE3IIAMMU C IKHB «<KUBOPHUT»

AuHoTtamusi. [lpusedenvi pe3ynbmamvl  IKCHEPUMEHMATLHO2O — UCCIe008AHUS  YNPOUHEHUs
NOBEPXHOCIMHO20 CNOSI HANJAGIEHHbIX Oemanell Npu Mexanuyeckol obpadbomxe pesyamu,
OCHAWEHHUMY  NOTUKPUCTNATIUYECKUM  C8EPXMBEPObIM  MAMEPUAIOM HA OCHO8E KYOUUecKo20
Humpuoa bopa «xubopumy. Hcnoavsosanucs pesyvl ¢ OOIbWOU BEIUYUHOU NepedHe20 Yeid.
H3zyyeno enuanue pescumos 00pabOmKu HA 6eIUYUHY NOBEPXHOCMHOU MUKDOMEEPOOCHU U
MOMUWUHY YIPOUHEHHO20 NOBEPXHOCMHO20 closi Oemanetl. TIokazana 803MOANCHOCMb YEeIUUeHUs.
MUKPOMBEPOOCMU NOBEPXHOCHO20 ClLOSI HANAABIeHHbIX demanel ¢ 1,8—2,1 pasa.

KuiroueBble CJI0Ba: HanuagieHHolll Memasi, modenue, uncmpymenm ¢ IICTM; mukpomeepoocms,
MOMUWUHA YRPOUHEHHO20 CILOSL.

Beenenne. l13BecTHO, YTO SKCIUTyaTallIOHHBIE CBOWMCTBA 00paOOTaHHBIX
JeTanell 3aBHCSAT OT BUIA M PEKHMOB MEXaHMYEeCKOH o0paboTkm [1] — oHm
OTIPEICIISIOTCSI (PU3UKO-MEXaHHIECKUM COCTOSIHUEM HX MOBEPXHOCTHOTO CIIos [2].

OgurM W3  BaXHEHIIMX IIOKa3aTeled COCTOSIHMSA JeTallell  mocie
00paboTKN SBJISETCS YNPOYHEHHE, CBS3aHHOE C W3MEHEHHEM TBEPJOCTH
MOBEPXHOCTHOro cjosi aetanu. OHO XapakTepu3yeTcs TIyOMHOW Hakiema —
TOJIIIMHOW TOBEPXHOTO CJIOSI JETallil, B KOTOPOM HMMEET MECTO H3MCHEHHE
TBEPAOCTH O OTHOLICHHUIO K TBEPJOCTH OCHOBHOTO MaTpuaa AeTaiu (MM), U
CTENEHBI0 HAKJIeNa — OTHOLICHUIO TBEPJIOCTH IOBEPXHOCTH MAETANH IOCIE
00paboTKH K ee ucxomHoi TeepaocTH (%).

Haxnen siBnsieTcs CnencTBHEM CTPYKTYPHO-(Da30BBIX INPEBpALICHHH B
MaTepHase JAeTallM W ero IUIACTHYECKOH nedopManmuy B pe3yibTaTe
TepMOOapHIECKOro HapyKEHUs B 30HE 00paOOTKH W €CTECTBEHHBIM 00pa3oM
COIOBOYK/IAeT mporecc 00paboTku. B Toxke Bpems, HCXO0s U3 IpeCTaBICHUN
0 TpeOyeMOM II0 YCJIOBHSIM EKCILIyaTallud COCTOSHUU MOBEPXHOCTHOTO CJIOS
00paboTaHHBIX JeTajeld, MapaMeTpaMu YIPOYHEHHsS MOXKHO YIPaBiATh B
JIOCTaTOYHO INMPOKMX IpenesiaX Kak B MpoIleccax JIE3BUIHOW M aOpa3uBHOM
00paboTku, Ta W mpoueccax o00OpabOTKM IOBEPXHOCTHOM IUIACTHYECKOH
nedopmanmeii [3].

B [4] paccmoTpeHo hopMupoBaHHE YIIPOYHEHHOTO TIOBEPXHOCTHOTO CIIOS
Ha JeTainsax m3 3akaneHHod cramm HIX15 mpm oOpaboTke OTHOKPOMOYHHUM
KOCOYTOJIbHIM PE3I0M M3 HOJMKPUCTAINIMYECKOTO CBEPXTBEPAOTO MaTepuaia
(IICTM) «bopcuHATY.

© B. Konomueu, P. Puonsiii, A. Hukughopos, C. Knumenxo, 2020
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Iloka3ano, 4to rIyOMHA W CTENEeHb Hakiena OOyCIIOBJICHBI BBICOKOI
TeMIeparypoi mpu oopadotke uHcTpyMeHToM 13 [ICTM 3akaneHHON cTamu U
BEIMYMHOI pasnyca OKpyTJIeHHUs pexyIeil KpoMKu HHCTpyMeHTa. [locnennee,
NPUMEHHUTENFHO K 4YHCTOBOW 00pabOTKE KOCOYTONBHBIM HHCTPYMEHTOM,
aHaJIOTUYHO 00paboTKe pe3loM ¢ OOJIBLIMM OTPHLATEIBHUM MEPEIHIM YTIIOM.

ABtopu [5, 6] M3y4YHIIM «eCTECTBEHHOE» O0Opa3oBaHWE YIPOYHEHHOTO
MIOBEPXHOCTHOTO CJIOS TpH 00paboTKe HAIUIABJICHHUX JeTajedl pe3nami,
ocHammeHHIMH TBepabiM criaBoM T15K6 u [IKHB «rekcanut-Py», «xubopury.
W3yueHo BIMAHUE CKOPOCTH PE3aHMs, IEPEIHEr0 yria M BEIMYMHBI U3HOCA
PEXKYIIEro MHCTPYMEHTa M TIOKa3aHO, YTO M3MEHEHHE YCIIOBHH M PEKUMOB
00paboTKN HY)KHO paccMaTpuBaTh KOMIUIEKCHO. B dacTHOCTH, yBenmuueHne
CKOPOCTH pe3aHusl, 3a CYET BIUSHUS HA TEMIIEPATypy B 30HE 00pabOTKH MOXKET
CHIDKAaTh NapaMeTphl YNPOYHEHHUS, a 3a CUET BJIMSHHUS Ha BEJIMYMHY H3HOCA
MHCTPYMEHTA — yBEJIUUNBATh.

IIpencraBnser HHTEpec HcclieloBaHNe BO3MOKHOCTH
«TIPUHYAUTEIFHOT0» YIPOYHEHUsI OBEPXHOCTHOTO CJI0s AeTayieil B mpolecce
JIe3BUIHOI 00paboTKH.

B [7] umccnemoBaHa BO3MOXKHOCTH JI€3BHHHO-YIPOUHSIONIEH TOKapHOM
00paboTKu AeTanei n3 BEICOKOMPOYHOTO YyT'yHa HHCTPYMEHTAMH U3 TBEPAOTO
crumaBa T15K6 u [TIKHB «rexcanut-Py», mpu koTopoii B mporecce 00padoTKu B
MIOBEPXHOCTHOM ~ CJIO€ W3AENMH  IIeJICHANpaBleHO oOpasyercs ocobast
CTPYKTypa — «O€JBIi CIIoi» C BBICOKOH TBEPAOCTHIO, YTO 0OECIeunBacT
00paboOTaHHBIM ~ M3JENHMSM  IOBBIIICHHE  OKCIUTyaTallMOHHBIX  CBOWCTB
(M3HOCOCTOMKOCTh, KOHTAaKTHas JKECTKOCTb, YCTAJOCTHas IPOYHOCTH,
KOPPO3HOHHASI CTOMKOCTH ¥ Jp.). OOpaboTka XapaKTepU3yeThCsl OOIBIIUMHU
temneparypamu (o 1120-1300 K), 00ycoBICHHBIMU BHICOKUMH CKOPOCTSIMU
pe3aHus U JlaBJIeHHEM B KOHTakTHOH 30He (o 15-18 I'Tla), uto umeer mecto
32 CYeT UCMOJb30BaHUS WHCTPYMEHTa C OONBIIMMU OTPHLATEIbHBIMU
MepeIHAMH yritaMu — 110 ¥ = — (30 —50)°.

B Hacrosmiee BpeMs Ha WHCTPYMEHTAIHHOM DPBIHKE MMEETCS IIMPOKast
ramma [TKHE [8]. Bribop Hambomee paboTOCIOCOOHOTO W3 HUX PACIIMPSCT
TEXHOJIOTHYECKHE  BO3MOXHOCTH  JIE3BUIHO-YNPOYHSIOMEH  00paboTKy,
MOCKOJIBKY ~ Y)KECTOUEHHE pEXUMOB pE3aHHs TaKHUMH HHCTPYMEHTaMH
MO3BOJISIET 3HAUYNTEIBHO MOBBICUTh MEXaHWIECKHUE CBOWCTBA MOBEPXHOCTHOTO
CJIOSI M3/IENTUH.

Unctpymentst ¢ IIKHB 1o3BOnsIoT pacmpocTpaHUTh —JIE3BUITHO-
YIPOYHSIOIIYI0O TEXHOJOTHUI0 Ha 00paboTKy JeTtasieil M3  pa3In4HBIX
KOHCTPYKLIMOHHBIX MaTepuajioB, B YaCTHOCTH, Ha ciy4ail 00paboTku
HaIlJIaBJIEHHBIX JeTajeH.
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Llenplo HacTosimiel paboTHl OBUIO SKCHEPUMEHTANBHOE HCCICJOBAHUE
[IapaMeTOB YIPOYHEHUS NOBEPXHOCTHOI'O CJIOS HAIUIABICHHBIX JAETalled IpH
UX JIe3BUHHO-yIIpouHstoiell oopadoTke pesuamu ¢ [IKHB «xuboput».

Meroauka uccienosanuii. lccnenoBanus NpoBOJWINCHE HA JETaIIX,
HaIIaBJICHHBIX METOOOM 3J'IeKTpOI[yFOBOﬁ HaIlJlaBKU HaIlJIaBOYHOM
mpoBoiokoit Hm-30XT'CA mox cinoem paroca AH-348A.

OO0paboTka  NPOBOAMIACH  pe3LAMH, OCHAIIEHHBIMH  CMEHHBIMHU
HenepetaunBaeMbiMu 1iacTiHaMu RNMN 070300 13 moTHKpUCTAIITHIECKOTO
CBEPXTBEPAOTO MaTepraja Ha OCHOBe KyOmdeckoro Hutpuaa Oopa (IIKHB)
TOPrOBOM MapKu «KHOOpUT». PexuMbl pe3aHus M3MEHAINCh B AHAIa30HE:
ckopocts pesanus V= 0,9-2.3 m/c; momaga S = 0,14-0,28 mMm/00; riryOnuHa
pesanust t = 0,25-0,45 mM. Benmumna niepeHero yriia HHCTpyMEHTa — Y = —
(10 - 60)°.

B KauecTBe BBIXOAHBIX MNapamMeTPOB THpolecca O0OpPadOTKH TMPHHSTHI
BCIIMYNHBI HOBerHOCTHOﬁ MUKPOTBEPAOCTH U TOJJIIUHBI YIOPOYHECHHOI'O
MOBEPXHOCTHOTO CJIOS.

Jnst mccnenoBaHMs MHMKPOTBEPIOCTH HOBEPXHOCTHOTO CIIOS JIeTajeH,
00pabOTaHHBIX C PEXKUMAMH PE3aHMs, H3MEHSIONMMUCS 110 POTOTAa0EIEHOMY
IUIAaHy BTOPOTO TMOPSIAKAa, BBINOJNHAINCH Kocble mUMGBL. I3MepeHue
NMPOBOJWIM C HCIOJBb30BaHUA Mukporsepiaomepa I[IMT-3 mnpu Harpyske
50 rpamM. BenmunHa MEKPOTBEPIOCTH B TIIyOWHE HAIUIABJICHHOTO o0pasma —
Hso = 3100-3220 MI1a.

PesyabTatn u o0cy:xknenme. Ha puc. | mpuBeeHsl pe3ysbTaThl
HCCIICAOBaHUA BJIMAHUA PEKUMOB pPE3aHUA Ha BCIUYUHY HOBerHOCTHOﬁ
MUKPOTBEPJOCTU — YPOBHU IOCTOSHHON MUKPOTBEPAOCTU B 3aBUCHUMOCTU OT
coueTaHuss CKOpOCTHU U F.Hy6I/lel pe3anusa, CKOPOCTU pE€3aHud W [oAaydu,
TIIyOMHBI pe3aHus W Mojadyd. XapakTep JMHHHA paBHOH MHUKPOTBEPIOCTH Ha
puc. 1 a,6 cBUAETENbCTBYET O MEHEe 3HAYUTEIHHOM BIUSHHUM CKOPOCTU
pe3aHuss B CpaBHCHWH C TIyOWHOW pe3aHws H Tmonadei. Pesymprarw,
MIPUBE/ICHHBIE Ha pHC. 1 6, TOBOPAT O ONM3KOM CTENEHHW BIMAHUS M3MEHEHUS
TIIyOMHBI pe3aHMsl W TO0Ja4M HA BEIWYMHY TOBEPXHOCTHOW MHKPOTBEPIOCTH
HAIUIABJICHHOW JETallH.

Bausane  pexxuMoB  00paOOTKM  HAa  TONIIMHY  YIIPOYHEHHOTO
HaIJIaBJICHHOTO MIOBEPXHOCTHOTO CJIOS MPECTaBJICHO Ha pHc. 1 2 —e.

Ananus HOBerHOCTeﬁ OTKJIMKa IIOKa3bIBAa€CT MCHBIICC BJIIMAHHUC Ha
TOJIIMHY YIPOYHEHHOTO CJIOSi CKOPOCTH 00pabOTKH B CPaBHEHMU C IIyOMHON
pe3aHus ¥ BEIMUUHON MOJauu, XOTS MOCIIEAHAS BIUIET MEHEe UHTCHCHUBHO.

PesynbTathl Mccneq0oBaHUI BIUSHUS NEPEJHEro yria MHCTpyMEHTa Y Ha
YIPOUYHEHUE HAIJIaBIEHHOIO OBEPXHOCTHOI'O CJIOS IeTalell MOKa3bIBaloT, 4YTO
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HauOOJIbIIIEE YOPOYHCHUC HAIUIaBJICHHBIX Z[eTaHeﬁ JOCTUTACTCA MPHU TOYCHUU
pestiom ¢ mepeaaumu yrinamu — (40 — 50)° (tabm. 1.).

Tabmuuma 1 — BimnsHue BeNWYMHBI TEPEAHEro yria WHCTPYMEHTa Ha IapameTphl
YIPOYHEHYsI HAIlJIaBJICHHON AeTalu

IToBepxHOCTHas
Benuuuna TonmuHa yIpoYHEHHOTO
R MHUKpPOTBepaocTh Hso,
HepeHero yria, y MOBEPXHOCTHOTO c1osi N, MKM
MIIa
-10 3120-3350 -
-20 3970-4260 15-22
-30 4780-4930 32-38
-40 5700-5920 47-54
-50 5340-5480 35-41
-60 4900-5190 20-25

Oo6pabotka pesmamu w3 [IKHb  «xuboput» ¢ Godpmumu
OTPULIATENILHBIMA ~ 3HAYCHUSAMM  IEPEIHEr0 yriaa Y  COMPOBOXKIAETCS
CTPYKTYPHBIMH U3MEHEHHSMH B IIOBEPXHOCTHOM CJIO€ JICTANCH, IPHBOISLIIMH
K TIOSIBJICHHIO CJIa0OTPaBSILIErocsi «Oesoro Cios» 3HAYUTEIbHOW TOJIIUHBL
Oror cioii mpeacraBiusieT co0oi  OECCTPYKTYpHBIH ~ MapTEHCHT, 4TO
00yCJIaBIIMBa€T €ro BBICOKYIO TBEPIOCTh — €CJIIM B HMCXOJHOM COCTOSIHHH
HAIUIABJICHHBIH METaJUI UMEN CTPYKTYPY TPOOCTHTa U MUKPOTBEpIOCTh Hso =
3100-3220 MlIla, TO MHKpPOCTPYKTYpa YHPOYHEHHOTO MOBEPXHOCTHOTO CIIOS
NpeCcTaBisia COO0H GeCCTPYKTYPHBI MapTEHCUT C MHKPOTBEPAOCTBIO Hsp =
5700-5920 MlITa.

[IpyMeHNTENPHO K BBIOPAHHOMY HAIUIABICHHOMY MAaTepHAlly TOJNIIHHA
YIIPOYHEHHOT'O CJIOS IIPH JIE3BUHHO-YIPOYHsIIoIeii 00paboTke cocraBisier 60—
80 MkM (puc. 2), 94TO OOBSACHSACTCS HEBBICOKHM COACp)KaHHEM YTiIepoia B
marepuane. [Ipu 3ToM, B mpouecce TepMOOApUUECKOrO HArpy>KEHUS B 30HE
00paboTKN UMEEeT MeCTO M Bocxomsmas auddysus yriepona [9], cesa3anHas ¢
TPaJIMEHTOM HaNpsHKEHUH H3-32 OOBEMHBIX H3MEHEHMH NpU HarpeBe |
OXJIAXJCHUH IOBEPXHOCTHOTO CJIOSl HAIUIABJICHHOIO Marepuaia W (ha3oBBIX
IpeBpaleHuii B HeM. DTOMY CIOCOOCTBYET TaK)Ke MHTEHCUBHAS IUIacTHUYeCKast
JedopManust B KOHTAaKTHOI 30HE.

[Mony4deHHBIE pe3yabTaTHl MO3BOJISIIOT 0OOCHOBAHHO MPEIIONOKHUTE, YTO
BBIOMpAsi YCIOBUS TPOBEACHUS JIE3BUIHHO-YIIPOYHAIONMIEH 00pabOTKH, MOXKHO
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3G (GEKTHBHO YIPABJIATh JKCIUIYaTAMOHHBIMUA CBOMCTBAMHU HAIUIABJICHHBIX
JIeTalieil, B YaCTHOCTH, MX H3HOCOCTOMKOCTHIO.
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Pucynok 1 — Brusiaue ckopoctu U riryounsl pe3anus (S = 0,20 Mm/00) (a, 2), ckopocTi
u nogauu (t = 0,25 mm) (6, 0), nogaun u rayounst pezanus (V= 1,6 m/c) (s, €) Ha
MMOBEPXHOCTHYIO MUKpOTBepaocTh (MIla) (a—6) u TonmuuHy yrpo4HEeHHOTO
MOBEPXHOCTHOTO CJI0s1 (MKM) HaIIaBJIEHHBIX JeTaieil (e—e)
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Pucynok 2 — MI3MeHeHne MUKPOTBEPIOCTH METaIa
T0 TOJIIMHE HAIIABICHHOTO CIIOS

BeiBoabl. IlokazaHo, YTO TOYEHME HAIUIABIEHHBIX HETaje pe3lamu U3
CBEPXTBEPAOTO KOMIO3UTa C OONBIIUMH OTPUIATCIHHBIMA 3HAYCHISIMU
TIepeTHeTO YIia, co31aT B 30He 00pabOTKH Takol YpOBEHb TEPMOOAPHIECKOTO
Harpy’>keHHs, KOTOPHI TPHBOIUT K (OPMHUPOBAHHIO B TOBEPXHOCTHOM CIIOC
m3Ienid  cnaboTpaBsAIIeHCS 3aKaJOYHOH CTPYKTYpHl — Ae(OpMAaIFiOHHOTO
0OECCTPYKTYpHOTO MapTeHCHTa, TaK Ha3bIBAEMOTO «0enoro  cios», ¢
MHKpOTBepAocThio B 1,8—-2,1 pa3a Bhlllle, 4eM MHKPOTBEPAOCTb OCHOBHOI'O
HAIUIaBJIEHHOTO MaTepHaa.

References: 1. KarpenkoV.G. et all. Uprochneniye stali mekhanicheskoy obrabotkoy. Kyiv,
Naukova dumka Publ., 1966, 204 p.; 2. Sulima A. M., Shulov V. A., Yagodkin Yu. D. Poverkhnostnyy
sloy i ekspluatatsionnyye svoystva detaley mashin. Moskow, Mashinostroyeniye Publ., 1988, 239 p.;
3. Chizhik S. A. et all. Obespecheniye kachestva izdeliy v tekhnologicheskikh kompleksakh. Minsk,
Belaruska navuka Publ, 2019, 248 p.; 4. Klimenko S. A. et all. VVysokoproizvoditel'naya chistovaya
lezviynaya obrabotka detaley iz staley vysokoy tverdosti. — Kyiv, ISM im. V. N. Bakulya NAN
Ukrainy Publ., 2018, 304 p.; 5. Ryzhov E. V., Klimenko S. A., Gutsalenko O. G. Tekhnologicheskoye
obespecheniye kachestva detaley s pokrytiyami. Kyiv, Naukova dumka Publ., 1994, 176 p.;
6. Novikov N. V. (ed.). Sverhtverdye materialy. Poluchenie i primenenie: v 6-i T. T. 5. Klimenko S. A.
et all. Obrabotka rezaniyem detaley s pokrytiyami. — Kyiv, ISM im. V. N. Bakulya NAN Ukrainy
Publ.,, 353 p.; 7. PutyatinaL.l. Lezovo-zmitsnyuvalna mekhanichna obrobka detaley z
visokomitsnogo chavunu instrumentom z tverdogo splavu ta NTM: Avtoref. diss. kand. techn. nauk.
Kyiv, 2004, 19 p.; 8. Klimenko S. A. et all. Obrabotka materialov lezviynym instrumentom. — Kyiv,
ISM im. V. N. Bakulya, IPTS «ALKON» NANU Publ, 2006, 316 p.; 9. Kolomiyets V. V. et all.
Vliyaniye mekhanicheskoy obrabotki na svoystva poverkhnostnogo sloya naplavlennykh detaley. Tr.
8-y Mezhdunar. nauch.-tekhn. konf. «Fizicheskiye i komp'yuternyye tekhnologii». Khar'kov, 2003,
pp. 61-63.

Bomognmup Komomiers, Pycnan Pimamii, Aaron Hikidopos, Xapkis, YkpaiHa,
Cepriii Kiiumenko, KuiB, Ykpaina

SMIINHEHHSA IIOBEPXHEBOI'O ITAPY HAIIVIABJIEHUX
JAETAJIEU ITPU TOYIHHI PI3bIISIMU 3 ITHTM «KHUBOPUT»

AHorauis. Hageoerno pesynbmamu eKcnepumMenmanbHo20 O0CTONHCEHHS 3MIYHEHHs NOBEPXHEB020 Wapy
Odemaretl, HANIAGNIEHUX e1eKMPodyeogum Hanaaenenusm opomom Hn-30XI'CA nio wapom pmocy AH-
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3484, npu mexaniyniti 06podYi pisysamMuU, OCHAUEHUMU SMIHHUMU HENepe2oCMpIOBAHUMU NIACTUHAMU
RNMN 070300 3 nonikpucmaniunoeo waomeepoozo mamepiany (IIKHB) Ha ocHogi KyOiuH020 HImpuody
bopy «kubopumy. Bugueno enmus pedxicumie 06pOOKU HA GeIUMUHY NOBEPXHEEOL MIKpomeepdocmi i
MOBUWUHY 3MIYHEHO20 NOBEPXHEB020 wiapy Oemaieil. Xapakmep NiHill piGHOI MIKpomeepoocmi ceiouuns
PO MeHUL SHAUHULL BNTIUE WBUOKOCI PI3AHHSL 8 NOPIGHSHHI 3 2IUOUHON PI3aHHA | nodayero ma GausbKuLl
cmyninb enaugy aminu ocmanuix. LLeuoxicme 00poOKu YuHUMb MEHWIUIL 6NIUE HA MOSWUHY 3MIYHEHO20
wapy 8 NOPIGHAMHI 3 2MUOUHOIO PI3AHHA | 6ETIUNUHOIO NOOAU], XO4A OCMAHHS 6NIIUBAE MEHUL THMEHCUBHO.
Haiibinowe 3miyHeHHs: HANIaeIeHux demaJeli OOCA2HYMO Npu MOYIHHI pisyem 3 nepeoHimu Kymamu —
(40-50)°. O6podra pisysmu 3 [IKHE «kubopumy 3 6emuKuMu HE2AMUSHUMU SHAYEHHAMU NEPEOHbO2O0
KYma ) CYNPOBOONCYEMbCS CMEOPEHHAM 6 30Hi 00pOOKU mMAKozo pieHs MepmMooapuyHo2o
HABAHMACENHS, KU NPU3BOOUNTL 00 CIPYKIMYPHUX 3MiH 8 Mamepiaii NOBEPXHe8020 wapy oemanet, a
came, 00 NOABU WAPY CIAOOMPOIYUHHOL 3a2aPMOBOYHOT CIPYKMYPU — 6eCCIMPYKIMYPHO20 MAPMEHCUNTY
3 mikpomeepoicmio Hsy = 5700-5920 MlIla, sika 6 1,8-2,1 pasu euwe, Hixe MIKpomeepoicms 0CHOBHO20
nanaasieno2o mamepiany. Tosuwuna 3miyHeHo020 HANIAGIEHO20 WAPY NPU E3080-3MIYHIOIOUIll 06pOOYI
incmpymenmom 3 TIKHB «xubopumy cmagums 60—80 MM, W0 NOACHIOEMbCS HEBUCOKUM MICIOM
gyeneylo 6 mamepiani, HAAGHICMIO GUCXIOHOT Ouysii eyeneylo ma IHMEHCUBHOIO NAACHIUYHOIO
depopmayieto 6 KoHmaxkmuii 30HL. OMPUMAHI pe3yIbmamu NOKA3Yiomb, Wo J1e3080-3MIYHIOINA
o6podka  incmpymenmamu 3 IIKHB € eghekmugHum memoOoM KepY8aHHs eKCHLyamayiiiHumu
BIACIMUBOCIAMU Oemaiell MAWUH, HANPUKIAO, IX 3HOCOCMILIKICIIO.

KarouoBi cioBa: wannasienuii meman; pesicumu mouinns, iHempymenm 3 IIKHB  «kubopumy;
3MIYHEHULL NOBEPXHEBULL AP, MIKPOMBEPOICMb.
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STRENGTHENING OF THE SURFACE LAYER OF THE WELD PARTS
WHEN TURNING BY CUTTERS WITH PSTM “KIBORIT”

Abstract. The results of an experimental study of hardening of the surface layer of parts deposited
by electric arc welding with Np-30KhGSA wire under a flux layer of AN-348A are presented, when
machined with cutters equipped with replaceable non-milling plates RNMN 070300 made of
polycrystalline superhard material (PCBN) based on cubic boron nitride «ciborite». The influence
of mining regimes on the surface microhardness and the thickness of the hardened surface layer of
parts is studied. The nature of the lines of equal microhardness indicates a less significant effect of
the cutting speed compared to the depth of cut and feed and a close degree of influence of changes
in the latter. Processing speeds have less effect on the thickness of the hardened layer compared to
the depth of cut and the amount of feed, although the latter has a less intense effect. The greatest
hardening of the deposited parts was achieved by turning with a cutter with rake angles of (40—
50)°. Treatment with chisels with PCBN «ciborite» with large negative values of the front angle y
is accompanied by the creation in the processing area of such a level of thermobaric load, which
leads to structural changes in the surface layer of parts, namely, a layer of weakly etchable
hardening structure — unstructured martensite Hso = 5700-5920 MPa, which is 1.8-2.1 times
higher than the microhardness of the main weld material. The thickness of the reinforced deposited
layer during blade-hardening processing with a tool with PCBN «ciborite» is 6080 um, due to the
low carbon content in the material, the presence of ascending diffusion of carbon and intense
plastic deformation in the contact zone. The results show that blade-hardening machining with
tools with PCBN is an effective method of controlling the performance of machine parts, such as
their wear resistance.

Keywords: welded metal, turning modes, tool with PCBN «ciborite», hardened surface layer,
microhardness.
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COMPARATIVE ANALYSIS OF HARD MACHINED BORES BASED
ON THE ROUGHNESS AND ACCURACY

Abstract. The results of a comparative study on the machining of hard machined surfaces are
presented in this paper. We compared the surface roughness, roundness and cylindricity errors of
bores machined by grinding, hard turning and a combined procedure. Based on the results we
ranked the studied procedures to help in decision making in process planning.

Keywords: functional properties; surface roughness; accuracy parameters; turning; grinding;
combined procedures.

1. INTRODUCTION

Accurate and effective machining is high priority in the large series
production of wheel-like parts with hardened surfaces, because such parts
belong to this group as the gears in gearboxes. These products are machined on
a scale of millions. It can be concluded by the analysis of the functional
properties of these parts that the two determining surfaces are the gearing and
the bore.

In this study we analysed the machining of the bores. The prescribed
accuracy and quality requirements for the bores were earlier assured by
grinding. Grinding is capable of fulfilling the requirements; however, it can be
considered low productivity due to the low material removal rate. Meanwhile,
the technology applied in the production chain was switched from surface
hardening only of the gearing to case hardening the whole gear wheel.

Grinding finishing made the applied technology more complex, since
more machines are needed for the precision machining of the bores and flat
surfaces; therefore, the workpiece could only be completed in several
clampings. This problem encouraged the introduction of a solution in which all
of the functional surfaces of the gear wheels can be machined in one clamping.

An excellent solution for this approach is hard turning [1, 2], where the
production is granted by a hard turning lathe specifically designed for this
purpose and the application of a super hard cutting tool (cubic boron nitride
inserts). Grinding and turning have different advantages in the production of
workpiece surfaces. In hard turning, the material or allowance removal is 4-5-
fold more efficient than in grinding [3, 4, 5]. Different signs of the stress can be
observed in the surface layer; furthermore, the characteristics of the surface
topography are also different.

© J. Kundrdk, 1. Sztankovics, F. Lukdcs, 2020
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With that in mind, the goal was not only to allow machining in one clamping
with the combination of the two procedures, but to maintain the advantages of the
two procedures while reducing the disadvantageous attributes as much as possible
[6]. In this study we performed a comparative analysis of the machining of gear
wheel bores with three procedures, comparing the surface roughness and the
accuracy parameters.

2. EXPERIMENTAL CONDITIONS

The bore machining is done on an EMAG VSC 400 DS type hard turning centre.
The bore of a gear wheel workpiece with 88 mm inner diameter was machined on 38
mm length. The material grade of the workpiece was 20MnCr5 steel with hardness of
62-64 HRC. The following tools were used in the machining: Sandvik CCGW 09T308
NC2 insert with a E25T-SCLCR 09-R tool holder for the turning; Norton
3AS80JBVET 01 _36X37X13 grinding wheel for the grinding.

The allowance after the heat treatment was removed by grinding (GR), by hard
turning with three feed rates (HT1, HT2, HT3) and by the combination of these
procedures: roughing with hard turning, finishing with grinding (CB). The difference in
the combination of the two procedures from the usual approach (roughing with defined
edge geometry and grinding after this) is that the machining was done with one machine
and in one clamping, meaning that the workpiece time and the possibility of clamping
inaccuracy can be lowered. The procedure variants and the adjusted cutting parameters
are summarised in Table 1.

Table 1 — The studied procedure variant and process parameters

. Operation a f Nt Nw
Notation eﬁements [mm] [mm] [1/min] [1/min]
GR grinding 0.2 0.01 20000 325
HT1 turning 0.2 0.1 - 615
HT2 turning 0.2 0.2 - 617
HT3 turning 0.2 0.3 - 617
CB turning 0.15 0.2 - 615

grinding 0.05 0.01 20000 325

3. EXPERIMENTAL RESULTS AND DISCUSSION

The bore machining experiments were carried out in the following order
on different parts: grinding (GR), hard turning with three feeds (HT1, HT2,
HT3), and the combined procedure (CB). The Ra, R; and Rq roughness values
were measured on three generatrix of the cylindrical surface, the mean values
of the measurements were calculated (Table 2) and the roughness profiles were
recorded (Table 3).
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Table 2 — Mean values of the measured surface roughness parameters

GR HT1 HT?2 HT3 CB

Ra[um] 0.636 0.406 0.460 1103 | 0.410
R, [um] 4503 2.083 3.56 5643 | 3.081
Rq [um] 0.806 0.483 0.603 1356 | 0516

Table 3 — Roughness profiles of the machined surfaces
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After the roughness measurements, the characteristic parameters of the
bore accuracy were measured:
STRt difference of the generatrix of the evaluated surface from a line
RONTt roundness error of the evaluated surface in an intersecting plane
CYLt cylindricity error of the evaluated surface
CYLtt conicity error of the evaluated surface
Cone Angle cone angle of the evaluated surface
The results are summarised in Table 4.

Table 4 — Results of the accuracy error measurements

GR HT1 HT2 HT3 CB
STRt [pum] 581 2.15 1.76 1.7 4.54
RONt [pm] 8.48 6.24 5.18 9.44 5.15
CYLt [pum] 44.93 16.27 10.9 18.12 27.75
CYLtt [um] 70.71 22.31 12.19 18.83 44.79
Cone angle [°] 0.1392 0.0305 0.0203 0.0208 0.0777

We conclude based on the analysis of the roughness values that values
corresponding to the roughness of the ground surface can be achieved by hard
turning with 0.1 and 0.2 feed. If we would like to obtain the acquirable
roughness with grinding, 0.3 feed cannot be chosen for hard turning. Another
attribute that we must think about when choosing procedures is the
characteristic of the generated topography. Particularly surfaces with higher
roughness show the periodic character of the profile in hard turning. Due to this
fact, the turned surface cannot be suggested despite its good roughness values
if the functional requirements do not allow it.

We can say from the experiments that low roughness values and random
surface topography can be assured with the combined procedure. The
comparison of more parameters (for example the productivity of surface
machining) is not the subject of this analysis, but we know from our earlier
studies that the combined procedure is more efficient than grinding due to the
productivity of the rough turning, and the environmental load is also lower due
to the lower grinding allowance.

The achievable accuracy was also compared to that of grinding (Figure 1).
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Figure 1 — Roundness error and cylindricity — ground surface

The following remarks can be said after the analysis. The roundness error
is lower than grinding by 30% at 0.1 feed and by 40% at 0.2 feed; however, it
is higher by 10% at 0.3 feed (Figure 3). With the application of the combined
procedure, the RONt value decreased by 3.3 um or 40% (Figure 2). The
cylindricity error on the only turned surfaces is between half and quarter of the
cylindricity of ground bores. In the case of the combined procedure the
decrease is 17 um (or 40%) from the studied value. For the conicity and cone
angle we say that the decrease from the values of grinding is 83-69% in
conicity and 86-78% in thecone angle in hard turning We measured a smaller
decrease (40%) in the combined procedure from the grinding. We determine
from these numbers that the shape error is lower in the application of turning
(except for 1 roundness error value), therefore the allowance to be removed in
the finishing operation can even be lowered, which would result in a further
decrease in the main machining time.
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Figure 2 — Roundness error and cylindricity — combined procedure
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Figure 3 — Roundness error and cylindricity — hard turned surface

4. SUMMARY

The substitutability of finishing done by grinding (in most cases) is analysed with
other machining procedures in this paper by the comparison of roughness and accuracy
parameters. We determined that the same or better values of ground surface can be
produced by hard turning (up to 0.2 mm feed) and by the combined procedure. Taking
into consideration our earlier results, we advise the substitution of grinding with the
studied procedures based on the material removal efficiency. If the production of
random surfaces is needed, then the combined procedure is better, otherwise the hard
turning procedure is the better choice.
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TMOPIBHAJIbHAM AHAJI3 BAXXKOOBPOBJIIOBAHUX OTBOPIB
HA BA3I IOPCTKOCTI I TOYHOCTI

AHoTanist. ¥ yvomy docniodicenni Oy npoaHanizoeani pesyibmamii 0OpooKu omeopie 3y0uacmux KoJic
pisnumu memooamu. Byna 3po6rena cnpoba 06'eOHamu 06a npoyecu pi3aHHs: MOYIHHA Ma WIli)y6aHHs HA
00HoMy eepcmami [ 3 OOHici yemarosku 3a2omoeku. [lpunyck nicis mepmoo6pobku 6y6 euoaneHuil
WTIGHYSaHHAM A HCOPCMKOIO MOKAPHOIO 0BPODKOIO 3 MPbOMA WIEUOKOCHSIMU NOOAHS | NOCOHAHHSIM YUX
npoyedyp: HOpHOBA 0OPOOKA 3 JCOPCMKOK MOKAPHOK 0OPODKOK, HUCMOBA 0OPOOKA 3 ULIGHY6AHHSIM.
Biominnicme y kombinayii' 060x npoyedyp 6i0 36utaiinoeo nioxody (HopHoea 0GpooKa 3 NesHOI0 2oMempI€Eio
Pizys ma wighyeannsi Niciisi Ybo2o) NOSI2AE 8 MOMY, Wo 0OPOOKA GUKOHYBANACH HA OOHOMY éepcmanii i 3
OOHIET YCMAHOBKU, WO O3HAYAE, WO YAC NEPEYCMAHORTICHH OEMAi | MONCIUBICHIL HEMOYHOCTI 3AMUCKY
Moxcymb Oymu onywenumu. Ilicna eumiprosanns wopcmkocmi Oy 6UMIPSHI XapakmepHi napamempu
MOYHOCME  OMEOpY: HENIHIIHICML MBIPHOI YUNIHOpA, NOMUIKA KPY2IOCHIE OMEOpY 6 CItHIll NIOWUHI,
HeYUWIUHOPUHHOCTb (KOHYCHICTb). 3 eKCHEpUMEHNTi6 MOJICHA CKA3AMMU, WO HU3LKI 3HAYEHHS WOPCIMKOCTI |
NPOSHO306aHA MONOZPAPDIsL ROBEPXHI MOJICYMb Oymu 3abe3neyeti 3a OOnOMo20i0 KOMOIHO8aHOi npoyedypu. 3
OLbLU PaHHIX OOCTONCEHb RAPAMENPA NPOOYKIMUGHOCHT 0OPOOKU 6i00MO, 1O KOMOTHOSAHA npoyedypa Oitbiu
ehexmusHa, Hidc WUTighy8anHs, 3-3a OibLu BUCOKOT NPOOYKIMUBHOCHIE YOPHOBO20 MOYIHHS MA WKOOA QOBKIIIO
MAKOJIC HUDICHE 3-30 MEHUIO20 NPURYCKY HA UUHQY6AHHS. 3aMIHHICIb YUCIOBOT 0OPOOKY, GUKOHYSAHOT
witighyeamam (8 GLIbUIOCTE GUNAOKIB), AHATIZYEMLCSL 3 OONOMOR20IO0 THUULUX MEMOOie 0OPOOKU, HABEOEHUX Y Yill
cmammi, WSIXOM NOPIGHAHHSL NAPAMEMPI6 WOPCMKOCHE | MOYHOCI. 3a3HaueHo, wo maxi dc abo Kpawji
SHAYEHHS NAPAMEmpPI6 NOBEPXHI MOXCYMb OV OMPUMAHI WIIAXOM MOYHO20 moyikHs (nooaua 0o 0,2 mm) i
KOMOIHOBaHOIO 1poyedypoio. bepyuu 00 yeazu ompumani pesyismanmu, MONCHO PAOUNTU 3aMiHy WTIGHY6aHHs!
Ha 8UBYeHi Npoyedypl, 3ACHOBAHI HA eQHeKMUBHOC BUOAIEHHS. MAMEPIALY. AKuo HeOOXIOHO OmpUMaHHs
NPOCHO306aHOI MONOSPAIL NOBEPXHI, MO0 Kpawye GUKOPUCTOBY8AML KOMOTHOBAHY NPOUEOYD).

Kio4oBi cioBa: gyynkyionanshi &1acmueocmi; WopCHiKiCmb NOBEPXHI; NAPaMempu MOYHOCHE; MOYIHHS,
WiiGhy8aHHSL, KOMOIHOBAHI HPOYedypU.
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ROUGHNESS OF ALUMINUM SURFACES FACE MILLED
WITH A DIAMOND TOOL

Abstract. This article describes the results of face milling experiments. The roughness parameters
of machined surfaces with diamond were examined. Measurements were made in three planes
parallel to the feed direction. Changes in the roughness profile diagram and roughness values as a
function of the feed rate were analyzed.

Keywords: face milling; aluminum; diamond insert; surface roughness.

1. INTRODUCTION

Research into the quality and accuracy of surfaces that are machined
under various conditions is a constantly highlighted area of machining. This
is motivated by the desire to meet the functional requirements of the
connecting surfaces of built-in components and the cutting ability of newly
developed tools, tool materials, as well as the machinability of new, high
quality materials.

Vehicle manufacturers’ effort to achieve optimum strength
characteristics with the lowest mass of components also constantly addresses
the issue of machinability of aluminum alloys. Aluminum surface can
typically be machined with a diamond tool by cold forming [1] or machining
[2]. Both methods can improve the surface quality of machined parts [3]. In
this paper we studied the milling of aluminum. In this field, too, there is a
wide variety of research directions and results from publications on diamond
cutting.

Niu et al. [4] investigated the chip formation process in micro-milling
aluminum with a natural diamond insert. The chip morphology and the
milling processes were analyzed in correlation with the cutting force. They
found that the formed chips are affected jointly by the tool-workpiece
material pair and the cutting edge radius. Also, the chips were intact and
separate. Moreover, the cutting force and thrust force are of the same order,
as the cutting edge radius cannot be ignored.

Bai et al. [5] presented a new attempt to manufacture a small-diameter
tool with a PCD diamond tool edge used for micro-machining for a better
understanding of the wear and breakage behaviors of the downsized PCD
tool. Stress distribution and crack propagation of the tool were revealed by
FEM analysis.

© J. Kundrdk, T. Makkai, A. Nagy, G. Emri, 2020
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Thereafter, wear characteristics of the rake face and flank face were analyzed during
machining experiments of aluminum alloy. Results showed that abrasive, adhesive
and oxidative wear were the dominant characteristics in the damage region of the tool.

Different designs of chip breakers made in a metal-matrix polycrystalline
diamond (MMPCD) insert used for milling aluminum alloy were studied by Elkaseer
et al. [6]. The profiles of the generated traces under different cutting conditions and
the thickness of the chips were analyzed. They observed that the creation of the chip
breakers with laser was successful in terms of high surface quality and tight
dimensional accuracy.

Bourlet et al. [7] investigated burr formation in milling. A new methodology
was proposed to simulate burr height along any part edge and for most face milling
trajectories. New 3D aspects of face milling in relation with exit order sequence were
developed.

Wang et al. [8] used a three-dimensional simulation model to analyze the
surface topography of an ultra-precision machined aluminum alloy with a single
crystal diamond tool. Results showed that the simulation model can properly simulate
the surface profile and the predicted surface roughness under the cutting conditions.

Many articles deal with the milling of SiC particle reinforced aluminum matrix
composites with diamond tools. Huang et al. [9] analyzed milling of composites with
SiC particles of larger volume ratio and size. Tool wear, milling force and surface
roughness were examined. They found that the main tool-wear mechanism in
machining of this type of material was abrasion on the flank face. Studying the effect
of cutting speed, feed rate and PCD particle size on tool wear (Wang et al. [10]) has
shown that tool wear has increased significantly with increasing cutting speed, but
that feed rate is less affected. Huang et al. [11] investigated the effects of volume
fraction of SiC particles on tool wear morphology, wear resistance, cutting force and
surface roughness in high-speed milling with a single PCD insert in the milling cutter.
The research results showed that volume fraction has a negligible effect on tool wear
morphology but a large effect on the wear amount and rate. With a low volume of
SiC particles, the tool wear amount is small and increases slowly. However, tool wear
amount is much greater and increases significantly with the increase of cutting
distance. The surface roughness is larger when the volume fraction of SiC particles is
higher. When the cutting distance increases to a certain length, the surface roughness
decreases and becomes constant.

Brinksmeier et al. [12] carried out fly-cutting experiments for studying cutting
forces, tool wear and surface roughness in high speed turning and milling aluminum
workpiece with diamond and carbide tools. They found that an improved surface
roughness can be achieved with a PCD tool rather than a carbide tool in high speed
machining. This also offers several advantages, especially a major reduction of
machining time.
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In this work, we show the roughness of a diamond-milled aluminum surface in
three measurement planes parallel to the feed direction, using different feed rates.

2. EXPERIMENTAL SETUP AND PROCEDURE

The milling of the aluminum alloy was carried out under the following
conditions.
Machine tool:  Perfect Jet MCV-M8 (H) vertical machining center
Cutting edge:  Sandvik R590-1105H-PS2-NL CD10 uncoated diamond insert

Kr = 90°; chamfer 0.25 x 45°

Milling tool:  Sandvik R590-080027A-11M milling head, D=80 mm (Figure 1)
Workpiece: AISi9Cu3(Fe) aluminum alloy, size of the cut surface: 58 x 50 mm

The cutting data are indicated in Table 1.

Table 1 — Cutting data

Constant parameters

Vc=2513.3 m/min | n=10000 1/min | ap=1.5 mm
Changing parameter

Feed per tooth (mm/tooth)

le sz fz3 fz4 fzS sz

0.06 0.09 0.12 0.15 0.18 0.21

The roughness values were measured on AltiSurf 520 three-dimensional
surface roughness measuring equipment with a CL2 confocal probe.

Measurements were made in the symmetry plane and in other planes 20-20
mm bidirectionally from the first one, as indicated in Figure 2. Plane ys is the
nearest to the entry side of the tool and it exits close to Plane yi.

S S 2
gl £l g
l o o o ,
\ T
Plane x2 \ T U
Exit Entry
\ I % side !vc side {4}
N ~'::— pd S
Plane x1
— 1)
20 | 20
Figure 1 — The applied milling Figure 2 — Places (start points) of surface
head with one diamond insert roughness measurement
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3. RESULTS AND DISCUSSION

The measurements were repeated three times at each point, and their
mean values are summarized in Table 2. The values in one plane are averaged
for each feed rate, and those are given separately in Table 3.

Table 2 — Measured values of surface roughness at feed f,=0.12 mm/tooth

f,=0.12 mm/tooth

Plane y; Plane y; Plane y3

Ra R, Ra R. Ra R.

(um) (um) | (um) | (pm) | (um) | (um)
Plane x; 0.25 1.66 0.19 |129 |0.20 | 148
Plane x> 0.25 1.63 022 |165 |019 |121
Average 0.25 1.645 | 0.205 | 1.47 | 0.195 | 1.345

Roughness profile charts were also recorded for each measurement and
are shown in Table 4 for the point defined by Planes xi-y».

Table 3 — Summary of average measured values of surface roughness at different feed

per tooth
Plane y1 Plane y Plane y3
Feed per tooth Y Y Y
Ra Rz Ra R; Ra
fz (mm/tooth) Rz (um)
(wm) | (pm) | (pm) | (pm) | (pm)
0.06 0.235 | 1.740 | 0.180 | 1.635 | 0.215 | 1.605
0.09 0.270 | 2.105 | 0.210 | 1.575 | 0.220 | 1.480
0.12 0.250 | 1.645 | 0.205 | 1.470 | 0.195 | 1.345
0.15 0.295 | 2.305 | 0.265 | 2.295 | 0.285 | 2.725
0.18 0.325 | 2.475 | 0.315 | 2.795 | 0.290 | 2.380
0.21 0.320 | 2.400 | 0.280 | 2.385 | 0.290 | 2.165
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Table 4 — Surface roughness profile diagrams at different feed per tooth at Planes x1 and
y2

™ Roughness profile, Gaussian Fitter, cut-off 0.2500 mm

f, = 0.06
mm/tooth

f, = 0.09
mm/tooth

f, = 012
mm/tooth

f, = 015
mm/tooth

f, = 018
mm/tooth

f, = 021
mm/tooth
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Plotting the measured values in diagrams shows that there are significant
differences between the values not only for the feed rate but also for the
measuring points (Figures 3 and 4).
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Figure 3 — Surface roughness Ra at different feed per tooth values
and Planes y1, y2 and y3
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Figure 4 — Surface roughness R; at different feed per tooth values
and Planes y1, y2 and y3
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As shown in Figure 3, the R, values of the measurements vary between
0.18 and 0.325 pum. In almost all cases, the smallest average roughness value
for each feed rate was observed in the y, symmetry plane. Furthermore, in each
case, the mean roughness values measured on the entry side (Plane ys) are
greater than on the exit side. The values of R, (Fig. 4) show similar
characteristics to those of Ra. Measured Rz values range from 1.47 to 2.795 pm.

Figures 5 and 6 show the change in mean values of R, and R; for the
whole face-milled surface as a function of increasing the feed per tooth. We
found that both roughness parameters increase in value as a trend with
increasing feed per tooth.

0.40

o
w
a

8
*

o
o
o

Surface roughness, Ra (um)
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Feed per tooth, f, (mm/tooth)

Figure 5 — Variation of surface roughness Ra as a function of feed rate
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Figure 6 — Variation of surface roughness R; as a function of feed rate

32



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

Applying linear and power function approximation, there is no significant
difference in the shape of the trend curve. Therefore, trend lines are plotted using
linear regression in Figures 5 and 6. Under the cutting conditions used, the change in
Ra (Figure 5) is described by the trend equation of y=0.38x+0.22, and the change in
R; (Figure 6) by y=2.35x+1.8.

4. CONCLUSIONS

In our experiments, we used a diamond tool for milling an aluminum alloy
specimen used in the automotive industry. With constant depth of cut and cutting
speed, the change of surface roughness parameters with increasing feed rate per tooth
was examined. Roughness measurements were made at six points. Based on the
experimental results described in this article, the roughness of the face milled surface
is different in each point. The effect of the feed rate appears as a trend, increasing the
feed rate causes the increase of the values of the roughness parameters. It is also
worth pointing out that the roughness values measured on the symmetry plane and on
sides of the entrance and exit of the cutting edge also show different characteristics
(effect of up-milling and down-milling). The measured values are within a standard
deviation range. Thus, in order to achieve the required roughness values for the whole
surface, the effect of this should also be considered when selecting the technological
parameters. The spread of the roughness parameters is also influenced by the material
structure homogeneity of the machined surface. It was also found from the
experimental results that despite the distribution, the maximum values of R, and R,
are also significantly lower than the values measured in [13] for face milling with a
carbide tool at similar feed rates. In the latter case, the cutting speed (and thus the
productivity of the machining) was only 10-12% that of the diamond tool.
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Snom Kynnpak, Tamamr Makkai, Antan Haap, ['abop Empi,
Mimkosnell, Yropiuaa

MOPCTKICTb ITIOBEPXHI JETAJII 3 AJTFOMIHIIO ITICJIA
TOPIEBOI'O ®PE3EPYBAHHSA AJIMASHUM IHCTPYMEHTOM

AHoTauiss. Bupobruxu mpancnopmuux 3aco0ié O00KIa0aioms 6eIUKi 3YCUlls o OO0CASHEHHIO
ONMUMATLHUX XAPAKMEPUCIMUK a2pe2amie 3 HAUMEHWIO0I0 MAcolo iX KOMNOHeHmi6 i NOCMIlHO
supiwyioms npobremy 0OpobIosaHoCmi, HANPUKIAO, aNlOMIHIEUX cnaagig. Y cmammi 6y
BUBUEHI NUMAHHSL (hpe3epyants anOMIHI0. YV yitl obracmi ichye 6e31iu HanpaMKie O0CHIONCeHD |
nybnikayiil pesyibmamis 3 aimasHoi oopodxku. Y yiii pobomi 0ocnioxnceno uwopcmricns nosepxHi
ANIOMIHICB0I 3a20MOBKU NICISL AIMA3HO20 QPe3epYEanHsl @ MPbOX NAOWUHAX GUMIDY, NAPATIETbHUX
HANPSIMKY nooayi npu 8apito6aHHI PI3HUMU WEUOKOCMAMU NOOayi. Bumipiosants npoeoounucs 8
NIOWUHI CUMEMPIT SIKA NPOXOOUMb Uepe3 2eOMempudny 6icb gpesu i 30i2acmvcsi 3 HANPSIMKOM
6ekmopy nodaui U 6 I[HWUX 080X NapaneibHux niowjuxax, posmauwosanux 6 20 mm 6 060x
HanpsmMKax 6i0 oci cumempii. 3MiHa napamempie WOPCMKOCHi NOBEPXHI NPU NOCMILHIT 2AUOUHT
Pi3anHs [ WEUOKOCMI PI3aHHs 6UGUANACs 31 36LIbUIEeHHAM WeUOKocmi nodaui Ha 3y6. Bumipiosanms
wopcmkocmi  Oyau  3pobaeni 6 wecmu mouxax. Ipynmyiouucs Ha  eKcnepuMeHmanbHux
pe3yibmamax, GUOHO WO WOPCMKICMb Qpe3epoanoi nosepxHi pisHa 8 KodicHill mouyi. Bnius
WBUOKOCME NOOAUI BUTIAOAE K MEHOCHYIA. 30LIbUEHHS WEUOKOCME NOOAYL BUKIUKAE 30LIbUIEHHS
3Hauenb napamempie wopcmxocmi. Bapmo maxooic 3aznauumu, wjo 3HAYEHHS WOPCMKOCMI,
BUMIpAHI HA NIOWUHI cumempii | HA CMOPOHAX 6X00Y [ BUXOQY PINCYUOI KPOMKU, MAKOIC
noxazylomy pisHi xapaxmepucmuxu (epexm @pesepysanns 62opy i (hpesepyeannsn 6nus). Bumipsni
SHAYEHHS. 3HAXOOSIMbCSL 68 MeXCax Cmandapmuozo eioxunenns. Takum uunom, wob Oocsiemu
HEOOXIOHUX 3HAYEeHb WOPCMKOCMI 05 8CIET NOGEPXHI, yell eghekm Cli0 8paxosysamu npu eubopi
mexHonoziuHux napamempis. Ha poskuo napamempie wiopcmkocmi 6nau8ae maKoxc 00HOpIiOHICmb
cmpykmypu  0bpobniosanozo mamepiany. Taxkodc 3 excnepuMmeHmManbHux pesynbmamie 0yno
BUABIIEHO, WO MAKCUMATIbHI 3HAYeHHs Ra i Rz makodic 3HAYHO HUJICYL, HIDIC 3HAUEHHS, 0OMIDIOBAHI
pauiue OnA Mopyesozo (hpesepysants 3 mMEePOOCNIABHUM [HCIMPYMEHMOM HpU AHANOZIYHUX
weuoKocmsax nooaui. B ocmannvomy eunaoky weuokicme pizanms (i, omoice, npoOyKMuUGHicnb
006pobKu) cmanosuna 6cvozo 10-12% 6i0 weuoKocmi anmMasHo20 iIHCMpyMenny.

KuaiouoBi c1oBa: mopyese gppesepysanns; antominii, armasna 6Cmagka, WOPCMKICHb NOBEPXHI.
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EFFICIENCY OF MATERIAL REMOVAL
AND MACHINING IN CUTTING

Abstract. Among the methods and parameters used for analyzing the productivity of machining
procedures, this paper deals with an analysis based on the efficiency (material volume removed in
unit time) of material removal. The paper focuses on how this specific indicator, the material
removal rate (MRR), changes when different machining procedures and production sub-phases are
considered.

Keywords: MRR; hard machining; machining time.

1. INTRODUCTION

The quality of a product, from its design to the end of production process
— i.e. all the steps of its production — is determined and influenced by the
quality and efficiency of each phase. The machining procedures are qualified
as up-to-date, developed, etc. based on their efficiency. Tremendous variations
have already been exploited during development, making the procedures
shorter, more profitable, etc. The machined parts became more exact and their
quality is improved; therefore, overall they became better and more efficient.
Some examples: high-speed machining procedures; application of high feed;
combined procedures; cold forming of surfaces; application of a wiper insert.

The new procedures are analyzed by comparative methods. They are
applied both to the accuracy and quality of the machined parts and to the
efficiency of machining or production. One of the possible analysis methods is
the study of material removal efficiency, in which the volume removed in unit
time, the material removal rate, is analyzed frequently.

In Table 1 the various applications are summarized by the technology
used and the objective of the MRR analysis. Kumar et al., for example,
analyzed the MRR by calculating the mass of the material removed in unit time
[1]. Moganapriva et al. measured the material mass and density to determine
the value of the MRR parameter [2]. Yadav et al. analyzed the volume of the
removed material and introduced a specific indicator by the consideration of
cutting time in which the tool is in direct contact with the workpiece [3]. The
surface rate and the material removal rate are calculated based only on the
cutting data by researchers and practitioners (e.g. tool catalogues) in [4], [5],
[6]. This means that the value of the MRR parameter is calculated by the
multiplication of the feed, cutting speed, and depth-of-cut.

© V. Molndr, I. Deszpoth, J. Kundrdk, A.P. Markopoulos, 2020
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However, if the machining incorporates more than one different pass (e.g.
roughing and smoothing) or different machining procedures are intended to be
compared, this parameter is difficult to specify in analyzing the removal of a
certain material volume.

Furthermore, if we wish to transform this parameter into one that is
suitable for comparing machining or production processes, further time
components, which are needed for the production of machining of the
workpieces, not only the time of direct material removal (time in which the tool
and the workpiece are connected) has to be considered. Such additional time
components are for example the tool’s movement without any material removal
(approaching, overrun), the time of preparation and finishing operations, or the
time needed for workpiece changes.

Table 1 — Main applications of the material removal rate
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Milling [71 (8], [°] |[10] [11] [11], [12]

Other: Connections between the cutting force and MRR [7]. Effect of
material removal strategy on the MRR [13].

Electro- [14], [15], [17] [14]
discharged [16]
machining Other: Connection between surface integrity and MRR [18]. Effect of
heat generation on MRR-re [19]. Effect of electrode rotation velocity
on the MRR [20]. Effect of dielectricum on the MRR [21].

Turning [22] [[23] [[24] [[24] |
Other: Connection between the MRR and machine-tool power [25]
LBM [26] [27] [28]
Grinding
Other: Simulation of determining MRR [29].
AWC [1] [30]
Drilling [31]

Special examples: Chemical mechanical polishing — mathematical modeling [32].
Dental grinding — Effects of technological parameters on the MRR [33]. Mechanical
polishing — Effect of vibration on the MRR [34]. Tungsten chemical mechanical
planarization — mathematical modeling [35]. Grinding sapphire wafers — Effect of
surface roughness on the MRR [36].
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Because of these factors (to extend the applicability and for more exact
analysis) the practical parameter of the material removal rate was introduced.
Its value is calculated on the basis of the actual time consumption of machining.
This specific value can express the economic efficiency of machining in a
realistic manner [37], [38], [39].

This paper investigates how the MRR values change in the various
production phases when two different types of tools are applied in machining
components having different geometrical values and being machined in
different batch sizes.

2. ANALYSIS, METHOD

The efficiency of material removal in cutting is expressed by the material
volume removed or the surface area machined in unit time. Here time is
defined as the duration when the cutting tool is working. This value is
considered by us as a theoretical value [40] because this efficiency parameter is
based only on the theoretical time of removing material from the machined part.
This is not realistic in a real production process because production cannot be
realized without the consideration of further time parameters. Several factors
are often considering in machining: machining time, piece time, norm time,
operation time, sequence time, etc. The time parameter is set based on which
process phase is to be analyzed. If only the time (t) of the direct continuous
contact of workpiece and tool is considered, the formula is:

L A vV

tzﬂ'f:tzvc'f:tzuc'f'ap: 1)

where L is the machined length; A is the machines area; V is the volume of the
removed material; n is the revolution-per-minute of the workpiece; f is the
feed; v¢ is the cutting speed and a, is the depth-of-cut.

If this time is the basis of cutting, the specific value is only a theoretical
one in the sense that it expresses only the time of material removal. This time
characterizes the tool wear or tool life well but does not provide information on
the efficiency of machining or production process. Here we investigate what
deviations occur in the analyses if only this theoretical time is considered. This
is why the theoretical material removal parameter, which is based on this
cutting time, is considered as a basis (100%) in the analysis and the differences
are provided in percentage values. The definitions of the most frequent
parameters applied in time analysis of the material removal or production
process are listed below.

Main time (tm): part of the base time, it expresses the duration in which
shape formation is realized on the workpiece. The main time has two parts: one
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is when the machining is being carried out by a workstation or machine (tmw)
and the other when the work is done manually (tmm).

tm = ti'i'!.l.v\' + tm.m (2)

Additional time (t.): part of the base time; it is needed only indirectly for
the fulfillment of the specified task. This time is an accompanying component
to the main time, which means that it is present in machining each workpiece.
Examples for this parameter are workpiece clamping, tool approach, machine
warming-up, etc.

Base time (tp): sum of the main time and the additional time.

tb = tm + tr: (3)

Supplementary time (t): time rate for servicing (tsen) the workstation(s)
and for personal needs or relaxing of workers (tpn). The supplementary time is
expressed as a proportion of operation time.

Piece time (t,): sum of the base and the supplementary time.
I:S‘Ei"F + tpi'!

t,=t (1 + 7) 4

P 100 @

Time of preparation and finishing tasks (tyrep): before machining it is
necessary to prepare for the machining task (e.g. studying the blueprints and
the technological plans; tooling the machines) and after machining some
additional tasks have to be performed (e.g. doing paperwork, removing tools).

Norm time or operation time (t,p): time needed to machine one workpiece
of the sequence (n: batch size)

t
_ _prep 4t 5)
n

top

In our comparative analyses these time components are used for
calculating the MRR value. Machining of four disk-type components was
analyzed. Geometrical values and cutting data are summarized in Table 2.

In order to analyze the efficiency of the whole sequence, further time
parameters have to be considered. In our study the preparation time was 1500s
and the change time of the workpiece was 10s. Two batch sizes were analyzed:
n;=300 pcs and n;=600 pcs.
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Table 2 — Technological data of the analysis

Part L[mm] | L'[mm] | D[mm] | vc[m/min] | nw[1/min] L/d
| 33.8 35.8 83 180 690 0.41
1 27.35 29.35 48 180 1194 0.57
1 42.8 44.8 62 175 898 0.69
[\ 35.1 37.1 35 120 1091 1.00
frost 0.15 frw 0.3 ap,R [mm] 0.1
fsst 0.08 fsw 0.12 ap,s [mm] 0.05

3. RESULTS AND DISCUSSION

The focal point of our study is that errors can be made by the process
engineer if the theoretical values are considered in the efficiency analysis. For
example, in the case of comparing two different procedures, the machining or
production process or sub-process incorporates different elements. The time
and MRR values are summarized in Table 3.

In Fig 1 the time and MRR values characterizing the efficiency of
machining or production are represented. The tn(L) value is the time of actual
material removal in length L and this value was considered as a basis for the
analysis (100%). In the whole production process there are additional time
components, that need to be determined for exact calculations. The tm(L")
machining time incorporates not only the machining of the L length but also
the approach and the overrun of the tool. The base time (ty) incorporates the
change time of the tool as additional time beyond the machining time. The
value of this is fixed. The piece time (tp) incorporates the supplementary time
as a rate of the base time. Its value is determined based on plant practice. In the
calculation of the operation time (top) the preparation time of the sequence was
considered as a fixed value.

In case of the analyzed workpieces (different geometry and technological
data) the order resulting from the calculations of the time parameters was
II>1V>I11>1. Varying the batch size (n1 and n2) and the applied insert/feed
(st/w), four technological variations can be formed: st/ni; w/ni; st/n; and w/na.
The change of batch size does not influence the machining main time, the base
time, or the piece time. By increasing the feed (i.e. applying the wiper insert)
these values decrease by 38-41%. The batch size slightly influences the
operation time. The order of the technological variants based on the operation
time is w/nz>wi/ny>st/ny>st/n;.

The practical values of the material removal rate (MRRy,) were compared
to the theoretical value (Fig. 1). In contrary to the time parameters of the
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machining, these values decrease because in the calculation of MRR the

removed material volume is divided by higher and higher time components.

Table 3 — Time and material removal rate values

Insert
Batch size [pcs]

Part

tm (L)

S

MRRuyp,0p [MM3/s]
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56.31

69.64

w| MRRw
[mm3/s]

Q™ RRwpm [Mm3/s]

o
o

Y RRwp,0 [MmM?/s]

o

8| MRRuyp,p [Mm3/s]
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26.35

28.28

38.28
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)
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o
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0.21

54.78

57.34

67.34

77.44

82.44

0.38

0.36

0.31

0.27

0.25

36.99

39.09

49.09

56.46

61.46

0.26
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0.20

0.17

0.16
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36.30

46.30

53.25
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0.64

0.61

0.48

0.41

0.38

16.04

17.21

27.21

31.29

36.29

0.64

0.60

0.38

0.33

0.28

33.35

34.90

44.90

51.64
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0.63

0.60

0.46

0.40

0.37

2251

23.80

33.80

38.87

43.87

0.43

0.41

0.29

0.25

0.22
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wiper
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Figure 1 — Time and efficiency values for different geometrical

and technological data
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Figure 2 — Machining time and operation time as a function of the insert (applied feed)
and batch size (Part: I; Borehole: L 33.8 mm, d 83 mm)

In case of the analyzed workpieces (different geometry and technological
data) the order resulted from the calculations of the different material removal
rate values was I>I1I>11>1V. The order of the technological variants based on
the material removal rate calculated by the operation time is
w/nz>wi/ny>st/ny>st/n1, which is identical to the order based on the operation
time.

In Figure 2 it can be observed that the increase of batch size does not
influence the machining time but it decrease the operation time by 3-4%. The
applied insert and therefore the increase of feed decreases the machining time
by 39% and the operation time by 32%.
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Figure 3 — The practical material removal rate based on the machining time and
operation time as a function of the applied insert
(Part: I; Borehole: L 33.8 mm, d 83 mm)
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The following findings were made concerning the machining time and the
operation-time based practical value of material removal rate (Fig. 3): the
machining-time based MRR is not influenced by the increase of batch size; the
operation-time based MRR is increased by 3.7-5%. With the applied insert and
thus the increase of feed, the machining-time based and operation-time based
MRR are increased by 64% and 48-50%, respectively. The machining-time
based MRR increased by 64% and the operation time-based increased by
55.6% in case of the parallel increase of the two influencing factors (ni/st—
I"Iz/W).

The effect of change in batch size on the operation time and the material
removal rate was analyzed generally. The data of Part Il were considered (Fig.
4). It was found that with the increase of batch size, the operation time
converges to the piece time and the operation time-based MRR converges to
the MRRw;» calculated based on the piece time. On the basis of Fig. 4 a certain
batch size can be determined if the practical value of the material removal rate
is designated as a proportion of the MRRyp,p. In the figure the batch size values
used as examples are connected to the rates 0.85; 0.9 and 0.95. The
intersections show the values of batch sizes (ng.gs=185; N.9=300; No.95=650).
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Figure 4 — The operation time and the operation-time based material removal
rate as a function of batch size
(Part: 11; Borehole: L 27.35 mm, d 48 mm)
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Figure 5 — The analyzed MRR and time parameters in case of the st/n1 parameter
combination (Part: I; Borehole: L 33.8 mm, d 83mm)

If the batch size is given, then based on Fig. 4 the practical value of MRR
and its rate to MRRwpw connected to the batch size can be determined in order
to facilitate decision-making.

In Fig. 5 the analyzed time and MRR efficiency parameters are
demonstrated for a chosen workpiece. The time parameters are ordered by their
increase and meanwhile the practical material removal rate parameters
(connected to the different time parameters) show a decrease. Thus, the higher
the number of time components of the production process considered, the more
the efficiency of material removal decreases.

4. CONCLUSION, SUMMARY

In this paper some parameters expressing the efficiency of material
removal were introduced when machining certain workpieces. It was also
shown how these parameters change if more realistic time components of
machining are considered in the calculations. The chosen efficiency parameter,
which can be applied to any process phase, is a specific indicator which
incorporates the efficiency of allowance removal and the time consumption
required by the technological conditions. Since the production process
incorporates numerous steps (and so different time components), the first step
of the efficiency analysis has to be the decision of what process phase or what
procedure the practical value of MRR is intended to be applied for, and
whether we need to analyze efficiency or apply it for a comparative analysis.
The deviations in the analyzed parameters from the theoretical value
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demonstrated for different geometries. The results proved that it is not enough
to analyze the theoretical MRR values, because this can result in a distorted
conclusion.
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E®EKTUBHICTb BUJAJIEHHA MATEPIAJTY
TP MEXAHIYHIN OBPOBIII PI3AHHAM

AwuoTtauisi. E¢pexmugnicms 6uoanens Mamepiany npu pi3anii 6UpAajNcacmvcsi 00C120M Mamepiany,
wo eudansiemvpcs abo niower noeepxHi, 0opoberoi 6 odunuyto uacy. Hac eusHauaemvcs sk
mpusanicme pobomu pigcyyoco incmpymenmy. Lle 3nauenns pozensidacmvcsi sk meopemuune,
OCKIbKU Yell napamemp epeKmueHoCmi 3aCHO8AHUL MINbKU HA MEOPEeMUUHOMY HACl GUOANEHHS
mamepiany 3 o0bpobmosanoi demani. Lle nepeanvHo y 6upobHunOMy npoyeci, momy uo
8UPOOHUYMBO He Modice Dymu peanizosarne Oe3 ypaxysanHus 000AMKOSUX YACOGUX NAPAMempis.
OOHUM 3 MOJCTUBUX MEMOOi8 aHaNizy € GUEUEHHS eeKMUGHOCMI SUOALeHHs Mamepiany, npu
SAKOMY aHanizyemvcsi 00csie, audanenull 8 oounuyio yacy (MRR). V yiti cmammi docnidoicyromobcs
sminu MRR Ha pizHux emanax supooHuymed, npu UKOPUCMAHHI 080X PI3HUX MUNIE IHCIMPYMEHMIE,
3ACMOCO8YBANUX Y PISHUX UOAX O0OPOOKU, SIKI MAiOmb Di3Hi 2eoMempuyni napamempu i npu
00pobyi pisnux posmipie napmiii demaneii. IIpu o6pobyi neenux Odemaneti Oyau 66edeHi OesKi
napamempu, wo eupadicaioms epexmusnicmo suoanenus mamepiany. Taxooc 6yno nokasano, sAK
SMIHIOIOMbCA  Yi  napamempu, AKWO 8 PO3PAXYHKAX —6pAX08YIOMbCs  Oinbul  peanicmudHi
KOMNOHeHmu mepMiHy 00poOku. Bubpanuii napamemp eghexmusHocmi, skuil modce Oymu
3acmocoganuli 00 0yob-aKoi hazu npoyecy, € cneyiarbHum THOUKAMOPOM, KUl 8KIIOYAE 8 cebe
epexmusHicmy GUOANEHHS. NPUNYCKY | 8UMpamu 4acy, HeoOXioHi 3a MexXHOIOSIUHUMU YMOBAMU.
Ockinbku uUpoOHUYULL npoyec 6KIYAE 6 cebe uucieHHi emanu (i, omoice, pi3HI 4acosi
KOMNOHEHmMU), nepuum emanom aumanizy egexmusnocmi mae Oymu piuieHHs npo me, 015 AKOi
¢azu npoyecy abo 0nsa kol npoyedypu NOBUHHA 3ACMOCO8yeamucs npakmuyna yinnicms MRR, i
uy nompiono Ham npoananizysamu egexmusnicmo abo sacmocysamu il 015 NOPIGHATLHOZO
aHanizy. Bioxunenns ananizoganux napamempie 6i0 meopemuuHo20 3HA4eHHs NPOOEMOHCIPOBAHI
o5 pisHux eeomempiu incmpymenmie. Pesynomamu 0ogenu, wo nedocmamnvo npoananizyeamu
meopemuyni 3navenns MRR, momy wo ye mooice npuzsecmu 00 UKPUBTEHO20 BUCHOBKY.

Kuarwouosi ciioBa: MRR; swcopcmka 0bpobka; wac oopodxu.
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BIIJINB TEIIJIOITPOBIZIHOCTI IOKPUTTSA HA 3MIHY
I'PAJIEHTA TEMIIEPATYPHU B IHCTPYMEHTI 3 IIKHB

AuoTanist. Buxonanuil MoOerbhuil ananiz eniuey menionpogionocmi zaxucrnozo nokpumms TIAIN
Ha epadienm memnepamypu 8 iHcmpymeHnmi, ocHaujeHomy Haomeepoum komnosumom IIKHbB, npu
06pobyi 3azapmosanoi cmani. Bcmanosneno, wo 3axuche NOKpUmms mMae Cymmesull 6niue Ha
2padienm memnepamypu 6 pizanbHoMy iHcmpymenmi 3 Haomeepoozo komnosumy IIKHE ¢ momy
uUnaoky, Koau Koegpiyienm menionpogionocmi nokpumms ne nepeguwye 15 Bm/mK. Taxi nokpumms
00YMOGTIOIOMb  3HUMCEHHS. MeMnepamypu Ha noeepxui  posoiny cucmemu «ocrhoéa 3 IIKHB-
nokpummsy npu mouinui 3a2apmosganoi cmani Ha 100-300 °C. 36invwenns menionpogioHocmi
NOKPUMMSL 3HIHCYE 11020 MENN03AXUCHUL e(heKm NO BIOHOWEHHIO 00 MAmepiany OCHO8U PI3albHO20
incmpymenmy.

Kniwouosi cnosa: mennose none;, Haomeepouil KOMRO3um, 3axucHe NOKDUMIMA; MeNi03axXUucHull
eexm; pizanbHuLl iHCmpymeHm.

Beryn. CtBOpeHHs! i1 3aCTOCYBaHHS Pi3ayIbHUX IHCTPYMEHTIB 3 3aXHCHUMH
HNOKPUTTSAMU — OJIHA 3 OCHOBHHMX TEHJIEHIIH BIOCKOHAJEHHS TEXHOJOTIN
MexaHiuHOT 00poOku [1]. 3axuWcHi TOKPUTTS [O3BOJSIOTH HE TIIBKU
HIIBUIUTH CTIHKICTb Pi3ajbHUX IHCTPYMEHTIB, aje i IPOAYKTHBHICTb MPOLIECY
00poOKH 3a paxyHOK iHTeHcH(ikamii MmBHAKOCTI pi3aHHA. [lokputTs Ha
KOHTAKTHUX TOBEPXHIX IHCTPYMEHTY TOBHHHI BOJIOIITH KOMIDIEKCOM (Di3HKO-
MEXaHIYHHX BJIIACTUBOCTEH, 0 3a0e3MeuyI0Th, 3SHHKEHHS CUIIH 1 TEMIIepaTypH
pi3aHHA, MiHIMI3aIlif0 3HOITYBaHHS iIHCTPYMEHTY.

IIpu po3poOii i CTBOpPEHHI IMOKPUTTIB IS Pi3albHUX IHCTPYMEHTIB
TeIu1o-(Di3MYHI BIIACTHBOCTI BKAa3yIOTHCA B SKOCTI OJHOTO 3 KpHUTEPiiB
omtuMmizalii iX eKcIUTyaTaliiHUX TOKa3HWKiB. [Ipu I1bOMY TepeBakHA
OIBLIICTh JOCHIAHUKIB BKa3yIOTh HHU3bKY TEIUIONPOBIIHICTh IOKPHUTTS B
SKOCTI OJJHOTO 3 TOJIOBHMX YMHHUKIB, 1[0 3a0e3Meuye MiBHIIEHHS CTiHKOCTI
PI3IBHOTO IHCTPYMEHTY BHACIIJIOK 3MIiHH TEIJIOBOro OajlaHCy B 30HI pi3aHHS
[2-4]. HaBoauThbes Taki apryMeHTH — TOKPHTTS CTBOPIOE TEIUIOBHH Oap'ep,
MPAaKTHYHO 130JIIOIOYMH OCHOBY IHCTPYMEHTY BiJl BIUIMBY TeIlUa, IO
YTBOPIOETHCS B 30H1 pizaHHs. BinOyBaeTbes mepepo3nois TemIOBUX MOTOKIB, i
BEIIMKa YacTHHA TeIUla i/ie B CTPYKKY.

ExcniepuMeHTanbHa a00 MOZENbHA NepeBipKa KX YSIBJICHb Ma€ 3HAYHUH
HAYKOBHUH 1 MPaKTHIHUN iHTEpEC, 0COOIMBO AJIS IHCTPYMEHTY, SIKAN IPAIIOE 3
BHCOKOIO IIBUAKICTIO pI3aHHS, HANPHKIaA, OCHANICHHMH HaITBEPIUMH
KOMIIO3UTaMH Ha OCHOBi KyOigHoro HiTpuny 6opy (ITIKHB).

© A. Manoxin, C. Knumenko, 2020
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Mertoauka  gociimkenb. OliHka JIHCHOTO  CTYNEHIO  BIUIMBY
TEIJIONPOBITHOCTI  TOKPUTTS Ha PO3MOALT TEMIEpPaTypHOro Iojis B
NPUKOHTAKTHIA 30HI BHKOHAaHA LUISIXOM YHWCEIBHOTO MOJICIIOBAHHS TEPTS
CTPY’KKH TIO TIEPeAHil MOBEPXHI IHCTPYMEHTY. B SKOCTI 3aXHUCHOTO ITOKPUTTS
npuiiMaemo kommnosuuito TiAIN, HamuieHy BakyyM-AyroOBHUM METOJOM, sKa
BOJIOJIi€ ONHUM 3 HaWMEHINWX 3 TOKPHTTIB i€l TPyNH 3HAUYCHb KOEQIIieHTY
TEIUTONPOBIiTHOCTI (Tabm. 1). 3aneXHO BiA CIHIBBIIHONICHHS AaOMIHIIO i
THTaHy, a TAKOX BiJl yMOB HAHECEHHS HOr0 BEJIMYMHA BapilOETHCS 1 CTAHOBUTD
4-10 Br/mK.

B sxocti marepiany pi3a’dbHOTO IHCTPYMEHTY NPHHHSATHA HaITBEpIHiA
KOMIIO3UT Ha OCHOBI KyOI4HOTO HITpHIY OOpYy «KHOOPUT», SIKAH Mae BHCOKY
npalne3JaTHICTh PH TOYiHHI 3arapToBaHUX craineii [5].

Tabmuist 1 — Termodi3uyHi Ta MEXaHIYHI BIACTHBOCTI MaTEPialliB €JIEMEHTIB MOJICII

Martepian TToxpurrs TiAIN TIKHB «kuboput»
A, Br/MK 5 100
Cp, Ix/xrK 640 760
p, Kr/m3 4,6-10° 3,48-108

B npouieci MozientoBaHHsI BUpilllyBasiacs JIBOBUMIpHA JIiHiiHa HecTalioHapHa
3a/1a4a TEeIUIONPOBIHOCTI. 'paHNIHI yMOBH JUIsl MOZIEITI CXEMaTHYHO ITOKa3aHi Ha
puc. 1, a. Ha 6iuHy NMOBEpXHIO CTPY>KKHM 1 KOHTAKTHY IOBEPXHIO IHCTPYMEHTY
JHIOTH TEIUIOBI MOTOKH BiJl AedopMallii B INTOLIMHI 3CYBY Oo = Tyx Vy 1 BiJ TEpTs Ha
nepeHiil moBepxHi (1 = T- Ve, 1€ Vy 1 Ve — MIBUAKICTH AedopMariii 1 MBUAKICTH
CTPYXK{ BIIIOBIHO, Ty 1 T — 3HAYEHHS MEXi TeKydocTi 0O0pOOJIOBaHOIO
Marepiajly B 3aJIe)KHOCTI Bijl TeMIIEpaTypu.

Hageneni TemoBi HMOTOKM PO3paxOBYBAaJIWMCh Ha BiAKaIiOpoBaHIH Mozeri
PO3paxyHKy TEMIIEpaTypH Pi3aHHS i BapiroBalIWCS IS OTPUMAaHHS TEMIIEpaTyp B
niarazoni 800-1200 °C.

Ha BiNBHHX TOBEpXHAX pi3albHOTO IHCTPYMEHTY 1 CTPYXKH OyiH

OpUMHATI TpaHuuHi yMOBM 3 poiy — o e(en—ec):}L ? . Ycepennena
n

BEJIMUMHA e(QEKTUBHOTO KOe]ilieHTy TeIuloBiAa4dl mpuiAManach s
3a3HAYEHHX €JIEMEHTIB Mojeni piBHOW oe = 50 Br/(M?K). Temnepatypy
HaBKOJIMIIHBOTO cepeioBHUILa npuiiMemMo piBHii 20 °C.

B 11BOX KOHTPOJIBHHX TOYKaxX Ha OMOPHII 4aCTHHI IHCTPYMEHTY B SIKOCTI
TpaHWYHUX YMOB Oynu mpuitaari temmepatypu 200 i 165 °C BimnosigHo,
BU3HAYCHI NPW TOYiHHI 3arapToBaHOl CTaii 31 mMBUAKicTIO pizaHHA 1,3 m/c. 3
OOy Ha T€, IO B CTPYXII ICHye TPami€HT IIBHAKOCTEH NepeMileHHS
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MaTepiany 3 MiHIMyMOM B ITPUKOHTAKTHIN 00J1aCTi 1 MAKCUMYMOM Ha 11 BUIbHIM
noBepxHi (puc. 1, 6), MOIENb CTPYKKU PO3IiIcHa HA IIAPH, HMIBHIKICTh PyXy
SKuX nopiBHIOE BifmoBigHo 0,4 Ve, 0,6 Ve, 1,0 Ve. [l po3paxyHKiB mpuitMeMo
BEJIMUMHY YCaJKH CTPYKKHM PiBHIHM 2, siKiif mpu mBuakocti 1,3 m/c Bianosigae
HIBUAKICTB CTPYKKH Ve = 0,65 m/c.
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Pucynok 1 — ['pann4Hi yMOBHU IPH PO3paxyHKY TEMIIEPATyPHOTO TPaJi€HTa
B pi3aJbHOMY {HCTPYMEHTI 3 MOKPUTTSM (),
MIBUKICTh MEPEMILIIEHHS MaTepialy B IIapax CTPYKKH (0)

[lepeMimmeHHs CTPYXXKH B3JOBXX KOHTAaKTHOI ITOBEPXHI IMITYeMO 3a
nmoromororo ormii KEYOPTS enementa PLANESS, mo mo3Boisie BpaxyBaTu
TIepEeHECCHHS MacH B 00JIacTi, € 3aaHi eJIEMEHTH JaHOTO THUILY.

Po3mipu Mopmerni: ToBmMHA MOKpUTTS 10 MKM, NOBXHMHA Ta BHCOTa
po00OYOT YaCTHHM Pi3AILHOTO IHCTPYMEHTY (pO3MIpH pi3ajibHOI IUIACTHUHU 3
[NIKHB) 12 MM Ta 4 MM BiANOBIIHO, IIMPUHA Ta TOBIIMHA CTPYKKH 0,8 MM Ta
0,2 MM BiAIOBiIHO.

Otpumani pesyabTratn. Ha puc. 2 mnokazaHo 3MiHy rpajieHTa
TEeMITepaTypHOTO IOJIS B Pi3Li 31 3MIHOIO IIBUIKOCTI pi3aHHs Bix 01m3bKoi 0 10
1 m/c.
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Pucynok 2 — 3miHa rpajiieHTa TEMIIEpaTypH B pi3alIbHOMY IHCTPYMEHTI IIPH MIBUAKOCTL

pi3aHHsA:
a—Vomspka 0; 6 —v=1,0m/c
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Sk BHOHO, 30UNBIICHHS MIBUAKOCTI pi3aHHS MPHBOJAC 10 3HUKCHHS
TEMIIePaTypHOTO IPai€HTa, IO MOB'I3aHO 31 3MEHIICHHSIM Koe(illieHTa TepTs,
a TaKOX CHJIU pi3aHHS.

Ha puc. 3, a noka3zati 3aJIeKHOCTI TeMIlepaTypH Bil KOOPJMHATH B3JIOBXK
oci Y B mMo3uTHBHOMY HampsiMKy Bif Touku 0 (puc. 1, @) 1Sl MOKPHUTTIB 3
TeruronpoBigHicTIO A = 5, 15, 30, 60 Br/™MK.

[epernan TpadikiB BiAMOBINAIOTH TOYKAM MEPEXOMY Bill CTPYXKKH IO
TTOKPUTTS 1 BiJl TIOKPHUTTS 1O OCHOBH. Ha mux minmsHKax BigOyBaeThCS MaliHHA
TeMIepaTypu 00yMOBIICHE TEIUIONPOBITHICTIO TOKPUTTSI.

MoskHa BIIMITHTH SICKPaBO BHpaXXeHE TaJiHHS TEMIIepaTypy B iHCTPYMEHTI
B TOMY BHIQJKy, KOJM KOE(Ii€HT TEIUIONPOBIAHOCTI MOKPUTTS CTaHOBHUTH 5
Br/MK. I1pu koedimienTi teronposiaHocti nokputts A = 60 Br/MK Takuii epext
Maike He CIOCTepiraeThes. TakoK BiJ3HAYMMO OLTBII BUCOKY TEMIICPaTypy Ha
MOBEPXHI MOKPUTTA 3 TEIIONpoBiaHicTIO A = 5 BT/MK mpu iHIIMX piBHEX yMOBax
— 900 i 833 °C BigmoBinHo. BenuuuHM MafiHHA TeMmnepatypu B MOKPUTTI B
3aJISKHOCTI Bijl IOTO TETUIONPOBIHOCTI I MAKCUMAITLHOT KOHTAKTHOT TEMIIepaTypu
NoKa3aHi Ha puc. 3, 6.
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Pucynok 3 — 3miHa rpajieHTa TEMIIEpaTypH B iHCTPYMEHTI i3 TOKPUTTSM B 3aJIEXKHOCTI
Bix ioro TernonposiaHocti (a) (1 — 5 Br/MK; 2 — 15 Br/MK; 3 — 30 Br/MK;
4 — 60 Br/MK), BrutiB KoedinieHTa TeIUIONPOBITHOCTI HOKPUTTS i TEMIIEPATypH Pi3aHHs
Ha PI3HULIO TEMIIEpaTyp B TOUKAX, PO3TAIIOBAHUX Ha MOKPHUTTI 1 HA TOBEPXHI PO3ALITY
cucreMu «ocHoBa 3 [IKHB — mokputtsi» (6)

[MoTpiOHO BiAMITHTH, IO TPH XapaKTEPHUX I TBEPAOTO TOWIHHS YMOBax
00po0Okw, Temmeparypa pizanas iHcTpymeHntoM 3 [IKHB ckimanae 3prdaitao 900—
1200 °C [6].

Jlnst naHuX TemIiepaTyp, TEIUIO3aXMCHI BJIACTHBOCTI, IO 3YMOBIIIOIOTH
SHIDKEHHS TEIUIOBOIO HaBaHTaXeHHA B miamasoHi 100-300 °C B ocCHOBI
iHcTpymenty 3 [IKHB, 3a0e3nedyeThest TUTBKH TIOKPUTTSIM 3 TEIUIOIPOBIIHICTIO A
=5-15 Br/mK (puc. 3, 6). Y pasi, akmio koedimieHT TeIIONPOBITHOCTI TOKPHATTS
Bure (15 Bt/MK), Takuit Matepian 3aificHIOE MiHIMaTEHHH BIUTMB Ha TEMIIEPATypy
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Ha MoBepxHi po3aity cuctemu «ocHoBa 3 [IKHB — nokpurtsi», He qUBIISYKCH Ha Te,
110 BeJIMYMHA TerutotpoBigHocTi kKommo3uty [IKHB Habarato Oinbira.

BucHOBOK. 3axrCHe IOKPUTTSI Ma€ CyTTEBHI BIUIUB Ha TPAJiEHT TeMIIepaTypr
B pi3aJIbHOMY IHCTpYMEHTI 3 HaaTBeproro kommnosuty [IKHB B Tomy BHIaky, komm
Koe(iLieHT TEIIONPOBITHOCTI TOKPHUTTS He nepesmye 15 Br/MK. Taki mokpurTs
00YMOBJIIOIOTH 3HIDKEHHSI TeMIIepaTypy Ha IOBEPXHI PO3/LLY CHCTEMH «OCHOBA 3
[MKHB — nokputts» npu ToviHHI 3arapToBaHoi craii Ha 100-300 °C. 30inbieHHs
TEIUIONPOBITHOCTI TIOKPUTTS 3HDKYE HOTO TEIUI03aXUCHHM €(eKT IO BiHOIICHHIO
JI0 MaTepialy OCHOBH Pi3aJIbHOTO IHCTPYMEHTY.

References: 1. Novikov N. V., Klimenko S. A. Instrumental’noe obespechenie progressa mehanoobrobotki
v mashinostroenii. Tehnologicheskie sustemy, 2010, no. 1(50), pp. 69-74; 2.CoelhoR.T., NgE.-
G., Elbestawi M. A. Tool wear when turning hardened AISI 4340 with coated PCBN tools using finishing
cutting conditions. Inter. J. of Machine Tools and Manufacture, 2007, 47(2), pp.263-272;
3. Rech J., Kusiak A., Battaglia J. L. Tribological and thermal functions of cutting tool coatings. Surf. and
Coat. Technol., 2004, 186(3), pp. 364-371; 4.Verestchaka A4.S., Verestchaka 4. 4. Nekotorye
metodologicheskie printcipy sozdanija funktsional’nyh pokrytii dlja rezhutschego instrumenta. Suchasni
tehnologii v mashinibuduvanni. Kharkiv, 2010, vyp. 4, pp. 97-122; 5. Novikov N.V., Klimenko S.A. (eds.).
Instrumenty iz sverhtverdyh materialov. — Moskow, Mashinostroyeniye Publ., 2014, 608 p.
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vysokoy tverdosti. — Kyiv, ISM im. V. N. Bakulya NAN Ukrainy Publ., 2018, 304 p.

Andriy Manokhin, Sergiy Klymenko, Kyiv, Ukraine

THE INFLUENCE OF COOLING CONDUCTIVITY ON THE
CHANGE OF TEMPERATURE GRADIENT IN THE PCBN TOOL

Abstract. A model analysis of the effect of thermal conductivity of the TiAIN protective coating on
the temperature gradient in a tool equipped with a super-rigid kiborite composite was performed
in the processing of hardened steel. The finite element method solved a two-dimensional linear
non-stationary problem of thermal conductivity with boundary conditions of the 3rd kind. At the
control points on the support part of the tool as the limit conditions to take the temperatures
determined when turning hardened steel with a cutting speed of 1.3 m/s. Given the presence of a
gradient of material velocities, the chip model is divided into layers with different speeds. The
amount of shrinkage of the chips is taken 2, which corresponds to the chip speed v, = 0.65 m/s. The
movement of the chips along the contact surface of the tool was simulated taking into account the
mass transfer in the region where the elements were specified. It is shown that increasing the
cutting speed leads to a decrease in the temperature gradient in the tool, which is associated with a
decrease in the friction coefficient, as well as the cutting force. The magnitude of the temperature
drop in the coating depends on its thermal conductivity and the maximum temperature on the
contact surface of the tool. It was found that the protective coating has a significant effect on the
temperature gradient in the cutting tool of the superhard PcBN composite in the case when its
coefficient of thermal conductivity of the coating does not exceed 15 W/mK. Such coatings cause a
decrease in the surface temperature of the section of the system «basis of PcBN coating» when
turning hardened steel at 100-300 °C. If the coefficient of thermal conductivity of the coating is
higher than 15 W/mK, it has a minimal effect on the temperature on the surface of the section of
the system «basis of PcBN coating», despite the fact that the value of thermal conductivity of the
composite PcBN much more.

Keywords: thermal field; superhard composite; protective coating; thermo protective effect; cutting tool.
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IPOTPAMHO-MATEMATUYHUI KOMILJIEKC
JJIA BATATOKPUTEPIAJIBHOI OIITUMIBAILII TAPAMETPIB
TOKAPHOI OBPOBKH HA BAJKKHUX BEPCTATAX

AHoTauisi. B pobomi poszensnymi numanus CmeopeHHs NPoSpAMHO-MAMEMAMUYHO20 KOMNIEKCY
(IIMK) ons 6acamoxpumepianvroi onmumizayii. OOHUM 3 HAUOLIbW NEPCHEKMUBHUX HANDSIMKIB
nioguUWeHHsT  eeKmUGHOCMI  NpoYecie  Mexamiunoi 0OpobKu € 3acmOoCy8anHs —pi3aIbHUX
IHCMPYMEHMIG 3i 3HOCOCMILIKUMU NOKPUMMSAMU, SKI 3HAX0O0SMb yce OLIbUWO020 3aCmMOCY8aHH s Ois
Haniguucmogoi ma 0Jist YOPHOBOL MOKAPHOT 0OPOOKU Demaell BANCKO20 MAUWUHOOYOYBAHHSL.

Jlna  niosuwenna egexmueHocmi MoOKapHOi 0OPOOKU HA  BAXHCKUX MOKAPHUX —8epCMAMAX
PO3POONEHO  NPOSPAMHO-MAMEMAMUYHUL KOMNJeKC Oas  06a2amokpumepianrphol  onmumizayii
napamempie mexHon02iuHO20 Npoyecy il MeXHON02IUHOT CUCeMU BAJICKUX MOKAPHUX 8ePCAMIS.
TIMK 00360115€ guKomy8amu HACMpPOIOBAHHS 3HAUCHb YITbOBUX (DYHKYIT onmumizayii, napamempis
CMBOPIOBAHUX — HEUPOHHUX — Mepedc, 2eHemuynozo —ancopummy. [na — euxonamms — 3a0adi
bacamokpumepianrbHoi onmumizayii napamempie MexHoI02IYHO20 NPOYECY MEXAHIYHOI 0OPOOKU 6
IIMK 3axknadena modciugicmv 3a80aHHs Napamempis iHCMpymMeHma (pi3anbHux HAACMuH), 3
Hacmynuum QOpMyBanHsIM | HAZPOMAOICeHHAM 6a3u IHCMpYMeHmy, 3a80AHHS NAPAMEMpIe
00pobosanoi demani: 3a860anHs mamepiany i 3ycuib pizanus. Taxkodc Ons pizHuUX napamempie
MEXHON02IYH020 Nepexody nepeddayena MONCIUGICHb chopmyeamu mMabauylo HOPMAMUGHUX
napamempisg, no sKiti 6yoe 3p0061eHO HABYAHHS HEUPOHHOT MePeXNCi.

KuarwouoBi cioBa: eadicki mokapui éepcmamu; mMexHON02IUHULL NPOYyec, MeXHONIO2IHHA cucmemd;
iHCMpYMenm; pedicum pizanns; 6a2amoxKpumepiaibHa OnmuMI3ayis; npospamHo-mamemMamuyHuil
KOMNIIEKC,; aneopumm; yYiib0o8a QYHKYis, wimyyHull inmenexm, HelpoHHAa Mepedica.

Beryn. TokapHa oOpoOka BajikiB MPOKATHUX CTaHIB XapaKTEPU3YETHCS
3HAYHOIO MMUTOMOIO YaCTKOIO 4Yacy B 3aralibHill TPYIOMICTKOCTI BUTOTOBJICHHS
BaKiB. Y 3B'A3Ky 13 IIUM TIJABUIICHHS €(QEKTUBHOCTI TOKapHOi 0OpOOKH
NPOKAaTHUX BalKiB € aKTyaJbHHM 1 BaXKJIMBUM HAyKOBO-IPAKTHYHUM
3aBJaHH]IM, IO TOCTa€ Mepe] MiANPUEMCTBAMHU-BHPOOHHKAMH HPOKATHOTO
yCTaTKyBaHHS. Y XOJi TEXHIYHOTO IEPEeOCHAICHHS] BUPOOHUITBA POKATHUX
BAJIKIB Ha IPOBIIHUX MiJNPUEMCTBAX Taly3i MOBHOIO MiIpOIO IPOSIBISETHCS
npobiemMa eheKTHBHOTO IHCTPYMEHTAJILHOTO 3a0e3IeYeHHs] TOKapHOT 00pOOKH.
30kpema, IpU TOKapHii 0OpoOuLi cTajJeBHX NPOKATHUX BAJIKIB yce dacTilie
3aCTOCOBYIOTHCS TOKAPHI Pi3ili 13 TBEPJAOCIUIABHUMHU Pi3aJIbHUMH TUIACTHHAMH
31 3HOCOCTIHKMMHU TOKPUTTSMH BHPOOHHIITBA MPOBITHUX CBITOBUX (ipM-
BUPOOHMKIB  iHCTpyMeHTy.  OcoONHMBOCTI  TEXHOJIOTIYHOTO  IPOIECY
BUTOTOBJICHHS TPOKAaTHUX BAaJKiB HaifyacTille BHMAaraloTb BHUKOPHCTaHHS
TaKWX Pi3LiB HE TIJIbKU HA YHCTOBUX TOKAPHUX OMEpaIlisax, aje i Ha ommepamisx
HaIiBYACTOBOI 00pOOKH. VY 3B'A3KY i3 3a3HaUCHUMH INPUIWHAMH BUBYCHHS I

© €. Muponenxo, C. Mipanuyos, B. I'yzenxo, /I. I'yzenxo, 2020
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HAYKOBE OOIPYHTYBaHHS MOXJIMBOCTEH ¢(EKTHBHOI HAIIBYMCTOBOI TOKapHOT
00pOOKM CTaJIeBMX BAJKIB MPOKATHHX CTaHIB PI3IIMU i3 TBEPAOCIIIABHUMH
pI3aIbHAMH IUTACTHHAMH 31 3HOCOCTIMKMMH TOKPUTTSMH Pi3HOTO CKJIQJy Ma€
BEJIMKE NpaKTHYHE 3HAYEHHS JUIA IANPUEMCTB ranysi. [lpu mpomy
PO3B'si3aHHS MMPOOJIEMH IiJIBUIICHHS €(EKTUBHOCTI HANiBYHCTOBOI TOKapHOI
00poOKHM MPOKATHUX BaJKiB NMOBUHHO HOCHUTH KOMIUICKCHHH Xapaktep i
BKIIIOYATH  3a0e3leueHHs BUCOKHX IMOKAa3HHWKIB  CTIMKOCTI  pi3miB i
TEXHOJIOTIYHUX XapaKTEpPUCTHK JeTalied, a TaKOoXX BHCOKHX IIOKa3HHKiB
eHeproeeKTUBHOCTI IIPOIIeCy OOPOOKH.

Banku mpokaTHHX CTaHIB 3 BEIMKHMH JiaMeTpaMHd OOYKH BajlKa €
XapaKTEepPHUMH JIETAIIMH BaXKKOTO MaIIMHOOYIyBaHHSI.

[Mpuknaan XapakTEpUCTUK NESKHX CTAJICBHX BaJIKIB MPOKATHUX CTaHIB
BupoOHuiTBa I[IAT HKM3 (M. Kpamaropcbk, VYkpaiHa) 3  BeluKUMH
JTiameTpaMu GOYKH Bayika HaBeaeHi B Tabu. 1 [1].

Tabmumst 1 — XapakTepuCTHUKHM JAESKUX BAaJKIB IPOKATHUX CTaHIB BHUPOOHHMIITBA
ITAT HKM3 (M. Kpamatopeek) [1]

labapurni
PO3MipH BaJIKiB Maca opct-
(miametp GOUKHX BanKiB Marepian TBepaicth TounicTh KicTh
JIOBXKMHA OOYKHX ? BJIKIB 00YKHM 1 IMHOK | BaJKiB MOBEPX-
IOBXKHHA T Hi
Jeraii), MM
1600x2700x6700 (1260 Craib 50, Boukwu # muiiok | burrs Bix Ra
1500%2500%6300 50XH, 1o HB 320; 00YKH 3,2 MKM
1400x2000%x5500 60XH, 0ouku Big HSD 60| i mmiiok | no Ra 0,4
1200x1200x5000 75X2MO, 1o HSD 85; Bix 0,02 MKM
1100x1500%4800 75XMD, ok Big HSD MM
90X D, 30 mo HSD 55 o 0,005
70X3rHM® MM
Ta iH.

VY CTpyKTypi TEXHOJOTIYHUX MPOIIECIB BUTOTOBJICHHS MOJIOHUX JeTajei
nepeBakae TOKapHa O0OpoOKa, sIka BHKOHYETHCS Ha BAKKUX TOKapHHUX
BepcTaTax, npuaoMy 0ym3pko70 % 4acy BUTpayaeThcs Ha TOUiHHS 30BHIIIHIX
U HAPUYHUX TTOBEPXOHB [2].

OmHrM 3 HAWOUTBII  TMEpCHEKTHBHUX  HANPSMKIB  ITiABHUINCHHS
e(EeKTHBHOCTI TPOIECiB MEXaHIYHOI OOpOOKHM € 3acCTOCYBaHHS pi3albHUX
IHCTPYMEHTIB 31 3HOCOCTIHKMMH NOKPHUTTAMH [3—8], AKi 3HAXOIATH yce
O1UTBIIOTO 3aCTOCYBAHHA 1 /IJIS1 HAIlIBYMCTOBOI, 1 HABITH ISl YOPHOBOI TOKapHOL
00poOKH feTanell BaXKOTO MAIIMHOOYIyBaHHSA, Y TOMY YHCII HPOKATHUX
BAJIKIB 3 BEIMKHMHU JiaMeTpamMu OOYKHM BaJika, I[0 BHMAara€ y CBOIO UEpry
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OararokpurepialibHOT OonTHMi3alii MapaMeTpiB TEXHOJOTIYHOrO TMpolecy i
napaMeTpiB TEXHOJIOTIYHUX CHCTEM BaXKKHUX TOKAPHUX BEPCTATIB.

OcHoBHa yacTuHa. [[n1s miaBUIEeHHS e()EKTHBHOCTI TOKapHOI 0OpOOKH
Ha BaXKMX TOKAapHHMX BepcTaTtax po3poOJeHHH NporpaMHO-MaTeMaTH4YHUH
komiuiekc (I[IMK) nns  GararoxpurepianbHOi omnrTuMmizanii  mapamerpiB
TEXHOJIOTIYHOTO TIPOIECY M TEXHOJOTIYHOi CHCTEMH BAaXXKKHUX TOKAPHUX
BEpCTAaTIB.

B xoni amamizy mpemMeTHOI oOmacTi OGaraTokpuTepiadbHOI ONTHMi3amii
rmapaMeTpiB TEXHOJIOTITHOTO MPOoIecy MeXaHI9HOi 0OpOOKH, i3 3aCTOCYBaHHSIM
METOJIB IITYYHOTO IHTENEeKTy, st po3podku [IMK 3 meToro BH3Ha4YeHHS
ONTUMANIFHUX PEXHMMIB pizaHHSA Oylla BH3HAYEHA JOIIIBHICTE 3aCTOCYBaHHS
maboHy npoektyBaHHs «Ctpareris» (aHri. Strategy) [9].

Bubip 1a6JI0Hy «Crpareris» 00yMOBIICHUI MOTEHLI HHOTO
posummproBanictio [IMK 1yt BU3HAa4YeHHS ONTUMAalbHUX PEKHMIB pi3aHHS.
3aBaaHHs PO3LIMPIOBAHOCTI, SIKE BUPIIIY€E JaHUN I1A0JI0H, MOXKHA BH3HAUYUTH
K HEOOXiJHICTH BBENEHHS IOAATKOBUX METOMIB ONTHMI3auil B KIHIEBHUI
[IPOrpaMHUM IPOAYKT.

VY paMkax mpeaMeTHOi 00IacTi aNropuT™ OoNTUMI3alii Oyae 3aiiCHIOBATH
poboTy Oe3nocepenHbO 3 TCHETHYHHMH METOAAMHU I HEHPOHHOIO MEpEXer0
[10]. IIpu momaBaHHI HOBHX MeTOHIB ab0 MigXOMAiB OyZe MOMIHBICTH JIETKO
JOJaTH HOBUH alTOPUTM BUKOHAHHS ONTHMi3aIlii.

Po3pobnena Ha OocHOBI mabmoHy HpoekTyBaHHA «CTpaTeris» miarpama
kinaciB [IMK 111 BU3Ha4eHHsI ONTUMAJIbHUX PEXHUMIB Pi3aHHS IIpe/CTaBIeHa
Ha puc. 1. TabnuyHuii onuc npezcrasieHo B Ta0. 2.

1 [ Texvonorrsm nepexia 50 i

1.
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MapaweTpr ;g Liinsoea dywxyn
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1 1
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Heipomavea | 1 1 [ o amopme |@ed

1

TexeTynami avopiTi

&

ta
1

TMonynayn
Hefipox i
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Pucynoxk 1 — [diarpama xiaciB I[IMK a7 Bu3HaueHHs ONTUMATIBHUX PEXHUMIB pi3aHHA
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Tabmuust 2 — Omuc giarpaMu KiaciB AJis MPOTPAMHOIO KOMIUIEKCY IO OITHMi3ariii
napaMeTpiB TEXHOJOTIYHOTO MPOLECY MEXaHIYHOI 0OpOOKH 3 BUKOPHUCTAHHIM METOIIB
MITYYHOTO 1HTEJICKTY

HaiimenyBaHHs Ki1acy OO00B's13KH KJ1acy

Knac-xonTtponep. Binmnosigae 3a BUKOHAHHS TOCITIAOBHOCTI
onTHMi3auii ¥ iHmm GyHKUii cucreMn

Mictute uimbOBY QYHKLIO, ii mapamerpu i MeToau
peasizanii

Mictute mapamerpu 00poOIIOBaHOI JeTami, MmapaMeTpu

Onrtumizatop

LinsoBa GyHKIis

TexHoNOTiYHUI
wepexiz yCTaTKyBaHHS, Ha SIKOMY BHKOHYEThCI  OOpOOKa,
P napaMeTpu iHCTPYMEHTY
Mictute mnapaMeTpu IHCTPYMEHTY, SIKAM BHKOHYETHCS
[ncTpymenT PaMerp py ¥, y
00poOKa aeraii
. MicTuTh mapamMeTpu Marepialy, 3 SAKOTO BHKOHAHA
Marepian
00po0IIOBaHa AeTalb
Mictute pi3HI HapaMeTpu TEXHOJOTIYHOTO Iepexoiy:
[Tapamerpu TIMOWHA Ppi3aHHs, JOBXHHA OOpOOIIOBAHOI TMOBEPXHI,
JiameTp 00po06IIOBaHOT MOBEPXHi
Anroput™m AOGCTpakTHHH Kiac, IIO peajidye MIabjIoH NPOEKTYBaHHS
OnTHMI3aii «Ctparerissy. MicTUTh aJITOPUTMH BUKOHAHHS ONTHMI3allii

Konkperna peamizamis aiaroputMy oOmNTHMi3amii peKUMIB
lOpuaHuii anroput™M | pi3aHHS, 3aCHOBaHA HAa B3a€MOJil TEHETHYHOTO aJITOPUTMY
1 HeWpOHHOI Mepexi

Bukonye ¢imprpamniro XpoMocoM, IO IOCTYHAlOTh, Ha
Hetiponna mepexa aJIcKBaTHICTh. BHKOHye caMOHAaBYaHHS Ha IiJICTaBi
HaBYAIBHOI BUOIPKH, 3aBaHTaXKEHOI 3 TaONNII TapaMeTpiB
CknaneHuii eneMeHT HeHpoHHOi Mepexi. MicTuth

Hetipon L
3HAYCHHS BArOBMX KOC(IIIEHTIB
TeneTnuHmMit . .
Bukonye cTBOpeHH: 1 IEpeTBOPEHHS MOIYJIALII
JICOPUTM

Knac-xoHTeitHep, 1o MIicTUTh y co0i  XpOMOCOMHU.
[omymsist BukopucroByerscs  must  3py4HOi  mepemadi - Oesmivi
XPOMOCOM MIXK €TaraMu ONTHUMi3aLii

Xpomocoma Knac-konTelinep, o MiCTHTb 3HaUEHHS TeHiB-TIapaMeTpiB

Jnsi BUKOHAHHS 3amadi OaraToKpUTepialbHOI ONTHMI3allii mapaMeTpiB
TEXHOJIOTIYHOTO MpoIecy MexaHiuHoi 00poOku B [IMK 3akianeHa MOKIUBICTh
BU3HAYCHHS MapaMeTpiB IHCTPYMEHTY (PDKY4YMX IUIACTHUH), 3 HACTYITHUM
(¢opMyBaHHSAM 1 HAmOBHEHHSM 0a3M IHCTpyMEHTa, 3aBIaHHS IapaMeTpiB
00poOuoBaHol nerani: Mmarepiany W 3ycwib pizaHHA. TakoxX Uil pi3HUX
rapameTpiB TEXHOJIOTIYHOTO Mepexoty neperdadeHa MOKINBICT CPOPMYBATH
TaONMII0 HOPMATHBHUX NapaMeTpiB, Mo sKid Oyne 3poOiieHe HaBYaHHS
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HelipoHHOi Mepexi. ['padiunuii inTepdeiic 3aBaaHHs mapaMeTpiB Marepiaiy
MOKa3aHo Ha puc. 2.

7
| £ NapameTpel cucremel

(=] [mese)
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1

Konu4ecTeo HeldpoHos B CC

25

Oumbka cetn

15.0 0.05 500
KONHYECTBO NNACTHH B KOMNNEKTe LLEHE My TaLMM
20 0.2

MapaMeTpLl FeHETHHECKOrD anropHTHa

LLar M3MEHEHNA NoAEqM

0.02

LLar M3MEHEHWA CKOPOCTH

0.1

Konuyectso xpoMocom

% 3TMHBIX XPOMOCOM

0.4

Pucynok 2 — I'padiunnii intepdeiic nactporoBans [IMK
Ut 6araToKpUTEpiaabHOI ONTUMIZALT

|£] Napamerpsi vaTepuara n nopmaTiensie TaBauus: = [
MaTepuans: Hecrocts
[KoncTpykumontas crans - [180
0.05 0.06 0.1 0.1 03 0.4 0.5 08 16 25
4336 4136 3621 3205 2854 2525 2383 2108 1761 1568
0.05 0.08 0.1 0.1 0.3 0.4 0.5 0.8 16 25 J
HopmaTuBHSIe TaBmLE!
Matepuan Bn ofpaBioTku
[KoHerpykumortas crans « | [eprosas -
Tunopasnep cTarka Hopnaruse:
(20 1 e -
uﬁ‘ 0,5 0,6 0,8 1] 1,2| 1,5 2| zﬁ‘ 3
4 133 121] 113 mi‘ 2| 82 72| &0) 53 7
118 108, 100 89) a1 73 &4 54 47 )
8 113 103, E3 86| 78 70 61 51 45 0
10| 103 100, EE &3] 7S 8 53 50 43 ﬁl
12 106 97 El 81] 75 3 El 50 43 39
15 103 94 88 78 71 64 56 47 41 37,
0] 50) 84 7 70 2] 56 £ 41| E3 32|
25 B 0 75 &7 61 54 B 0] 35 31
30 86 7 73 65| &0) 53 47 39 34
40| 84 77 71 64| 58| 52| 45, 38| |

Pucynok 3 — I'padiunuii inTepdeiic 3aBaaHHs mapameTpiB
Marepiaily # HOpMaTHBHUX TaOJINIb
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|| Wrerpyment =
MAacTiHs:

i 508 I EMES D =
LnaHa LlnpuHa Tonuwma Macca cnasa  Pacxkof nnac... | | YucTosa flerkas uep... “epHosas Tepkynas ue...
19,3 18,05 6,35 1 1 3 4 4 4
Anara LWmprHa TonwuHa Macca cnnasa  Pacxoa nnac... YucTosa Nerkaayep... “epHosam TaKynas 4e...

Pucynok 4 — I'padiunnii inTepdeiic 3aBAaHHS TapaMEeTpPiB IUIACTUH

|£| OnTuMusayus peskumos pesasna l = &J
KOHCTpYKUMOKHES CTals = PepakTiposaTs THNMM 27 06 32 4225 -

27.5x13.5x6.35

CNMM 25 09 32-HR 4325

YkamaTe TN o6paboTky  YKEKMTE TMNOPEsMEP CTaHKA  MCNOMb3yembie HOpMaTHEE!
25,8%25.8%9.5

Yeprosas - | |1000 ~ | OfwemawmHocTpo...

SNMM 25 07 24 4235

25.4%25.4x7.93
MnyBura obpafoTin, mu Anvna obpaBoTku, MM .

A 100 CNMG 190616 E-M 6510
19.3x19.05x6.35

[vaneTp ofpabaTbIaEHal NOBEPXHOCTH, MM CNMG 190616 PR GC4225

19.05x17.744x6.35
1254

¥ron 8 nnaxe, rpaaycel

75

| " Bulbpate nnacTitel | [ BbiNonHHTE ONTHMMIALMIO ] i
3&rpysHTE OTHET ONTHMH3ALMN MapameTpel cicTems!

Pucynoxk 5 — I'padiunmii inTepdeiic BikHa ontumizamii

Jnsa BUKOHaHHA caMoi 3afadi omTUMI3aIii peari3oBaHa MOJXIUBICTH
3aBIaHHS MapaMeTpiB TEXHONOTIYHOTO mepexoxy. dms mepexomy OymyTh
AaBTOMATHYHO 0OpaHi HaHOLIBII pallioHa bHI IHCTPYMEHTH 3 0a3.

B sxocri pesynbraTy omnTHMizamii HajaloThes Tpadikd, IO MICTATh
3HA4YeHHA LUIbOBUX (YHKUIH onTumizanmii ¥ I1HCTpYMEHT, JUIS SIKOTO
MIPOBOAMIINCS  pO3paxyHKH. Takoxk BimoOpaxaeTbcs iHdopmamis mpo
ONTHMAJIbHI PEXUMH pi3aHHS, OTpUMaHi y xoai onrumizauii. Ilpuxian
pe3yJibTaTy ONTUMI3allii IpeCcTaBICHuUi Ha puc. 6.

BuxkopucToByroun pesyipraté podotu [IMK s aBroMaTH3amii mporecy
OTpHMaHHS MOJeNell W OaraTokpuTepiasbHOI ONTHMI3allii MOXKHa pOOUTH
BHCHOBKH NP0 TMOJAJBIIy JOLUIBGHICTh BHUKOPUCTAHHSA I1HCTPYMEHTY IS
BUKOHAHHS MeXaHI9HO1 00poOKu. TakoX pe3ynbTaTH JOMIOMAaraoTh BUSHAYHTH
TEXHOJIOTIYHI Himli BUKOPUCTAHHS IHCTPYMEHTY Ta, MOXJIHBO, BHECTH
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KOPEKTHBH y BXKE ICHYIOUI TEXHOJIOT14HI POLIECH MEXaHIYHOi OOPOOKH.

r 2
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T=40 5=0.94 *| Crowmocts crameouaca E = 5.0 ye
\ = 34.300000000000004
SNMM 25 07 24 4235 25,4%25.4%7.93 CTommocTe TEEPAOro cnnasa Ac = 0.05 ye
T=40 5=0.42 I CTOMMOCTb KOMANEKTa MHCTPYMEHTa Au = 15.0 ye
V = 31.200000000000003
CNMM 25 09 32-HR 4325 25.8%25.8%9.5 KOoMMUECTBO MNACTHH B KoMANeKTe z = 20 wr,
T=40 Deeris] 5=0.42 = [LnHa obpaboTariBaemoil nosepxHocTi L = 100.0 MM
CNMG 190616-PR GC4225 19.05% 17, 7445, 35 OuameTp obpabaToiBacmoi NoBepXHOCTH D = 1254,0 MM
T=4.0 S=0.48 i
—|  TnasHbii yron & nnaxe fi = 75.0 rpanycos
V=374 - b =5t

Pucynok 6 — I'padiunnii inTepdeiic pe3ynpraTiB onTuMizaril

PesynbraTn ontumizauii 30epiratorbes y 1BoxX hopmarax:

= (hopmar, 1110 J03BOJISIE IOBTOPHO NMEPETNIIHYTH PE3yJIbTaTH MPOBEIEHOT
orrrumizaiii 6e3mocepenaro B [IMK ams aBTOMaTH3amii mporecy oTpuMaHHS
Mozenell ¥ OaraTOKpHTepiadbHOI ONTHMi3amii 0e3 MMOBTOPHOTO INPOBEACHHS
MPOIeCy ONTHMI3aIii;

= TekcTOBHH  (paiin, mo MicTUTh iHpOpPMaLil0O TPO  TPOBEICHY
ONTUMI3AIliI0 AN TOMANBIIOTO TAPCHHTY Ta BUKOPUCTAHHS y CTOPOHHIX
JI0/IaTKax.

59



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

BucHoBku

1.Ha miacrtaBi NOpOBeICHHX  JOCTI/DKCHb  CHCTEMAaTH30BaHi 1
npoaHai30BaHi pe3yiabTaTd mnpoBemeHuXx Ha 0a3i [TAT HKMS3 criiikicHux
BHUIIPOOYBaHbh TOKAPHUX PI3MiB i3 TBEPAOCIUIABHUMH Pi3aJIbHUMH IUIACTHHAMHU
31 3HOCOCTIMKMMH MOKPUTTSIMH Pi3HUX (ipM-BUPOOHHUKIB TPU HAIiBUHUCTOBIH
00poO0IIi BaJKiB MPOKATHUX CTaHIB 3 BEIMKHMH JiaMeTpaMu OOYKH Basika 3
METOI0 MOJAJBIIOro GOPMyBaHHS KOMIUIEKCY peKOMeHHaliil 3 e(peKTHBHOTOo
BUKOPHCTAHHS IINX TBEPANX CIUIABIB y 3a3HAYCHINA 00JIACTi.

2. Po3pobienuii mporpamHo-matemarnunuii  kommieke (IIMK)  nns
aBTOMaTH3alii MOpOoIleCy OTPUMAaHHSI MoJelieli U  OaraTokpuTepiaibHOT
ormrrumizarii. [IMK mo3Boinsie BHKOHYBAaTH HACTPOIOBAaHHS 3HAYCHH LITHOBUX
¢GbyHKUIH  onTHMizamii, mapamMeTpiB CTBOPIOBAaHMX HEHPOHHUX MEpeK,
TEHETHYHOTO aJITOPUTMY.

3. lnsg BUKOHAHHS 3a/adi OaraToKpuTepialbHOI ONTHMI3alii mapaMeTpiB
TEXHOJIOTIYHOTO TIporiecy MexaHigHoi 00poOku B [IMK 3akimanena MOXKIHNBICTh
3aBJaHHs NapaMeTpiB I1HCTPYMEHTY (pi3ajlbHUX IUIACTHH), 3 HACTYyIHUM
(opMyBaHHSIM 1 HamOBHEHHSAM 0a3d IHCTpYMEHTa, 3aBJaHHS IapaMeTpiB
00poOoBaHOi JeTari: 3aBAaHHS MaTepiaxy W 3ycwWib pi3aHHA. TakoX st
pI3HMX MapaMeTpiB TEXHOJIOTIYHOTO Iepexoay IepeadaueHa MOXKIHUBICTH
copMyBaTH TaONMII0 HOPMATHUBHMX IapaMeTpiB, MO siKii Oyne 3poOiieHe
HaBYaHHS HEHPOHHOT MEpEexKi.

4. Bukonana OararokpurepianbHa OINITUMI3aLlis napameTpiB
TEXHOJIOTIYHOTO MpOLIeCY W TMapaMeTpiB TEXHOJOTIYHOI CHCTEMH Ba)KKHX
TOKapHHUX BEPCTATIB MpH 00pOoOIIi BaJIKiB MPOKATHUX CTaHIB.
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Yevhenii Myronenko, Serhii Mirantsov, Vitalii Huzenko,
Denys Huzenko, Kramatorsk, Ukraine

SOFTWARE AND MATHEMATICAL COMPLEX
FOR MULTICRITERIAL OPTIMIZATION OF TURNING
PARAMETERS ON HEAVY MACHINES

Abstract. The issues of creation of a software-mathematical complex (SMC) for multicriteria
optimization are considered in the work. One of the most promising ways to increase the efficiency
of machining processes is the use of cutting tools with wear-resistant coatings, which are
increasingly applied for semi-finishing and rough turning of heavy machinery parts.

Objective: to increase the efficiency of machining processes on heavy lathes due to multi-
criteria optimization of the parameters of the rough turning process and the parameters of the
technological system. Object of study: the machining processes on heavy lathes for parts such as
bodies of revolution weighing up to 20 tons. Subject of study: the relationship between the
efficiency of rough turning operations on heavy lathes and the geometric and design parameters of
the cutting tool.

To increase the efficiency of turning on heavy lathes, a software and mathematical complex
for multicriteria optimization of the technological process parameters and technological system of
heavy lathes has been developed. SMC allows to adjust the values of the target optimization
functions, as well as the parameters of generated neural networks and the genetic algorithm. To
perform the task of multicriteria optimization of the parameters of the technological process of
machining in SMC there is a possibility of setting the parameters of the tool (cutting plates),
followed by formation and accumulation of the tool base and setting the parameters of the
workpiece: specification of the material and of the cutting effort. Also for various parameters of
technological transition a possibility to form the table of normative parameters is provided, by
which training of a neural network will be made.

Keywords: heavy lathes, technological process, technological system, tool, cutting mode,
multicriteria optimization, software-mathematical complex, algorithm, target function, artificial
intelligence, neural network.
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A. Minuk, B. ®enoposuy, A. I'pabucHko, Xapkis, Ykpaina

MEXAHO-®I3UKO-XIMIYHE MOJAEJIFOBAHHSA
IPOIIECY PYHHYBAHHSA IOBEPXHI JIETAJII
Y BUIbBHOMY ABPAZUBHOMY CEPEJOBHIIII

AuoTtanist. [Ipedcmagneno awaniz asuwy 6 30HI 3IMKHEHHS 2PAHYI POOOYO20 cepedosuwya 3
nogepxueio demaneil. Biosnaueno, wo epanynu abpasusy, saxi eucmynaromo 3i 36 A3KuU 3epHAMU,
npoHUKAamMy 8 06po6IeaHy NOSepxHIo demani. 3azHayero, wo KOHMAKm abpasugHoi epamyiu 3
nogepxueio 0emari 30IUCHIOEMbCS 8 MEAHCAX NAOWAOOK MANOT eIUUUNY, KT BUSHAUAIOMbCS CUNOIO
3IMKHEHHS, KINbKICMIO I CIAHOM aKMUGHUX 3ePeH, PIGHeM IX 3aKpinieHHs, poamipamu ma Qizuxko-
MEXAHIYHUMU BIACMUBOCIAMU Mamepiany Oemani. Posenanymo nosedinky oOuHuuHoi epanyiu, uo
nepemiuyemucsi 8iOHOCHO 00poOI6aHOT demani. Budineno ocnoeHi 6udu eniugy abpazuéHozo
3epHa Ha 06pobIoeany nosepxuio. Becmanoeneno napamempu pescumy o6pobku, AKi susHayaOmy
xapakmep (Qi3uKo-MexaniuHux npoyecie 63aemooii 0OUHUYHOI epanyau il 00pobII06aHoi demari.
Posensimymo  @iOMiHHOCMI Memody 8iOpoabpasueHoi 0OpobKu 6i0 Gi0OMUX 030001H06ANbHO-
3auuwysarbHux memoois. Haseoeno mexanizm pyiHysanHs mamepiany 0emaii ma npedcmasieHi
emanu Mexano-QizuKo-xXiMiuHo2o MoOen08anHs npoyecy 8ipoadpasueHoi 06pooKu.

KalouoBi cnoBa: abpasusui  cpamyiu; 06pobmosana No6epxHA;  pi3anHA;  NAACMUYHE
depopmysanns; mepms,; ciiou 0OpoOKU,; PYUHYS8AHHL MAMeEPIay .

AHanmi3 SBUII B 30HI 3ITKHEHHS TpaHyl poOOYOro cepeloBUINa 3
MOBEPXHCI0 OOpOOIOBAHOI NeTalmi ToKa3ye, IO M Ji€l0 KOJHBAaHb
BiZIOYBa€ThCSl yJapHUH KOHTaKT aOpa3svBHOI TpaHyJIH 3 IMOBEPXHEIO JEeTali.
Ilpu upomy rpaHyian aOpa3suBy, sSKi BHCTYNAalOTh 31 3B’SI3KH 3EpHAMH,
TIPOHHUKAIOTH B 00pOOIIOBaHy OBEpXHIO faetani [1].

I'panynu pobodoro cepegoBUIIa Bipi3HAIOTHCS CTAHOM aKTHBHHX 3€pPEH,
IIOPCTKICTIO, (OpMOIO, pO3MipaMM, MiclleM pO3TamlyBaHHS B pe3epByapi
BiOpoBepcTara. BHaACIiOK 40oro Ha XapakTep MEXaHIYHOTO KOHTAKTy TPaHyI 3
00pOOITIOBAHOIO TTOBEPXHEIO BIUTUBAIOTH Pi3Hi 32 BEIMYHUHOIO HOPMANbHI CHIH
F / N, e N — uucio 3epeH, 1110 KOHTAKTYIOTh.

KoxHe 3 3epeH, [0 KOHTAKTYIOTh, TPaHyJl CEpEeIOBHIIA 10 MEBHOI 3MiHK
CBOTO CTAHOBHINA, INOJO CYCiAHIX TIpaHys, 3JaTHE PO3BHBATH JESIKY CHIY
7; /N , cipsiMoBaHy mapanesbHo 06poboBaniii mosepxHi (puc. 1).

Konrakr abpasmBHOI TrpaHymn 3  OOpOOTIOBAHOIO  IOBEPXHEIO
3IIMCHIOETBCSA B MEXaX IUIONIATO0K MAJIOi BETMYHMHH, SIKI BU3HAYAIOTHCS CHIION0
3iTKHEHHS F, KUTBKICTIO 1 CTAHOM aKTUBHHX 3€pEH, PiBHEM iX 3aKpillIeHHS,
po3Mipamm, a TaKOX (i3NKO-MEXaHITHIMH BIACTHBOCTSIMH MaTepiaiy JeTali.

Posrnmsgaroun  OXWMHWYHY TpaHydy, IO IEPEeMIIlyeThCS BIIHOCHO
00poOoBaHOI IMOBEpXHI [JeTajli, MOKHAa BiA3HAYUTH, MmO ii mpodinb
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CKJIQIAEThCSL 3 3€PEH, SIKI 3/IMCHIOIOTH MIKpOpi3aHHs, IUIACTUYHE 1 MPYKHE
nedopMyBaHHs, a TaKOXK 3€peH, ki He OepyTh y4acTi B pobori. B pesynbrari
3ITKHEHHS a0pa3MBHOI TIpaHyld 3 TMOBEpXHE Jerami mix ii  BIIMB
NOTPAIUISIIOTh BCi IIapyd 0oOpOOJIOBAaHOIO MaTepialy, pO3TamioBaHi B 30HI
aKTHBHUX 3€peH TpaHyli. XapakTep BIUIMBY aOpa3uBHHX 3€pEH Ha MeTaj
3aJICKUTh BiJ] TCOMETPHYHUX IApaMeTpiB IX BEepUIMH i poOOYOro KOHTYPY
TpaHyJH B HiJOMy. 3aJIeKHO BiJ OpieHTamii pi3albHUX KPOMOK aOpa3sMBHHUX
3epeH MIOAO TBIPHOI T'paHyJM MArOTh MiCIlé TPH OCHOBHHMX BHAU BIUIMBY
abpa3uBHOTO 3€pHA Ha OOpPOOIIOBaHY MMOBEPXHIO, TOOTO pi3aHHS, TUTACTHYHE
neopMyBaHHA i TEPTSL.

Pucynok 1 — Cxema B3aemonii abpa3uBHOI ITpaHyJIM BUTBHOTO CEPEIOBUINA
3 00pOOIIIOBAHOIO ITOBEPXHEIO ACTal

[Ipu mpoMy KOXKHE abpa3uBHE 3€PHO 3 TUIMHOM Yacy B IpoIieci 00poOKH
MOXe€ CIOYaTKy BUKOHYBATH TUIBKH TEPTs, MOTIM IIaCTHYHE JePOpMyBaHHS 1
HapeIlTi 37iMCHIOBAaTH pi3aHHsA. Take 4epryBaHHS POOOTH, IO 3MIHCHIOETHCS
aOpa3sWBHUMH 3epHAMH TPAHYJIH, TIOB’I3aHO 3 XapaKTepoOM IMEepeMillieHHs ii 110
moBepxHi 00poOmoBanoi gerami. IlIBuakicHe Binco3HIMAHHSI OXMHUIHUX
CITiiB 0OpOOKHM TMOKa3ajo, M0 TPaHyIH 3aJUIIAIOTh, Ha KOHTAKTHIH IMOBEPXHI
CKJIQJIHI MO KOHTypax CIiu OOpOoOKHM, SIKi BiJpI3HSAIOTHCS NO TIMOMHI Ta
pO3TalllyBaHHIO Ha MOBEpXHi. | TMOMHA CIifly 3MIHIOETHCSI B HANPSIMKY PYXY
TpaHyJiM Ta BU3HAYAETHCS IIBUIAKICTIO ii NMepeMillleHHs, a TaKoX CHIIOK 1
YacTOTOI0 TNPOHMKHEHHS B MaTepiaj JeTani 3a 4yac KOHTAaKTy W IHIIMMH
¢axropamu [2].

[Ipu BiOpoabpa3uBHIA 00poOIi BigOYBAETHCS B3aEMOMISI TBOX POOOUHMX
MTOBEPXOHb, & CaMe TIOBEPXOHb OJMHUYHOI TPaHyJM Ta 00poOIIOBaHOI IeTali.
Xapaktep  (i3MKO-MEXaHIYHMX  MPOIECiB  B3AaEMOAIl  BH3HAYAETHCS
BJIACTHUBOCTSIMH Ppi3allbHUX 3€peH, po3Mipamu, (OpPMOI0, iX KINBKICTIO i
pO3TallyBaHHSM HAa MOBEpXHI rpaHyl. KpiM TOro, BpaxoBYEThCs
XapaKTepUCTHKa 00pOOIIOBAaHOTO MaTepialy i HOro BIACTHBOCTI, CXHIIBHICTB
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JI0 CXOIUTIOBaHHS, 3JaTHICTh J0 OKHCJIEHHS 1 BIACTMBOCTI OKHMCHHX IUTIBOK,
3HOCOCTIHMKICTB 10 OKUCIICHHS Ta 1HIII TapaMeTpHu B3a€MOJIII, SKi 3ajexarh Bij
TEXHOJIOTIYHOTO PEIKUMY 0OPOOKH.

Iporec BiOpoabpa3uBHOI 0OPOOKH 3aJICIKUTH BiJl XapakTepy JOKaIbHOTO
KOHTAaKTy po00YnX 3epeH abpa3uBHOI IpaHyIM 3 TOHKUM ITOBEPXHEBUM LIAPOM
oOpobmoBaHoi  merami. [Ipi KoHTakTyBaHHI JeTaneil 3 aOpa3sWBHUMHU
rpaHyJaMH, INO KOJIMBAIOTBCS # IepeMillyloThcs 10  0OpOOIIFOBaHHX
MTOBEPXHAX BiIOYBa€eThCA iX B3a€MHE iHTEHCHBHE PYHHYBaHH:I, TOOTO MPOTIKae
mporec miApoOITKH. XapakTep AMHAMIYHAX HABaHTAXCHb B 30HI KOHTaKTy
rpaHya poOodYoro cepeloBUINA i JeTajed Bifgpi3HAe MeToa BiOpoabpasmBHOT
0o0poOKHM BiIl IHIINX BIiJOMHX METOMIB 03100IIOBAIEHO-3aYHITYBaTBHOT
06poOkwu. 11i BiqMiHHOCTI HACTYIIHI:

— HaBaHTAXKEHHS  3epeH  a0pasMBHHX  TpaHyl  BIJIPI3HAETHCS
PIBHOMIPHICTIO, a ITMOMHA IPOHUKHEHHST KOXKHOTO 3 HUX CTaOUIbHICTIO;

— BHACIIOK NEpepHBYACTOCTI B3a€EMOAIi 3 IOBEPXHEIO JeTanei
3a0e3nevyeThcs YepryBaHHs 1e(OPMYIOUHX 1 Pi3aJIbHUX 3€PEH;

— HasABHICTb KOJHMBaHb 3abe3ledye 3MEHLICHHS CHJI TepTs Ha
KOHTAKTHHX ITOBEPXHAX TEXHOJIOTTYHOI CHCTEMH «TpaHyJia — JeTajby;

— 3aBAJKH HEBEIHWKHM po3MipaM a0pa3WBHa TpaHyla HaTIHHO
MIPOCOYYETHCS XIMITHO-aKTUBHIM PO3YUHOM i 3a0e3medye Horo mojady B 30HY
B3a€MHOTO KOHTAKTy 3 00pOOIIIOBaHOIO TIOBEPXHEIO;

— 3a0esmedyeTbcss 3HIDKEHHS CHJI  MIKpPOpi3aHHA 1  KOHTaKTHOL
TeMIlepaTypHu.

binpmiicte 3 mepepaxoBaHMX — BIIMIHHOCTEH  OOYMOBIIIOETHCS
XapaKkTepHUM JUIsi BiOp0aOpa3suBHOI OOPOOKH MPOIECOM CaMOPETYJIIOBAHHS,
SKAH JIO3BOJISIE PYXOMHUM TpaHyjaM 3 IMPOHMKHHUMH B IOBEPXHIO METaly
3epHaMH 3aliMaTd ONTHMaJIbHE IIOJOXKEHHS 1 pPIBHOMIPHO HAaHOCUTH Ha
MIOBEPXHIO eJIEMEHTAPHI ClTiJi 00pOoOKH, 3MilleH]I BiTHOCHO OJUH ojHOTO. [IpH
[bOMY CTBOPIOIOTHCS YMOBH YTBOPEHHSI OXHOPIIHOTO ITIOBEPXHEBOTO LIapy, a
TaKOXX yCYBA€THCS MOJKIMBICTh BUHHKHECHHS IpyOWX CIimiB pyWHYBaHHS. Y
TOYKaX (PAKTHYHOTO KOHTAKTy Tl BHHHMKAE€ CKIQIHUHA CIEKTp HaIpyr,
BinOyBa€eThCS MIKpOpi3aHHS, MPYXHOIDIACTHYHE Ie(OPMYBAaHHS 31 3HAYHUM
30UIBIIEHHAM IIITFHOCTI JUCIOKAIiN 1 YTBOPEHHSIM aKTHBHHUX TUCIIOKAIiHHO-
BaKaHCIIHUX LeHTPIB [3].

3 ornmsny Ha cnenudiuHi 3aKOHOMIpHOCTI BiOpoaOpa3uBHOI 00poOKwH,
3a3HayueHi BIIMIHHOCTI HOIIUPIOIOTHCS JOCUTH PIBHOMIPHO IO BCiH MOBEPXHI
neranmi. [ling gielo  aOpa3MBHUX TpaHyJ, IO KOJIMBAIOTHCS, BUHHKAE
PIBHOMIpHHH IIap IUIACTUYHO JIeOpPMOBAHOTO aKTUBHOTO MeTaiy. [lmacTuyno
nedopmMoBaHMi mIap MeTaly BCTYNae Y B3a€MOJII0 3 KOMIIOHEHTAMH
HaBKOJIUIIIHBOTO CEPEIOBUINA, TOOTO 3 KUCHEM IMOBITPS 1 XIMIYHO-aKTUBHUMH
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pozunHamu. [Inactnuno nedopmoBanuii Metan abcopOye Ha CBOTX MOBEPXHSX
AKTUBHI KOMIIOHEHTH CEPEIOBUINA Ta IHTCHCUBHO BCTYIIA€ 3 HUMH B PEAKIIIIO.

XimiuHa abcopOilis Ha MOBEpPXHI Ae(HOPMOBAHOTO METaly MPOTIKAE 3
IHTCHCUBHICTIO Ha TIOPSIOK BHIIE, HI’K HA TIOBEPXHSIX, 1[0 3HAXOJSTHCSA B CTaHI
piBHOBaru. AHaJOri4YHa KapTHHA CIOCTEPIraeThCs i Ha MOBEPXHAX, MiJIaHUX
MiKpOpi3aHHIO.

ENexkTpoHHO-MIKPOCKOITIIYHI  TOCTIDKCHHS  IOKa3ylOTh  HasSBHICTH
YTBOPEHHS a[re3ifHMX IUIAM | OKHCHMX IUTIBOK HA IUIOMIAZKaX KOHTakTy. lle
CBIIYUTh TPO Te, IO B JAaHOMY IpOIECi TaKoX, SK 1 mpw UUITipyBaHHI,
MOJIipyBaHHI, JOBEICHHI BiIOYyBaeTbcs Oe3MepepBHE OTOJICHHS FOBEHIUTHHHIX
MMOBEpXOHb [4, 5].

SIkmo po3rnsaaTv Ui BIAMIHHOCTI 3 mo3uuii (i3MKO-XIMIYHOT MeXaHiKH
00poOKHM MaTepiaiiB, TO aTOMU FOBEHUIBHOI MOBEPXHi, BOJIOIIIOYH BHCOKOIO
AKTHBHICTIO MOXYTb BCTYIIaTH Y B3a€EMOJIII0 3 HABKOJIMILIHIM cepepoBuieM [1].
Bzaemonisi akTMBHHMX IOBEHIIBHUX HOBEPXOHb, IUIACTHYHO JAe(OPMOBAHUX
00’eMiB MeTally 3 arpecMBHHMH KOMIIOHEHTaMH poOOOYOro cepepoBHIlIa
NPU3BOJMUTH 10 YTBOPEHHS! BTOPUHHUX OCIA0JICHUX CTPYKTYp Ha IX MOBEPXHIX
[6]. ToBmmHa ImmIapy BTOPHMHHHX CTPYKTYp B 3aJIeKHOCTI Bi yMOB iX
yTBOpeHHs 3HaxomuThcss B Mexax 0,05 ... 0,08 mxm. Ilomampmmit KOHTaKT
MTOBEPXHi, MOKPUTOI OCIa0JICHNMH BTOPHHHUMH CTPYKTypaMH aOpa3uBHUMH
rpaHyJlaMH, IO KOJIMBAIOTHCS, NMPHU3BOAWUTH OO iX pPyHHYBaHHS BHACHIJOK
KPUXKOCTI, MEHIIIOT MIITHOCTI Ta 3B’SI3Ky 3 OCHOBHUM MeTtajoM. [Ipu npomy Ha
MOBEpXHi 00pOONIOBaHOT JeTalli CHOCTEPIraeTbcss TOHKWHM, PpIBHOMIPHO
pO3MOoJIiIeHNH, map 3pyHHOBAHUX YaCTMHOK OCHOBHOTI'O MeTaly, L0 Haragye
YIIUIBHEHY Macy ApiOHONoApiONeHHX 4YacTHMHOK. 3a3Ha4YeHWil LIap MOKPHBAE
BCIO TOBEPXHIO OOpOOJIOBAHOI JieTani, MPUXOBYIOYM BiJ| CIIOCTEPEKEHHS
TPaHHULIO 3€PEH.

[Mpuimnanus 1o 0OpoOsieHol MOoBEpXHi paHille po3apoOIeHUX YacTHHOK
BKa3ye Ha HAsIBHICTh SBHINA CXOIUTIOBAHHA, SIKE BHWHHKAa€ NPH 3ITKHEHHI
IOBCHITIPHUX TIOBEpXOHb. Lle sBWINE mpOTiKae B Malli IPOMDKKH Yacy
1,0 ... 2-10 ¢, Ko OroJieHi HOBEPXHi AUCIEPrOBAHOTO METAy HE BCTUIAIOTh
BCTYTATH y B3a€MOJII0 3 HABKOJHIIHIM CEPEJOBUILEM. SIBUINE CXOIUTIOBAHHS
TaKOXK MOXE CIYXHTH MpPUYNHOI pPYHHYBaHHS IIOBEPXHEBOTO IHapy
00po0IIOBaHOT IeTati.

ToHKOAMCHIEPCHI YAaCTHHKM METaly BHACIHIIOK TSDKIHHS €JIEKTPUYHOTO
HOJISL CXOIUTIOFOTHCS Y3/IOBXK TPaHMIll 3ITKHEHHS 3 MOBEPXHEI0 METaly, TOMY,
M0 L€ TSOKIHHS B MICHSX KOHTaKTy HaOJIKAe€TbCcs 3a BEIMYMHOIO 10
MIXKaTOMHUX CHJI 34eIUicHHs. [Ipu momanbmiiii oOpoOIli CKOJIIOBaHHS TaKOi
YaCTKM MOJKE BiIOYTHCS HE Ha TPaHUIl JOTHKY, a 10 OCHOBHOMY Merainy. B
OKpEeMHUX BUNAAKAaX Ii YaCTUHKH YIIIJILHIOIOTHCS yJapaMu rpaHyJl i Ha0yBaloTh
MaTOBHH BiATIHOK IPH iX Bi3yaJIbHOMY PO3TIISIII.
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V 3aransHOMy BUMIIsiAL Pi3HYHUNA MIKpO- 1 CyOMiKpopesbed yTBOPIOETbCS B
pe3yJbTaTi HAsIBHOCTI TJIaJIKUX IIOPCTKYBATHUX IUISHOK 3 TUTIBKAMU OKCHIIIB, 10
YTBOPWINCS TpU pPYyHHYBaHHI IUIIBKM W HAJWIUIMX TPU CXOIUTIOBaHHI 3
MOBEPXHEI0 YaCTUHOK METay.

Crig 3a3HauUTH i OCOONMBICTH MPOTIKAHHS TIPOLIECY 33 YacOM.
Bimsnauaetsess [7], mo pyHHYBaHHS MaTepialy MOYHHAETHCS JIHIIE ITICIs
3aKiHYeHHS JesKoro mepiomy. [IpoTsIroM mpOro 9acy MpoTIKAalOTh MiATOTOBUI
MPOIIeCH, TOOTO YTBOPEHHS CIiAiB 0OpOOKH, HaKJey IOBEPXHi, BHHUKHEHHS
MIKpOTpilmuH 1 iH. TpuBamicTe Tepiofy 3alekuTh BiX (i3UKO-MEXaHIYHUX
BJIACTHBOCTEH MaTepiary Ta YMOB OOpOOKH.

VY 3B’SM3Ky 3 HasABHICTIO SBHUII 0aratopa3oBOTO MPYKHOIUIACTHYHOTO
nedopmyBanHg 1 mepeneopMyBaHHS EIEMEHTapHHUX IUITHOK 00pOOIIOBaHOT
MOBEPXHi, TOpSA 3 MPOLECOM NPSMOro pyWHYBaHHS IIPU OJHOPA30BOMY
3iTKHEHHI, HPOSIBIISIETHCA nporec 6araToLMKIOBOTO IUTACTUYHOTO
nedhopMyBaHHS 1 pyHHYBaHHSI.

[portecu MiKpOpi3aHHS, MPYKHOILTACTHYHOTO Je(POPMYBAHHS, aKTUBAILIT
MOBEPXHEBOTO MIapy METaly, YTBOPEHHs 1 pyiHHYBaHHS BTOPUHHHX CTPYKTYp,
roJieopMaIiifHOro pyHHYBaHHS TOBTOPIOIOTBECS 3 YacCTOTOIO 3iTKHEHHS
rpaHyJ CepelioBHIIa 3 poOouoio moBepxHero. HaBeneHmil aHamiz MexaHi3My
pyiiHyBaHHS Marepialy JerTajleld TrpaHyJaMH poOOYOro cepefoBUIia HpPH
BiOpoaOpa3uBHiil 00poOIi 103BOMSE TOOYAYyBaTH HACTYNHY MeEXaHO-(i3HUKO-
XIMIYHy MOIENb TIpOIlecy PYyHHYBaHHS TOBEpXHI nerami. BoHa ckimamaeTbes 3
eTamiB:

1. VYpapuuii MexaHIYHMH KOHTaKT, Ha SIKOMY BiIOYBalOTBCSl HPYKHE,
IUTACTUYHE, NPY)KHOIUIACTUYHE Je(hOpMyBaHHS 1 pyHHYBaHHS [TOBEPXHEBOTO 1Iapy
3 BUAQJICHHSM YaCTHHOK METay.

2. YTBOpEHHs PO3IYLICHOTO IIapy aKTUBHOTO METally.

3. Bsaemoist akTHBHOTO 11apy MeTaTy 3 HABKOJIMILHIM CEPEeIOBHILEM, SIKHI
XapaKTePHU3YEThCS yTBOPEHHSAM OCIA0ICHNX BTOPHHHUX CTPYKTYP.

4 PyliHyBaHHS BTOPHHHUX CTPYKTyp HACTYIHHMH yJapaMd TPaHyJl
CEpeIOBHIIA.

5.YTBoperHs crermdiuHOro cyOmikpopenbedy, II0 ysBIsie cOO0O0K0 mIap
JIPiIOHOTTOIPIONICHUX YaCTHHOK, SIK 3’€THAHUX MiXK COOOI0 «MICTKaMI» CXOTICHHS
CBOIMH IOBEHIIbHUMH MOBEPXHIMH, TAK 1 TIOB’SI3aHUMU 3 OCHOBHUM METAJIOM.

TakuM YMHOM, IHTEHCHMBHICTH 3HATTSA MeTally Ipu BiOpoaOpa3uBHii
00poOI[i 3a1eXUTh BiJ] IHTCHCHMBHOCTI MEXaHIYHOTO Ta XIMIYHOTO BILUIMBY, a
TaKOXX 3JIaTHOCTI Marepiajly JeTajli YMHHTH Omip Jii 3a3HaueHuX MpoLleciB. Y
3B™S3Ky 3 PpO3MSIHYTOIO MOJETbI0 pyHWHYBaHHS MOBEPXHEBOIO  IIApy
00poOIIIOBAaHOT JIeTali MPEACTABIsE€ IHTEpEC BU3HAUCHHS CITIBBIIHOIICHHS
KO’KHOTO 3 IepepaxoBaHHUX ETalliB IPOLECY, YaCTKH Y4acTi KOXKHOTO 3 HHUX y
3arayibHi 00poOIi. BeTaHOBNIEHO, 110 OpPIEHTOBHE CITIBBITHOIICHHS IMPOIIECIB
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MIKpOpIi3aHHsl 1 NPYXKHOIUIACTHYHOTO Ie(OpPMYBaHHS OPIEHTOBHO CTAaHOBHTH
30..35170 ... 65 %.
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MECHANO-PHYSICO-CHEMICAL MODELING
OF THE PROCESS OF DESTRUCTION
OF THE PART SURFACE IN A FREE ABRASIVE MEDIUM

Abstract. The analysis of the phenomena in the zone of collision of the working medium granules with
the parts surface is presented. It is noted that the abrasive granules of are embedded in the processed
part surface by the grains protruding from the bundle. It is indicated that the contact of the abrasive
granule with the part surface carried out within small size areas, determined by the strength of the
collision, the number and state of the active grains, their level of fixation, dimensions and physical and
mechanical properties of the part material. The behavior of a single granule moving relative to the
processed part is considered. The main types of abrasive grain action on the processed surface are
highlighted, that is, cutting, plastic deformation and friction, it is noted that over time, abrasive grain can
initially perform only friction, then plastic deformation, then cutting. It is established that such an
alternation of the abrasive grains work is associated with the nature of the movement of the granules on
the surface of the processed part. High-speed video recording of single processing traces showed that
granules leave on contact surfaces the processing traces that are difficult to outline, differ in depth and
location on the surface. It was determined that the track depth changes in the direction of granule
movement and is calculated by the speed of its movement, as well as by the strength and frequency of
penetration into the material of the part during contact. Electron microscopic studies show the presence
of adhesive spots and oxide films at the contact sites. This confirms that in the process under
consideration, as well as during grinding, polishing, and finishing, continuous exposure of juvenile
surfaces occurs. It was established that the interaction of active juvenile surfaces and plastically
deformed volumes of metal with aggressive components of the working medium leads to the formation of
secondary weakened structures on their surface, the layer thickness of which is 0.05 ... 0.08 um. The
parameters of the processing mode that determine the nature of the physical and mechanical processes of
interaction of the single granule and the processed part are established. The differences of the vibrating
abrasive treatment method from the known finishing methods are considered. The mechanism of
destruction of the part material is shown and the stages of mechanical and physicochemical modeling of
the process of vibrating abrasive treatment are presented.

Keywords: abrasive granules; the processed surface; cutting; plastic deformation; friction; traces of
processing; destruction of the material.
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DESIGN OF EXPERIMENT IN INVESTIGATION
REGARDING MILLING MACHINERY

Abstract. Design of experiment (DOE) is a systematic method used to determine the relationships
between independent factors and dependent variables. This information can be used either to get
deep knowledge of the existing problems or to explore new processes. The DOE is important
because it can give more details about the processes with the minimum usage of resources,
materials and time. In this paper, four methods of design of experiment and their applications in
the field of milling machines (full factorial, fractional factorial, Taguchi method and response
surface methodology) are argued. The aim of this paper is to give a comprehensive overview and
classification of the use of these methods and present the current trends in investigation of milling
technology.

Keywords: DOE; full factorial design; fractional factorial design; Taguchi method; response
surface methodology; milling technology.

1 INTRODUCTION

Design of Experiments is a statistical methodology used for analysing the
data obtained by given experiments as well as planning and conducting these
experiments. In other words, Design of Experiments used for applying
scientific studies of a process, product or system in a way that manipulates one
or more independent variables to investigate their effects on one or more
dependent variable [1].

By choosing the design of experiments well, the information obtained by
these experiments can be maximized, which is the aim of Design of
Experiments. In manufacturing, studying all the parameters and their effects on
the output is not possible in all cases. The time and cost are the main factors in
any industrial process. That makes using Design of Experiments a necessary to
investigate the output parameter and obtain the needed manufacturing
information with few but appropriate experiments [2].

The milling technology is one of the most often used cutting method in
case of non-axial-symmetrical machine pare. In case of milling, the chip
removal is done by a multi-edge rotational cutting tool, and because of the
several variations of feed direction, different shape of surfaces can be produced
from a simple slot of the complex free form surfaces. Several parameters define
the machining performance, the technical and financial proprieties of the
process. The milling technology is widely used in machining industry including
automotive, aeroplane, and mould and die making.

© A.W. Mgherony, B. Miké, A. Drégelyi-Kiss, 2020
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This paper argues three methods of Design of Experiments (full factorial,
fractional factorial, Taguchi method and response surface methodology) and
their applications in investigations regarding milling machinery. The purpose
of this work is to study and present the recent literature on this topic.

2 DESIGN OF EXPERIMENTS

The first step to design the experiment is to define the objective.
Choosing the key object helps to determine the outputs and inputs parameter,
which the next step is. In the second step, it is important to define the levels of
each factor. These factors can be divided into two groups: controllable factors,
which can be adjusted easily during the experiment and play a key role in the
process. Cutting speed, feed rate are two examples of these factors in the case
milling technology. On the other hand, uncontrollable factors or noise factors
are difficult to be controlled during the experiments, such as temperature and
other environmental conditions. These factors could have a major effect on the
product performance. From another point of view, these factors can be
classified into two sets: quantitative factors which can be determined by
specific number (e.g. depth of the cut, cutting speed, etc.). The second one is
the qualitative factors such as kind of cutting tool [2][3].

Figure 1 depicts the factors and the output response of the process. Each
factor has several levels. The number of levels depends on the purpose of the
experiments, but it could be from 2 up to 5. On the other hand, the number of
factors and their levels determine the Design of Experiments approach that
should be used [2]. In the next chapters four approach of Design of
Experiments will be discussed.

Controllable
Factors

\ 4

Input ’ Process » Output

Uncontrollable
Factors

Figure 1 — Factors and output of process
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2.1 Full factorial design

In case of full factorial design method, all the factors and their
interactions are investigated. The number of levels usually is 2 and rarely 3. If
the number of level equals to 2, the linear effect of the factors should be
investigated. In case of 3 or more, not only the linear effects but also the
quadratic effects of each factor should be studied.

The number of the experiments that should be done is determined by nk,
where k is the number of the factors, and n the number of level of each factor.
As an example, if we have three factors at two levels then the number of
experiment is 8. In this case, all the possible combinations of the factors at all
levels are investigated. Full factorial design is suitable for the number of the
factors is less or equal to four [3].

Many researchers depend on this method to determine the most important
inputs those have a remarkable effect on the output. Noorani, Farooque and loi
[4] studied the effect of four factors: spindle speed, depth of cut, feed rate and
tool size on the surface roughness of the aluminium alloy 6061, and they found
that feed rate and tool size are highly responsible for surface roughness. The
least surface roughness is when the spindle speed and depth of cut are adjusted
to the highest level and the feed rate is low.

Investigating the tool life using the same material of work-piece, M.
Kasim et al. [5] found that the highly responsible factor for tool life is the
cutting speed, In a way that increasing of the cutting speed will decrease the
tool life. Maximum life of 97 minutes can be obtained by when cutting speed is
115 m/min, feed rate is 0.15 mm/tooth and depth of cut is 0.5 mm.

A Multi objective optimization was done by Kiran and Kumar [6]. They
found that the least total cost is Rs = 12.22 and maximum tool life is 170.19
min and obtained when feed = 0.3 mm/rev, the cutting speed = 50 m/min and
depth of cut = 0.3 mm.

Lakshmi and Subbaiah [7] studied the effect of the cutting speed, feed rate
and depth of cut on surface roughness and they found that the feed has the main
effect on surface roughness and then the cutting speed .Moreover, a multi
objective optimization was conducted with the target of maximizing metal
removal rate MRR and minimizing the surface roughness Ra the optimum
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conditions were when feed 800 mm/min, speed 160 m/min and depth of cut 0.5
mm.

Using the same factors but spindle speed instead of cutting speed
Shahrajabian and Farahnakian [8] investigated the effect the same factors on
the surface roughness and machining forces on CFRPs, the results were as
follows: By increasing the feed rate the surface roughness will increase, while
it decreases with the spindle speed. By increasing the feed rate the machining
force will increase, while it decreases with the spindle speed.

Similar results were founded by Abbas et al. [9] when they investigated
the effect of the same factors on surface roughness of the high strength steel.
Besides they conducted a multi objective optimization withe the target of
maximize metal removal rate and minimize the surface roughness Ra. The
optimum parameters were: depth of cutl.0mm, spindle speed 1250 rpm and
feed rate 67 mm/min with a composite desirability of 0.83, to give Ra=0.15 um
and MRR = 233 3mm3/min.

Different results were found by Vipindas, Kuriachen and Mathew [10]
when they did their experiments using 0.5 mm tool diameter, they found that
depth of cut is the most significant factor on surface roughness followed by
spindle speed and feed rate. Feed rate - spindle speed interaction has a
significant effect, while the results were similar to other studies, when they
used 1 mm tool diameter. However, for both tools, feed rate-spindle speed
interaction has a significant effect on surface roughness. Vipindas et al. [10]
studied the effect on top burr formation also and found that depth of cut is the
most significant factor, on the other hand, the feed rate - depth of cut
interaction is the most significant interaction.

For Deshmukh et al. [11] who studied material removal rate as well, the
results were as follows: feed rate has the main effect over surface roughness,
whereas the depth of cut is the most important factor in case of material
removal rate. Material removal rate and surface roughness are proportional to
each other. In their study, they found that the minimum surface roughness is R4
= 1.2 um, when feed rate 250 m/min, depth of cut 0.2 mm and spindle speed
600 rpm. Whereas maximum material removal 29.214 mm?3/s is when feed rate
300 m/min, depth of cut 0.6 mm and spindle speed 800 rpm. In addition, they
found that the minimum time 13.03 s required for maximum material removal
rate.
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Bolar, Das and Joshi [12] investigated the effect of tool diameter, feed
rate and axial and radial depth of cut on surface roughness. They found that:

e The best surface finish quality has been achieved by applying Lower
values of feed rate, axial depth of cut and radial depth of cut with tool
diameter of 8 mm.

e Tool diameter has a main effect on both surface roughness and cutting
force.

e In cases of 4 mm diameter tool with high depth of cut and feed rate a
tool breakage is noticed.

Miké and Nagy [13] studied the effect of tool’s corner radius as well as
the feed rate and depth of cut over surface roughness and his results can be
summarized as follows:

e The effect of the depth of cut and the feed rate are the same

o Higher feed has small effect on surface roughness but can improve the
surface error a little bit.

e The higher depth of cut impairs both investigated input parameters.

e The larger tool corner radius decreases the surface roughness. But
increases the surface error.

Table 1 is a summery to number of researches used full factorial design in
their studies. In this table we can notice that the number of the input factors is
three in eight studies only two studies have four in put factors. However, the
number of the levels is not the same in all researches, some researches have 2
levels others have 3 levels only one study has 4 levels. From the Table 1 also,
we can see the highest number of the needed experiments is 3* = 81.

On the other hand, feed rate, depth of cut, spindle speed and cutting speed
are the most important factors in the case of milling machine. Whereas the
surface roughness Rx is the output in most of these studies.

Using full factorial design helps studying all the possibilities of the levels
of the factors. It gives enough information about the output response of the
process. However, the limitation of this method is that the number of the
experiments is related with the number of the factors and their level, which
makes applying this method impaossible, because the limitation in the time and
the cost. In such cases, another method could be chosen like fractional factorial
design which will be discussed in the next chapter.
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Table 1 — Full factorial design in milling machine experiments

Author/ Work | F No. No. Response
uthor/ year piece nput Factors levels Experiments Variables
Material
Noorani AL 6061 | Spindle Speed 2 24 Surface
Farooque Depth of Cut 3 replications roughness Ra
loi Feed Rate
2009 [4]. Tool Size
Lakshmi EN24 Cutting speed 3 33 Surface
Subbaiah alloy Feed rate no replication roughness Ra
2012 [7] steel Depth of cut Material
removal rate
Kiran AIS1304 | Cutting speed 3 33 Tool life
Kumar Stainless | Feed rate Total cost
2013 [6] Steel Depth of cut
Kasim et al. AL Cutting speed 2 23 Tool life
2015 [5] 6061-T6 | Feed rate no replication
Depth of cut
Shahrajabian CRFP Spindle speed 3 33 Surface
Farahnakian Feed rate no replication roughness Ra
2015 [8] Depth of cut Machining force
Vipindas Titanium | Spindle speed 3 332 Surface
Kuriachen alloy Ti- | Feed rate no replication roughness Ra
Mathew 6Al-4V Depth of cut Top burr
2016 [10] Tool type 2 formation
Abbas et al. High Spindle speed 4 33 surface
2016 [9] strength Depth of cut no replicate roughness  Ra
steel Feed rate and Rt
Material
removal rate
Deshmukh et AlSI Cutting speed 4 324 Surface
al. 1020 no replication roughness Ra
2017 [11] Mild Depth of cut 3 Material
Steel Feed rate removal rate
Bolar AL Tool diameter 3 34 Surface
Das 2024- Feed rate no replication roughness Ra
Joshi T35 Axial depth of Cutting force
2018 [12] cut
Radial depth of
cut
Miké C45steel | Tool’s corner 3 223 Surface
Nagy radius no replication roughness Ra
2019 [13]
Feed rate 2
Depth of cut
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2.2 Fractional factorial

Time, resources and budget are very important in the industry. That
makes running full factorial experiments is unavailable when the number of the
factors is large. Instead fractional factorial design is implemented, in this
approach a smaller number of experiments can be run to get the information of
the main effects and desired interactions effects, in other ward some
interactions are considered unimportant will not be investigated [3].

The number of the experiment in this method can be determined by nk,
where n is the number of the levels, k is the number of factors and 1/2°is the
fraction of full factorial that should be run [14]. When p=1, we got the half
factorial design, in case of 3 factors with 2 levels, we need to run four
experiments, which is the half what we need in case of full factorial.

In the following, a review of some researchers used fractional factorial
design in milling machinery is provided:

Saini and Pradhan [15] used this method to study the effect of four
machining parameters (speed, feed, depth of cut and coolant) For high carbon
alloy steel. They found that: the depth of cut has the most significant effect on
material removal rate, followed by feed, interaction effect of depth of cut and
feed and finally on coolant. the optimum result of MRR is 52.1512 gm/min,
that is when depth of cut 3.0 mm feed is 0.15 mm/tooth with coolant on.

On the other hand, Catherine, Ma’arof and Suresh [16] used five factors
(depth of cut, feed rate, step over, spindle speed and plunge rate) to study the
impact on surface roughness. They found that step over is the most significant
factor on surface roughness.

Tseng et al. [17] used half fractional design to investigate the effect of
five factors (cutting speed, feed rate, depth of cut, nose radius and cutting fluid)
on surface roughness. According to their research the most important factors
are feed rate, cutting speed and depth of cut.

El-Taybany et al. [18] studied 2 levels for six factors, the outputs of the
experiments were the cutting forces and the moment. The results can be
summarized in the following way:

e The cutting fluid has a big effect on the cutting forces. With application
of cutting fluid, the moment de-creases while cutting forces increase.
The case is the same with ultrasonic vibration which results in
minimizing the moment and maximizing the cutting forces
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e The feed rate, spindle speed and depth of cut have major effect on
cutting forces which increase by increasing the depth of cut and feed

rate and decreasing the spindle speed.

Table 2— Fractional factorial design in milling machine experiments

Author/ Work No. Input No. Fractional Response
year piece Fac- Factors levels Design Variables
material tors

Saini EN-31 4 Speed 2 241 Material
Pradhan Feed no replication | removal
2014[15] Depth  of rate

cut

Coolant
Catherine | PE board 5 Depth  of 2 257! Surface
etal cut no replication | roughnes
2015 [16] Feed rate sRa

Step-over

Spindle

speed

Plunge rate
Tseng AL 6061 T6 5 Cutting 2 257! Surface
Konada Speed 3 replications | roughnes
Kwon Feed rate sRa
2015 [17] Depth  of

cut  Nose

radius

Cutting

fluid
El- Soda glass 6 Spindle 2 2671 Cutting
Taybany speed 2 replications forces
Hossam Feed rate and the
El-Hofy Depth  of moment
2017 [18] cut

Ultrasonic

vibration

Grain

structure

Cutting

Fluid

Table 2 shows five studies used fractional factorial design. It is clear that
the number of factors here is higher than in table 1. Three studies used half
fractional factorial where the number of factors was 5 in two of them and 6 in

the other one.
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Fractional factorial design is a very useful tool to investigate the most
important factors which have the main effects on the output. When the time
and cost are limited, using this approach would be a necessary to give a
maximum amount of information in less number of experiments than full
factorial. However, the information that can be received by this approach could
be insufficient in some process and need a prior knowledge of the main factors
that should be studied.

2.3 Taguchi method

It is a very widely used method, founded by Dr. Taguchi a Japanese
engineer who introduced a new way of thinking of product quality in industry.
The main idea in Taguchi’s methodology is the “loss of society” which
indicates that the whole society and individual firms suffer when the well-made
products do not work as they could[14].

According to Taguchi view, the process of improving the quality of the
product starts by taking the population distribution close to the target value.
The next step is to reduce the variation around the target [19].

In his approach, Dr. Taguchi put a set of standard orthogonal arrays.
These arrays determine the number of the experiments that should be
implemented. Choosing the suitable array depends on the number of the factors
and their levels [14]. Using these arrays, the linear effects of the factors and
some relevant interactions between the factors can be investigated.

Noise or uncontrollable factors were part of Taguchi’s method. These
factors were usually ignored for an economic reason and because of the small
effect that they have on the response of the process. By taking these factors in
account, Taguchi was able to build a robust design [19]. In this robust design,
an outer array represents the noise variables are added to an inner array which
represents the main factors [14].

Here, we will go throw some researches where this approach was used in
investigations in the field of milling machine.

Singh and Mall [20] studied the effect of cutting speed, feed rate and
depth of cut in order to optimize the surface roughness of aluminium, they
pointed out that the most important factor is the feed rate followed by cutting
speed and depth of cut. Whereas Ramesh [21] studied the spindle speed, feed
rate and depth of cut to minimize the cycle time in machining of stainless steel
AISI 304, the results of this research was as follows:

e In case of cycle time, the most important factor is spindle speed
followed by feed rate and depth of cut.

¢ In case of surface roughness, the most important factor is feed rate.
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Malay et al. [22] studied the same factors to optimize the milling process
in machining Al 6351. The results in this study were different from the
previous one, they indicated that the most important factors in modelling
surface roughness is spindle speed. However, in their research, Ghalme,
Mankar and Bhalerao [23] pointed out that the optimal value of surface
roughness can be achieved when: Speed= 200 rpm, depth of cut= 1.2 mm and
feed= 40 mm/min.

Ratnam et al. [24] investigated in the effects of process factors on each of
surface roughness, surface hardness and tool vibrations. The results of this
study can be summarized in these three points:

e The most important factors on surface roughness are the feed rate and
tool speed.

e While tool speed and depth of cut are the most important in case of
surface hardness.

e In case of orthogonal turn-milling, depth of cut has a vital role on
surface hardness and tool vibrations, whereas in tangential turn-milling,
the most significant factor is tool speed.

In their research, Gupta, Krishna and Suresh [25] focused on the flatness
of the work piece. From this research, it can be concluded that by increasing
the spindle speed and feed rate the flatness decreases, while it increases with
the increase of depth of cut. In their study Kumar et al [26] found that, the most
important factor is spindle speed, then depth of cut and feed. Whereas, Sosa,
Makwana and Acharya [27] did not focus only on surface roughness but also
on material removal rate, they found that in case of material removal rate, feed
rate has the most significant effect, while cutting speed has the main effect on
surface roughness.

Kim and Lee [28] studied the cutting force and tool wear beside of the
surface roughness. The results can be summarized as follows:

e In case of tool ware, spindle speed was the main factor.

e In case of cutting force, depth of cut has the most significant effect.

e Feed rate has the most significant effect on surface roughness.

In their study to minimize the energy consumption as well as the surface
roughness, Ahmed and Arora [29] found that in case of surface roughness,
spindle speed is the most important factor, while feed rate has the most
significant effect on energy consumption.
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Table 3 — Taguchi design in milling machine experiments

Cutting speed

Author/ Work piece | No. Input factors No. Ortho- | Response
year material factors levels | gonal variables
matrix
Singh AL 3 Cutting speed 3 Lo Surface
Mall Feed rate roughness
2015 [20] Depth of cut
Ramesh AISI 304 3 Spindle speed 3 Lo Surface
2015 [21] Stainless Feed rate roughness
steel Depth of Cut Cycle time
Malay etal. | AL 6351 3 Spindle speed 3 Lo Surface
2016 [22] Feed rate roughness
Depth of cut
Ghalmel GFRP 3 Spindle speed 3 Lo Surface
Mankar Feed rate roughness
Bhalerao Depth of cut
2016 [23]
Ratnam et | Extruded 3 Tool speed 4 Lis Surface
al. brass Feed rate roughness
2016 [24] (leaded) Depth of cut Surface
hardness
Tool
vibrations
Gupta AL/Si alloy 4 Spindle speed 3 Lo Flatness
Krishna Feed Rate
Suresh Depth of Cut
2017 [25] Step over ratio
Kumar et | Al2024-SiC 4 Spindle speed 3 Loz Surface
al. Feed Rate roughness
2017 [26] Depth of Cut
Number of
Flutes
Sosa Medium 3 Spindle speed 5 Los Surface
Makwana carbon steel Feed Rate roughness
Acharya Depth of Cut Material
2108 [27] removal rate
Kim Inconel 718 3 Spindle speed 3 Lo Tool wear
Lee Feed rate Cutting force
2019 [28] Depth of cut Surface
roughness
Ahmed Low carbon | 4 Spindle speed 3 Lo Surface
Arora steel Feed rate roughness
2019 [29] A36 K02600 Depth of cut Energy

consumption
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As it is shown in the table 3 Ly orthogonal array is the most used, the
array is useful in case of 3 levels and four or three factors. Using this
orthogonal array in investigating surface roughness is reasonable as the most
important factors, in case of surface roughness, are spindle speed, depth of cut
and feed rate as it is indicated in table 2. For higher number of factor’s level,
another orthogonal array should be used, as in case for 4 and 5 levels the Lig
and Ls orthogonal arrays were used.

Taguchi method shed the lights on the target value rather than a value
within specification limits which improved the quality of the products. In
addition, it gives the ability to analyse many factors with a small number of
experiments. In addition, it makes it possible to focus only on the key factors
and ignore the unimportant factors.

2.4 Response surface methodology

Response surface methodology (RSM) is an integrate of mathematical
and statistical techniques used to improve, develop and optimize the process. It
also plays a vital rule in the formulation and design the new products [30]. In
most of RSM problems, first and second order models are used. Linear terms
are related with first order model, whereas, second order model has quadratic
terms.

Depending on this method, many researches were done in order to
optimize the cutting parameters in machining operations. Subramanian et al.
[31] developed a second-order quadratic model to compute the vibration
amplitude. In their research they found that: by increasing feed rate, the
vibration amplitude increases. It increases also by decreasing the cutting speed.
This increasing of vibration amplitude is noticed at low nose radius and low
radial rake angle, whereas the decreasing of vibration amplitude took a place at
high nose radius and high radial rake angle.

Jeyakumar et al. [32] investigated the influence of machining parameters
on the cutting force, tool wear and surface roughness, their results were as
follows:

e The z-component of the cutting force is the most dominant component
and comparing to the other component in x direction, it shows a
significantly higher magnitude.

e At low cutting speed, tool wear rate is high.

e At higher speed, the surface roughness was low, whereas, it was high at
lower feed rate.

e When machining with high depth of cut, all of the tool wear, cutting
force and surface roughness are high.
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Patel et al. [33], showed, in their study the effect of cutting parameter on
the temperature of the work piece, they found that: the temperature increases
by increasing the depth of cut. In the same way increasing the feed and speed
will increase the temperature. On another hand, the most important parameter
is the depth of cut. Therefore, to minimize the temperature, lower depth of cut
is desirable.

Kumar and Rajamohan [34] studied the effect of spindle speed, feed rate,
axial depth of cut and radial depth over surface roughness and flatness. The
research pointed out that in case of surface roughness, feed rate is the most
significant factor on surface roughness. By increasing the feed rate or axial
depth of cut surface roughness will increase, while by increasing the cutting
speed or spindle speed, the surface roughness decreases. In case of flatness,
axial and radial depth of cut can make significant changes on flatness.

In their study, Rao and Murthy [35] used a multi response optimization
technique to optimize the cutting parameters in order to minimize the surface
roughness and RSM of vibration velocity of the work piece. The optimum
parameters were: 210 m/min of cutting speed, 0.6828 mm of nose radius and
0.10 mm/min of feed rate.

Khairusshima et al. [36] developed a statistical model to investigate the
effect of cutting parameters on tool wear. He found that the most important
factor on tool wear is the feed rate. The optimum parameters are: feed rate 200
mm/min, cutting speed 3510 rpm and depth of cut 0.5 mm to achieve tool wear
0.0267 mm.

On the other hand, Bagar, Kahraman and Onder [37] investigated the
effect of the cutting parameters on surface roughness and developed a model to
estimate the surface roughness. They found that: the spindle speed and feed
rate have the most significant effects on surface roughness. In their model, the
minimum surface roughness achieved when spindle speed 5981 rpm, feed 3008
mm/min and depth of cut 0.54 mm.

Singh, Samad and Saraf [38] analysed the effects of the machining
parameters on surface roughness in turning AL6061. The results of their model
were close to the experimental values with a confidence level equals to 95
percent confidence. The minimum surface roughness parameters R, = 0.6943
um, Rqg= 1.0314 um, and R, = 4.1229 um have been achieved at feed = 73.37
mm/min, cutting speed = 187.84 m/min and depth of cut = 0.48 mm.

Based on the Table 4 we can say:

e Surface roughness was the response variable in many researches and the
work has been done to reduce the roughness using various machining
parameters.

e Besides the effect of conventional factors like cutting speed, feed rate
and depth of cut, the effect of nose radius also has been studied.
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e Other response variables have been studied like tool wear, vibration and
cutting force.

Table 4 — Response surface methodology in milling machine experiments

Author/ year Work No. Input factors  |No. Type Response
piece factors levels Variables
material

Subramanian  |Al 7075-T6 5 Radial rake | 5 CCD vibration

etal. angle amplitude

2013 [31] Nose radius

Cutting speed
Cutting feed
Axial depth of
cut

Jeyakumar IAI6061/SiC 4 Spindle speed 3 CCD Cutting

Marimuthu Feed rate force

Ramachandran Depth of cut Tool wear

2013 [32] Nose radius Surface

roughness
Ra
Patel et al. Mild steel 3 Speed 3 |cCD Temperature
2014 [33] Feed rate of work
Depth of cut piece

Kumar AL 6063-T6 4 Spindle speed 5 CCD Surface

Rajamohan Feed rate roughness

2015 [34] Axial depth of Ra

cut Fatness
Radial depth
Rao; Murthy AISI 316 3 Nose radius 2 |CCD Tool wear
2016 [35] Vibration of
. work piece
Cutting speed 3
Feed rate

Khairusshima CFRP 3 Cutting speed 5 CCD Tool wear

etal. Feed rate

2018 [36] Depth of cut

Basar AL 5083 3 Feed rate | 3 FCD Surface

Kahraman Spindle speed roughness

Onder depth of cut Ra

2019 [37]

Singh; AL 6061 4 Feed 2 CCD Surfaceroughn

Samad Depth of cut

Sara; Spindle speed

2019 [38] Nose radius
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3 CONCLUSION

In this paper, a review of the recent literature for the use of design of
experiments in investigations in the field of milling machinery has been done.
From this review we found that design of experiment methods are widely used
to determine the most important factors those have the remarkable effects
during the operation done by the milling machine.

o Design of experiments approaches are found to be very useful and
powerful tools for defining the factors those have the most significant
effect in milling operation.

e The most important factors to be investigated in milling operations are
spindle speed, axial and radial depth of cut and feed rate.

e Surface roughness is by far the most important output parameter to be
considered in determining the quality of the component. In addition,
cutting force and material removal rate are should be taken in account.

e Choosing the suitable approach of design of experiments depends on the
number of the parameters those should be examined and the level of
each parameter. On the other hand, time and cost play a vital role in
preferring one approach over the other.

e For optimization problem RSM, full factorial and fractional factorial
design are appropriate methods.
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Abmyn B. Mrxeposi, bamam Miko, Arora {peren’i-Kimr,
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INTAHYBAHHS EKCIIEPUMEHTY JJIA JOCJIIKEHD
CTOCOBHO ®PE3EPHOI'O OBJIAIHAHHS

Auoranis. [Inanyeanns excnepumenmy (DOE) - ye cucmemamuunuii  memoo, sxuil
BUKOPUCIOBYEMbCAL OJil BUSHAYEHHS. 3AEMO38 A3KI6 MIJIC HEe3ANEHCHUMU PaKmopamu i 3aneicHuMu
sminHumu. L3 inghopmayiss modce Oymu eukopucmana abo Oas OMPUMAHHS 2TUOOKUX 3HAHb NPO
icuyioui npo6nemu, abo ons euguenns nosux npoyecie. DOE saoicnusuil, momy wo 6in mooice oamu
binbu Oemanviy iHgopmayilo npo npoyecu 3 MIHIMALTLHUM GUKOPUCMANHSIM Pecypcie, Mamepianie
i wacy. YV oOaniii cmammi 062060pI0OIOMbCA HOMUPU MeMOOU NIAAHYBAHHA eKcnepumenmy i ix
3acmocysants 6 obaacmi peseprux eepcmamis (nosuuil axmopian, opobosul gaxmopiai,
memoo Tazyui i memoodonoeis nogepxui 6ioeyky). Memoio oanoi pobomu € damu euuepnuuil 02150 i
KAACUQIiKayito UKOPUCIAHHA Yux Memooié i npedcmasumu Cy4yacHi meHOeHyii 6 00CaiONHCeHHI
mexHonozii (pesepysanns. 3 02180y 3pOONIEHO BUCHOBOK, WO PO3POOKA MemoOié NIAHYBAHHS
eKCHepUMEeHMy WUPOKO BUKOPUCIOBYEMbCS OISl BUSHAYEHHS HAUOIIbUW BAHCIUBUX (DAKMOPIB, WO
NOMIMHULL 6NIUE HA POOOMY, BUKOHYBAHY (pesepHum eepcmamom. Bemanosneno, wo nioxoou 0o
NAAHYBAHHA eKCNePUMEHMIE € Oyice KOPUCHUMU | NOMYICHUMU THCIMPYMEHmMamit 0 6USHAYEHHs]
¢akmopis, ski Hadaromv HauOLbW 3HauHULl 6nAUE Ha onepayii @peszepysanns. Haubinvw
BANCTUBUMU PAKMOPAMU, SIKI HEOOXIOHO Q0CIONCYBAMU NPU (PPE3ePHUX ONePayisnx, € WEUOKICMb
wnuHOeIsl, 0Cb08a i padianbHa 2iubuHa pizanus i weuoxkicms nooaui. LLlopcmkicmos nogepxti -
0e3yM06HO, HAUBANHCIUBIWULL BUXIOHUI NAPAMEMD, AKUUL CII0 6PAX08Y8amU NPpu BUSHAYEHHI AKOCI
xomnonenma. Kpim mozo, cuna pizanHs i weuOKicmb BUOANEHHS Mamepianry NOBUHHI Oymu
nputinami 0o yeazu. Bubip 6i0nosionozo nioxody 00 niamy8amHs eKCnepumMeHmis 3anedcums 6io
KIIbKOCHI Napamempie, siki HeoOXIOHO eusHUmMU, | PIGHs KOJICHO20 napamempa. 3 inuwo2o 60Ky, uac
i eumpamu idieparomv JCUMMEBO BAICIUBY POTL 8 Nepedasi 00Ho2o nioxody iHuwomy. [na
3a80anns onmumizayii nosepxui iozyky (RSM) npudamnumu € nosuuii paxmopuuii i opobosuil
gakmopnuii ouzaiin.

KiarodoBi cioBa: nmaamysamns — excnepumenniy;  No8HOpAKmopne NAAHY8aHHs;  Opo6O8ul
gaxmopnuii naan; memoo Tazyui; Memooono2is nogepxii gi02yKy, (ppe3epui mexHonoeii.
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CHANGES IN THE VALUES OF ROUGHNESS PARAMETERS
ON FACE-MILLED STEEL SURFACE

Abstract. In this paper, the roughness characteristics of the face milled surface were investigated
made with a parallelogram insert (ky = 90°) on C45 steel. Changes in surface roughness were
analyzed for the specific surface created by the milling movement conditions (rotational main
movement and linear feed motion). The topography was created by a tool moving in the plane of
symmetry of the workpiece, which produced double cutting-edge grooves. We found that the
roughness varies in different parts of the resulting pattern, and we analyzed its nature and the
magnitude of the variance based on the average over the entire surface. Also, in parallel
measurements, the R, parameter was at its maximum in the symmetry plane, and in the
perpendicular direction roughness values are the lowest in the middle and increase with distance.
Keywords: face milling; surface roughness; distribution of roughness.

1 INTRODUCTION

Face milling is a commonly used machining method worldwide, and because
high quality flat surfaces can be produced with high productivity, machined parts
are used for a wide range of applications. To expand this and incorporate
components, many researchers are conducting research on surface roughness and
machining surface topography to better meet operational requirements. Most of
the analyses are characterized primarily by analyzing the impact of the cutting
data, using different methods and under varying machining conditions.

Bhardwaj et al. [1] analyzed the surface roughness of EN353 steel alloy with a
PVD carbide insert by Response Surface Methodology (RSM) method, with
Box-Cox transformation. The influence of cutting speed v, feed rate f,, depth of
cut ap, and nose radius r; were investigated. They found that increasing the feed
increased the roughness, since greater forces affect the tool and the grooves are
deeper as the distance between the milling tracks increases. However, increasing
the cutting speed reduced the roughness because higher cutting temperatures
occur, which softens the workpiece material. Increasing the peak radius also
reduced roughness and had a negligible effect on the depth of cut.

Subramanian et al. [2] investigated face milling of AI7075-T6 aluminum
workpiece for roughness development with the aim of selecting appropriate
cutting data to achieve the desired roughness. In addition to the cutting data (v,
f, and ap), the effects of r. and rake angle y were also observed. The RSM
method was used to determine the mean roughness R, and was validated with
experimental results.

© A. Nagy, J. Kundrak, 2020
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A decrease in roughness was observed as the rake angle and nose radius were
increased, and the roughness increased as the depth of cut increased. When
increasing feed rate and cutting speed, roughness first decreased and then
increased after a given value. The minimum roughness was achieved at
f, = 0.03 mm/rev and v; = 115 m/min.

Seth et al. [3] analyzed the flatness and roughness of the milled surface of ASTM
A216 cast steel, where the tool rotation n, the feed rate f, and the depth of cut a,
were varied. They found that as the feed increased, the roughness increased as
well, but decreased with cutting speed and first decreased then increased with
depth of cut.

Benardos et al. [4] used Artificial Neural Networks (ANN) and Taguchi methods
to study the effect of depth of cut, feed rate, cutting speed, and coolant lubricant
and tool wear on roughness in aluminum milling. 1t was found that the feed had
the greatest influence on the change in roughness, followed by feed force
component, depth of cut, and coolant lubricant, in decreasing order.

Baek et al. [5] studied the effect of feed rate and insert runouts on roughness on a
face-milled surface. They found that larger runouts led to higher maximum
surface roughness Ry, and the mean (R,) and maximum height roughness (Ry)
both increased with the increase of the feed rate within the investigated range. A
mathematical model was used to estimate the expected roughness and to use it to
determine the optimum feed rate based on the given roughness value and
material removal rate.

Filho et al. [6] performed milling experiments where the effect of changing
cutting speed and feed rate on tool life and surface roughness were investigated.
It has been observed that although both tool wear and surface roughness
increased with time, the increase in roughness was not closely related to the
increase in wear.

Gong et al. [7] investigated the fatigue wear development and pattern of a
coated carbide tool insert in high speed face milling of SKD11 hardened steel,
by analyzing the tool surface, cutting force, and surface roughness of the
workpiece. Increasing the material removal rate was observed to increase the
intensity of flank wear, cutting force, and surface roughness, with the same
trend. Furthermore, it was concluded that during the initial wear phase, the
value of roughness had a jump increase. Although the amount of flank wear
was relatively low, the condition of the rake face continued to deteriorate due
to repeated impact loading. The friction between the tool and the workpiece
was unstable, resulting in a jumping change in the surface roughness. During
the steady wear phase, the flank wear and cutting forces increased rapidly,
leading to a rapid increase in surface roughness.

Earlier analyses were conducted by our institute. Felhé and Kundrak examined
the 2D and 3D surface roughness parameters with a theoretical machined
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surface model. The effect of feed rate variation on C45 steel workpieces was
investigated [8], taking into account axial runouts of the tool edges and
changes in chip cross section. It was found that the accuracy of the estimation
method increased with increasing feed rate and the runouts had a significant
effect on roughness. In another work [9] the topographies of surfaces made
with the same cutting data but with tools with different edge geometries were
compared. It was found that while the model is generally useful for estimating
2D and 3D roughness, it is not suitable for all edge geometries. A case for this,
for example, is cutting with tools with an edge parallel to the surface.

|
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Milling head * FJ LT

Workpiece
Feed Cut-off Y Cut-off
R — X d - [

Rotation
|
|
|
|

Y Varying surface
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Figure 1 — Change in surface roughness with measurement direction in face milling [13]

Nagy and Kundrak investigated the influence of changing the feed [10] and
cutting speed [11] on 2D and 3D surface roughness of specimens produced by
cutting experiments. Overall, it was found that in the investigated ranges, the
increase in feed and roughness (Ra, R, and S, S;) was almost linear, and
increasing the cutting speed resulted in a decrease in roughness. In addition,
maximum roughness was observed in the symmetry plane of the workpieces, and
different values were measured in pairs on the entry and exit sides (from the
tool’s point of view).
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When investigating the roughness of the face-milled surface, in most cases
(supported by the examples above) the specimens are only measured parallel to
the feed direction at a point where theoretically maximum values are obtained.
However, there are little or no publications examining the roughness
distribution of the entire machined surface (Figure 1). Other parts of the
created surfaces are also connected to joining surfaces of the parts, which have
other roughness values [12-14].

This is of particular importance for contacting surfaces, so in this article we
examine how the characteristic imprint of the tool edge path at various points
on the surface affects roughness. The mean value of the whole surface is taken
as the base value and the deviation of the values measured at the test points is
examined.

2 EXPERIMENTAL CONDITIONS

For roughness measurement, a Perfectlet MCV-M8 vertical CNC milling machine
was used for experiments on a normalized C45 non-alloy carbon steel specimen
with tensile strength 580 MPa and Brinell hardness 207 HBW [15]. The surface
was milled by dry machining with a Sandvik R252.44-080027-15M milling head
equipped with a single Sandvik R215.44-15T308M-WL coated parallelogram
carbide insert (kr = 90°, yo = 0°, ao = 11°, r, = 0.8 mm). With the diameter of Dt =
80 mm, the tool cut the 58 mm wide specimen with a symmetrical setting, the
workpiece length was 50 mm. In one turn, the cutting edge of the tool cut forward
and scratched the surface backward, creating double cutting-edge grooves. The
cutting speed used was ve = 300 m/min, the depth of cut was a, = 0.8 mm and the
feed rate was f; = 0.3 mm/rev. Photos of the tool and the workpiece and the milled
surface are shown in Figure 2.

Figure 2 — The cutting system and the milled surface
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The 2D roughness measurements were conducted on an AltiSurf 520 3D surface
topography measuring device (Figure 3). The surface was measured with a CL2
confocal chromatic sensor which has a vertical resolution of 0.012 pm. The
measurement results were evaluated with AltiMap Premium.

Figure 3 — The measurement system and the profile drawn

To measure the changes in roughness values, 5 measurement planes were taken at
the same distance from each other, and 5 measurement locations were placed at the
same distance along each plane. First, the measurement was made in planes parallel
to the feed direction, one of these (plane C) is the symmetry plane of the workpiece,
where the tool axis moves along the feed direction. Subsequently, it was measured
in a direction perpendicular to the feed, during which the midpoints of the central
measurements were aligned to the symmetry plane. Figure 4 explains the system
used, along with the coordinate system. In all locations, the measurement length
was 4 mm according to 1SO 4287:1997 and the cut-off length was adjusted to 0.8
mm during evaluation.
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Figure 4 — Roughness measurement points on the face milled surface
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3  RESULTS OF EXPERIMENTS

There are many parameters to describe the roughness of a surface. Of these,
average surface roughness (Ra) is one of the most widely accepted and used in
the industry. However, from a functional point of view (fitting, abrasion behavior,
abrasion resistance, lubrication properties, etc.), we also consider several
parameters important. Therefore, we report the parameters: mean roughness R,,
height of roughness profile R, and relative load length ratio Rm. The
measurement results are summarized in Table 1. Gaussian filtering was used for
all parameters. The load length expressing the fraction of the material was taken
at a cut level (depth) of 1 pm, considering the arithmetic mean of the R, values
for all measurements (Fig. 5).

Table 1 — Measurement results in different measuring directions

parallel to 7 perpendicular to 77

1 2 3 4 5 1 2 3 4 5
1.528 |1.552 [1.557 |1.520 |1.552 [0.760 |1.150 |0.986 [0.993 [1.175
1.128 |1.033 [0.906 |0.843 |0.926 [0.442 |0.574 |0.648 |0.435 |0.541
1.759 |1.821 [1.892 |1.757 |1.515 [0.206 |0.158 |0.161 [0.159 |0.145
2.033 [1.924 |1.879 |1.857 [1.847 |0.488 |0.515 [0.590 |0.549 |0.606
1.553 [1.565 [1.572 |1.598 |1.605 [1.258 |1.222 |1.198 |1.292 |1.221
6.892 |6.929 |6.963 |6.562 |6.876 |4.260 |5.651 [4.944 |5.054 |5.860
5.287 [5.402 |4.392 |4.216 [4.383 |2.841 |3.706 [4.800 |2.973 |3.564
8.785 |8.396 [8.295 |8.208 [8.144 |1.394 |0.959 |1.122 |1.296 |1.053
8.089 |7.675 |7.453 |7.283 |7.141 |3.243 |3.269 |3.319 |3.326 [4.175
6.880 [6.842 |6.805 |6.945 [6.933 |6.082 |5.882 [5.960 [6.182 |5.670
4.50% |5.27% | 4.94% | 7.94% | 5.24% | 7.65% |4.19% | 4.47% | 3.36% |5.19%
6.72% [ 2.34% | 7.09% | 7.72% | 9.56% | 4.29% | 5.37% | 1.72% | 3.22% | 3.91%
2.85% [2.93% |3.31% | 2.31% | 3.12% | 66.8% | 89.6% | 94.4% | 61.9% | 97.6%
5.68% | 7.34% | 8.34% | 10.3% | 8.43% | 2.16% | 2.62% | 3.03% | 3.41% | 1.79%
6.88% [6.98% |7.00% | 7.78% | 8.04% | 7.12% | 6.59% | 7.00% | 7.97% | 4.25%

Ra [pm]

Rq [pm]

Rmr [pm]
mo|O@|(> MmMOoO|I0|®@|>MmMOo|0[w|>

4  DISCUSSION

For the evaluation we need a base to which we compare the difference in the values
measured at each point. As shown in Figure 1, depending on which point on the
surface is being measured the values of the roughness parameters may be very
different based on the edge impression; thus, we use the average of the measured
values. Figure 5 shows the mean roughness of the measured values of the
parameters (Ra, Rz, Rmr) determined from parallel and perpendicular measurements
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as well. In this figure, roughness values are also visually represented by map charts,
with lighter sections indicating higher values.
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Figure 5 — Arithmetic mean values and measurement results plotted
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Figure 5 shows clearly that the surface roughness values are very diverse. This
is a consequence of the theoretical profile created by the milling motion shown
in Figure 1, and the fact that both directions of measurement were taken into
account in determining the base values, and in addition the effects analyzed
several times in our previous articles. Thus, for example, down-milling on one
side of the symmetry plane and up-milling on the other side creates the
topography. We chose this average value (as determined from bidirectional
data) because every time two surfaces are allowed to move in any direction
during operation or there may be a shift in one direction or another during
assembly, it can be a good starting point for analyzing wear and/or tribological
relationships. Of course, for the study of unidirectional displacements, we
consider it useful to base the measurement points on the average of the values
measured in that direction.

The percentage deviation of R, and R, values from the base value in the
measurement directions at each point of the surface is determined (Table 2).

Table 2 — The magnitude of deviations from the base at each measurement location

parallel to v7 perpendicular to 77

1 2 3 4 5 1 2 3 4 5

34.04 |36.14 |36.58 |33.33 |36.14 |-32.37 |2.28 |-12.30 |-11.66 |4.51

-1.05 |[-9.39 |-20.53|-26.05|-18.77 | -60.69 |-48.91 |-42.36 |-61.33 | -51.90

54.30 |59.74 |65.96 |54.12 |32.89 |-81.66 |-85.92 |-85.67 |-85.85 |-87.06

78.33 |68.77 |64.82 |62.89 |62.02 |-56.58 |-54.15 |-47.55 |-51.17 |-46.07

Ra [%]

36.23 |[37.28 [37.89 [40.18 |40.79 |11.90 [8.69 |[6.60 |14.98 |8.59

24.29 |24.96 |25.57 |18.34 |24.00 |-20.63|5.30 |-7.88 |-5.83 |9.18

-4.65 |-2.58 |-20.79|-23.97|-20.96 |-47.07 |-30.95 |-10.57 | -44.60 | -33.60

58.43 |51.42 |49.59 |48.03 |46.87 |-74.03 |-82.13 |-79.10 |-75.86 |-80.38

45.88 |38.41 |34.41 |31.34 |28.78 |-39.57 |-39.10 |-38.16 |-38.03 |-22.21

R, [%]

moo(@(> mo|0O|w|>|>

24.08 |23.39 |22.72 |25.25 |25.03 |13.31 |9.60 |11.05 |15.19 |5.64

The percentage differences are also shown in graphs, where the values are grouped
according to the parallel planes (Figure 6).

Analyzing the results, it can be concluded that roughness shows significant
differences at different points of the surface. When looking at the values
independently of the measurement directions, the minimal values of R;=0.145 um,
R,=0.959 pm, Rm=1.72%, and the maximal R,=2.033 pm, R,=8.785um,
Rm=97.6% (Table 1). If we take the values in parallel planes, the deviation is
smaller. It can also be stated that the base (average) value is increased by the
measurements parallel to the feed direction, while the base value is decreased by
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perpendicular measurements. Furthermore, the mean roughness (R.) and the height
of the roughness (R;) diagrams in each direction of measurement show very similar
characteristics.

In the measuring direction parallel to the feed motion, the maximum values were
measured in two planes, the maximum of R, in plane D and the maximum of R; in
symmetry plane C. At the values of the parameter R, it is clear that the greatest
difference in height of the roughness profile can be measured in the symmetry
plane, when examining the surface parallel to the feed direction. This is consistent
with the fact that the grooves formed by the tool edge are at their greatest distance
in this plane (Figure 1). R; is less sensitive to this.

In planes equidistant from plane C, typically similar values were measured. The
differences can be explained by the fact that the milling in the E-C planes is up-
milling, while in the C-A planes down-milling occurs [10]. An exception to this
regularity is the values measured in plane B. The reason for this requires further
investigation.
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Figure 6 — Magnitude of deviations from the arithmetic mean in graphs
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For measurements in the perpendicular direction, a relatively large deviation of the
values along the planes is observed. Higher values are found farthest from the mid-
plane, on both the entry and exit sides.

Between planes 1-5 there is a small variance of the values in the side (A and E)
planes, and a larger deviation in the intermediate planes. However, in most cases,
observing only the values of a chosen numbered plane do not change the
characteristics of the graphs. In most cases, even larger deviations are observed in
the perpendicular direction of measurement, but the latter statement is equally valid
here.

5 CONCLUSIONS

This article presents a study of the roughness of a face milled flat surface with a
carbide insert to a C45 steel specimen. During the research, surface roughness was
measured at 5x5 locations parallel and perpendicular to the feed direction. The
arithmetic mean of the roughness values of the measured points was taken as the base
value as the characteristic roughness value. The values of the measurement points
were also analyzed in relation to this base. The experiments confirmed that the values
of the roughness parameters change on the face milled surface depending on the
measurement direction and location. The experiments verified that the planes parallel
to the feed show a difference depending on their position and distance based to the
symmetry plane, which is primarily determined by the position of the cutting edge on
the entry or exit side. On the basis of the examinations, the average of the roughness
values measured at the measuring points was equally distributed on the surface. In
addition, the roughness values measured in the plane of symmetry can be
recommended for the evaluation of the milled surface roughness.
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Anran Hanp, SIHom Kynapak, Mimkonsn, Yropuiaa

3MIHU 3HAYEHDB ITAPAMETPIB IIOPCTKOCTI TIOBEPXHI
CTAJIEBUX 3AT'OTOBOK IIICJISA TOPHEBOT'O ®PE3EPYBAHHSA

AHoTauis. V yiti cmammi npedcmagieHo OOCHONCEHHS WOPCMKOCMI 00pobieHol mopyesum
hpesepysannam nogepxHi cmanesoi 3a20MosKu Gpe30io 3 MmeepoocniagHo niacmuno. s
BUMIDIOBAHHA 3MIH 8 3HAYEHHAX WOPCMKOCMI OYu 83ami 5 NIOWUH SUMIDIOBAHHA HA OOHAKOGIU
8i0cmaHi 00Ha 6i0 OOHOI, I 5 MOUOK BUMIDIOBAHHS OV PO3MIWEHT HA OOHAKOBIL 8IOCMAHI Y3008IC
KocHOT nnowuny. Cnouamxy eumip poouscs 6 NIOWUHAX, NAPANENbHUX HANPAMKY nOOai, 0OHA 3
AKUX - ye NIowuna cumempii 3a20mosKu, 0e Gicb IHCMPYMEHNy PYXAcmbcs 830069IC HANPAMKY
nooaui. 32000Mm 3MiHU GUMIDIOBATIU 8 HANPSAMKY, NEPREHOUKYISPHOMY N00adi, Oe cepeOHi mouKu
YeHmpanbHux GUMIpIOSany Oyau eupienani no naowuni cumempii. Cepeone apugpmemuune
SHAYEHHS. WOPCIMKOCII BUMIPSHUX MOYOK OYI0 83MO 8 AKOCMI 6a306020 XAPAKMEPUCTNUYHOZO
3HAYEHHS. WOPCmKocmi. 3HAUeHHs MOYOK SUMIPIOBAHHS MAKONC OYIU NPOAHANIZ308AHI W00 YieT
basu. Mooicna koncmamysamu, wo 6a3oge (cepeone) 3HaueHHs WOPCMKOCME 30LIbUYEMbCs NpU
GUMIPAX, NApanelbHUX HANPSAMKY Nnooadi, 6 moil yac sAK 0a306e 3HAYEHHS 3MEHUWYEMbCA npu
nepneHOuxyaspHux eumipax. Kpim moeo, Odiacpamu cepeonvoi wopcmrocmi (Ra) i eucomu
wopcmkocmi  (Rz) 6  KOJCHOMY — HANpAMKYy — BUMIDIOBAHHA — NOKA3VIOMb  Oydce — CXOJKCI
xapakmepucmuku. Excnepumenmu niomeepounu, w0 3HAUEHHA NAPAMEMPIE WOPCMKOCI
3MIHIOIOMbCS HA NOBEPXHI (hpe3epoBariti NOBEPXHI 8 3ANEHCHOCHI 8i0 HANPAMKY i PO3MAULYBAHHS
sumiprosanns. Excnepumenmu niomeepounu, wo niowuHu, napanreibHi nooadi, NoKazylonb
PI3HUYIO 6 3aNedCHOCME 610 IX NON0JICEeHHs | GIOCMAHi 610 NIOWUHU CUMemDIi, SIKA 6 OCHOGHOMY
BUBHAYAEMbCS NONONCEHHAM PIdHCYYOi KPOMKU Ha cmOponi 6xody abo euxody. Ha niocmasi
00CIONHCEHb CEPEeOHE 3HAYECHHSL WOPCIMKOCHIL, GUMIPSIHE 68 MOUKAX GUMIPIOGANHS, 60 PIGHOMIPHO
po3nodineno no nogepxti. Kpim moeo, 3navenHs wopcmkocmi, 6UMIPSAHI 8 NIOWUHI cumempii,
MOdHCYmb 6YmuU peKoMeHO06AaHI 05 OYIHKU WOPCIMKOCTI (hpe3epOo6aHoi oGepxHi.

Kuro4ogi ciioBa: mopyese gpesepysanns; wopcmkicns nogepxHi, posnooil wlopcmKocmi.
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EXPERIMENTAL STUDY ON SURFACE ROUGHNESS OF FACE
MILLED PARTS WITH ROUND INSERT AT VARIOUS FEED RATES

Abstract. In the present paper, the variation of surface roughness of machined parts during
symmetrical face milling is investigated. During this experimental work, the effect of using a
milling insert with a round geometry under various feed rate values on the topography of milled
parts is examined. For that purpose, both 2D and 3D surface roughness measurements were
performed in three planes parallel to the feed direction, with one of the planes being on the
symmetrical plane and the other two being at the same distance from it but in opposite sides. The
analysis of the experimental results indicated that although surface roughness increases gradually
with increase of feed rate, a considerable increase of surface roughness occurs for feed rate values
over 0.4 mm/tooth. Moreover, the overall higher surface roughness values were found to be on the
symmetrical plane, which was also more affected by the increase of feed rate than the other two
planes.

Keywords: surface roughness; symmetrical face milling; round insert; feed rate.

1. INTRODUCTION

Surface quality of mechanical components is considered very crucial, as it
is one of the main indicators of surface integrity and it was shown to affect
produced parts’ life directly [1]. High surface quality at the last stages of the
production can usually be obtained by abrasive processes suitable for finishing,
like grinding or polishing, but it is also required to achieve sufficient surface
quality from the early stages of manufacturing when turning or milling
processes are carried out. In specific, face milling, which is widely used in the
industrial environment, is used to create flat surfaces with high dimensional
accuracy, appropriate flatness and high surface quality.

Surface roughness is one of the most important aspects of surface quality.
For that reason, many scientific works regarding surface roughness during face
milling have already been reported in the relevant literature. In the existing
experimental studies, it was shown that surface roughness decreases at high
cutting speed values [2-4], possibly due to more stable conditions. Moreover,
improved machining performance was observed at intermediate and high speeds
[3.,4]; on the contrary, lower values of cutting speed were related to built-up edge
creation and chip fracture, leading to deterioration of surface quality [2,3]. The
increase of feed rate, axial and radial depth of cut also lead to surface quality
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deterioration [2-4] and particularly, the feed rate is considered as the parameter
that mostly affects surface roughness [5,6].

Various researchers have used different approaches for predicting surface
roughness. Torra et al. [7] developed a surface morphology prediction model
for high feed milling able to consider different geometries, tool configurations
and real cutting vibrations with negligible errors. Arizmendi and Jimenez [8]
proposed a methodology for predicting the 3D topography based on the
kinematics of the face milling process, which can be applied to various insert
geometries. By using a regularly spaced grid of points along the feed and pick
feed direction they were able to sufficiently predict the surface roughness,
including runout effects, as a good agreement was found with experimental
face milling tests. Felhd et al. [9] presented a detailed approach for the
modeling of surface roughness during face milling with different cutting insert
geometries, such as polygonal, round and triangular. The insert geometrical
features were modeled, and the technological parameters of the process were
taken into account, so that the calculation of the surface topography was
possible based on the insert trajectory relative to the workpiece. With this
model, sufficient accuracy of the prediction of R, and R; was achieved,
compared to experimental results. Moreover, Jin et al. [10] presented a unified
prediction model of 3D surface topography in face milling, considering multi-
error sources, with cutting wipers on the inserts. The model could generate
point cloud to simulate the machined surface topography and was established
by considering the insert geometry, machining process parameters and tool-
workpiece dynamics, and integrating them with several error sources. Svalina
et al. [11] employed an alternative approach by correlating 23 machined
surface images with their actual roughness statistical measurements.

In addition to the above-mentioned works, few researchers have
employed artificial intelligence methods for surface roughness prediction.
Pimenov et al. [12] compared various methods such as random forest,
multilayer perception, radial-basis functions and regression trees for the
prediction of surface roughness by monitoring the tool wear. The analysis of
the results showed that random forest and regression tree methods exhibited
higher accuracy and could provide essential information about the relation of
input and output variables, as well as their critical values. Abbas et al. [13]
used ANN with the Edgeworth-Pareto method for a face milling operation in
order to optimize the cutting conditions, e.g. cutting speed, depth of cut and
feed per tooth for a desired value of R.. Alharthi et al. [1] developed an ANN
model and regression analysis model to predict surface roughness for different
values of spindle speed, depth of cut and feed rate. After experimental
validation tests, both models were able to predict R, with an accuracy of about
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95% and 94%, respectively. In addition, a higher surface roughness with
increasing feed rate was reported.

Although most researchers investigate the effect of process parameters
values on surface roughness, the effect of milling strategy, such as symmetric
or asymmetric milling on the surface quality during face milling has rarely
been investigated. Bagci and Aykut [14] compared symmetric and asymmetric
face milling strategies, showing that during symmetric milling a lower value of
roughness was obtained. Pimenov et al. [15] investigated the effect of the
relative position of the milling cutter, which characterizes the face milling
process kinematics and affects the contribution of up and down milling. It was
found that this factor directly affected milling vibrations, cutting forces and
surface roughness and the lowest values of vibrations and cutting forces were
observed for the case of up-milling. Finally, they were able to optimize the
relative position of the milling cutter for obtaining better machining conditions
such as reducing the roughness parameter.

In the present work, an experimental study is conducted with a view to
determine the effect of feed rate values on workpiece surface quality during face
milling. Contrary to most of the works in the relevant literature, both 2D and 3D
surface roughness parameters are determined not only in a single position or
plane but in three different parallel planes on the feed direction in order to be able
to determine the variation of surface roughness with the distance from the
symmetric plane.

2. EXPERIMENTAL CONDITIONS

The experimental tests in the present paper were carried out regarding
face milling of normalized C45, 1.0503 grade carbon steel workpieces, using a
single cutting insert at various feed rate values. More specifically, milling
experiments were performed in a Perfect Jet MCV-M8 CNC vertical
machining center with a face milling head with only one round coated carbide
insert of RCKT1204MO0-PM type mounted on it. The cutting length was 50 mm
and the width of cut 58 mm on the milled surfaces of the samples. During the
experimental procedure the feed per tooth f, values ranged from 0.1 to 0.8
mm/tooth and the other process parameters such as the cutting speed v. and
depth of cut a, were held constant at 200 m/min and 0.8 mm, respectively. The
process parameters’ values for the face milling experiments are also presented
in Table 1.

The face milling head had a nominal diameter (Dt) of 68 mm and the rake (y,) and
relief angle (o) of the insert were 0° and 7°, respectively. The hardness of the
workpiece material was HB207 and the tensile strength Rm was 580 MPa [16]. The
surfaces were produced with symmetrical setting of face milling under dry machining
conditions.
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Table 1 — Process parameters’ values for the face milling experiments

No. | ae[mm] ap [mm] Ve [m/min] fz [mm/tooth]
0.1
0.2
58 0.8 200 0.3
0.4
0.8

g |wW (N |-

The 2D and 3D roughness measurements were carried out on an AltiSurf 520 three-
dimensional surface roughness measuring device and a confocal chromatic sensor
was employed to perform the measurements. The evaluation of the results, as well as
the calculation of 2D and 3D roughness parameters after the measurements, was
conducted using AltiMap Premium software. Roughness was measured in three
planes parallel to the direction of feed with the one plane being the middle plane and
the two planes being at equal distance (20 mm) from that and towards different sides.
It is to be noted that the last two planes will be denoted afterwards as entry and exit
side plane. The measurements were performed twice in each plane with a 20 mm
separation between them, as presented in Figure 1. In accordance with ISO 4288:1998,
the lengths of the 2D measurements were 4 mm, whereas for the 3D evaluations, the
surface roughness on areas of 2.5 x 2.5 was recorded. The aforementioned lengths
and areas are illustrated with lines and squares, respectively, in Figure 1, in respect to
the milling head rotation and the workpiece movement directions.

58
20 .20

n \

Figure 1 — Surface roughness measurements locations on the workpiece surface
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3. RESULTS

After the face milling experiments were carried out, surface roughness

measurements were performed on the machined samples, each repeated three
times and then the results were processed by the aforementioned software in
order to determine the values of surface roughness parameters. In Tables 2 and
3, as well as Figure 2, the average values of 2D and 3D roughness parameters,
namely Ra, Rz, Sa and Sz for the three parallel planes and five different feed
rate values are displayed.
In addition to the average values of 2D and 3D surface roughness parameters,
the recorded 2D and 3D surface roughness profiles will be afterwards
presented in Figures 3 and 4 for fz = 0.1, 0.3 and 0.8 mm/tooth, in order to
show more directly the effect of different feed rate values on the surface
topography during face milling.

Table 2 — 2D surface roughness parameters’ values in three parallel planes

fz Ra [um] Rz [um]
[mm/tooth] Entry Symm. Exit Entry Symm. Exit
0.1 0.605 0.747 0.683 3.909 4.012 3.984
0.2 0.975 0.868 1.393 6.272 4.923 7.581
0.3 0.933 0.927 0.922 6.272 4.652 5.381
0.4 0.807 0.949 0.750 4.626 4731 4.467
0.8 1.704 2.971 1.703 9.822 15.375 9.902

Table 3 — 3D surface roughness parameters’ values in three parallel planes

f Sa [um] Sz [um]
[mm/tooth] Entry Symm. Exit Entry Symm. Exit
0.1 0.635 0.964 1.461 3.012 5.091 7.462
0.2 1.021 0.908 1.815 5.338 4.440 7.782
0.3 0.952 0.988 0.874 4.148 4.486 4.038
0.4 0.885 0.999 0.828 4.523 4.907 4431
0.8 1.911 2.723 1.746 8.716 12.442 7.956

4. DISCUSSION

The topography of the machined surfaces during face milling is
considerably affected by the kinematics of this process. More specifically,
during face milling, a rotating milling head is used, on which the cutting
insert is mounted, and the workpiece moves with a fixed velocity relative to
the cutting tool. Furthermore, during symmetrical face milling, where the
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axis of the cutting tool is moving along the symmetrical plane of the
machined part, the action of the cutting insert in the first half of the chip
removal process corresponds to the up-milling process, whereas in the second
half the chip removal process corresponds to a down-milling process. For
that reason, after the face milling experiments, it is important to conduct
surface roughness measurements not only on the symmetrical or middle
plane, but also in parallel planes on two opposite sides. Based on the
experimental results, presented in Tables 2 and 3 and depicted in Figure 2, it
can be observed that surface roughness values, especially Ra and Sa
generally increase with an increase of feed rate, as it was anticipated.
Regarding Ra, this increase is gradual up to 0.4 mm/tooth and then Ra is
increased considerably for f, = 0.8 mm/tooth. Sa values remain practically
unchanged up to 0.4 mm/tooth and then increase sharply, and the same trend
is observed for Rz and Sz as well. The increasing trend of surface roughness
with higher feed rate values and the sharp rise of its values at f, = 0.8
mm/tooth can be also seen in the 2D surface roughness profile, depicted in
Figure 3. From Figure 3, it becomes evident that the height of the profiles
becomes much larger at the highest feed rate value.

When the surface roughness values in the case with the lowest and
highest feed rate values were compared on the symmetrical plane, it was
found that Ra increased by 3.98 times, Rz by 3.83 times, Sa by 2.82 times
and Sz by 2.44 times. On the entry side, Ra increased by 2.82 times, Rz by
2.51 times, Sa by 3.01 times and Sz by 2.89 times. Moreover, on the exit side,
Ra increased by 2.49 times, Rz by 2.49 times, Sa by 1.19 times and Sz by
1.07 times. From these findings, it can be observed that the effect of
increasing feed rate values was more important on the symmetrical plane
than the other two planes, on which the increase of roughness values
regarding Ra and Rz was almost similar and lower than that on the
symmetrical plane. When the surface roughness values between different
planes are compared, it can be clearly seen that the highest overall values, for
the highest feed rate value are recorded on the symmetrical plane. However,
in the other cases the surface roughness is not always higher on the
symmetrical plane and the highest values can be observed on the entry or exit
side as well. Regarding the difference between Ra and Sa values between the
symmetrical plane and other two planes, it becomes smaller for f, = 0.3
mm/tooth, implying that the roughness profile becomes more homogenous in
this case, as average roughness values are almost similar in all planes.
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Figure 2 — 2D and 3D surface roughness parameters’ values at the three
parallel planes for various feed rate values
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Figure 3 — 2D roughness profiles of the milled surfaces at different feed rates
at three parallel planes

The variations in surface topography of the milled workpieces under different
feed rates can be also seen in the 3D surface roughness graphs of Figure 4. At
first, it can be understood that the shape of the grooves is indicative of the
location of each measurement, as arc shaped grooves occur in the entry and
exit side, whereas on the symmetrical plane almost straight grooves are
formed. However, differences regarding the grooves dimensions are more
important for surface quality. The difference between the profiles are not
only in the height of the profile, which is much bigger in the case with f, =
0.8 mm/tooth, but also in the spacing between the micro-grooves formed on
the surfaces. As it was aforementioned, the kinematics of the face milling
process directly affect the shape of the profile, with a higher feed rate leading
to larger spacing between adjacent grooves and also higher height of the
profile. In the case with the lowest feed rate, the 3D profile seems less
smooth, as irregularities of the surface are comparable to the dimensions of
the grooves, whereas for higher feed rates, as the grooves become deeper and
spacing between them is increased, these irregularities become less
significant. However, the adverse result of surface quality deterioration at the
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highest feed rate value becomes obvious by comparing the 3D profiles at
every parallel plane.

fz

Figure 4 — 3D roughness profiles of the milled surfaces at different feed rates
at three parallel planes

5. CONCLUSIONS

In the present work, symmetrical face milling experiments on steel
workpieces at different feed rate values were carried out with the use of a single
round insert, with a view to determine the effect of feed rate on surface
topography of the milled parts. The surface quality was examined in every case
in three planes parallel to the feed direction and both 2D and 3D surface
roughness parameters were determined. From the analysis of the experimental
results, various important conclusions were drawn.

The values of all surface roughness parameters showed a variation with
feed rate, with a considerable rise for feed values over 0.4 mm/tooth, whereas
the variation was minimal for lower values of feed. From these findings, it
became clear that feed value should be selected lower than 0.4 mm/tooth in
order to achieve an acceptable surface quality, with Ra lower than 1 pum. The
highest increase of roughness values was observed on the symmetrical plane,
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as well as the largest overall values of every surface roughness parameter.
Finally, it was found that the minimum difference of Ra and Sa values between
the symmetrical and the other two planes was achieved for f, = 0.3 mm/tooth.
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Anom Kynnpak, Aaran Hagp, Mimkoinsn, YropuiiHa,
Amrenoc I1. Mapkomrynoc, Hikonaoc E. Kapxkaioc,
Himitpoc Cronnpac-T'iycioc, Adinu, ['pemis

EKCIIEPUMEHTAJIBHE JOCJIIKEHHSA
IMOPCTKOCTI OGPOBJIEHOI TOPIIEBUM ®PE3EPYBAHHSIM
INOBEPXHI ®PE3010 3 KPYI'JIMMHU BCTABKAMHU
ITPU PI3BHUX HIBUAKOCTSAX IIOJAYI

AHoTauis. YV oawuiii pobomi 00CniONCYEMbCA 3MIHU NAPAMEmpie WOPCMKOCMI  NOBEePXHI
06pobosanux  demaneil npu  CUMEMPUYHOMY mopyesomy (pesepyeanni. B x00i yici
eKcnepuMeHmanbHoi pobomu  00CTIONCYEMbCA 6NIUE BUKOPUCTNAHHA (pe3epHOi naacmunu 3
Kpyenor 2eoMempieio npu pisHUX 3HAYEHHAX WUOKOCmi nooadi na monozpaiio gpeseposanux
Odemanei. [nsa yiei memu Oyau 6UKOHAHI AK OBOMIpHI, Max i MPUBUMIDHI BUMIPIOBAHHS
WOPCMKOCMI NOBEPXHI 6 MPbOX NIOWUHAX, NAPANETbHUX HANPAMKY N0O0Adi, NpuvoMmy OOHa 3
naowuH nepedyeana Ha CuMempuyHiil nIOWuUHi, a 06i iHwi nepebysanu Ha mitl dce 6i0cmaHi 8i0 Hei,
ane 6 npomuneschux cmopouax. Excnepumenmanvii eunpobysanns 6 yii cmammi 6yau npogeoeHi
BIOHOCHO MOPYEBO20 Ppe3epyBanHs 3a20M0OBOK 3 HOpMANi308anol gyeneyesoi cmani mapku C45, 3
BUKOPUCIMANHAM OOHI€EL PIdICYUol NAACMUHYU NPU PI3HUX 3HAYEHHAX weuokocmi nooavi. 2D i 3D
BUMIDIOBAHHA ~ WIOPCMKOCMI  OVIU  BUKOHAHI  HA  MPUBUMIDHOMY NPUCMPOi  BUMIDIOBAHHSA
wopcmkocmi  nogepxui - AltiSurf 520, [ 0ns  6uUKOHAHHA BUMIDIOBAHL  BUKOPUCIOBYBABCS
KoHGpokansHutl xpomamuunuii oamyux. Biominnocmi 6 monocpagii nogepxui peszeposanux
3a20MOBOK NpU PisHUX WEUOKOCMAX NOOAyi NOJA2AIONb 6 MOMY, WO (POopMa KAHABOK 8KA3YE HA
Micye po3mMauly8aHHs KOJICHO20 6UMIPIOBAHHA, MAK AK KAHAGKU Y (POpMi Oy2u 3yCmpivaiomsbcs Ha
CMOpoHi 6x00y 1 6Ux00y, Mool AK HA CUMEMPUUHIN NIOWUHI YMEOPIOIOMbCA Matice NpsSMi
kanagku. OOHAK GIOMIHHOCII 8 POZMIPAX KAHABOK 8ANCIUSIULT 0I5l AIKOCMI NOGEPXHI. Pisnuys mioxc
npoghinamu nonseae He MiibKu 6 suconi npoint, sxa sHayro ditvue 6 pasi f; = 0,8 mm / 3y0, are
Maxodic 6 6I0CMaHi Mixe MIKpOKaHaskamu, cpopmosanumu Ha nosepxusx. Kinemamuxa npoyecy
mopyesoco ¢hpesepysants 6e3nocepeoHbo BNAUBAE HA opMy npoghinio, npuuomy Oineul 6ucoka
weuoKicms noodaui npuzeooums 00 OiILWOT 8I0CMaHi MidC CYCIOHIMU KAHABKAMU, A MAKOC 00
oimbwioi eucomu npoginio. 'V eunaoxy 3 HAUHUICUOI0 WEUOKICMIO NOOayi MpueUMiphuti npogine
BUTA0AE MeHW 2NIAOKUM, OCKIIbKU HEPIGHOCTE NOBEPXHI MOIICHA NOPIGHAMU 3 POIMIPAMU KAHABOK,
mooi K 015 Oinbl GUCOKUX WBUOKOCIE NO0ayi, KOJU KAHAGKU CMaome aubuumu i iocmans
MIDIC HUMU 30TTbULYEMBCSL, Yi HEPIGHOCME CIAMUL MEHUL 3HAYYUUMU.

Kumro4oBi ciioBa: wopcmkicme nogepxui; cumempuune mopyese gpesepysans,; Kpyaia 6Cmagxka;
wWeuoKicms nooaui.

106


https://tinyurl.hu/GtDr/

ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

YK 621.793:621.902 doi: 10.20998/2078-7405.2020.92.12

G. Kostyuk, O. Melkoziorova, E. Kostyuk,
lyr. Shirokiy, Kharkiv, Ukraine

PROSPECTS FOR PRODUCING NANOSTRUCTURES IN THE
VOLUME OF PARTS UNDER THE ACTION OF PLASMA FLOWS

Abstract. The paper presents the results of calculations of temperature fields and temperature stresses
based on the solution of the unsteady joint problem of thermal conductivity and thermoelasticity. Zones of
the material of the part were found where the conditions for the formation of nanostructures in the
temperature range, rate of temperature increase, and maximum temperature stresses are realized. It is
shown that under the action of nitrogen ions on steel, a significant region with nanostructures is obtained,
while under the action of titanium ions on an aluminum alloy, this zone is limited. Under the action of
electrons, nanostructures are not formed, temperature stresses in both cases have values of the order of
108 N/m?, they also do not make it possible to obtain nanostructures directly, while they can accelerate
their production over the temperature range and their growth rate.

Keywords: nanostructured layers; temperature fields; temperature strains; nanoclusters; grain size;
joint problem of thermal conductivity and thermoelasticity.

Formulation of the problem

Processing technologies using plasma flows are used in mechanical
engineering, but the production of nanostructures was not theoretically predicted,
but not experimentally studied.

All this says that the study of the possibility of obtaining nanostructures under
the action of plasma flows is an important and timely task, since expanding the
range of technologies for producing nanostructures gives prospects for increasing
the physicomechanical characteristics of materials and increases the service life of
parts [1-20].

This work was carried out within the framework of the program of the
Ministry of Education and Science of Ukraine ‘“New and resource-saving
technologies in the energy sector, industry and the agro-industrial complex”
(subsection 13 “Aerospace engineering and transport”) on the topics: “Creation of
physical and technical foundations for improving the quality of materials of
aerospace structures” and “ Development of the technological foundations of
integrated technologies for plasma-ion processing of aerospace engineering
parts (subsection 6 Physical and technical problems of materials science”), “The
concept created nanostructures, nano- and traditional coatings taking into account
the influence of adhesion on the efficiency and performance of parts of AT, AD
and CT", "Experimental-theoretical study of the production of nanostructures under
the action of ion and light-beam fluxes on structural materials and CT", contractual
works and cooperation agreements.

© G. Kostyuk, O. Melkoziorova, E. Kostyuk, lyr. Shirokiy, 2020

107



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

Question Status

In [16-19], the effect of grain size on the physicomechanical and
electrical properties of materials was studied; in [16-18], the maximum
microhardness was found to depend on grain size. In [17], a weak effect of
grain size on microhardness of nitride in nc — TiN/aSi3N4 magnetron
nanocomposites at various annealing temperatures, whereas for vacuum-arc
nanocomposites there are grain sizes for which maximum microhardness is
realized.

In works [1-5], high microhardness values were obtained for a coating of
0,8ZrN+0,2HfN during combined treatment up to 45 GPa, an increase in wear
resistance and resistance of a cutting tool up to 20 times, and when applying
only a coating 0,8ZrN+0,2HfN, microhardness amounted to about 35 GPa,
which exceeds the microhardness of the individual components by more than 2
times, all this makes it possible to assume that even when coating is applied,
the appearance of nanostructures is realized, while the additional electron beam
modification will make it possible to obtain more efficient nanostructures with
improved properties and at a considerable depth (up to 1 mm).

Due to the action of ions of various sorts, energies, charges and electrons
and their current densities, it is possible to maintain sufficient temperatures
(due to the corresponding distribution of temperatures along the depth, a high
average temperature is ensured), at the same time, choosing a location by depth
(varying energies, charges and varieties of ions and electrons) provide high
temperature gradients. Consequently, in a rather large volume of material,
significant stresses will act, i.e. the conditions for obtaining nanocrystalline
structures will be satisfied.

Therefore, having slightly modernized the model of the action of
individual particles on structural materials [1, 10], we obtain a model that takes
into account the necessary factors (in particular, the charge of the ion and the
nature of their complex interaction in a rather large volume under consideration
were not taken into account in the model) and the simultaneous action of
electrons.

1. Model of action of an individual ion and electron on a structural
materia

The interaction of charged particle flows and plasma flows with structural
materials is associated with the implementation of a wide range of processes:
collisional, thermophysical, thermomechanical thermo-fatigue, diffusion,
thermochemical and plasma chemical, but there are currently no studies that
take these factors into account and, moreover, their relationship. All these
processes affect both the nature of heat transfer in the volume of the part and
on the surface, therefore, consideration of these processes is necessary both in

108



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

the energy balance in the elementary volume of the metal target and in heat
transfer on the target surface, i.e. in boundary conditions.

1.1. Heat balance in the elementary volume of a part

The change in the amount of heat in a unit volume (the first term on the
left side of the equality) is realized due to: moving the particle flux along the
surface to be treated or moving the target relative to the plasma flow with a
velocity Vi (second term), thermophysical processes: the influence on the heat
transfer of the final heat propagation velocity (third term), thermal conductivity
(first term on the right), displacement of the evaporation front (second term),
melting (third term); collision processes: a volumetric heat source due to the
action of an ion and an electron particle (fourth term), energy consumption for
atomic displacement (fifth term); thermoelastic, thermoplastic and thermo-
fatigue processes that determine the energy of deformation of an elementary
volume material (sixth term); diffusion processes that determine heat transfer
by diffusing material (seventh term); thermochemical processes associated with
the implementation of chemical reactions between the target material and the
bombarding ions or between the components of alloys and composite materials
(the eighth term) and Lenz Joule heating due to current spreading (the ninth
term for ion and electron fluxes) and the crystallization energy (last term).

C[T]J’[T]iﬂ (X"jty'z’t) +<:[T].y[T]L (x‘;z’z’t) V),

BB UL ] )

+c[T].y[T].VTM«9T(xé,w,t)_

[ ] Vo i FEie ie
ALy -y|T ?JfB‘Ji,e'/‘i,e?_E,,M‘S,,MA +
X .
cpi e

000, B ()

dt

dnA(B)

*"F-X-(”A*”B'T*te,) e +o[T] 12 (xoy 2), 1)

where C [T] and y [T] are the specific heat and density of the target material
corresponding to temperature T;
7p — time of temperature relaxation by one Kelvin;
Vn — the velocity of the plasma, electron or ion stream or target relative to
it;
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Lmrand Lrx.p— specific heat of fusion and thermochemical reaction;
V[ T] — rate of displacement of the evaporation front;

Vuz — volume of molten metal;

Jie — current density of ions, electrons or plasma flow;

uie — coefficient of accommodation of an ion and an electron;

e _ energy loss of the ion and electron at the depth of the target;
Ix
E.y — atomic displacement energy;
Sen — the number of displaced atoms as a result of the action of an ion or
electron;
JAepie — average linear mean free path of ions and electrons in the target
material;

w (x Y, z,t) — strain energy of a unit target volume;

ma — mass of a diffusing atom;

Ca[Ta] — the heat capacity of the diffusing material at a temperature of Ta;

Prx(na,ne,T,tz3) — the probability of a thermochemical reaction,
depending on the concentration of reagents ns and ng, temperature T and
interaction time tas;

n4 and ng - concentration of the reagent that determines the possibility of
a reaction;

plT] — electrical resistivity at temperature T;

i (X’y’z’t) — current density taking into account current spreading.

Wi, — crystallization energy.
The energy of deformation of a unit volume is defined as:

2 2 2 2 2 2

Exx +€yy té,; +2 Exy +'9yz tegy |t (2)

W=0G 4 2 2(1+/1 a
+—/ —7/(T(x,y,z,t)—T,)
1-u 1-2u

au au.

k i 1 = . —
where 26, =2¢, = . +0T( ki=xy72);¢=¢,+ £, + &,

i

&xx, &y, €2z — lengthenings;

&xy, &yz, &x — Shifts relative to the corresponding axes;

Ux, Uy, Uz — movement relative to the corresponding axes;

a1 — coefficient of linear expansion of the target material;

u — Poisson's ratio (the ratio of lateral to longitudinal deformation, p
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values are between 0 and 0.5);

G — shear modulus (second-kind modulus);

T. — initial temperature. For iron G = 3,5...5310° N / m? u =
0,23...0,31.

The shear strain i cannot be set arbitrarily, they are connected by
differential relations - compatibility conditions:

2 2 2
agxx_'_ﬁgyy_zang.
0”y2 5x2 axoy
s 2 a
Eyy N 78, 2 Sy
522 a“y2 220y
523 0”25 0”25
XX zz zX
+ =2 ;
oz aX Xz
4 gxx 4 ﬁsyl ﬁgzx Xy
=—]- + +
aydz  Ix ax ay gz | (3)

Xy dz ay ay oz ax

e, o e, &, &

z L 3

ay dx dz| oz Ix gy |

These conditions verify the correctness of the determination of

elongations and shifts, and their correction by introducing additional stresses.

To determine the elongations exx, €yy, €zz and the shifts exy, eyz, ezx, we use
the expression of the thermoelastic displacement potential F.

1-24 y @
AP — R =
2(1-4) © & (4)

l+ﬂ
[T x y,z, t) T;jl,

where v is the density of the target material.
Given that the problem is solved in a moving coordinate system and upon
reaching a stationary or close to it mode, the second term on the left side of

equation (4) becomes insignificant, we obtain:

AP 1+ﬂ [T(x y,z, t) T:| (5)
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By the magnitude of the thermoelastic potential of displacements and by
known relations we find the values of elongations and shifts:

2
K I
&, = (i, k=x,y,2). (6)
2idk
The magnitude of temperature stresses is determined by the expression:
2
o
o, =2G —40-5, |, )
Jidk

s c0 oy (ik=xy.2)
where S obeys the conditions: Sy =0 at 1 #K (I XY,z

o, =1 .
ik ati =k,
In the seventh term of formula (1), which takes into account heat transfer
by a diffusing material, the mass of a diffusing atom is defined as:
m, =M- m,, (8)
where M is the atomic weight of the applied material,
mp is the mass of the proton.

The change in the concentration of diffusing atoms per unit time can be
determined for t < t« as:

dn j

a

dt e-z-\Near
Att> 1

dn, j
= ; (9)
dt e-z-L
where j — the current density;
e — electron charge;
z — charge number of the applied material;
Lo — part thickness;
tk — the time during which the part warms up to its entire thickness, tk =
Lo%e;
a — thermal diffusivity coefficient.
The formula for calculating the diffusion coefficient:
Koy = 3g -, -V, -exp(—U / (kr)), (10)

where aq — factor of the order of 0.1, determined by the type of crystal lattice;
d, — the distance between the nearest equivalent positions of vacancies in
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the crystal;

Vo — a value of the order of the frequency of atomic vibrations in a crystal
(1012 _ 1014 S'l);

U — the potential barrier that vacancies must be overcome when shifting
to an adjacent position;

k — Boltzmann constant;

T — absolute temperature.

gn(X,7) — the bulk density of the heat flux of radiation at a distance (0,1,)
during the wear time 7, 6 = 10510 —the thickness of the layer in which the
energy of ionizing radiation is absorbed, 1-R is the absorption and a —the
absorption coefficient.

1.2. Heat transfer on the part surface

The heat flux on the target surface is created due to:

1. Collision processes: heat generated on the surface due to the action of
an electron or ion (first term on the right), heat flux with atomized particles
(third term), with thermoelectrons (fourth term), for ions - heat flux with ion-
ion emission or secondary ion emission (fifth term), potential ion-electron
emission (sixth term), kinetic ion-electron emission (seventh term),
characteristic x-ray radiation (eighth term), bremsstrahlung x-ray (ninth term),
transition radiation (tenth term), for electrons heat is removed with secondary
electrons (eleventh term), with secondary photons (twelfth term), with
Cherenkov radiation (the thirteenth term), with transition radiation (the
fourteenth term), with X-ray radiation (the fifteenth term), with the
characteristic X-ray radiation (seventeenth term).

2. Thermophysical processes: the heat flux is removed with the vaporized
material (the eighteenth term), with the left material in the liquid phase, if
conditions are created for its emission (the nineteenth term), with the thermal
radiation of the heated surface (the twentieth term) and with condensed atoms
previously vaporized (twenty first term).

3. Plasma-chemical processes that occur due to reactions of a plasma
stream or ion stream with atomized and vaporized target material or with
adsorbiro radiation.

Energy is also transmitted through the emission of a stream of ions,
electrons or plasma (last term) nporeccs! npu JeHCTBUY IIA3MEHHOTO MOTOKA
B IIMPOKOM JHUAMTa30HC NHTCHCUBHOCTH ITOTOKA YaCTHII.
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where ¢ — the Stefan-Boltzmann constant;

¢ and & — the degree of blackness of the surface of the target and the
medium;

T — medium temperature.

Let us consider in more detail each term in the formula (11):

The heat flux density due to the action of incident particles is:

F =u E J -K J E 12)

ie ie ieie ompi,e~ i,e ompi,e’
where . — the coefficient of accommodation of an ion or electron,

which determines the maximum fraction of energy that an ion or electron can
transfer to an atom;

Ei. — energy of incident particles;

Komp ie — reflection coefficient of ions or electrons;

Eompie — energy of reflected particles.

Knudsen defined the coefficient of accommodation as:

Ez _Eo

u= lim 22 (13)
Ei-B E, - E,

where E, — the energy of the incident particle;

E1 — the energy of atoms on the surface;

E> — the energy of the leaving particle; the remaining notation
corresponds to 1.

2. The results of the calculation of temperature fields and
temperature stresses under the action of a plasma flow and the production
of nanostructures

Thermophysical processes under the action of a plasma flow in a wide
range of particle flux intensities are studied.

For individual particles (j<7 ') and flow as a continuous medium (j<j "’xp),
the results presented in [1] can be used. The study will be carried out mainly
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for the case of the interaction of neighboring particles (j<j'<j’’kp).

For individual particles (j <j’) and flow as a continuous medium (j <
j”’kr), the above results can be used. The study will be carried out mainly for
the case of the interaction of neighboring particles (<j’'<j"’kp).

1. We consider three cases of thermal action of plasma on a part. The
action of plasma flow particles as individual heat sources, i.e. the case of the
absence of superposition of temperature fields of neighboring ions and
electrons (j <j ).

2. The combined thermal effect of a number of particles upon application
of their temperature fields (j <j’<j " 'kp).

3. The effect of the plasma stream as a continuous medium (j =; " ’kp).

Consider the action of medium-energy electrons and ions in a plasma
stream, provided that j<j’,. If the current density lies between the first and
second critical, i.e. when the superposition of temperature fields from the
action of neighboring particles is observed, the task becomes more complicated.
Let us analyze the effect of only four heat sources, the first two of which are
ions with energy ii, and the rest are electrons with energy £; (Fig. 4.1), and
only a quarter of the energy of each of the four particles is released in the
considered region.

This region is limited by a rectangular parallelepiped with sides equal to
the distance between particles in the stream I, and a height equal to the
maximum depth of penetration of the temperature field. Heat sources -
electrons - act at points A (0, 0, 0) and C (0, I, I;), while at points B (0, I, 0)
and D (0, 0, I,) ions act (along verticals passing through these points).

In the general case, the consideration of temperature fields in the zone of
action of the plasma flow was carried out at current densities equal to the first
critical and at intermediate values. Such a consideration makes it possible to
identify all extreme situations and assess the feasibility of dividing
thermophysical problems by current densities (intensities) in the plasma stream.

In fig. 2 presents a picture of the temperature distribution in the zone of
action on a part of iron (steel) of a plasma stream with nitrogen ions (average
energy £i=800 eV) and electrons (£.=3 eV) on the following surfaces:

1) x=0; 2) x=0,75A¢p; 3) x=1,54¢

(where i, = 1/2 (,1& + gi’_) in time

t=— =71 o’ t=2bep , t=107bcp.

b

The current densities in the plasma stream were:
i=ie=7x10%  A/m?2  (fig. 2, a); j=8x10" A/m? (fig. 2,b);
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i=i”7»=0,3x108 A/m? (fig. 2, c).

It can be seen that at low current densities the temperature fields in the
particle action zone remain the same as under the action of an ion with an
energy of 800 eV and an electron with an energy of 3 eV, the maximum
temperature is observed in the ion action zone and amounts to 2100 K, while in
the action zone electron temperature is much lower. At the considered depths,
the temperature distributions differ significantly; somewhat higher
temperatures are observed at a depth of 0.754. The temperature distribution
over the studied surfaces is substantially inhomogeneous.

o, 2

N

N

S

N
|

O

Figure 1 — A further increase in the current density to the second
critical leads to an equalization of the temperature distribution

With an increase in the current density in the flow to 8x107 A/m?, the
superposition of the temperature fields of neighboring particles is observed; the
nature of the temperature change in the studied planes becomes more uniform.

In the central part of the surfaces under consideration, the temperatures
increase markedly, but the maximum temperature remains the same as in the
previous case. However, in this case, temperature gradients are significant, and
the nature of the temperature distribution at the studied depths is preserved (Fig.
2, b).

A further increase in the current density to the second critical leads to an
equalization of the temperature distribution - they are approaching the
maximum. An insignificant temperature gradient is observed along the
diagonal where the electrons act (Fig. 2, c¢). A further increase in current
density will lead to an equalization of the temperature distribution over the
surface.

Under the action of a plasma flow on an aluminum component (£i = 800
eV, E. = 38 eV, titanium ions), the nature of the distribution of temperature
over depth changes, their difference is observed. So, at a current density equal
to the first critical (j=j’, fig. 3, a), there is a significant temperature
heterogeneity along the depth of the target and in the studied planes. The nature
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of the distribution in the particle action zone is the same as under the action of
ions with an energy of 800 eV (the maximum temperature of 637 K is observed
at depths x = 0.64, for ions). Significant temperature gradients are
implemented. With an increase in the current density in the beam to 3 x 107 A/
m? (Fig. 3, b), some alignment occurs in the planes studied, its maximum
temperature and its non-monotonicity in depth are preserved, and the gradients
decrease compared to previous cases.

Figure 2 — Temperature fields in the zone of action of the plasma
flow on iron / Ec, = 800 eV, Eqp1 = 3 €V / at various current densities:
a-j=j%=710A/m%b-j=810" A/m?

c- j"p=3.3"108 A/ m? (Tmax=2.1 - 10° K nitrogen ions)

A further increase in the current density to the second critical one (2.1 X
108 Am?, Fig. 3, ¢) leads to equalization of the temperature distribution in the
studied planes and their approximation to the maximum in the diagonal plane
of electron action. Thus, an increase in current density leads to equalization of
temperature fields.

After the completion of the irradiation cycle, leveling of temperature
fields along the surfaces and a certain increase in temperature in depth are
observed, after which it decreases. The study of temperature fields showed the
presence of high temperature gradients, which indicates the possibility of
realizing temperature stresses of significant magnitude. The results of the
calculation of temperature stresses are presented in Fig. 4 and 5. So for the case
of the action of a plasma flow with nitrogen ions Ei = 800 eV and Ee = 3 eV on
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iron, the maximum temperature stresses of 1.4 - 10° N / m? at a depth of 0.6 X,
are realized at a current density equal to the first critical (7 - 10® A / m?) with
increasing current density, a decrease occurs at current densities j =8 - 10° and
become very insignificant at current densities equal to the second critical
density j = 6.3-108 A / m2 Moreover, for the first critical dense current, the
temperature stresses on the surface reach 5.7-108 N/m?, which decrease with
increasing current density (Fig. 4).

Figure 3 — The temperature fields on the surfaces X=0, X=0, 64¢ and X=1,2 Acp
in the area of the plasma flow Ei = 800 eV - Ti, E. = 3.8 eV with current density:
a-j=ju=2,710A/m2;b-j=310" A/m2;c-j=j"% =3,7-10" A/Im?
on an aluminum target Tmax = 637 K

In the case of a plasma flow with titanium ions Ei = 800 eV and electrons,
E. = 3 eV on an aluminum component with a current density equal to the first
critical current density (j's = 2.7-108 A/m?), the maximum values of thermal
stresses are realized at a depth equal to 0.6 A¢y and equal to 5.4-108 N / m?
while at the same time on the surface and at a depth of 1.2 X, they are small.

The integrated effect of the plasma flow can be considered as for the case
of the action of the particle flow as a continuous medium [1] but there the
dynamics of temperatures and temperature stresses is substantially insignificant
and high temperatures and temperature stresses should not be expected, and
especially higher rates of temperature rise.

N*+ e Ei=8003B; Ee = 3 3B
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Figure 4 — Temperature stresses in the area of the plasma flow on iron (steel):

7108 A/ m?

~108 A/ m?

comp=1410°n/m% a--j=j'
b'j=8 . 107A/m2;C'j”Kp

800 eV, E.=3¢eV

Ei=

=63

Figure 5 — The fields of temperature stresses in the area of the plasma flow on

1 -108A / m?,

)

3 eV /at various current densities:
=2

3-10" A/m?; ¢ - jiwp
=5.4-108 N/m?

molybdenum / E¢, 0 800 eV, Ecpl
A/mZ b -j

a 'j = jlxp=2,7'106

Omax
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Conclusions

It is shown that the required temperatures and rates of temperature rise are
achieved, the temperature stresses (pressures) are sufficient to obtain
nanostructures in the part volume, while at the same time, to increase the
efficiency of this process, a small fraction of the catalyst ions can be supplied
in the plasma stream.

It is shown that under the action of nitrogen ions on steel, a significant
region with nanostructures is obtained, while under the action of titanium ions
on an aluminum alloy, this zone is limited. Under the action of electrons,
nanostructures are not formed, temperature stresses in both cases have values
of the order of 108 N/m?, they also do not make it possible to obtain
nanostructures directly, while they can accelerate their production over the
temperature range and their growth rate.
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I'ennaniii Koctiok, Onbra Menko3soposa, Onena KocTiok,
[Opiii Ilupoxwuii, XapkiB, Ykpaina

INEPCIIEKTUBU OTPUMAHHS HAHOCTPYKTYP
Y OB'€MI JETAJII ITPH A1 MOTOKIB IJIA3MHU

AHoTaniss. B pobomi npedcmaeneni pesyromamu  po3pAXyHKI@ nouie  memnepamyp i
MeMnepamypHux — HanpyiceHb  HA  OCHOBI  piuleHHAs  HecmayioHapHoi  cninbHoi  3adadi
MenionpogioHoCmi i MePMONPYHCHOCMI. SHAXOOUNUCS 30HU MAMepIiany 0emaii, 0e peani3ylomscs
VYMOBU YMBOPEHHs. HAHOCMPYKMYp. Posensioaemo mpu 6unaoxku meniogoi Oii niasmu Ha 0emai.
Hia wacmunox niazmoeo2o nomoxy:

— K IHOUBIOYAILHUX MENN06Ux oOdxcepel, Moodmo GUNAOOK GIOCYMHOCHI HAKIAOEHHS
memnepamypHux noaie 6io cycionix ionie ma enekmpouie (j < j'w);

— CnilbHy meniogy 0ito pady YacMUHOK NPU HAKIAOeHHi ix memnepamyprux nonig (j <j’ <
7w

— Oisl NIAZMOB0O20 NOMOKY SIK CYYLNbHO20 cepedosuuya (j = ).

Haiibinbw yikasuii 6unadox npu Oii e1eKmpoHie ma IOHi8 cepeOHix eHepeill 6 NiazmMo8oMy
nomoyi 3a ymosu, wo j < j'o AHAkwo eycmuna cmpymy Jnexcumv Midc nepuioro i Opy2or
KpumuuHoio, moomo KoIu cCnocmepiecacmvCsi HaKIA0eHHs MEeMNEPamypHux nomié 6io Oii cycionix
YACMUHOK, 3A80AHHA YCKIAOHIOEMbCA, MOMY 80HO i posensioanocs. ITlokazano, wjo npu Oii ioHi8
asomy Ha cmanb peanizycmvCsi 3HAYHA 0ONACMb 3 HAHOCMPYKMYpAMu, mooi sk npu Oii ioHié
Mumary Ha antominieeuil cnias ys 30Ha ooOmedcena. Ilpu Oii enexmpouie HAHOCMPYKMYpPU He
YMEOPIOIOMbCA, MeMnepanmypHi Hanpydtcerus 6 060X unadkax mawome snauenus nopsaoxy 10°
H/M?, 6onu medic ne 0aioms MOJACIUBOCTE OMPUMYEAIMU HAHOCMPYKMYPU 6e3n0cepedHbo, modi K
Mooicymo npuckopumu ix ompumannsi. Tlokasano, wo oocsiearomvcsi HeoOXioni memnepamypu i
WBUOKOCMI  HAPOCMANHA  MeMNepamyp, GenuduHy MmeMnepamyphux Hanpysicenb (Muckis)
docmamui Onisl OMPUMAHHA HAHOCMPYKMYp 6 00 ’emi demani, 6 mou e yac Oasi NiOBUWEHHS
ehexmusHocmi Yb020 NPOYECY MOICHA NOOABAMU 6 NAAZMOBOMY HOMOYI HeBeNUKY YACMKY IOHIE
xkamanizamopa. Iloxkazano, wjo npu 6niusi ioHi6 A30mMy HA CMAlb PednizyEMbCs 3HAYHA 001ACb 3
HAHOCMPYKMYpamu, a npu 6NIuUsi iOHi6 MUmany Ha aIrOMIHIEBUI CIAs ys 30Ha obmedicena. I1io
0i€l0  eeKMpPOHi6 HAHOCMPYKMYPU He YMEOPIOIOMbCs, MeMNepamypHi HaAnpyslceHHs & 000x
eunaoxax maiomo 3navenns nopsaoxy 108 HI P, eonu maxodc e 0ozeonsioms ompumyeamu
HAHOCMpPyKmypu 6e3nocepeonbo, X04a MOXHCYNnib NPUCKOPUMU IX YMEOPEHHS. 8 MeMNepamypHoMy
inmepeani i memn ix 3pOCmaHmsl.

KuaiouoBi ciioBa: nanocmpykmyposani wapu; memnepanypui nois; memMnepamypHi HanpyuceHHs;
HAHOKIAcmepu, po3MIip 3epHd; ChilbHA NPoOIeMa menionposiOHOCI Ma MEPMONPYICHOCMI.
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C. Omiiinuk, Kpamaropcebk, Ykpaina,
JI. Kanadarosa, [TokpoBchk, Ykpaina

AHAJII3 CXEMH OBPOBKH CKJIAJHOITPO®IIIBHUX
OBOJIOHOK OBEPTAHHAA

AHoTauis. YV cmammi posensoaromscsi npobiemu MOYHOCmi 00poOKU  CKIAOHONPOQIiNbHUX
manoxcopcmkux  Oemane. 3 Memoio NiOSUWEHHA MOYHOCMI WNIQYBAHHA  BUKOHYEMbCA
QocniodceHHst Onepayiiunoi cxemu 06poOKU MOHKOCMINHOI 060n0HKU. Moodentosanns noxudku
npoghinio Ha onepayii 0CMamoyHO20 WNiQYBaHHs OYI0 BUKOHAHO Ot MPAOUYItIHOL cxemu 06pobKU,
Ha MOKAPHOMY @epcmami 3 azpe2amHuoio ULNIQYBANTbHOIO 207106KOI0 | CUCHEMOI0 NPAMO20
KOniloeanmsl, i 015l cxemu 0OpOOKU HA OONAOHAHHI, 5SIKE OCHAUWEHEe MEXAHIZMOM 3 NAPALeTbHUMU
cmpykmypamu. Buxopucmana mooens 6a3yemvcsa Ha MamemMamuyHomMy onuci npoyecy ymeopeHHs
noxubKu 0OpoOKU 3a OONOMO20I0 DI6HSIHb GIOHOCHO20 PYXY MEXHONIO2IUHUX 0a3 00pobI08aHoi
3a20MOGKU I MOUKU KOHMAKMy pobouoi nosepxui Kpyea iz 3a2omoekoio. Pospaxynku dogenu, wo
3aNPONOHOBAHA cXeMa 0OPOOKU Ma MEXHON02IYHE OONAOHAHHS 003605Mb GUKIIOYUMU NOXUOKY
VCMAHOBNIeHHS, BUKOHAMU 0OPOOKY 3 HEeOOXiOHUM KYmoM pO360pomy ocCi Kpyed, RiOsuuumu
HCOPCMKICMb MEXHON02IUHOI cucmemu i 3abe3neuumu moyHicms 00pO6KU 306HIUHBLO2O KOHMYDY
Odemari.

KJI040Bi ¢10Ba: moHKOCMIiHHI 000J0HKU, aIMA3He Wi(Y6aHHs, NOXUOKA 00POOKU, MeXAHI3MU 3
napaneibHolo KiIHeMAamuKoio, MOOeI08anHsL NPOYecie.

IHocranoBka npodaemMu

CydacHe MamImHOOYIYBaHHS BiNIPi3HIETHCS T€OMETPUYHOIO CKIATHICTIO
BUpPOOIB, SIKi BUTOTOBIICHI 3 HOBUX MaTepialliB i XapaKTepH3yIOThCS BUCOKIMH
BUMOTaMH JI0 SIKOCTI poOOYMX TIOBEPXOHb Ta iX OOIPYHTOBAaHHUMH
BJIACTUBOCTSAMH. B OiNBIIOCTI BWUOAIKIB Taki BHPOOM BUTOTOBIAIOTHCS B
IpidHOCepiifHOMY a00 OIMHHIHOMY BHPOOHHMITBI. e cripoBOKyBaio po3BUTOK
1 BIPOBaKEHHSI PEKOH(DITYPYyEMHUX BHPOOHHUITB, 1[0 BUMAara€ BUKOPHCTaHHS
MOJYyJIbHUX TEXHOJIOTTYHUX CHUCTEM, sIKi 0a3yIOThCSl Ha MPUHIMIAX Ta METOJaX
MEXaTpoHIKH. B 1bOMy HampsMKy OJHHMM 13 TEpCHEKTHBHHX LUIAXIB €
BUKOPHCTAHHSI MEXaHI3MIB 3 MapalielbHOI0 CTPYKTYyporo [1], siki JO3BOJISIOTH
peanizyBaTH IIUPOKI  (yHKUIIOHANBHI MOXJIMBOCTI mpH  (OpMyBaHHI
TEOMETPUYHO CKJIQJHUX IIOBEPXOHb, HEXOPCTKUX JeTajed Ta peaizamii
TEXHOJIOTIYHUX TMpOIleciB OOpOONEHHS 3 pi3HOI (I3UYHOIO CYTHICTIO.
Bepcratu-po6oTH MOXYTh BHUKOHYBAaTH (hpe3epHi, CBEpAIIUIbHI, TOKapHI,
po3TouyBanmbHi, pi3pOOHapi3HI Ta TOTipyBampHI podotH [2]. Bimomi
KOMIIOHOBKH TaKHX BEPCTaTiB 3a0e3MedyoTh MEHIII rabapuTH, MOTSHIIHHO
BEINKY TIMTOMY JKOPCTKICTh, IIBUINEHI TUHAMIYHI XapaKTePHUCTHKH,
MIPOCTOTY 1 TEXHOJIOTIYHICTh KOHCTPYKIIil, KPiM TOTO TOXHOKH, SIKi BHHUKAIOTh
myg dac oOpoOKH, MOXKHa KOMIIEHCYBAaTH BHUKOPHUCTAHHSIM BiIIOBiTHOTO
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yIpaBJsiioyoro mnporpamuoro 3abesnedenss [3]. [lpu 1pomy BoHUM nereBii i
npocTimi B 0OCTyroByBaHHI. IX KOHCTPYKIUS Ta TEXHOJNOTiUHi MOKIMBOCTI
NOCTIHHO BIOCKOHAJIOIOTHCS. Take OOJaJHaHHA Ja€ MOXIIHMBICTh BHPIIIMTH
TEXHOJIOTIUHI 3aBJaHHA, sIKi 1O [Or0O MOMEHTY HE MaJld JOCKOHAJIOTO
pilIeHHS.

CxnagHoTIpoinbHI BHPOOM MamIMHOOYAIBHOI, pakeTHOI Ta aBiamiiHOL
TEXHIKH  XapakTepU3YyIOThCA  Pi3HOMaHITHICTIO  (opM  00pobOIroBaHUX
MOBEPXOHb TA MaTepiaiiB, 3 SKUX BOHH BUTOTOBIIIOTECS. [lepeBaxkHO, Lie Tina
o0epTaHHA: TOHKOCTIHHI  LWTHAPH, SKi  yCKIAJHEHI  eJleMeHTaMH,
CKITagHONPOQUIEHI 000JIOHKH, oOWYalku, AWCKHA 1 T.m. Taki gerami MaroTh
pi3HOMaHITHY KOH(]Irypairo, KOHCTPYKTHBHI OCOOJIMBOCTI, PO3MIpH, BHCOKI
BHUMOTH JIO TOYHOCTI 1 IKOCTI MOBepXOHb. CKIIANAIOTHCS 111 ISTaji 3 TOBEPXOHb,
napaMeTpH JIOKAJILHOI TOTIOJNIOTIT SIKMX 3MIHIOIOTHCS B OHI€T TOYKH J0 1HIIOT
HECKIHYEeHHO OJIU3BKOI 0 Hel TOUKU. BOHM BUTOTOBJISIOTECS, B 3AJI€3KHOCTI BiJl
YMOB eKcIUlyaralii, 3 Haipi3HOMaHITHIIIMX MaTepiaiiB: BiJ MOJIMEpiB 10
JKApOMIIIHUX 1 TBEpPAMX CIUIaBIB Ta BHPOOIB 3 KPUXKHX HEMETalIeBUX
MarepialiB TUIY TEXHIYHMX CHTaJiB 1 Kepamikd. [Ipm mpomMy 10 BKazaHHX
Jerajedl Npex’sBISIIOTH MiABUINEHI BUMOTM 1O TOYHOCTI Ta CTaHy
ITOBEPXHEBOTO Ta TPHUIIOBEPXHEBOTO mapiB. JlochmimkeHHs (akTopiB, SKi
BIUIMBAIOTh Ha MOXUOKH NPH MEXaHIYHid o0polmi geraneld — TOHKOCTIHHHX
Kisenp, (raHIiB, pedep KOPIycCiB KaMep 3rOpsiHHS, Ta METOAUKH PO3PAXYHKY
ix gedopmartiit po3riasHyTO B pobOTI [4]. Po3pobka MeTomuKH i3 3a0e3neUeHHS
BUMOT TOYHOCTI JJIsl aBTOMAaTU30BaHOTO BUPOOHHIITBA TOHKOCTIHHUX JeTanel
3 BHUKODUCT@HHAM MeETOJa IWJIIHJPUYHMUX MOMEHTHHX OOOJIOHOK Ta
IMITaliHOTO MOJIENIOBAHHS MpencTaBieHo B poboti [5].  HocmimxeHHs
Croco0iB 3HIKEHHS BiOpalliii mix yac ¢ppesepyBaHHs TOHKOCTIHHUX METAJIEBUX
3aroTOBOK-000JIOHOK, YCKJIaHEHHUX J0JaTKOBUMHU €JIEMEHTaMH, PO3IIITHYTO B
poboti [6]. Takum uwmHOM, mnpoOJIeMa NPOTHO3YyBaHHA IOXMOOK Ta
BCTaHOBJICHHS SKICHOTO i KUTBKICHOTO X 3B'SI3KYy 3 JIIOYMMH TEXHOJIOTIYHIMHU
(akTopaMu TIpM aBTOMATHM30BaHIH OOpOOIll TOHKOCTIHHHX JeTajed €
aKTyaJbHOIO B HAYKOBOMY 1 IIPUKJIATHOMY acIIeKTax.

AHaJni3 nonepeaHix 1ocaigxKeHp i myoaikaniii

OO6’€KTOM TOCTIKCHHS B CTATTi € TEXHOJIOTiYHA CHCTeMa ILTi(yBaHHA
CKIIQTHONIPO(ITFHUX TOHKOCTIHHHX O00O0JIOHOK (mHoBknHOIO Bim 0,5 m0 2 M i
miamerpom Bim 200 mm g0 500 MM, 3 TOBIIMHOK CTiHKH 4—6 MM), sKi
BUT'OTOBJISIFOTHCS 3 KPUXKHUX HEMETAJIEBUX MaTepiajiB TUITy TEXHIYHUX CHTAIIiB
1 KepaMiky, HamnpHKIaJA, OOTIYHHUKIB pakeT pi3HuX kiaciB [7]. [lo Takux
JieTalieil BUCYBalOThCS BUCOKI BUMOTH 110 TOYHOCTI IIOBEPXOHB BHYTPIIIHBOTO,
30BHIIIHBOTO KOHTYpIB Ta TOBIIMHI CTIHKH, a TakoX JO PIBHA MiKpo- 1
MakporeomeTpii, Ae(EeKTHOCTI TPHUIIOBEPXHEBOro miapy BHpoOiB. CkiagHa
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HETEXHOJIOTIYHAa (opmMa OOOJOHKOBOI JeTalli OOYMOBIIOE OCOOIHBOCTI
00pOOJICHHST Ta BCTAHOBJICHHs il HAa TEXHOJOTIYHOMY OOJIaIHAHHI Mia Yac
aJIMa3HOro NUTi(YBaHHS, K€ € BUKJIIOYHO MOMKJIMBHM BapiaHTOM IpH 00poOIi
MaTepiaiB aHAJOTIYHOTO Kiaacy. OOpOoOJIeHHS KOXKHOTO BHPOOY € TOCTaTHBO
TPYIOMICTKHM TIpOLIECOM, SIKHi 3aiiMae Outbmie 40 roAuH Ta Mae 3HA4YHY
YacTKy JOBOJOYHHX pOOIT, IO BHUKOHYIOTbCS BpyuHy. JlOCIiKeHHS
mpobieMu TOYHOCTI 00pOOIIeHHs TakKUX BUPOOIB mpecTaBieHi B podorax [7-9],
Je HaBeICHI pe3yJbTaTH TEOPETHYHUX Ta CSKCHEPHMEHTAIBHHX JOCIiIKCHb
BIUINBY TEXHOJOTIYHUX (PAKTOPiB 1 CHCTEMAaTHYHUX ITOXHOOK Ha TOYHICTH
mpo¢ing oOpoONeHOI TOBEpXHI Mix dYac BHYTPIOIHBOTO 1 30BHINIHBOTO
noriQyBaHHS KOHTYpY. BcTaHOBIEHO, 110 OCHOBHHMH BH3HAYalbHHMH
(axTOopamMH NpH HBOMY € 3MIiHHA YKOPCTKICTh 3aTOTOBKH IO JIOBXKHHI, 8 TaKOX
CUIIOBI (pakTOopu Tpouecy nutipyBaHHs. EkcrepuMeHTadbHI Ta TEOPETHYHI
JOCIHIJDKEHHsT BIUIMBY BiOpamiii Ha SKICTh IOBEpPXHI 1 TOYHICTH NpoQinto
00OJIOHKHM JIO3BOJIMJIM BCTAHOBUTH, IO T'OJIOBHUM JDKEPEIIOM KOJHMBAHb Y
TEXHOJIOTIUHIA CHUCTEMI € CHJIM, SKi BHHHKAIOTh 3 OOKy .ii NutiyBasbHOTO
Kpyra Ha 3arotoBKy [7]. IHTEHCHBHICTb KOJIMBaHb 3MIHIOETHCS B 3aJI€KHOCTI
BiJl MICI]I KOHTaKTy Kpyra i3 3arOoTOBKOIO IO ii JOBXXHHI, IO BIUIMBAa€E Ha
XBUIISICTICTD IOBEPXHI.

s BapiaHTiB 00poOkM Ha OONafHAHHI 3 KIACHYHOIO KiHEMAaTHIHOIO
CTPYKTypolo Oylla 3ampoIlOHOBaHA CXEeMa pi3aHHsS, sKa BIiAPI3HAETBCA Bif
TpaguIiiHOI 3MIHOIO KyTa HaXWiIy OCi Kpyra BigHOCHO oci merami [7].
PesynbraTi TOMEpEHIX JOCTIKCHb SIKOCTI MOBepXHi [7, 8] mo3Bosmim
chopMyBaTH BHMOTH JIO HampsMy CHWIOBOIO BIUIMBY Ha 0OpoOIoBaHy
MOBEPXHIO I0JI0 3a0e3NeueHHs] B Hill MiHIMaJIBLHOTO piBHS nedekTHocTi. s
bOr0 HEeOOXiZHO, 00 OCHOBHMH TPAJIEHT HANPY>KEHb BiJ CHJI pi3aHHA OyB
30Cepe/DKEHU B 00’ €Mi MPHUIYCKY, IO BHIAISETHCS. B MOCTIIKCHHAX, SKi
npejcTaBieHi B pobotax [7, 8], JOBeAeHO, IO 3MIHOK CXEMH pi3aHHS Ta
pexuMmy mutipyBaHHI MOXHA BIUTMBATH Ha XapakTep B3aeMogii poOouoi
MTOBEPXHI Kpyra 3 0OpOOJIIOBAaHOIO ITOBEPXHEI0 3aTOTOBKH 33 PaXyHOK 3MiHH
miomi X KoHTakty. llel ¢Qakrop BIUMBae Ha BeIMYMHY IeMIIQyBaHHS B
CHCTEMi IHCTPYMEHT-3aTOTOBKA, MEPEepO3IOIiT TMPHUITyCKy B HEOOXiTHOMY
HAIpsAMKY B3IOBX YTBOPIOIOUOi Kpyry. TakuM YMHOM, MOKHA HallpaBJICHO
(dbopMyBaTH CHJIOBHI BIUIMB Ha ITOBEPXHIO 3arOTOBKH 32 PaXyHOK 3MIiHH YMOB
poboTH aiMa3HUX 3epeH Ta iX 3HOCy. Taka cxema OOpOOKM Mae Ha3BY
nutiyBaHHS 3 «IIEpEeXpecHMMH OcsMU». JIOCHIKEHHST CXeMH IpOoLecy
IMOMHHOTO KPYIJIOro HUTiyBaHHS 31 CXPEHIEHHMMH OCSMU IHCTPYMEHTY 1
JeTalli, IpH SIKOMY YOPHOBHH HPHITYCK 3HIMAEThCS TOPLEM Kpyra, a YUCTOBE
nuTigyBaHHS 1 BUXOIKYBaHHS BHKOHYETHCSI HOro Iepudepieto, Mokasye, Mo
BUOIp ONTHMaJIBHOTO KyTa OpPI€HTAIil J03BOJISIE KEPYBATH PO3MIpaMH IUISIMU
KOHTaKTy, III0, B CBOIO YepTry, BIUIMBAE€ HA NPOLYKTUBHICTH OOPOOKH, 3HOC
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UUTipyBagbHOTO IHCTPYMEHTY Ta pO3BAaHTAXCHHS HOro KamiOpyBaibHOT
ninsHke [9]. B excniepumenTanpHuX gociimkeHHax [10] moBeneHo, 1o 3MiHa
TpaauuUiiiHOi cXeMH O0O0poOKkM Ha O0OpOOKy 3 TEepPEeXpEeCHUMH OCSMH
HUTiyBaIbHOTO KPYry Ta AETali 3 OJHOYACHHUM PO3BOPOTOM IHCTPYMEHTA B
OCBOBIHl IUIOIIKHI Tak, MO0 HOro Kpaika BHXOIWIIA 32 MEXKHU MPHITYCKY, IO
BUAAJETHCS, JO3BOJSAE 3OUTBIIATH MPOXYKTHBHICTH OOPOOKH, ITiABHIUTH
CTIMKICTh 1HCTPYMEHTY Ta cTabibHICTH mporecy mnuripyBaHHs. B poboti [8]
Oya 3ampornoHOBaHA CXeMa BHYTPIMIHBOTO NUTIQYBaHHA, sSKa BiIPi3HAETHCS
BiJl TpaAWIiitHOT THM, IO TOAa4Ya KpyTa BinOyBaeThCs Bix (DIaHIIO IO HOCKa
3aroTOBKH-000IOHKH. PiBHOAifOYA CHI pi3aHHA TPH IIHOMY CIPSMOBaHa B
NPUITYCK, SKUHA BHIOAIAETHCS, Ta MparHe MNPUTUCHYTH 3aroTOBKY MO
YCTAaHOBUMX €JIEMEHTIB MpUCTpolo. Taka cxema J03BOJMJIA 3MEHIINTH
HETaTUBHMH BIUIMB Ha SIKICTh IOBEPXHi, IO (OPMYEThCs, paaiabHOI
CKJIQJIOBOT CWJIM pi3aHHA, sKa B TpaguLidHIA cXeMmi HampaBieHa B
00pOOITIOBAaHY TOBEPXHIO.

TakuM 4MHOM, TOJIOBHUMH (DaKTOpaMu, sIKi BIUIMBAIOTh HAa TOYHICTH Ta
SKICTh [TOBEPXHI, € CTATUYHA Ta JUHAMIYHA HACTPOWKA TEXHOJIOTTYHOT CUCTEMH
(TC), piBerp cunoBuX (akTOpiB Tporecy NUITipyBaHHS Ta JAHHAMIYHI
xapakrepuctuku eneMeHTiB TC. IToxuOkm 0OpoOKH, sKi BHHHUKAIOTH NpPHU
IOMY, HACTYIIHI: pPI3HOTOBIIMHHICTE BUPOOY MO JiaMeTpy Ta JOBXKHHI; 3MiHHA
XBUIIICTICTD TTOBEPXHI; HEBIAMOBIHI MIOPCTKICTH 0OpOOIIOBaHOT TOBEpXHi i
IeQeKTHICT, TMPHUIIOBEpXHEBOro Imapy BupoOy [7-9]. Ile Bumarae
BIPOBAKYBaTH y TEXHOJOTIYHMH NpOIEC TPYAOMICTKI YMCTOBI Ta (iHILIHI
orepailii, sIKi MiIBUIIYIOTh COOIBAPTICTH BUPOOY.

BupnisieHHs: He BUpiLIEHUX paHillle YACTHH 3arajJbHOI NPodieMHu

AmHani3z pe3ynbTaTiB NPOBEINCHUX JOCHI/DKEHb BKazye Ha Te, LIO
BUHHUKHEHHS MOXHOOK (hopMyBaHHs podiis AeTaji NPOBOKY€E B TOMY YHCHI 1
HEJJOCKOHaJla cXeMma Nuli(pyBaHHS 3arOTOBKH, sIKa BH3HAYA€THCS B3aEMHUM
PO3TAIlyBaHHSIM 3aIOTOBKH Ta IHCTPYMEHTY, IO BIUIMBAE HA CHJIOBHH (hakTop
mig 9ac oOpoOKK Ta AWHAMIKY TEXHOJOTIYHOI CHCTEeMH. BCTaHOBIEHO, IO B
pe3ynbpTati  (OPMOYTBOPEHHS CKIAQAHOMPODITBPHUX JeTaneil  crmocobom
aNIMa3zHOTO NUTipyBaHHSA CyKyNHa MOXHOKa OOpPOOKHM 30BHIIIHBOTO KOHTYPY
nocsrae 0,8 MM [7], a XBWISICTICTH TIOBEPXHI MO BHCOTHOMY (haKTOpy
craHoBuTh 10 0,13 mm [7, 9]. HeoOxigHa TounicTh mpodiio gocsraetbes 3a
JIOTIOMOT'010 oliepallii JOBeJeHHs, sSIka BUKOHYEThCS BPY4HY. BapianTu 3MiHU
cxemH 1uTihyBaHHS 0OMEKEHI TEXHOJIOTTYHUMHU MOKIIMBOCTSIMU TPAHULIITHOTO
o0JiaiHaHHs, SIKE BUKOPUCTOBYETHCS JUISI MEXaHIYHOT OOpPOOKH TaKUX JeTalleH.
Kpim Toro, 3HauHMH BIUIMB Ha BEJIMYMHY CHCTEMAaTHYHUX IMOXHUOOK 0OpOOKH
CIpUYMHSE cXeMa O0a3yBaHHS JeTalli B NPUCTOCYBaHHI Ta Oe3mocepeaHbo
KOHCTPYKIIisSl CAaMOTO BEPCTaTHOTO MPUCTOCYBaHHs. BJIOCKOHAJIEHHS Cy4acHUX
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METO/IB OTPUMAaHHs 3aroTOBOK [9] /i OOOJIOHOK 3 KPHXKHX HEMETAJICBHX
MarepiaiiB J03BOJISE€ 3HAYHO 3MEHIINTH NPUIYCK HAa MEXaHi4Hy OOpoOKy,
TAaKAM YHHOM IIl¢ OUTBII BRXKJIUBUM CTA€ MUTAHHS 3a0€3MEYCHHS TOYHOCTI Ha
YUCTOBHX €Tamax 00poOKH aeTalti.

MeTta po6oTH € 00rpyHTYBaHHS BHOOpPY OnepauiiHuX cxeM HuTidyBaHHS
CKITaTHONPO(UIEHUX OOOJOHOK TPH BHKOPHCTaHHI CY4acHOTO OOJaIHAHHS
JUTS TTIIIBUIIIEHHS. TOYHOCTI MeXaHI9HOT 0OpPOOKH iX MOBEPXOHb.

Bukaang ocHoOBHOro MaTtepiaiy

TexXHOJOTIYHUIA TMPOIEC BUTOTOBJICHHS TOHKOCTIHHHX OOOJIOHOK, SIKHIHA
3aMpoIOHOBAHO B POOOTI, CKIIANAETECSA 3 TPHOX OCHOBHHUX €TaIliB: OTPUMAHHS
3aroTOBKH, I MeXaHIYHOI OOpOOKHM Ta omepamii 3MIITHEHHS ITOBEPXHEBOTO
nrapy oOpoOsieHHX TOBEepXOHb Jnerani. PopmyBaHHS Hpodi0 BHUPOOY i3
3aJJaHUMH XapaKTEpPUCTUKAMM 3IIMCHIOEThCS Ha eTanax BHYTPILIHBOTO
untipyBaHHsS 3aroroBkd mpu i1 0a3yBaHHI 110 30BHINIHIA MOBEpXHi 1
HACTYITHOTO 30BHILIHBOrO IUTiQyBaHHS mpu Oa3zyBaHHI Ha MONEPEIHBO
00po0ieHiii BHyTpilHI#i noBepxHi. Tpaguiiiina cxema 0OpoOKH 00IpyHTOBaHA
MOXJIMBOCTSIMH TEXHOJIOTIYHOTO OOJIaJHaHHs JUIS BHKOHAHHS MEXaHIuHOi
00poOku moBepXoHb 000MoHKH (puc. 1 a). CydacHe oOmamgHaHHSI 3
BUKOPHCTAHHAM MeEXaHi3MIB 3 MapalelbHOI0 CTPYKTYpOIO Ta 3 BOYIOBaHUM
o0epTaibHUM CTOJIOM [2] Ja€ MOXITUBICTh 3MIiHUTH PO3TAIIyBaHHS 3arOTOBKHU
BiTHOCHO OTIOPHUX MOBEPXOHB. Po3riIstHEMO cxeMy 00pOOKH 3 po3TanlyBaHHIM
3arOTOBKH Y BEpTHKAJIBHIH IDIOMIMHI Ta 32 YMOBH 3MiHH cXeMHu 0a3yBaHHS (puC.

1, 6).

Pucynok 1 — Cxemu nutipyBaHHS IpH BUKOPUCTaHHI: @ — TOKAPHOTO BEpCTaTa,
OCHAII[EHOT'O arperaTHoIo LUIi(yBaJIbHOIO TOJIOBKOIO Ta CHCTEMOIO IIPSIMOTO
komitoBanHs (Bapianr I); 6 — TexHoNOTIYHOTO 00NAIHAHHS 3 MEXaHi3MaMU MapaneabHOl
KiHeMaTHKH, BOYJ0BaHUM 00epTOBUM cToJioM i 3 ciuctemotro UIIK (BapianT IT)
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3amponoHoBaHa cxema (OuB. pHuC. 1, 6) 3 PO3TUCKHOIO OIPABKOIO
BUKIIIOYAE ITOXUOKY Oa3yBaHHs, J03BOJISIE BUKOPUCTOBYBATH CXEMY pi3aHHS 3
«TepexpecHUMH OCSIMU» KpyTa 1 3arOTOBKH IPU PO3BOPOTI KPyra BiJHOCHO OCi
3arOTOBKH Ha KYT, SIKMH BUKJIIOYAE BIUIMB HA TOYHICTH NMPOQUIOBAHHS 3MiHH
MOJIOKEHHST (POPMOYTBOPIOIOYOT TOUKH HA MOBEPXHIi Pi3aJIbHOTO 1HCTPYMEHTY
mpu Horo mepeMimeHHI B3IOBXK 00poOmroBanoi moBepxHi [7]. Takox Ha
TOYHICTh MO3WTHBHO BIUIMBA€ IEPEOPIEHTYBaHHS Iil HOPMAJIBHOI CHJIM Ha
00po0IIOBaHyY MOBEPXHIO Ta MiIBUIICHHS XOPCTKOCTI TEXHOJIOTIYHOI CHCTEMH
B TIOPIiBHSAHHI 3 TPAAMIIAHOIO cXeMOio (ImuB. puc. 1, a). s OIiHKH BIUTUBY
3aMpoNOHOBAHOT CXEMH Pi3aHHSA 3 BpaxXyBaHHIM (aKTOPiB, IO BHHUKAIOTH i
yac MexaHiuHOi 0OpoOKH, HA CYKYyIHY IOXHOKY BHKOHAHHS Hpodimo meraii
IPY YUCTOBOMY HUTiI(YBaHHI BUKOPUCTAEMO IMiTalliiHy pO3paxyHKOBY MOJIEINb,
sika Oyna fociimpkeHa B pobdorax [11, 12].

Jdns  moOymoBM  MareMaTHYHOiI  MOJENi  TEXHOJIOTIiYHa  cucrema
OpejiCTaBieHa CKJI4JA€HO 3 MiJACHCTEM: 3aroToBka (P); MIMHHIETb-
nprcTocyBaHHs (S); Bepcrar-cranuna (0); pisanpauii incTpyMeHT (K) (I1B. puc.

1). Koxna mincucremMa Mae€ CBOI CHUCTEMY KOOPAMHAT: Zb -
TEXHOJIOTIYHOTO OONagHaHHSA abo BepcraTa-CTaHHHH, ZS — [INUHAeNS-
MPUCTOCYBAHHS, Z p — 3arOTOBKH, Zk — PpI3QIBHOTO IHCTPYMEHTY

(mwtidyBanbHOrO Kpyry). XapakTepHUCTUKOIO, SKa BHUKOHYE MaTeMAaTHUHUI
onuc npoQiIIo MOBEPXHI, MO POPMYETHCS i Yac 00pPOOKH, B 3aJICXKHOCTI Bij
BITHOCHHX TMepeMilieHh 0a3 eJICMEHTIB TEXHOJIOTIYHOT cucreMu (3
ypaxyBaHHSM CXEMH BiJHOCHOTO PyXy 3arOTOBKH Ta IHCTPYMEHTY) BHCTYIIA€

paniyc-Bextop I'p . Pagiyc-BekTOop BUXOJUTh 3 HOYaTKy KOOPJUHAT 3aTOTOBKH
Op Ta 3aKiHUye€ThCS HA YTBOpEHid moBepxHi (amB. puc. 1, a, 0), mo mae

MOJKJIMBICT OTHCATH MTOXHUOKY MPO(UTIOBAaHHS K (YHKIIOHATBHY 3aJICKHICTD
MiX (hakTOpamMu Tporecy NuTiQpyBaHHS, TapaMeTpaMy TEXHOJOTIYHOT CHCTEMHU

Ta BIOXWJICHHSAMH pafiyc-BeKkTopal p .

BigmosigHo 10 060X cxeM 00poOku (mamB. puc. 1), cucTemMa KOOpIWHAT
LITMHAENSA 3 NPUCTOCYBAHHAM Z s obepraeTbca HaBKoJO cBOEi oci Oy X .
Cucrema KOOpAMHAT IHCTPYMEHTa Zk obepTaeThcss HaBKONO oci O Xy 3

NOCTIHHOIO MIBUAKICTIO 1 NEpeMillla€Tbcsi B MOJOBXKHBOMY HAINpPSIMKY IO

BiJHOIICHHIO 10 CHCTEMH BEPCTaTa » |, 3a 3aKOHOM Sy =Sy (t) . OGepranus

CUCTEMU KOOpAWHAT IHJ'Ii(l)yBaHLHOFO Kpyra HE€ BIJIUBA€ Ha BU3HAYCHHA
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paziyc-BekTopa I'p,, TOMy HE BPaxOBY€TbCsS B MaTeMaTH4Hill Mozeni. Takum

YMHOM, MaTeMaTH4YHYy MOJENb, IKa ONHUCY€e JOBXHUHY BekTopa Ip Ha omeparii

30BHILNIHBOTO NUTI(hyBaHHSI, 3aIIMCYEMO Y HACTYITHOMY BUIJISII:

o =M MMM + M MM{ (T +Sc—Tos) ~Mpleo, (1)

ne M — maTpuIs MOBOPOTIB CHCTEMH KOOP/IMHAT 3arOTOBKHM HABKOJIO OCEH
OpXp, OpYy, OpZy;

M s - MaTpuld TIOBOPOTY CUCTCMHU KoopAuHaT IMUHACIb=
IPUCTOCYBaHHs HaBKONO ocell Oy X, OsYs, OsZs,

M| — MaTpuns TOBOPOTY CHCTEMH KOOPAHHAT ILTi(yBaTbHOTO KpyTa

HaBkono ocedl O Xy, O, OcZy ;

/ .
MS — MaTpulsd HOBOPOTY, sKa BpPaxoOBY€ 3alaHC CXEMOK B1JHOCHOI'O

pyxy 00poOItoBaHOI 3aroTOBKH i HUTI(YBAILHOIO Kpyra o0epTaHHs CHCTEMH
KOOPJAUHAT IIUHACIb-TTPUCTOCYBAHHS;

lk — pamiyc-BEeKTOp, SIKM BHU3HAYa€e Miclle 3HAXO/KCHHS Touku K B
CHCTeMi KOOpIMHAT NUTi(pyBaIBHOTO KPYTa;

Fok — paniyc-BeKTOp, SKHH BH3HAYa€ Micle 3HAXOIKCHHS MOYATKy
CUCTEMM KOOpJMHAT iHCTpyMeHTa (O, B HEpPYXOMill cHCTeMi KOOpAUHAT
BepCTaTa;

Fos — paniyc-BeKTOp, SKWH BH3HAYa€ Miclle 3HAXOPKCHHS IOYATKy
CHCTEMH KOODAMHAT IIMTHHIAENA-TIpUCTOCyBaHHs O B HEpyXoMiil cucTemi
BEpCTAaTa;

§k — BEKTOP MEPEeMIIIEHHS CHCTEMH KOOPINHAT NUTi(hyBaJIHHOTO KPyTa B

HEepyXOMiil cHCTeMi KOOpANHAT BEPCTaTa;
lso, — PaiiyCc-BEKTOp, sSKHi BH3HAYA€ MICIC 3HAXOUKCHHS MOYATKY

CUCTEMHM KOOPAMHAT 3arOTOBKH 0p B CHCTEMi KOOpJAMHAT IINHHJEINb-
[IPUCTOCYBAHHS.

IToxubka npodinaro 30BHIIIHBOI MOBEPXHI B KOXHIA 0OpaHiil aus
JOCIIKEeHHS To4lli K; BU3HaYa€eThCA BIAIOBIAHO 10 BUPA3Y:

=/ -/ -/
Arp:rpi_rpiov )
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ne Ip;, — 3a1aHe 3HAYCHHS IPOEKIii paiyc-BekTOpalp Ha ILIOIIMHY B 30HI

KOHTAKTy JI0 BiJNOBIIHOI TOYKM KOHTaKkTy Kpyra i 3arotoBku K — momuny
i yBaHHS;

_/ . -
rpi — (I)aKTI/I‘IHe 3HAUCHHA HPOCKI BCKTOpa rp Ha TIUIOIIHUHY

i yBaHHS.

dakTHYHE 3HAYCHHS MIPOEKIIiT BEKTOpa HAa KOOPIMHATHI OCi MPeICTaBUMO
Y BHTIIAII CyMH BEKTOPIB:

[ = -l
Fp=ru+rn, 3)

=/ . .
J€ ry — TPOEKIis pajiyc-BEKTOpa YCTAaHOBKH 3aroTOBKM Ha IUIOIIUHY
nutihyBaHHS, SKa BH3HAYA€ BIUIMB TIIEPEMIIICHb 1 IIOBOPOTIB CHCTEMH
KOOpAMHAT 3aTOTOBKH HA TOYHICTH OOPOOKH B IOTIEPEIHOMY TIepepisi;

n — IPOEKIls paiyc-BeKTOpa HACTPOWKH Inh Ha IUIOMIMHY ILTi(QyBaHHS,
sIKa BU3HAYa€ BIUIMB CyMapHHUX II€PEMIIleHb 1 TOBOPOTIB CUCTEMH KOOPIMHAT
3aroTOBKH 1 IUTI(QyBaJIBHOTO KpyTa.

=/ . =
Bennunna npoekuii BEKTOpa ry BU3HAYAETHCS YEPE3 PajiyCc-BEKTOP Iso,

Ta MaTpPHULIO THOBOPOTIB CHUCTEMH KOOPJIWHAT 3arOoTOBKH Mp . Bemuuuna
-/ , - -
OPOEKIii BEKTOPY In BH3HAYAECTBCA 4Ye€PE3 pamiyc-BeKTOpu Fo, , lk Ta

. . . . =/
matpui Mg i My . TIpoekuis pafiyc-BekTopa HaJalITYBaHHS [, Ha
IUIOLIMHY UUTI(YBaHHS OMMCY€ETHCS BEKTOPHOIO CYMOIO:

U )
Fn="Ten+Ik, 4)
=/ . - . .
Je Isn — MpoeKiis BekTopa sn B TUIOMMHI HITiyBaHHdA, sKa BHU3HAUAE
BiJICTaHb i HANPAMOK Mix ocsiMu O Xg 1 O X y IIOIWKHI nuTipyBaHHS;

-/ . - . . . .
Ik — OpPOCKIIlsd BEKTOpa lk , 10 BU3HAYa€ B1ACTaHb 1 HalpsIMOK MLXK BICCIO

Oy X\ iTouxoro K B muiomuHi mnidyBaHHs.

IMoxubKka YCTaHOBKM BUKJIMKAE BIAXWJICHHS T[OYAaTKOBUX 3HAYCHb
pPO3MIpHHX TapaMeTpiB pIiBHAHHSA pyXy, a TIIOXHOKH CTaTHYHOTO Ta
JMHAMIYHOTO HANAIITYBaHb BHKIHMKAIOTh BIAXHUJICHHS SIK TOYAaTKOBHUX, TaK i
MMOTOYHUX 3HAUCHb IapaMeTPiB BIJHOCHOTO PYXY EIIEMEHTIB TEXHOJOTidHOI
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cucremu. Ilicns mifCTaHOBKM 3HA4YEHb MApaMeTpPiB BIIXWIECHb BiJHOCHOTO
pyXy TeXHOJOriyHMX 0a3 y piBHSAHHSA MarematuuHoi Mmopmeni (1) MoxHa
BU3HAYUTH NOXMOKY (opMyBaHHs Npodiaro AeTani Ha omepauii aaMasHOTro
untiyBaHHs 1 BpaXyBaTH MOXUOKH, sIKI BAHUKAIOTH MPU IPSMOMY KOMiIOBaHHI
npodinto 3arotoBku (AuB. puc. 1, a) abo 3ajexarh Bifi KOHCTPYKIIHHUX
napaMeTpiB TEXHOJIOTIYHOTO OCHAIIEeHHs (IuB. puc. 1, a, 6).

Iling gac oOpoOkM min Ii€r0 CWI pi3aHHA Ta iHEpPIi, Mac 3aroTOBKH i
NPUCTOCYBAaHHS, KPYTHUX MOMEHTIB y TEXHOJIOTiYHIH CHCTEMi MOPYIIYETHCS
3aJaHe  BIZHOCHE  pO3TAllyBaHHS CHCTEM  KOOPAMHAT  3arOTOBKHU,
nutihyBamBFHOTO KpyTa, MIIMAHACISI-TIpIcTocyBaHHA. OcoOIMBICTIO i€l Moaei
JUTSL BU3HAYCHHS IMOXUOKH MPO]UTIOBAaHHS CKIATHUX TOBEPXOHB € Te, [0 BOHA
JI03BOJISIE BpaxyBaTH 3MIHHOCTI 3a3HAQUYEHHMX CHJ 1 MOMEHTIB 3a BEJIIMYMHOIO 1
HaIrpsMKOM, sIKi TTOB'sI3aHi HE TUIBKU 3 HEPIBHOMIPDHUM HPHUITYCKOM i 3MiHHOIO
MPUBEICHOID JKOPCTKICTIO 3arOTOBKM 1 MPUCTOCYBAaHHS B3AOBXK MPOQLIIO
JeTagi 1Mo XoAy Tofayi IHCTpyMeHTa, ajie 1 3 CKIamHoo (opmoro
00po0IIOBaHOT IeTali Ta CTAaHOM aJIMa3HOTo Kpyra.

Po3paxyHkoBa Mojenb po3po0iieHa 3 BHUKOPHCTaHHSIM MaTeMaTHYHOL
mozem (1) B cucreMi Bi3yaqbHOTO MaTeMaTHYHOTO MOAeToBaHHS Matlab
Simulink. 3acTocyBaHHS CHCTEMH IMITAIlIfHOTO MOJENOBAaHHS IO3BOJISE
JIOCTIKyBaTH (popMyBaHHA MNpO(QUII0 TOBEpXHI MmMiJ dYac UUTiQyBaHHI 3
ypaxyBaHHSIM 3MIiHHOTO XapaKTepy BHXIJHHX NaHWX, SKi OMHCYIOTBCA SK
AHATTAYHIMH, TaK 1 EKCHePUMEHTAIbHUMH 3aJeKHOCTIMH. Po3pobieHa
MOJIeTb Hajani Oyae BHKOpUCTaHa SK IHCTPYMEHT Ul TEpeBIpKH HOBHUX
TEXHOJIOTIYHUX  pillleHb, 10 CTOCYIOThCSI  OOpPOOKHM  MaJIOXKOPCTKHX
CKJIaHONPOQUIEHUX BUPOOIB HA TEXHOJOTIYHUX MAIIMHAX 13 MeXaHi3Mamu
apajesIbHOI CTPYKTYPHU.

3MOJIENII0EMO BEJIMYMHY NMOXHOKM NpOo(iNoBaHHS Ha oliepallii YuCTOBOro
nuTiyBaHHS 30BHIIIHBOT HOBEPXHI BUPOOY 33 TPaJMIIIIHOIO CXEMOIO0 00pOOKH
(muB. puc. 1, a) — BapianT |, Ta cxeMor0, sIKa MPOMOHYEThCS (AUB. puc. 1, 6) —
Bapianr |l

[Moxubka cratmaHOi HacTpoiku TC 3’SBISETHCSA B pe3yabTaTe IOMIIOK Y
HaNAIITyBaHHI, BUMipax, HasSBHOCTI T€OMETPHYHOI HETOYHOCTI OOJIagHAHHS,
MOXUOKH BCTAHOBJICHHS 3aTOTOBKH Ha oOnamgHaHHi. [ToxnOka yCTaHOBITIOBaHHS
CKJIANA€ThCS 3 MOXHOOK 0a3yBaHHS, 3aTHCKaHHA Ta CAMOTO INPUCTOCYBAaHHSL.
YcraHoBYI HOBEpXHI NPUCTOCYBaHHS OOPOOJISIOTH HA TOMY X BEPCTaTi, TOMY
NoXHuOKa INPHUCTOCYBaHHS Ma€ HE3HAYHMH BIUIMB 1 HE BPaXOBYETHCS Jalli.
IToxuOka 3aTUCKAHHS BU3HAYAETHCS KOHTAKTHUMHE JedopmaiiisMu BUpoOy. 3a
EKCIIEPUMEHTAILHUME JaHUMH [ 7] BeJIMYMHA MOXMOKHU 3aTUCKaHHS HEe3HaYHA B
NOPIBHSHHI 3 MOXMOKOI0 OasyBanHs. [loxmOka Oa3yBaHHS Mae OCBOBY Ta
KyTOBY CKJAJIOBi, SIKI BpaxyeMmo B imitamiiHiii mMozmeni. OchoBa CKJIajoBa
MMOXUOKH BHHHKAE depe3 PO30iKHICTh TEXHOJOTIYHOI Ta BUMipIOBAIIbHOT 0a3 Ta
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3a gaHumu pobotu [7] mus TpagumiiHOI cxemMu OOpOOKM CKIagae Ha
ocTaroyHid omnepauii anMmasHoro nulipyBaHHS 30BHIIIHBOTO  KOHTYPY
Ago =1,13 mM. basyBaHHS 3aroTOBKM BHKOHYEThCSA IO TIOBEPXHSAM OIIOP

ompaBku (auMB. puc. 1, a). Mix 3aroToBKOIO Ta LUWJIIHIPUYHOIO YACTHHOIO
ONPaBKH iCHY€ 3a30p, SKUIl NPHUBOAMTH IO MOBOPOTY 3aroTOBKH I Yac
00poOKH i Ji€f0 CHIK pi3aHHA. TakuM YHMHOM, KyTOBa IMOXHMOKa Oa3yBaHHS
CKJIAJa€ThCsl 3 TIIOXHOKM BHBIPKA OCi 3aroTOBKH TpH BHYTPIIIHBOMY
nutihyBaHHI Ta BEIHYMHH 33a30pY MK IMJIIHAPHYHOIO OMOPOIO0 ONPAaBKU Ta
0a30BOI0 TOBepxHEIO 3aroToBku [7]. B pesymbrari moxmOka OazyBaHHA
BIUIMBAE€ HA BIAXHWJIEHHS TOBIIMHU CTIHKM 3arOTOBKM IO I JOBXKHHI, IO
YHEMOXJIMBIIIOE BHKOPUCTaHHS aBTOMAaTHYHOIO OTPHMaHHS po3Mipy 1 s
BapiaHTy TPATUIIIHHOTO METOMy OOpOOKH NPUBOIUTH JO HEOOXITHOCTI
3IIfICHEHHS! KOpPEryBaHH MMO3HILT IHCTPYMEHTa BiTHOCHO 3arOTOBKH.

IToxubka CTaTHYHOTO HAJALITyBaHHS BEPCTAaTy B TPAAMLIHHIN cxewmi
00pOOKM 30BHIIIHKOT MOBEPXHI OOYMOBIEHAa HaJAIUTYBAaHHSAM INIHHACIS
nuTihyBaNBHOTO Kpyra BiTHOCHO YCTaHOBYMX CJIEMCHTIB IPHCTOCYBaHHS Ta
KOmipy, Tak SK OOpoOKa BHKOHYETHCS METOIIOM TIPSMOTO KOIIFOBaHHS.
INoxnOka HaJamITYyBaHHS BepcTaTa HAa PO3MIP B OCHOBOMY Ta JiaMETPAILHOMY
HaInpsIMKaxX NPUHMA€eThCs 3a BUMIpaMu Ta po3paxyHKaMH, NPEICTaBICHUMH B
po6oTi [7], i ckmamae B ockoBOMY HampsiMKy A, =0,58—1,66 MM B 3a5Ie:KHOCTI

BiZ Micus 0oOpoOKM IO JOBXHMHI KOHTYpY 1 B pajialbHOMY HaIpsIMKy —
AHp =0,054 mMm.

3HOC mDTIQyBaNbHOTO Kpyra BIUIMBAaE Ha 3MiHY BEIWYMHU pajiyc-

BekTopa Ik . ITix gac mutidpyBaHHS podinb Kpyra HEPIBHOMIPHO 3MIHIOE CBOIO
dbopMy, 110 MPUBOAUTH 1O MOXUOKK mpodimoBanHs. CrocoOOM 3MEHIIICHHS
MOXMOKH € PO3BOPOT Kpyra Ha KyT f§ MiJK OCSIMH KpyTra Ta 3aroToBKH. B po6oTi
[7] moBenmeno, mo mpu po3BOpoTi Kpyra Ha KyT Oinpmie 10°, moxumoOka,
MOB’s3aHA 31 3MIHOIO KOHTAKTHOI IIOBEpXHI IHCTpYMEHTa, 3HHUKae. I[lpu
TpaguIiiHIA cXemi O0OpoOKM pO3BOPOT Kpyra uepe3 KOHCTPYKTHBHI
0COOIMBOCTI BEpCTaTy Ta CXEMH HUTI(QyBaHHS MOXKIMBO BHKOHATH TUTBKH Ha
7°, mo oO0yMOBIIOE TOXHOKY mHpu 00pobmi mapaboidHoi MOBEpXHi, sSKa
301LIBIIY€ETHCS B3OBXK 3aroTOBKH. [Ipm 0OpoOmi KOHIYHOI MOBEpXHI MOXHOKa
mpo¢LTIOBaHHS, SIKa 3aJISKUTh BiJ 3HOMIEHHA NMOBEPXHI Kpyra, BiacyTHs. [Ipu
MOJIETIOBaHHI 0OPOOKH 3arOTOBKH 3a CXeMOI0 (iuB. puc. 1, 6) Kpyr MOXJIHUBO
pO3ropHyTH Ha 12°, 110 BUKIIFOUUTH MOSIBY I[i€i MOXUOKH.

B mponeci 006poOku mpu mepemimieHHi TOYkM K — TOYKM KOHTakTy

IHCTpYMEHTY 1 BHPOOY, SIKH OOpOOIS€ThCS, B3IOBXK OCi Zp (nuB. puc. 1)

BiZIOYBa€ThCSI 3MiHA JKOPCTKOCTI TEXHOJIOTIYHOT CHCTEMHM, LIO MOB'I3aHO 3
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0COOJIMBOCTSIMU  KOHCTPYKIi Jnerami i oOpanoi cxemu mnuripyBanus. Lle
BIUIMBA€E Ha BEIMYMHY BIAXHUJICHHS MPHCTOCYBAHHS 1 3aTOTOBKH 1, SIK HACIIJIOK,

Ha 3MiHy BEJIMYUHU pajiyc-BekTopa lp. g po3paxyHKiB BH3HAUCHO 3MiHY

JKOPCTKOCTI 3arOTOBKH-OOOJIOHKH, sIKa BCTAHOBJGHA Ha OINpaBLi, IMiJ| MI€O
CKJIAJOBHX CHJI pi3aHHS ans 000X BapiaHTiB (mmB. puc. 1, a, 6). Takox
BpaxoBaHI 3MIHM I'€OMETPUYHHMX XapPAKTEPUCTUK JETalli, SIKi BUHUKAIOTH TPH
BUJIQJICHHI TIPUITYCKY IiJi 4ac oOpoOKH, TakMX sIK MEepecyBaHHS KOOPIUHATH
[EHTpa TSOKIHHS, 3MiHA HEHTPOODKHMX MOMEHTIB iHEpINi, M0 BIUIMBAaE Ha
MTOSIBY CHJI T MOMEHTIB iHEpIIii.

Kpim cun pi3aHHS Ha 3aroTOBKY IIIOTh CHJIM 1HEpUil, SKi MOXYTb
BUHMKaTH uepe3 oOepTaHHS HEBPIBHOBAKEHHMX Mac, 10 OyJO BpaxoBaHO B
poboti [12] mpm MomemOBaHHI YOPHOBOTO €Tally BHYTPIMIHBOI OOpPOOKH
KOHTYpY 000JOHKH. JInsi 4nMCcTOBOrO eramy OOpOOKM 30BHILIHBOTO KOHTYPY
CHUJTH 1HEpIIii He3HAYHI 1 MaJI0 BIUTMBAIOTh HA TOYHICThH MPOMITFOBAHHS.

Jns MonenmioBaHHS CyMapHOIO BIUIMBY IlepepaxoBaHUX (akTopiB Ha
TOYHICTE 0OPOOKHM OyIH NMPHUIHHATI HACTYIIHI YMOBH 30BHIITHHOTO MUTi(yBaHHS
obosoHkH: Marepian oOpoOitoBanoi 3arotoBku cutan AC-418, uutidyBaHHs
BUKOHY€ETbCs anmmasHuMm kpyrom [AI 200x10x3x76 315/250-4-M2-01 3i
cTaino (GopMoIo Kpyra, AKa 3a paxyHOK HOTO MpUpoOIeHHs BUHUKAE Tmicist 60
roavH nuripyBanHs [7]; pexxuM HuTiQyBaHHs BiANOBiA€ PEKOMEHJOBAaHOMY B
pobotax [7-9] (rmbuna pizanus 1 MM, nogada 0,65 MM/00, IIBUIKICTE Pi3aHHS
40 m/c, gactoTa obepTanHs 3aroToBKH 80 00/XB); HOpMallbHA CKJIQJ0Ba CHIIA
pi3aHHSI 3MIHIOETBCSI TP TEPEMIILIEHH] 1HCTpYMEHTa 10 KOOPJAMHATI Zp BiJ|

150 mo 420 H [7]; mnna Bapianrta | 3momensoBana 0OpoOKa MOBEPXHi 3 KYTOM
Haxwiy oci 1utiyBaJbHOrO Kpyra IO OCi 3arOTOBKM fS=7°, ne mnpu 3MiHi
MHUTTEBOTO KyTa O TIOBEpXHI OOOJNOHKM (AMB. puc. 1) BHHHKae MOXHOKa
npo¢imroBanHs, 1t Bapianta Il — f=12°, sk HacHimok — BiACYTHA NOXHOKa
npodiroBaHHs Ha NMapaboiyHIi YaCTHHI 3arOTOBKH; PO3paxyHOK IPHUBEICHOT
JKOPCTKOCTi, MOMEHTIB 1HepIii, KOOpAWHATH IIEHTpa TSDKIHHS BHMKOHAaHO B
npukiagnid  nporpami  SolidWorks — Simulation  ta  BigmoBigarooTh
eKCIIepUMCHTAIEHUM JaHWM, SIKi TIpecTaBieH] B podoTtax [7-9]; mist BapiaHTy
Il 3rizno nanum pobGotu [2] mpuiiHsta npoctopoBa To4HICTh 0,025 MM,
ToCTiifHa JUIs BCi€l 30HM 0OPOOKH.

TToxubka npodiis 3aroToBKK 110 KoopauHari X p (muB. puc. 1) BrmBae

Ha TOXMOKy TOBIIMHH CTIHKH OOOJOHKHM 1 BigoOpakaeTbcs Ha Il
eKCIUTyaTaIlifHnX XapakTepucTHkax. Ha puc. 2 mpeacTaBieHa 3alleXHICTh
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CyMapHOT MOXUOKH MPOGiIs BiJl KOOPIHHATH Xp Uit 000X BapiaHTIB CXeM

00pOOKH.

o o
B v

—4—A - | BapiaHT

3

== A- || BapiaHT

Iloxuodka rpodins mo
KOOP/OIHATI Xp, MM
=]
w

150 250 350 450 550 650 750 850
Koopaunara rouxkn K no oci Z, mm

Pucynok 2 — Pe3ynpTaT MOAEMIOBaHHS TOXUOKK MPpodisst geTati
10 KoopMHaTi X p

Po3paxyHkn moxwOku Tpodins OOOJOHKH, SKi BHUKOHAHI IS CXEMH
BapianTa |, BiANOBIZArOTh EKCIIEPUMEHTAJIHHUM IaHWUM, SKi HaNalOThCS B
poboti [7], i TWATBEpMKYIOTH aAEKBaTHICTH MOJeNi. Buxomsum 3 IIpOTO,
MTOPIBHSHHS OTPUMAHUX Pe3yJbTATIB MPH peaiizalii 000X BapiaHTiB 0OpOOKH
(muB. puc. 2) CBIAYHUTH MPO MMiABHIIEHHS TOYHOCTI NpoQiTroBaHHs AeTanli NpH
BUKOPHCTAaHHI 3alpONOHOBAaHOIO BapiaHTy ULTiQyBaHHS Yy TMOpPIBHAHHI 3
6a30BuM Big 12 10 5 paziB B 3aJIe)KHOCTI BiJl OJIOKEHHS 30HH KOHTAKTy Kpyra
i3 3aroToBKOl0 MmO 11 JOBXKMHI. TakuM YHHOM, MOJAEIb MOIKJIUBO
BUKOPHCTOBYBATH, SK IHCTPYMEHT MJIsI TEPEBIPKM TEXHOJIOTIYHHUX pillleHb
BIZTHOCHO OOpOOKHM TOHKOCTIHHHMX CKJIaJHONPOQUIEHUX OOOJOHOK, a TaKOX
iHIMX TOmiOHUX netanei st OyAb-SKUX cxeM OoOpoOKH, AKi peami3oBaHi Ha
ICHYIOYOMY TE€XHOJIOTIYHOMY 00JIaTHAHHI.

BucHoBkH i npono3umii.

s 3abe3nedeHHs TOYHOCTI OTPUMAaHHS PO3TIITHYTHX JeTajeid B poOOTi
[7] BxazaHO Ha HEOOXIAHICTP BUKOPHUCTAHHS CIIEI[IAIbHOTO TEXHOJOTIYHOTO
oOiagHaHHS, ae Uil YMOB OIWMHUYHOTO abo ApiOHOCepiifHOTO BHPOOHHUIITBA
I[e CYTTEBO MiJBUIIUTH COOIBApPTICTH BUPOOIB. PO3paxyHKH MiaTBEPIMIIH, MO
BEPCTATH 3 MEXaHi3MaM{ NapaJiesbHOI KIHEeMaTHKH MO CBOIM TEXHOJIOTTYHUM
MOJKJIMBOCTSAM 3/1aTHI 3a0€31eUnTH HeOOXiHY TOYHICTh 00p00IeHHs NOAIOHUX
BUpOOIB, a 3aBIIKM BHUCOKIi THYYKOCTI Ta YHIBEepCAJbHOCTI MAalOTh
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MOJKJIMBICTh BHUTOTOBJSTH BHPOOM 3 HECBHCOKOK CEpIHHICTIO B yMOBax
peKOH(DITYypyEMOro BUPOOHHUIITBA. 3MiHA cxeMH HUTIQyBaHHS 3aroTOBKH Ta 11
peaitizallisi Ha BepcTaTax 3 MEXaHi3MaMH Mapae/ibHOI KiIHEMATHKH JIO3BOJIUTh
BUKJIIOYUTH TOXUOKY 0Oa3yBaHHs, MIJABUIIUTH JKOPCTKICTh TEXHOJIOTTYHOT
CHCTEMH, 3a0€3IEYUTH MOJMJIMBICTh BUKOHAHHS CXEMH 31 «CXPELIeHUMH
oCcSIMI» 3 HEOOXIIHMM KyTOM pO3BOPOTY Oci Kpyra mo 12°. 3rimHo m0 yMOB
eKCIUTyaTalii BUPOOIB JOIYCK Ha JiaMeTp JUIl PO3MJISIHYTHX JeTajledl CKiIajuae
He Oimpme +0,1 MM, momyck Ha ToBmuHy cTiHkH +0,03 MM, mo 3a
pe3ysibTataMu po3paxyHKy (AuB. puc. 2) BUKOHY€eThes [uist Bapianty Il. OmHak
3aNUIIAIOThCA  MPOOJIEMH HIBENIOBAaHHA BiOpalliif, $Ki BHHUKAIOTh IIPHU
MeXaHI9HiH 00poOIi BupoOiB aHanorigHoro kmacy. Ile BuMarae
YIOCKOHAJICHHS KOHCTPYKIIi TEXHOJOTIYHOTO OCHAINEHHS [UIi  YMOB
peKoH(DITypOBAaHOTO BUPOOHHUIITBA 1 CTAHE MPESAMETOM HACTYIHUX JOCIIIKCHb.
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Svitlana Oliinyk, Kramatorsk, Ukraine,
Lydmila Kalafatova, Pokrovsk, Ukaine

ANALYSIS OF THE MACHINING SCHEME
OF COMPLEX-PROFILES SHELLS OF ROTATION

Abstract. Modern engineering products have complex geometry with high quality requirements,
are made from new materials that is provoked the development and use the mechanisms of parallel
structure, which are distinguished by high rigidity characteristics, as well as have wide functional
capabilities. The precision problems of machining of complex-profile low-rigid parts, in particular
thin-walled pyroceram shell are considered in article. Scheme of machining affect the accuracy
and depends on the capabilities of technological equipment. Rationale for scheme of machining a
thin-walled casing is presented in article. The accuracy of machining the outer profile of the
casing was simulated for last step of diamond grinding. The simulation was performed for a
traditional scheme of machining, which is performed for a lathe with an aggregate grinding head
and a direct copying system, and for a scheme of machining for equipment that is fitted out with a
mechanism with a parallel structure. The model of formation of the machining error is based on
using the equations of relative displacement of the technological bases of the workpiece and the
contact point of the working surface of the diamond wheel with the workpiece. The model takes
into account the static and dynamic characteristics of the technological system and force factors
during grinding. The calculations have confirmed that proposed solutions are able to provide the
necessary machining precision. Changing the machining scheme of the workpiece and performing
such machining on equipment with mechanisms of parallel structures eliminates the basing error,
increases the rigidity of the technological system, and provides the possibility of turning the axis of
the diamond wheel with the required angle.

Keywords: thin-walled shell; diamond grinding; the error of machining; mechanisms of parallel
structures; process modeling.
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W3YYEHUE BO3MOXHOCTEN ONITUMHU3AIINA TEXHOJIOT A
MN3TOTOBJEHUA AJIMA3HBIX UHCTPYMEHTOB
HA METAJUIMYECKOM CBA3KE

Aunoramusi. B pabore mccienoBaHa ONTHMH3ALMsI TEXHOJOTMHM HM3TOTOBJICHHS —ajiMa3HBIX
HHCTPYMEHTOB Ha 0a3e pa3pabOTaHHOrO paHee aBTOPAMM METOJa JBYXJTAIHOTO CBOOOIHOTO
KUAKO(A3HOr0 CIEKaHWS AIMa3HO-METAUIMYECKUX MPECCOBOK. [l M3ydYeHHs BO3MOXKHOCTEH
ONTHMH3ALMH TEXHOJOTUM M3TOTOBICHHS AIMA3HO-METAUIMYCCKHX KOMIIO3UTOB METOJOM
cBOOO/HOrO ClieKaHus ObUIa BbIOpaHa MeTaulndeckas cBsi3ka cocrasa (Bec. %) 51%Fe — 9%Ni —
32%Cu — 8%Sn. M3yueHsl BIUsSHHE TEMIEPaTypbl U IPOJOIDKUTEIBHOCTH CHEKaHHS 00pa3loB,
MOJIyYCHHBIX TNPH PA3IMYHBIX JABJICHHSX XOJIOJHOW IMPECCOBKHM, HAa TBEPJOCTH M IPOYHOCTH
HHCTPYMEHTa. Pe3ysbTaThl MCCIICIOBAaHUN TBEPIOCTH W IPOYHOCTH HA CPE3 KOMIO3HUIMOHHBIX
MarepuaioB, MOJIyYCHHBIX II0 ONTHMH3UPOBAHHOM TEXHOJOIHMH, IIO3BOJSIIOT CyOHUTh O
BO3MOJKHOCTSIX €€ IIPUMEHEHHMS [T U3TOTOBJICHUS aIMa3HBIX MHCTPYMEHTOB. 3a/1auy IOBBILICHHUS
JIOJITOBEYHOCTH MHCTPYMEHTOB OCYIIECTBISUIOCH 33 CHET METAJUTM3alud TepMoau(p(y3HOHHBIM
HACBILICHHEM B TAJIOTCHOCO/ICPIKAIIEH Cpe/ie allMa3HbIX MTOPOIIKOB THTAaHOM. ONTHMHU3NPOBAHHYIO
TEXHOJIOTHIO MOXKHO PEKOMEHIOBAaTh B IIPOM3BOJACTBE BBICOKONPOU3BOAUTEIBHBIX aIMa3HbIX
HHCTPYMEHTOB.

KiroueBble ciioBa: CBOOOJHOE CIICKaHWE; KOMIIO3MLMS; aproH; XOJOJHOE IIPECCOBAHIC,
MeTaJUTH3aLMs; KUIKas (asa.

IIpuMeneHne anMas3HBIX HHCTPYMEHTOB Ha METaJUIMYECKHX CBS3KaX IPH TSDKEIBIX PeXUMax
00pa0OTKM Ha MpaKTHKE MOMYEPKUBACT HEOCIHOPHMOE IIPEHMYIIECTBO TaKOBBIX IIepeX
WHCTPYMEHTAMH Ha OPraHHYeCKHX, KEpaMHYECKHX, PE3HHOBBIX M Jp. CBsA3KaX. AJIMa3HbBIe
HHCTPYMEHThI Ha METaJIMYCCKUX CBA3KAX, H3TOTOBJICHHBIC METOJOM IOPOIIKOBOW METAJLTYprHH,
OTJIMYAIOTCS BBICOKUM Ka4€CTBOM M JIOJITOBEYHOCTBIO, a CAaM METOJ UX TOJNYYCHHs JaeT IIHPOKUE
BO3MOXKHOCTH JJIs1 pa3pabOTOK HOBBIX TEXHOJOTHI M cOCTaBOB cBA30K [1]. Panee paspabGoTannas
HaMH TEXHOJIOTUS M3TOTOBJICHUS aJIMa3HBIX MHCTPYMEHTOB Ha METAUIMYECKOH CBS3KE METOJOM
CBOOOJHOTO JBYXJTAIIHOTO CIICKAHHS alMa3HO-METANIMYECKHX IIPECCOBOK [2] mo3BOmseT
MOJTy4aTh BBICOKOIPOU3BOJUTENbHbIE HHCTPYMEHTHI 32 CYeT OOHOBIEHHS B  PEXKHME
CaMO03aTauMBaHMS PEXYIIMX KPOMOK alIMa3HO-METAJUIMYECKHX KOMIIO3MTOB. MHTepec Kk 3Toi
TexHosoruu (puc.l) BbI3BaH OTCYTCTBMEM HEOOXOAMMOCTHM INPHMEHEHHS >KapOINPOYHBIX MHIH
BBICOKOIIPOYHBIX I'Pa(UTOBBIX ITpecc-(hopM, MCHONB3YyEeMBIX TPU TOpsYeil MPECCOBKE aaMa3HO-
METaJUTHIECKHX KOMITO3HIMOHHBIX MaTePUalIoB, a TAKKEe BRICOKOH MPOU3BOAUTEIBHOCTBIO.

© A. Cazpaoan, C. Azoansn, A. Mapmupocan, H. Opoan, X. Ilozocan, 2020
BMmecTe ¢ 3THM BO3MOXKHOE YIPOIICHHE TEXHOJOTHYECKONH CXEMbI H3TOTOBICHHS AlIMa3HO-
METAJUTMYECKHX KOMIIO3UTOB Oy/eT CIoco0CTBOBAaTh 0OJee WIMPOKOMY NPUMEHEHHIO JaHHOTO
METO/[a B IIPOU3BO/ICTBE aJIMa3HbIX HHCTPYMEHTOB.
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1. MNpeccoBaHne aNMa3HO-MeTa//IMYECKOM NOPOLIKOBOK cMecKn

J

2. CBDﬁO,ﬂ,HOe CNeKaHWe XONOo4HO NPecCOBaHHbIX 3aroTOBOK B

BOCCTAaHOBWUTE/NbHOM cpege
3. ﬂpeccoaaHMe CNeYyeHHbIX M OXNaAeHHbIX 3aro0TOBOK

I

4. OKoH4aTeNbHOe CBOﬁO,ELHOE CneKaHWe 3aroTOBOK B

BOCCTAaHOBWTENBHOM cpege

Pucynok 1 — TexHOomornueckast cxema Uu3roTOBICHUS
JIMa3HO-METAUINYECKUX KOMIIO3UTOB

Mertox cBOOOIHOTO CHEKaHUs C UCHOJIb30BAHHEM Pa3INYHBIX TEXHOJOTHMIECKUX CXEM U COCTaBOB
METaJUTHIECKHX CBSI30K OMHCAH B psijie HaydHbIX myOimkanuid [3, 4]. Ha ocHoBanmm aHammsa
pe3yIbTaToOB HCCIENOBAaHUM ITUX PAabOT MOXKHO HPHUTU K CIEAYIONIEMY BBIBOILY: IPOYHbIE U
HM3HOCOCTOMKHE aJIMa3HO-METaIIMYECKUE KOMIIO3UTHl BO3MOXHO IMONYYUTh JHOO IPH CIULIKOM
BEICOKHX [ABJICHHSX XOJOJHOW IIPECCOBKH, JHOO MPH BBICOKHX 3HAUCHUSX TEMIICpPaTyphl
crekaHus. Kak M3BECTHO, BBICOKHE 3HAYEHHS dTHX TEXHOJIOTHYECKHX IMapaMeTPOB H3TOTOBJICHUS
OTPHLATEIBHO BIMSAIOT HA KAUECTBO TOTOBOTO aJMa3HOTO MHCTpyMeHTa. Tak, BRICOKUE NABICHUS
[IPECCOBAaHMs NPHBOJAT K Pa3spylICHHIO YacTH alMa3HbIX IOPOLIKOB, a BBICOKAs TeMIepaTypa
CIIEKaHHs — K pa3ylpOYHEHUIO TAKOBBIX.

Lenblo uccnenoBaHUi  SIBAAETCS ONTHMH3allUs — TEXHOJIOTMM — U3TOTOBICHHS — aIMa3HBIX
MHCTPYMEHTOB Ha 0a3e pa3pa0OTaHHOIO HAaMM METOZa JBYXJITAaIlHOTO CBOOOJHOTO CIICKAHHS
aJIMa3HO-METAUINYECKUX IIPECCOBOK, KaK MHHHMYyM Oe3 yXyAmeHUs (H3UKO-MEXaHHIeCKHX
CBOMCTB M3JI€JIMiA, MOTyUYEHHBIX ONTUMU3UPOBAHHOM TEXHOJIOTUEH.

W3BecTHO, 4YTO MeTaIbl TPYINBl JKele3a CIOCOOHBI 00pa3oBaTh IPOYHBI  Kapkac,
yaep)KuBaIMii B cebe anmasHble 3epHa. Jlus u3ydeHHS BO3MOXKHOCTEH ONTHMH3ALUK
TEXHOJIOTHU M3rOTOBJIEHHUS aJIMa3HO-METaNIMUECKUX KOMIIO3UTOB METOZI0M CBOOOTHOTO CIIEKaHHs
OblTa BBIOpaHa CMEChb METAUIMYECKHX IMOPOIIKOB TIPYyMIbl jkene3a W Medb-osioBa (4:1) B
nporoprusax 60 u 40 mace. % [5]. Hammuame B cmecu 40 %-0B mIacTHYECKOH COCTaBISIONIEH C
HU3KOH TeMIIepaTypoil IUIaBICHUS] Ha HAII B3TJIAJ MO3BOJIET MONYYUTh M3ACNUS C XOPOIIMMHU
(HU3UKO-MEXaHWYECKUMH CBOHCTBAMH IIPU CpefHHMX 3HAYEHUSX [JaBICHUS MPECCOBKH H
TeMIepaTyphbl CIIEKaHMI.

Hamu Oblim HpoOBE/ICHBI HCCIICOBAHUS (PU3MKO-MECXAaHMYECKHX CBOICTB, MPECCOBAHHBIX H
CIICUCHHBIX B Cpejiec aprona oopasioB pazmepoB 40x5x6 MM, 6e3 MpeABapHTEILHOTO UX CIICKAHUS
B BOCCTAaHOBHUTENBHOII cpelle M HMOBTOPHOH XOJIOJHOH IONPEcCOBKU. 3HA4YECHHS TBEPHOCTH U
MIPOYHOCTH CHEYECHHBIX 00PA3IOB SBIIIOTCS TEMH MOKa3aTesIMU (PU3UKO-MEXaHUIECKUX CBOUCTB,
KOTOpBIE XapaKTepH3yIOT OKCIUTyaTAallMOHHBIE CBOHCTBA MHOTOKOMIIOHEHTHOM METaJUTHIeCKOU
CBSA3KHM, MCIIOJIb3yeMOil B IIPOM3BOJACTBE alMa3HbIX HHCTPYMEHTOB. OTOT (akT U Obll
OIpeJIETIAIONMM B BBIOOpEe HampaBieHHs HcciefoBaHui. C Lesblo ONpeAesieHds ONTUMAaIbHBIX
3HA4YEHUH TEMIEPATypPbl U MPOIOILKUTEIBHOCTH TEPMO(PUKCALIMH, HEOOXOMMBIX JUIS TIOTy4CHHs
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JOCTaTOYHO TBEPABIX M HPOYHBIX CIIEYCHHBIX B 3alIUTHOW cpeie OOpasuoB ObUIM H3ydeHBI
BJIMSIHUE TEMIIEPATYPBI M MPOJOJLKUTEIBHOCTH CIIEKAHUS 00PA3LOB, MONYYEHHBIX TIPU PA3IMYHbIX
NABIICHUSIX XOJIOJAHOW MPECCOBKM, HA TBEPAOCTh U MPOYHOCTH HHCTPYMEHTA. Pe3ynbrarsl
HCCIIeIOBaHU TBepIOCTH (puc. 2, a, 6) M MpoYyHOCTH Ha cpe3 (puc. 3, a, 6) KOMIO3UIIMOHHBIX
marepuanoB (Bec.%) 51Fe - 9Ni - 32Cu - 8Sn, mosy4eHHBIX M0 YIPOIIEHHON TEXHOIOTHYECKOM
CXeMe MO3BOJSIIOT CYAUTh O BO3MOXKHOCTSIX € IPUMCHEHHS [UIS W3TOTOBJICHHS aJMa3HBIX
HHCTPYMEHTOB.

100

100

- ~8-P=300MMa’ 2
g 90 T —4=P=400 MTa g o
" oy | —O-P=500MITa h
g ~—res0omna 7" 5 80 y //
£ = Eo _——
H - A 60 o]
— )/ A
50 — 50
| _— /‘
40 y = 10 +
30 30
20 A 20 —8-P=300 MMa
[ - [ —&—P=400 Mfla
10 10 =O=P=500 Mrla
——P=600 Mra
0 0 +
800 810 820 830 840 850 860 870 0 15 30 45 60 75
Temmeparypa cnexanns, °C Hpoxo/zKHTeNLHOCTL CICRAHMS, MIH
a) 0)

Pucynok 2 — 3aBucuMOCTb TBEpIOCTH 00pa3LOB cOCTaBa

51%Fe — 9%Ni — 32%Cu — 8%SN U3roTOBICHHBIX NPU PA3IHYHBIX JABICHUIX
xoJtoqHOM 1peccoBkH P ot Temmneparyps T °C (a) npH NPOAOIKUTENBHOCTH CIICKaHHS
=45 MHH, ¥ IpoaouKuTeNnbHOCTH criekanus T (6), mpu T=850 °C
AHanu3 pe3yJbTaTOB UCCIIeOBAHMH ITOKa3al, YTo CriedeHHble 06pasibl coctaBa 51%Fe — 9%Ni —
32%Cu — 8%Sn moCTUraloT CPeAHHX 3HAYCHU T TBEPAOCTH U MPOYHOCTH MPH JTABJICHUH XOJIOTHOTO
npeccoBanust P=600MIla. OntumanbpHas TemrepaTypa 1 IpoAOJDKUTEIBHOCTh CHeKaHus, obecre-
YHUBAIOIUE MAKCUMAJIbHBIC ITOKA3aTEIIUM TBEPAOCTH U MIPOYHOCTH, IPHU STOM OBLIN COOTBETCTBEHHO
T=850 °C u 1=45 muH. /lanpHeiiniee MOBBILICHHE TEMIIEPATYPHI U MPOJODKUTEILHOCTH CIICKAHHs
MIPUBOANIIN K HE3HAYUTCIIBHOMY KOpOGHCHI/IIO 06pa3u013, 0€3 3HAaYNMOTO YIy4dIeHus MmoKasaresnei
tBepaocti U npouHoctd. OueBuano npu 1=850 °C u t=45 mun npouecc B3auMHOl auddy3nu
METAJUIMYECKUX IIOPOIIKOB MHOTOKOMIIOHEHTHOH CBSI3KH C 06pa3OBaHI/ICM pacTBOpa OJIOBa,
JKeye3a M HHKelss B Meau M dBTekTouaa cocrtaBa 51%Fe — 9%Ni — 32%Cu — 8%Sn mocturaer
CBOETro 3aBepiieHus [5].
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PucyHOK 3 — 3aBUCHMOCTH IPOYHOCTH Ha Cpe3 00pa3lioB COCTaBa
51%Fe — 9%Ni — 32%Cu — 8%Sn, H3roTOBICHHBIX NPH Pa3IMYHBIX AaBICHHAX
X0JI0JHOM TIpeccoBkH P ot Temmeparypsl T °C (a) npy NPOAOIKUTEIBHOCTH CIICKaHHS
=45 MUH, ¥ IPOIOJLKUTENBHOCTH criekanust T (0), mpu T=850 °C

TakuMm 00pa3oM, ObIIO YCTaHOBJIEHO, YTO C HCIOJIB30BAaHHEM ONTHMU3MPOBAHHOH TEXHOJIOTMH
Oy 4eHHS KOMITO3ULMOHHOr0 Marepraia 51%Fe — 9%Ni — 32%Cu — 8%Sn, Bkitoyaromeii B cebe
NPECCOBAHME IMOPOIIKOBOM CMeCH ¥ CBOOOJHOE JKMAKO(A3HOE CICKaHHE 3aroTOBOK B
HEHWTpaJIbHOH Cpefie MOXKHO MOTyYHTh 00pasIbl ¢ (PU3HKO-MEXaHUUECKHIMH XapaKTePHCTUKAMH, HE
YCTYMAIONMMH XapaKTePUCTHKaM aHAJIOTHYHBIX 00pa3lOB, H3rOTOBICHHBIX 110 BBINIE ONMCAaHHOMN
TeXHOJOrHmdeckol cxeme (puc.l). OnHako, IOCKONBKY B ONTHMHU3HPOBAHHOI TEXHOJOTHU
OTCYTCTBYIOT OICPAlliU CIICKAHHS B BOCCTAHOBUTCIBHOW Cpele € MOBTOPHBIM IPECCOBAHHEM
CIICYEHHBIX 00PAa3IIOB, Ba)KHO, YTOOBI IIPH 3TOM METAIUIMYECKHE TOPOIIKHU JKese3a, HUKEIs, MeIH,
0J10Ba OBUTH CBEXKMMH M I10 MOKA3aTeNIsIM MIPECCYEMOCTH COOTBETCTBOBAIM CBOMM CTaHIApTaM.
@DaKkTHYECKH, ONTHMM3HPOBAHHYIO TEXHOJOTHIO OOECICUUBAIOILYIO IONYYCHHE JOCTATOYHO
MPOYHBIX M TBEPABIX U3/CINI MOXHO PEKOMEHIOBATh B IPOU3BOJCTBE BBICOKOIIPOM3BOANUTEIBHBIX
QJIMa3HBIX MHCTPYMEHTOB. 3ajady MOBBIICHHS IOJITOBEYHOCTH MHCTPYMEHTOB, W3TOTOBJICHHBIX
[0 ONTHMH3HMPOBAHHOM TEXHOJOTMM IPE[UIaraeéM OCYLIECTBUTh 3a CYET MeTaUIN3aLiH
TepMoau(y3MOHHBIM HACHILICHHEM B TaJOreHOCOep)Kaliell cpene [6] anMasHbIX MOPOLIKOB
THTaHOM, T.e. METa/UIOM, HauOojee aKTUBHBIM KaK K YIJepoay, TaK M K 3IEMEHTaM
METAJUTMYECKON CBS3KH. BH3yanbHBIM OCMOTPOM METAJUIM3UPOBAHHBIX aiMa3oB (puc. 4a, 0)
YCTAaHOBJICHO HAJIMYME PABHOMEPHOI O TOJNIIMHE IUICHKM TUTaHA MO BCEil MOBEPXHOCTH 3€pHA.
HccenenoBanus JIEKTPOHHEIM MUKPOPEHTTEHOCTICKTpaIbHBIM MuKpockorioM VEGA TS5130 MM,
obopyznoBanHbIM MukpoanammzatopoM INGA Energy 300, ¢paxrorpaMMsl ITOBEpXHOCTH
METAIM3UPOBaHOrO anmasza (puc. 5, a) M CKaHOrpaMMbl  MOBEPXHOCTH  T'PAHHILIBI
METAJUTM3UPOBAHOr0 anMasa co cBsi3koii 51%Fe — 9%Ni — 32%Cu — 8%Sn (puc. 5, 0) nokasaiu,
4TO:

a) TUTAQHOBBIM MOKPHITHEM, HApsLy C 00ECIECUHBAOIINM KaYeCTBEHHOM are3MOHHOM K aIMa3HbIM
3epHaM IUICHKH MOXXHO JOOHMTHCS YIIPOYHEHHUsI ajMa30B 32 CUET «3aJCYHBAHHSDY MOBEPXHOCTHBIX
nedeKToB;
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0) THTaHOBOE IOKpHITHE (Oenble TOYKH) Ha TPaHMIE METAUIM3HPOBAHHBIM aiaMa3-CBs3Ka H
METaJUTh CBSI3KH B3aUMHOMU T dy3uei 00ecneunBaoT XUMIHYECKHE CBSI3U APYT C APYTOM.

a) 0)

PucyHok 4 — AnmasHblii oporok 1o (a) u nociue (6) metayumzauuu (x 55)

a) x300 0)

Pucynok 5 — ®pakrorpamma oBepXHOCTH METALIM3UPOBAHHOTO anMasa (a),
CKaHOTpaMMa pacrpezielieHust Ti MOBEPXHOCTH IPAHHUIIBI “TIOKPHITHE-CBSI3KA”
anmmaza AC65 315/250 metannu3npoBaHHOTO TUTAHOM (0)

BbiBoabl. I3yueHa BO3MOXKHOCTb ONTHMHM3ALMH TEXHOJIOTHM H3TOTOBIEHMS —aJIMa3HbIX
HHCTPYMEHTOB Ha MeTaindeckoii casizke 51%Fe — 9%Ni — 32%Cu — 8%Sn metogoM cBoGOIHOTO
KHUAKO(A3HOrO CIIEKaHWs. YCTaHOBIEHBI TEXHOJIOTMYECKHE PEXUMBI, 00eCcIeunBaloIue
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MaKCHUMaJIbHBIC 3HAYCHUSA CI)I/I3I/IKO-MeXaHI/I'{eCKI/IX XapaKTEPUCTUK 06pa3u0B, TIOJTYY€HHBIX
MCTOJIOM CBOﬁO[[HOFO CIICKaHUA. HOKaSaHO, 9TO ONTHMH3HPOBAHHYIO TEXHOJOTHIO MOXHO
HCIIOJIb30BaTh B MNPOU3BOACTBC aJIMa3sHbIX HHCTPYMCHTOB Ha METaUIMYCCKOM CBSI3KE. Hﬂﬂ
TIOBBILICHHU OOJITOBEYHOCTH TAKMX MHCTPYMEHTOB OTMCYCHA BAXXHOCTh METAJUIA3allMH aJIMa3HbIX
TIOPOILKOB.
O‘IeBI/II[eH 3(bq3eKT 3KOHOMHUYECKOU BBII'OJAbI OT IPUMEHEHUS 0HTHMH3Mp0BaHHOﬁ TEXHOJIOTUH
CB060HHOFO CIICKaHUA 3a CUCT COKpalll€HUsI BDEMEHH, HeOGXOZ[I/IMOFO JUJIA U3TOTOBJICHUA €TWUHUIBI
NPOJYKLIHUH.

HccrenoBanust BRIOTHEHHI pH GrHAHCOBOH moanepxke ' KH MOH PA

B paMKax Hay4Horo npoekTa 18T-2F096.
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Artak Saghradyan, Suren Aghbalyan, Artur Martirosyan,
Nune Ordyan, Hosrov Poghosyan, Yerevan, Armenia

STUDYING OPPORTUNITIES OF OPTIMIZATION METAL
BOND DIAMOND TOOLS PRODUCTION TECHNOLOGY

Abstract. The technology for manufacturing diamond tools based on the method of two-stage free
liquid-phase sintering of diamond-metal compacts developed previously by the authors was
investigated. To study the possibilities of optimizing the manufacturing technology of diamond-
metal composites by free sintering, a metal bond of the composition (wt.%) 51% Fe - 9% Ni - 32%
Cu - 8% Sn was chosen. Studies of the physical-mechanical properties of pressed and sintered in
an argon medium samples of sizes 40x5x6 mm were carried out, without prior sintering in a
reducing medium and repeated cold pressing. In order to determine the optimal values of
temperature and the duration of heat setting required to obtain sufficiently hard and strong
samples sintered in a protective medium, we studied the effect of temperature and duration of

141



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

sintering of samples obtained at various cold pressing pressures on the hardness and strength of
the tool. The results of studies of the hardness and shear strength of composite materials 51Fe -
9Ni - 32Cu - 8Sn, obtained by the simplified technological scheme allow us to judge the
possibilities of its application for the manufacture of diamond tools. We propose to increase the
tool durability by metallizing with thermal diffusion saturation of diamond powders with titanium
in a halogen-containing medium. It was found that using the optimized technology for the
production of composite material 51% Fe - 9% Ni - 32% Cu - 8% Sn, which includes pressing a
powder mixture and free liquid-phase sintering of preforms in a neutral medium, it is possible to
obtain samples with sufficiently high physical and mechanical characteristics. Optimized
technology can be recommended in the production of high-performance diamond tools.

Keywords: free sintering; composition; argon; cold pressing; metallization; liquid-phase;
physical-mechanical properties.

Aprax Carpansu, Cypen AroansH, Aptyp MaptupocsiH,
Hyne Opasia, Xocpos Ilorocsin, €pean, Bipmenis

BUBUYEHHS MOXXJIUBOCTEM ONTUMI3ALI TEXHOJIOT'TI
BUI'OTOBJIEHHA AJIMA3HUX IHCTPYMEHTIB
HA METAJIEBI 3B'SI3111

AuoTtanist. Jocniodceno pospobaeny pamiuie asmopamu mexHOA02i0 6U20MOGIEHH AIMAZHUX
IHCMPYMEHMI8 HaA OCHOBI Memody 0B80CMYNEHeB020 BIIbHO20 PIiOK020 (Pa308020 CHIKAHHS
anmasomemaneux — Komnakmis. Jna  6usueHHs  MOJCIuUBOCMel  OnmuMmizayii - mexonoeii
6UCOMOBNEHHA AIMAZ0MEMANeBUX KOMNO3UMIE WIIAXOM BilbHO20 CRiKaHHs OY0 06paHo memanesy
36’s13Ky Komnosuyii (mac.%) 51% Fe - 9% Ni - 32% Cu - 8% Sn. Byau nposedeni 0ocuioicenns
QizuKO-MeXaHiuHUX 61ACMUEOCMell NPECOBAHUX MA CNEeYeHUX Y ap2OHO80MY CepedosuLlyi 3pasKie
posmipamu 40x5x6 mm 6e3 nonepeoHb020 CNIKAHHA V GIOHOBHIM Cepedosulyi ma nogmopHo20
X000H020 npecyBanus. 3 Memolo GUHAYEHHA ONMUMATIbHUX 3HAYEHbL MmeMnepamypu ma
MpUBAIOCMI BCMAHOBIEHHS MeNnjid, HeOOXIOHUX O/l OMPUMAHHA OOCMAMHbLO MEEPOUX | MIYHUX
3pPA3Ki6, CNEYeHUX Y 3aXUCHOMY CepeO0BUWi, MU GUBYATU 6NIUE MeMNepamypu ma mpueaiocmi
CNIKAHHA 3pAa3Ki8, OMPUMAHUX NPU PI3HUX MUCKAX XOA0OHO20 NPecySamnHs, Ha meepoicmy i
Mmiynicmy  incmpymenmy. Pesynomamu  0ocnioocens meepoocmi  ma  Miynocmi Ha - 3CY8
rkomnosuyitinux mamepianie 51Fe - ONi - 32Cu - 8Sn, ompumani 3a cnpowjeHo0 mexHoi02iuHOW
cXeMo10, 00360AI0Mb CYOUMU NPO MOJICIUBOCHI iT 3ACMOCY8AHHA Ol BU2OMOBNIEHHS AIMAZHO20
incmpymenmy. Mu npononyemo 30iibuwumu  008208IYHICHb  THCMPYMEHMY Memdanizayicro 3
MepMoOUpY3IUHUM HACUYEHHAM AIMA3HUX NOPOWIKIE MUMAHOM Y Cepedosuwli, wo Micmumo
2anozenu. byno 6cmanoeneHo, wo 6UKOPUCMOBYIOHU ONMUMIZ306AHY MEXHON02II0 OMPUMAHHS
rkomnosuyitnozo mamepiany 51% Fe - 9% Ni - 32% Cu - 8% Sn, wo exmouae npecysanis
NnopowKoeoi cymiui ma iibHe CHIKAHHA 3d20MOBOK PIOKOI paszu 6 HelumpanbHOMY cepedoullyi,
MOJICTUBO OMPUMAMU 3pA3KU 3 OOCUMb GUCOKUMU (DI3UKO-MEXAHTUHUMU XAPAKMEPUCTIUKAMU.
Onmumizogany mexHoN02i0 MOJICHA PeKOMeHoysamu y 6UpOOHUYMEI BUCOKONPOOYKMUGHUX
AIMA3HUX THCMPYMEHMIE.
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K11040Bi ci10Ba: ginvie cnikanms, ckiao, apeom; X0I00He npecyeants, Memanizayis, pioka gasa;
QisuKo-mexaniuni 61acmuocmi.
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SURFACE QUALITY OF HONED BORES
AS A FUNCTION OF PRESSURE FORCE

Abstract. The effect of the pressure force and tool material structure on the surface roughness and
straightness of honed bores is studied in this paper. We measured the vertical straightness, the
arithmetic average and the maximum height of the roughness profile in our experiments, which
contained 9 setups. We compared the registered profiles from the measuring devices in addition to
the values of the three quality parameters.

Keywords: honing experiments; aluminium oxide abrasive; surface roughness; straightness.

1. INTRODUCTION

During construction design, among the different accuracy and roughness
instructions a specific surface structure can be prescribed on the surfaces of
mechanical parts based on the functional requirements. The prescribed
instructions on the particular workpiece surfaces often require the application
of a specific machining procedure. One example for this is the expectation for
the inner cylinder bores of a combustion engine block, namely, to ensure the
proper bearing ratio among the low surface roughness. The most often used
finishing procedures in the machining of bores are grinding and fine turning, as
shown in Kundrdk et al. [1,2], however honing has been shown to be the
optimal solution in the finish machining of these cylinder bores [3].

The main process parameters of multi-stroke bore finishing (honing) are tool
revolutions, pressure force, stroke length and stroke number. We analyse the
alteration effect of the pressure in this paper. Based on their analytical model
and experiments, Gao et al. proved that an increase in the pressure between the
grinding stones and the bore surface leads to a nearly linear increase in the
removed material per unit of time, which increases the material removal rate
[4]. Goelden et al., applying a simulation and experimental work, proved that
the prescribed roughness can be reached with a lower stroke number by
increaseing the pressure force [5]. On the machined surface roughness Szabd
showed [6] that a minimal roughness value can be identified as a function of
the pressure from which point the roughness will become higher by either
increasing or decreasing the pressure force. We can see from the study of Zhou
et al. [7], that the geometrical inhomogeneity of the abrasive stone grain
structure leads to an increase in the machined surface roughness. With the
proper choice of the tool material and the decrease of the pressure force,

© 1. Sztankovics, G. Nagypadl, 2020
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friction loss can be lowered, as shown in the work of Karpuschewski et al. [8].
Burkhard et al. proved in their experimental work that tool life and productivity can
be increased by the proper choice of the grain positions and structure [9].

It can be seen from the above that the alteration of the pressure force and the
material/structure of the abrasive tool effectively affects the machined surface
roughness. Therefore, we present in this paper from our study the effect of machining
with different tool materials and pressure force on the surface roughness and
straightness.

2. EXPERIMENTAL CONDITIONS

For the honing experiments, we chose sleeves with an 88 mm bore diameter and 192
mm length. The workpiece material was EN-GJL-250 lamellar cast iron alloy.
During the experiments, three types of aluminium oxide abrasive cutting tools were
used with different structure, grain sizes and binding material on the WMW 270/700
honing machine. The data of the tools are summarized in Table 1.

Table 1 — Applied abrasive cutting tools

[Abbreviation A B c
Grain material Al203

Grain size code 30 240
Binding material ceramic synthetic resin

Structure medium dense

During the cutting experiments, the axial speed and the revolutions of the tools were
held constant at 50 m/min and 725 1/min m/min, respectively, based on the information
from automotive companies. The aim of our study is to analyse the pressure force
alteration effect, therefore 3 pressure values (7 bar, 10 bar and 13 bar) were adjusted for
each grinding tool. The parameters for the resulting 9 setups are summarized in Table 2.

Table 2 — Experimental setups

P
©

Tool Pressure Axial speed Tool revolutions

7 bar

10 bar 50 m/min 725 1/min

13 bar

©o|lo|~|o|u| s w|N| -
O|m>Ow>oOlw >
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3. EXPERIMENTAL RESULTS

Measurements were carried out on the workpieces after the cutting experiments with a
Mitutoyo SJ-301 Surftest roughness measurement device and Talyrond 365 shape and
position error measurement machine. We measured the vertical straightness (STRt), the
arithmetic average (Ra) and the maximum height (Rz) of the roughness profile on three
generatrix of each bore. For the corresponding parameters the mean values were
calculated (Table 3).

Table 3 — Mean values of the surface quality measurements

1 2 3 4 5 6 7 8 9
Ra
3.06 248 | 0.82 0.93 0.71 | 0.18 0.87 0.95 | 0.32
(um]
Rz
[um] 16.40 | 1750 | 7.57 5.83 4.78 1.32 7.91 731 | 3.39
STRt
1.72 1.80 1.34 1.45 3.12 3.62 1.68 187 | 1.95
(um]
185 185 185
180 _ . 180 7 180 7
175 7 \\\\ 175 | / 175 p /
170 = 170 4 A 170 Pt
160 3 5 160 ¢ 160 i,’
: E E
145 2 // 145 \\- 145 3 ‘\-\_
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Figure 1 — Straightness measurement results for the three tools at 13 bar pressure
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Figure 1 shows the results of the surfaces registered by the shape error
measuring machine filtered according to the standard for Setup 7-9. We can see
the axial position in the bore on the Y axis and the radial deflection on the X
axis. The blue zones show the regions filtered by the program. Analysed R
profiles of the same setups during the roughness measurements are shown in
Figure 2. The X axis represent the axial displacement of the gauge and the
filtered data of the registered surface is shown in the Y axis.

RProfile

00 05 1.0

RProfile

RProfile

00 0.5 1.0 15 20 25 3.0 35

[mm] 40

Figure 2 — Roughness measurement result for the three tools at 13 bar pressure
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4. DISCUSSION

The experimental results presented in Table 3 are shown in diagrams in Figure
3-5. Based on these we drew the following conclusions.

From the viewpoint of the surface straightness, the better results were achieved
with the rougher tool with higher porosity. This can be seen in Figure 1, where
waviness of lower amplitude and periodicity can be observed on the surface
machined by tool A (7), than on the surface machined by tool C (9). The worst
case from the perspective of STRt was that with 10 bar pressure and smaller
abrasive grain size. For the setups machined with 7 and 13 bar pressure, the
measured straightness was almost half of the value from the worst setup (6).
Analysing the roughness measurement results, we can see from Figure 2 that a
smoother surface can be achieved with the tool with lower grain size and
denser structure. From the setups shown in Figure 2, Setup 7 shows a deeper
profile than Setup 9. Based on the values and Figures 4-5 we conclude that the
most favourable roughness is achieved by the tool with smaller grain size at all
pressures. Values of Rz and Ra can be lowered 3-4-fold by the proper choice of
the cutting tool.

um 0 1 2 3 4
7 bar
BA
10 bar OB
13 bar (@
I
um 0 1 2 3 4
7 bar
HA
10 bar aB
13 bar C

Figure 4 — Results of the arithmetic mean of the roughness profiles (Ra)
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pm 0 5 10 15 20

A
0B

Figure 5 — Results of the maximum height of the roughness profiles (Rz)

The pressure effect results demonstrate that the local minimum in the
roughness values described in the literature also appeared in our experiments,
because the lowest surface roughness was measured at 10 bar pressure. From
the results of Setup 4-6, a 20% increase can be seen in the roughness values
with 13 bar pressure. The roughness values achieved at 7 bar pressure are 3-4-
fold worse than the measurements at 10 bar pressure.

SUMMARY

The analysis of the machined surface quality and awareness of the effect of
each process parameter are important in finishing procedures. We studied the
surface straightness and roughness of honed inner cylindrical bores at different
pressure forces and with tool structure of different abrasiveness. We showed in
our analysis of 9 setups that for surface straightness, bigger grain size and
lower density is favourable; furthermore, the lowest roughness error is
measured at 10 bar pressure from the chosen values. Both studied parameters
have a significant effect on the surface roughness. Surface roughness can be
effectively decreased by the increase of the pressure between the tool and
workpiece and by the decrease of the grain size when the other process
parameters remain unchanged.
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IirBan CrankoBuy, ['eprens Hagpnam,
Miukosbl, YropiinHa

AKICTb IOBEPXHI OTBOPIB ITICJISA XOHIHI'YBAHHSA
AK ©YHKIIA CHJIA TIPUTUCKY

AHoOTANiA. Y cmammi eusuaembca 6naU6 Cunu NPUMUCKY | CIPYKMYpPU Mamepiany iHCmpymeHmy
Ha WOPCMKICMb NOBEPXHI | NPAMONIHIUHICIbG XOHIH208AHUX 2ib3 A8MOMODINLHUX ONIOKIE YUNIHODIE.
Jlis excnepumenmie no XoHineyeamnio Oyau eubpawi 2inb3u 3 Oiamempom omeopy 88 mm i
dosorcunoro 192 mm, Mamepian 3a20moexku - niacmuHvacmuil  Cnaag 4agyHy. YV xo00i
excnepumenmie Ha xouineyeanvromy eéepcmami WMW 270/700 euxopucmosysanucs mpu munu
adpasuBHUX Pixcyuux iIHCMpyMeHmie 3 OKCUoy antOMiHII0 3 PI3HOI0 CMPYKMYPOIO, POSMIpAMU 3epHa
i 36'azyiouum  mamepianom. Ilpsamoniniiinicms eumipsau no eepmuxani (STRt), cepeone
apupmemuune (Ra) i maxcumanvny eucomy (Rz) npoginio wopcmrocmi umipioganyu Ha mpbox
MBIPHUX KOXHCHO20 omeopy. [nsa 6i0nogionux napamempie 6yau po3paxoéami cepeoHi 3HAUeHHS.
bynu  npoeedeni OOCHIONCEHHS NPAMONIHIUHOCMI NOBEPXHI |  WOPCMKICMb  XOHIHOBAHUX
BHYMPIWHIX YUNTHOPUYHUX OMBOPI6 NpuU PISHUX CULAX RPUMUCKY [ RpU PI3HILL CmMpyKmypi
abpasueHozo incmpymenmy. Aunanizylouu pesyibmamu UMIDIOGAHHS WOPCHKOCHI CMano 6uoHo,
wo Oinbul 21a0Ka NOBEPXHs Modice OYmu O0CASHYMA 3a OONOMO20I0 IHCMPYMEHMY 3 MeHUUM
posmipom 3epua i Oinvw winbholo cmpykmypol. Ha niocmasi ompumanux 3uauens mooicHa
3pobumu  GUCHOBOK, WO HAUOIIbUL CHPUAMIUEA WOPCMKICHb O00CA2AEMbCS IHCMPYMEHMOM 3
MeHWUM po3mMipom 3epHa npu 6cix muckax. Mema oanozo 0ocaiddicenns - npoananizyeamu egexm
SMIHU CUTU RPUMUCKY, MOMY OJISl KOJXCHO20 XOHIHZY8ANbHO20 HCmpYMenmy Oyau ckopueosawi 3
suauennss mucky (7 6ap, 10 éap i 13 6ap). [lapamempu ons ompumanux 9 ycmanogox 6yau 36edeni
6 mabauyi. 3 ananizy 9 ycmanogox 6uoHo, wjo 0 NPAMONIHIUHOCMI NOGepxHi Kpauje Oinbuiull
po3mip 3epua i menwia winbHicme. Kpivm moeo, camuti HU3bKUll pieeHb NOMUIKU WOPCMKOCI
sumiproemocs npu mucky 10 6ap 3 eubpanux snavenv. Obuosa sugueHux napamempu iCHOmHO
BNIUBAIONb HA WOPCMKicb nosepxHi. LIlopcmkicme nosepxui Modice 6ymu eghekmueHo 3meHuena
WTIAXOM 30ITbUEHHS. MUCKY MIXC IHCMPYMEHMOM I 00pOOII08AHOI0 0emanto | WIAXOM 3MEHUEHHS
PO3MIpY 3epHa, KO IHWL Rapamempu npoyecy 3anumaromscsl HesMiHHUMU.

KawuoBi cinoBa: xowincysanus, abpasusu oOKkcudy —amOMIHIKO; UWOPCMKICIb  NOBEPXHI;
NPAMOAIHIUHICMb.
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TEINNIIOOBMEH B CUCTEME IIPUMEHEHMUSA COXK
MJINPOBAJIBHBIX CTAHKOB

AunnoTtanusi. Tennogvie npoyeccwl, npoxoosiwyue 8 Wau@do8aIbHbIX CINAHKAX, 0KA3bI8AOm 00.1bUI0e
GIUANUE HA KAYECMBO U MOYHOCHb 0bpabambigaemoll nosepxnocmu. [Ipu smom, easxcuylo pons 8
Gopmuposanuu mennosvix nomokos uepaem cucmema npumenenus COJK, xasicowi snemenm
Komopoul okaszvlieaem onpeoeieHHoe gozodeiicmeue Ha memnepamypy COX u waughosanvHozo
cmanka 6 yenom. B Odanmmoii cmamwe paccmompena cmpykmypnas cxema nepeoayu menia
anemenmax cucmemol npumenenus COJK. Ilpeonoswcenvt mamemamuyeckue 3a8UCUMOCIU OJis
onpedeienusi KoIudecmsa meniomul, 6vloensemo npu npoxoacoenuu COIX uepesz kadcowiil
9eMeHm cucmembl, yuumulearouue ee cuopasiuieckue napamenmpul. Onpedenenvl me d1eMeHnbL
cucmemvol npumenerus COJK, komopwie okazvisarom Haubonvutee enusanue Ha memnepamypy COX.
Ipeonosicena memoouxa onpedeienuss mennogo2o oaiawca 6 cucmeme npumernenus COJK,
yuumuleanowas eé cmpykmypHvle, KOHCIMPYKMUGHble, PElACUMHbIE NAPAMEmpyl, a Makice opyaue
gakmopul npoyecca wnugosanus.

KaioueBble €10Ba: wiiughoganbhblii CIAHOK, Menio0o0Men; mMenioeolu Nomox;, memnepamypa,
cucmema npumenenusi COXK; dasnenue; pacxoo.

BBenenne u mocTtaHoBKa mpodJieMbl. Bo3pacraroniie TpeOOBaHHS K
TOYHOCTH OUTH(PYEMBIX AeTalieil 00yClIaBIMBAlOT HEOOXOIMMOCTH CO3IaHUS
YCIIOBUI Uil YMEHBIICHHS TeMIepaTypHbIX aedopMmanuii HuiudoBaIbHBIX
cTaHKoOB. M3BeCTHBI MOMNBITKH TPOrHO3UPOBAHUSA JICI‘/IICTBI/I}I TCIIJIOBBIX IIOTOKOB
HE TOJIBKO B 30HE pE€3aHMsA, HO U Ha HEKOTOPBIE IEMEHThI TEXHOIOTHYECKOi
cucremsl ctanka. [Ipu 3Tom ObuTO ycTanosneHo, uto COXK sBisiercst oqHUM U3
HCTOYHHUKOB M oTpedurenei temna [1, 2].

B cBs3M ¢ 9THM, aKkTyalbHBIM SIBISIETCS pa3pabOTKa M HCCIEAOBaHHUE
cucreM mnpumeHeHnss COX, obecreunBarOMX ONTHMAIBHBINA TETIIOBO
peXuM paboTHI CTAaHKOB.

AHaJIM3 NMOCJeJHUX AOCTHXKeHHI M nyOaukanmid. Metamiopexyuue
CTaHKH, B TOM 4YHCIE U NUIH(OBAIBHBIE, HMEIOT OONBIIOE KOIHMIECTBO
WCTOYHHMKOB BBIJCICHUS TeIula. TemmepaTypHbIM AedopManusM pa3iIndHbIX
9JIEMEHTOB CTAaHKOB M WX BIMSHUI0O HAa TOYHOCTh OOpPabOTKHM IOCBSIIECH
3HAYUTEJIbHBIN 00beM HCCIIEJOBAHUM. Pazpaboransl METO/BI
MPOTHO3UPOBAHUS XapaKTEPUCTUK METAIIOPEKYIIUX CTAaHKOB, pabOTarOMUX B
YCIOBUAX TMEPECMCHHBIX TEIJIOBBIX PEXKUMOB, W YHOpPaBJICHHUA HWMU 3a CUCT
KOMIIEHCAIIUH TeMIIepaTypHBIX MOTpemHocTel cTtanka [3]. YcTaHOBIIEHO, 4TO
COX MoKeT oKa3bIBaTh Kak MOJIOXKUTEIBHOE, TaK M OTPHLIATEIbHOE NeHCTBHE
Ha (opMHpOBaHKE TEMIIEPAaTYPHBIX MOTOKOB [4].

© M. Cmenanoes, I1. Tumosuenxo, M. Heanoea, JI. Heanoesa, 2020
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[TpeanpuHITE MONBITKM W3Y4YSHUS! TEIUIOBBIX MOTOKOB B OTHEIbHBIX
aneMeHTax cucteMsl npuMeHeHus COX [5].

Cuwuraercs, 4ro Haubosnpmme Temneparypuble usmeneHus COXX
MOJy4aeT MpH NPOXOXKICHUU Yepe3 30HYy pe3aHus [6-9], mpu 3TOM BIUSHUE
JIpyrux odieMeHToB cucteMbl mnpumeHeHuss COXK Ha ee TemmepaTypy
MIPaKTHYECKH HE PaCCMaTPUBAJIOCH.

H3zii05)keHre OCHOBHOrO0 MaTepHuasa. 3HAaHUE XapaKTepa W3MEHEHUH
TETJIOBBIX IMOTOKOB B cucteme npumeneHnss COXX BakHO, T.K. B COBPEMEHHBIX
CTaHKaX MOTYT YacTO HPUMEHATHCS HACOCHI ¢ AaBjieHueM 500-600 kr/cM? ajis
MOTY4EHHs MOIOIIETo JIEHCTBUS HA PEXYIIYI0 HOBEPXHOCTH HIIH(OBAIBLHOTO
kpyra. Kpome TOrO, U1 YyIydIICHHS OXJAXIAIOUIEro NEWCTBHA, T. €.
CHIDKEHUSI TeryIoo0pa3oBaHMsl B 30HE pE3aHHUs B YCJIOBHSX BO3PACTAIOIINX
ckopocteil pesanus, COXX momaeTcst ¢ BBICOKMM pacxoioM, UYTO TakKke
SBJSIETCS TPUYMHOW HapylleHUs TeIJIoBoro OajiaHca B CHCTEMeE, KOTOpas
CTaHOBUTCS AOIOJTHUTEIBHBIM TEIIOBBIM HCTOUHUKOM.

Homyctumbiii  TemnoBoil  pexkxum  cuctemsl  npuMeHeHus  COX
XapakTepuszyeT TIpolecc, TMpU KOTOPOM  KOJMYECTBO  IOTJIOIIAEMOro
KHUJKOCTBIO TETlIa MPH JIBI)KCHUH Yepe3 3JIEMEHTHI CHCTEMBI U 30HY Pe3aHus B
YCTQHOBHBIIEMCSI PEXKHMME PaBHO KOJIMYECTBY TEIUIA, OTAABAEMOTO CHCTEMOM
BO BHEIIHIOIO cpedy. TakoMy oOIIeMy YCIOBHIO COOTBETCTBYET CTPYKTYpHAs
cXeMma Iepenayd Telja, npuBeleHHas Ha puc. 1. Ha crpykrypHOW cxeme,
KOTOpasi JaeT BO3MOXKHOCTh KadeCTBEHHO OLEHHWTh IIepefady Temia OT
JJIEMEHTa K 3JIEMEHTY NpHUBEICHbI cieayrone oOo3Hauenus: 3P — 30Ha
pe3anust; H — Hacoc; KO —obGpathsril ximanan; IIK — mpenoxpaHUTeNbHBIH
kianan; YK — kinanan ynpasienus nogadeir COX; ®C — ¢punbTp ceruarslid;
I'l — runpouukinon; JI — npoccenb; C — cranuna; CJI — cnuBHo# notok; MC —
MarHuTHbIi cenaparop; YII — ycrpoiictBo momaun COX B 30HY pe3aHus;
PCOX — pesepyap COX; IIBI" — mamoBerid 6ak rugponukiona; Ty,...T7 —
TpyOompoBoabsl; M — MaHOMETPBHI.

Anammsupyst cxemy (puc. 1) MOXHO 3ammcarh YpaBHEHHE TEILUIOBOTO
Oamanca msa cuctemsl npuMeHeHns COXK, obecmeumBaromiee ONTHMAaJBHBIN
TETJIOBOM PEKHM.

Quoc +QtT1 +Quo + QtT2 +Qy + QrT3 + Qtll + QrT4 + Qtru +
+QIT5 + Qusr + Quuc + Qtr6 +Quic + an +Qun +Qup = 1)

= +th + thn + Q[MC + QIPCO)K’

rac

QtKDC ' QtTl " 'QtT7 ' QtKO ' QtH ! Qtﬂ ’ QtFI_l ' QtHIEl' ! Qtl'ﬂ( ’ QtYK ’ QtYH ' Qt3P ' QtC ' QtCJ'I ' QtMC '
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Qpcox — Temno Beuenstomeecst npu npoxoxaeHnn COXK cooTBETCTBEHHO

¢bunbTpa ceTyaTroro, TpyOONPOBOIOB, OOPATHOTO KIalaHa, Hacoca, APOCCEs,
THAPOLMKIOHA, NUIAMOBOTO 0aka THUAPOLMKIOHA, NPEIOXPAaHUTEIHLHOTO
KllamaHa, KjamaHa ympasieHwus, ycTpoiictBa momaun COXK, 30HBI pe3anus,
CTaHWHBI, CIMBHOTO JIOTKA, MAarHUTHOTO cemaparopa u pesepsyapa COX.
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Pucynok 1 — CtpykTypHas cxeMa nepeady TeIia B 3JeMeHTax
cuctemsl npumeHenns COXX kpyrionumgoBaibHOro CTaHKa

YacTe 2HEpruM MOTOKA MNPH MPOXOXKACHUM UYepe3 3JIEMEHT CUCTEMBI
mpeBpaliiaeTcs B TEIUIOBYIO U BbI3biBaeT HarpeB COJXK, aeMeHTa U cUCTEMBI B
nenoM. M3-3a otHOcuTenbHO Oombmoi ckopoctd COXX TemnmooTnauedt k
CTEHKaM JJIEMEHTOB CHCTEMBI, pa0OTalomMX TIOX IaBICHHEM, MOXKHO
NIpeHeOpedb U CUNTATh, YTO BCE TEIUIO MIET HA HAarpeB *XHUAKOCTH AO. B aTom
cirydyae wusMeHeHne temmeparypsl COJXX 3aBucuT TONBKO OT mepemnanga
JIaBJICHMsI HA yCTPOUCTBE.

BemnunHa w3MeHeHmst  TemmepaTypel A@  ompemensercs,  eciu
MIPUPABHATh JHEPruo, Tepsemyro Ha nporekanue COX uepe3 anmeMeHT, k
SHepruu, pacxoayemoi Ha HarpeB COXK.

Ecnmu mpu IpoOXOXXKIEHHH HEKOTOPHIX 3JIEMEHTOB (B 3aBUCUMOCTH OT
pexxuMa paboThl CHCTEMBI, €€ MapaMeTpoB, KOHCTPYKLMH U Ha3HAYECHUs) MX
TEIUIOBOE COCTOSIHME HE M3MEHSETCs, TO OTAEIbHBIMH COCTABISIOMIMMU
ypaBHeHus (1) MoxHO  npeHeOpeub, HampuMep, COCTABIAIOIIUMU

Q- Qy,  Quur - Torna ypasuenue (1) nmeer Bux
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Qe T Qo Qi + Qu_'[ + Qtru + Qi + Qi + Quyn + Qp =
= +th + thn + QtMC + QtPCO}K'

Opakyarnus Temna B cucteme mnpumeHeHus COXX oT ameMeHTOB U
YYacTKOB ero 00pa3oBaHKs BO MHOTOM 3aBHUCHUT OT 3HA4CHUS KOd(pQHIHEeHTa
TEIUIONPOBOHOCTH KHUJKOCTH, XapaKTepU3yloIero e€ cBoiicTBa NpOBOAUTH
TerI0. 3HaYeHue 3TOro Ko GuIMeHTa Uil BOIHBIX )uakocTer npu t =15°C
coctapiser 9,61-10 kan/cm?c-rpan. [l onpenenenys U oOecreueHys 0TBOA
Temia M3 cucteMbl npu e€ pabore, a Takke A I(QPEKTHBHOTO €ro
pacceuBanusi, Heooxoumo, uTo0sl COXK 0bnanana onpeei€HHBIM 3HAYCHHEM
TEeIIOEMKOCTH. JIJIg1 KUAKOCTM Ha BOJHOM OCHOBE TEIUIOEMKOCTH B
3aBUCUMOCTH OT TemmepaTypbl (or 10° go 80°C) MOXKET COCTaBIAThH
0,72...1,023 KKaJI/Kr-Tpaj. CrenoBaTeIbHO, TEMI0EMKOCTh
BoodMynscHOHHBIX COJXX Oonmee wem B 1,5 pasa BHINIE TEIIIOEMKOCTH
YTIIEBOJOPOIHBIX )KUAKOCTEH.

Temno, BO3HMKAIOIIKE B 30HE PE3aHMS, MOXHO OICHUTH aHAIH3HUPYS
TEIUIOBOH OallaHc, mpu 3TOM oxJjaxaeHue npu nomouw COX, xak mpaBumio,
HE YYUTHIBAaeTCA, TaK KaK OXJaXJAaomas >KUAKOCTh OTBOAWUT TEIJIO OT
3arOTOBKH UM CTPY’KKH y’K€ IOCJIE TOro, KaK OHU IOJy4MIH €r0 B pe3ysbTaTe
pe3anus [8]. Kak cnencteue, 1o 15...75% Tenna (B 3aBUCUMOCTH OT YCJIOBHIA)
nepexoaut B COX [9].

KonuuectBo BblaeneHHoro temna npu mpoxokaenun COX  uepes
9JIEMEHT CUCTEMBI omnpenessiercs o dpopmyie, Jx

Qt3 = Nnorr .t3’ (3)

)

rae N, — morepsiHHas MoImHOCTh BT; t) — Bpemst paGoTh! asieMeHTa, c.

[MorepsiHHas MoLTHOCTH onpeensercs mno ¢popmyiie, KBt

NnoT = Qcom 'Ap/6121 (4)

rae Quoy — pacxon COX uepes anemeHr, am®/mMuE; AP — TIepenaj AaBIeHUs

Ha BIIEMeHTe, KI/cM2.
Takum oOpazom, Teruio, BbLAEIsAEMOE NMpPU paboTe IJIEMEHTa CHCTEMBI
npumenenuss COX, onpenensercs kax

Qt3 = QCO)K -Ap -1, 1612. (5)

BenuunHa niepernaza JaBiICHUS ¢ YY€TOM W3MEHEHHUsSI TeMIepaTypbl @ Ha
3JIeMEHTe ompejienseTcs no popmyie, Kr/cm?
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Ap = pCO}K : CCO)K sm- (®BX - ®Bblx )’ (6)
rae ccox — yaenpHas Temioémkocte COXK, Kkail/Kr-rpa; pcox — IUIOTHOCTh
COX, xr/cm®, M — MexaHWdYecKHWii SKBHBAJEGHT TEIUIOTHI, M =4,27-10*
KT*CM/KKalJl.

YuureiBag (5) u (6) MOXHO ONpPENETUTH TEIUIO, BBIACISAEMOE IIPH
npoxoxaeHnuu COX uepe3 31eMEHT CUCTEMBI

Qta = Qc0>1< " Peox " Ceox "M (®BX _®m,1x ) 1y /612. (7)

Ha nmpakTtuke B  COBPEMEHHBIX CHCTEMax HET  BO3MOXKHOCTH
KOHTpOJIMpoBaTh mapameTp @. OgHAKO, €CTh BO3MOXXHOCTh KOHTPOJHPOBATH
AP TIpaKTHYECKH Ha KaXIOM 3JIEMEHTE, pabOTAIOIIEM IO IaBICHUEM.

Takum 00pa3oM, OCHOBBIBASICh Ha MPHUBEAEHHOM MOJIOKEHUU U PACCUUTAB
nepenan nasinenuss COX Ha snemeHTe, MOXHO 10 Gopmyie (5) onpeneauTsb
Teruto, Bo3HuKaone B COX npu e€ npoxoxaeHnu yepe3 3JIEMEHT CUCTEMBI
npumenenus: COXK. B kadecTBe npumepa npuBezieM pacueTHble GopMyITbl st
OTIpeIeNIeHNs TeIUI1a B HEKOTOPBIX IEMEHTaX CUCTEMBL.

Iepenan naBneHus, CO3AaBaEMbIi HACOCOM, OmpeaenseTcs no Gopmyie

N
Ap:—T' (8)
Q]—[+AQm
rne Nt — Teopermueckass (MHAWKATOpPHAs) MOIIHOCTH Hacoca; Qu —

(axTHUecKas MpOM3BOAUTEIBHOCTh Hacoca; AQm — yTeuka )KHAKOCTH.
YuureiBags (5) u (8), Temmo, BEImensseMoe TMpH paboTe Hacoca,
OTIPECISETCS KaK

QIH _ Qcom ) NT 'ta

© 612:(Q, +AQ,)’ ®©)

[epenan maBneHHs Ha THAPOIMKIOHE MOXHO ONPEACIHTH, MPeodpasys
popmyny Uectona, kr/cm?

2
Ap,,, =0,0018 S| (10)

BI'T{

rae Qri — pacxon COX uepe3 TruApOLIUKIOH, ave/mun; Feryp — mmomans
ceyeHus BXOAHOIo NaTpybka, cmM?.
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C yuerom (5) u (10), Terno, Beigensemoe npu npoxoxaenuu COX uepes
THPOLIUKIIOH

3
qu ‘1. (11)

BI'T{

Q=3 10°°

[MpuBenenHble Ha pHC. 2 IUarpaMMbl JAIOT BO3MOKHOCTH OIIEHHUTH
TEIIoBOM NoOTOK, mnepexoasmuid B COX mpu mnpoxoxaeHuu €1 Hacoca,
KOTOpBIN SIBIAETCS OAHUM W3 HCTOYHMKOB Teruia. Bemmumna Qu mpu 3TOM
MOJKET M3MEHATHCS Ha HECKOJBKO MOpSaKoB. Ecnu B craHkax s oObIYHOTO
mndosanus (Vi =15...30M/c?) ero MOXKHO He y4UTHIBATh, TO B JPYIHX
1M OBAJIBHBIX CTAHKAX UM IpeHeOperaTh Helb3sl.

Temno, Beigensemoe mnpu mpoxoxaeHun COXX dgepes apoccens,
ompenensercs no Gopmyiie

Q, = Q- Peox 1,
N1,224.10% 4 F2

(12)

rae pcox — muotHocts COXK, kr/m?; Q — pacxoa COXK, m%/c; u — kosddument
pacxona, u = 0,62; f — miomaap NpOXOAHOTO CEYCHUS IIEIH, M2,

Ha puc. 3 npuBenensl rpaduMky 3aBHCHMOCTH BBIJEISIEMOTO TEIIa OT
pacxoma COX mpoxopmsmero depe3 aneMeHT cuctembl npumeneHuss COXK.
3aBucumocth 1 mocTpoeHa [t mepemanma maBieHus  Ap = 0,1 Kr/cm2.
3aBucuMocTH 2 W 3 TIOCTPOeHbI mpH nepenanax Ap = 0,38 u 1,5 kr/cm?, uto
COOTBETCTBYCT IKCILTIyaTaAllUOHHBIM YCJIOBUSM.

I'padmkn 3aBucumMocTH (puc. 3) MOKa3bIBAIOT, YTO TEILIO, BHIJEISIEMOE B
THJPOLIMKIIOHE, CIIEAYET YYMUTHIBATh OCOOCHHO B YCJOBUSX OOpabOTKH,
TpeOyromux nMpuMeHeHus 0onpimx pacxonos COX.

Ecnmu TpyOompoBon co3nmaer OOJBLIOE CONPOTHBICHHE W IIPU  €ro
MIPOXOXK/ICHNN BO3HUKAET MEpeNaj [aBJICHHS, TO TEIUIO, BBIICISEMOE IIPH
npoxoxaeanr COX mo Tpybonposomy, onpenessieTcs mo Gpopmyie

Q, =2-10° % (13)

rae Lt — mnuna tpyGompoBoaa, m; dr — muamerp TpyOompoBoaa, mm; Q —

pacxox COX, mm®/mun; A — kospduumnent conporusienus, 1 = 75/Re (Re —
yucno PeitHomnbaca).
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O &lne Q- 6w
110 20...60

1, MHH 1, MHH
Crankn 00b14HOTO CTankH CKOPOCTHOTO
uundosanus uuHdopanus
v, =15..30 m/c v, =50 m/c
(e O w/lne
100...200
40..70
t, MHH 1, MHH
Bansuenumopaisueie MHOrOKpYroBei¢ CTaHKH
CTAaHKH Juist uuosanus
v, =30...50 m/c KaICHYaThIX BAJIOB
v, =50 m/c
Oy ke 10}
Oy, &l 1 (10..34)-10
30...90
1 MUH 1, MHH
Topuexpyrnoundosansusie CTaHKH ¢ THAPOOUHCTKOH
CTAHKH Kpyra
v, =50 m/c v =50 m/c

Pucynoxk 2 — Temno, nepexoasiee B COX nmpu npoxoxJIeHUU Yyepe3 HaCOC CUCTEMBI

npumenenns COX. Bpems nmkina 06pabotku 2,2 MUH

QLKIIH\"

A 75
70
60 -+
50 +
40
30 4 30
/-/ 225
20 "t — |
S
x15
10 + 19 - 6
. 24 36 4.8 S
0 12 g i
50 100 150 200 250 Qs AM /MHE

Pucynok 3 — Temo, Beigensiemoe npu npoxoxaeHun COXK yepe3 aeMeHThl CUCTEMBI
npumeHenuss COX:
1 — npoccensb; 2 — GUABTP ceTUATHIN; 3 — THAPOLUKIOH
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Teruno, Bo3umkaromee npu npoxoxaeHnn COXK depe3 ycTpoiicTBo €€
NOAA4YM B 30HY PE3aHMsl, TAKIKE OMpENesieTCsl MepenajaoM JaBlieHns] Ha HEM,
KOTOpOE 3aBUCHUT OT KOHCTPYKIHMH COIUIa U MOXET OBITh OIPEAEICHO MO
METOJIMKe pacueTa HacaakoB Bentypu, bopaa u ap. [7, 10]

Benmuuna Qpcox 3aBUCHT OT TEIIOEMKOCTH U Macchl (00bema) COX B
pe3epByape, IUIOMIAAN TTOBEPXHOCTH pe3epByapa M Ko3(pHUIMEeHTa Nepenadn
TeIyIa OT CTEHOK pe3epByapa K Bo3ayXy. Bemmunnay Qwcox MOXKHO OIIPEAEInTb
Ha OCHOBE YpaBHEHHE TEIUIOBOTO OanaHca B pe3epByape mst COX [11].

Hns npubmmk€HHON oIeHKH TerooOMeHa ypaBHeHHe (1) MOXXHO
MIPEACTaBUTh B YNPOIIEHHOM BHJE, OCTaBUB TOJBKO cocTaBisitome Qup U
Qtrcox. Torna ypaBHeHHE ONTUMAIBHOTO TEIIOBOTO PEXXHUMa MPUMET BH]]

Qup = Qrcos.

To ecTb Tem0, NPUXOIAIIKE C OXJIaXKJAIOUIeH )KUIKOCTHIO U3 30HBI Pe3aHus 32
onuH o6opor COX B cucTeMe yCIeBaeT pacCeuBaThCS B OKPYIKAIOIIYIO CPEILY
gyepe3 pesepByap COX. Takoe pomyieHHE MOXKHO NPUMEHUTh TPU OUYEHD
OrpaHUYCHHBIX  YCJIOBUAX. HaHpMMep, npu  OTHOCUTECJIBHO HCEBBICOKHUX
ckopocTsx pesanus (Vi =15...30 m/c?), ucnons3osanuu cnocoba nogauu COX
MIOJIMBOM CBOOOZHO MaJaloIeil cTpyel ¢ MalbIMH pacXoiaMHd M JaBICHUSIMHU
(korma MCTIONB3YIOTCS MaJOMOIIHBIE HAcOChI), KOTJAd CHCTEMa INPHUMEHEHUS
COX odeHp mpocTa ¥ HE COJEPKUT OONBIIOrO KOIUIECTBA IIEMEHTOB, padoTa
KOTOpBIX ~ TpeOyeT  3Heprosarpar. B COBPEMEHHBIX  YCIIOBHSX
BBICOKOTIPOM3BOAUTENBEHON 00paboTKH TpeOyromux 00ecnedeH sI TOYHOCTHBIX
HapaMeTpPOB BBICOKOTO YPOBHSI BHIIIIEHA3BaHHBIE OMYIIECHHUS HEKOPPEKTHEI.

BoiBoabI.

1. Pazpaborana MeToAMKa OIpEAEIECHHS XapakTepa paclpeielieHus
TEIUIOBBIX MOTOKOB B cucteme npuMmeHeHuss COX, yuuteBaromass eg
CTPYKTYPHBIE, KOHCTPYKTHBHBIE, PEXXMMHBIEC TTapaMeTphbl U (akTopsl Iporecca
00paboTKH.

2. HccrmemoBaHus MOKazald, 4ToO ecim Terwo, moryoménnoe COX mpu
MPOXOXKICHUHA dYepe3 Hacoc B CTaHKaxX Ui OOBIYHOTO NUIH(OBAHUSA
(Ve =15...30M/c?) MOKHO HE y4UTHIBATH, TO B APYIUX MUTM(OBANLHBIX CTAHKAX
UM TIpeHeOperaTh Hellb3sl.

3. YcTaHOBIEHO, YTO CJEOyeT YYHWTHIBATH TEIUIO, BBIACISAEMOE B
THJPOLMKIOHE W JPYrHX OJIeMEHTaX, OCOOCHHO B YCJOBHUSX 00padoTKH,
TpeOyIOUNX MpUMEHEHHUs1 00IbIINX pacxooB u AaieHuit COXK.
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TEIIJIOOBMIH B CUCTEMI 3ACTOCYBAHHS 30P
HIJII®YBAJIBHUX BEPCTATIB

AHoTanis. Tennosi npoyecu, wjo npoxoosims 8 Wiihy8anrbHUX 8epCmamax, oyxce niU6aoNb HA
AKicmo | moynicms 00pob.06anoi nosepxHi. Ilpu yvomy, sasxciugy poiv y opmysarHi meniosux
NOmoKig gidizpac cucmema 3aCmMOCy8aAHHI 3MAULYBATLHO-0X010024cy8anb ol piounu (30P), kodicen
enemenm AKOI neenum uunom eniueac na memnepamypy 30P i wnigyeanvnozo eepcmama 6
yinomy. Y oaniti cmammi posenauymo cmpykmypuy cxemy cucmemu 3acmocyeanus 30P, wo
CKAA0AEMbCsl 3 ibmpa cimuacmozo, mpyoonposoois, 360pOMHO20 KIANAHA, HACOCA, OPOCeis,
2IOPOYUKIONY, WNAMOB020 6aKaA 2IOPOYUKTIOHY, 3aN00IHCHO20 KIANAHA, KIANAHA YRPAGHIHHSA,
npucmporo noodayi 30P, 30Hu pi3aHHA, CMAHUHU, 3MUEHO20 JOMKA, MAZHIMHO20 cenapamopa i
pesepsyapa 30P. Biosnaueno, wo uwacmuma enepeii nomoxy npu npoxoodiceHHi uepe3 ejleMeHm
cucmemu nepemeopiocmvcs 6 mennosy enepeiio i euxknuxae nazpisanns 30P, enemenma i cucmemu
6 yinomy. 3anpononHo6ano Memoouxy GU3HAUEHHs MeNni08020 OANAHCY 6 cucmeMi 3ACMOCY8aAHHs
30P, wo epaxogye ii cmpyKmypui, KOHCMPYKMUGHI, DeJCUMHI napamempu, a maKodc iHuli
YUHHUKU npoyecy winighysanna. 3anpononHosano MamemamudHi 3aNeHCHOCMI ONs 6USHAYEHHS.
Kinbkocmi meniomu, ska euodinraemocs npu npoxooddcenni 30P uepes xodwcen enemenm cucmemu,
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AaKi 8paxosyiomoe il 2iopasniuni napamempu. Bushnaueno mi enemenmu cucmemu 3acmocy8anHs
30P, sxi marome Hatbinbwuti enaus Ha memnepamypy 30P. Ilpoeedeno nopisHsIbHULL aHANI3
meniosux nomoxis, siki nepexoosams ¢ 30P, npu npoxoodceHHi Helo Hacoca, 0l PI3HUX Npoyecie
wighyeanns ma 6iOnogionux munie wiiigpyeanvhux eepcmamis. Becmanoeneno, wo 6 ymosax
00po0OKU, AKI 6UMALAIOMb 3ACMOCYBaHHA geauKux eumpam i muckie 30P, cuid epaxogyeamu men.io,
Wo BUOLTACMbCS 8 OYUCHUKAX MA THUWUX eleMEeHmax cucmemu, poboma AKUX cynpo6oONCYEMbCs
SHAUHUMU  nepenadamu  Mucky. Posenanymo — modcausicms  KOHMpomo i YnpasniHHs
memnepamyporo 30P, na niocmagi mo2o gaxmy, wo menno, sike GUHUKAE npu npoxooicerni 30P
uepe3 Npucmpiil, Wo npayioc nio Muckom, GU3HAYAEMbC AKOHC NEPenadoM MUCKY HA YbOMY
npucmpoi.

KarouoBi ciaoBa: wigpysanvuuii eepcmam,; meniooOMin; menioeuil nomix;, memnepamypa;
cucmema 3acmocysanns 30P; muck; eumpama.

Mykhaylo Stepanov, Petro Litovchenko, Maryna Ivanova,
Larysa Ivanova, Kharkiv, Ukraine

HEAT EXCHANGE IN THE LIQUID COOLANT
APPLICATION SYSTEM OF GRINDING MACHINES

Abstract. Thermal processes taking place in grinding machines have a great influence on the
quality and accuracy of the surface being machined. A liquid coolant application system plays an
important role in the formation of heat flows. Each element of that system has a certain effect on
the temperature of the coolant and the grinding machine as a whole. This article discusses the
structural diagram of heat transfer in the elements of the liquid coolant application system, which
consists of a strainer, pipelines, check valve, pump, throttle, hydrocyclone, grinding dust tank of a
hydrocyclone, safety valve, control valve, coolant supply device, cutting zone, bed, drain tray,
magnetic separator, and coolant reservoir. It is noted that part of the flow energy when passing
through an element of the system is converted into thermal energy and causes heating of the
coolant, element, and the system as a whole. A technique for defining the heat balance in a coolant
application system, taking into account its organizational, structural parameters, cutting
conditions, as well as other factors of the grinding process is proposed. Mathematical
dependencies for determining the quantity of heat released when liquid coolant passes through
each element of the system, taking into account its hydraulic parameters are proposed. The
elements of the liquid coolant application system that have the greatest influence on the coolant
temperature are identified. A comparative analysis of the heat fluxes passing into the coolant
during the passage of the pump was carried out for various grinding processes and the types of
grinding machines that implement them. It has been found out that under processing conditions
requiring the use of high flow rates and coolant pressures, the heat released in cleaners and other
system elements should be taken into account, the operation of which is accompanied by significant
pressure differentials. The possibility of monitoring and controlling the temperature of the coolant,
based on the fact that the heat generated by the passage of coolant through a device operating
under pressure, is also determined by the pressure differential across this device.

Keywords: grinding machine; heat exchange; heat flow; temperature; liquid coolant application
system; pressure; flow rate.
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BITHOCHMM 3HOC MMEPEPUBYACTHX HIJI®YBAJTBHUAX
KPYT'IB 3 HAATBEPJIUX MATEPIAJIIB

Auorauis. [lpu wnighysanni Kpyeamu, poboya NOBepXHs SKUX CKIAOAEMbCS 3 NepioOUYHUX
sucmynie i 3anaduH, 8 NPYICHIL cucmemi gepcmama depes Nepepusyacmicnmsv npoyecy pi3aHHs
BUHUKAIOMb  BUCOKOYACMOMHI  KOMUBAHHA ~MAAOi  aMAuAimyou, AKI —nojeulyloms  npoyec
CMPYIACKOYMBOPEHHS | CNPUAIOMb QOPMYBAHHIO HA KPY3i PO3GUHEHO20 Pi3ANbHO20 MIKPOPENbEDY.
OOHax npu neeHUX CHiBGIOHOWEHHSX O0BIUCUH DI3ATbHUX SUCMYNIE [ 3anaOuH i Npu NeeHUx ix
KIIbKOCMAX MOJCE SGUHUKHYMU NAPAMEMPUYHUL Pe30HAHC, NepedyMO80oI0 AK020 € NepiooudHa
3MIHA 6 uaci JHcopcmrocmi npyscHoi cucmemu éepemama. Ilapamempuunuii pe3oHAnC He2amueHo
NO3HAYAEMbC He MIMbKU HA NUMOMOMY 3HOCI AIMA3HO20 Kpyed, a U HA sKocmi 0bpobnaemorl
nosepxui. ILle nepedbauac HeoOXIOHICMb NOOANLUIO20 NOWYKY HOBUX OOCTIONCEHb BNIUBY
NapamempuyHozo pe3OoHANCYy, WO 6UHUKAE NpU Nepepusyacmomy wnigpysanui na GiOHOCHY
sumMpama aIMasHux Kpyeie. Y cmammi po3paxyHkoUM i eKCnepumMeHmanibHuM Wisxamu 6UA6IeHO
eKCMpeManbHUll Xapakmep 3a1exiCHOCHell NUMOMO20 3HOCY Nepepusyacmux Kpyeie 3 Haomeepoux
Mmamepianie 8i0 KilbKOCmi npopizié Ha poOouilli NOGePXHi IHCMPYMeHmY i 6i0 8eIudUHU GIOHOUEHHS
NPOMANCHOCMI  3anadunu 00 008dxcuny  pidcyuo2o eucmyny kpyea. Taxodc pospaxynkogo-
EeKCNepUMeHmMAlbHuM — WIISIXOM — 6UABNIEHO  Xapakmepu — GNAuGy  po3mipié i KilbKocmi
KOHCMPYKMUGHUX eNeMEHMI8, 3 AKUX YMEOPEHO PoOOUY NOBEPXHIO AIMAZHUX NEPepuuacmux
Kpyeie, a maxooic JHCOPCMKOCMI pi3aHHS HA NAPAMEMPUYHY CMIUKICMb RPYICHOI cucmemu
NIOCKOWLNIQYB8ATbHO20 6epcmama.

KawouoBi cioBa: 6ioHocHuil 3HOC; poboua noeepxHs Kpyea, nepepuguacme wiiQy8aHHs,
pizanvuuil gucmyn.

Beryn. 3 MOMEHTY OCBOEHHS a0pa3HMBHOIO IIPOMUCIIOBICTIO BUPOOHHUIITBA
nutiyBagbHUX KpYriB 3 HAATBEPAUX MarepialliB mepes iX CIIoKUBaYeM
MOCTaJIO MUTAHHS: SIK iX palioHaJIbHO BUKOpUCTOBYBaTu? OJHUM 3 KPHUTEpIiB,
IO 3aCTOCOBYIOTBCS IJIsI OIIHKH pAIliOHAJTBHOTO BHWKOPHCTaHHA KPYTiB 3
HAATBEPAUX MaTepialiB, € X BiZHOCHHWN (TIMTOMHI) 3HOC, TOOTO 00'eMHE ab0
MacoBa KUTBKICTh 3HOIIEHOTO ainMasy (abo enp0opy), BiTHECEHA BiAIOBIAHO 10
opuHuLi 00'eMy a60 10 Macu 3inutigosaHoro meramy ¢ (cm¥cm®, mm¥/mme,
Mr/r). BaXIHWBICTHP IOTO KpPUTEPIF0 TIOSACHIOETHCS THM, IO BapTicTh
anMazHoro (abo ensO0opoBOrO) Kpyra y OaraTto pasiB IepeBepIIye BapTiCTh
aOpa3sUBHOTO IHCTPYMEHTY. AJIMa3HI KPYyTM Ha OpraHIYHHX 3B'A3Kax 3a
paxyHOK IHTEHCMBHOTO CaM03aTOYyBaHHS 3a0e3leuyloTh CTaOUIbHI SKICTH 1
NPOIYKTHUBHICTh 00pOOKH, ane iX 3acTocyBaHHS Ha BUPOOHHLTBI CTPUMYETHCS
Yyepe3 BUCOKHMH PIBEHB MO0 BUTpAT anMasiB. Pobora nutidyBanbHUX KpPYTIB 3
HaJATBEpPIUX MaTepiajiB Ha MeTaleBii 3B'A3LI CYNPOBOJDKYETbCS 3HAYHO
MEHIIUM ITUTOMHM 3HOCOM, aJle BOHU IIBUJIKO 3aCaJIIOIOTHCS, a 11 IPU3BOAUTD
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JO 3pOCTaHHS TeIUIOHANPYXKEHHOCTI UUTiQyBaHHS 1, SIK HAcHiJIOK, [0
MOTIPIIEHHS] SIKOCTI MOBEPXHEBOrO LIapy OOpoOIOBaHMX JAeTajeld. 3HU3UTH
TEIUIOHATIPY>KEHHICTD MPOIeCy NuTihyBaHHS MOXHA 3aCTOCYBAaHHIM aTMa3HHX
IHCTPYMEHTIB 3 IIEPEPUBYACTOI0 POOOUOIO MOBEPXHEIO, L0 OCOOIMBO BaXKINBO
npu poOoTi Kpyramu Ha Mmetanesiil 3B's3ui [1]. [lpu nuridyBanHi Kpyrom 3
Oe3nepepBHOI0 POOOUOI0 OBEPXHEIO, CTPYIKKA 3AIIOBHIOE ii MOpH, HAJMIIA€E Ha
pikydi 3epHa. B pe3ympTarti MBOr0 KPYT 3aCalIO€ThCS, 3pOCTAE iHTCHCHBHICTD
TEIUTOBUALICHHS, 110 IPU3BOIUTE 10 3POCTAHHS TeMIIepaTypH LutipyBaHHs [2].
[Ipu amma3zHOMY IiepepHBUACTOMY NDTi(pyBaHHI 3a0e3MeUyrOThCS TEpEpBU B
iBOI TEIUIa, IO J03BOJISE ICTOTHO 3HU3UTH TeMIlepaTypy nuridysanss. [lpu
anMazHoOMy nuTiQyBaHHI  YPHBYACTICTH TIPOIECY CTBOPIOE  JIOJATKOBI
MOXJIMBOCTI BHAAJEHHS CTPY)XKM 1 3MEHILCHHS 3acaitoBaHHs kpyra [3]. Y
poGorax [4, 5, 6 Ta iH.] 3HIKEHHS TEMIlepaTypd TIpHU aIMa3HOMY
nepeprUBYACTOMY NUTI(YBAaHHI MOSICHIOETHCS THM, 110 YaC KOHTAKTy Pi3aJbHHUX
BUCTYIIIB Kpyra 3 MOBEPXHEIO, 0 00pPOOISIETHCS, MEHIIE Yacy KOHTAKTY YUM
NpY CyLiIbHOMY HUTiIQyBaHHI. [HIIOW NPUYMHOIO 3HW)KEHHS TEMIIEpaTypH Mpu
nepeprBYacTOMy HUTI(DYBaHHI € 3HW)KEHHS! IHTEHCHBHOCTI TEIUIOYTBOPEHHS B
30HI pi3aHHSA Yepe3 MiABHINEHHA pi3aJbHOI 3IAaTHOCTI Kpyra, TaKk SK BiH
CaMO3aroCTPIOETHCS, a CTPY)KKA PO3MILIYEThCS HE B MOpaxX MiX 3epHaMH, a B
3amaguHaX. [Ipu nutidpyBaHHI KpyraMu, pododa IOBEpXHS SKHX CKIAIAEThCS
MepioANYHO 3 BHCTYIIB 1 3amagiH, B TPYXHIH CHCTEMi BepcTara depes
MIePEepPUBYACTICTh TPOIECY pi3aHHSI BUHHUKAIOTH BHCOKOYACTOTHI KOJWBAaHHSI
MaJoi aMIUTITYAH, SIKi MOJIETIIYIOTh MPOIEC CTPY’KKOYTBOPEHHS 1 CHPUSIOTH
(opMyBaHHIO Ha Kpy3i pPO3BMHEHOr0 pi3albHOrO Mikpopenbedy. OmHak mpu
NEBHUX CIIBBIIHOIICHHSIX JIOBXHH pI3aJbHUX BHCTYIIB 1 3amajuH 1 Impu
NEeBHUX IX KUIBKOCTSAX MOXE BHUHHUKHYTH IapaMeTpUYHHH pEe30HaHC,
HepelyMOBOIO SIKOTO € IepioInuHa 3MiHa B 4aci )KOPCTKOCTI IPYKHOT CUCTEMH
BepcTara. [lapameTpuyHuil pe30HaHC HETaTUBHO MO3HAYAETHCS HE TUIBKM Ha
MMATOMOMY 3HOCI aJMa3HOTO Kpyra, a W Ha SKOCTI  TIOBEpXHi, IO
00pobmoeTses. Y pobotax [1, 2, 3, 4] Hemae eauHOI TYMKH IIOJO BIUTUBY
apaMeTPUIHOTO PE30HAHCY, 10 BHHUKAE IPH NEepepHUBYACTOMY MUIi(pyBaHHI
Ha BIZHOCHI BWTpaTH anMmasHuX KpyriB. lLle mepenbagae HeoOXigHICTH
MOAAJIBIIOTO NOIIYKY HOBHX JOCTIPKEHb B IIbOMY HAIPSIMKY.

Hini Ta 3aBmanHs. Meroo poOOTH € TONIYK pPE3epBiB 3HIDKECHHA
BIZITHOCHMX BHUTpaT Kpyra IIpH I[€pepHBYACTOMY ajMa3HOMY LUTiyBaHHI 3a
paxyHOK 3MiHM KOHCTPYKTHBHUX e€JIEMEHTIB po00o40i NOBepXxHi Kpyra i
PEXUMIB pi3aHHS.

PesyabTaTn pocaizxkens. Y mpoueci nurigyBaHHs JiHIHHE 3HONIYBaHHS
Kpyra 3 HaJTBEpIUX MaTepiaiiB B 4aci 3a3BH4ail BiIOyBa€ThCsl HEPIBHOMIPHO.
VY mmpokoMy Aiana3oHi 3MiHM pPeXUMIB IUTi(YBaHHS, IIBUIKICTh 3HOIIYBaHHS
3epeH MOCTIHHO BHIIEPEPKAE IIBUIKICTh 3HOITYBaHHS 3B'SI3KH, TOMY KPYT, SIK
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NpaBWJIO, NPAILOE B PEXHUMI 3aTYIUICHHS a00 «3acallloBaHHs», 110 BUMAarae
MEPIOIUYHOTO BiTHOBJICHHS HOTO pi3aJibHUX BIACTUBOCTEH. B poOoti [7] mis
MOXJIMBOCTI CTBOPEHHS YMOB 0OpOOKH, 110 3a0e3MeuyoTh PiBHOMIpHHUI 3HOC
Kpyra IpH Horo poOoTi B pexHMi caM03aroCTpIOBaHHsI, BBEACHUI ITapameTp 7,
XapaKkTepu3ye CTYIiHb JIHIHHOTO 3HOCY pi3aJIbHUX 3€peH 10 MOMEHTY iX
o0'eMHOTO pyHHYBaHHS a00 BUMATaHHS 3 3B'S3KH Oe3 pyiHyBaHHA. Lleit
rapamMeTp YHCEeNFHO JOPIBHIOE BiJHOIICHHIO BEIWYWHHU 3HOCY MaKCHMaJIbHO-
BUCTYIIAIOUOTO HAJ 3B'SI3KOI0 3€pHA, NMpH sKid BigOyBaeTbes ioro o0'eMHe
pyHHYBaHHS, /10 MAaKCHMaJlbHOI TJIMOMHM TIPOHHWKAaHHS O0OpPOOIIOBAHOTO
MaTepialy B po0Ody MOBEPXHIO Kpyra 1 Moxe OyTH po3paxOBaHHI 3a TaKOIO

tdopmymoro [7]:

2-n'

_ ) 3 "
1 2042,7 -V3ar- (L+1,/1,)-/t - X3 @) .(éj(znq) tg (?nr_li), (1)
7 Vkp-m-./Rkp P 4

e Vs — MIBUIOKICTH 3aTOTOBKH, M/MHH; { — TIMOWHA pi3aHHS, MM; X -
3epPHUCTICTh Kpyra, MM; Vi, — OKpY)KHa IIBHIKICTb Kpyra, M/C; Ry, — paaiyc
Kpyra, MM; M — o0'eMHa KOHLEHTpaLis 3epeH Kpyra; 4 — mapamerp, LIO
XapakTepu3ye  BIACTUBOCTI  MIIHOCTI  OOpOONIOBaHOTO  MaTepiary
(BU3HAUAE€TBCS  PO3PAXYHKOBO-EKCIIEPUMEHTAJIBHUM  LULIXOM); P —
TaHI'CHIIaJIbHA CKJIA/I0Ba 'PAaHUYHOTO HABAHTAXKEHHS, 110 Jli€ HA MaKCUMAaJIbHO
BUCTyIaroue Haja 3B'SI3K0I0 3epHO, H; y — mosoBMHAa KyTa INpH BEpIIMHI

pisanbHOrO 3epHa, WO Mae KoHiuny (opmy; |, / |, — BigHoweHus noBxuHM

3amajHyd [ePepUBYACTOTO Kpyra J0 JOBKUHHU Pi3ajJbHOI'O BHUCTYILY; n -
napamerp, sIKHii BU3HAYA€ThCsI EKCIIEPUMEHTAIIBHO.

Juis 3abe3meueHHss HeoOXimMHOI SKOCTi 1 BHCOKOI MPOTYKTHBHOCTI HEOOXiITHO
BHKOHYBAaTH LILTi(yBaHHS TOCTPUMH PiXy4HMH 3epHamu (To6To mpu 77— 0).

OpHak, YMM MEHIIIE TTapaMeTp #, TUM MEHIIE pecypc poOOTH pi3ajbHUX 3EpPEH,
a oTKe, OlIbIle BiTHOCHA BUTpaTa IUTi(yBaIbHOTO Kpyra. Y 3B'SI3KY 3 THM, 1[0
BapTICTh alIMa3HOrO Kpyra y Oarato pasiB Oijblie BapTOCTI abpa3uBHOIO,
HEOoOXiHO, 1100 CTymiHb JIIHIHHOIO 3HOCY ajMa3HUX 3€peH B MOMEHT IX
00'eMHOTO pYyiiHYBaHHs Oyna Oinblle CTyNeHs JIHIHHOTO 3HOCY aOpa3MBHHX
3epeH. |HIMMM cioBaMH, HEOOXinHO, 100 mapamerp 1 HpU ajJMa3HOMY
nutidpyBanHi OyB OuTeImM, HiXK mpu abpasuBHOMY. 3 BHpa3y (1) BuaHO, IO
rapameTp 7 TIpH NepepuBYacTOMy HUTiYBaHHI MEHIIE, HIX TP CyLiIIbHOMY
(npu  cyuinbHOMy uLTiyBaHHI  TapameTp (1+ 1,/ |1)=1 , a npu
nepepuBYacToMy - 3aBxau Oiunbmie 1). Ile MoXXHa MOSCHUTH THM, WO IIPU
nepepuBYacToMy UUTiQYBaHHI MiJ Ji€l0 JUHAMIYHUX yIapiB BiIOyBaeThbCs
NepioJuYHe OHOBJICHHS 3aTYIUICHHWX pi3ajbHUX 3epeH. BennuumHa BiIHOCHHX
BUTpAT ajiMazy («enbp0opa») Moxke OyTH onrcaHa TakuM BHpas3oM [7]:

163



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

__10°p, BVRD-A 2
C2-p,-(A+1,/1,)-V3ar-t-n

ne Ai — NiHIHHWA 3HOC piKYYOT0 3epHa 32 OMUH 00epT NuTi(hyBaTbHOTO KpyTa,
M; [ — KoediieHT, o TOPIBHIOE BiTHOMICHHIO 00’ €My 3epeH 10 00’ eMy Kpyra,
s — WILIBHICTE anMasa («ens6opay), H/me,

3 Bupasy (2) BuaHO, 1O TIPH 7 — 0 BIIHOCHI BUTpaTH anmasy («enbOopar)

q

MPSIMYIOTh 0 HECKIHYEHHOCTi, TOOTO BiOyBa€eThCS IHTEHCHUBHE 3HOITYBAHHS
Kpyra. 3 aHami3y Bupa3y (2) BHIUIMBaE€, IO SKIIO OJHUM KPYyroMm muridyBatu

MeTall 3 Pi3HUMH TIMOWHAMH pi3aHHS, HANPUKIIAX tl u t2 , TO BiTHOIICHHSA

m / A Oyze MaTH HACTYITHUH BUTJISAL

m/n, = % .5 =
& 4t hkp hm,

e hepi,hipo— niHidEEE 3HOC nUTiQyBamepHOrOo Kpyra mpH LuTipyBaHHI 3
rmubuHoro pizanas t;1 u t, mM; hmi, Nvy— TOBUIMHUM ImapiB Merany, IO
BUJIAJISIETHCS 32 IIeil JKe MPOMIKOK 4acy HUTipyBaHHS. TOBIIMHHU MIApiB Nmvi U
hm2 3 IesIKMM MPUITYIIEHHSM MOXHA NPEICTABUTH Y BHIIISI 1OOYTKY TIIMOMHU
pi3aHHs Ha YucI0 npoxomiB: hvi = tixi; hvz = t2 Xi mpu V3ar: =V3ar,.
Ipu uux xe ymoBax #1/72 = higpi/hipr. Takum duHOM, mapametp 1 0GEpPHEHO
NPOMOPUIHHUN JIiHIHHOMY 3HOCY uUTipyBambHOrO Kpyra. Ilpu 30inmblIeHH]
napametpa (1+l/l1), mo Bxoaute mo Bupasy (1), mapamerp 7 Oyme
3MEHIIYBaTHCS. 3aJiekHICTh (2), IO OIUCYye BIJHOCHY BHTpAaTy ajiMasy
(«enmpOoOpa»), Mae ekcTpeMalibHUI XapakTep, Tak siK BXiJHI B Hel mapaMeTpu
(1+12/11) 1 n wmarore mpoTwiexHHIT Xapakrep 3MmiHu. Ilicnsi HeckIagHUX
repeTBopeHb BupasiB (1) i (2) orpumaemo [7]:

hip, vy 15,

_ (2-n) 3 I
1282815 -Vaar -t - X* - /Rip |27 (A](z-n'—l) — ®)
=1- 1= gy
Vkp-n-l -m P
q:103'pa'ﬁ'VKp'Ai'|1'n (4)

P, - V3ar-t-n- - Dxp
Je N — 9UCIIo BIMAAWH (BHUCTYIIB) Ha IMEPEPUBUACTOMY Kpy3i MPH MOCTIifHOMY
suHadeHHi l1; Dy, — Iiamerp mutiyBasbHOTO KPyTa, MM.
Hocnimxyemo ¢ynkmito ((N) Ha HasBHICTH ekcTpemMymy. IlifcTaBisirouu
piasHHEA (3) B BHpa3 (4), 3HalgeMo NMpUBaTHY MOXiAHY i mpupiBHAEMO 11 10

HYJIS:
(2-n) (2-m)

7=77+77~(2.n,_1) (2'”'_1)=0'
on n?
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ExcTpemanbHe 3HaueHHs mapamerpa #, OpU SKOMY BIIHOCHI BHTpPaTH
MePEPUBYACTUX KPYTiB MATUMYTh €KCTPEMYM, BU3HAYAETHCS 32 (HOPMYJIOIO:
2-n, ®)
'+l

3 Bupasy (3) MOXKHA 3HAWTH YKCIIO 3amajuH N, MPHU SKOMY BiTHOCHA BHTpAaTa
Koa Oyze MiHIMaJIbHOIO:

UE)

(n'+1)

_ 3 o
n_[12828,15-v3ar-ﬁ- e -JRKp)[A](Zn’). tgy® (6)
@

.- (@2n-1)
VKp |1 m P —773)(2-n’—n’)

ExcrniepiMeHTaIbHUM IUISIXOM BCTaHOBJCHO [8], 10 BiJHOCHI BUTpaTH
ajMasy 3ajekaTh BiJl YMcia Npopi3iB Ha poOouiil moBepxHi 1UTi(YBaIBHOTO
Kpyra i BiJ JKOPCTKOCTI IIMHHAENBHOTO By3i1a. 31 3011bIICHHSIM YUCiIa MPpopi3iB
Ha Kpy3i CIOCTEpIraeThbesi EKCTPEMalbHMUH XapakTep 3aleXHOCTI BiTHOCHOI
BEeIMYMHH BHUTPAT anMasly ( U1 BCiX 3HadeHb >kopcTkocti (pume. 1). 3i
30UIBIICHAAM JKOPCTKOCTI INMUHICIBHOTO BY3JIa MIHIMyM ( 3MCHIIYETBCS 1
3MIIY€eTHCS B 00JIACTh OiMbIIMX 3Ha4eHb N. JKOpCTKiCTh MINMUHAETHHOTO By3Ja
1 KITIBKICTP 3alaJiH Ha MUTi(YyBaIbHOMY KpY3i 3MIHCHIOIOTh 3HAUYHUI BILTHB Ha
napaMeTpUyHy CTIMKICTh NMPYKHOI CHCTEMH IIOCKOLLIM(OBAIBHOIO BepcTaTa

[7].

s MO
=
13

L\ <] @/ @/

AN/
\ /

0
|

w

Y ) S o) - O
N
i

o 10 20 30 “0 50 60 JO 80

n

Pucynok 1 — 3anekHOCTi BeIMYUHH BiTHOCHOI BUTPATH ( aIMa3HOTO
MePEePUBYACTOTO KPYTa Bill KiIbKOCTI pi3ajibHUX BUCTYIIIB N, MOOyI0BaHi
a5t N=0,3 i nnist pisHux 3Ha4ens sxoperkocTi Co: 1 — Co=0,5-10° n/m;
2 - Co=2,0-108 m/m; 3 — Co=3,5-105 u/m [8].

3 Bupasy (1) moxna 3Haiitn mapamerp (1+lo/l1), mpu sikomy BimHOCHI
BUTPATH LHUTI(YBATEHOTO Kpyra Oy1yTh MiHIMaIbHUMU:

, 3 : )
(2-n'-1) .m- -n’
(l+|2] =(1-n,)em [ Vkp-m-/Rkp ]_(P)(z >.%
3

I, 2042,7 -Vsar -/t - X | \ 4
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npu N’ =0,76; 175,=0,705 Bupa3 (7) mpuiiMe HaCTyTHUH BUTJIAA

( |2J 2,94-10* -Vkp-m-/Rkp [Pj“z. (8)
1+=| = - =
5 Vaar-+/t - X2 -tgy™*? A4

Bruue mapamerpa (1+12/11) Ha BimHOCHI BuTpaT nutipyBasbHHX KPYTiB
BUBYABCS eKcliepuMeHTanbHO [7]. BimHocHi muTtomi Butparu kpyra 1Al
200x75x5x2 KP 160/125 B1 - 100% Bu3Hauanucs Ha 3pas3kax 3i crayni POMS
METOJIOM Bpi3aHHS Ha pexumi: V=35 M/c; Vaur=6 M/xB; t=0,025 mM; i3
3aCTOCYBAaHHSIM MAaCTHJIEHO-OXOJOJDKYBAIBHOT piguHu. Ilicns BH3HaueHHS
BIIHOCHUX [IMTOMHX BUTpar cyuitbHoro xpyra (l,/l, =0) Ha HbOMY

I

npopizanmucs 10 samagua goxkuHOIO =10 MM 1 TepeBipsutHcs BigHOCHI
Butparu nepepuBuactoro kpyra (1:=52,8 mm, [,=10 Mm), motiM 1OBXHHH
3amagvH BiANOBigHO 30imbrryBanucs o 15, 20, 25 u 30 mm. [lana meTonmka
JO3BOJIWJIA TIPOBECTH JAOCITI/DKCHHS BIZHOCHHX BHUTpaT «enb0bopa» Ha
CYIIJIBHOMY 1 I'SITH TIEPEPUBUYACTHX KPyTax 3 Pi3HUM criBBigHOIICHHM lofly:
10/52,8=0,189; 15/47,8=0,314; 20/42,8=0,467,; 25/37,8=0,661,;
30/32,8=0,915. 3 pe3yspTaTiB eKCrmepUMeHTIB (puc. 2) BHIHO, W0 B Mipy
36inpmiennss mapamerpa (1+ly/li) BimHOCHI BUTpaTH Kpyra crHouatky
3MEHIIYIOThCS, a TIOTIM OYNHAIOTh 3pOCTATH.
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0.189 0,314 0,467 0,661 0,915

ez/tf

Pucynok 2 — 3aJie:KHICTh BEJIMYUHY BiJIHOCHOT BUTPATH ajMasy (
BiJl BEIMYMHHN BiIHOCHHHU MPOTSHKHOCTI 3anaanni |2
0 IOBKMHH pizaibHOro BucTymy l1 [7].

B pabotax [7] i [8] BHABICHO eKCTpEeMalbHHUI XapakTep 3aJe:KHOCTEH
gq=f(Vkp) mpu tnrihyBaHHI TBEpAOTO CILIaBY AIMa3HHMH KPYTaMH Ha Pi3HHX
3's3kax: b1, M1, TM, M5, MK, M1 (puc. 3). Bcranoseno [8], o mBHAKICTh
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pizanHst V,p 1 BeNMYMHA BiTHOUICHHS MPOTSDKHOCTI 3amamuHu lo 10 MOBXKHHE
pizanpHOTO BHCTYMy |1 Mae CyTTeBHWif BIUIMB Ha MapaMEeTPUYHY CTIHKIiCTh
npyxHOi cuctemu Bepcrara. [Ipu nuridyBanHi 31 WBUAKICTIO pizaHHS V=35
M/c Oe3pe3oHaHCHA po0OTa MPYKHOI CHCTEMHU BepcTaTta HaWOiIbIN iIMOBIpHA B
inrepBanax 3minu BexmauHu o/l 0<N<0,15; 0,75<N<0,90, a npu OKpyKHiii
LIBUAKOCTI Kpyra V=25 M/C BHHHKHEHHS [apaMeTPUYHOTO PE30HAHCY
Haiimenm iiMoBipHO B iHTepBai 0,80<N<0,90. OxHak, He3BaXXar0OUu Ha HU3BKY
WMOBIpHICTE BHHWKHEHHS PE30HAHCY B 3a3HAUYCHUX IHTEpBayiaX, MUTi(pyBaHHS
nepepuBUacTUMH Kpyramu 3 criBBigHotmeHHsMu 1o/1:=0,10 u 15/1:=0,85
CYTIPOBOJIKYETHCS BUCOKOIO BiTHOCHOIO BHTPATOO aJIMa3iB.

0,2

- 4

70 75 20 25 30 35 40 45

o

q- M 1,44
5 - r Ple)
| Eim
} :::\ z&—/ —
a4 s e // L ®
1T+ —T1°
1

50_/‘1
VKP>C

Pucynok 3 — 3anexHicTh BETMYMHN BiTHOCHOT BUTPATH ajMazy  BiJ IIBHIKOCTI
pizanns Vi npu mumidyBanHi TBepaoro ciuiaBy T15K6 kpyramu:
1 —xpyr ACO 100/80 — 100 % — B1 [7]; 2 — xpyr ACB 100/80 — 100 % — M1 [7];
3 — kpyr ACB 125/100 — 100 % —TM [7];4 — xpyr ACB 125/100 — 100 % — M5 [7];
5 — kpyr ACB 125/100 — 100 % — MK [7]; 6 — kpyr ACB 125/100 — 100 % — M1 [7]

[pu noridyBaHHI 31 MIBUAKOCTSIMH pi3aHHS, IO 3MIHIOIOTECS B iHTEpBai
25<Vp<35 w/c, HaWOIIBII TPUHHATHOIO, 3 TOYKH 30pY IapaMETPUIHOTO
PE30HAHCY Ta BiIHOCHHMX BUTPAT ajMasiB, € criBBigHommenHs lo/1:=0,6. 3 puc. 5
BUIHO, 110 31 30UIBIIEHHSAM MIBHAKOCTI pi3aHHS Bif Vip=25 M/c 1o V=35 m/c
CIIOCTEPITa€ThCA  PO3MIUPEHHS o0JacTel CTiKkoi poOOTH 1 3MEHIICHHS
KITBKOCTI ~ 30H  TIApaMeTPUYHOI  HECTIMKOCTI  TpPYXHOI  CHCTEMH
TUIOCKOIUTM(OBAILHOTO BEpCTaTa, MpoTe MPH IIbOMY CIIocTepiraeTbest (puc. 3)
He3HauHe 30UTBIICHHS BIJIHOCHUX BUTpAT ajMa3iB Ha KpPyrax 3 METaJICBOIO
3B's13k010 (KpuBi 2, 3, 4, 5, 6) i 3HAYHO NOMITHIIIE 3POCTAHHSI Ha Kpyrax 3
opraHiyHoro 3B'si3koi0 (kpuBa 1). 3pocTaHHS BIIHOCHHMX BHTpAaT aJMa3HHUX
KpYriB Ha OpraHiuHii 3B'S31i NpW 301JIBLICHHI MIBHIKOCTI Kpyra MOJKHa
NOSICHATH IABUIIEHHSM TEIUIOHANPYKEHOCTI Mpouecy uHutigyBaHHS 1, 5K
HACJIiI0K, BUFOPAHHSAM ITy/IbBepOaKesTiTa 3i 38'A3KH. I0ro BUrOPSHHS MOYHHAE
BinOyBatncs mpu Temmeparypax 250...300 °C [7]. Tomy, Hai#OimBII
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NPUAHITHOK MIBUAKICTIO Pi3aHHSA 3 MO3HUIIH BiTHOCHOI BUTpATH aiMasiB i
NapaMeTpUYHOTr0 pe30HaHCy € IIBUIKICTE V=30 wm/c. Po3paxyHkoBo-
eKCIIEPUMEHTAIbHUM I[IUIIXOM BCTaHOBJEHO [7], 1o mnpu unuridyBaHHI
NepeprBYACTUMU KpyraMu 3 4YHCIIoM pizaibHux BucTymiB 20 < n < 30 B
NPYXKHIA CHCTeMI IUIOCKOULTI(YBAIILHOTO BEpCTaTa BUHUKAIOTh KOJMBAaHHSA (3
niamrazoHoM gactoT 800 ... 1200 r i ammutityn 15 ... 25 MKM), SIKi IPUHITAIIOBO
3MIHIOIOTb YMOBH TEPTA 1 3HOCY Ppi3albHUX 3€peH, MOJIETIIyIOTh MpOILEC
CTPYXKOYTBOpeHHsI (puc. 4) i 3amo0iraloTe HaNWTAHHA METaly Ha pi3aibHi
3epHa.

Pucynok 4 — ®0oTO3HIMKH MIKPOCTPYKOK, 1[0 YTBOPIOIOTHCS MPH MIiKpOpi3aHHi
MepepUBYACTUMHU KPYT'aMH 3 Pi3HUM YHCIIOM Pi3JIbHUX BHCTYIIIB

BusiBnenuii gianazon 20 < n < 30 w1 eeKTHBHOTO IEPEPHBYACTOTO
nutihpyBaHHA J00pe Y3TOIKYETBCS 3 EKCIepUMEHTAaMH 110 BHU3HAYCHHIO
BEJMYMHH BiJHOCHOI BHUTPATH aiMa3iB, AKi IMOKa3ald, M0 I iHTepBaIy
xopcrkocteit 2,0-108< Cp< 3,5-10°% u/m BimHOCHA BUTpaTa anMasiB mpuiimae
MiHimManbHi 3HadeHHs mpu 20 < n < 40.

BucHoskn.

1. Po3paxyHKOBUMH 1 EKCIIEPUMEHTAJbHUMHM LUIIXaMH  BHSBJICHO
eKCTpeMAJIbHUH XapakTep 3aJieKHOCTEH IMUTOMOTO 3HOCY IepepUBYACTHX
KPYTiB 3 HaJITBEPAMX MaTepialiB Bij KUIBKOCTI IMPOpi3iB Ha poOOUiil MOBEpxXHi
IHCTpyMEHTY 1 BiJi BEJIMYMHHM BIJHOLICHHS TMPOTSKHOCTI 3alajvHu J0
JIOBXKUHH Pi3aJIbHOIO BUCTYITY KpyTa.

2. Po3paxyHKOBO-EKCIIEPUMEHTAJIbHUM IIISIXOM BHSBICHO XapakTep
BIUIMBY PO3MIpiB i KUIBKOCTI KOHCTPYKTHBHHX EIIEMEHTIB, 3 SKHX YTBOPCHO
po0OUYy MOBEpXHIO aTMa3HUX MEPEepHUBYACTUX KPYTiB, a TaKOXK >KOPCTKOCTI
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pizaHHs Ha napaMeTpUyYHy CTIHKICTD MPYKHOT CUCTEMH
TUTOCKONLTI()yBaIbHOTO BepCcTaTa.
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WARNING WARNING OF PERFORMANCE GRINDING
WHEELS OF EXTRACTIVE MATERIALS

Abstract. When grinding circles, the working surface of which consists of periodically protrusions
and depressions, in the elastic system of the machine due to the interruption of the cutting process
there are high-frequency oscillations of small amplitude, which facilitate the process of chip
formation and contribute to the formation of a developed cutting microrelief. However, at certain
ratios of lengths of the cutting projections and depressions and at certain their quantities,
parametric resonance may occur, which is a prerequisite for a periodic change in the stiffness time
of the elastic system of the machine. Parametric resonance has a negative effect not only on the
specific wear of the diamond kkol, but also on the quality of the machined surface. This implies the
need for further exploration of the effect of parametric resonance arising from intermittent
grinding on the relative flow of diamond circles.  In the article, using the calculated and
experimental ways, identified The extreme nature of the dependences of the specific wear of
discontinuous circles of superhard materials on the number of slots on the working surface of the
tool and on the ratio of the extent of the cavity to the length of the cutting ridge of the circle. Also,
using the computational and experimental ways the characters of the influence of the dimensions
and number of structural elements from which the working surface of diamond discontinuous
circles was formed, as well as the rigidity of cutting on the parametric stability of the elastic
system of a surface grinding machine, were revealed. The nature of the influence of the size and
number of structural elements from which the working surface of diamond discontinuous wheels is
formed, as well as the cutting rigidity on the parametric stability of the elastic system of the surface
grinding machine is revealed by calculation and experiment.

Keywords: relative wear; working surface of the wheels; intermittent grinding; cutting protrusion.

169



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

YK 621.923 doi: 10.20998/2078-7405.2020.92.18

L. [Tmxos, B. ®enoposuy, 1. Bonomkina, Xapkis, Ykpaina

JI0 OCOBJIMBOCTE BCTAHOBJIEHHSA KOE®IIIEHTA
MJII®YBAHHSA ITPU OBPOBLI ITHTM

AHoTauist. Posensnymo numanms, nos'sizame 3 0coOIUSICMIO GUIHAYEHHS MAKOi @izuunoi
Xapaxkmepucmukyu npoyecy wiiig)y8ants NOAKPUCTNATIUHUX HAOMBEPOUX MAMepianié armMasHumMu
Kpyeamu Ha MemaniyHux ma Op2aHiuHux 36'sa3Kax sax Koepiyicnm winigpysanns. Bin ysaense coboio
GIOHOWIEHHSI MAHSCHYIANbHOI Ma  HOPMANLHOI  CKIA00BUX CUNU  DI3AHHS NpU  WLIQYEaHHI.
3anpononosano eusHawamu 1020 3 GUKOPUCMIAHHAM epeKmuHOl CKIa0060i MAHeeHYiANbHOT
cknadosoi cumt pisanna. Ii  ecmanoenenns 6azyemvca HA  OCHOSI  GUKOPUCHIAHHA AGUWA
NPUCIOCYBAHHS NpoYyecy wigyeanns 63a2aii i it OKpemoi cKIad080i-nepioduyHOCmi 3MiHU 6 Yaci
Qi3unHUX Ma MexHONIOSIYHUX NOKA3HUKIG 00pobKu 30Kpema. Poskpuma ¢hizuuna cymuicmo
GUHUKHEHHS] NEPIOOUYHOCII CMOCOBHO YMO8 KepOBAHO20 Npoyecy WmihySanHs 3a NpPYICHOIO
cxemoro i cmocosno ymoe npoyecy uinipyeanns I[THTM anmasnumu Kpyeamu Ha OpeaHivHux
38 A3KAX 8 PedCUMI CAMO3aMOYYBAHHS. Y Nooanbuomy pesyibmamu 0ocuiodceHs 0yoymo
cnpusimu YOOCKOHAIEHHIO NPOYECi8 WLiQ)Y8aAHHS NONIKPUCMATIYHUX HAOMBEPOUX MAMePIais.
KaiouoBi cioBa: nonikpucmaniyuni HaOmeepoi mamepianu, AIMA3HULL Kpye; Didcyuull penveg
Kpyea; poboya nogepxms Kpyea, 36S3Ku Kpyea, camMo3amouy8amus Kpyed; CUIU PI3aHHA,
eqhexmusHa cKnad08a CUiU Pi3ants; NEPiOOUYHICHb NPOYeCy ULy BAHHS.

1. locTanoBka mpoOgeMu. YHiKaJbHI (i3MKO-MEXaHIuHI BJIACTHUBOCTI
HOMIKpUCTAMYHUX HaaTBepaux MatepianiB (IIHTM) nmo sikux B mepury uepry
BITHOCATBCS ~ CHHTETHYHI moiikpuctamiyai  anmasu  (CITA) 1 miibHi
Moaudikamnii HiTpuAy Oopy MO3BONMIN iM Bifgpazy X 3HAUTH MOXKIHUBICTH
LIMPOKOT0 BUKOPUCTaHHS B 0araThboX Taly3sX HApOJHOIO TIOCHOAAPCTBA.
OpmHuM i3 (akTopiB, MO CTPUMYIOTH iX IIUPOKE 3aCTOCYBAaHHS € TPYIHOIII
(hopMoOyTBOpEeHHSI pOOOUYNX TOBEPXOHB BHUPOOIB 3 HUX OCKUIBKH TEXHOJOTis
OTpaHIOBaHHS MPHUPOTHHUX anMa3iB [1] B MpoMHCIOBHX 0OCSTaX BHUIYCKY HE
Moke OyTH Bm3HaHa edekTuBHOIO [2]. OmHMM 3 HAWOULIBII TOIIMPEHHUX
METOJIiB ()OPMOYTBOPEHHS BUPOOIB (B TOMY YHMCII 1 pi3ajIbHUX IHCTPYMEHTIB) 3
TaKMX MarepialiB € aiMa3He LUTipyBaHHA KpyramMd Ha MeTaleBUX 1
opraniyHux 3B's3kax. OcoONMBICTIO Takoro mpolecy € Te, L0 B CHILY
MIPaKTHYHO O/IHAKOBOI TBEPIOCTI aJIMa3HUX 3€peH 1 00pOOIIOBaHOTO MaTepiary
(OM) 3HiMaHHS TPHITYCKY 3 OCTAHHBOT'O MOJXKJIMBE B OCHOBHOMY 32 PaxyHOK
MIKpOpYyHHYBaHHSI (MIKPOCKOJIIOBAaHHSI) ajiMa3y B MICIIX HOTo KOHTakTy 3
TOCTPUMH MIKpO- i CyOMIKpOKPOMKaMH aJMa3HHX 3epeH [2] OCKiNbKH came B
[UX MICISIX PO3BHUBAIOTHCS BUCOKI KOHTaKTHI HATIPYTH, JOCTATHI TSI KPUXKOTO
BHIAJICHHA MiKpocKomiuHux o0csarie OM. BcraHoBieHO, mo amMasHi KpyTH
MOJKYTb IPAIIOBAaTH B PEKIMIi CaM0O3aTOYyBaHHS MEXaHI3M SKOTO Ipu 00poo1Ii
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ITHTM wmae psin npuHIUIIOBUX ocobmuBocTei. Tak, HanmpuKiIaa, B KEPOBAHOMY
npoueci nutipyBanus [THTM 3a mpyxHoto cxemoro [3], xonum B mpoueci
00poOKM  3/1IHCHIOETBCS ~ Oe3nepepBHE  J103yloue  eneKTpoi3uKOXiMidHe
BUIAJICHHS METAJICBOI 3B'SI3KM KpyTa, 1€l MeXaHi3M MOJIsra€ B 0e3rnepepBHOMY
MIKpO- 1 MakpopyWHYBaHHI ajMa3HHX 3€pPEeH 3 YTBOPEHHSM Ha HUX TOCTPUX
MIKpO- 1 CYOMIKpOKPOMOK. Y pa3i XK BHKOPHCTaHHS ajlMa3HUX KpYTiB Ha
OpPTraHiyHMX 1 KepaMiuHMX 3B'A3KaX BCTAHOBJIEHO, [0 THpolec iX
CaMo03aTOYyBaHHSI € BHCOKO cwioBuM [4], [5] 1 peamizyeTbcs 3aBIAKA
BrpoBapkerato [THTM B pobouy mnoBepxuio kpyra (PIIK). Ocrtanas
o0CTaBMHA NPHU3BOJAUTH A0 PI3KOTO 3POCTaHHS 3HAYCHb CKIAJOBHX CHIIH
pizaHEs. OCKUTBKH MeXi MIITHOCTI allMa3HUX 3epeH Ha BUTHH i PO3TATHEHHS
BIZITHOCHO HEBHCOKi, BiJOyBa€TbCsl IX IHTEHCHBHE CaMO03aroCTPIOBaHHS 3
YTBOPEHHSIM Ha HUX TOCTPHUX MIKpO-1 CyOMIKpOKpOMOK. A Iie, B CBOIO 4epry,
3a0e3nedye MPOAYKTHBHE 3HATTA mpumycky 3 OM. VY 3B'si3ky 3 BHKIaJICHUM
BUILE CTAHOBHUTb IEBHMH HAayKOBHH IHTEpeC IOUIYK NUIAXIB MiJABUILCHHS
epexruBHocTi mponeciB uutidpyBanus [THTM. A 1e BuMarae HasBHOCTI
BIAMOBITHUX €()EKTUBHHUX KPUTEPIiB IS iX OLIHFOBAHHS.

2. AHami3 octaHHiX gociimkens i myOmaikamiii. Ha mincraBi ckazanoro
BUILE MOXXHAa CTBEPIXKYBAaTH, IO YIPABISATH IPOLECOM 3HSITTS IPHUITYCKY 3
I[MTHTM moxHa 3BOASYM 10 MiHIMyMY iHTEHCHBHICTh YTBOPEHHS MaiilaHYMKiB
3HOCY Ha aJMa3HHX 3€pHaX 3a paxyHOK 3a0e3ledeHHS palioHaTbHIX
MEXaHI3MIB camo3aTrouyBaHHs anmMmasHux 3epeH Ha PIIK. Buxomsuaum 3 mporo
BOXJIMBO MaTH KpUTepil OLIHKM KOPHCHOI YacTKM pOOOTH pi3aHHS, sKa
BUTpavaeThesl Oe3rnocepeiHbo Ha 3HiMaHHs npuiycky 3 [IHTM. Lle no3sonuts
KOPEKTHO MOpPIBHIOBATH MDK CO0OI0 pi3HI mpouecH HUTiQyBaHHS 3 METOIO
BUOOpY HalOLIbII ONTHUMaNBHOTO 3 HUX. Lle crocyeThes 1 MOPIBHAHHS Pi3HUX
YMOB LUTi(YBaHHS Y MEXax OJJHOTO Mpolecy 00poOKu.

Binomi cnocobu ominioBaHHs edektuBHocTi nutigpysanus ITHTM, sxi
0a3yloThCS Ha BHUKOPHCTAaHHI TEXHOJOTIYHHX Ta (I3SUUHUX KpHUTEPiiB
OLIHIOBaHHI. B mepmoMy BHNaKy L€ HampHKIad NPOAYyKTHBHICTH
mutigyBasHA.  Jlo ¢Qi3MYHMX KpuTepiiB MOKHA BigHecTH Koe]imieHT
nutiyBaHHS.

VYraockoHaneHHs Tporiecy NUTipyBaHHS 0a3yeThcs, SK MpPaBWIO, Ha
BUKOPHCTaHHI HOTO (i3WYHMX 1 TEXHOJIOTIYHUX 3aKOHOMIpHOCTEH 1
ocobimBocTed. BijoMo, o oHUM 3 HaHOLIBII MOIIMPEHNX KPUTEPIiB OLIHKH
B3aemoii PIIK 3 OM e BigHowenHs tanreHniansaoi (Pz) i HopmaneHOT (Ph)
CKJIQIOBUX CHJIM pi3aHHs Npu LUTipyBaHHI, TOOTO KoediumieHT HuTipyBaHHS
(Kw) [2], [6]. ITpu nutidpyBaHHi 3BMYaiHUX MaTepiajiiB B3aeMois kpyra 3 OM
BU3HAYAETHCS B OCHOBHOMY XapakTepOM KOHTaKTYBaHHS OCTaHHBOTO 3
QIMa3HUMHU 3epHaMH, 10 3HaxoaaThes Ha PIIK. BBaxkaeTscs, 1110 TepTs 3B'13KN
3aiiMae HEBEJNIMKY YacTKy B 3araibHiil poOoTi mumidyBaHHS i Mae crmaOkuit
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BIUIMB Ha 3MiHYy TaHIeHLIAIbHOI CKIagoBoi cuiu Pz. ¥V 3B'I3Ky 3 BHKIaJICHUM
CNIiA 3a3HAYWTH, MIO 33 BEIMYMHOIO Pz MOXHA BCTaHOBHTH MOPIBHSUIbHY
00poOIIOBaHICT, MaTepiaiB, a came — OUTbIIMM 3HaueHHsSM Ky Bimmosimae
Kpaiia 00po0IIFOBaHICTh [6].

[IpencraBnena poOoTa MPHCBSYCHA pPO3POOIN CMOCOO0y BU3HAYCHHS
koedimienta nutihpyBaHHS Ha 0a3i BHUKOPUCTaHHSA C(PEKTHBHOI CKJIAIOBOT
TaHT'CHIIaJIbHOT CHIIN pi3aHHA. MOXJIMBICTD BUPILIEHHS LLOTO 3aBJaHHS CTaja
PEATBHOIO 3aBASKHU IOIEPEIHIM JOCIIDKCHHIM SKUMHU OyJI0 BCTaHOBIECHO [3],
[4], mo mporec camo3arouyBaHHsS anMa3HUX KpyriB npu nutidysanni [THTM
BiOyBa€THCS MEPIOANIHO, 3aTyXAI0UH 1 BiIHOBIIOIOYUCH 3HOBY, IO CBIIYUTH
mpo mposiB sBuma npuctocyBanHsa [2], [3]. To6Tto moBa Hae mpo mifcHUi
(edexTnBHUI, Ge3 BpaxyBaHHS CHIM TepTs) KoebiuieHt uutidysanns. Horo
NpaKTHYHE BUKOPUCTAHHS y MaiOyTHHOMY JO3BOJIUTH CHPOCTHTH peajli3alito
3aBJlaHHs BJIOCKOHAJIEHHA mporecy o0pooku [THTM anmaszHuMu Kpyramu Ha
PI3HHX 3B'SI3KaX.

3. Mera pocaimkennsi. Po3poOka crnocoOy BCTaHOBJIEHHS MAiHCHOTO
3HaueHHs KoediumieHta unTipyBanHs npu  obOpodbui I[MTHTM na 6Gasi
BUKOPHUCTaHHS e(EeKTHBHOI CKJIQJ0BOi TaHTEHIIaNbHOI CKJIQJ0BOI CHIIN
pi3aHHS.

4. OcHoBHIi MaTepianm pocihigxeHHs. B 3arampHOMYy BHIAIKy
koedimient nuripysanas (KI) ysense cob6010 BiTHOIIEHHS TaHTCHIIaIbHOT Ta
HOPMAaJTFHOI CKJIaJJOBHX CHIIH HITi(pyBaHH:, TOOTO:

K, ==, (1)

ne Pz — tanrenmianpHa cknazoBa cwiM nutidysanus, H; Py — HopmanbHa
cknasioBa cwiu nntidysanns, H.

Takuii migxig Mae HEIONIK, SKHH IIOJSra€ B HHU3LKIA TOYHOCTI
OLIIHIOBAaHHs], TOMY IO BiH HE BPaxoBye TOro (axTy, IO TaHTeHMialbHa
CKJIa[J0Ba CHIIM IITi(yBaHHS € CYyMOIO ABOX CKIIAJIOBHX: €(EKTHBHOI CKIIATOBOL
Ta CHIIU TEPTSL.

CyTb 3alpOIOHOBAHOTO MiAXOMY TIOJATAE B TOMY, IO 5K Bimomo [3], mpu
nuti¢pysanHi [IHTM taHTeHIiabHa CKIIa/I0Ba CHITH HITi(YBaHHS Y CBOIO YEPTy
€ CYyMOIO JIBOX CKJIJI0BHX: €()EKTUBHOI CKJIAA0BOI Ta cuiu TepTs. Cuia TepTs,
AKy BOHa MICTHTh B c00i He TpmiiMae ydacti y 3HATTI mpuirycky 3 OM (B
HamoMmy Bunanky ue I[THTM). Tomy mnpo piBeHb IHTEHCHBHOCTI 3HSTTS
npurrycky 3 OM MoXHa Cy/IMTH TUIBKH 110 3HaYE€HHIO €()EeKTHBHOI CKJIAJ0BOT
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TaHTeHIialbHOi cumu nuTiQyBanns. i 3Ha4YeHHs B 3arajbHOMY BHINAJKy
PO3paxoBYETHCS 3a HOPMYJIOLO:

I:)z e = PZ o Prp ! (2)

ne Pzcp — edexTrBHA CKiIaoBa TaHTeHIIANBHOT CKIIaA0BOI CHilK LTI yBaHHS,
H; Ptp — cuna tepts, H.

B cBoro uepry Ha OCHOBI BUKOPHUCTaHHS €(EKTUBHOI CKIJIaJI0BOT
TaHI'CHIIaJIbHOT CWIM LUTI(YBAaHHS MOYKHAa BH3HAUUTH JIIiCHE 3HAYEHHS
koediuienty uutidysanus (Kuyy) 3a 3anexuicrio [7]:

Pz:
K :_"7", ©)

Buxopucranas Ky, BU3HaueHoro 3a ¢opmynoro (3), ToOTo Ha 0asi
e(eKTUBHOI CKJIaZIOBOI TAHTEHMIANBHOI CHIM HUTi(yBaHHSA, BCTAaHOBJICHOI 3a
3aJISKHICTIO (2), TO3BOJMTE Y MOAATBIIOMY OLTBIT KOPEKTHO OIHUTH PiLKydy
3IaTHICTH anmMasHoro kpyra npu nurigpysanHi [IHTM, a oTke epeKTHBHICTH
mporecy nuripyBaHHS B HidoMy. /s BU3HAUEHHS TaHTCHIIATbHOI CKIaJOBOT
CHII pi3aHHS 3a3BWYail BUKOPHUCTOBYIOTH CIIOCIO 0e3IocepeHOro MPsIMOTO
BUMIpIOBaHHS 1 3a JIONOMOrOI0 JMHaMOMeTpy. B Hamomy Bumaaky
MOCTABJICHO 3aBJaHHS BU3HA4YeHHS €()EeKTHBHOI CKJIAZ0BOi TaHTEHLialbHOT
CHJIM pi3aHHS siKa O€3M0CepeHhO BUTPAYAETHCS HAa MPOLEC BUJIAJICHHS
npurnycky 3 [THTM y npoueci nutidyBaHHsI CTOCOBHO JIBOX CXEM ILIi()yBaHHS.
i cxemu HalOUIbII YACTO BUKOPUCTOBYIOTHCS IIPH (pOPMOYTBOPEHHI pOOOUHMX
enemenTiB BUpoOiB 3 [IHTM. ¥V cBoro yepry ckmanosi cuiu Pz, 10 skux mu
BimHecTH Pz ¢¢. Ta P1p, 3amiponioHOBaHO BH3HAYATH Ha 0a3i BUKOPHCTAHHS TaKOi
ocobmmBocTi npouecy nuripyBanas [THTM sk mepiogndHicTs 3MiHH B dHaci
BUXITHIX TOKAa3HUKIB 00pOOKH [3] B OCHOBI AKOi B CBOIO UEPry JICXKHUTH BigoMe
SIBHIIIE IPUCTOCYBAHHS CUCTEMH HUTiQyBaHHS [2].

Busnauenns egpexmugnoi cxnadoeoi maneenyianbHoi cuau  pizamis
CMOCOBHO YMO8 KEPOBAHO20 npoyecy wiaighyeanus 3a npysicnoio cxemoro [3],
[8]. TlocTaBnene 3aBAaHHS JOCSTAETHCS THUM, IO PErYJIIOBAHHSM IIBHUIKOCTI
€JIEKTPOXIMIYHOTO ~ PO3YMHEHHS METaleBOi 3B'SI3KM  aJIMa3HOro  Kpyra
JOOMBAIOTHCS TEPIOTUYHOCTI 3MIHM B 4aci 3Ha4eHHsS TAaHTEHIaJIbHOI CHIIH
pizanns (puc. 1) i ¢pikcyroTh 1l MakcuMaibHy BeIHYHHY (Pz max), MOTIM mporiec
PO3UMHEHHS1 3B'I3KM II€pPEepHUBaAIOTh, a ULUI(YBAaHHA MPOAOBXKYIOTh MO
TpaHchopMamii Tpomecy pi3aHHI B TpoUeC TepTs 3HOCOCTIHKOI mapu
«ITHTM — anma3zHi 3epHa Kpyra» i (IKCyOTH cTaie MiHIMajdbHEe 3HAYeHHS
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(Pz min), siKe akTHIHO € CHIIO0 TepTs Prp Mixk anmasHumu 3epHamu i [THTM),
MICJISl YOTO PO3PaXOBYIOTh €()EKTUBHY CKJIAJ0BY TaHTEHIIaJIbHOI CHIIM pi3aHHS
10 3aJIeXKHOCTI (2).

TakuM YMHOM 3aBISKHM BHKOPHUCTAHHIO TaKOi 3aKOHOMIPHOCTI HpoLecy
uripyBanas [THTM sk mepioandHICTh 3MiHM 3HAa4€Hb HOTO BUXIZHUX
MOKA3HMKIB y dYaci CTalmo MOMIIMBUM PO3IUIbHE BH3HAYCHHS CKJIAJIOBHX
TaHTeHITIaJIbHOI CKIIa0BOT CHiIH IUTi(hyBaHHS TOOTO 11 €peKTUBHY CKIIaIOBY Ta
CHITy TEpTS.

Pz max

Cuna Pz

rd
.
Lh

S
&

Pz rmn_L

L 4

Yac obpobxu T

Pucynok 1 — 3MiHa 3Ha4eHb BUX1THUX TOKa3HUKIB
KepoBaHoro npouecy nnridysanns [IHTM y yaci [8]

CyTh CKa3aHOTO BHIIE TOSICHIOETHCS PHCYHKOM | Ha SKOMY 300pakeHo
XapakTep 3MiHM TaHTCHHiaNbHOI cwin Pz ympomomk dacy 0OpoOKH T y
BHUIAJIKy, KONM INBHAKICTH BHOANICHHS METaleBOi 3B’SI3KH  Kpyra
eJIEKTPOXIMIYHIM METOJIOM MEHIIE Hi’K IHTEHCHBHICTh 3HOCY aJIMa3HHUX 3E€pPCH
Y MOMEHT iX caM03aTOYyBaHHS.

e moB’A3aHO 3 3AJEKHICTIO IIBUAKOCTI 3HOCY ajMa3HHX 3EpPEeH Bif
BHCOTH IX BUCTYIIaHHS HaJl piBHEM 3B’s13ku [2]. B yMoBax, KoM iHTCHCUBHICTB
BUJIAJICHHSI 3B’SI3KM Kpyra € BEJIMYMHOIO IMOCTIHHOI, 3HAYeHHS BUCOTH
MOCTIHHO 3MIHIOETHCS, IO MPU3BOJIUTH JI0 MEPIOJUYHOTO CaMO3aTOYYBaHHS
3epeH, a OTKE [0 BIAMOBIMHOI 3MIHM 3HAYCHHS TAHICHINAIBHOI CHIIN.
MakcumanbHe 3HayeHHS cwin Pz (Touka 1) Mae Micue y MOMEHT
CaMO03aTOYyBaHHS aJIMa3HUX 3€peH i BKIIOYae B cebOe K epeKTHBHY CKIAIOBY
TaHTCHITIaIbHOI CHJIM, TaK 1 CWIy TepTs. PosmodaBmmcek, Tporiec
CaMO03aTOYyBaHHS IIOCTYTIOBO 3racae, IO CYNPOBOMKYETbCA MaJiHHAM
TaHTeHIaTbHOI crun (minsaka 1-2). Ha pinsami 2-3 Mae Miciie TaHreHIiaabHa
cuna Pz sika ckiamaeTecs B OCHOBHOMY 3 CHJIM TepTA i, B He3HadHil Mipi, 3
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CHIIK pi3aHHs. SIKIO MPOIEC CICKTPOXIMIYHOTO PO3YHHY METAJICBOI 3B’S3KH
Kpyra IepepBaTH, TO B YMOBaX BHCOKONIBHMIKICHOI KOHTAaKTHOI B3aeMOJil
[THTM 3 ajnMa3HMMH 3epHaMH Kpyra, Ha OCTaHHIX JOCTAaTHbO IIBHAKO
(dbopMyIOTBCS MalaH4YMKU 3HOCY 1 Tpouec pi3aHHsA TpaHCHOPMYEThCS Y
npotuec Tepts (MMyHKTUPHA JIiHist) 3HOcocTiiiko1 napu «[THTM — anmasHi 3epHa
kpyra». [Ipu npoMy TaHreHIiaJibHa CHJIa Ma€ MiHIMalbHEe 3HAYEHHS 1 YSBIISE
coboro cuiny Tepts ((Pzmin=Ptp), mimsiaka 4-5). Pi3HUICI0 MiX 3araJibHUM
(MakcUMaNbHUM) 3HAUYEHHSIM TAHTCHIIANBHOI CHIHM Pzmax 1 cHIIOIO TepTs
(Pz min) mpakTu4HO 1 € eeKkTHBHA CKJIAJ0Ba TAHTEHIIAIBHOI CKIAJ0BOI CHUITH
pizaHHsS Pz ¢

OcoOMUBICTIO TIPYXKHOI CXeMH OOpOOKH € Te, 0 HOpMallbHa CKJIaJ0Ba
CHIIM pi3aHHA TOCTifHAa y dYaci. Tomy 30inpmeHHS a00 3MEHIICHHA Pz .
JIO3BOJISIE  OJHO3HAYHO CYAWUTH TPO e(PEeKTUBHICTH CIIOCOOYy 4YH YMOB
nuTihyBaHHS, 110 JOCIIKYHOThCS.

Busnauenns egexmuenoi cknadogoi maueeHyianbHOI  Cunu  pi3aHHs
cmocoeno ymos npoyecy uinigpyeanns IIHTM ammasnumu Kpyeamu Ha
opeaniuHux 36’s3xkax 6 pescumi camoszamouysanns [4], [9]. Higxix, 1o
pO3MIIsiAaBcsl BUILE, HEMOKJIMBO BUKOPHCTOBYBAaTH Y BHIQJKY ULTi(yBaHHS
[MHTM anMa3HAMH KpyraMH Ha OpPTaHIYHHX 3B’sA3KaX, II0 CaMO03aTOIyIOThCS,
OCKITBKM BOHH € [ieNIeKTpUKaM{ BHACHIJOK YOT0 Ha CTaH iX pi3asbHOL
MTOBEPXHI HE MOKJIMBO BIUTUBATH €NEKTPOPI3ZUKOXIMITHUM METOIOM.

3aBISIKM BCTAHOBJICHHIO 1 BHKOPHCTAHHIO OCOOJMBOCTEH BHHHUKHEHHS
MEPiOANIHOCTI 3MIiHM 3HAYCHb BHUXITHUX IIOKa3HUKIB (B TOMYy 4YHCHi i
TaHTeHITIaJIbHOI CKJIaI0BOI CHIIM Pi3aHHA, pHC. 2) y Yaci y BHIIAAKY 0OpOOKH
[MHTM anma3HMMH Kpyramu Ha OpraHidHUX 3B’sS3KaX HAMU BCTaHOBIIEHO, IO
y [KoCTi (pakTOopa NMPUMYCOBOI'O BIUIMBY Ha CTaH pi3albHOI MOBEpXHI Kpyra
MOXHa o0OpaTH Momepe4yHy Iojadyy Ha TIMOMHY 0OpoOku, a ii BeIHYHHY
BU3HAYATH 33 EMITIPUYHOIO 3AJIEKHICTIO:

ne S — HOMepeYHa Mojava, MM/MOAB. Xim, H — MIKpOTBEPAICTh

mon IIHTM

TOIIKPHCTaqHOTO HalTBeproro Mmarepiamy, I'Tla; H —— tBepaicts (HRB)

3BSI3KA  KPyTa; SK —IUIONIa KOHTaKTy MOJIKPUCTAIIYHOTO HAATBEPIOTO

MaTepiaiy 3 pi3aTbHOIO IOBEPXHEIO KpyTa, M2.

Ha pucyHky 2 300pakeHO XapakTep 3MiHM TaHTreHUiaubHOI cuim Pz y
MPOAOBXK Yacy oOpoOku T y Bumaaky muripyBanHs CIIA amMa3sHEMH Kpyramu
Ha OpraHivHiil 38’4311 3 MOCTIHHOIO OMEPETHOIO IT01AUCHO.

Ha mpots3i mepiogy oOpoOku tT1 BimOyBaeThcs TpHpoOKa Kpyra, sKa
CYNPOBO/IKYETBCSI ~ MICHEBHMH  (JIOKQJIBHHMH) HECTAOUIBHUMHM  aKTaMH
caM03aTOYyBaHHsI, 10 MPU3BOAUTH JI0 JOKAIBHHX CIUIECKiB cuiu Pz [4].
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Pucynok 2 — 3miHa 3HaUeHb BUXITHUX MMOKAa3HUKIB IIPOIIECY
nntigpysanas CITA CKM-P kpyrom Ha opraHiunii 38’5131 y vaci [9]

S =13, 04.H73,06 ‘Hfl‘lﬁ 'S71‘03 (4)

o TIHTM 38 k!

Ha mpots3i mepiomy oOpoOkm T> aKTH CaMO03aTOYyBaHHS PpETYISIPHO
TTOBTOPIOIOTECS Uepe3 MeBHUM nepion. MakcuManbHe 3HAYCHHS CHITHA Pz max, ¥
[IbOMY IHTEpBai 4acy Ma€ Miclile B MOMEHT caM03aTOYyBaHHs aJIMa3HHUX 3€pEeH
1 BKITIOYae B cebe K e(eKTHBHY CKJIAI0BY TaHTEHIIANBHOI CHIIM, TaK 1 CHITy
TepTst. PosmovaBmmmch, Mpomec caMo3aTOYyBaHHSA IIOCTYIIOBO 3racae, MIo0
CYIPOBO/IKYETBCS MAaAIHHAM TAHTEHIIANBHOI CHIM. Y e dYac Jois CHin
«YHCTOTO Pi3aHHS» 3MEHIIY€ETHCS, a AOJIS CHIIM TEPTS, HABMAKH, 301IbIIY€ETHCS
y 3araJlbHOMy 3HaueHHi cwiu Pz. SIkmio momepeuHy nojady nepepBaru, TO B
yMOBaxX BHUCOKOIIBUJAKICHOT KOHTakTHOi B3aemomii [THTM 3 anmasHumu
3epHaMH Kpyra Ha OCTaHHIX JOCTAaTHbO IIBUAKO (OPMYIOThCS MaillaHYMKH
3HOCY 1 IIpolec pi3aHHs! TpaHC(HOPMYETHCS Y POLIEC TEPTSI 3HOCOCTIMKOT mapu
«[THTM — anma3Hi 3epHa kpyra». Ilpm nbpOMy TaHTeHHialbHa CHJIAa Ma€
MiHiMaJIbHE 3HAYCHHS | MPaKTHIHO ysBise co6oro cuimy TepTs (Pzmin=Prp).
3rigHo 3 3alekHICTIO (2) PI3HUIEI0 MK 3araJbHUM (MaKCUMaJbHHM)
3HAYCHHSAM TAHTCHIIATbHOI CHJIM 1 CHJIOI0 TEpTS MPAaKTUIHO 1 € eeKTHBHA
CKJIa[J0Ba TAaHTCHIIaJbHOI CHIIH pi3aHHA Pz op. 3HAUEHHS IMOTEpeYHOi mogadi Ha
rmOWUHY UUTihyBaHHS MTOBUHHI OYTH TaKUMH, 1100 3aI0BOJBHSIIACE HaBeIeHA
BHIUE 3AICKHICTb. 3HAYCHHs 0Ja4i S, PO3paxoBaHe IO 3aNCKHOCTI (4),

Jno3Boyisie  3a0e3NmeydTH  YITKMH ~ MposiB  MEpiOJUYHOCTI  IpOoLecy
caMo03aTouyBaHHs Kpyra Oe3 4YOro BH3HAYEHHS MaKCHMAJIBHOTO 3HAYEHHS
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CKJIQIOBOT TAHICHI[IaJIbHOI CHJIM pi3aHHS CTa€ HEMOMJIMBUM. TpHUBAJiCTh
nepiony uutihyBaHHs (T3) 3 BHUKIIOYCHOIO IMOIEPEYHOIO IMOJAYCI0 MOBUHHA
O0ytu He MeHm Hix 30 cekyHn. Ha BiaMmiHy Bix npyxHOI cxemu nurtipyBaHHS
npu poOOTI 3a JKOPCTKOIO CXEMOK OOHIBI CKJIamoBi (TaHTCHI[ialibHA Ta
HOpManpHa) cuiu untidyBanHHs, siki Bxogats y ¢opmymu (1) ta (3) ms
BU3HA4YCHHS KoedilieHTa uuTiQyBaHHS, 3ajexarh Bijg ymMoB 00poOku. llei
(dakT NOTPiOHO BpaxOBYBaTH NPU aHAI3I OTPHUMAHUX EKCICPUMEHTATBHUX
JaHHX.

BucHOBKH i nepcnieKTHBH PO3BUTKY.

1. OgauM 3 Qi3MYHKX KpUTEpiiB Al aHami3y e(EeKTHBHOCTI IpOLECy
unripyBanHs € koedimieHT nUTiQyBaHHS SKUH YsBISE cOOOIO BiIHOIICHHS
TaHTCHINIAIbHOT Ta HOPMAJIBHOI CKJIaJJOBUX CHJIH ILTi(yBaHH:. Be3nocepenHpo
npouec 3HATTA npumycky 3 [IHTM Bu3Hauae He Bcs TaHTeHIIaNbHa CKIA0Ba
cunn mutipysanHs Pz, a 11 gactuHa Pz g, TOMY TIBKHM 3HaY€HHS OCTaHHBOI
ITOBIHHHO BPaxXOBYBATHCh IPW BHU3HAYCHHI KOE]iIi€HTY NUTIQyBaHHSI, IO Y
MMOTANTBIIIOMY OyZIe CIPUATH yIOCKOHAIEHHIO nporeciB mutidgysanas [THTM.

2. Jloka3aHo, 110 3HaYeHHS €(EKTHUBHOI CKIaOBOI TAHTCHIIAIBHOI CHIIH
pi3aHHS MOKHAa BCTAHOBHUTH HAa OCHOBI BUKOPHCTAHHS SIBHIIA IPUCTOCYBAaHHS
rporecy nnTiyBaHHs B3araii i Il OKpeMoi CKIIafgoBoi — MepioANIHOCTI 3MiHU B
gaci (i3MYHUX Ta TEXHOJIOTIYHHUX ITOKa3HUKIB 00pOOKH 30KpeMa.

3. BupilmieHHsI TOCTaBJIEHOTO 3aBJIAHHS CTAJO0 MOJMIIMBHM 3aBJSIKH
PO3KpUTTIO ()i3WYHOI CYTHOCTI BUHHKHEHHS II€PiOJMYHOCTI CTOCOBHO YMOB
KEpPOBaHOI'0 TPOIeCY NUTIhYBaHHS 3a MPYXKHOK CXEMOK 1 CTOCOBHO YMOB
nporiecy unripysanus [IHTM anmasHuMu KpyramMu Ha OpraHiYHUX 3B’s13Kax B
PEeXUMIi CaM03aTOYyBaHHSI.

Hapmani npenctaBisroTs MeBHUH iHTEpeC AOCHIHKEHHS MO BCTAHOBICHHIO
BIUINBY CXeM IriyBaHHI i yMOB OOpoOkM Ha e(eKTHBHY CKIaJOBY
TaHTeHITIaJIbHOT CHITH HUTi(hyBaHHS 1 KoeillieHT nITidyBaHHS.
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Ivan Pyzsov, Volodimyr Fedorovich, Iryna Voloshkina, Kharkiv, Ukraine

THE PECULIARITIES OF SETTING THE GRINDING
COEFFICIENT IN THE PROCESSING OF POLYCRYSTALLINE
SUPERHARD MATERIALS

Abstract. The questions related to the peculiarities of determining such a physical characteristic
of the process of grinding polycrystalline superhard materials by diamond circles on metal and
organic bonds as a coefficient of grinding are considered. It is the ratio of the tangential and
normal components of the cutting force when grinding. It is proposed to determine it using the
effective component of the tangential component of the cutting force. Its establishment is based on
the use of the phenomenon of adaptation of the grinding process in general and its individual
component, the periodicity of change in time of physical and technological indicators of processing
in particular. The physical nature of the occurrence of the periodicity with respect to the
conditions of the controlled grinding process according to the elastic scheme and to the conditions
of the process of grinding polycrystalline superhard materials diamond circles on organic bonds in
the self-sharpening mode is disclosed. It was established that when using the first process as a
factor of forced influence on the state of the cutting surface of a circle it is necessary to choose the
magnitude of intensity of electrophysical solution of the metal ligament of the diamond circle, and
in the second transverse supply to the depth of processing. Recommendations regarding the choice
of factors of forced influence are given. It is shown, that the peculiarity of the elastic treatment
scheme is that the normal component of the cutting force is constant in time. Therefore, the change
(increase or decrease) of the effective component of the tangential component of the grinding force
leads to similar changes in the grinding coefficient and can clearly judge the effectiveness of the
method or conditions of grinding that explores. In contrast to the elastic circuit grinding when
working on a rigid scheme, both components (tangential and normal) grinding force, which are
used to define the grinding coefficient, depend on the processing conditions. This fact should be
considered when analyzing the obtained experimental data. In the future, research results will help
to improve the grinding processes of polycrystalline superhard materials.

Keywords: polycrystalline superhard materials; diamond circle; cutting circle relief; working
surface of a circle; bonding of the circle; self-sharpening of a circle; the cutting force; the effective
component of the cutting force; the frequency of the grinding process.
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INVESTIGATION OF SHAPE CORRECTNESS OF DIAMOND
BURNISHED LOW ALLOYED ALUMINIUM COMPONENTS

Abstract. Conventional machining methods such as turning or milling can cause surface
irregularities, defects such as tool traces and scratches, resulting in energy dissipation (friction)
and surface damage (wear). In contrast, the environmentally friendly chipless burnishing process
clearly improves the integrity of the machined surface and largely considered in industrial cases in
order to restructure surface characteristics. In this paper influence of different burnishing
parameters, such as burnishing speed (v), feed rate (f) and burnishing force (F) are examined.
Based on theoretical considerations, we use full factorial experimental design method to determine
the optimal combination level of the different parameters in the given interval. The measurement of
the shape correctness was executed with Taylor Hobson Talyrond 365 measuring equipment at the
Institute of Manufacturing Science.

Keywords: plastic deformation; burnishing; aluminum alloys; factorial experimental design
method.

1. INTRODUCTION

More and more intensive and/or varied [1-2] technologies are emerging in the
machining of components. At the same time, the productivity of the
manufactured parts can only be increased if the accuracy (shape, size, position)
and surface roughness of the parts can be ensured even under the conditions of
the applied processes [2-3]. So finishing processes have always been important
in manufacturing of all kinds of parts and in engineering it is obligate to
improve the surface quality of different machine parts to ensure their durability
and reliability. As a post finishing operation, the aim of applying burnishing
can be increasing surface smoothness and dimensional accuracy of the
elements [4-6] such resistance against fatigue strain [7-8]. This is particularly
important when machining aluminum alloys because it allows the production
of lightweight and high-strength components which are made mass production
in the automotive (and aerospace) industry [3]. As a result, research is under
way in both machining and cold plastic forming to achieve better results.

In this work a comparing analysis of cylindricity deviations of low alloyed
aluminium components is presented focusing on the determination of chosen
burnishing parameters such as burnishing speed (v), feed rate (f) and
burnishing force (F) using the full factorial experimental design method [9-10],
which is valid between the applied maximum and the minimum of the above
mentioned parameters.

© V. Ferencsik, G. Varga, 2020
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2. EXECUTING BURNISHING PROCEDURE ON EXTERNAL
CYLINDRICAL SURFACES

Burnishing process is one of the micro plastic manufacturing methods, when a
special tool compresses the surface and causes plastic deformation in the
subsurface layer, while the pressure must exceed the yield point of the material of
the workpiece and flattens asperities from previous machining processes [6, 11].
Experimental work was carried out to determine the effect of the burnishing
process parameters on the shape correctness of the external cylindrical surfaces.
Before burnishing the components were fine turned on a universal lathe with f;
= 0.2 mm/rev, than f, = 0.15 mm/rev. The schematic illustration of the
component with its dimensions can be seen on Fig. 1.

i - - s s L

-

@ 45
® L0
@ 43

-

Figure 1 — Schematic illustration of component to be burnished

Burnishing of outer cylindrical surfaces can be executed on conventional
universal lath or up-to-date CNC lathe. In our experiments the latter one was
used as can be seen on Fig. 2, when the burnishing tool is pressed against pre-
machined surfaces to plastically deform peaks into valleys. The deformation is
different depending on a lot of things, e.g. among them the magnitude of the
force pressing against [12].

Figure 2 — Executing of burnishing process
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3. IMPLEMENTATION OF THE EXPERIMENT

3.1. The applied experimental design method

In order to achieve the optimum set of burnishing parameters for a given
specific workpiece requires a large number of experiments. For reducing the
total number of the experiments the use of factorial experimental design
method is advantageous, which experimental design method is effective and
active. The aim of this method is to determine the function relationship
between the dependent variable (shape correctness) and the independent
variables (burnishing parameters). Each independent variable, called factor can
take more values, which are called levels.

3.2. The applied burnishing parameters

During planning of technological process of manufacturing machine
components, the method of burnishing, the machining conditions, etc. should
be selected [5].

So, in accordance with the full factorial experimental design method the values
of the selected factors were set to two (minimum and maximum) levels, which
are summarized in Table 1.

Table 1 — The applied burnishing parameters

Adjusted parameters Transformed parameters
No. v[m/min] | flmm/rev] | FIN] | X, X, X,
1 15 0.001 10 -1 -1 -1
2 30 0.001 10 +1 -1 -1
3 15 0.005 10 -1 +1 -1
4 30 0.005 10 +1 +1 -1
5 15 0.001 20 -1 -1 +1
6 30 0.001 20 +1 -1 +1
7 15 0.005 20 -1 +1 +1
8 30 0.005 20 +1 +1 +1

In determination of the numerical values, we have taken into consideration the
results of previous theoretical and practical research works.

3.3. Measuring of cylindricity deviations

Measuring process of the shape correctness was done with a circular and
position error measuring equipment type Talyrond 365. Basic functions of this
device include a profile scan with a measuring element fixed in the desired
vertical position on the rotating workpiece. This function is suitable for
detecting and evaluating circular errors and cylindricity deviations.
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In this investigation inductive sensor made from artificial ruby was applied for
measuring before and after burnishing in 2 mm distances on 18 mm length of
the external cylindrical surface of the component.

In all 16 cylindricity indices was analysed and 3 of them was chosen and
examined which mostly determine operating properties. These are so called
CYLp and CYLv that write down maximal difference from cylindricity as
peaks and valleys, CYLt shows the total distance between peaks and valleys.
For the complete characterization of the cylindricity deviation, a 3D
representation of the measured values of the specimen is also required. An
example can be seen in Fig. 3 which shows the changing of shape correctness
of the component marked 5.

a) b)
Figure 3 — Cylindricity deviation a) before, and b) after burnishing

4. EVALUATION OF RESULTS
In our investigation we have created dimensionless ratios to make the changing
of shape correctness more obvious, which are shown in formula (1) and (2):

_ CYLpurnished
Peve = CYLturned (1)
p% = (pcy, — 1) - 100 (2
where:
pcyL Improvement ratios of cylindricity parameters (pcvip, pcyLy,

pevie). These are dimensionless ratios, that texture the changes
occurring because of burnishing,

CYLuumished  Cylindricity remain after burnishing,

CY Ltumed Cylindricity remain after turning,

p% The percentage value of the improvement ratios.
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The lowest the values of p%, the greater the improvements due to burnishing.
Measured calculated data are summarized in Table 2.

Table 2 — Results

No. CYLp [um] i pcyLp
Turned Bursnihed [%]
1 9.92 13.28 33.87
2 4.09 8.97 119.32
3 4.93 10.29 108.72
4 4.42 5.77 30.54
5 17.25 14.29 -17.16
6 7.49 11.05 47.53
7 7.61 6.63 -12.88
8 5.51 7.53 36.66
No. CYLv [pm] : pevLy
Turned Bursnihed [%]
1 4.98 4.91 -1.41
2 5.70 8.06 41.40
3 4.79 5.66 18.16
4 3.97 7.24 82.37
> 9.08 10.61 16.85
6 6.58 6.85 4.10
! 5.06 5.83 15.22
8 5.15 9.65 87.37
No. CYLt[pm] i pevLt
Turned Bursnihed [%]
1 14.90 18.18 22.01
2 9.79 17.03 73.95
3 9.72 15.95 64.09
4 8.39 13.01 55.07
5 26.34 24.90 -5.47
6 14.06 17.90 27.31
7 12.67 12.45 -1.74
8 10.66 17.18 61.16
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Application of Factorial Experiment Design method empirical formulas (3-5)
were created from the calculated values. Calculations and axonometric figures

(Fig. 4-6) were prepared by using ,,MathCAD 15.0” software.

Peyip F=10 S{ e P F=20N
(%] F o
100 J |
I
|
50 |
1
</|
|
0 J
\|
g
Y _//J 0.005

1 //‘ 0.004
0.003
L 0.002
f [mm/rev]

307 0.001

20

v [m/min]

Figure 4 — Changings of cylindricity error in the point of view of peaks

= —135.69 + 12.28 v+ 1.14 - 10° ‘f+245-F—

pcn_,, -
5.20-v-f—0.39-v-F—5.4B-103-f-F—24?.4?-v-f-
E ®)
Pcyiv F=20N F=10N
[%]

20 0.004

& 0.002
v [m/min] 30 0.001 f [mm/rev]

Figure 5 — Changings of cylindricity error in the point of view of valleys
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—138.76 + 7.26 - v+ 2.07- 10* - f + 9.49 - F —

Peyr, =
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Figure 6 — Changings of cylindricity error in the point of view of total cylindricity
deviations
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5. SUMMARY AND DISCUSSIONS

The paper deals with the experimental analysis of sliding burnishing when the
material of the workpiece was low-alloyed aluminium. Experimental
parameters were the burnishing speed, feed rate and burnishing force. The aim
of the experiments was to determine how these parameters have effect to
characterising values of shape correctness.
On the base of the present research work it can be stated:
- Contrary to theoretical research and expectations, the diamond burnishing
process has not brought such an improvement as it should have. This
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phenomenon may be due to improper pairing of material quality and
burnishing parameters, of course, a more detailed examination of this
belongs to our future research plans.

- Examining the evaluated results it can be stated that applying the smaller
burnishing parameters is more positive in these ranges and the most
appropriate improvement ratio was resulted when the burnishing
parameters were as follows:

v =15 m/min
f=0.001 mm/rev
F=20N
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BikTopist @epenunk, Jrona Bapra,
Mimkomnbl, Yropuaa

JOCJIJIKEHHS IPABUJIBHOCTI ®OPMU JIETAJIENA
3 HU3bKOJIEI'OBAHUX AJTIOMIHIEBUX CIIJIABIB
MICJISI OBPOBKH AJIMA3ZHUM BUI'JIAIKYBAHHSAM

AHoTauis. 3suuatini memoou 06poOKu pPi3aHHIM, MAKI 3K MOKAPHA 00pobKka abo (pezepysanns,
MOJACYMb  GUKIUKAMU  OeheKmu NOGepXHi, makxi, K Cuou IHcmpymeHmy [ NOOPSNUHU, WO
npu3600umb 8 pesyabmami 00 pO3CilO6AHHS eHepeii (mepms) | NOWKOOJICeHHs. NOBEPXHI (3HOC).
Haenaku, exonociuno uucmuil npoyec 6unaoddicyéanis 6e3 CmpyicKi 6HO NOKPAUYE YiNICHICIb
00pobosanoi noeepxHi i 8 3HAUMIL Mipi pO32IA0AEMBCS 8 NPOMUCTIOBUX BUNAOKAX Ol
pecmpykmypusayii xapaxmepucmux noeepxui. Y yiil cmammi po32na0acmucs 6NAUE PIZHUX
napamempis GU2IAONCYBAHHS, MAKUX K WEUOKICMb 8U2IA0XNCYy8anus (v), eeauuuna nooayi (f) i
cuna npumucky suenaoxcysaya (F). BuxoOsauu 3 meopemudnux MipKysamv, Mu UKOPUCHIOBYEMO
Memoo nogHo2o (PakmopHo2o NAAHYEAHHS eKCHEPUMEHIMY, WoD GUIHAYUMU ONMUMATLHULL Di6eHb
KoMOIHayii pizHux napamempie 6 0anomy inmepeani. Bumipiosanms npasunvnocmi gopmu 6yno
BUKOHAHO 30 00NOMO2010 8UMIpIosanbhozo obraonanns Taylor Hobson Talyrond 365 6 Incmumymi
BUPOGHUYUX HAYK. Buenaoacyeants 306HIUHIX YUITHOPUYHUX NOGEPXOHb MOJICe OYMU 6UKOHAHO HA
36UYALIHOMY VHIBEpCATIbHOMY 8epcmami abo Ha Cy4acHomy mokapHomy eepcmami 3 YIIV. 'V
HAWUX eKCnepuMenmax OCMAanHill GUKOPUCIOBYBABCA, KOJU IHCIMPYMEHm Ol BUSTAONCYBAHHS
NPUMUCKAEMBCSE 00 NONEPeOHbo 00pobNIeHOl nogepxHi 0as i naacmuunoi Odegpopmayii. Ha
niocmagi  0anoi  00CHOHUYLKOI pOoBOMU  MOJCHA KOHCMAMY6amu: 6cynepey meopemuynum
Q0CHIONCEHHAM | OYIKVBAHHSM, NPOYEC GUSIAOICYSAHHS AIMAIHUM [HCIPYMEHMOM He NPUHIC
makoeo nominuwenns, Ak cuo oyno 6. Lle seuwe moowce Oymu nos'sizame 3 HenpaGUILHUM
NOEOHAHHAM SKOCMI Mamepiany [ napamempie npoyecy 6uciaodlCy8aHHs, 36UUAliHo, Ol
Q0KIAOHe BUBHEHHs YbO20 NUMAHHA BGIOHOCUMbCS 00 HAWUX WIAHIE MAUOYMHIX OOCHIONCEeHD.
Busyuewu ompumani pesyromamu, MOJUCHA KOHCMAMYSamu, WO 3ACMOCYBAHHA MEHUWUX
napamempie uenadN’Cy8ants € OLlbW NOZUMUSHUM 8 YUX OianasoHax, i HaAuOiTbW NiOX0OsuuULl
Koegiyienm noninwents 6ye ompumanuil, KU MapaMeTpy BUIJIA/KyBaHHs OYyJIM HACTYIHHMH: V
=15wm/x8, f=0,001 mm/ 06, F=20 H.

KurouoBi ciioBa: niacmuuna oepopmayis,; aimasne 8UIAONCYBAHHSA, ATIOMIHIE8UL CHIAB, NOBHE
haxmopne nianyganns eKCnepumenmy.
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SIMULATION INVESTIGATIONAL METHOD
FOR DETERMINING THE PERFORMANCE CHARACTERISTICS
OF LOGISTICS SYSTEMS

Abstract. Complexity of the logistics processes implemented is increasing as a result of striving to
satisfy individual custom-er needs regarding the companies. Defining the operational
characteristics of these processes is a growing challenge for logistics experts. Incorrectly defined
operating characteristics can result in significant losses (e.g. unjustified investment, unsatisfied
customer requirements, etc.). A simulation investigational method for the determination of
operating characteristics has been developed on the basis of experience gained in industrial
research con-ducted in the last years. | believe that the investigational process that will be
presented will be useful to many professionals in implementing a simulation examinational process.
Keywords: simulation investigational method; logistics systems; logistic indicators; operational
characteristics.

1. INTRODUCTION

Nowadays, there is a clear trend towards diversification of customer
needs, with the result that only companies that are able to produce customized
products that are often required by customers at a low cost and/or high-quality
level can remain competitive. If we want to translate this into the language of
logistics means that the number of product types to be handled and the
complexity of logistics systems are constantly increasing [1-3]. Concerning the
complex material flow systems, simultaneous production and logistics
management of products of several product lines is carried out. As the
complexity increases, the application of new industry 4.0 technologies [4-5]
becomes more and more important, including simulation examination of the
investigated logistics systems.

I have been participated in several industrial research projects in recent
years [6] at the Institute of Logistics, University of Miskolc, the most important
of which are the following:

e Innovative design of simulation methods for installing the objects of
technological processes related to small-scale production of parts of
the tool factory at the Audi Hungaria Motor Ltd (Participants: Dr.
Péter Tamas, Dr. Béla Illés, Sandor Tollar).

o Development of a parameterizable simulation model of maintenance
activities for MAV-TISZAVAS Miskolci Jarmijavité — Ltd.
(Participants: Dr. Béla Illés, Dr. Péter Tamas).

© P.Tamas, 2020
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One of the objectives of these research projects was to determine the
operational characteristics of an limited logistics system, which allowed
minimizing the risks inherent in the design/development decisions of the
company under the examination. In the following, the steps of the simulation
test method developed to determine the operational characteristics based on
practical experience are presented.

2. SIMULATION INVESTIGATIONAL METHOD FOR
DETERMINATION OF THE OPERATIONAL CHARACTERISTICS
The steps of the simulation investigational method for determining the

operating characteristics are illustrated in Figure 1.

AJ4 Defining the

A/1 Defining the
objectives of the
simulation
examination

AJ2 Determination of
the examined system

AJ3. Studying the
system’s operation

—

logistics indicators to
reach the
investigational

objectives

T |

AJ12. Defining the AVLL. Are the data AV13. Vizsgilt Ns'ff'g?—:,”,? =
additional tasks obtained correct? rendszer modositasa . imuatt
investigational model
A/8 Testng and

A/6 Implementation
of the simulation
investigational model

AJ10 Evaluationg the
results of the run

A/9. Running the
simulation model

validation of the
simulation
investigational model

——| A/7. Uploading data [*——

Figure 1 — Simulation investigational method for determining the operational
characteristics [edited by the author]

A/l Defining the objectives of the simulation examination: The basic
objectives of defining operational characteristics in a current or planned system
are to avoid design failures and to identify directions for improvement
regarding the:

o developing storage capacities,

o operation of material handling machines,
o operation of technological equipment,

e human resource management.

During the exploration of design failures, we examine which parameter of
the system under investigation does not meet the requirements (eg storage
capacity, handling capacity, etc.). The development areas are basically
determined through the evaluation of the examined system, which requires the
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determination of the selected operational characteristics (e.g., warehouse
expansion, equipment acquisition, route planning efficiency increase, etc.).

AJ2 Determination of the examined system: The logistics system under
consideration (e. g. a given production line, complete production system,
storage system, etc.) should be clearly delimited on the basis of the
investigational objectives.

A/3 Studying the system's operation: After defining the system under
investigation, the person who makes the simulation model have to understand
the material and information flow of the examined system.

A/4. Defining the logistics indicators to reach the ivestigational
objectives: In this step, the operational characteristics (e. g. maximum
inventory level, utilization of the equipment, etc.) that define the
investigational objectives (see Step A/1) have to be defined.

Key logistics indicator [6]:

1. Decision support for determination of the storage capacity to be
created: Precise determination of the storage capacity needed for a system to be
realized can cause significant difficulty because of the complexity of the
processes. In such cases the necessary controls and alterations can be executed
by the elaborated simulation method.

e Maximum stock level: This is how to determine the
maximum storage capacity need(s) regarding one or more storage
systems. The maximum stock level of the storage system s can be
calculated as follows

Q:Aax = ngg( {qSo +qsbz 7qskl} (1)

where e° is the date when stock movements were executed, g, is the starting
stock level, g, contains the stocked in amounts, q,, the stocked out product
quantities regarding date t.

2. Decision support for determination of the material handling
equipment’s efficient utilization: The working strategy and efficiency of the
material handling equipment can be difficult to evaluate before the realization
of the examined system regarding the intermittent production systems, but the
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necessary controls and alterations can be executed by using elaborated
simulation investigational method [7].

Most important indicators:

e Rate of the effective route length: This expresses what percentage of
the material handling equipment’s total traveled route length was
executed without unladen vehicle. The rate of the effective route
length in case of the material handling equipment m can be calculated
as follows:

R, :Zde(aﬁ(ld)/st@m(ld) )

where 0, is a set containing the identification of the traveled route sections for
the material handling equipment m, @Y includes the identification of the
effective route sections, and |, indicates the length of the route section d
according to equation (2).
e Capacity utilization of the material handling equipment: This
introduces what percentages of the material handling equipment’s
transportation capacity is utilized during the examinational period.

The transportation capacity of the material handling equipment m can
be defined as follows:

Cn= Zdeeﬁ (Id ’ CILTJ\-U ) / Zde(—)m (Id “Cia ) (3)

where c¥

o4 indicates the delivered products’ quantity regarding route section d
of material handling equipment m and c;% contains the transportable

maximum quantity regarding route section d.

e Stock in, stock out and commission efficiency of the material handling
equipment: This introduces the material handling equipment’s average
stock in, stock out and commission quantities per unit time. The
average stock in, stock out and commission efficiency of material
handling equipment m can be calculated as follows:

PL=N! /T
m m m (4)
where i {s1,50,CA} can contain 3 kinds of values depend on the type of the

examined operation (Stock In, Stock Out, Commission Activity). N! indicates

the number of operations in case of operation type i of the material handling
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equipment m, while T shows the length of the examinational period regarding

operation type i of material handling equipment m.

3. Decision support for determining the actuation of the technological
machines: The working properties and efficiency of technological machines to
be applied can be difficult to evaluate for intermittent production systems;
however, the necessary controls and alterations can be realized using the
elaborated simulation investigational method.

Most important indicators:

e The rate of value added activities: This introduces that what
percentage of the assigned technological machine’s examinational
period is spent on value added activities.

e The rate of waiting activities: This indicator shows what percentage of
the assigned technological machine’s examination period is spent on
waiting activities.

e The rate of changeover activities: This indicator introduces what
percentage of the assigned technological machine’s examination
period is spent on changeover activities.

e The rate of blocking activities: This indicator shows what percentage
of the assigned technological machine’s examination period is spent
on blocking activities (the machine is not able to move the parts to the
following station because the station is occupied).

e Amount of completed products: This shows how many products were
completed during the investigational period by the assigned
technological machine.

The rate of the value added, waiting, changeover and blocking activities
can be calculated as follows:

Re =Dy (1) Te ®)

where je{vA wT,co,B} indicates the type of examined operation and ©]

contains the operations of technological machine e regarding operation type j.
In addition, T,is the length of the examinational period in case of technological

machine e.

4. Decision support for determining the application of the human
resources

Most important indicators:
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e The rate of value added activities: This introduces what percentage of
the assigned worker’s xamination period is spent on value added
activities.

e The rate of waiting activities: This indicator shows that what
percentage of the assigned operator’s examination period is spent on
waiting activities.

e The rate of changeover activities: This indicator introduces the
percentage of the assigned operator’s examination period spent on
changeover activities.

e The rate of blocking activities: This indicator shows the percentage of
the assigned operator’s examination period spent idle due to blocking
activities (the person is not able to move the parts to the following
station because of the station’s occupation).

e Amount of completed products: This shows the number of products
were completed during the investigational period by the assigned
operator.

The rate of the value added, waiting, changeover and blocking activities
can be calculated as follows:

R:ZZ(to)/Th (6)

0eOf

where ke{VA WT,CO,B} indicates the type of examined operation and ©

contains the operations of the human resource h regarding the operation type k.
In addition, T, is the length of the examinational period in case of the human

resource h.

In most cases, the indicators described above will provide sufficient
support to make the necessary decisions, but in specific cases other indicators
may need to be defined. Most simulation frameworks used in practice are
capable of graphically displaying the values of predefined indicators (plotter,
frequency function, distribution function, etc.), providing additional
information for more efficient decision support.

AJ5 Designing the simulation investigational model: After defining the
investigated logistic system and defining the logistic indicators to be created,
the material flow processes of the simulation investigational model, as well as
its data structures and operating algorithms are defined. In order to increase the
clarity of the simulation model, the way in which the model is structured (eg,

193



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

the selected subsystem is placed on a separate modeling surface) is also
determined at this step. In practice, there are several simulation frameworks (e.
g. Arena, Simul8, Plant Simulation, etc.) which differ only slightly in their
operational concept.

A/6. Implementation of the simulation investigational model: Based on
the prepared plans, the simulation investigational model shall be prepared by
creating a custom application or applying a simulation framework. The use of
simulation frameworks enables the use of predefined objects, evaluation and
optimization functions, which significantly increases the efficiency of realizing
the required examinations.

A/7. Uploading A/9 data: You can upload specific data structures by
manually uploading data and/or creating the data connections. Data can be
uploaded using data generated by on-site measurements and/or provided by
information systems.

A/8 Testing and validation of the simulation investigaional model: The
operation of the prepared simulation model, which is filled with the defined
data, have to be tested and validated. The implementation of this phase should
be carried out in close cooperation between the simulation study designers and
the contractor company. When testing the simulation model, the following
types of failures that can be corrected can occur:

- incorrect data recording,

- inadequate data communication,

- inappropriate material flow route,

- bug.

After the necessary tests and corrections have been made, the validation
of the investigational model can be realized by checking the processes of the
simulation investigational model and/or comparing the data obtained from the
simulation investigational model and the real system.

A/9 Running the simulation model: After validation, the simulation test
model have tot be run and the logistic indicators defined.

AJ/10 Evaluating the results of the run: Based on the logistics indicators
defined, the results of the examination have to be evaluated, which results in:

- detection of design failures,

- identification of the improvement fields ,

can be realized.
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AJ/11. Verifying the acceptance of results obtained [7,8]: If the results
obtained are acceptable, then additional tasks are defined that may be directed
to conducting further investigations or implementing the approved plan (Step
AJ/12). If the results obtained do not make a decision in relation to the objective
of the examination, the defined system may need to be modified and a
simulation examination repeated (Step A/13).

The study of the adaptation possibilities of the developed investigational
method in the field of machining [9] is the subject of further research.

3. SUMMARY

The paper describes the processes that significantly contribute to the
increase of the complexity of logistics systems. It can be stated that as the
complexity increases, the determination of the operational characteristics of the
logistics systems investigated - with sufficient reliability - is an increasing
challenge for the logistics professionals. This may require the use of simulation
investigational methods in many cases. Using the experience gained in solving
industrial research tasks, | described in detail the characteristic process of
defining operational characteristics, which can serve as a help for the logistics
professionals performing simulation testing. Using the experience gained in
solving industrial research tasks, | described in detail the simulation
investigational process of the determination of operational characteristics,
which can be helpful for the logistics professionals performing the simulation
examination.
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Ietep Tamarr, Minrkosibil, YropiiuHa

BUKOPUCTAHHA METOY IMITAIIIMHOT O MOJIEJIOBAHHS
JJIs1 BUBHAYEHHSA POBOYNX XAPAKTEPUCTHK
JIOTICTUYHUX CUCTEM

AHortauis. Ckraouicmv 6npOBAONCYBAHUX JIOZICIMUYHUX Npoyecie 3pocmae 6 pesynomami
NPACHEHHS  KOMNAHIU  3a00801bHUMU  THOUBIOYAIbHI  nompebu  3aMOBHUKIG.  Busnauenms
EeKCNIYamayiiiHux Xapakmepucmuk yux npoyecie € 3pocmaroyolo npobiemoio 01 gaxisyie 3
nozicmuxy. Henpasunvho eusnaueni excniyamayiini Xapakmepucmuki MOdlICymb npusecmu 00
BHAUHUX 6mpam (HANPUKIAO, HeOOIPYHMOBAHI IHBeCMUYIT, He3a0080IeHI UMOU KIIEHMIG [ M.N.).
Memoo imimayiiino2o 00CHiONHCeHHs 0Nl 6UHAYEHHS eKCHIYamayiliHux Xapakmepucmuk 0ye
PO3poOAeHUl HA OCHOBI 00C8IQY, HAKONUYEHO20 8 OCMAHMI POKU 8 NPOMUCTIOBUX 00CTIONHCeHHAX. B
Januil yac cnocmepieaemvcsi Yimka MeHOeHYis wo0o oOueepcuixkayii nompebd KiieHmie, 6
pe3ynbmami 4020 KOHKYPEHMOCHPOMONCHUMU MOHCYMb 3ANUMAMUCS MITbKU KOMNAHIT, 30amHi
UPOGISIMU IHOUBIOYATbHI NPOOYKIMU, SIKI YACMO NOMPIOHI CROJNCUBAYAM 30 HUZbKUMU YIHAMU | HA
BUCOKOMY pi6Hi axkocmi. Ko nepeeecmu ye Ha MO8y N02ICMUKU, Ye O3HAYAE, WO KilbKiCmb
00pobIosaHUx Munie NPOOYKMie i CKIAOHICMb cucmem JOICMUKU NOCMINUHO 3POCMAIOMb.
OcHo6HI Yini GU3HAYEHHS EeKCRIAYAMAYiHUX XApaKmepucmux 6 NOmouHill abo 3aniaHO8aHiu
cucmemi NONA2AOMb Y MOMY, W0O YHUKHYMU 300i6 NPOEKMYBAHHA | 6USHAYUMU HANPAMKU O
noninwenHs — po3eUmKy CKNIAOCLKUX nomyoicHocmel, excniyamayii  8aHMAdICHO-
DO36AHMANCYBATIGHUX — MAWIUH, — eKCHAyamayii  mexHON02i4Ho20 — OONAOHAHHA,  YNPABIiHHA
nepconanom. Y oinbuiocmi 6unaokie 102icmuyHi iHOuKkamopu 3abesneuams 00CMamH0O niOMpumMKy
015l NPUIIHAMM HEeOOXIOHUX piuleHb, ane 6 OKPeMUX 6UNAOKax MOdce 3HAO0OUMUCS BUSHAYEHHS
iHwux inouxamopis. Bukopucmogyiouu 00ceio, ompumanuil npu SUpIieHHi 3a0ay npoMUCIOBUX
odocniddicenb, 6 cmammi npeoCcmaeieHull XapaKmepruil npoyec 6USHAYEHHA eKCHLYamayiliHux
Xapakmepucmuxk, a mMakoxc, OemaibHO ONUCAHO NPOYec OOCHIONCEHHS MOOENO8AHHA OISl
BUBHAYEHHST eKCNIYamayitinux Xapakmepucmuk, sKuti modice 6ymu KopucHui O01s ¢haxieyie 3
JI02ICIUKU, WO BUKOHYIONb MOOENI08AHHS MA 020 NEPeBipKy.

KarouoBi cioBa: imimayiina mooenb, cucmema JA0ICMUKY,  JOSICMUYHI  [HOUKAMOPU,
eKCNIyamayiiii Xapakmepucmuxu.
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V. Tonkonogyi, Y. Shichireva, Odessa, Ukraine

WEAR GRINDING WHEELS WITH PRECISE WORKING SURFACE

Abstract. The use of circles with an intermittent working surface is an effective means of
increasing productivity and reducing the heat stress of the grinding process. These positive effects
are largely determined by the appearance of high-frequency oscillations in the elastic system of the
machine, which facilitate the chip formation process and create conditions for continuous self-
formation of the cutting microrelief of the working surface of the abrasive tool. However, for
certain aggregates of rigidity of the elastic system of the machine, geometric parameters of the
macrorelief of the working surface of an intermittent circle, and parameters of the cutting mode,
parametric resonance may occur, which is accompanied by catastrophic wear of an abrasive tool
and a deterioration in the geometric and physical-mechanical characteristics of the quality of the
surface layer of the workpiece. The aim of the work is to study the influence of grinding mode
parameters and geometric parameters of the working surface of intermittent abrasive wheels on
their dimensional and linear wear, as well as identifying areas of their rational use. It was found
that oscillations during intermittent grinding caused by parametric resonance can be significantly
reduced or eliminated completely by increasing the rigidity of the elastic system of the machine,
using discontinuous circles of a certain geometry, and increasing the peripheral speed of the circle.
Based on the experiments to determine the specific wear of the elbore dashed circles, the
expediency of their use in deep encryption is substantiated. t is established that to increase
dimensional stability of an abrasive tool it is necessary to increase the circular velocity to 40 m /s
and to provide in the machines the possibility of preserving the constancy of the circular velocity of
the circle as it is worn.

Keywords: dimension wear; specific wear; intermittent grinding; steady grinding; creep feed
(deep) grinding; cutting projections.

Introduction. When grinding the actual cutting depth is always less than
the depth established by the limb of the machine. This is due to the lack of
rigidity of the elastic system of the machine, the abrasive wheel wear and
decrease its cutting ability. The higher the cutting capacity of the grinding
wheel and the rigidity of technological system and the smaller dimension of the
abrasive wear of the tool, the less time you can achieve the required accuracy
of processing parameters. Dimensional wear circles with intermittent work
surface More wear normal (solid) circles. This is selfsharpen discontinuous
circles. Selfsharpen abrasive tool increases its resistance, i.e., increasing the
time between corrections, but excessive selfsharpen reduces the dimensional
stability of the circle and, consequently, to reduce the time between corrections.
Reducing the time between revisions reduces grinding performance. The
problem of reducing the size of the abrasive tool is considered in papers [1-8].
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Due to the difficulty of assessing the role of individual factors on the
radial wear of abrasive wheels in a discontinuous grinding, this problem is still
relevant.

The purpose of research: To study the effect of grinding mode settings
and the size of geometric elements of the working surface of the discontinuous
grinding wheels to their dimension and the specific wear.

The results of research. When grinding dotted circles there is a periodic
change in the stiffness of the elastic system for surface grinding machines,
leading to the emergence of parametric resonance. As a result of visiting the
elastic large amplitude vibrations of the machine system of intermittent
abrasive circle begins to operate in a catastrophic wear mode, followed by the
burn marks and undulation on the treated surfaces. On fig. 1. 2, 3 showing
zones of parametric instability of elastic system of surface grinding machines
(humps) and sustainable grinding (gaps between the humps), calculated at
intervals of change numbers of the cutting projections 0 <n <160 (a) and the

ratio of cavities l, to the arm of the sizes |l 0,325<1, /1, <0,450 (b) with

the formulas [9].

1
> 1+M )]
Where e Nmtr2) ) )
L= , [kf sink,z, sink,z, —
h(k, +hsin 2k,z,)
—2-k, -k, -cosk,z, -cosk,z, - cosk,(z, +7,)—
—KZsink,z, sin(2-K,z, + k7, )| @
M = k ke ") cos(2-k, - (7, + 7)) @)
h(k, + hsin 2k,z,)

T1, T — propagation times over the projections and depressions discontinuous
circle treated surface, s;

tl

t
Co-| -1 :
Co, [td) j 2 C CO.[t _1J ;
k]_: 0+ _h 1 k2: o _ (4 _h2 ’

m 2-m m 2-m
tJZ — cutting depth, set the limb, m; tqb — the actual depth of cut, m; Co—

given the rigidity of the elastic system of the machine, N/m; h- quantity that
characterizes the extinction of oscillations in time, 1/s. M- reduced mass of
the grinding wheel, (N-s?)/m. The calculations were performed for different
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values of the reduced stiffness C;: Co =0,3-108n/m (fig.1), Co =2.10%n/m
(fig.2), C, =35-10°n/m (fig.3).

(s} 19 =23 as &3 o3 160

Figure 1 — Zones of parametric instability of elastic system of the machine (hills), built
0<n<160 0825<N <0450 f; Veirae =29

Ve = 40

circle

at intervals m/s (top row),

—05.10°
m/s (bottom row) C,=05-10 n/m.

+— t 1
22 31 4 160

Figure 2 — Zones of parametric instability of elastic system of the machine (hills), built
0 <n SlGO 01325 <N< 01450 for Vcircle =25

—2.10°
V. —ZlOn/m

at intervals m/s (top row),

circle — 40

m/s (bottom row) Co
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Figure 3 — Zones of parametric instability of elastic system of the machine (hills), built
0<n<160 0325<N=<0450 o Veirae =25

Ve =40

circle

at intervals m/s (top row),

_ 6
m/s (bottom row) Co=3510" .

From Figure 1, 2, 3 shows that with an increase in stiffness of the elastic
system C, dimensions of the regions sustainable grinding were measured

along the axis, extended, and areas themselves are displaced in the direction of
increasing the number of slots on the wheel. From Figure 1, 2, 3 (b) shows that
an increase in stiffness C,, parametric stability number of zones in the axial

direction N increases and their size decreases. From Figure 1, 2, 3, it is seen
that with increasing speed Vkp dimensions of the regions sustainable grinding

were measured along the axis 1.
Analysis of Figure 1, 2, 3 allowed to build charts An= f(C,) and Ny, = £(C,)

for wheel peripheral speed V,, =25 m/s and V,, =40 m/s, where: An—

Interval numbers intermittent cutting projections on the circle that defines the
width of the zone of stable grinding; ncp — cutting the number of projections

corresponding to the minimum value L on the interval An. Graphs are shown
in Figure 4.
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Vip=25%

,/<

Vip= 408

2,0 3,5 cg 108
a b
Figure 4 — Charts showing the nature of the increase An (a) and N4iym (b) reduced
with increasing hardness coelastic system machine for Ve =25 m/s and
Viirge =40M/s
From the analysis of Figure 4 (b) that due to the cutting speed Vkp

you can achieve a significant reduction on the number of intermittent slits
circles that reduces their cost.Increasing the value of intermittent abrasive
wheels with the number of slots is due to the imperfection of their production
technology: the grooves are cut on the grinding machines equipped with the

divider.. Increasing the value intervals N , equal to the ratio cavities sizes I,
to the lengths of the projections Il, reduces the probability of exit from the

zone of steady grinding due to the reduced length of the cutting projection
associated with the formation on it "front" section (Figure 5) [10, 11] and a
decrease in the diameter of the circle, caused by wear and tear of the last line
(Figure 6).

F ot

N

.
1
&

0015

a0

Q005

&8 72 6 20 24 28 & mm

Figure 5 — Dependence of wear on cutting length performances of rigidity spindle unit
(Vv =25m/s, V =10 m/min., t =0,03mm/table course, round

circle detail
24A25CMIK1): 1_C —300kg/mm; 2_¢ _ eoskgimm:
3~ Copecific =1000 kg/mm;

specific specific
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Figure 6 — Reducing the length of the cutting performance
of intermittent grinding wheel in its linear wear
Furthermore, with increasing peripheral speed range of Vip it decreases wear

(Figure 7) [10], which contributes to maintaining the ratio N =1, /l; and,
consequently, reduce the probability of the output stable grinding zone.

4,

a; [ T
MY /-t Mu
Je” e,
g Q075 //l/
)
l | a7 /
o//f/ ,f"’/ —
qu3— et ;
Vs ':;:-c ————— c——z}‘-——“-“
0 Y 1007

Figure 7 — Effect wheel peripheral speed to wear it without loading the grinding unit
and the previous loading (b) P =25kg:1 Vv, =16m2 V, . =25m/s;
3 Ve =35M/s; (Vg =10 m/min.; t = 0.03 mm/table course); Dashed lines -

intermittent grinding; Solid lines - a complete grinding
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In grinding with a large depth and a lack of wheel peripheral speed is
increased in the loss of grains and, as a consequence, the correct geometrical
form is broken circle. In the process of grinding vibration occurs and the range
must be part of the right to recover form. To improve dimensional stability
circles necessary to increase the circumferential speed range upto 40 m /s and
provide the opportunity to save machining wheel peripheral speed constancy as
it is worn.

Figure 5 shows the dependence of the wear on the cutting length of the
projection of the stiffness of the spindle angle. With intermittent grinding
during the passage of the depression over the nip part is moved by a certain
amount. This causes an increase in the volume of metal removed by separate
abrasive grains located near the front edge of the cutting projection. The
increased impact force, these grains perceived causes their intensive and self-
sharpening cutting projections are formed on "front" portions having an angle
of inclination to the cutting plane [10, 11].From Fig. 6, the formation of a
"front" portion increases the width of the cavity by reducing the length of the
cutting projection. If the cutting depth exceeds "zatylovaniya" cutting
projections or equal to, the size of the protrusions and depressions are the same.
The width of the cavities is increased if the cutting depth becomes less than the
depth "zatylovaniya" projection. Changing the ratio between the sizes of the

projections |1 and valleys |2 can lead to the exit from the zone of steady
grinding, the size of which is determined by the interval of acceptable values
N =1, /1,.From Figure 5 it is clear that with increasing rigidity spindle unit

uneven wear on various sites along the length of the cutting projection is
reduced by more than half, due to a decrease in the amplitude of the forced
oscillation range.Dependencies size wear from time to time and various blunt
wheel peripheral speed for grinding without loading the spindle unit and its
loading are shown in Figure 7. [10]. Figure 8 [12] shows the dependence of the
unit and the total cutting forces tangential components (a, b) grinding and
surface temperature (a) from the rotational speed of the grinding wheel.
Total cutting force was calculated by the formula [12]

0,7
K, c-A-r-V,-I o
P, =546 BAARAN SR N IS RGP
Rio Vie

where K|, — temperature and speed ratio;
K, =274-10° .V, ,**;
O - tensile strength under static test methods;
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Ao cosy'—u-siny’
Sing-(L— - g')-cos(y' + ')+ (p+ g )sin(y' +6)
0’ — angle of shearing; y'— rake angle; L — the coefficient of friction of the

metal grains; ;,l' — coefficient of internal friction during plastic deformation;

310°); g _ g5 Y EHFW ;v — rate the details; R — the
Jr 2

radius of the grinding wheel; € - Heat metal activity coefficient;
g=,/A-C- v A — coefficient of thermal conductivity; C — specific heat; Yy —

density of the processed material; OL — thermal diffusivity; Iqb — the actual

'—3 T —arcsin
=3

distance between the grains on the surface of the circle;
0,5 -05 - 6 n -13 017 - _ i
lp =648-Vig, " n » Ny =111-10" - N3 ™7 - N ; N3 — grain
number range; Nemp ~ number range structure; I — radius grain microns; for
white fused r=107% . N,%°; for silicon carbide green r=10"6.N,2%.14;

for diamond r =0,25-107% - N,2%; T - time.

500 60 ‘
N 450.\ T ;\\ o 80 @
50

. 2
400 o = 700
350 >\ 2 /"tl”
2 40 600
300 \K‘ 4 \
A\
3

250
30 ~- 500
200 400
150 A /T—”
100 300 4 :
BB s 0 s 300 3 s 20 2 300 3
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/.'[

V xpy M/C

a b c

Figure 8 — Dependencies total cutting force (a) power unit (b), the surface temperature
(c) the speed of rotation of the grinding wheel in grinding parts from composite TiC —
NiP —Cu - thick coating mode h = 0,5mm mode V., =15m/min.,

S =2mm/double stroke, t = (0,01 mm circles: 1 — 24A25CM1K1,
2 — 63C40CM16KS5, 3—AC4200/160 100K1
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A single force is determined by the formula
le 20,660 . f 'A

G, — tensile strength "dynamic”, i.e. considering actions of both
temperature and speed factor;

10V,
G, =G, expim-|1773—(0+273)-| 0,017-1, - n

M — 0,002 (for steel); G,,, — tensile strength at the melting temperature;

f=2-TE-I’~V().|4)~‘E; h:V‘)Id)T.
Rkp Vkp
6 — the temperature of a single grain; = g-vo -t -y
0=J VLT |1 ¢ 2ar
f-A-/n

q — the power of the heat sourc From Figure 9 shows that with an

increase in the speed range of the cutting forces occurring during the cutting
edge of the grain, are reduced. This is due to a decrease in the cut section and a
single grain results in a decrease of wear of the linear range. Increasing the
speed range leads to a temperature increase during grinding, which can lead to
deterioration of the surface layer of the treated detail.From Fig. 8(a) shows that
the use of diamond wheels grinding significantly reduces temperature than
abrasive blasting. A similar result is obtained when using CBN wheels [11]. It
is found that after running the cutting circle profile projections become a
permanent form. Regardless of the mode of grinding angle of attack of the
frontal zone of discontinuous circle KR 160/125 B8 100 with 12 projections
(I, =45MM, |, =205 Mm) After 4 - 5 - minute grinding period is 6 - 12".

Changing the linear wear of discontinuous circles as by grinding steel R6M5
provided an opportunity to assess consumption in various modes CBN plunge
grinding (Table 1).

Mode 1: t=0,5 mm, V,=0.3 m/min;

Mode 2: t =1,0 mm, V, =0.1 m/min;

Mode 3: t =0,03 mm, V,=6 m/min;

If creep feed grinding during the formation of the profile of the
projections on the cutting laps with a broken surface of specific wear is large
enough. After the running-profile cutting projections specific wear circles is
constant and the wear process becomes stationary signs. In the interval 7
minute period for grinding steel R6M5 modes 1, 2, 3, the average value of the
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specific wear dashed circles, respectively, the working surface is equal to:
¢, =3113 mg/g, g, =5,600 My/g, g3 =6,114 mg/g. If deep grinding solid
circle KR 160/125 100 G8 in various modes after the removal of 75 g of metal
average wear was 4.5 mg / m. These data indicate that the specific wear depth
discontinuous grinding wheels wear roughly similar specific solid circles may
only vary slightly depending on the modes. However, the use of discontinuous
circles for creep feed grinding more efficiently, as with their specific wear
considerably less than with intermittent grinding on conventional traditional
modes with small depth of grinding and high velocities moving parts.

Table 1 — Changing the linear wear of discontinuous circles as by grinding steel R6M5
provided an opportunity to assess consumption in various modes CBN plunge grinding

Weight with Mode 1 9 18 27 36 45 54 63
brushed metal, g | Mode 2 9 18 27 36 45

Mode 3 11 22 26 44 56 67 87
Consumption Mode 1 4,16 | 3,58 | 2,80 | 3,85 | 2,50 | 2,50 | 2,
CBN, mg/g 40

Mode 2 9 5 5 5 4

Mode 3 8 6,80 6 6 6 5 5

Conclusions. 1. An increase in the cutting speed leads to an expansion
range of values allowable width relationship to cavity length of projection in
which the elastic system in a surface grinding machine parametric resonance
does not occur and grinding sustainable shifts towards reducing the number of
slots in the abrasive wheel. 2. Found that fluctuations with intermittent grinding
caused by parametric resonance can be partially reduced or totally eliminated by
increasing the rigidity of the elastic system of the machine, the use of
discontinuous circles defined geometry, increasing wheel peripheral speed. 3. It
was found that to improve the dimensional stability of abrasive tools necessary to
increase the peripheral speed of 40 m / s and provide the ability to save in the
machines of constant grinding wheel peripheral speed as it is worn. 4. On the
basis of experiments conducted to determine the specific wear «elbor»
discontinuous circles the expediency of their use in creep feed grinding.
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Onmnexkciit AAxkimoB, JIro60oB boBrerpa, Cepriii Y MUHCHKHH,
Bomonumup Torkonoruii, I0Omnis [luxipesa, Oneca, Ykpaina

3HOC IJII®YBAJIBHUX KPYT'IB
3 IEPEPUBYACTOIO POBOYOIO ITOBEPXHEIO

AHoOTaNiA. 3acmocysanns Kpyzie 3 nepepusuacnmorn pobouoio noeepxHero € eghekmusHUM 3aco060M
nioguUUWenHs: NPOOYKMUSHOCI | 3HUJICEHHs] MeNIOHanpysiceHocmi npoyecy uinigpyeanns. Lli
NO3UMUBHI eheKkmu 6 3HAYUHIL MIPI 0OYMOBIIOIOMbCS GUHUKHEHHAM 8 NPYJICHI cucmeMmi eepcmama
BUCOKOYACTNOMHUX KOJUSAHD, AKI NOJE2ULYIOMb NPOYEC CIPYICKOYMBEOPEHHS | CIMEOPIoIoNb YMOGU
0151 6e3nepepeHo20 camoQopmysants pisaibHo20 MIKpopenvedy pobouoi nosepxti abpasugHozo
incmpymennty. OOHGK npu NeGHUX CMAHAX JICOPCMKOCMI NPYJICHOT cucmemu eepcmama,
2e0MemPUYHUX  Napamempie Makpopenvegyy pobouoi nosepxwi nepepueyacmoz2o Kpyea i
napamempieé  pejcumy — pi3aHHA ~ MOdice  GUHUKHYMU  NAPAMEMPUYHUL  PE30HAHC,  AKUIL
CYnpo600dICYEMbCA  KAMACMpOoPiuHUM 3HOCOM AOPA3UBHO20 [HCMPYMEHMY md NOIPULeHHAM
2eOMeMPUYHUX T (DI3UKO-MEXAHTUHUX XAPAKMEPUCMUK AKOCMI NOBEPXHE8020 wapy obpoo.iosanol
Odemani. Memoio pobomu € guguenHs 6NIUBY NAPAMEMPIE PeHCUMY WTIQYEAHHS | 2e0MEMPUUHUX
napamempie pobouoi nogepxui nepepuguacmux abpas’usHux Kpyeie Ha ix po3mipHuul i JiHitiHuil
3HOC, a4 maxodc euAsneHHs obracmell ix payionanbHozo 3acmocysanns. Bcmamoeneno, wo
KONUBAHHS NPU NEPEPUBHACTNOMY WINIDYBAHHI, BUKTUKAHI NAPAMEMPULHUX PESOHAHCOM, MONCYMb
Oymu 3HAUHO 3HUNCEHI AOO YCYHYMI NOBHICMIO 3A PAXYHOK 30LIbULEHHS JHCOPCMKOCMI NPYIHCHOI
cucmemu 6epcmama, 3acmMOCY6AHHAM NePepueuacmux Kpyeie neeHoi zeomempii, niouiyeHHAM
OKpyorcHol weuokocmi Kpyea. Ha ocnosi nposedenux excnepumenmie no 6UsHayeHHIO NUMOMO20
3HOCY enbOOpPOBUX Nepepusuacmux Kpy2ie 0OIPYHMOBAHO OOYINbHICMb iX BUKOPUCAHMA Npu
2UOUHHOMY winiysanHi. Bemanosnerno, wo 0ns nioguwjerHs: po3mMipHoOi cmitikocmi abpasuerHo2o
iHCmpyMenmy HeoOXiOHO RIOSUWUMU OKPYJICHY weuokicms 0o 40 m / ¢ i nepeobauumu 6
8epcmamax MoNCIUBICMb 30epedcents CIanoCcmi OKpYyICHOT WEUOKOCHI Kpyea 8 Mipy 11020 3HOCY.
KalouoBi cinoBa: posmipnuii 3noc;, numomuil 3HOC; nepepuguacme wiQyeanus; cmabitbHe
wiighyeanns; enubunne waigyeanis,; piscyui GUCHynu.
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YK 621.91 doi: 10.20998/2078—7405.2020.92.22
I'. XaBuH, X. YxuBeHb, XapbKoB, YKpanHa

MOJAEJIUPOBAHUE MUKPOI'EOMETPUHN HHCTPYMEHTA
B ITPOLIECCE EI'O U3HAIIIUBAHUA
TP PESAHMU KOMITIO3UIIUOHHBIX MATEPHUAJIOB

AuHotamusi. Camoil  CIOJCHOU NpoONeMOl Npu  MEXAHUYecKol 0Opabomke NOIUMEPHBIX
KOMNO3UYUOHHBIX MAMEPUANO8 AGIAEMCA UHMEHCUGHOE USHAWUGBAHUE UHCIMPYMEHMA, KOMOopoe
npueoOUN He MOLKO K CHUMCEHUIO e20 pabomocnocoOHOCMU, HO U PEe3KO YXyouiaem Kaiecmeo
npouseedennbix onepayuil. B nacmosweil pabome paccmampueaemcsi npoyecc USHAUWUBAHU
peoicywjeti  KpOMKU UHCMPYMEHMA KaK U3MeHeHue e20 MUKpo2eoMempui Nno OMHOWEHUIO K
nepsonauanbHomy cocmosnuto. Paccmompena usuueckas npupoda abpasusnozo usHoca Kak
npoyecca KOHMAKMHO20 63aUMOOECMBUsL 3a0Hell NOBEPXHOCMU UHCIMPYMEHMA € Pa3PYUIeHHbIM
HanoIHumenem u UHMeHCUSHLIM mennossloesenuem 3a cuem mpenus. IIpedcmaenensl pasnuynsle
MOOenu ONUCAHUS USMEHEHUSl MUKPO2EOMempPUU pedxcyujell KPOMKU 6 6BUude 2e0Mempuyeckux
Moldenell ¢ ux npeumywjecmeamu u Hedocmamkamu. I1o0pobHo paccmompensl cospemenivie
IKCHEPUMEHMANbHBIE OOCMUICEHUSA 8 UCCA008AHUU XAPAKMEPA USMEHEHUs MUKPOLeOMemPUll 6
npoyecce  usnawusanus. Ha — dmom  ocnoéamuu  coenrano  npeononocenue 00
00HONAPAMEMPUYECKOM XApAKmepe USMEHEeHUs 2eOMempuu pexcyujell KpoMKU 6 npoyecce
63aumooeticmeus ¢ komnosumom. Ilpeononazaemcs OanvHeliuee paszsumue UCCIEO08AHUA U
CO30aHUe MAMeMamu4eckol Mooeul, CeéA3bl6aroujell UsMeHeHue MUKPOLeOMEempuY UHCIPYMEHMa
60 6pemMeHu KaK (DyHKyuu 0O0HO20 NApamempd, 3a8Ucsiye2o Om NepeoHAYAIbHOU 2eoMempuu
UHCMpyMeHma.

KitroueBble c10Ba: usHawumeanue UHCMpYyMeHma, aOPA3UBHBII USHOC, pe3aHue KOMRO3UMOS;
MUKPO2EOMEMPUsL pexcyujel KpoMKU.

BBenenue. IlocranoBka 3agaum.

OmHo#t w3 Hambonee XapaKTEPHBIX OCOOCHHOCTEH MEXaHHYECKOH
00paboOTKM MOJMMEPHBIX KOMIO3UIMOHHBIX MartepuanoB (IIKM) tuna
CTEKJIOIUIACTUKOB, YIJICIUIACTUKOB SIBIISIETCS MHTCHCHBHBIM HM3HOC DPEXYIIeH
YacTH HWHCTpyMeHTa. [lpm 3TOM XapakTep H3HALIMBAaHUSA MOJHOCTBIO
OTIMYaeTCs OT W3HAIIMBAHMA MpH 00paboTKe MeTaluioB. OTO SBISAETCA
CJIC/ICTBHEM BBICOKHX aOpa3WBHBIX CBOWCTB M HEOJHOPOJHOCTBHIO CTPYKTYPEI
ITKM.

MHOTOUNCIIEHHBIE KCIIEPUMEHTAIBHBIC HCCIESIOBAHUS M NPAKTHYSCKHE
NPWIOKEHUS. TO3BOJIMIN CHOPMYJIUPOBATh HECKOJBKO OCHOBOIOJIATAOIINX
NOJIOKEHWH WM3HALIMBAaHWS WHCTPyMEHTa Npu 00paboTKe MOJIMMEPHBIX
KOMIIO3UTOB. K HUM OTHOCAT:

©I. Xasun, X. Uncusens, 2020
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— B TojaBIsiOIIEM OOJBLUIMHCTBE CilyyaeB HaOmtojaercs aOpa3suBHBIN
W3HOC, KOTOPbIH WMHTEHCH(UIMPYETCS TOSBICHHEM B 30HE pe3aHHs
[IOBEPXHOCTHO-aKTHBHBIX ~ BEIIECTB, BO3HUKAIOIIMX IPU  JECTPYyKLUUU
MIOJIMMEPHOI'O CBA3YIOLLETO;

— oOmuii BUI KPHBOIl 3aBHCHMOCTH IapaMeTpa H3HAIIUBAHUS OT
BPEMEHHU XapakTepU3yeTcs JAByMs J3TalaMH — WHTCHCUBHBIA M3HOC B
HaYaJbHBIA MOMEHT paboTel (mpupaboTKa) W TEPHON CTAIMOHAPHOTO
W3HAIMBaHUs (HOPMalbHBIH W3HOC), MEPHOJA KaTacTpo(HUECKOTO H3HOCA
OTCYTCTBYET;

— W3HAIIWBaHHE PEXYIEH KPOMKHM HHCTPYMEHTA XapaKTepU3yeTcs
HE3HAYUTENIbHBIM H3HOCOM M0 MEpPEIHEH IOBEPXHOCTH WHCTPYMEHTA U
OCHOBHBIM M3HOCOM I10 3aJHEH MOBEPXHOCTHU, KOTOPBIU SBISETCS CICACTBUEM
KOHTaKTHOTO B3aMMOJICHCTBHA 0OpabaThIBAEMOr0 Marepuaiga U 3aaHel
[IOBEPXHOCTU UHCTPYMEHTA;

— ¢usnmyeckuil W3HOC pexymedl Kpomku (yoajJeHHe MaTepualia
MHCTPYMEHTA) NMPOUCXOAUT KaK 3a CUET OKPYIJICHHUS PeXyIlel KPOMKH, TaK U
no (axkTU4YecKOW IUIOMIaJy KOHTAKTHOTO B3aMMOJEWCTBUS TIO 3aJHEH
MTOBEPXHOCTH.

Onupasch Ha MEPEUNCIIEHHbIE 3aKOHOMEPHOCTH MOYKHO CAEIATh BBIBOJ O
TOM, 4YTO IEpPBOHAYaIbHASA FEOMETPUS PEXKYyIIEH KPOMKHA UHCTPYMEHTA y¥KE B
Nepuox  TpHUPAOOTKH PE3KO MEHSeTCs W K Hadaly CTalHOHApPHOTO
W3HAIIMBAHUST TPHOOpETacT HEKOTOpPYI0 (opMy, KOTOpas B JalbHEHIIEM
MEHSeTCSl  TOJIbKO ~ KOJIMYECTBEHHO  0e3  HMCKaXeHHs  yCTOWYMBOU
npupadotaHHoi  (opmbl. DakTHYECKM MOXKHO TOBOPHUTH O TOM, YTO
MepBOHAYANIbHASL TEOMETPUS pPEeXyIlell KpOMKH, BbIOpaHHas MO HEKOTOPHIM
palMOHAIBHBIM ~ COOOpPaKEHUSIM WMJIM B pe3yJbTaTe pelIeHus 3a/1a4u
ONTHMU3ALMK, CIYXKHUT TOJIBKO s S(PQPEKTUBHOTO pe3aHHs B IEPHOJ
npupabOTKH, TIOCIIE Yero ee BIMSIHUE Ha JAJIBHEHIIyI0 paboTy HHCTPYMEHTa B
YCIIOBHAX CTAlJMOHAPHOTIO U3HAIIMBAHMS, HE CYIECTBEHHO.

AHaJIM3 0CTHKEHUMI U ny0auKauui no npodJiaeme.

AHanu3 pasIMYHbIX HCCJIENOBAaHUI H3HALLIMBAaHUS PEXYyILEH KPOMKH
wHCTpyMeHTa Tmipu obOpaborke I[IKM moxaszam, 4dro mMeeTcs >KecTKas
KOppEISIUs MEXAy NOSBICHHEM HM3HOCAa, POCTOM CHIIOBOTO Harpy»KeHHS,
TEMIIEPaTypHOH HAMPSDKCHHOCTH W TIOSBICHHEM PasiNYHBIX  J1e(eKTOB
o0paboTranHOi moBepxHOCTH [1].

MOHUTOPUHT IpolLiecca pe3aHusi, COOCTBEHHO Kak IMpoIecca pa3pyIleHHs
MaTepuaia, BEJIWYHMHBI CHIIBI PE3aHUs, TEMIIepaTypbl HWHCTPYMEHTa U
3arOTOBKH, JJACT BO3MOXHOCTh MPOAHATU3UPOBATH U3HOC M MPOTHO3HPOBATH
CpOK ciyx0Obl WHCTpyMeHTa [2]. OIHAKO HPOCICIUTH ATO B3aUMOJICHCTBUC
WHCTPYMEHTA C 3arOTOBKOW B 30HE KOHTaKTa KpaifHe ciioxkHO. [loaTomMy ObLIH
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NPEVIOKEHBl  Pa3iIMYHBIE MPOTHO3HBIE TEOPHH, MOATBEPXKACHHBIC WU
OTIPOBEPTHYThIE MHOTOYHMCICHHBIMU SKCIIEpUMEHTaMU. J{JIs1 oNMCcaHus TOYHBIX
MoJiesiell HeoOXOIUMBI JTOPOTOCTOAIINE M TPYJOEMKHE SKCIIEPUMEHTAJIbHbIE
uccnenoBanus. [1o3ToMy BaxXHOI 4acThIO HCCIICAOBAHHUN SBIAETCS YUCICHHOE
MOJIETTUPOBAaHUE, B MEPBYIO OUYEpeab METOJOM KOHEUHBIX 3ieMeHToB (MKD)
[3]. CooTBeTcTBYIOMAst MOIETh MOXKET TOUHO MPECKA3aTh MPOIIECC PE3AHUS, &
MMEHHO CWJIOBOE B3aMMOJICHCTBHE WHCTPYMEHTa C 3aroTOBKOH, W3HOC
WHCTPyMEHTa M pa3pylleHue wMarepuana. /[ pe3aHuss apMHUPOBAHHOTO
BOJIOKHAMH KOMIIO3UTa OBUIO CO3JaHO HECKOJIIBKO MOJENeH, KOTOphIE B
OTJINYME OT PE3aHUs OJHO(A3HOrO MaTepHaia, He JalH yIOBICTBOPUTEILHBIX
pe3ynpTaroB. OTH MOJENM HE ONHCHIBAIOT IIOBEJCHHE MHOT0(a3HOTO
MaTtepuana. Jlas TOYHOrO MOJENHMPOBAHMUS IMpoIecca pe3aHHs CleayeT
YUUTHIBaTh HE TOJIBKO CBOICTBA COEIMHEHHUS BOJOKHA, MAaTPHUIBI M BOJIOKHA-
MaTpHIbl, a TaKXe B3aUMOJCHCTBUS HHCTPYMEHT-BOJIOKHO, HHCTPYMEHT-
MaTpHIa U BOIIOKHO-MATPHI[A COOTBETCTBEHHO [4,5].

Ba3upysace Ha SKCHEpUMEHTANbHBIX HCCIEJOBAHUSAX, B OCHOBHOM IIO
OpPTOTOHAJILHOMY PE3aHUI0 YTJENIACTHUKa, ObUI cAelaH psi KauyeCTBEHHBIX
BBIBOJIOB W YTBEPXKICHUH 10 (U3MUECKOMY XapakTepy H3HAIIMBAHHS
pexymeil KpoMkn HHCTpyMeHTa. Tak B [l] OBUIO MOATBEpP)KAEHO, dYTO
W3HAIIMBAaHUE PEXYyIeH KPOMKH (3aKpyIJIeHHE) HOCHT aCHMMETPHYHBIHA
XapakxTep, BEIMIMHA 1 HHTCHCUBHOCTh KOTOPOTO SIBJISIETCS, B IEPBYIO OUEPEIb,
(yHKOMEH WCXOOHOM TEeOMEeTpHMH WHCTPyMEHTa (HA4ajdbHOM 3aTOYKH) U
OpHUEHTAINH apMUPOBaHHUS.

MexaHu3M Xpynkoro paspyuenus npu pesanun [IKM npeamonaraer
OTCYTCTBUE 30HBI 3aCTOsl IEpell PEeXylled KpOMKOH, XapakTepHOM IIpu
pe3aHNM METaJUIOB, KOTOpOe MpeCTaBsieT COOOM cKalIMBaHME MaTepuana
3aroTOBKM M (PaKTHYECKH 3allHIIAaeT PeXYIyl0 KpoMKy. OTCyTCTBHE TaKoii
30HBI MPUBOJUT K JIOMUHHpPYIOIIEMY aOpa3MBHOMY H3HammBaHuio [6]. B
COOTBETCTBMM ¢ [7] W3HOC HWHCTpyMEHTa B TIEpBYIO  OdYepenb
WHTCHCUUITHPYETCS B HEOOIBIION 00IaCTH PSIIOM C PEXKYIIEH KPOMKOH, re
HMMEET MECTO MEePeX0]] MEXIY MEPEAHEH U 3aJHel PeXXKyIIMU KPOMKaMH.

Jnst KOJIMYIEeCTBEHHOTO OMHCAaHMS MPOILEcCca M3HAIIMBAHKSA, KaK SIBICHUS
COOTBETCTBYIOILIETO OKPYTJICHHIO PEXYIIEH KPOMKH, OBUIO MPEATI0XKEHO
HECKOJIBKO MOJIeNIel 001acTH KOHTaKTa pPEXyIleH 4YacTH HHCTPYMEHTa H
oOpabateiBaeMoro Mmarepuana. Tak B [7] paccMOTpeHa MOJENb C IATHIO
napaMeTpamy, rje padoyas 4yacTh Pexylleil KpOMKH T€OMETPHYECKH OIicaHa
IPOCTBIMU T€OMETPUYECKMMHU OOBEKTaMM THIIA «IIpsMasl JUHUSA - JJUIMIC -
npsMasi TMHUS». B TakoM IpeacTaBleHUH pexyllas KpOMKa MpeAcTaBIsIeTcs
TpeMs OTAEIbHBIMH YacTAMU 110 aHAJIOTHUU C MOJENbI0 B [8].

I'eomeTpuss pa3snuUYHBIX THIIOB HHCTPYMEHTOB JOCTATOYHO XOPOILO
OTIpeZieTIeHa Yepe3 3aJHUN U MEePEeIHUN yTIIIbl, a COOCTBEHHO PEXyIIas KPOMKa
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Kak Iepexo] MEeXOy nepenHed u 3agHed rpansmu. Kak ormeueno B [9],
OBICTPHBIN HAYATBHBIN U3HOC ONpeAessieT AajJbHeNIIee COCTOSHIE HHCTPYMEHTA
U ero npurogHocth it oopadorku [TIKM. [TosTomy nmeranbHoe onpeneneHue
MHKPOT€OMETPUN HHCTPYMEHTOB HMMEET Ba)XHOE€ MpPaKTHYEeCKOe 3HaueHHue, a
pelieHre HTOH TPOOJIEeMBbI SIBISIETCA aKTyalbHOM 3ajadell TEeXHOJOTHUH
MexaHndeckor oopadorku [TKM.

Heabr padorbl. lI3ydyeHHe COBPEMEHHOTO COCTOSHHS IPOOIEMBI
VHTEHCUBHOTO M3HAIIMBaHMA MHCTpyMeHTa npu pezannu [IKM, onpenenenus
CYIIECTBYIOIIUX IOAXOJOB K OINHUCAHHIO MHKPOTEOMETPUH H3HOLIEHHOIO
WHCTPYMEHTA, (opmypoBKa HOBOH MaTeMaTH4YeCKOI MOJIENN
MIPOTHO3UPOBAHUS PabOTOCIIOCOOHOCTH HHCTPYMEHTA.

OcHOBHAfSI YaCTh.

B oTedecTBeHHO# JHUTEpaType B KauyeCTBE TEXHOJIOTUYCCKOTO KPUTCPHS
HW3HaIlIUBAHUA 61)1.1'[3 IMpyUHATA YCJIIOBHasd BCJIMYMHA H3MCHCHUA JIMHEWHOTO
pasmepa 1o 3amHedl mosepxuoctw h, [10]. Beuta mpemmokeHa cxema

CUMMETPUYHOTO M3HALIMBAHUSA, U3 KOTOPOH OBIJIO MONY4YEHO COOTHOIIEHHE
(1), cBsspiBaromee M3HOC MO 3amHeil moBepxHocTH N, ¢ TekymmM p

HayaJbHBIM paJUyCOM OKpYIJIEHUs (g pexymeid kpomku [11,12] wm
COOTHOIIIEHHE (2), CBS3BIBAIONIEE TEKYIIUH PAagyC OKPYTJICHHS P C U3HOCOM

10 3aHei nosepxHoctH h,
cos| (a.—P)/2]
sin[(a+B)/2]’

. sinf (a+B)/2] |
* cos| (a—P)/2]

h, = (p—po) 1)

p:po+h (2)

Ha mpaktuke Ui pannoHaJIbHBIX 3HAYCHHHN MepeaHero yriaa y = 5 — 20°
n 3amHero yrma o = 10 — 25° [10], wucmome3yroT (GOpMyIIBI
h, =(L45-1,60)(p—pg) 1 p=po+(0,6-0,7)-h,

OpmHako, SKCIIEpUMEHTaJbHBIE wmccienoBanus [13], mokasamm, dTO
M3HAIMBAHUE PEKYIICH KPOMKH UMEET SIPKO BBIPAKEHHYI0 HECHMMETPUYHYIO
¢opmy. VIHTEHCHBHBIN H3HOC HWHCTpPYMEHTa HpH 00pabOTKe IMOIMMEPHBIX
KOMITO3UIIMOHHBIX ~MATEPHAJIOB pPE3KO MEHSET HAaYalbHYyI0 T'€OMETPHUIO
3aTOYCHHOTO HWHCTPYMCHT4, 4YTO OKa3blBacT 3HAYUTEIBHOE BJHMSHUEC Ha
00pabaTbIBAEMOCTh ¥ MHTCHCU(DHUIMPYET MOSIBICHHE PA3IHMYHBIX JAe(PEKTOB B
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obpaboTaHHOM Martepuaiie. AHajln3 MHOTOYHCIECHHBIX JKCIEPUMEHTAIBHBIX
JaHHBIX  IOKa3aJ, 4To Haubojee CHJIbHO IIOJBEp)KEHA H3HOCY 3aJHSA
MOBEPXHOCTh MHCTPYMEHTa M €€ MHTEHCHBHOCTH B OCHOBHOM OIpeAessieTcs
yriioM opueHTanuu apmupoBanus 0. Hampumep, kak mokazano B [1],
MaKCHMaJIbHbIH W3HOC IMpHU 00paboTKe OJHOHANPABICHHOTO YIJIEMJIACTHKA
nMeeT Mecto g 30° < 0 < 60°.

Hanee moj W3HOCOM IO 3agHEH IOBEPXHOCTH OyJeT HOHHMAThCs
Benmunna «flank wear Vby cornacHo HOpMaTHBHOMY ONpPEAEICHHIO B HOPME
ISO 8688:1 cnemyromum o6pa3om: «M3HOC 1O 3amHE TOBEPXHOCTH
n3MepsieTcss B MApajUIeIbHOM HAaNpaBlIeHWHM K TpaHM W3HOCA H B
MIEPHEHANKYJIIPHOM HaIlpaBiICHUH K HAaYaJbHOW PEXYILEH KpOMKe, HalpuMep,
OT HAYaJIbHOM pEXKyILIEd KPOMKU [0 MPEACIbHOM IpaHM M3HOCA, KOTOPBIM
o0Ope3aeT HayalbHYIO 3aIHIOI0 MOBEPXHOCTHY. JTa BEIHYMHA MOXKET OBITh
U3MEpeHa C TOMOIIbI0 3JEKTPOHHOIO MM ONTHYECKOI0 MMKPOCKOIA Kak
JUIMHA MEXAYy TeKyleld pexyleld KpOMKOM U TOoCJIeqHEeH TOUKOM,
MIpUHAJIeKAIIeH 3a1Hel ToBepxHocTH [14].

HecmoTps Ha TMONBITKM ONTHMM3AaLUM TE€OMETPUM HHCTPYMEHTA,
WCIIONIB30BaHMS PA3MYHOTO BHJA TMOKPBITHH (B TOM YHCIE M alMa3HbIX),
3aMMINAIOINX PEXYIIYI0 KDOMKY, H3HAIINBAHUE HEN30EKHO, KaK HEM30€XKHO
MosABICHNE AC(PEKTOB THUIA pAcCIaWBaHUA, BBIJEPHYTHIX M HE CPE3aHHBIX
BOJIOKOH, pacTpeckuBanmsa. Ilo Mepe uW3HAMMBaHWA, HampuMep MpH
CBEpJICHWH, pacTeT oceBas cwiaa [15, 16], d9ro, B CBOIO odepensp,
UHTCHCU(DUIIUPYET U3HOC.

CoOCTBEHHO B IIpOIlecce M3TOTOBICHUS HHCTPYMEHTA MEX]y MepeiHel u
3aJ{Hell TpaHbI0 UMEET MECTO MepexoaHas 00IacTh, KOTOpasl XapaKTepu3yeTcs
3aKpyIJIeHHBIM KpaeM. [laxke eciii n30exarb 3TOr0 OKPYIJIEHUsl, TO OCTPbIH
Kpail He OyneT pabOTOCIOCOOHBIM, M3-32 Mayoil MPOYHOCTH, YTO IOKAa3aHo,
HanpuMmep, B [17,18]. Micionb3oBaHue anMa3HbIX TOKPHITHI TONIUHON OT 6 10
12 MKM TpUBOOUT K YBENWYCHHIO pagmyca okpyrieHus. K mommdukarmm
peXyLIed 4acTu MHCTPYMEHTA UMEETCA AOCTATOYHO YCTOMUYMBBII HHTEPEC U B
Halll JH{, YTO HAIUIO OTPaXEHHE BO MHOXKECTBE pabOT, MOCBSIIECHHBIX
MOATaYNBAHHIO, CHSTHIO (pACOK U T.JI.

B HacTtosmee BpeMs HE CyIIECTBYeT CTaHAAPTOB MO IOATOTOBKE
pexymeit kpoMku ans oopabotku ITKM, HO OBUTO MPEnIoKeHO HECKOJBKO
MaTeMaTHYECKUX MOJEJeH, OMHCHIBAIOIMX TEOMETPHUIO0 peXxyIleld uyacTu U
OKpyTJIEHHEe, B TOM 4HCJIe B mpolecce M3HammuBaHusA. Tak B [19] Obuto
IPEVIOKEHO Ui ONMMCAHMS 3aKPYTJICHUS DPEXyILled KpOMKHM MCIOJIb30BATh
YyeTsIpe napamerpa Ar, ¢, Sy, Sq, puc.l. Metox cBoaurcst Kk onpeneneHuto K-
¢bakropa, kak otHoureHuss K = S,/S,. [Ipodusip MHCTpyMeHTa oOmpenessieTcs
IpYU TOMOINY JBYX IapamMeTpoB Af, KaKk MHUHHMAQJIbHOE pacCTOSHHUE OT
TepecedeHust IByX Hanboee MoaXOSIINX JIMHAN K MPO(UITI0O HHCTPYMEHTA U
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yriaa @, KOTOPBIM ONMCHIBACT CMENICHHE TOUYKM cpe3a MO0 Ha MEeperHIOlo,
I100 Ha 3aJHIOI0 MMOBEPXHOCTh OTHOCHTENIFHO OMCCEKTpHUCHI. [[Ba mapamerpa
Sy n Sy U3MEPSIIOT JUIMHY OT MEepecevyeHHs ¢ TOYKOW pa3/ielieHns 3aKpyTIIeHUS
peXyliel KpOMKM Ha NepeiaHell W 3aJHed NMOBEPXHOCTHU, COOTBETCTBEHHO.
Acummerpusi Teomerpun u  omnpeaensercs K-daktopom u - cpegHHM
OKPYTJICHUEM PEXYIIEeH KpOMKH Say = (Sy / S) / 2.

OCTpBbIii yroi

Sa

nepeHss 3a/1Hss
HIOBEPXHOCTb y MOBEPXHOCTb

Pucynok 1 — O6miee npeacTaBIeHUE TEOMETPHUYECKUX XapAKTEPUCTUK

pexymel kpomku i onucanus K- akropa cormacho [20]

W3 npennoxkeHHOW TeOMETPUYECKOM MOJEIM CIENyeT, 4TO B OCHOBY
NOJIOKEHa MJealn3upoBaHHas aOCONIOTHO oOcTpasi MoJiellb, 00pa3syemas
NPSIMBIMH, NPOBEJICHHBIMH K NpoduisiM nepenHero u 3agHero yrios. [locie
OIpe/IeIeHNsI YCIIOBHBIX TOUYEK mepexoja Nnpoduield B MpsSIMble HU3MEPSIOT
BeNIMUMHBI Sy U S, (puc.l1) M oueHMBAIOT 3HaueHHE Al Kak MHHHUMAaJbHOE
paccTosiHHE OT TOYKH IEPEecedeHUs] NMPSMBIX aOCONIOTHO OCTPOro Hpoduis
pexyme KpomMku U paeWctBurenbHoro. Ilocne »toro paccuuthiBaoT K-
(axrop.

Cormnacao [21] metox pacuera K-hakropa xopomro 3apekoMeHIoBaI ceds
JUISL OTIMCAHUSI aCHMMETPHYHOCTH (DOPMBI peXKyIIell KPOMKH U €€ 3aTyIUICHHS
(3a cuer okpyrienus). OXHAKO METOJ HE MPUMEHHM IS PEKYITUX KPOMOK C
M30THYTHIMHU MEPEIHIMHU WIIM OOKOBBIMH TPaHAMH. MeToz Moydns OObIIyI0
MOIMYJIIPHOCTh M3-32 CBOEH NMPOCTOTHI M SICHOCTH MOHMMaHUsA. OgHaKo, Kak
OoTMe4YeHO B [22], MMeeT MeCTO CyOBEKTHBU3M U HEONPEAEICHHOCTh B
OIpEeIeJICHUH TOYKU pa3/ieNieHHs, IMOTOMY 4YTO HpOdWIIb pEeXyIled KPOMKH
npuOIMKaeTCs K UIeabHOW reoMeTpuu IuiaBHO. Takke OBUIO yCTaHOBJIEHO,
YTO HM3MEpPEHHE pajauyca pPeXyIled KPOMKH ONTHYECKHMMH W KOHTAKTHBIMHU
criocobamu faetT cpemaHuidl pazopoc dtoll BenmumHBL 70 48%. OCHOBHBIM
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HCTOYHUKOM BBISBJICHHOW OINMOKH SIBJISETCS aJTOPUTM, UCHOIB3YEMBIH IUIs
pacueTra mapaMeTpoB reOMETpUM pexylled uyacTtd. s mpeonosieHust Takou
BBICOKOH MorpeiHocTy B [22,23] ObLT pa3paboTaH MTEpAllMOHHBIN alrOpUTM
YTOYHEHHs MapaMeTpoB MHUKPOr€OMETpHH. B OCHOBe 3TOro moaxoja JIE)KHUT
ONHCaHME  BHJAA  «IPAMas—OKPYXHOCTb—IIpsAMas»,  puc.2. ABTOpHI
WCTIONB30BAIM JIB€ WHTEPIOSIMH K TEpeAHed M 3aJHed IOBEPXHOCTH H
MIPUHSTN OMCCEKTPHCY JHWHUM yIiia KinHA. buccekTpuca Oblia JOMONHEHA
nuHuel |, Ha ee mepecedeHMH ¢ TpoduIeM MHCTPyMEHTa (TOPH3OHTAIbHAS

JMHMA Ha puc.2). ABTOpPBI ONpENENmId UAeaNbHbll Kpyr ¢ paguycoM figes| »
KOTOPBIM ompenensercss 4depe3 3 TOUKM: KacaTelbHO K MepemaHei, 3agHeil
TIOBEPXHOCTAM ¥ JUHUH | .

Pucynoxk 2 — I'eomeTpun 3akpyrieHus pexymein KpoMku [23]

HauuHasg lgeg , Kpyr pagmyca I (mpoduiab) ¢ MUHHMANbHOH

omuOKoN coriacyercs ¢ nmpoduiieM UHCTPYMEHTA. DTOT PaJMyCHBIN BBICTYI
MPEJCTaBIsACT MPOMWIb HIACATBHO 3aKPYIIICHHONH CHUMMETPUYHOM pexyIei
KpoMKH (TIyHKTHpHast JuHUSA Ha puc.2). Takxe B [22,23] mpeniokeH MeTox
HAaMEHBIINX KBAIPATOB JUIA MOATOHKH KpyTa K MPO(MIII0 HHCTPYMEHTA.
HemocratkoM Takoro mojaxofa CYHTACTCS YpPE3MEpHOE YIPOIICHHE
MUKPOT€OMETPHH dYepe3 OINHCaHWe OTHOW Ayroil okpyxHocTH. OmHaKo B
[22,23] momonHWTENHEHO OBLIA OMHCaHa ACHMMETPHUS MUKPOTCOMETPUHU IBYMS
mmuHaMd dy w do. DTH 3HAUCHHWS ONPEACIUINCH KAaK PACCTOSHHE MEKITY
repeceyeHueM |n U JUHEHHOW WHTEpHosIuell Ha mepenHed u 3amgHel

TOBEPXHOCTH. B oTanume ot OIPCACIICHUA K-anKTopa, 3HaueHue Ar B 3TOM
noAX0J€ OMUCHIBACTCA KaK paCcCTOSIHUEC OT MEPECCUHCHUA nepeaﬂeﬁ u 3az[He1‘/'1
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NOBEpXHOCTEH /0 NpOoQuiIs WHCTPYMEHTAa B HAlpaBleHHE OHCCEKTPHCHI.
XapakTepHbIC MapaMeTphbl ObLTH BHIOPAHBI TAKHM 00pa3oM, YTOOBI 00ECIICUNTh
HACTPO#Ky BO Bpewmsi oneHku. [lapamerper Ar, dy u do omopHbIX TOYeK Ha
npoduie pexymieidl KpoMKH, MOXXHO HM3MEPUTh C XOpPOLIMM KayecTBOM H
MOBTOPSAEMOCTBIO, U 0€3 alNpOKCUMAINH, B OTJINYHE OT OIpeeseHus B [24].

J1s1 MHCTpYMEHTOB CO CKOIIEHHOH IeoMeTpueil pexylieil KpOoMKH
OBUTH TIpEIUIOKEHBI ONTHUMH3HPOBAaHHBIE moxxonsl [18,25], B KOTOpBIX
HCTIONIB30BAJICS HE TOJNBKO OJUH KPYT, HO W KPYT HPH KaXXKIOM IEPEXOAE OT
nepeiHel U 3aHel TTOBEPXHOCTH COOTBETCTBEHHO K (hacke, MpeaCcTaBICHHON
Ha puc.3.

Pucynok 3 — I'eomeTpuueckast MoJelb 3aKpYIIICHUS

pexy1iel kpoMku coriacHo [18,25]

B Mopnenbs ObUTH BBENICHBI JIOTIOTHHUTENbHBIE TAPAMETPhL: IIHUPHHA IPeOHs
— B¢ u mar dacku ¥, KOTOpBIi ONHUCHIBAET ACUMMETPHUIO HPOGHIIA

wHCTpyMeHTa. [y omeHkn yriaa kimHa (yronm 3aoctpeHus) B B [18] Obmn
NPEeIUIONKEH IOJIMHOMHANBHBIA MOAX0A LIeCTOro nopsaka. OQHaKo omucaHue
MHUKPOT€OMETPHM TAaKUM IIOJMHOMOM MOXET BBI3BAaTb 3HAYUTEIHHOE
OTKJIOHEHHE OT (haKTUUECKON I'€OMETPUH PEKYIIEH KPOMKH M B COOTBETCTBHU
¢ [21] naTh HU3KYIO TOYHOCTb.

B wareparype cymecTBylOT M JApPYrM€  IOJAXOJbl,  KOTOpBIE
yCTaHABJIMBAIOT, HANpUMEpP, 3aBHCHMOCTh pajHyca OKpYyIJICHHS IO
OTHOIIIEHHIO K Hepa3pe3aHHo# ToNmuHe CTpykKu h, Buma A=1g/h [18], rae

fp — pamuyc pexyiei kpomku. Oxnako B [21] OBUIO TIOKa3aHO, YTO BIIUSIHHE
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BBIIICYNIOMSHYTOTO ~ COOTHOIIEHHMS HA  INPOU3BOAMTEIBHOCTH  PE3aHUS
OTPaHUYEHO, TIOCKOJIBKY OHO 3aBHCHUT OT ONpEACTICHUS PEeKYIIeH KPOMKH.

IIpu o6pabotke ITKM mmeeT MecTo MEeXaHH3M XPYIKOTO pa3pylIeHUs.
I'eomeTpust MHCTpyMeHTa NpH 00pabOTKe YIJemacTHKa HE 3allMIieHa OT
3aCTOMHOM 30HBI IEpe]l PEeXyLed KPOMKOH, 4TO IMPUBOAUT K CHIBHOMY
a0bpa3sMBHOMY HW3HOCY WM OYCHb ACHMMETPUYHOMY OKPYTJICHHIO pPeXyIIe
KpOMKH, d9YTO ToApoOHO omucano B [26]. B [9] Opmio mpemioxeHO
HCTIOJIB30BATh PajIMyC PEXKYIICH KPOMKH I3 (cutting edge rounding — CER) B

Ka4yecTBe KPUTEPHs N3HOCAa MHCTPYMEHTA NPU CBEPJICHUH yIileriactuka. beuio
CTaTHCTHYECKH J0Ka3aHO, YTO paJuyC PEXKylleld KPOMKH KOppelupyeTr ¢
pacciioeHHeM 3aroTOBKH B PaBHOM CTENEHH C XOPOIIO M3BECTHBIM KPUTEPHEM
u3HOCca 10 3aaHel nmoBepxHOCTH (V). ABTOPHI [9] oTMeTHIH, YTO U3MEpEHHe
nu3Hoca Ha ocHoBe CER mpore u Tounee, 4eM TpaaullMOHHOE H3MEpeHue Vp
HE TOJBKO MPH CIOXHOW T€OMETPHH MHCTPYMEHTA, HO W MPU OYEHb MAIIbIX
3HAYCHHSAX U3HOCA.

B [27] pa3paboramm momxox anamm3a pexymied kpomku (CEA) mis
OMUCAaHWs TEOMETPUHM, aJalTUPOBAHHBIM K IPOLECCY MEXaHHYECKOM
obpadorku [TKM, xotopsiii moxydni JanpHeimiee passutue B [28]. B atom
MOJXOJIC PACCMOTPEHO pe3aHWe M H3MEHEHHE B HANpPAaBJICHUHM MOJa4YH C
y4eToM Tunu4Hoil reomerpun wu3Hoca B I[IKM (yrnmemmactuke). boiio
9KCIIEPUMEHTAILHO IIO0Ka3aHO, YTO JAWHAMHUKA W3MEHEHHS W3HOIICHHOH
MOBEpXHOCTH 00pazyer dopmy «Bomomaza» ¢ Sy << S,. Bwur pazpaboran
uHTepQeiic, Mo3BOIAIONINNA HAX0AUTh COOTHOIICHHE MEXy NMEepeHUM YIIIOM
Y WIH 33]IHUM 0, B CHCTEME OTCYeTa HHCTPYMEHTa, Kak M0Ka3aHo Ha puc.4.

Pucynok 4 — 'eomerpuyeckast MOI€TIh KOHTAKTHOT'O B3aUMOJCHCTBUS

pexylIeld KpOMKH U yrieractuka [27, 28]
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Jnst  yroemactuka  pekoMeHayeTrcs o0paboTka HMHCTPYMEHTOM ¢
MOJIOXKUTENbHBIMA ~ HEepeHUMH M 3aJHUMH YIVIaMH. OTO  IO3BOJISIET
JOCTATOYHO TOYHO ONPEAETUTh TOYKM KOHTAaKTa B CHCTEME OTCUeTa
HHCTpYMEHTa C TNepeAHedl W 3aAHedl TpaHAMM MHCTPyMEHTa (OTMEUEHBI
ToukamMu Ha puc.4). PaccrossHMe OT Hadajga KOOPIMHAT CHUCTEMBI OTCYETa
WHCTPYMEHTa O TOYKH KOHTaKTa B HAIIPABJICHHH MOJAYH ONPEAEIACTCS Kak
mrHa |y, Ha KOTOpyIO momajmaer CTpyKKa I0J] ISHCTBUEM PEXYIUeH KPOMKH.
Cornacuo [27, 28] sra mmmHa |, npencraBiser ocoOblit HHTEpec IS
MEXaHWIEeCKOH 0OpabOTKH YIJENIAaCTHKA, MOCKOJIbKY OHA OIMCHIBAECT 30HY,
I7le MaTepual B OCHOBHOM HE IIEpEMEINaeTcsl BJOJb MEepeiHEeld TpaHu, HO
CKUMAeTCs MO Pexymiedl KpoMKo#. J[iiMHa, COOTBETCTBYOMas Hakiony |, K
GOKOBOIf TIOBEPXHOCTH, HAa3bIBAETCS |,

JHaMeTp
YIIEPOIHOTO
BOJIOKHA

TOYKH JUIS
BIMCAHHOM
OKPYKHOCTH

Ouccextprca

TIePIICHANKYIAP
K OHccekTpuce

nepeHss

[IOBEPXHOCT! 3aHAs

[IOBEPXHOCTh

a) 0)

Pucynok 5 — I'eomerpuueckas MOJ€/Ib KOHTAKTHOTO B3aUMOIEUCTBUS PEXyLIEH

KPOMKH M yrieruactuka [27, 28]: a — dopmupoBanue Ipeak 5 6 — hopmupoBanue I'sg

Ilo cpaBHeHmio ¢ Mogmenbio [25] B paborax [27, 28] mpemroskeHa
BE/IMYMHA MAKCHMAJbHOTO PajMyCca BEPLIMHBI lpeae M Pajyca ICHEpalyu

MOBEPXHOCTH fgy B ammpokenmarmn  CEA.  Pagmyc  popmupoanmust
TMOBEPXHOCTH gy TOKa3aH Ha pHC.5, 6. OH onuchIBaeT NPOQMIbL HHCTPYMEHTA

Ha IEPEeXOo/ie OT OTPULATENILHOIO K IIOJIO0XKUTEIbHOMY 3aJHeMYy yrily. B aroii
30HE MHCTPYMEHT MOABEPracTCs BO3ACHCTBUIO HOPMAJIBHBIX KOHTAKTHBIX CHII
BBICOKOM HHTCHCHBHOCTH, YTO IIPUBOAMT K pa3pylICHUI0 Marepuala
yraemnactuka. Paamyc  Igg  ompenemsercss Kak - pajgdyc  BIMCAaHHOM

OKPY>KHOCTH K TPOQHIII0 MHCTPYMEHTa MKy TOYKOH KOHTAKTa W IMIMPHHOU
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paBHOW JUaMETpy OJHOTO YIJIEPOIHOTO BOJIOKHA (ToOpsiaka 6 MKM) B
HaNpaBJIEHUHU TOJAYM C OTPULIATENBHBIM 3aJaHUM yrioM. CormacHo [27] s
XOPOILIUX PE3yJIbTaTOB 00pabOTKH KeNaTeJbHO UMETh OECKOHEYHO OOJBIIONHN
panuyc gy .

IIpe/uioKeHHbIH MAaKCHMaNbHBIH PafHyC lpeqy » KaK NI0KA3aHO HA PHC.5, &

XapakTepu3yeT Mepexoil OT OTPULATEIbHO OPHEHTUPOBAHHOW 4YacTH 3ajHei
NOBEPXHOCTH K IIepeJHEeH IOBEpXHOCTH, TJE€ IPOUCXOJMUT OT/EJICHHE
Marepuaiga OT 3arOTOBKHM U 00pasyercst cTpyKka. UeM MeHblle 3TOT pajuyc,
TEM  MHCTPYMEHT JIy4llleé 3a0CTpPEeH, 4YTO KMeEeT pellamniee 3HaYeHUe
COOCTBEHHO [UISi OTAEICHUS CTPYKKH INPH HHU3KHX BEIMYMHAX IOJAdH.
Acummerpus npoduis pexymeii kpomkn B moaxone CEA xapaxrepusyercs
OTHOIIICHWEM 3aMKHYTHIX OONacTeidl Mexmy mpoduieM pexymed KpOMKH H
BEpTHKAJIbI0 K OWCCEKTpHCEe Ha MepenHel MOBEpXHOCTH — A,, M Ha 3amHel
moBepxHOCTH A,, puc.5,a. CormacHo [27], 3TOT moaxXox K OONACTH I
xapakrepuctuku acummetpun Kgym = A, / Ay Oonee ycTOHYUB K OMIMOKaMU U
HajiexHee, 4eM ¢akrop K = S, / S,, npennoxennsiit B [19, 20]. [Togxon CEA
COEPXKHT OOIbIIE APAMETPOB MUKPOrCOMETPHH, HO by, Fgy , Mpeay W 3a/HMI

YTOJI 0. OKa3bIBAIOT HAMOOJIbIIEE BIMSHIE Ha KA4eCTBO 0OPabOTKH.

B cootBerctBmM ¢ [7] W3HOC WHCTPYMEHTa B TIEpBYIO OdYepenb
WHTCHCUHUIIPYETCS B HEOOIBIION 00NACTH PSIIOM C PEXKYIIeH KPOMKOM, Te
MUMEEeT MECTO IIEPEX0] MEXKAY MepeTHeH U 3aHEH PeKYIIMMH KPOMKaMH.

Jnst KOJIMYEeCTBEHHOTO OMMCAaHMS IMPOIecca M3HAIIUBAHUS, KaK SIBICHUS
COOTBETCTBYIOILIEI0 OKPYIJICHHIO PEXYIIeil KpPOMKH, OBUIO MPEIORKEHO
HECKOJIbKO Mojenied o0lacTh KOHTAaKTa peXyIled YacTH HMHCTPYMEHTa H
oOpabateiBacmMoro marepuana. Tak B [7] paccMOTpeHa MOJEIb C IISITHIO
mapameTpamMu (puc.6), rae pabodas dYacThb pEeXyImeH KPOMKH OIHCaHA
MPOCTBIMH TEOMETPHYSCKUMH OOBEKTAMHU THIA «IIPSIMasi JHUHHS - DJUTHIC -
npsiMasi JUHUs». B TakoM IpeacTaBiIeHNH pexylias KpOMKa MpeCcTaBIIseTCs
TpeMs OTACITHHBIMH YacTSAMH 110 aHAIOTHH ¢ [8].

CormacHO  3TOMYy  TpeacTaBieHWio  (puc.6, a),  KOHTAaKTHOE
B3aUMO/ICHCTBUE BEPIIMHBI MHCTPYMEHTA CXEMaTHYECKH pa3JeJIeHO Ha TPH
obmacTu: 1O mepegHel rpaHu pesua (00JacTh CTPYXKKOOTHAENCHHS) — Sy |

00acTh CKaTHs MaTepuana — Sggy M 00JIACTh YIPYroro B3aUMOJCHCTBHS 110
3a/lHEil TPAHM PEXYLIET0 HHCTPYMEHTA — Sgy . OOMACTh CTPYKKOOTACICHHS

OTpaHWYeHa HOMHHAJIBHBIM YPOBHEM MaTepHaia Iepel PexyIledl KpOMKOH,
KOTOPBIN OIpesenseTcs, HarnpuMmep, rryOuHo# pe3anus (Touka 1) u kpaliHen
nepegHel TOUKol B HalIPaBIEHUU CKOPOCTH Pe3aHUsl — TOUKa 2.
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a) 0)

Pucynok 6 — Mopenp KOHTaKTa pexyIleil YacTH HHCTpYMEHTa U Matepuana [7]:

a — o0ImMii H3HOC MHCTPYMEHTA; 0 — MHKPOTEOMETPH s BEPIIMHBI HHCTPYMEHTA

B Mopenu mpenmnonaraercs, 4To 3Ta o0iacTh B IPOIECCE B3aUMOJEHCTBUS
(m3HamMBaHUs) OyAeT COXPaHATh MPSAMOJMHEHHBIA BUMI, U3MEHSS IPU 3TOM
3HauYeHHUE NepeaHero yraa y. ObnacTs cxxaTHs MaTepuala IpeacTaBisieT co0oil
KOHTaKTHYIO IUIONIaJb B3aUMOACHCTBHUS 3aKPYITCHUS PEXyIIeH KpPOMKH
MEXIy KpaiiHeW mepeaHell TOUKOW B HAIPABICHHH CKOPOCTH pe3aHds (TOUKa
2) v TouKOM 3 KacaHWs OKPYTJICHUS BEPIIMHEI B HampaBlIeHUN mogadn. Popma
BEpIIMHBI HMHCTPYMEHTa 37ECh MOXET OBITh OIHUCcaHa OKpPY>KHOCTBIO

HEKOTOPOro paidyca WIM SIUIMICOM ¢ moiyocsmu |, (Gompuwas) u Iy

(MeHbIIass) COOTBETCTBEHHO. JTa 00JIACTh OTBETCTBEHHA 32 KOHTAKT IO JJTHHE
3alHE TIOBEPXHOCTH MEXKAY TOYKOM 3 KacaHHsl OKPYIVIEHHsS BEPIUHMHBI B
HalnpaBlIeHWH IMOJaYM M TOYKOM OTCYTCTBHS KOHTakTta 4. Orta UMHA
0o0yCIIOBJICHa  YOpyTUM  MocieneiicTBueM  (oTxkaTtheM) 00pabOTaHHOTO
Marepuaga ¥ ONpejeNseT Iepexol MeXIy IepBOHAYalIbHBIM (MM
MPEABIIYIIMM) ¥ W3HOIIEHHBIM (rocneayronuM) npoduieM. B [7] npunsro,
uto omKarue Dy, Ompenenser 9Ty JUIMHY W sABIAeTCsS (QYHKUHMEH YIPYyrHX

CBOMCTB Matepuana. Tekyumii yroa o u napamerp Doy, ompenensitor mmny
KOHTaKTa Tpenus |, u npsamyro, o6pasyrontyto 061acTh Sep -

Jnsa ouenkn m3MeHeHHUs GOpMBI HHCTpYMEHTa B [29] OBIIO IpeaokKeHo
HCTOIB30BaTh mapameTp LWQ — BenmmumHy TOKampHOTO M3HOCA (3aTeMHEHHAS
mwIomanb, puc.7, 6). ITo 3HaUCHWE HAXOMUTCA ITyTEM CPAaBHEHUS TEKYILETro
npoduiast  pexymeil KpOMKHM HMHCTPYMEHTa C HCXOOHBIM  Impoduiiem
(M3HOIIEHHOTO MHCTPYMEHTA), pHC.7, a.
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LWQ
Vb

Vb:

a) 0)

Pucynok 7 — I[Ipoduns pexxymieli KpOMKH HHCTPYMEHTa 0€3 H3HOCOCTOHKOTO TOKPBITUS
Ha pacctossHiH 200 MKM OT yTJIa CBEpJICHUS, IOCIIE CBEPICHUS: | — HEHM3HOICHHBIN
npo¢uis; 2, 3 u 4 — nocne ceepienus 5, 50 u 250 oTBepcTuHii cooTBeTCTBEHHO [29]:

a — TeKyIlee H3MeHeHHe Mpoduiist; 6 — M3HOC PEeXKYIIUX KPOMOK

Anammuz 2D npodueit BepmnHBI pexyleil KpOMKH TakXKe I03BOJISIET
OLIEHUTh OOKOBOI M3HOC U pajinyc pexyleil KpoMKU. B skcnepuMeHTaIbHBIX
HCCIIEIOBAaHUAX HM3MEPEHMs OBbUIM BBINOJHEHBI B TPEX MECTax Ha PEXyIINX
KpOMKax MHCTpyMeHTa: Ha paccTosHuU 200 MKM OT yrjia CBEpJICHUS], B LIEHTpPE
U Ha paccTogHuu 200 MKM OT MecTa COEIUHEHHUS NEPBOM U BTOPOU PEKYILUX
KPOMOK.

OTOT TUN U3MEPEHMs], NPEUIOKEHHBII B [14] mMmokazaa BBICOKYIO
YyBCTBUTEIBHOCTh K M3HOCY IO TepeAHei mosepxHocTu. Kak mokasaHo Ha
puc.7, M3HOC TO MepeAHEd NOBEPXHOCTHM OKa3bIBAET MPSAMOE BIUSHHE HA
snauenne Vb;. Ecmu u3HOC mo mepenHeil MOBEPXHOCTH pacTeT ObIcTpee, deM
U3HOC MO 3aJHel MOBEpXHOCTH, TO yBenuuuBaercda LWQ, HO yMmeHbInaeTcs
sHauenne Vb Ortcioma criemyer, uro mapametrp Vbh; Moxer wuMeTh
CYILIECTBEHHYIO OUIMOKY NpH OMHUCAaHHM IPOTPECCHPYIONIETO HM3HAIIMBAHUS.
W3 2D npodmuneit pexymmeii KpOMKA MOKHO ITOYYUTh (PaKTHIECKOe 3HAUCHHUE
u3Hoca no 3axHeit rparu (Vbi, puc.7, 6) U ONEHUTH, HCXOMS U3 CYIEPIO3UITHH
npoduiaell KpPOMOK HHCTPYMEHTa, KOJHWYECTBO Marepuaia, JIOKaIbHO
MOTEPSTHHOTO WHCTpyMeHTOM. Kak m ciemoBano oxxupats, m3meperne LWQ
BIOJIb PEXYIIEH KPOMKH ITOKA3aJI0 €€ HEMPONOPIMOHAIBHOCTD C PaJfaIbHBIM
MOJIOKEHHEM MecTa m3MepeHus. bonpmee 3Hadennme LWQ HaxommTest Ha
nepudepuu B yriioBoil TOUYKE CBEpJICHHS M yMEHbBIIACTCS K TOUKE B BEpIIUHE
CBEpJICHHUS.

B Hacrosdmiee Bpems, HECMOTpPsS Ha MHOTOYUCJIEHHBIC YCHIIHUS
uccienoBatenaed B 00NacTH MeXaHWYECKOd 00pabOTKM KOMIO3WUIIMOHHBIX
MaTepualioB, ONHMCAaHUE W3HAIIMBAHUS WHCTPYMEHTa, U3MEHEHHUS €ro
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MHKpPOT€OMETPUH B IIpoLecce pabOThl M MPOTHO3MPOBAHHMS €ro0 CTOMKOCTH,
HOCAT SMIIMPUYECKUH XapaKTep M 0asMpyIOTCA Ha IPOBEJEHHH KOHKPETHBIX
OKCHEPUMEHTOB [ OTAENBHBIX  MAaTEpHANOB M HHCTPYMEHTOB.
TeopeTndeckne MOAXOABI Oa3HPYIOTCS HA HCIONB30BAHMU COOTHOIICHHS
Apuapna Ui aOpa3uBHOTO HW3HOCA, B KOTOPOM W3HOIICHHBIH 00BeM
MaTepHaia (OTAEIEHHBIH 00beM MaTepHaIa) MPOIOPIHOHAIEH IIPUIOKEHHOMY
KOHTaKTHOMY  yCHNIMIO  (KOHTAaKTHas CWIa) M  JUIAHE  KOHTAKTa
w=K/3-F-1/H, rane w — 00bem u3HOmIEHHOTO (yaaleHHOro) Marepuana; F

— KOHTaKTHas cwna; | — 1umHa KoHTakTa;, H — TBEpAOCTH OOJice TBEPHOTO
MarepHalia, B JAHHOM Cily4ae MHCTpyMeHTa; K — Koo(duimeHT Apuapia.
Yame Bcero 3TO COOTHOLICHHE HCIMONB3YIOT KaK 3aBHCHMOCTb CKOPOCTH
nsHamiBanus dw/dt OT KOHTAKTHOTO YCHIMS W CKOPOCTH B3aHUMOJIEHCTBHS
dl / dt . JTuneiinpiii xapakrep cOOTHOIIEHHUS ApYap/ia KOPPEKTHO BHIIOIHSAECTCS
JOCTATOYHO PEAKO JUISl OTICIBbHBIX BHIOB MaTepHala B Y3KOM [HAra30He
W3MEHEHUs! TApaMETPOB B3aUMOIEHCTBH.

M3meHeHns AeHCTBHA, HampuMep, OceBoi cmisl Fg Bo BpemeHn c

y4eTOM M3HAIIMBAHUS (M3MEHEHUS MUKPOT'€OMETPHH BEPIIMHBI HHCTPYMEHTA)
MOJKET ObITh mpezcTaBneHo B Buge F=K-F% VB, g(w), rme V — ckopocTth
pe3anusi, o0 ¥ B — SKCHEpUMEHTalbHbIe MOCTOsiHHBbIE. DyHKIMI0 ¢(W) daine
BCEro NpPEICTaBISIOT B BHIe QJ(W)=(Wg +kW-W)8 wm g(W)=wg +kW~W6 ,
rae K, u 8 — sxcnepumentanbubie nocrosHubE [30].

B KoHEYHOM HTOTE JUI OMMCAHMS 3aKOHA W3HAIMBAHUS W MPEICKa3aHUs
CTOMKOCTH MHCTPYMEHTa HEOOXOAWMO ONpENeNIeHHE psifa 3MIHPHYECKUX
MIOCTOSTHHBIX, 3HA4YEHUA KOTOPBIX OTIPEEIISIFOTCS N3MEHEHHEM
MHKPOTEOMETPUN BEPIIMHBI HHCTPYMEHTa B IIpOLECCE B3aMMOJCHCTBUS
3arOoTOBKH M MaTepHaa.

3akJjouenue.

HecMoTpss Ha MHOTrOYMCIICHHBIE HAy4YHBIE WCCIICAOBAHUS W YCHIJIMA,
npobieMa  co3JaHWsl  HAay4yHO  OOOCHOBAaHHOW  MOJAENHM  M3MEHEHUS
MHUKPOT€OMETPHH UHCTPYMEHTA B MPOLIECCE W3HAIIMBAHUS MPU MEXaHUYECKO
obpabotke [IKM mponomkaeT ocTaBaThesl OTKPHITON. JlOCTUTHYThIE yCIeXH B
9KCIIEPUMEHTAIBHBIX MCCIECIOBAHNAX MO3BOIMIN CAETATh PAJ KauC€CTBEHHBIX
W KOINMYECTBCHHBIX BBIBOJIOB, KOTOpPHIE HE 00JamaloT 0000maromuM
3HAYEHHNEM H CIIPABEIUINBBI TOJIBKO B PaMKax M3MEHEHUS 3KCIEPHMEHTAIBHBIX
MapamMeTpoB U MaTEPHANIOB.

CymiecTBYIOT 3HAYUTENIBHbIE CIO)KHOCTH B M3MEPEHNHN TEKYILETO H3HOCA
1 TiepecyeTa B MaTEMaTHYECKUX MOJEISIX TaK, KaK OHM BKIIIOYAIOT B ceOs
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Gonpioe KomMUecTBO mapameTpoB. IlocienHee 0OCTOATENBCTBO CHIKACT
MPaKTUICCKYIO LCHHOCTh MO[[CJ'ICI‘;I IoTomy, qTo 3aTPyAHUTEIIBHO
MIPOU3BOJUTH JOCTATOUHO MPOCTOW TEXHUYECKHI KOHTPOJIb M3HOCA PEXYIIEH
KPOMKH U IpejickazaHue paboTocrocoOHOCTH HHCTPYMEHTA.

Jid npeononeHus TEXHUYECKUX TPYAHOCTEM W3MEPEHUsl BEIUYHMHBL
W3HOCA W YCWIEHHS NPAaKTHYECKOM peann3alMyd MaTeMaTHYECKHX MOJeneH
MpeAyaraeTcsi B KauecTBE IJABHOTO KPUTEPHS HU3MEPEHUS H3HAIIMBAHUS
WHCTPYMEHTa HCIIOJIb30BAaTh MOTEPI0 MM Beca B IPOIECCE PpEe3aHus.
JanbHeiimas OLEHKa TE€OMETPHHM H3HOCA JOJDKHA OIHCHIBATHCA HPOCTOH
OJIHOIIAPAMETPUUYECKON T'€OMETPUUYECKON MOJENBIO, MO3BOJISIONIEH OLIEHUTH
n3MEeHEHHEe (OPMBI PEXYILEH KPOMKH I10 3a{HEH TOBEPXHOCTH HHCTPYMEHTA U
MPOTHO3UPOBATh €ro CToHKocTh. Co3maHue TakoW MaTeMaTH4ecKOil Momenu
SABJISACTCA MECPCHEKTUBHBIM HalpaBJICHUEM Hay4YHBIX I/ICCJ'ICI[OBaHI/Iﬁ
o0aaronux HOBU3HOI U MPaKTHUECKOH IIEHHOCTBHIO.
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I'enaniit XaBin, Xoy YWkuBeHb, XapkiB, YkpaiHa

MOJEJIIOBAHHS MIKMPOFEOMETPIi IHCTPYMEHTY
B IIPOLECT MUOI'O 3HOIIY BAHHSI
IIPA PI3AHHI KOMITIO3UIIIMHUX MATEPIAJIIB

AuoTtanis. Haiickiaoniworo npobnemoio npu mexauiuniti 06pobyi nosimMepHux KOMRO3UYILIHUX
Mamepianié € iHMeHCUGHe 3HOULYBAHHA THCMPYMEHMY, AKe Npu3so0uns He MiibKu 00 3HUICEHH
1020 npayezoamuocmi, a U pi3Ko nocipulyc sAKicmb @upobnenux onepayit. Y Oamiii pobomi
PO32NA0AEMbCA  NPOYeC — 3HOWLYBAHHS  PIHCYYOI  KPOMKU — IHCMpYMeHmy AK 3MiHA 1020
Mikpoceomempii no GiOHOWEHHIO 00 nepeicHoeo cmawny. Posenanymo  ¢hisuuna npupooa
abpasusHo2o 3HOCYy AK Npoyecy KOHMAKMHOI 63a€MO0ii 3a0HbOI Nosepxmi IHCmMpymeHma 3i
3PYIUHOBANUM HANOGHIOBAYEM | IHMEHCUBHUM SUOINEHHAM Menaa 3a paxyHok mepms. Cnupanoqucs
Ha 3aKOHOMIPHOCINT, OMPUMAHT eKCEePUMEHIMATLHUM WITAXOM, MOJICHA 3p0OUU 8UCHOBOK NPO Mie,
Wo nepeicna 2eomempis pidiCy4oi KpOMKU IHCMpYMeHmy 6dce 8 Nepiod npupodimku pizKo

223



ISSN 2078-7405. Pizanus ma incmpymenmu 6 mexnono2iunux cucmemax, 2020, sunyck 92

SMIHIOEMbCSL | 00 NOYAMKY CMAYIOHAPHO20 3HOWYEAHHS HADYBAE 0EsIKY POPMY, KA 8 NOOATLULOMY
3MIHIOEMbCS. MIbKU  KIbKICHO Oe3 CnOmeopeHHs. cmilikoio npupobienoi gopmu. Dakmuurno
MOJICHA  2080pUMU NPO Me, WO NEPICHA 2e0Mempisi pijicyyoi KpomKu, obpana 3a Oesxkumu
PAYIOHANLHUM MIDKVBAHHAMU AOO 6 pe3yibmami pileHHs 3a0adi Onmumizayii, ciysicums miibKu
0Nl eheKmueHo20 pi3anHs 8 nepiod npupobimku, nicis 4o2o il 6naue Ha nooarvuy pobomy
iHCMpYMeHmy 6 yMo8ax CMAyiOHAPHO20 3HOULYBAHHA, He € CYMMESUM. AHaniz npoyecy 3HOCY
pidicyuoi Kpatiku iHcmpymenmy npu o6podyi NONIMEPHUX KOMNO3UMIE NOKA3A8, W0 € HCOPCMKA
Kopenayis Midic  3HOWLYSAHMAM, 3DOCMAHHAM — CUNOB020 HABAHMAJICEHHA, MeMNepamypHoi
HanpysceHocmi i noseow pisHux Odegekmis 0opobaenoi noeepxui. Ilpedcmagneni pisui modeni
Onucy 3MiHU MiKpo2eomempii piscyyoi Kpaiiku y euenadi 2eomempuynux mooenel 3 ix nepesazamu i
Hedoaikamu. [emanvbHo po32NsHYmi CYYacHi eKCNepUMeHMAanbHi OO0CACHEeHHS 8 O0CHiONCEeHHI
xapaxkmepy 3minu Mikpozeomempii 6 npoyeci 3nouysants. Ha yiti niocmasi 3po6neno npunywenns
npo oOHenapamempuuHull Xapakmep 3MIiHU 2eOMempii pi3anbHoi KpaiKku 6 npoyeci 63acMolii 3
xomnosumom.  Ilepedbauaemovcs  nodamvuiuti  po3GUMOK — QOCHIONCEHHS. [ CMBOPEHHIM
Mamemamuynoi MoOe, wo no8'a3ye 3MIHY MIKpoceomempii IHCIMpyMeHmy 6 uaci, sIK (QYHKYio
00H020 napamempa, wo 3a1excums 6i0 NOYAMKO80i 2eoMempii iHcmpymeHmy.

KarouoBi cioBa: suowyeanns incmpymennmy;, abpasuHuii 3HOC, Pi3amMHA  KOMNO3UMIG;
MiIKpo2eomempis pidicy4oi Kpaiixu.

Gennadii Khavin, Hou Zhiwen, Kharkiv, Ukraine

MODELING OF THE INSTRUMENTAL
MICROGEOMETRY IN THE PROCESS OF ITS WEARING
AT CUTTING OF COMPOSITE MATERIALS

Abstract. The most difficult problem during the machining of polymer composite materials is the
intensive wear of the tool, which leads not only to a decrease in its working capacity, but also
sharply worsens the quality of the operations performed. In this paper, we consider the process of
wear of the cutting edge of a tool as a change in its microgeometry with respect to the initial state.
The physical nature of abrasive wear as a process of contact interaction of the flank surface of a
tool with a destroyed filler and intense heat due to friction is considered. Based on the laws
obtained experimentally, we can conclude that the initial geometry of the cutting edge of the tool
already sharply changes during the running-in period and by the beginning of stationary wear
takes on some form, which later changes only quantitatively without distortion of the stable
worked-in shape. In fact, we can say that the initial geometry of the cutting edge, selected for some
rational reasons or as a result of solving the optimization problem, serves only for effective cutting
during the running-in period, after which its influence on the further operation of the tool under
stationary wear is not significant.An analysis of the wear process of the cutting edge of the tool
during the processing of polymer composites showed that there is a strong correlation between the
appearance of wear, the growth of power loading, thermal stress and the appearance of various
defects of the treated surface. Various models of describing changes in the microgeometry of the
cutting edge in the form of geometric models with their advantages and disadvantages are
presented. The modern experimental achievements in studying the nature of changes in
microgeometry in the process of wear are examined in detail. On this basis, an assumption was
made about the one-parameter nature of changes in the geometry of the cutting edge in the process
of interaction with the composite. The further development of the study and the creation of a
mathematical model are proposed, linking the change in the tool’s microgeometry over time as a
function of one parameter, depending on the initial geometry of the tool.

Keywords: tool wear; abrasive wear; composites cutting; cutting edge microgeometry.
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MOJIEJTIOBAHHS HAJIIMHOCTI 3BIPHUX IHCTPYMEHTIB
JJIAA BAXKKUX TOKAPHUX BEPCTATIB

AHoTauiss. B pobomi eupiwena 3adaua nio8uUUjeHHs. HAOIUHOCMI 30IDHUX [HCMpPYMeHmis Ol
savickux moxkaphux eepcmamis. Hazonoweno, wo npu excniayamayii 6axckux eepcmamie npocmoi
nompebylomy 8eIUKUX KOWIMIB, 3HAYHO 3HUNMCYIOMb AKICMb Npoyecy eKChayamayii mexHono2iuHol
cucmemu. Memoto cmammi € nioguwyenHs AKOCmi npoyecy eKcniyamayii mexHon02iuHoi cucmemu
00pobKU demanell WASXOM PO3POOKU MAMEMAMUYHUX MoOdeiell O/l NPOSHO3VEAHHS HAOIIHOCMI
30ipHux incmpymenmis. /logedeHo nepesazy KOMNIAEKCHO20 NOKAZHUKA HAOIUHOCMI IHCIMPYMeHmY —
Koeghiyienma comosrocmi. 30ipHi pizyi po3ensioarmbcst Ik NOCIIO06HA CUCMeEMA 3 MOYKU 30pY IX
HaoitiHocmi.  TlpedcmagneHo cucmemy NOKA3HUKIE HAOIUHOCMI  Di3ANbHO20  THCIPYMEHNY.
3acmocosyrouu mapkiecbKuii nioxio 0o onucy cucmemu i NPUNYWjeHHs eKCNOHeHYIIHO20 PO3NOOINYy
uyacy pobomu i BIOHOGIEHHs THCMPYMEHNY, PO3POOIEHO MamemMamuyHi Mooeii Koegiyienmie
20mosHoCmi 30IpHUX Pi3Yi8.

KaiouoBi cioBa: 30ipnuti  piseyvb; Gadickuil eéepcmam; NOKA3HUK — HAOIIHOCMI;  sIKICMb
IHCMpYMeHmy, cucmeMHuil nioxXio, npaye30amHicms, iHMeHCUBHICIb 8IOMO8.

Beryn. ITocranoBka npoéJiemn.

[TinBuimieHHss  cTyneHs — aBToMaru3alii  Cy4acHOrO  BHPOOHMIITBA,
3a0e3nedyeHHs] SKOCTI TPOXYKLil MamIMHOOYIyBaHHS IOTPEOYIOTb HOBHX
MiIXO/IB O KOMIUIEKCHOTO YIIPABIiHHS SKICTIO TEXHOJOTIYHUX cucteM [ 1,2],
30KpeMa , CHCTeM MeXaHi9HOi 0OpoOku MaTepiaiiB. BrpoBamkeHHs B YKpaiHi
craamaptiB ISO cepii 9000 [3, 4], saxi mOBHHHI 3a0€3MEUYNTH TPOIIECHUH TiIXis
O MEHEHKMEHTY SIKOCTI BHPOOHHYHX IMIPOIECIB, CHPHUATH PO3POOIICHHIO
CHCTeMH SIKOCTI TIPOIECy MEXaHOOOpoOKH [5], BU3HAYCHHIO KBATIMETPHUIHHIX
MTOKA3HUKIB SIKOCT1 BEPCTATIB, pi3aIbHUX IHCTPYMEHTIB 1 IpoIieciB 3a0e3MeueHHs
ix Oe3BiAMOBHOTO (YHKI[IOHYBAaHHS B TIPOIleCi BUTOTOBJIEHHS neraneil. Lle
HaOyBa€e 0COOJIMBOTO 3HAYEHHS TPH EKCILTyaTallii Ba)KKUX BEPCTATIB, VIS SIKUX Y
3B’SI3KY 3 1X BHCOKOIO BapTICTIO, MPOCTOT NOTPEOYIOTh BEMKHUX KOIITIB, 3HAYHO
3HWKYIOTh  SKICTh  MpOLECy  eKCIUIyaramii  TEeXHOJOTIYHOI  CHCTEMH.
CrarucTryHuid  aHami3 [6] TOKa3HMKIB eKCIUTyaTalil 30IpHUX pi3albHHX
IHCTPYMEHTIB JIOBIB, III0 BiIMOBa IHCTPYMEHTIB € OJHUM i3 3HaYyIIUX (haKTopiB
npoctoiB  BepcrariB. ToMy BH3HAu€HHS TOJOBHOTO IIOKa3HUKA SIKOCTI
TEXHOJIOTIYHOI CHCTEMH — HaIiHHOCTI pi3ajbHOTO iHCTPYMEHTY, € aKTyaJbHOIO
3a7a4yero A1 TiABUIIECHHS e(eKTHBHOCTI OOPOOKH AeTalleH.

OniHrOBaHHA HaIiHOCTI 30ipHOTO IHCTPYMEHTY JJIS BaXKKHX BEPCTATIB Mae

© I'. Knumenxo, A. Bacunvuenxo, 2020
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3apa3 BUKOPHCTOBYEThCS BEJIMKA KITBKICTh MOKA3HHUKIB, 110 O3BOJISIIOTH
BU3HAYUTH  OE3BIIMOBHICTb,  JOBIOBIYHICTh 1  PEMOHTONPHUAATHICTH
IHCTPYMEHTY [8,9,10]. Posmoamin mepiogy CTIMKOCTI  IHCTpyMEHTY
XapakTepu3ye HaJiiHICTh PI3aJbHOrO Jie3a 1 He JIO03BOJISIE BHUPIIIUTH 3a/1a4y
3a0e3meueHHs HaJiifHOI eKcIUTyaranii iHCTPYMEHTY, BKIIIOYAlOYM 1HIII
KOHCTPYKTHUBHI ~ eleMeHTH  30ipHOro  iHCTpyMeHTy. KoMIuiekcHUMHU
MMOKa3HIKaMH HAIIHHOCTI 30ipHOTO IHCTPYMEHTY SK CHCTEMH MOKE CITy>KUTH
KoegimienT roroBHocTi [11,12].

Meta pobOoTH — MIBUINEHHS SKOCTI TpOIEeCy  eKCIUTyaTarlil
TEXHOJIOTIYHOI cucTeMH OOpOOKH JeTajeld MUITXOM PO3pOOKH MaTeMaTHIHHX
MojIenelt Il IPOTHO3yBaHHS HaiHHOCTI 30ipHUX IHCTPYMEHTIB.

MeToauka aociigKenb

30ipHUil TBEpJOCIUIABHUI pi3ellb 3 TOYKM 30py HAIIHHOCTI MOXKHA
YSBHUTH SIK MOCHIZIOBHY CHUCTEMY, TaK SIK BUXiJ 3 Jaay OyAb-sSKOro eleMeHTa
pi3i MPU3BOIUTH O BiIMOBHU BCi€i cCUCTEMHU. 1 Mo’kHA BBaXKaTH TAKOIO, IO
00CIIyrOBYETBCS B 3B'SI3KY 3 HAasBHICTIO IIPOLIECY BiJJHOBJICHHS IIpale3aaTHOCTI,
TOOTO 3aMiHM BIJIMOBMBIINX elleMEHTiB (puc.1).

[oxa3sHuKamMu HaAIHHOCTI OOCIYTOBYBaJIHOI CHCTEMH € KOe]imieHT
TOTOBHOCTI, SKHHA XapaKTepm3ye sK O€3BiIMOBHICTH pi3lld, TaKk 1 Horo
peMOHTONPUAATHICTE. BiH BU3Hauae WMOBIPHICTH 3HAXOKEHHS CHUCTEMH B
NpaLe3faTHOMY CTaHI B IIEBHHII MOMEHT yacy 3a YMOBH, IO B IIOYaTKOBHUH
MOMEHT CHCTeMa OyIia B CIIpaBHOMY CTaHi.

3aCTOCOBYIOUM MApPKIBCHKUI MiAXiJ] 0 OMHCY CHUCTEMH, HEOOXiTHO
NPUITYyCTUTH, WO BIAMOBM pi3lis BUHUKAIOTH 3TIIHO EKCIIOHEHIIaTbHOTO
3aKOHY pO3IOJy, a 4ac 3aMiHM €JEMEHTIB, L0 BiMOBWIH, SBJISE COOOIO
BUIIJIKOBY BEJIMUMHY TAKOX 3 €KCIOHEHLIAJIbHUM po3nojaiioM. CTaTHCTHYHE
JNOCIHI/DKEHHST  Tpale3JaTHOCTI  TBEPIOCIUIABHMX  PI3LiB  HE  3aBXKIU
HIiATBEP/KYE TNPABOMIPHICTh TPHITYHIEHHSI EKCIOHEHLIAILHOTO PO3MOJILTY.
OmHak B 3B'I3Ky 3 THUM IO BiOMOBHI €IIEMEHTH (HAUpWKIAl, pi3aibHi
IUTACTHHH) BHMAararoTh HEBEJIMKOTO Yacy BiTHOBICHHS B TIOPiBHSHHI 3
TPHUBAJICTIO EeKCIUTyaTalil iHIIMX eJIeMEHTIB (HalpHuKiIan, Kopiyca pisis),
3acTOCyBaHHA MapKiBCBKOTO TIAXOAYy [0 OLIHKA HAIIHOCTI CHCTEMH
JO3BOJIIIOTH  OTPHIMATH MaTEeMAaTH4HI MOJENi, SKi ONHCYIOTh ITOBEIIHKY
CHCTEMH 3 JOCTATHBOIO UISI MPAKTUIHOTO 3aCTOCYBaHHS TOUHICTIO [13,14].

OcHoBHa yacTuHA. /{111 BU3HAa4YeHHs KoedillieHTa TOTOBHOCTI 30ipHOTO
pi3lisi pO3rJsTHEMO JBa CTaHW, B SKHX BIH MOXe ImepeOyBatd B mporieci
excrryaranii: cran 0, koimu BiH Ipane3jaTHuil, 1 craHn 1, Komu Bepcrar
HPOCTOIOE (3aMiHa pi3Lst 1 TOBOPOT OaraTorpaHHOi TUIACTHHN).

Marpurst nepexoziB cucTeMu (301pHOTO IHCTPYMEHTY) 3 OJHOTO CTaHy B
IHIIMIA Ma€e BUTIIS
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A
g 1-p

Ie: A— IHTCHCHBHICTH BIIMOB Pi3abHO TUTACTHHU;
[t — IHTCHCHUBHICTH BiTHOBJICHHA (3aMiHa Pi3aJIbHIX BEPIIIHH).

Pucynok 1 — Pizens 36ipHOT KOHCTpYKILIi Ta foro eneMeHTH
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JIyist eKCIIOHEHIIaNbHOTO PO3NOALTY CTiMKoCTi pi3us 7 1 yacy BiHOBJICHb
T, IHTEHCHUBHICTH BIIMOB IUIACTUH A Bu3HadaeThbcs A=1/7, a IHTEHCUBHICTb
BigHOBJICHHS 1= 1/ T,.

CKiHYEeHHO-PI3HULEB] PIBHSIHHS, 1[0 ONHCYIOTh CTOXACTUYHY IMOBEIIHKY
mi€i cHCTeMH, MOXKHA CKJIACTH 3 TaKMX MIpKyBaHb: HMOBIPHICTH TOTrO, ILO
cucTeMa 3HaxoAuTbesi B crani 0 no MomeHTy t - t + dt, BUBomHMTBCA 3
WMOBIpHOCTI TOTO, IO I cuctema Oyma B craHi 0 B MoMmeHT dacy t i He
BijiMOBMJIa 3a iHTepBai t - t + dt abo Te, 110 BOHA 3HAXOMUTHCS B cTaHi 1 B
MoMmeHT t 1 moBepHynacs B crani 0 3a intepBan t - t + dt. Tomy oTpumyemo:

5 Py(t+dt) = Py(t)(1— Adt) + P,(t)pude + 0(dt)

HmoBipHicTh mepeOyBaHHS CHUCTEMH B CTaHI | BU3HAYAEMO MOMIOHMM
YHHOM:

P,(t+dt) = Py(t)Adt + P,(t)(1— pdt) + (dt)

Yien O (dt) sieaste co0or0 HECKIHYCHHO Maly BEIHYHHY, TaK SK €
HMOBIPHICTIO JBOX HE3AIEKHUX MO/ OPJAUHAPHOTO MOTOKY.
BuxkopucroByrouu nepexin npu dt — 0 BU3HAYUBIIK:

P(t+dt) — P,(t , o(dt
i PO RO o)
de—=0 dt dr—0 df

maemo: Py (t) = —AP,(t) 4 uP,(t), P (t) = AP,(t) — uP, (1)

Skmo cucrema npu t = 0 3HaXOmUTbCI B POOOTI, TO MOYATKOBHUMH
ymoBamu OyayTh: Py(0) = 1, P,(0) = 0. Komu t = 0 cucrema nepeGysae B
PEMOHTI, TOmi moyaTkoBUMH ymoBamu Oymyth: Py(0) =0, , P,(0)=0.
3acrocoByroun nepeTBopeHHs Jlamraca 10 piBHSAHB 1 BpaxOBYIOUH ITOYATKOBI
ymoBu Py(0) = 1, P,(0) = 0, orpumyemo:

sPy(s) — 1+ AP,(s)—pP(s) =0
5P (s) —APy(s) + Py (s) =0

1 TTiCJISI IPUBEICHHS MONI0HUX YJICHIB MaeEMO:

(s+A)P,(s) —pP,(s) =1
—APy(s) + (s + WP (s) =0

Jns BupilleHHA JaHOi CHCTeMM pIBHAHb BBeJIEMO BHM3HAa4HUK D,
elleMeHTaMu Koro € koedinientu npu P;(s). Kpim toro, mozxaunmo D;, sikwmit
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YTBOPIOETBCSI B Pe3yJbTaTi 3aMiHM i-TO CTOBIIS CTOBIIEM KOe(illi€HTiB
NpaBOi YaCTUHHM PIBHSIHb CHCTEMHU. Toi:

P.(s)=D;/D
i TOMY
o oo
0 s+upu
Pols) =5y m —u]
|—l s+
abo
S+ u
Po(s) =—"T—
s(s+ A+

@dyHKIi TOTOBHOCTI, sKy mo3Hauumo uepe3 A(t), € 3BopoTHUM
neperBopeHHaM Jlamtaca mis Py (s, ToOTO.

At = LR (SN}

abo

K A ouwr
Kr = Pylt)=——+ e e
fu () H+i A4np

CepenHiii yac mpane3aTHOTO CTaHy A[THH) pi3ld AN IESKOTO
KIHIIEBOTO iHTepBady 4acy 1 MOKHa BH3HAYHMTH, MPOCyMyBaBInu Py(t) mo

BCHOMY iHTEpBaJy 1 pO3AIIMBIIN HA HHOTO:

A(T,,) =% f TPo (t)dt
4]

st naHoro BUNanKy

u A A
A(T,) =

+ _ e—t'.lﬂLjT
u+iA (A4+wWT A+4np

PosrnssHemMo HafiifHICTh 30ipHOTO pi3lg IS BaXXKUX BEPCTATIB, IO
CKIIAa€ThCs 3 KOPIYyCYy, OJIOKY-BCTaBKH, Ha SKili KpImHTBCA pi3ajdbHa
mwiacTiHa. 30ipHUHA pi3enb BIJHOBIIOE CBOIO MPAale3[aTHICTh JBOMA
criocobamu. [lpu BHHUKHEHHI mepiioi HecnpaBHOCTI (BIIMOBM pi3ajibHOI
IUIACTUHM) 3JIHCHIOETHCS YacTKOBE BIIHOBJIECHHA-TIOBOPOT abo 3aMiHa
IUIACTUHM 1 CHCTeMa BiIHOBIIIOE CBOIO Npane3fatHicts. Ilicns mosBu apyroi
BiZIMOBHM (BUXiJ 3 J1agy BCHOTO OJIOKY ab0 €JIEeMEHTIB KPIIJICHHs) BUKOHY€EThCS
3amiHa Omoky. Ilpm 1BpOMYy cHCTEMa MOBHICTIO BIJIHOBJIIOE  CBOIO
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npane3gatHicts. Hexail A1 o3Hayae iHTEHCHMBHICTh BiMOB OJIOKIB, a A2 —
IHTEHCHBHICTb BIAMOB IUIACTHH, npudoMy A2> /1. Hexall pami p, —
IHTEHCHBHICTh YCTAaHOBJICHHS Pi3aJbHOI YaCTHHHU, TOOTO 3aMiHHM 200 MMOBOPOTY
IUIACTUHA, A [, — IHTEHCUBHICTh BITHOBJICHHS TIPale3JaTHOCTI OJIOKIB.
BusHaunMMo 4OTHpHM CTaHM, B SIKMX 3HAXOIMTHMYTHCS CHUCTeMH: craH 0 —
CHCTEMH CIIPaBHI MiCJisl 3aMiHK OJIOKY; cTaH 1 — pi3elb He Mpamoe y 3B'3Ky 3
BiJ]MOBOIO ILJIACTHHH, POBOIMTHLCS i MOBOPOT a0 3aMmiHa; CTaH 2 — pi3elb
3HAXOIHUTHCSA B pOOOYOMY CTaHi MICIS 3aMiHU IUIACTHHH; CTaH 3 — pi3enpb He
MpaIioe y 3B'S3Ky 3 BiZIMOBOIO €IEMEHTIB KpiIuleHHS a0o OJIOKIB B IIiIOMY,
TIPOBOIUTHCS 3aMiHa OIIOKY.

Cran 0 i 2 sBIAOTH COOOI0 NONMYCTHMHH CTaH IJI HAAiiHOI poOOTH
pismsa. MaTpuisl mepexony 3 OXHOTO CTaHy B IHIOMH B [[bOMY BHIIQIKy Mae
BUIJISL

0 1 2 3
-4 A 0 0
P= 0 1-u u 0

0 0 1-4 4
Hy 0 0 1-p

w N b O

Cuctema anreOpaiyHUX PIBHSHB [TPEACTABISETHCS:

0=—MF+upB
0=MF —u,P
0=ﬂ1P1+)‘.2P2
0=—AP +u,pP;
OZPU+P1 +P2 +P3

Onyckaio4yl MPOMDKHI MaTeMaTH9IHI BHKJIAIKH, BH3HAYaeMO KoedimieHT
TOTOBHOCTI, III0 HA/Ia€ YACTKY 4acy, B IKOMY Pi3elb 3HAXOAUTLCS B CIIPABHOMY
CTaHi:

Alﬂlﬂz + Az.lil.ug

KI‘. =
YAy Ay Ao, + Ao p

BukopucroByroun 10 MareMaTHYHy MOJIEJIb MOXXHa BU3HAYUTH
Koe(iLlieHT TOTOBHOCTI Pi3lsl 3a 3aaHMMHU IOKAa3HUKaMH HOTO HaAiHHOCTI:
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NIOKa3HUKM O€3BiIMOBHOCTI A i A; 1 PEMOHTONPHIATHOCTI i, 1 ,, OTPUMAEMO
Ha MI/ICTaBi pe3yJbTaTiB eKCILTyaTallfHUX BUIIPOOYBaHb.

Iro 3anexHiCTh Ha CTaAli MPOEKTYBaHHS MOXKHA BHKOPHUCTOBYBATH JJIS
PO3MOJITY 3alaHOTO PIiBHS HAAIHHOCTI BCHOTO Pi3lLs JaHO! KOHCTPYKLIT Mixk
HOoro eyieMEHTaMH, Malodd anpiopHy iH(OpMalilo Npo IHTEHCUBHICTh IX
BIZIHOBNICHHS. SIKIIO X HEOOXIHO CKOHCTPYIOBAaTH pi3elpb Uil JaHUX YMOB
06po0kH (TOOTO 3a/aHi iHTEHCHBHOCTI A, 1 A;), TO 171 OTPUMAaHHS 3aJAHOTO
PIBHSIHHS Ha/IiHHOCTI HEOOXiJJHO BHOpaTH Taki KOHCTPYKTHBHI DillIEHHS, SIKi
JIO3BOJISIIOTH ~ 3a0€3MEUYMTH  BH3HAYEHI II€I0  3aJISKHICTIO  MOKAa3HUKHU
PEMOHTOIPUAATHOCTI.

BucHoBku.

Jns migBHINEHHS SKOCTI MpOLECy eKCIulyaTamlii TeXHIYHHX CHCTEM
MEXaHOOOpOOKH [eTalieii HeOOXiTHO B CHCTEMY BIACTHUBOCTEH SKOCTiI BCiel
CHUCTEMH BKIIOYATH TIOKa3HUKH HAMIHHOCTI pi3albHOTO IHCTPYMEHTY, SKi
BU3HAYAIOTh YaCTKy Yacy CIpaBXHbOi podoTm Bepcraty. Lle mMae ocobnmse
3HAYCHHS U1 BAYKKUX BEPCTaTiB, e()eKTUBHICTH POOOTH SIKMX B 3HAYHINA Mipi
3aJIeKUTh BiJl TPOCTOIB, MOB’S3aHUX 3 BIIMOBOIO Pi3aJbHUX IHCTPYMEHTIB.
AHami3 pi3HHX TIOKa3HWKIB HAMIHHOCTI TO3BOJHMB BHSBUTH IIepeBary
KOMIUIEKCHOTO MOKa3HUKa Ha/liIHHOCTI IHCTPYMEHTY — Koe(ili€HTa FTOTOBHOCTI.
[Ipn po3pobui MaremaTHYHHX Mozeield 30ipHI pi3li pO3MIAANINCH  SIK
MOCJTIZIOBHA CHCTEMa 3 TOYKH 30pYy iX HaIIHHOCTI, KUIBKICTh €JIEMEHTIB SKOT
3aJIeKHUTh BiJ KOHCTPYKIIi IHCTPYMEHTY. 3aCTOCOBYIOUM MAapKIBCHKHMH MiJXi[
JIO OIUCY CHCTEMH 1 NPUIYIIEHHS EKCIOHEHI[IIHOrO PO3NoALTy Yacy poboTH i
BITHOBJICHHS 1HCTPYMEHTY, PO3pOOJICHO MaTeMaTW4Hi MoJeNi KoeQillieHTiB
TOTOBHOCTI JJISl IBOX KOHCTPYKIIiH 30ipHUX pi3uiB. i 3amexXHOCTI ePeKTHBHO
BUKOPHCTOBYIOThCS SIK Ha CTafii MPOEKTYBaHHS IHCTPYMEHTY IUIS PO3MOILTY
HAJIHHOCTI MK eJeMEeHTaMH KOHCTPYKIIi, TaK 1 Ha cTamii HOro eKCIuTyararlil
IUTSI BU3HAYEHHS SIKOCTI TEXHOJIOTIYHOT CHCTEMH.
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MODELING THE RELIABILITY OF ASSEMBLY
TOOLS FOR HEAVY LATHES

Abstract. The problem of increasing the reliability of prefabricated tools for heavy lathes is solved
in the work. The idea of implementing ISO 9000 series standards is justified. The need to develop a
quality system for the machining process has been proven. Qualimetric indicators of quality of
machines, cutting tools and processes of ensuring their trouble-free operation are defined. The aim
of the article is to improve the quality of operation of the technological system of processing parts
by developing mathematical models for predicting the reliability of assembly tools. Special
attention is paid to the operation of cutting tools for heavy machines. The high cost of such tools is
emphasized. Attention to reducing downtime of heavy machines is paid. The statistical analysis of
indicators of operation of assembly cutting tools is carried out. It is proved that tool failure is one
of the significant factors of machine downtime. The system of indicators of reliability of the cutting
tool is presented. The reliability of the assembled tools for heavy machines is considered. The
operation of the machine during operation is analyzed. Two ways to restore the efficiency of the
tools are analyzed. State 0, when the machine is operational, and state 1, when the machine is idle
are considered. Markov's approach to the description of the system is applied. Assumptions about
the exponential distribution of operating time and tool recovery are made. The advantage of a
complex indicator of tool reliability - readiness factor is proved. Assembly tools are considered as
a consistent system in terms of their reliability. The number of system elements depends on the
design of the tool. Mathematical models of readiness coefficients for two designs of assembly
cutters are developed. The effectiveness of the use of research results proved. The distribution of
reliability between the structural elements is determined at the design stage of the tool. The quality
of the technological system is determined at the stage of its operation. Design solutions must be
chosen to ensure serviceability. This will provide a given level of reliability.

Keywords: assembly tools; heavy machine; reliability indicator; tool quality; system approach;
efficiency; failure rate.
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ELEMENTS OF APPROACH TO INCREASE RELIABILITY
OF CUTTING TOOLS FAILURES RECOGNITION

Abstract. The work is devoted to solving the problem of increasing reliability of cutting tools
failures recognition. For this is proposed to carry out the following developments: the formation of
sets of direct and indirect features of cutting tools states and failures; forming the corresponding
state spaces; reducing their dimensionality by selecting the most informative features; construction
of failures classifiers and necessary decision rules. The analysis of methods for selecting failures
informative features is carried out, and the genetic method of features selecting is recommended
for use.

Keywords: failures of cutting tools; recognition; informative features.

1. INTRODUCTION.

Modern automated production facilities widely use the corresponding
machines - flexible manufacturing modules. These systems work with the
limited participation of operators, with their partial intervention (if necessary)
in machine control processes. Therefore, all technological operations control
and diagnosis processes must be automated.

The largest number of failures of flexible modules is in failures of cutting
tools (CT). There are both gradual failures - due to the wear, and sudden
failures - due to the destruction of the cutting part (CP). The need to develop
appropriate approaches, methods and systems for automatic recognition of tool
failures is obviously. Timely failure detection allows to stop the processing and
to prevent parts destruction. For this, it is necessary to create appropriate
monitoring systems, for which appropriate mathematical and software are
developed.

The recognition reliability is determined by such characteristics, as the
probability of correct recognition, the values of errors of the first and second
kind. They directly depend on the quality of features and classifiers of failures.
To increase the reliability of failures recognition, it is necessary to carry out the
following developments: the formation of sets of direct and indirect features of
CT states and failures; forming the corresponding state spaces; reducing their
dimensionality by selecting the most informative features; construction of
failures classifiers and necessary decision rules.

© A. Derevianchenko, O. Fomin, 2020
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The typical failures of tools for roughing (by the example of cutters) are
considered, examples of constructing the corresponding state spaces (with
examples of state dynamics - from works states to failure state) are given. The
scheme of the system for indirect control (for determining the failure of
incisors under shock loads) is given.

The models of uneven wear of CP cutters for finishing, a gradual increase
in wear areas, the appearance of concomitant microdefects and the onset of
failures, are presented.

Since flexible modules are equipped with tool stores (with a large number
of tools for various types of processing), it becomes necessary to construct the
corresponding sets of informative features of failures and classifiers. This, in
turn, requires the use of methods for selecting informative features. The
analysis of these methods is carried out and the genetic method of features
selecting is recommended for use.

Research purpose. The purpose of this research is to develop elements of
approach to increase the reliability of cutting tools failures recognition.

2. LITERATURE REVIEW

Modern metal cutting machines, the corresponding methods and
technologies are finding more and more widespread use in modern machine-
building [1]. With the increasing complexity of modern means of production
(and the conditions of their exploitation to the CT quality) the according
methods are used in flexible manufacturing modules.

A lot of work has been devoted to improving the quality and optimizing
cutting processes, monitoring conditions and evaluating the performance of
cutting tools, including works [2 - 8].

According to a number of publications, downtime of modern machine
tools in more than half of cases occurs due to gradual or sudden tool failures.
The need for the development of modern monitoring methods and systems,
mathematical and software for the timely recognition of gradual and sudden
CT failures is obvious.

Comparative analysis of conventional and non-conventional optimization
techniques for CNC - turning, carried out in [2].

In flexible manufacturing modules high cutting speeds are used [3], which
leads to an increase in the wear of the CT and a reduction in their working life.

A study on automatic on-machine inspection system for 3D modeling and
measurement of cutting tools carried out in [4].

Tasks on-line monitoring of tool wear conditions, CT tools failures in
machining processes, based on machine tool data, are investigated in [5 - 8].
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The issues of creating elements of intelligent systems for continuous or
periodic CT state diagnosis, obtaining features of states from sensors of direct
or indirect control, and the development of the corresponding classifiers are
analyzed in [5-8]. It is shown here, that the most important aspect of ensuring
high-quality recognition of CT states is - to obtain highly informative features
from monitoring systems.

Formation of a system of informative diagnostic features, based on a
quantitative expression of their significance, is investigated in [9].

Features of modeling failures of recoverable complex technical objects
with a hierarchical constructive structure, formation of a system of
informative diagnostic features based on a quantitative expression of their
significance, are analyzed in [10, 11].

An analysis of the reviewed and many other publications showed the
relevance and need for development elements of approach to increase the
reliability of cutting tools failures recognition.

3. RESEARCH METHODOLOGY

For develop classifiers of sudden failures of cutting tools, it becomes
necessary to form models of the dynamics of the CP states in the corresponding
attribute spaces. Adequate decision rules are created. An example of one of
these models is shown in Fig. 1.

We introduce a series of notation and write down some relations, which
were used by us in [6]:

X F - space of signs of the shape of the contours of wear zones, defects
and CP microdefects;

X X5, XE ..., XF - Informative features of the shape of the contours
of CP wear zones, defects, microdefects, and CP failures;

n —number of informative features;

A2T - working area of the flank surface of the worn cutter (the main
object of control in conditions of finish turning);
QlF[A;], QZF[A”, Qg[’g],..., QE[A;] - cutting state and CP failures classes;

k —CP classes quantity;
X, X2, X2 ..., x. - feature vector of CP states, obtained at time points of

control Tp» Ty Tve T
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Figure 1 — Representation of the CP cutter states dynamics in the space of geometric
features of the surface wear zone (the final CP state is a failure state - chipping)

Kn“ ¢ Lg - traces of concentrated wear are present on the flank surface
of the CP (but do not affect the quality of the treated surface);

Kn“ e L., - traces of concentrated wear are present on the flank surface
and reach the forming section of the cutting edge - LEF (failure state - loss of
surface quality);

hyLB , [hYLgmaX] - respectively the current and limit value of the radial wear
of the tool;

PrLEl, F’rL;2 - grooves respectively on the main and auxiliary flank
surfaces of the CP;

T T
h;ﬁ ,hPLf(maX) - respectively, the current and marginal heights:

Prt g ™ | Pr ¢ L - on the cutting part of the tool (LT ) there are
no grooves.

T T
NB - built-up edge on the tools face surface (L, ).
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CP state are conventionally denoted by black circles - the tops of the state
vectors x2, x%, x=,...,xz* ), which belong to the classes of CP states.

T
Class Qg[AZ ] a state of CP failure due to a chipping.
Decisive rules for recognition are given on the diagrams in curly brackets.

4. RESULTS.

Figures 2, 3 show models of the dynamics of states and various types of
failures of the cutters CP.

Xrox)

{>>[1
|
|
b |

3).Pr e T APr2 e I,

”T \\\

""" Xl QIF[A;] S [DA efs
2.5, <[]

XF

Figure 2 — Representation of the CP cutter states dynamics in the space of geometric
features of the surface wear zone (the final CP state is a failure state - chipping

of the cutting part (C-° = CCP"))

To identify such sudden tool failures, methods and systems for CT
monitoring generated, using indirect control methods.

Let us turn to the consideration of the method of indirect control of the
states of CT sources. Its main provisions are stated by us in [8], and the scheme
for forming patterns of the cutting process (when machining parts with cutter)
is shown in Fig. 4.
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Figure 3 — Representation of the CP cutter states dynamics in the space of geometric
features of the surface wear zone (the final CP state is a failure state - breakdown

of CP (" = BCP))

Figure 4 — Schema of the organization of the “input-output” experiment within the
framework of the task of diagnosing the cutting process with periodic shock loads [8]:
1 — processed part with longitudinal grooves; 2 — CT (cutter); 3 — cutter holder; 4 —
indirect control sensor; GDS - pulse loading of the cutting system
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The measuring device - control sensor (SC) and stored in the database
(DB). Signals f,(t) and f (t) are added to the response of the system —

interference from the cutting process and the sensor, respectively. Indirect
control sensor 4, as an element of the automated control system for the electric
drive of machine tool, measures the output signal - the active power W of the
asynchronous motor. Such a system makes it possible to recognize sudden
failures caused by CP destruction.

Consider the method of CP failures direct control with the system of
technical vision (STV) using. Here, cutting tools states patterns are the digital
CP images. The issues of optimizing the monitoring of incisors using the
methods of CP failures direct control (with the formation of the corresponding
features) were considered by us in [7].

Schematic representation of the finishing cutters CP wear features are
shown on Fig. 5. During CT operation, especially for fine and precision
machining tools, uneven CP wear, other defects and microdefects occurred.

W]

”;; i
> ”"ZI 3

Figure 5 — Schematic representation the features of the wear and failures
of cutters CP for finishing treatment

The following notation is used here: types (patterns) of wear zones of the
rake face (W, ,w, ), flank face (W, W," W, ) and cutting edges
(VV'" WIII Wln)

1 %82 PR3 :
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Accordingly, examples of feature spaces are presented:

- wear zones of the rake face W', with feature sets (R,R,,..,R/) and
state classes (AM , A );

- wear zones of the flank face W " , with feature sets (P,P,,...,P,) and
state classes (AM', AV, AV );

- wear zones of the cutting edges W . , with feature sets (U,,U,,...,.U,)

and state classes (A", V" A1),

An example of representing the space of primary features W " is shown
on Fig. 6.

4 |
1 !
1 I
I i
!
| T ||
: : Type: External |
_________ | Perimeter. 559 :
: Height (max):97 |
| et T Width (max): 224 |
| Type External | e 10816 :
: Perimetsr 01 : Center, 97 |
| Height (meax):72 | CenterX: 138 :
| Width (mex): 168 | jiomai 23 !
| foee 5143 | Exemal 137 |
| Centery: 72 by ————- 4
| CenterX: 104 |
| _‘_'7%"\01 16 |
7 I
/7 IType:  Btemal 00 1 "
/7 : Perimeter. 276 } P1A7
e | Helight (max):51 e ——— ]

| Width (max): 118

|
|
- A P \ ;
_‘\ = : CenterY: 51 : Pl A’)2
| CenterX: 72 |
LInternal. 11 i
|

)' | Extemal: 71 ! Pr A{l

Figure 6 — An example of representing the space of primary features W " and changes

in the condition of the incisors during the period of processing: T,-T,

Sets of geometric features of CP wear zones (PrA?TI Pr PrAZTl) are

obtained by processing the corresponding digital images, with using a special
software package [6 - 8].
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The speed of CT monitoring depends on many factors, and first of all —
from the quantity and quality of decision (diagnostic) rules. A number of
methods for reducing the dimension of feature space are known. The task of
finding an informative set of features can be solved by exhaustive search,
which requires a significant investment of time. Therefore, it is advisable to use
other, modern methods.

A schematic representation process of reducing the dimension of the
space of CT feature states is shown in Fig. 7.

oy

T,
=
/ ~ ~ ~ ~ ~ \
Y =0020 Y5000 0), V=00 Yo V3o V),

[ Methods for analyzing the quality of feature space }
Method of Method of Entropy Genetic
exhaustive shortcut search estimation method

search method

Figure 7 — Schematic representation of the process of reducing the dimension
of the space of CT states features

The initial space of primary features Y has dimensionn. The CT state in
this space, which belongs to one of the classes (Q,,Q,), is characterized by a

vector Y . The result of its dimension reduction (with one of the methods of

A

quality analysis) is formation of a vector of secondary features § by m
dimension. Take place relation:m<<n.

Fig, 8 shows an example of reducing the dimension of the CP features
space by genetic selection of the most informative. Their use provides
increased recognition accuracy.
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Notation accepted: P.. - percentage of correct recognition at each
iteration; m,;, m,, - corresponding recognition errors of the first and second
kind for each iteration; Aei - iteration number; 1_i..12 i - corresponding
string labels for each iteration; P__,,, , - respectively, the final results of the

recognition quality assessment. Feature codes: 1 - feature is used, O - feature is
not used.

It is quite obvious a significant increase in the basic parameters of
recognition reliability.

— T ) »

I o1
LSS R A M
0 0 0 0 1 0 1 0 0 1 1 0 1 8 H 07234 Li
0 0 0 1 0 1 0 1 0 1 1 1 2 6 0.82979 2 i
0 1 1 1 0 0 0 0 1 1 1 9 0.78723
0 0 0 0 0 1 0 1 0 1 1 2 6 0.82979 3 i
0 1 1 0 1 0 0 0 1 0 1 1 1 3 5 082979 9 i
0 1 1 0 1 0 0 1 1 0 1 1 1 1 3 0.91489
0 1 1 0 1 1 0 0 1 0 1 1 1 1 8 08085110 1
0 1 1 0 1 1 0 1 1 0 1 1 1 0 4 091489
0 1 1 0 0 0 0 1 1 0 1 1 1 1 4 089362 111
0 1 1 0 0 0 0 1 1 1 1 1 1 1 6 085106 —
12i
0 1 1 0 1 1 0 1 1 1 1 1 091489

1 0 4
Figure 8 — A table of the results of genetic algorithm using for selecting

the most informative characters, that provide increasing
of reliability of CT states recognition

5. CONCLUSION

1. To increase the reliability of failures recognition, it is necessary to
carry out the following developments: the formation of sets of direct and
indirect features of CT states and failures; forming the corresponding state
spaces; reducing their dimensionality by selecting the most informative
features; construction of failures classifiers and necessary decision rules.

2. The typical failures of tools for roughing (by the example of cutters)
are considered, examples of constructing the corresponding state spaces (with
examples of state dynamics - from works states to failure state) are given. The
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scheme of the system for indirect control (for determining the failure of
incisors under shock loads) is given.

3. The models of uneven wear of CP cutters for finishing, a gradual
increase in wear areas, the appearance of concomitant microdefects and the
onset of failures, are presented.

4. Since flexible modules are equipped with tool stores (with a large
number of tools for various types of processing), it becomes necessary to
construct the corresponding sets of informative features of failures, and
classifiers. This, in turn, requires the use of methods for selecting informative
features. The analysis of these methods is carried out and the genetic method of
features selecting is recommended for use.
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Omnexkcanap JlepeBsaduenko, Onexcanap OomiH,
Opneca, Ykpaina

EJJEMEHTH NIAXIAY 10 NIJIBUINEHHSA JOCTOBIPHOCTI
PO3II3HABAHHAA BI/IMOB PI3AJIBHUX IHCTPYMEHTIB

Anorauis. CyuacHi agmomamu306ari UPOOHUYMEA WUPOKO BUKOPUCIIOBYIOMb  GiONOBIOHI
eepcmamu  — eHYuKi @uUpoOHuYi modyni. Lli cucmemu npayioioms 3 06MENCEHOI YUACHIO
onepamopis, 3 ix 4acCMKOBUM BMPYUAHHAM (Mpu HeOOXIOHOCI) 8 Npoyecu KepyBanHs 6epCmamami.
Tomy yci  mexHono2iuHi onepayii, npoyecu KOHMPONO ma OIAZHOCMYSAHHS NOBGUHHI Oymu
asmomamu3zosani. Hatlbinbuia KinbKicms 6i0M06 SHYUKUX MOOYII6 NPUNAOAE HA BIOMOBU DI3AIbHUX
iHcmpymenmis. Matomo micye sk nOCMYnosi ix 8i0MOGU - GHACIOOK 3HOULYBAHHS, MAK | panmosi
8i0MOBU — BHACHIOOK pYUHYy8anHs pizanvhol yacmunu (PY). Ouesuona HeoOXiOHicmb po3poOKu
8i0N0BIOHO20  NiOX00y, Memodie ma cucmem aA8MOMAMUYHO2O PO3NI3SHABAHHA — BIOMO8
incmpymenmig. CeoeuacHe 6UsBNICHHS BIOMO8 0360J5€ NPURUHUMU RPoYec 0OpOoOKuU, 3anobiemu
nowkoOcennio demaneil. s yb02o HeoOXIOHO cmeopeamu GiONOGIOHI CUCHEMU MOHIMOPUHZY,
0Nl AKUX  pO3pOOISEMbCsL  GIONOGIOHe — Mamemamuune ma —Npoepamue  3a0es3nedens.
Jlocmogipricmb  po3ni3HABAHHS GUSHAYAEMbCS MAKUMU XAPAKMEPUCMUKAMU, 5K BIPOSIOHICIb
GIPHO20 PO3NI3HABAHHSA, 3HAYEHHS NOXUOOK nepuio2o ma Opy2o2o pody. Bomu besnocepednvo
3anedxcamsv Gi0 AKOCMI O03HAK ma Kiacugixamopie 6iomos. [[ns nioguwenns 0ocmogipHocmi
PO3NI3HABAHHA BI0MO8 HEODXiOHe BUKOHAHHS MAKUX PO3POOOK: (PopMysaHHs HAOOPIe npamux ma
HenpsiMux 03HaK cmawie ma 6iomoe PY incmpymenmie,; no6yoosa 6ionogioHux npocmopie cmatis;
CKOPOYEHHSI POZMIPHOCHIL NPOCMOPI6 CIMAHIE WIAXOM 6i060pY HAUGLIbW IHGHOPMAMUSHUX O3HAK,
nobyoosa Kiacugikamopie GiOMO8 IHCMPYMEHmi¢ mMa HEeOOXIOHUX GUDIUATLHUX NPAGUL.
Posensanymo xapakmepHi 6i0MO8U THCMPYMEHmMI6 05t YOPHOBOI 0OpoOKU (Ha npukiadi pizyie),
NPpUBEOeHo NPUuKIAoU no6y008u GiON0GIOHUX NPOCMOPIE CIMAHIE (3 NPUKIAaMU OUHAMIKU CIAHIE —
6i0 cmanie npayesdamnocmi 0o cmauy 6iomogu). Illpusedeno cxemy cucmemu HenpsmMo2o
KOHMpOI0 O/ USHAYEHHS 6i0OMO8 Pi3yié 8 YMOBAX YOApPHO20 Hasanmadicents. Ilpusedeno modeni
Hepienomipnozo snowyeannsi PY pisyie Ons uucmoeoi i piniwnoi 06pobKu, nocmynosozo
3POCMAaHH NAOWUH 3HOWYEAHHS, NOAGU CYNYMHIX MIKpOOepeKmie ma GUHUKHEHHS GIOMO8.
OcKinbku eHyuKki MOOYIi OCHAWjeHi THCIMPYMEHMANbHUMU MA2A3UHAMU 3 BEIUKOK KiIbKICIMIO
iHCmpymMenmie 015l PI3HUX Munie 0OpoOKuU, SUHUKAE  HeOOXIOHicmb  NoOY006U GiONOGIOHUX
MHOJICUH THOPMAMUBHUX O3HAK CIMAHIE 6I0M06 ma Kiacugixamopis. Lle, ¢ ceoto uepey, nompebye
BUKOpUCIANHA Memo0ie 8i0bopy inpopmamuenux o3nax. IIposedeno amaniz yux memoodie ma
3anpPONOHOBANO 00 GUKOPUCTNAHHS 2EHEMUYHUL MemOO GI060PY 03HAK SIK HAUOLIbUL eeKmUGHUIL.
K1040Bi c10Ba: 6iomogu pizanshux incmpymenmis, po3nisHaeants, iIHpopMamueHi 03HaKu.
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