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NMOUCK ONTUMAIJIbHbIX
3HAYEHUM MAPAMETPOB
PEXXMMA MNMPOBOJIOYHOMU
SNEKTPO3PO3UMOHHOMU
OBPABOTKU OETAIEMA

U3 LUMPKOHMEBOIO CMJIABA 3110

B ctatbe npefno)XeH MeToA pacyeTa ONTMMAalbHbIX MAPAMETPOB PeXMma Nnpo-
BOJNIOYHO-3MEKTPO3PO3MOHHON 06pPaboTkM uMpKoHMeBoro cnnaea 3110 ¢ ucnonb-
30BaHMEM POTATabenbHOro LeHTPanbHOro KOMMO3MLMOHHOIO NAaHa BTOPOro no-
psiaKa. PacCMOTPEHO BAMSIHME KIIOUYEBbIX (DAaKTOPOB OOPABOTKM, TaKMX KaK BpeMs
MMNyNbCa, May3a MEeXAY MMMNYNbCaMM M HaMPSXXEHME MEXKMCKPOBOIro 3a30pa,
Ha TONWMHY AedeKTHOro cnos M Bpems o6paboTku. NMokasaHa BO3MOMHOCTb MC-
Nonb30BaHMS PErpPeCcCMOHHbIX MoAenei ANs NPOrHO3MPOBaHMS MapaMeTpPoB 06-
PaboTKM M ONTMMM3aLMM MX 3HaYeHMH. MonyyeHHble pe3ynbTaThl NPMMEHMMbI ANs
NOBbILIEHNS NPOM3BOAMTENLHOCTM M KayecTBa 0O6paboTKM cnoXKHbIX getanen. Mo-
nyyYyeH AManasoH ONTHMManbHbiX NapameTpoB: ON — ot 4,554 mkc go 4,932 MKc,
OFF — or 8,842 mkc go 11 mkc u SY — 50 B.

KnioueBble CnoBa: 3neKTpPO3pO3MOHHasa 06paboTKa, NaHMPOBaHME IKCNEPHMEHTA,
LIMPKOHMEBbLIN CMNAB, MapaMeTp, PEeXMMbI, ONTMMM3aLME, MOAeNnMpPOBaHMe.

BeepeHue. B coBpeMeHHOU MeAUIIMHE aKTUBHO B o030pHBIX paboTax aBTOPOB [J, 6], ¢ aKueHTOM

HUCIIOAB3YIOTCSI OMOTeXHUYECKHUe WU3AeAUs, KOHTAKTH-
pyiolue C TKaHSIMHM OpraHW3Ma U OHMOAOTHYECKUMU
KupKocTaMUu. OAHUM U3 OCHOBHBIX MaTePHAAOB, IIPHU-
MeHSeMBIX AASI M3TOTOBAEHUS U MOKPHITHS ITOAOOHOTO
popa U3AEAUY, SABASIeTCS IIUPKOHUEBHIM crnaaB D110,
KOTOPBIY 0OAAAQeT BLICOKUMH JKCIAYaTAllMOHHBIMU
XapakTepucTukamMu. [TOKpHITHE AeTarel 3THUM CIIAa-
BOM AeAaeT WX OWOCOBMECTHMBIMY, YTO PaCIIUpPSIET
BO3MOJKHOCTH INIDUMEHEeHUs B MepullnHe. K Tomy ke
MaTepHaA OTAMYAeTCs BBICOKOM KOPPO3UOHHOU CTOM-
KOCTBIO U MeXaHW4YeCKOU IpoYHOoCThIO [1—3].

[MTpu u3roToBAeHUU AeTarel m3 crraBa D110 mm-
POKO HCIIOAB3YETCS METOA IIPOBOAOYHOU 3AEKTPOIPO-
3noHHOU oOpaboTku ([19320). 1320 ocobeHHO 3(-
(peKTUBHA AAS CAOJKHBIX (DOPM, TBEPABIX MaTepHUarOB
U CUTyallUH, TAe TPAAUIIMOHHBIE METOABI OKa3bIBAIOTCS
CAOKHBIMU UAU Mar0OdP(PeKTUBHBIMU. OAHUM U3 eé
NIPEUMYIIeCTB IBASIETCS UCKAIOUeHUe AepOpMalluu 1o-
BEPXHOCTEeN TOHKOCTEHHEBIX AeTarel [4].

Ha IlapaMeTphl, CIOCOOCTBYIOIIUX IOBBIIIEHUIO IIPO-
U3BOAUTEABHOCTH, IIPEACTaBAE€HBI aKTyaAbHBIE TeHAECH-
MU UCCAeAOBaHUU B obaactu [1920. Kpome ToroO,
B HCCAeAOBaAHUM [7] oTMedaeTcss Ba’KHOCTH aHaAM3a
rAyOuHEBI 1 (DA30BOTO COCTaBa Ae(PEKTHOTO CAOd. DTOT
crot hopMUpYeTCs M3-3a IepeHoca MaTepuana dAeK-
TPOAQ U TPOAYKTOB PA3AOKEHHUS AUIAEKTPUUECKOU
JKMAKOCTH Ha IIOBEPXHOCTH OOpadaThIBaeMbBIX W3Ae-
AWM, UTO SIBASIETCSI KAIOUEBBIM KpUTEpUEeM KadecTBa
00paboTKH.

V3BeCTHBI NCCAEAOBAHUSI, HallpaBACHHBIE Ha TIOUCK
ONTUMAaAbHBIX 3HAaUEHUM ITapaMeTpoB peskuma [1930,
TaKUX KaK BpeMs Iay3bl MeXXAy umnyabcamu (OFF),
HaIpsiKeHWe MeKUCKPOBOro 3azopa (SV), BpeMs AAU-
TeABHOCTH UMIyAbca (ON), MUKOBBIM TOK (I) M HaTd-
sxeHue npoBoroKu (WT) ara pocTuKeHUsA TpeOyeMbBIX
napamMeTpoB KauecTBa oOpabaThbliBaeMBIX AeTarel (8],
OAHAKO WMCCAEAOBAHUSI ITPOBOAWAWCH He Ha ITUPKOHU-
€BBIX CIIA@BaXx.
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Tabauna

@akTophl, YPOBHU M MHTE€PBaAbl BAPbUPOBaHUS

DaKTOpBL
YpoBeHb (hakTOpa A B cC
(ON, MKc) | (OFF, MrM) (SV, B)
OcnosHo# (0) 4,5 9,25 50
WMurepBan 9 175 5
BapbUPOBaHUST
Bepxunit (+1) 6,5 11 55
Hwxknuit (—1) 2,5 7.5 45
B 3Be3AHBIX TOUKaX:
+1,68179 8,73 13 62
—1,68179 0,5 5 38
Tabauna 2
Marpuia nAaHIPOBaHUs 3KCIepUMeHTa
AAs PIIKII BToporo mopsipka
KoaupoBaHHbIe 3HaUEHUS OTRAMKHT
Ne darTopoB
OmBITa
A B C t, c h, MKM
1 -1 -1 —1 £, h,
2 1 -1 —1 L, h,
3 -1 1 -1 t h,
4 1 1 -1 £, h,
5 -1 -1 1 [ h,
6 1 -1 1 t hy
7 -1 1 1 t, h,
8 1 1 1 ty hy
9 —1,68179 0 0 ty h,
10 1,68179 0 0 to h,
11 0 —1,68179 0 t, h,,
12 0 1,68179 0 t h,
13 0 0 —1,68179 [ h,
14 0 0 1,68179 " h,,
15 0 0 0 s h,,
16 0 0 0 6 h
17 0 0 0 t, h,,
18 0 0 0 [ h,
19 0 0 0 [ h,
20 0 0 0 [ h,,

CBONMCTBa MaTepUAAOB, IIPUMEHSIEMEBIX IIPU JAEK-
TPO3PO3UOHHON 00paboTKe, HUIpalOT 3HAYUTEABHYIO
poab. B paGoTe [9] BBIIBA€HA CBA3b MEKAY TEIIAOIIPO-
BOAHOCTBIO MaTepuana U ero 3pO3UOHHOU CTOMKOCTBIO,
YTO BAUsET Ha CKOPOCTb 0OPabOTKHU.

AAsT ONITUMHU3AIUM IIapaMeTpoB peskuma [19320
TIPUMEHSIOTCSI Pa3AWYHBIE METOABI AWMCIEPCHOHHOTO
amanmsa — Analysis of variance (ANOVA). Oto mo-
3BOASIET YAYUIINTE KauyeCTBO AeTaAel, U3TOTOBA€HHBIX
U3 Pa3sAWYHBIX MaTepPUAAOB, BKAIOUAsl CIIAABBI, CyIlep-
CIIA@BBI ¥ KOMIIO3UTHI, IIOCA€ MX OOPabOTKU METOAOM
19320 [8].

AVCIIEpCUOHHBIM aHAaAU3 — ITO CTATUCTUUYECKUMN
METOA, KOTOPBIM MCIIOAB3YETCSI AAST CPaBHEHUS CPEA-

HUX 3HaUeHUU ABYX HAU O0Aee BEIOOPOK. ANCIePCUOH-
HBIN @HAAU3 SABASETCS MHCTPYMEHTOM, KOTOPBIM MOJKET
HUCIIOAB30BATLCSI B CTaTUCTHUYECKOM aHaAU3€e AAS OIleH-
KM BAMSIHUS HCCAepyeMoro (aKTopa Ha 3aBUCHUMYIO
IIlepeMeHHyI0. DTO IIOMOTaeT YCTaHOBUTE, SIBASIETCS AU
akTOp 3HAYMMEIM, M MO3BOASIET MAEHTU(MUINPOBATH
B3aUMOAEMNCTBUE MeXKAY lTepeMeHHBIMU.

[MoMuMO AMCIIEPCHOHHOTO aHaAM3a UHCTPYMEHTOM
MAST TIOMICKA ONTHMAaABHBIX ITapaMeTpPOB PE’KMMOB pas-
AWYHBIX TEXHOAOTHMYECKUX IIPOIECCOB MCIIOAB3YEeTCS
METOAOAOTHSI TIOBEPXHOCTHOTO aHaAn3a — Response
surface method (RSM). Metop ¢okycupyercs Ha OT-
HOILIEHUSIX Me)KAY OTKAMKOM M (PaKTOpaMH, KOTOPBIe
SIBASIIOTCSI TIepeMeHHBIMM B PETrPecCUOHHOM MOAEAU.
OH moMOraeT ONPEAEAUTH ONTHUMAAbHBIE YCAOBHUS AAS
MHOTOBapMaHTHON CHCTEMHI.

AAsT TIDOBOAOYHO-BBIPE3HOM  3IAEKTPOIPO3UOHHOMU
00paboTKH 0COOEHHO Ba’KHBI TOYHOCTh U Ka4yeCTBO 00-
paboTKu NoBepXHOCTU. [ToaTOMy IpHUMeHeHHe AUCIIep-
CHUOHHOTO aHaAM3a U METOAOAOTHMU IIOBEPXHOCTHOTO
aHaAn3a MOJKET 3HAUUTEABHO YAYUIIUTEH IOADOD OITH-
MaABHBIX IIapaMeTpoB pad [19320 [10].

Lleab paboOThl — IMOWCK OINTHMMAAbHBIX Iapame-
TpoB peskuma [1950 nupkoHueBoro crrasa 9110 arsa
YMeHBIIIeHUsI TAYOUHBI Ae(EKTHOTO CAOS M IIOBBIIIe-
HUSI TPOU3BOAUTEABHOCTU 00OPabOTKM.

Marepuaabl 1 METOABI UCCAeAOBaHUsS. AAs OIpe-
AEAEHUsI ONTHUMAAbHBIX 3HAUYeHUM TEeXHOAOTHMUYECKUX
I1apaMeTpPOB pe’KUMa 3AEKTPO3PO3UOHHON 00padoT-
KU OUPKOHMEeBOro crAaBa D110 ¢ 1eablo AOCTUKEHUS
HauMeHBbIIe¥ TOAIIUHBI Ae(EeKTHOTO CAOd IIpU Hau-
MeHBIIIEM BpeMeHM OO0OpabOTKM WCIIOAB30BaACS poO-
TaTaOEeABHBINM I[E€HTPAABHBIM KOMIIO3UIIMOHHBLIU IIAQH
(PLKTI) BrOporo nmopsaka [11— 14].

PoTtatabeabHble IAQHBL, KaK U OPTOIOHAABHBIE, SB-
ASIOTCSI KOMIIO3UIIMOHHBIMY, IIOCKOABKY ITO3BOASIOT
COXPAHUTBL 3SKCIePUMEeHTaAbHYI0 HH(MOpMAIUIOo, IIo-
AYYEHHYIO C TIOMOIIBIO ITOAHOTO (PaKTOPHOIO 3KCIIe-
PUMEHTa HUAU APOOHOro (QaKTOPHOT'O 3IKCIEPUMEHTQ,
KOTOPYIO HCCAEAOBATEAb Aanee AOIOAHSIET OIBITaMU
B «3BE3AHBIX» TOYKAX W B I[eHTpE IIAaHA.

Kpurepuit poratabeAbHOCTU SIBASIETCSI OOAEe CUAb-
HBIM KpUTEpHEeM ONTUMAAbHOCTH IJeHTPAABHOTO KOM-
MIO3UIIMOHHOIO IIA@HA II0 CPaBHEHUIO C KpUTepHeM
OPTOTOHAABHOCTH. PoOTaTaOeABHBIM IIAQH IIO3BOASIET
TIOAYYHUTL MOAEAB, CIIOCOOHYIO NMPEACKa3bIBaTh 3Hade-
HHe (PYHKIIUU OTKAMKA C OAMHAKOBOM TOYHOCTBHIO He-
3aBUCHUMO OT HAIlpAaBAEHUs U Ha PaBHBIX PACCTOSHUSIX
oT ILeHTpa mAaHa. [Tostomy mertop PLIKII mosBoaszeT
IIOAYYUTL OOAee TOYHOe MaTeMaTHUuecKoe OIHcaHue
TEeXHOAOTHYECKOTO IIpollecca, OAaropapsi yBEeAUUEHUIO
YHCAA ONIBLITOB B IIEHTPe NAaHA U CIEIHaAbHOMY BEI-
OOpY BEAWUHWHBI «3BE3AHOTO» IIA€YA (.

OddekTuBHOCTE U NpoCcTOoTa (DAaKTOPHBIX 3JKCIIe-
PUMEHTOB AEAAIOT UX HauboAee YacTO HCIOAb3YyeMbI-
MU AAd BBIOOpPa YpOBHeM BapbUpOBaHUS (PaKTOPOB
U OAHOBPEMEHHOTO WX M3MEHEHUs C IIeAbI0 M3ydeHUs
BAMSTHUSI Ka’KAOTO M3 (PAKTOPOB Ha TEXHOAOTHIECKHUU
nponecc [11—14]. OcymectBrenne PLIKIT BTOporo
IIOpsIAKA BKAIOYaeT B ceOs ABAAILlATh ONBITOB AASL KO-
AmdecTBa (PAaKTOPOB paBHOro TpeM. MaKTOpPHl, YPOBHH,
WHTePBaAbl BapbUPOBaHUS (PAaKTOPOB M MaTpHlla IAa-
uuposBanus PLIKIT Broporo nopsaka AAst Tpex pakro-
POB IIPEACTABAEHBI B BUAe TaOA. 1 u TabA. 2.

B kauecTBe BapbpupyeMbIX (DaKTOPOB OBIAU BBIOpPaA-
HBEI CAepylolnue: BpeMs mMnyabca ON, MKM — KOAU-
poBaHHOe 3HaueHUe (A); maysa Me)KAY HMIyAbCaMU
OFF, MKC — KOAMpPOBaHHOe 3HaueHue (B), MeKHUCKpO-
BOM 3a30p SV, B — kopupoBaHHoe 3HaueHue (C). Cae-
Ayroomne mnapameTpsl [T990 — cKOpOCTb IPOMOTKU
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Tab6auna 3

Pe3yAbTaThl IPOBEAEHHOTO IIPOMBINIAEHHOTO 3KCIIEPUMEHTa

KopupoBaHHbIe 3HaYeHUs HarypanbHble 3HaYeHUs OTKAUKHA
Ne (dakTOpoB dakTopoB
OIIBITA
A B C ON, MKC OFF, mKkm SV, B t, c h, MKM
1 -1 -1 -1 2,5 7,5 45 304 14
2 1 -1 -1 6,5 7,5 45 180 23
3 -1 1 -1 2,5 11 45 314 13
4 1 1 -1 6,5 11 45 138 22
5 -1 -1 1 2,5 7,5 55 347 14
6 1 -1 1 6,5 7,5 55 172 23
7 -1 1 1 2,5 11 55 407 13
8 1 1 1 6,5 11 55 180 22
9 —1,68179 0 0 0,5 9,25 50 450 10
10 1,68179 0 0 8,73 9,25 50 125 26
11 0 —1,68179 0 4,5 5 50 235 19
12 0 1,68179 0 4,5 13 50 250 18
13 0 0 —1,68179 4,5 9,25 38 206 18
14 0 0 1,68179 4,5 9,25 62 277 17
15 0 0 0 4,5 9,25 50 201 19,5
16 0 0 0 4,5 9,25 50 205 19
17 0 0 0 4,5 9,25 50 195 20,6
18 0 0 0 4,5 9,25 50 192 20
19 0 0 0 4,5 9,25 50 194 20,4
20 0 0 0 4,5 9,25 50 210 19
npoBoAoKu WS = 13 M/MUH; AaBA€HHE TIOMIIBI WP =  3aroTOBKM — LMPKOHMEBBIM CIAaB Mapku 2110, co-

=12 H; matsbkeHue npoBoroku WT = 1,5 MIla.

O’Kupaercsd, 4YTO B pe3yAbTaTe MCIOAB30BAHUSA
PLIKIT BTOpOrO mopsipAka AAsT Tpex(aKTOPHOT'O 3KCIle-
pHUMeHTa OYAYT IMOAY4YeHBI yPaBHEHUSI PETPeCCUM CAe-
AYIOIIIero BUAQ!

y = b, + bA + b,B + bC+ b,AB + b AC +

b,BC + b, A + b,B + b C? (1)

rae b, b, b, b, b, b,, by, b, b, b, — Kodpdurm-
€HTHl YPaBHEHUS PerpecCumu.

AAsL TIOAYyYeHUs YPaBHEHUU perpecCur U KOHTYP-
HBIX KPUBBLIX IIOBEPXHOCTEM PABHOTO OTKAWKA OBIAO
HUCIIOAB30BaHO IpuAoskeHUe DesignExpert13. Aaa rpa-
(prUUeCcKON HHTepIpeTaluu IIOAYYEHHBIX pPe3yAbTaTOB
U IIOMCKA OIITUMAABHBIX TEeXHOAOTMYECKUX PEKUMOB
9AEKTPOIPO3UOHHOU 0OpabOTKM ITUPKOHUEBOTO CIIAA-
Ba D110 OblA@ UCIOAB30BaHa METOAOAOTHS IIOBEPX-
HOCTH PaBHOTO OTKAWKA. MeTOAOAOTHSI ITOBEPXHOCTH
PaBHOTO OTKAWKA ITO3BOASIET OIIPEACAUTDH B3aMMOCBSI3U
Me>KAY BXOAHBIMU (paKTOpaMM IIpoIlecca U OAHUM HAU
HEeCKOABKUMU HU3MEepeHHBIMU OTKAuMKaMu. MHTeprpe-
TallUsl Pe3yAbTATOB INPOBOAUAACH C UCIOAB30BaHUEM
MOAYASI AUCIIepCHOHHOTO aHaamusza (ANOVA).

IIpOBOAOYHO-3AEKTPOIPO3UOHHAS obpaboTKa.
AAST TPOBEAEHHST DKCIEPUMEHTAABHBIX HMCCAEAOBaHUN
WCIIOAB30BAACSI IAEKTPOIPO3UOHHBINM cTaHOK Sodick
VZ300L. CxopocTb 00paboTKU m3Mepsirach 0 PakTH-
YecKOMYy BpeMeHM paboThl IPOrpaMMbl, a TAyOMHA Ae-
(PEKTHOTO CAOSI OTIPEAEASIAACH C TIOMOIIBIO PACTPOBOTO
9AEKTPOHHOI'O MHKPOCKOIIA.

BbiAM TTOATOTOBAEHBI OOpAa3Ilbl, MPEACTaBASIONIUE
coboM KyOBI pazMepoM 5MM X SMM X S5MM. Marepuaa

cTosimuY u3 Zr — ocHoBa, Nb — 1 %, npumeceit O, Fe,
Hf, Si, Ca, Cr copepskanue sneMeHTOB He 6oaee 0,25 %
(B cymme). MaTepuan 3Ae€KTPOAQ-UHCTPYMEHTA CIIAQB,
BKAIOYaromu B cedba Cu — 65 %, Zn — 35 %. AuameTrp
mpoBOoAOKM 0,2 MM.

M350 06pas3noB OCYIEeCTBASIAACH COTAACHO PeXKU-
MaM, YKa3aHHBIM B TabA. 2.

MuKpocTpyKTYpHbIii aHaau3. [Tocae TI9320 1mup-
KOHHEBBIX 00pasloB C peKUMaMM, IPUBEACHHBIMU
B MaTpHIle NAAHUPOBAHUsS, OLIAM IIOAYYEHBI MHUKPO-
IIAM@BI, Ha KOTOPBIX OTMeuYeHa TOAIIMHA IPOTPaBAE€H-
HOro AedeKTHOTO cAod. TpaBaeHHe IIPOU3BOAUAOCH
C TIOMOIIBIO He XapaKTePHOTO AAS IIMPKOHUEBBIX CIIAA-
BOB pactBopa 30 ma H,O + 30 ma HNO, + 30 ma
HCL + 30 ma HF.

Pe3yAbTaTsl MpoBeAE€HUST IPOMBIIIA€HHOIO JKCIIe-
pHMeHTa 1 MUKPOCTPYKTYPHOrO aHaAM3a. Pe3yAbTaThl
SKCIlepUMeHTa NIPUBEAEHHl B TaOA. 3 U Ha puc. 1.

HccaepoBanme MUKpOUIAUGDOB (puc. 1) MO3BOAUAO
BBIIBUTBL, UTO C yBEAWUYEHUEeM pPeKHMMOB 00pabOTKU
(yBearuueHueM napamerpa ON, yMeHBIIEHUEM I1apaMe-
tpa OFF u yBeAmuyeHUeM napaMerpa SV) yMeHblIaeTcsa
BpeMd 00pabOTKU, OAHAKO 3TO BAeUYeT 3a COOOM yBeAu-
yeHUe TOAUIUHBI Ae(EKTHOTO CAO4.

B xope HpoBepeHUsS SKCIEPUMEHTOB OBIAO IIOAY-
YeHO, UTO C YyBEeAMUYeHHeM BpeMeHH AAUTEeABHOCTHU
UMIIyABCA YMEHBIIAeTCs BpeMsa 0OpabOTKH, IIPU 3TOM
YBEAWUNBAETCS M TOAITWHA A(PEKTHOTO CAOSI.

Pe3yabTaTsl AUCIIEPCHOHHOTO aHaAm3a (ANOVA).
Ba)kHOM YacTBIO AIOOOTO IPOMBIIIAEHHOTO 3KCIEepHU-
MeHTa SIBASIETCS OlleHKa BKAaAa Ka*KAOTO U3 (haKTOpoB
B OTAGABHOCTHM Ha IIOAYYeHHBIe OTKAMKHU. Hike pac-
CMOTPEHO BAMSHHE BpeMeHHM uMIyAbca (ON), mayssl
MeXAy nMiyabcaMu (OFF) u Hanps>KeHUs MeKUCKPO-
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Puc. 1. IIpoTpaBAeHHbIe 06pa3Lbl C YKa3aHUEM TOAIIMHBI Ae()EKTHOTO CAOSI IMOCAE KaKAOTO U3 OMNBITOB
(HOoMep oTorpacuu COOTBETCTBYET HOMEPY OmbITa U3 TabA. 3)

BOro 3asopa (SV) Ha BpeMs 00pabOTKU () ¥ TOALLUHY
AedexTHoro caog (h).

YTOOBI OIEHUTHb BAUSIHHME Ka’KAOro (pakTopa B OT-
AEABHOCTH, OBIA IIPOBEAEH AWUCIEPCHOHHBIM aHaAu3
(ANOVA) ¢ ucrnoab3oBaHHEM IIPOTPaMMHOTO obecIie-
YeHHus AAd CTaTUCTHUYecKoro asHaamsa DesignExpert
13. Pesyapratel ANOVA npepcTaBAeHBI B TaOA. 4, 5.
AAs KakAOro akTopa OBIAO TOAYYeHO 3HadeHHe
F-xpurtepuss u p-kpurepus. [1lo BeAmYmHaM 3THX 3Ha-
YeHUM OBINO CAEAQHO 3aKAIOUeHHe O 3HAUYUMOCTHU KaK-
AOro (hakTOpa B OTAEABHOCTU. BU3yanbHO BKAQA KaK-
AOTo (PaKTOpa MPeACTaBAEH B BUAE IPaUKOB Ha pUc. 2
u puc. 3.

AHanu3upysa AaHHBIe B TaOA. 4 U TabA. 5, a Takke
rpapuku Ha puc. 2 u puc. 3, ObIA CA€AQH BBIBOA, UTO
BpeMsl 00pabOTKU U TOAIMHA Ae(PEKTHOTO CAOS B 3Ha-
YUTEeABHOUW CTeIeHH 3aBUCSAT OT BPEMEHM HMIIYAbLCA.

Tak, pArst BpemeHU 00OpabOTKU 3HaueHUs: F-Kpurepus
BpeMeHU WMIIyAbCA COCTaBASIOT 188956 m 214,27
A aKTopa B IIEPBOM M BTOPOM IIOPSIAKAX COOTBET-
CTBEHHO, AASI TOAIIMHBI Ae(EKTHOTO CAOSI 3HA4YeHHe
F-kpurepus BpeMeHHU UMITyAbca cocTaBasieT 941,27 ans
dakTOpa B IepBOM MNOpspAKe. KpoMe 3TOro, BAUSHUE
HAIPSOKeHUsS MEeXHUCKPOBOrO 3a30pa (BO3MOJKHO, YTO
rnaysa Me>KAy HWMIIYAbCAMU OKas3bIBaeT Topa3po OOAb-
1lee BAWSHUE, UeM HalpsiKeHHe) Ha BpeMs 06paboTKU
OIIEHMBAETCS KaK AOCTAaTOYHO BBICOKOEe. AAST BpeMeHU
00paboTKu 3HaYeHUe F-KpUTepusi HaNpsSOKeHUs Me-
JKMCKpPOBOro 3a3opa coctaBageT 101,52 ara dakTopa
B [IEPBOM IIOPSIAKE.

CorracHO AQHHBIM, IIOAYYEHHBIM B pe3yAbTaTe
ANOVA, ObINAO CAEAQHO 3aKAIOUeHMe, 4TOo 00e perpec-
CHOHHBIE MOAEAM 3@aBUCHUMOCTH BpeMeHU 0O6paboTKH (i)
U TAYOMHEBL Ae(DEKTHOTO CA0sI (h) OT BpeMeHU UMITyAbCa
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Tab6auna 4

Pe3yAbTaThl AMCIIEPCHOHHOTO aHaAn3a (ANOVA) arst BpeMeHn 06paboTKu

DaxTopst Cymma CpepHEKBaAPaTUIHOE 3HaueHue 3HaueHune
KBaApaToB | oTkroHeHUe (Meansquare) | F-kpurepus (F-value) | p-kpurepusd (p-value)

A 1,142E+05 1,142E+05 1889,56 < 0,0001

B 274,49 274,49 4,54 0,0589

C 6132,93 6132,93 101,52 < 0,0001

AB 1352,00 1352,00 22,38 0,0008

AC 1300,50 1300,50 21,53 0,0009

BC 1250,00 1250,00 20,69 0,0011

A? 12944,27 12944,27 214,27 < 0,0001

B2 2848,93 2848,93 47,16 < 0,0001

c? 2707,45 2707,45 44,82 < 0,0001

Tab6auna 5
Pe3yAbTaThl AMCIIEPCUOHHOTO aHaAu3a (ANOVA) AASL TAYOUHBI A€(PEKTHOTO CAOSI
T e e e
289,78 289,78 941,27 < 0,0001
B 2,36 2,36 7,68 0,0198
0,2071 0,2071 0,6727 0,4312

AB 0,0000 0,0000 0,0000 1,0000

AC 0,0000 0,0000 0,0000 1,0000

BC 0,0000 0,0000 0,0000 1,0000

A? 5,12 5,12 16,65 0,0022

B2 2,54 2,54 8,24 0,0167

C? 8,61 8,61 27,98 0,0004
(ON), may3sl MeskAy uMnyabcamu (OFF) u HanpsKeHUs OFF = 9,25 + 1,75B, (5)
Me>XUCKPOBOTO 3a30pa (SV) ABAFIOTCS 3HAUMMBIMU, T10-
CKOABKY 3HAQUeHUs D-KPUTEPUEB AN MOAEAEH MeHee SV = 50 + 5C. (6)

0,05 1 3HaYeHUsT CPEAHEKBAAPATUIHBIX OTKAOHEHUN R?
"e Hwke 0,95 (Taba. 6).

[Tocre WHCKAIOUEHWS BCEX HE3HAYUMBIX KO3(d-
(UIMEHTOB ypaBHEHUN perpeccuu CO 3HaYeHHeM
p-kKputepus 6oablie 0,05 (TabA. 4, TabA. 5) OKOHUYATEAD-
HBIA BUA YPaBHEHUM BBITASAUT CAEAYIOUIUM 006pa3oM:

t = 199,67 — 153,76A + 3564C — 36,77AB —
— 36,06AC + 3536BC + + 84,77A% + 39,77B* +
+ 38,77C7, 2)
h = 19,75 + 7,75A — 0,6997B — 1,69A —
—1,19B> — 2,19C2. (3)

[MToAyueHHBIE ypaBHEHUsI perpecCUu MOIyT OBbITh
HUCIIOAB30BAHBI AASI Ha3HAUeHUs] TeXHOAOTMUECKUX IIa-
paMeTpoB peXkKuMa 3SAEKTPOIPO3MOHHOU 00paboTKuU
LUPKOHUEBOro cnaasa D110 ¥ IpOrHo3MpoOBaHUSA BAU-
SIHUS 9TUX IIapaMeTPOB Ha BpeMs 0OpabOTKU U TOAILIM-
HY Ae(EeKTHOI'O CAOS.

And TIepexopa OT KOAMPOBAHHBIX 3HAUYeHUM (PAKTO-
POB K HaTypaAbHBIM IIPUMEHSIIOTCSI BEIPaskKeHUsI:

ON = 4,5 + 24, (4)

Ha puc. 4 npepcTaBA€HBI COOTHOLIEHUS MeXXAy (hak-
TuyeckuMmu (actual) u nporHosupyembiMu (predicted)
3HaUeHUsIMU BpeMeHU OOpabOTKU U TAyOMHEBI Ae(DeKT-
HOTO CAO4.

Anst rpadUuecKOr HHTepIpeTaluyd IIOAYYEHHBIX
YPaBHEHUN perpeccuu OBIAU IIOCTPOEHBI KOHTYPHBIE
KPHUBBIE TTOBEPXHOCTEH PABHOTO OTKAMKA AAST BpeMe-
HU 0OpabOTKU U IAyOUHBI AeDEeKTHOro CAOd (pucC. 5,
puc. 6).

AHaAu3Upysa PHUC. 5, CTOUT OTMETUTH, UTO YBEAU-
yeHHe BpeMeHHU uMnyabca (ON) U yBeAnmdeHHe Nay3bl
Mexxpy umnyabcamMu (OFF) BepeT 3a COOOM yMeHbIIe-
HUEe BpeMeHM o0paboTKu (puc 5a, 6, B). YBeAUueHUe
Hamnpsi>KeHUss ucKpoBoro (SV) 3a3opa BAUsieT He3Ha-
YUTEABHO, OAHAKO IIPU OAHOBPEMEHHOM yBeAWYeHHU
BpeMeHM AAUTEABHOCTH uUMIyAbca (ON) IPOUCXOAUT
CHUDKEHHE BpeMeHUu 00paboTKu (puc. or, A, e). Takke,
aHaAU3UpPysl PUC. 6, CTOUT OTMETUTH, YTO YBEAWMUEHUe
BPeMEeHHU UMIIYABCA BEAET K YBEAWUEHUIO TOAIUHEL Ae-
(PEeKTHOTO CAOSI.

AAST HaXOXKAEHUSI ONTHMAAbHBIX 3HAUeHUU TeXHO-
AOTMYEeCKHUX ITapaMeTPOB pe’KMMa 3AeKTPO3PO3UOHHOU
00paboTKM IUPKOHUEBOro craaBa 110 ObiAM mOCTpO-
€HBI COBMeIlleHHbIe KOHTYPHbIe KPUBLIE IOBEPXHOCTEHN
PaBHOTO OTKAMKaA (pHucC. 7). HUCAeHHBIE pPelleHus IIPeA-
CTaBAEHBI B BUAE TaOA. 7.
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Tab6auna 6

Pe3yAbTaThl OLIEHKHM 3HAYUMOCTH IOAYYEHHBIX YPaBHEHUN Perpeccuu

OMCKWIA HAYYHbIV BECTHUK N2 1 (193) 2025
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Puc. 6. KoHTypHBIE KPUBbIE€ IOBEPXHOCTEN PABHOIO OTKAMKA AASI TAYOUHBI Ae(DEeKTHOTO
caost: @ — dakrop C= —1; 6 — dakrop C= 0; B — akrop C=+1; r — dakrop B= —1;
A — dakrop B=0; e — dakrtop B = +1; ;x — dakrop A= —1; 3 — daxkrop A= 0;

u — ¢dakrop A =+1

AHaan3 ypaBHEHUs II0Ka3aan, YTO MHHHUMAABHO 3a-
TpauuBaeMoe Ha 00paboTKy BpeMs 196,052 cekyHA Ao-
CTHUTAETCSI IIPU CAEAYIOIIUX KOAWPOBAHHBIX 3HauYeHU-
ax ¢akropos: ON = 0,027, OFF = 0,489; SV = 0.
B HaTypaAbHBIX 3HAUEHUAX: BPEMS AAUTEABHOCTH WUM-
nyabca ON = 4,554 MKc; mays3a MeXXAY HUMIIyAbCaMU
OFF = 10,11 MKc; BeAWYMHa HaIPSI>KEHUsI MEKUCKPO-
Boro 3a3zopa SV = 50 B, pu 3TOM ToAIIMHA AePeKTHO-
ro crost paBHa 19,8 MKM.

OddeKT oT NpUMeHEeHUs ONTUMAABHBIX PEXKUMOB
IIPOBOAOYHO-BBEIPE3HOM 3AEKTPO3IPO3UOHHONU 00paboT-
KU 3aKAIOYaeTCsl B COKPAIleHUH OOIero BpeMeHH, 3a-
TPauMBaeMOTO Ha WM3TOTOBAEHHE KATOAOB AAS MarHe-
TPOHHOTO PaCIBIACHUS.

HanbGoaee Ba’KHBIM KpHUTepHEM IIOMCKAa ONTHMyMa
CUNTAETCS TOAIIMHA Ae(EKTHOTO CAOs, TaK KaK CHHU-
SKeHUEe TOAIIUMHBI Ae(DEKTHOTO CAOSI IIO3BOAHUT 3aTpa-
4UBaTh MeHbllle BpeMeHM Ha (PUHUIIHYI0 0O0pabOoTKYy.
B pesyabraTe COBMeIEHUsI ABYX TIPa(UKOB IOAY-
YeH AMAlla30oH ONTUMAAbHBIX 3HAaUYeHUM ITapaMeTpOB:
ON = 4,554 —4,932 mrc, OFF = 8,842—11 wMxc,
u SV = 50 B.

CTOUT OTMETHUTB, YTO AAS IIOAYYEeHUsS HauMeHbIIer
TOAIIUHBLI Ae(DEKTHOTO CAOS M MUHHMAAbHO AOIYCTH-
MOTO BpeMeHHU OOpabOTKM OBLIAM pPacCUUTaHbI Iapa-
meTpsl ON = 4,6 mxc, OFF= 10 mxc u SV = 50 B.
Ha puc. 8 uzobpakeHa TOAIIMHA Ae(EKTHOTO CAOS
(19,2 MrM), moAydeHHass Ha oOpa3slie, oOpabOTaHHOM
C OIITMMAaABHBIMU ITapamMeTpaMu. [ToaydyeHHblE pPe3yAb-
TaThl CBUAETEABCTBYIOT O PAaCXOAMMOCTH MaTeMaTHhde-
CKOW MOAEAU C AQHHBIMU, IIOAYYEHHBIMHU JKCIIEPUMEH-
TaAbHO, He 6oaee 4eM B 5 %.

Overlay Plot

B: May3a mexay nMnynbcamn (MKc)
o
1

Bpewm o6pa 197,05

1

A: Bpema umnynbca (MKc)

Puc. 7. CoBMellleHHbIe KOHTYPHBbIe KpUBbIE

IIOBEPXHOCTEH PAaBHOIO OTKAUKA

20kV  X1,000 10pm 11 50 SEI

Puc. 8. IIporpaBAeHHBII oOpas3er]
C yKa3zaHHeM TOAIIUHBI AeheKTHOro
CA0$1, 00PabOTaHHBIN C TOMOMLIBIO
ONTUMAaABHBIX pe;KuMoB I[1930
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Tab6auna 7

YucAeHHbIE pelleHus] B 00AaCTU MOUCKa ONTUMYyMa

DaKkTOPEl B KOAUPOBAHHBIX OTKAUKHI
Homep 3HAYEHUSIX
pelieHust

A B C Bpemst o6paborku t, ¢ | ToamwmHa AepeKTHOro cAosi h, MKM
1 0,216 1,000 0,000 197,058 19,878
2 0,209 0,977 0,000 197,006 19,877
3 0,195 0,931 0,000 196,950 19,873
4 0,187 0,903 0,000 196,942 19,869
5 0,180 0,873 0,000 196,777 19,873
6 0,122 0,641 0,000 196,560 19,863
7 0,104 0,601 0,000 197,423 19,819
8 0,129 0,743 0,000 198,227 19,790
9 0,097 0,489 0,000 196,052 19,883
10 0,047 0,112 0,000 196,065 19,910
11 0,034 —0,059 0,000 196,418 19,925
12 0,027 —0,233 0,000 197,007 19,946

BeiBOABI. BEINO BEIIBAEHO, YTO C yBeAHMYEHHEM
pe’kuMoB 00paboTKu (yBeanmdeHueM mapaMmerpa ON,
yMeHbIIeHHeM napamerpa OFF u yBeAnueHHeM Ilapa-
Merpa SV) yMeHblIaeTcs BpeMsa OOpabOTKH, OAHAKO
3TO BA€YeT 3a COOOM yBeAUuYeHHe TOAUIUHBL Ae(eKT-
HOT'O CAO4A. HOAY‘—IQH AUAIIa30H OIITUMAABHBIX IIapa-
MeTpoB: ON — oT 4,554 Mrc po 4,932 mrc, OFF —
ot 8,842 mkc po 11 mrc u SV — 50 B.

OrnpepeAeHBl ONTHMAaAbHBIE PEXXUMBI AASL IIPOBO-
AOUYHO-BBIPE3HOM  DAEKTPOIPO3UOHHOU  0OpabOTKMU
IUPKOHHEeBOro cmnraBa D110 AAQTYHHBIM 3A€KTPOAOM-
UHCTPyMeHTOM AuameTpoM 0,2 MM, C HOMOIIBIO CO-
TIOCTaBA€HUS AQHHBIX, IIOAYYEHHBIX B XOA€ COIIOCTaB-
A€HUS ABYX KOHTYPHBIX KPHBBIX B OAUH Tpaduk. Aas
IIOAYyYEeHUsT HanMeHbIIIen TOAIIIMHBI Ae(peKTHOI‘O CAOA
U MUHUMAABHO AOITYCTUMOI'O BpeMeHU 0OpabOTKH pac-
cumTaHbl napaMmeTrpel ON = 4,6 mxc, OFF = 11 MKc
u SV = 50 B.

[Tocre AOCTHIKeHHsS HauMEHBbIIEN TOAIUHBEL Ae-
(PEeKTHOTO CAOSI IIpU HaubOAee BBICOKOM B AQHHOM
CAydae CKOPOCTH pe3aHMusl HeOOXOAUMO IIPOM3BECTH
YAGA€HHE TIOAYYEHHOTO Ae(@EeKTHOIO CAOsl Hauboaee
TOAXOASIIIUM METOAOM. Manasi TOAIUHA Ae(eKTHOTO
CAOSI TIO3BOASIET CAEAATh BBIBOA O TOM, UTO Ha (PUHWUIII-
HYIO oIlepalluio OyAeT 3aTpaueHO HEMHOTO BpeMeHU.
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SEARCH FOR OPTIMAL PARAMETERS
OF WIRE ELECTRICAL DISCHARGE
MACHINING OF PARTS MADE

FROM E110 ZIRCONIUM ALLOY

The article proposes a method for calculating rational parameters of wire electrical
discharge machining of zirconium alloy E110 using a rotatable central composite
design of the second order. The influence of key processing factors such as pulse
duration, inter-pulse pause, and spark gap voltage on the thickness of the recast
layer and machining time is examined. The feasibility of using regression models
for predicting processing parameters and optimizing their values is demonstrated.
The obtained results are applicable for enhancing the productivity and quality of
machining complex parts in medical, aviation, and other industrial sectors.

Keywords: electrical discharge machining, experiment planning, zirconium alloy,
parameter, modes, optimisation, modelling.
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