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OIIPENEJIEHUE

MUKPOKOHIIEHTPAITNY UPHUTUSA

KNMHETHUYECKNM KATAJINTUYECKUM METOOM

© Enaena I'puropneBna XomyroBa®, Exarepuna AnekcanapoBHa JIeBkeBud

MUPSA — Poccuiickuii TexHomornyeckuii yausepeurer, Poccusi, 119454, Mocksa, mpocnexr Bepranckoro, 78;

e-mail: khomutova@mail.ru

Cmamus nocmynuaa 7 ausaps 2020 2. Ilocmynuaa nocae dopabomru 19 ghespans 2020 a.
Ilpunsama k nybaukayuu 25 mapma 2020 2.

BriepBbie n3yueHO KaTalIMTHYECKOE JefCTBHE UPUIUI HA PEaKI[HUI0 OKHUCIEHHUS BOJOPACTBOPHU-
moro nopgupuna — 5,10,15,20-rerpakuc(4-cynbdouarodenmn)moppuna (TCPII) — mepitona-
ToM Harpus. Paspaborana MeTouKa OIpeIeseHns MUKPOCOIEP:KaHUN UPHIUS 10 €r0 KaTallu-
THYECKOMY JEMCTBHIO HA JAHHY PEAKI[HI0 B IIPOTOYHO-MHKEKIIMOHHOM cucreme. Hmkuss rpa-
HHUIA ONpeJelseMblXx KOHIeHTpammy upuaus cocrasiasger 0,2 - 10-5 mr/mi (P = 0,95), uro
HIKe, YeM JIJIs OITUCAHHBIX B inTeparype Meroauk. HaiieHp! onTuMaibHbIe YCIOBUSI aHAIN3A:
pH 3, KoHIeHTpanuu peareHTOB B MOTOKAX 3a[@HHOM T'MAPABIMIECKON CXEMbI CMEIIEHUT —
0,5 - 10-5 mosnw/m TC®PII u 0,15 mons/n NalO,, KoMHATHAA TeMIeparypa MPOBEIeHUs HHINKA-
TOPHOM peakiuu. [Ipy ONTUMAIBHBIX YCIOBUAX MOLYIHIN JIHHEHHYIO TPAyHPOBOYHYIO XapaK-
TEepUCTUKY B MHTepBajie Kourentpamui upuausa (0,2 — 2,0) - 10-5 mrr/mu. McenenoBanu Biaus-
HUE COIyTCTBYIOU[UX UPHUIWIO B MPOMBIILIEHHBIX U MIPUPOAHBIX MATepHAIAX JEMEHTOB: ero
OIIpEJIeJICHUI0 He MEINA0T MOJIbHBbIe M30BITKH ILUIATHHOBBIX M I[BETHBIX MeTaioB: 20-kpar-
weii — Rh (II1); 15-kparusii — Pt (IV) u Fe (ID); 20-kparasni — Ni (II). ITpasunsaoCTh pe-
3yJIBTATOB TIOTBEPIKIEHA METO0OM «BBEIEHO — HAUIEHO» IIPY aHAJIM3€e MOJEIbHBIX PACTBOPOB,
cofepiKaIuxX UPUIUN. S, Pe3yIbTaTOB OIPEeeIeHUI UPHU/IU B YCIOBHAX ITOBTOpPsieMocTH (n = 3;
P = 0,95) e mpessiaer 0,04. CpaBHeHMe IOJIyYE€HHBIX PE3YIbTATOB C JIUTEPATYPHBIMU JTaH-
HBIMHU IIOKA3&JI0, YTO OCHOBHBIMH IIPEHMYIIECTBAMH IIPEIIaraéMoi METOIUKH OIPeIesIeHuUs
VPUIHS SBJISAIOTCS IIPOBEJIEHNEe PeaKuy IIPU KOMHATHOH TeMIepaTtype ¢ 60jiee IpoCThIM alla-
paTypHbIM 0pOPMIIEHHEM U MEHBIIIee 3HAYEHNE HUKHEU TPAHUIIBI OIPEIeIIeMbIX COIePKAHUN
150012010768
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The catalytic effect of iridium on the oxidation of water-soluble porphyrin — 5,10,15,20-tetrakis (4-sulfo-
natophenyl) porphin (TSPP) with sodium periodate is studied for the first time. A method for determina-
tion of the iridium micro-content by the catalytic effect of iridium on the oxidation of water-soluble
porphyrin 5,10,15,20-tetrakis (4-sulfonatophenyl) porphin with sodium periodate in a flow-injection sys-
tem is developed. The lower limit of the determined iridium concentrations is 0.2 x 10-® pg/ml (P = 0.95),
which is lower than that for the methods described in the literature. Optimal conditions for determination
have been specified: pH 3; concentration of the reagents in the flows of a given hydraulic mixing scheme
0.5 x 105 M TSPP and 0.15 M NalO,; room temperature for the indicator reaction. A linear calibration
characteristic was obtained under chosen optimal conditions in the range of iridium concentrations
(0.2-2.0) x 10 — 5 pg/ml. The effect of the elements accompanying iridium in industrial and natural ma-
terials was studied. Molar excesses of platinum and non-ferrous metals do not interfere with iridium de-
termination: 20-fold Rh (I11); 15-fold Pt (IV) and Fe (II); and 20-fold molar excess of Ni (II). Correctness of
the results is confirmed by spike recovery tests on model iridium-containing solutions. S, of the results of
iridium determination under selected conditions at n = 3, P = 0.95 on model solutions is no more than
0.04. A comparison of the obtained results with literature data showed that the main advantages of the
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proposed method for iridium determination are room temperature of the reaction, more simple hardware
design and lower limit of the iridium determination.

Keywords: kinetic methods of analysis; flow-injection analysis; platinum metals; iridium; water-soluble

porphyrine.

BBenenue

HawuGosbimei 3HAYMMOCTBIO CPEIX MHOroobpas-
HBIX c(pep MPUMEHEHWS WPHUIHUS 00IaIaeT KaTaju-
THYECKOE JEHCTBHE MeTajla M KOMILJIEKCOB HAa €ro
ocHoBe. CoeuHeHUA UPUIHA YCKOPAOT KaK Heopra-
HUYECKHe, TaK U OPTaHMYECKHe PEaKI[UM: THIPUPO-
BaHUe, raJlorTeHUpPOBaHue, apoMaTusanua u T.41. [1].
IlorpebHOCT, B MPHUIWH OIIYTHMO YBEIWYHIACH C
pasBUTHEM HAHOTEXHOJIOTHH: HAIIpUMeEpP, HAHOUPH-
IHMeBbIe KATaIU3aTOPhl M MeMOPAHBI HCIIOJIb3YIOT
IIPH H3TOTOBJIEHHH XEMOCEHCOPOB [ O0OHApy:xKe-
HUS psifa BelecTB [2], B OYHCTKe XBOCTOBBIX Ta30B,
OHHU CIIOCOOCTBYIOT PA3BUTHI0 HCTOYHHKOB 3KOJIO-
TUYHOU sHepruu [3].

Hurepec npejcrasisger MpuMeHeHHe KHHETHYe-
CKUX KaTaJIUTUIECKUX METOIOB [Ji OIpeesIeHUs
MUKPOKOHIIEHTPAIIMH MEeTaJJIOB MJIaTHHOBOM T'PYII-
bl B IMPHPOMHBIX M TEXHOJOTHYECKHX OOBEKTaX.
Hawubosee BakHBIMU XapaKTEPHUCTUKAMHU TAKUX Me-
TOMOB SIBJAIOTCS HUBKHU IIpenesl OOHAPY:KEeHH,
IIPOCTOTA AIIAPATYPHI, YTO AEIaeT UX JOCTYIHBIMU
IasKe VI HU3KOOKeTHBIX JJa00paToOpPHUi.

HsBecTHO TpHM peKHMMa OCYIIECTBIEHHS KHHE-
THYECKUX PEeaKIHui: CTAllMOHAPHbBIN, HeIPEePhIBHBIN
nporounbii (HITA) u mpoTOYHO-HHIKEKITMOHHBIH
(ITUA). ABromaTusaiiusi C HCIIOJIb30BAaHHUEM pas-
JIMYHBIX THUIOB IIOTOYHBIX METOMOB HMEET GOJILIION
MIOTEHIIHAJ [IJIA PA3BUTHUA HOBBIX METOIOB aHAIM3a
Ha OCHOBE KMHETHYECKUX KATAITUTHUYECKHX METOI0B
WK yJIydllleHus y:Ke usBecTHBIX [4, 5]. OcHOBHBIM
mocrouuctBoM IIWA, mpuBiekamonuM BHAMAHHE
XUMHUKOB-aHAIUTUKOB, ABJIAETCA BbICOKAA IIPOU3BO-
IUTEIBHOCTS [6].

Panee mpezoikeno ompenensiTh MUKPOKOHIIEH-
Tpaluyu UPUANA B HEIPEPHIBHO-IPOTOYHBIX CHCTE-
Max 10 peakruaMm orkuciaenua prytu (1) mepuem (IV)
[4] ¢ HUKHEHN TpaHUuIlel openeIaeMbIX KOHIIEHTPA-
i 5,00 - 1074 MKr/MuT ¥ mpemesioM OGHAPYKEHUST
1- 10 mxr/mn. HegocraTtkom sToro crmocoba siBIIfA-
eTCs TO, YTO PEAKIIHI0 KATATU3UPYIOT TOJIBKO CYJIb-
daTHbIe pacTBOPBI UPHUAMS, IJIA IIOJIyYeHUS KOTO-
pBIX Tpebyercd AnuTenbHas o6paboTka mpob, a Tak-
JKe HeIOCTAaTOYHO HU3KUH IIpeesl O0HAPYKeHHUI.

Omnpefnenenre UPHANA KATAIUTHYECKHM METO-
IIOM II0 PEeaKIVH B3aWMOMIEHCTBHS CyJbdapcaseHa
C mepHojaT-WoOHAMH C IIPemeioM OOHApPY:KEeHUs
2 - 105 MKr/MJI B CIIOKHBIX OOBEKTaX B IIPOTOYHO-
WHIKEKITMOHHOM CHCTeMe OIMCcaHo B padorax [7, 8].

Meroguka c¢ 5,10,15,20-rerpadennn-21H,23H-
nopuHTETPaCy Ib(POKUCIOTON [9] mMeer HUBKHUI

npemen obHapyskenus — 0,02 MKr/mi, HO IIOJIO-
JKEHHAs B OCHOBY OIPEIENIEHUS PEeaKIuid MPOTeKaeT
IpH HATPEBAHWM W OCHOBAHA HA WCIOJIb30BaHUU
CJIOJKHOM DKCIIEPUMEHTAIILHONM CXEMbI, COCTOAIIEHN
W3 TPOTOYHO-MHIKEKIIMOHHOTO aHamuzaropa, & P-
BUIMMOTO CITEKTPO(pOoTOMETpa W MHKPOBOJIHOBOM
My(eTbHOM TIeYH.

B pabore [10] npexncrasieHa MeTomuKa OIpee-
smerusa upunua (IV) kuHEeTHIECKHM CIEKTPOdQIyopH-
METPUYECKMM METOIOM TII0 PEeaKIMH B3auMOIeH-
CTBUS [IePUOJATA KAIUSA C N-HUTPOOSH30UITHIPA30-
HOM CAJTMITWJIOBOTO aHTHAPHUIA B Cpefie BOAA-3TaHOII
npu temneparype 55 °C. 1o Tpebyer CI0KHOU CuCc-
TEMBI TOAJIePKAHNS TIOBBIIIIEHHON TeMIIePATYPhL.

BosmoskHO ompesenenrie MUKPOKOIUIECTB UPHU-
mua (III) meTogoM KaTaIUTHYECKH-aCOPOITMOHHOM
WHBEPCUOHHOM BosbTamiepomerpun [11]. Meton
OCHOBAH HAa MOBEPXHOCTHOM HAKOILIEHUH KOMILIEK-
ca upuauii (III)-6pomun meTUATPUMETHIAMMOHUA
Ha CTEKJIOTPaPUTOBOM DIIEKTPOIE C MOCIELYIOIINM
KaTaJIUTHIECKUM BOCCTAHOBJIEHHEM aJcoOpOHMpOBaH-
HOTO KOMIUIEKca B mpucyTcTBuu Gpomara. Ilpemen
OIIpefie]IeHUA COCTABJIAET IOPAAKA 2 — 3 MKI/MIL.
Hepmocrarkamu ganHOM METOIUKUA ABIAIOTCA OTCYT-
CTBHME aBTOMATH3AIMU U JJIUTEIbHOE IIPOBEJEHUE
ompeneIeHus.

Agtopsb! pabors! [12] usyuunu KaTaIuTHIECKOE
netictBue upunua (IV) Ha TOX0MKYI0 peaKIIHIo OKHC-
smeHusa MeqHoro Komiuiexca mopgupuua (Cu-TCPII)
nepyogaToM HATPUA B HIPOTOYHO-WHIKEKIIMOHHOU
CHCTEeMe, COBMEIIEHHOH C BBICOKOTEMIIEPATYPHBIM
(mo 150 °C) ruaporepMaibHBIM peakTopoM. Bpura
paspaboTaHa METOIUKA OMPEIENIeHHs CIeI0BBIX KO-
auuecte upumusd (IV) c mpemerom obHapysKeHHU:A
5,8 - 10 momn/m (~1,1 - 10~3 MKr/mMia) u u3y4eHo Me-
miampliee BIUAHHE JIPYTUX ILUIATHHOBBIX METAJIOB
(ompeziesieHnI0 UPHUANSA C TIOMOIILI0 Pa3paboTaHHOM
MeTomuKu He Mmernaer ocmuit). HemocraTkom meto-
IUKN SABISETCA HEe0OXOIUMOCTb TOYHOTO IOIep:Ka-
HUSA TEMIIEPaTypPhl PACTBOPOB M PEAKITHOHHOU cMecH
Ha 3aganaoM yposHe (100 = 1°C uau 150 = 1 °C),
Tak KaK CKOPOCTH PEAKIIUH 3aBHUCUT OT TeMIIepPaTy-
PbL, a 3HAYUT, HY;KHA CIIeIHAIbHAA anmnapaTrypa.

Peaknuu ¢ wpugreM opu KOMHATHOM TeMIIe-
parype wmcenemoBaiu B paborax [14 — 16]. ABTopsl
pabotst [14] usyuanu HeKaTATUTHIYECKOE OIIpeee-
uue upugusd (IV) mo peakiuam ero B3auMoaeicTBHL
¢ 3-TuapoKCco-2-MeTwii-1-deHun-4-nupugoHoM u 3-
TUAPOKCO-2-MeTui-1-(4-Tomwn)-4-mupugoHoM (IIyo-
puMeTpuUecKuM MeTomoM. J[aHHad MeTomuMKa MO3-
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BOJISIET OTIPEeNITh UPUIUN B AHANA30HE KOHIIEH-
tpamuii 0,1 — 7,6 MKr/MJI, IIPH 5TOM OIpPEIeIeHUI0
me memaiorT 300-kparHbii u36biTok pomus (III) m
10-kparHbIit n366ITOK IaTuHbI (IV).

B pa6orax [15, 16] wpumuit (III) ompenmensior
CIIeKTPO)OTOMETPUIECKUM METO0oM 6e3 Harpesa-
uua. B meroguke [15] upuauii onpenensior mpu pH
6,5 B mmamasome wkoumenrpanmi 1,0 — 7,0 MK/,
a B pabore [16] mpencraBieHa peakiusd UPUIUS C
0-MeTWI(PEeHUITHOMOYEBHUHON B KHUCIOM cpeme (S, =
= 0,54).

IIpenmo:xeHo KaTaauTHYECKOE OIpefesieHe
upuaus (IV) mo peakrnu oxucienns N-meTmiaude-
HUJIaMUH-4-CyTh(POKUCIOTHI TEPHOJATOM Kalud:
C.in = 1,6 - 102 mxr/ma [17].

B wmacrosmieit pabore wucciemnoBaiM KaTaju-
THYECKOe [eHCTBHe WPHUIHAS HA PEaKIHUi0 OKHCIIe-
musa 5,10,15,20-terpakrc(4-cynboHaToe 1) mop-
¢una (TCPII) mepitogaTom HATPHUSI B cHCTEME IIPO-
TouHO-uHKeKIuonHoro ananusa (IIMA), koropoe me
6bL10 HM3y4yeHo panee. llens paboTbr — paspaboTKa
METOIUKHN OTpeeeHus MUKPOKOHIIEHTPAIIUH UpHU-
[IUA 110 er0 KATATUTHIECKOMY JIeHCTBUI0 HA WHIUKA-
TOPHYIO PEaKI[UI0 OKHCIEHHUS BOJOPACTBOPHMOTIO
mopduprHa TEepHOIATOM HATPHUA NPU KOMHATHOH
TeMIepaType ¢ HUSKHUM IIpeesioM 00HaAPYKeHHUs.

IIpennaraemas B HaCTOAIIEH CTAThE METOTUKA
ompesieieHUd UpPUAUA 007a7aeT PAIOM IIPEUMY-
II[ECTB TI0 CPABHEHUIO C METOAMKAMH, IIPE/ICTABJICH-
HBIMH BBIIIE: IIPOBEAECHNUE PeaKIIuu I1PU KOMHAaTHOM
TeMmeparype, 6ojiee mpocToe anmnapaTrypHoe oopM-
JIEHHUe U NJOCTHKEeHMre MEHBbIIIEro sHa4YeHUudA HIKHEe
TPaHHUIILI OTIPEeIeNIAeMbIX cofep:Kanui upuaus [13].

JKCIIepHMEHTATBLHAS 9aCTh

Ucnonszosanu mepiiogar marpus NalO, (xu),
5,10,15,20-reTpakuc(4-cyabdorarodenmn)nopduH,
rexcaxmopoupugar (III) ramua Ks[IrClg], 6opHyio
(x1), oprodochopHyo (0Ccd), COMAHYIO (X4I) U yKCyC-
HyI0 (X4) KHCIOTBI, TUAPOKCHI HATPHA (X4) U OUC-
THJUTAPOBAHHYIO BOIY.

Hcxonubre 103 M pacTBOpbI UPHUIHWSA TOTOBUIIH
pacTBOpEeHHEM TOYHOM HAaBECKU reKCaXJI0pOupPUIATa
(III) xamusa B 2 M HCI. Ilonyuennsiii pacTBop uc-
MOJTb30BAJIA JIJIS TIPUTOTOBJIEHHSA Pab0YMX PacTBO-
poB K;[IrClg] myrem pasbaBmenus GydepHbIM pac-
TBOPOM 110 paboueii kuciaoraoct pH 3.

0,15 M pacrBop ImepiiomaTra HATPUA TOTOBUIHA
IyTeM TIOJHOTO PACTBOPEHHS TOYHOH HAaBECKH
NalO, B pgucTuaaupoBaHHON Bome. KcexomHblin
10+ M pacrsop 5,10,15,20-reTpakuc(4-cyabgonaro-
henmn)nopdrHA TOTOBMIM PACTBOPEHUEM B IUC-
THWIIUPOBAHHOH Bojie TouHOH HaBecku TCPII, pa-
6oure pacTBOpPbI — pasbaBiIeHHeM HCXOITHOTO Oy-
depubIM pacTBOpOM. YHHBEpCATIbHYH O0ydepHyo

.04 4

314

T T T T T
2000 300.0 400.0 5000 600.0 ¢, ¢

Puc. 1. Kunernueckas KpuBas A1 OIPEIEICHU HPUIHI 110
pearumu oxuciaenus 0,5-10°M pacreopa TCPII 0,15 M
pacreopom NalO, (c¢(K;[IrCly]) = 10-* mons/m, pH = 3)

Fig. 1. Kinetic curve for catalytic determination of iridium
in the reaction of 0.5 x 105 M TSPP with 0.15 M NalO,
(104 M K;[IrClg], pH 3 buffer solution)

3 E

Puc. 2. l'unpaBnuyeckas cxemMa CMeIIeHUS IIOTOKOB WHIH-
KATOPHOUM peakIuu I OIpeAeeHus UPUIUS B IPOTOYHO-
UHXXEKIIUOHHOM aHanusatope (I — KpaH-TepeKIioJaTenb;
2 — nepucTalIbTHYECKHH HACOC, 3 — CMECHTeNh IIOTOKOB;
4 — xaMepa, B KOTOPOH IIPOUCXOJUT OKOHYATEIHLHOE CMelle-
HEe PACTBOPOB; 5 — hoTOMETpHIECKas SUeiKa; MOTOKH: A —
pH 3; B — 104 M K;[IrClg]; C — 0,5 - 10> M TC®IIL, D —
0,15 M NalO,; E — cnuB)

Fig. 2. The hydraulic schematic for mixing flows of the in-
dicator reaction for iridium determination in a flow-injec-
tion analyzer (I — switch tap; 2 — peristaltic pump; 3 —
flow mixer; 4 — mixing chamber; 5 — photometric cell;
flows: A — pH 3; B — 10* M K,[IrCl]l, C — 0.5 x 105 M
TSPE, D — 0.15 M NalO,; E — dump)

CMeCh TOTOBHWIH U3 (PocOPHOI, YKCYCHOM U OOPHOM
KHCJIOT C JOBEeIeHHUEM [0 METKH JAUCTHIITUPOBAHHOMN
BOJION U M00aBIIEHMEM THAPOKCHIA HATPUS [IJISA II0-
smydeHus HeoOxomumoro sHavenus pH.

IIpu wccnemoBaHwu MeEHMIAOIIETO BIAUAHUS
COIIyTCTBYIOII[AX KOMIIOHEHTOB HCIIOJIB30BAIHN CO-
equnenus: PtCl,, NiCl,-6H,0, CuSO,-5H,0,
FeSO, - 7TH,0, K5[RhClg].

Peaxiuio mpoBoguiau B MPOTOYHO-UHIKEKITHOH-
vom anamusarope «[IMAKOH-30» ¢ doromerpuye-
CKHM J€TEKTOPOM CO CBETOIHOIOM C [JIUHOM BOJIHBI
A = 505 um.

Cuexrp mormomenus pacrsopa TCOII peru-
CTPUPOBAJIM C HCIOIb30BAHUEM CIEKTPO(OTOMETPA
Helios Alpha ¢ mpenenom pomyckaemoii a6COTOTHOH
norperrHoctd +0,5 %. Toumble HaBEeCKU B3BEIIIH-
panu Ha aHamuTudeckux Becax AND GR-200 ¢ Tou-
Hocthio *0,1 mr. 3uauenue pH Oydepnoit cmecu
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Puc. 3. 3aBucuMocTh aHATUTHYECKOTO CUTHAIA UPUAMA OT
pH npwu oxucnenuu 0,5 - 10-> M pacrsopa TC®II 0,15 M pac-
tBopoM NalO, (c¢(K4[IrCly]) = 10-* monb/m)

Fig. 3. The dependence of iridium analytical signal on pH
value upon oxidation of 0.5 x 10> M TSPP by 0.15 M NalO,
(c(K,[IrClg]) = 10+ M)

roHTponupoBanu pH-merpom Hanna cepun pH-213
¢ Tounocthio +0,002.

OO6cy:xxneHue pes3yabTaTOB

HcenenmyeMyo MHIUKATOPHYIO PEAKITUIO TIPOBO-
nuau 6e3 CerMeHTAaI|H, B IBHIKYIIEMCS TIOTOKe pea-
reuToB. B copMUPOBAHHYIO PEAKI[HOHHYIO CMEChH
MTOTIEPEMEHHO WHKEKTUPOBAAN (POHOBBIM PACTBOP
(6ydepubrit) u pactBop mnpobbl. Karamumruueckas
peakIusd HaYMHAETCS II0CJIEe TOTO, KAK IIOTOKH O0b-
eIUHSIOTCA U PACTBOPEI IIPOOLI M PEATeHTOB CMEIIIH-
Barorca. Karamusarop maMeHsieT 3HAYEHHE OITHYe-
CKOM IUIOTHOCTH ITOTOKA: HA €€ 3aBUCHMOCTH OT Bpe-
MEHM IOSBJAIOTCA WKW, BBICOTA ITHKA SBJISETCS
AHAJIUTAYECKHM CHTHajIoM (pue. 1), mIpomopumo-
HAJIBHBIM COEPIKAHUIO0 KATATU3ATOPA — UPUITHUI.

170

Cxema IBUIKEHUS IOTOKOB B aHAIHU3ATOPE IIPe]-
craBieHa Ha puc. 2. «['mybuHa» mpoTeKaHUA HEKa-
TAIUTUIECKON U KaTAIUTUYECKON peaKIiuil 3aBUCUT
OT BPEMEHH JIOCTABKH PACTBOPOB OT y3Jia CMEIIeHUA
peareHTOB [I0 PETHUCTPUPYIOIIET0 YCTPOUCTBA U 3a-
maercd AJWHOM IIyTH IIOTOKOB. OKCIEPUMEHTATb-
HBIM IIyTeM YCTAHOBHJIU, YTO [JUHA TPYOOK W CIIH-
paeii qoyKHA OBITH TAKOM, YTOOBI BpeMs mpebbiBa-
HHA PEAKIMOHHONW CMECH B CHCTEME OT Hadaja CMe-
IIIEHUA IOTOKOB PeareHTOB WHANKATOPHOM PeaKIuu
IO CMECUTENIFHOHN CIMpAJIHU COCTABIANO 1 MUH, a OT
BBOZA KATAIM3aTOpa 10 PErHCTPaIlu¥l CUTHAIA —
5 MuH. ITO 00ecIedyrBaeT JOCTATOUYHYIO «TJIyOUHY»
MIPOTEKAHUSA WHAWNKATOPHOU PEaKIHU [0 MOMEHTa
perucrparuy CUurHana.

Jna HaxoXOeHUsA ONTHMAJIbHBIX YCJIOBUH IIPO-
BEeHUS PEaKINH, T.e. 00eCIeYHBAIOIINX IIOIyde-
HHe CTA0WILHOTO AHAJIUTHYECKOTO CHUTHAJA, BBHICO-
KYyI0 YyBCTBHUTEIBHOCTh W YKOHOMHOE HCIIOJIH30Ba-
HUe PeaKTHUBOB, BEIOUpANH PabodyIo JJIMHY BOJHBI U
uccrenosanu Bnusuue pH ¢doHoBOro pacrBopa u
KOHIIEHTPAITUH PeareHTOoB.

Maxkcumym mormomenusa 4 - 10° M pacrsopa
TCOII npu pH 3 mo cpaBHEHUIO C AUCTHUILIAPOBAH-
HOM BO/OM HabmOmanu Ha mauHe BOJHBI 505 HM.
Ucxoma us sToro BhIOpaIH (POTOMETPUIECKUH TaT-
YUK ¢ Juana3oHoM AauH BoaH 460 — 520 mm.

HccnemoBanu ¢opMy u BBICOTY NHUKA B 3aBUCHU-
MOCTH OT cocTaBa poHOBOro pacteopa. [Ipu npume-
HeHuu Oy(epHOro pacTBopa B KayecTBe (hoHA ITUKU
BBICOKHE U POBHBIE, & IIPU HCIIOIH30BAHUHU JTUCTHUII-
JINPOBAaHHOU BOJbI CTAHOBATCA HEPOBHBIMH, UX aM-
IUINTYJa yMeHbIaerca. V3yunnu BIuAHUE 3HAUE-
uus pH 6ydeproro pacrsopa, BRIOPAHHOTO B Kade-
cTBe (DOHA, HA AaHATUTUYIECKHUI CUTHAI: U3 IIOJyUeH-

180
L a 6
160 &
r / \ 170
[} /M
2 150 - 2
< L <
g g2
E 140 :
- B o 160 - *
B 1
[=} Q
g g
A 130 F » A
F 150 * * +*
120 | \__‘ \/
I ]0 L 1 L 1 i 1 L 1 L 1 L |40 L 1 L 1 L 1 L 1 i 1 L 1 L
0 1 2 3 4 5 6 0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35
Konnenrpanua TCPII - 105, B Komumenrparus neprogara HaTpus, MOJIb/JT
Puc. 4. 3aBucumMoCcTH aHAIUTHIECKOTO CHTHAJIA WPHUAWA OT KoHIeHTparuu peareHtoB: ¢ — TC®PII mpu c(NalO,) =

= 0,2 monb/n); 6 — NalO, npu c¢(TCPID) = 0,5 - 10-5 mons/n (pH = 3; c¢(K;[IrCly]) = 10-* monb/m)
Fig. 4. The dependence of iridium analytical signal on the reagent concentration: « — TSPP at 0.2 M NalO,; b — NalO, at

0.5 x 10> M TSPP (pH = 3, 10* M K,[IrCl;])
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Ta6auna 1. Jlomyctumble H30BITKA COILYTCTBYIOIIMX dIIe-
MEHTOB IIPH OIIPEAEIeHUN UPUIHS

Table 1. Permissible excesses of accompanying elements
upon iridium determination

Ta6mauua 2. Pesynbrarel omnpemeneHus UpPUAWS (MKD/MII)
MEeTOJIOM «BBeJeHO — HaigeHo» (n = 3; P = 0,95)

Table 2. The results of iridium determination (pg/mL) by
the method of spiked samples (n = 3; P = 0.95)

OJIeMeHT JlomycTUMBIH MOJIBHBIA U30BITOK Beeneno upunus Haiinerno npumusa
Rh (III) 20 0,210 (0,2 + 0,1) - 105
Pt (IV) 15 0,510 (0,60 = 0,05) - 105
Fe (ID) 15 1,810 (1,90 = 0,15) - 105
Ni (II) 20
Cu (D 25

JINTEPATYPA

HOU 3aBUCHUMOCTH OIPENeIUIN ONTUMAIbHOE 3Haue-
uue pH = 3 (puc. 3).

J1J1s1 HaXOKIEHNsT OIITUMAIBHBIX KOHIIEHTPAI[AHN
peareHToB HCCIIe0Bad WX BIHIHHE HA BBICOTY
nuka (puc. 4, 5): nonyunnu sHadenus 0,5 100 u
0,15 monp/n gua 5,10,15,20-rerparuc(4-cynbdoua-
ToheHmI)IOP(HUHA U TIepiHogaTa HATPHUA COOTBETCT-
BEHHO.

IIpu HAWIEHHBIX ONTUMAIBHBIX YCIOBUIX ITOJY-
YHWIH JTAHEHHYIO TPAAyHPOBOYHYI0 XapPaKTEPUCTUKY
B mHTepBajie KoHneHrpamuit upugus (0,2 —2,0) X
X 107° MEr/MII.

HccnenoBanu BiausHMe HA ONpene/IeHue HPUIAS
COILyTCTBYIOIIIUX B IIPOMBINUIEHHBIX U IIPUPOIHBIX
MaTepuajax 3JIeMEeHTOB: JOILyCTUMbIE MOJbHBIE W3-
OBITKM IUIATHHOBBLIX U IIBETHBIX METAJIOB, HE Me-
[IAOIIHe OIIPeIe/IeHnIO, IIpuBeIeHbl B Tab. 1.

IIpaBuibHOCTE PE3YyIHTATOB OIPEIEIeHU UPHU-
U B MOJIEJIbHBIX PACTBOPAX MOATBEPIUIN METO[OM
«BBEJIeHO — HalimeHo» (Tadi. 2).

3HaveHWe HIKHEH TpPaHHUIlbl OIpPeNesseMbIX
KOHIIEHTPAIIUN UPUIUA TI0 TpeIaraeMoi MeToIuKe
cocrasuio 0,2 - 10-° MEr/MiI.

OrHocUTeNbHOE CTAaHIAPTHOE OTKIOHEeHHuEe S,
Pes3yIbTATOB OIpene/eHUus UPUIUS B YCIOBUAX IIO-
BTOPSIEMOCTH IIPH aHAIMW3€ MOMEJIbHBIX PACTBOPOB
He mpesbimaet 0,04.

3axkJaroueHue

Takum obpasom, paspaboTaHa METOZHKA OIpe-
JeJIeHUs MHUKPOKOHIIEHTPAIIUN WPUANA KUHETHJe-
CKMM KATaJTUTUIECKUM METOIOM B IIPOTOYHO-UH-
JKEKITHOHHOM CHUCTEMeE TI0 PeaKI[uy OKUCIEHUT BOJIO-
pacTBOpuUMOro MOpQUPHHA [MePHoJATOM HATPHA.
SHavyeHrWe HUWKHEH TPAHUIBI OIpenelseMbIX KOH-
neHTpanuii upumusa cocrasuiao 0,2 - 1075 mrr/ma
(P = 0,95). I'pagyupoBouHas 3aBUCUMOCTD JTUHEHHA
B IMANa30He KOoHIeHTpanui upuausa ot 0,2 - 105 mo
2,0 - 107® MKr/Ma. 3HaueHHe OTHOCHUTEIBHOTO CTaH-
JAapTHOTO OTKJIOHEHHUA Pe3yIbTATOB OIpPeneeHuA
WPUINSI B MOAEIBHBIX pacTBopax cocrasuio 0,04.
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HccnenoBana BO3MO:KHOCTL IIpuMeHeHusi cyibgara mnepus (IV) B KauecTBe OKHUCIUTEIHHOIO
pearenTa [yUIs omnpeneneHus (DEHOJBHOM THMAPOKCHIBHOM TPYIIIbI M IPHUBENEHbI IPUMEPhI €T0
WCIIOJIb30BAHUS IS AHAIM3A PA3INYHBbIX OpraHmdecknx coequuenui. Cyibdar 1epus Koiu-
YECTBEHHO pearupyer ¢ (DeHOJBHOM THIAPOKCHIBLHOM TPYIIION C 00pasOBaHHWEM XWHOWIHBIX
coenuHenuit. IIpenmomxenbl METOAUKN OIpeeIeHs (DEHOJIOB PA3IMIHOT0 CTPOEHHUS, BKI0YAST
[IepXJIOPUPOBaHHbIe U Iep(TOPHPOBaHHbIe (PEHOIBI, METOIOM ITOTEHIIMOMETPUIECKOTO THTPO-
BaHUA PACTBOPOM CyJsbgaTa Iepus B CEPHOKHCION cpele ¢ PeJOKCOMETPUIECKHM HHINKATOP-
HBIM 3yIeKTporoM. Hamwmyue B apoMaTHdecKoM KOJIBIIE 3aMECTHTENeH C BOCCTAHOBHUTEIbHBIMHI
CBOMCTBaMH MeIlaeT onpeeieHuio. 1lepumerpuueckoe IOTEHIIMOMETPHIECKOE TUTPOBAHIE UC-
II0JIb30BAHO TAKKe s MCC/IENOBAHUS CTPOCHUS IOJIMMEPOB HA OCHOBE METHJIOJNBHBIX ITPOH3-
BOIHBIX (peHondranenna. [logobubIe coeuHEHM ABAIOTCA CIIMBAOIIUMY areHTaMH U CIIy:KaT
IUIS TIOJLyYEHUs TEPMOCTATHBIX KOHCTPYKI[MOHHBIX MATEPHUAIIOB C BBICOKUMM IIPOYHOCTHBIMH
cBoiicrBamu. IlokasaHo, YTO METHUIOIBHYIO THAPOKCHUIBHYO TPYIIILY, KOTOPAA TAKKe KOIMIECT-
BEHHO OKHCJISIETCS CyJIb(aToM IIEPHs, MOKHO OIPeIesaTh OMHOBPEMEHHO ¢ (DEHOJIBHOM THIPO-
KCHJIBHOH rpymmoii. Ilpy mpoBemeHyy cpaBHEHUA MPEJIOMKEHHOr0 MEeTOAa IEPHUMETPHIECKOTO
TATPOBAHWS C IITUPOKO M3BECTHBIM METOIOM AllETHINPOBAHUS MOJIyYEHbI UIEHTUIHbIE PE3yJIb-
TtaTel. Haliilennoe KOMMYecTBO TUAPOKCHIBHBIX TPYIII B AHATH3UPYEMbIX 00pasiiax MO3BOJISIO
CYZIUTH O CTPYKType nomMepoB. Ha oCHOBe 11epuMeTpruYecKoro TATPOBAHUS IPEIJIOKEHA TAKKE
METOIMKA OIPENeIeHNUs CBOOOIHBIX KCHIEHOIOB B OTHECTOMKOM TypOmHHOM Macie. Meromuka
sBJsieTcs 0oJiee SKCIIPECCHOM M MeHee TPYIOEMKOM, deM OOIIenpuHATas MeTomiuka mo TY
3470.11335-07, ocroBaHHAsI HA GPOMIPOBAHUY KCHJIEHOJIOB OPOMUI-OPOMATHOMN CMECHIO.

KiroueBble ciIoBa: IOTEHIIMOMETPHS; [IEPUMETPHUYECKOE TUTPOBAHKE; KCHIEHOJIbI;, TYPOMHHOE
MacIIo.

THE USE OF CERIMETRIC METHOD FOR PHENOLIC HYDROXYL DETERMINATION
IN ANALYTICAL PRACTICE

© Irina V. Karandi*, Anastasia G. Buyanovskaya

A. N. Nesmeyanov Institute of Organoelement Compounds of Russian Academy of Sciences, 28 Vavilova ul., Moscow, 119991,
Russia; *e-mail: margaret@ineos.ac.ru

Received October 3, 2019. Revised December 13, 2019. Accepted March 25, 2020.

The possibility of using cerium (IV) sulfate as an oxidizing reagent in analysis of various organic com-
pounds is considered and exemplified specifically in determination of phenolic hydroxyl group. Cerium
sulfate quantitatively reacts with a phenolic hydroxyl group to form quinoid compounds. Techniques for
determination of phenols of different structures (including perchlorinated and perfluorinated phenols) us-
ing potentiometric titration with a solution of cerium sulfate in a sulfuric acid medium with a redoxo-
metric indicator electrode are proposed. The presence of the substituents with reducing properties in the
aromatic ring interferes with the determination. Cerimetric potentiometric titration was also used to
study the structure of polymers based on methylol derivatives of phenolphthalein which are crosslinking
agents and serve to obtain thermostatic structural materials with high strength properties. It is shown
that the methylol hydroxyl group, which is also quantitatively oxidized by cerium sulfate, can be deter-
mined simultaneously with a phenolic hydroxyl group. The results obtained by the proposed method of
cerimetric titration and well-known method of acetylation appeared identical. The determined number of
hydroxyl groups in the analyzed samples is indicative of the polymer structure. Proceeding from the tech-
nique of cerimetric titration we propose a method for determination of free xylenols in fire-resistant tur-
bine oil. The developed technique is more rapid and less labor-consuming compared to generally accepted
technique TU 3470.11335-07 based on the bromination of xylenols with a bromide-bromate mixture.

Keywords: potentiometry; cerimetric titration; phenolic hydroxyl; xylenols; fire-resistant turbine oil.
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BBenenune

Cynbdar uepus (IV) mIApoKo UCmoab3yoT B Ka-
YeCcTBE OKUCIUTEIHHOTO PeareHTa B aHATUTUIECKOU
xuMun. PeHOIbI OKUCIAIOTCA NOHAMH LIEPHUA 10 XU-
HOHOB ¢ 00pa30BaHUEM CIIOKHBIX CMeCeH:

OH OH 0
Ce(S0,), [O]
H,SO0,
OH 0

B opranuueckom aHamuse peareHT IPUMEHSIOT
I OIIpeleNieHHs I[aBeJeBOM KUCIOTBI U OKcaJia-
TOB, OPTAHUYECKUX OKCHKHCJIOT, MHOTOOCHOBHBIX
CIIMPTOB, THAPOXUHOHA, OEH30XMHOHA, PA3THYHBIX
caxapoB U APyTHX coemuHenni [1].

Msr uccnemoBanmu BO3MOKHOCTH IIPUMEHEHUS
Ce (IV) B KauecTBe peareHTa [ji OIpeeIeHus (e-
HOJIBHOTO THUApPOKcuiaa. Hambomee pacmpocrpanen-
HBI MeTOJI onpesiesieHrs: PeHOIOB OCHOBAH HA alle-
THUIUPOBAHUU THUAPOKCUIBHON TPYIIbI YKCYCHBIM
aurugpumom [1].

BosmoxkuO THTpOBaHHE (DEHOIOB B HEBOMHOU
cpefie OCHOBHBIMHU TUTpPaHTaMu. KHCIOTHBIN Xapak-
Tep COeIWHEHUH, COJeP:KalNX (PEeHOIBHBIN THIPO-
KCHJI, 3aBHCUT OT CTPOEHWs BellecTBa. B Kauecrse
pacreopuTeneit mpumenaoT IM®PA, nupugun, sTu-
JeHaWaMuH, aneroH u ap. [2]. Omucansr pasHo06-
pasHble MHCTPYMEHTATIbHbIE METO[bI OIPEeeIeHuUsT
MaJIBIX KOJIHNYECTB (PEHOIOB B PA3THIHBIX 00BEKTAX
[3-9].

Cy1iecTByOT METOIBI KOCBEHHOTO OIIPE/eIeHHU
(hbeHOIOB 10 UX peakuuH C CyIb(aToM IEepus C Io-
CIEAYIONAM ITOTEHIIMOMETPHYECKHM THUTPOBAHUEM
n36bITEA pearerTta pacrsopom Fe (II) [1].

Ta6mua 1. Pesynprare: onpenenenns OH-rpynn B opraHnyecKux COEIUHEHHSIX METOOM IIOTEHIIHOMETPHYECKOTO TUTPOBA-

uwudg 0,1 M pacreopom Ce(SO,), (n = 3; P = 0,95)

Table 1. Results of OH-group determination in organic compounds using potentiometric titration with 0.1 M Ce(SO,),

(n=3;P=0.95)

Conepxanue OH-rpymm, %

O6pasery Yucno OH-rpymm S,
Brruncineno Haiineno
F F
F‘QOH 1 9,24 9,01 = 0,34 0,28
F F
Cl Cl
CIAQOH 1 6,38 6,33 = 0,58 0,36
Cl Cl
F F
H‘QOH 1 10,24 10,20 = 0,44 0,22
F F
HO  9Na on
K@) 2 19,32 19,10 = 0,52 0,26
o OH oH
K<j) 3 30,36 30,29 * 0,58 0,23
CH,
HO OH
C. :
S 2 11,26 11,31 + 0,43 0,21

C=—0




«3aBoackasda maboparopusa. [[marnocruka marepuanaos». 2020. Tom 86. Ne 5 13

[ens mamreit paboThl — HU3YUYUTH BO3MOKHOCTH
ompeseneHus (PEeHOIOB MPAMBIM I[EPUMETPHIECKAM
TUTPOBAHUEM B KHCJIOU Cpefe.

JKCIIEPHMEHTAIBLHAA 9aCTh

Hns onpedenerus ¢eroavrozo 2udporcuna
B CTaKkaH eMKOCThbi0 50 MJI IIOMeIaad HAaBECKY
amanmusupyemoro Bernecrsa (20 — 30 mr), mobasiis-
au 15 ma sranoma, 5ma 5 M pacreopa Hy,SO, u
TuTpoBanu moreHiuomerpmdeckun 0,1 M pacrBopom
Ce(SO,), ¢ pemoKcOMEeTPUYECKHM WHIHKATOPHBIM
AIEKTPOJIOM ¥ KaJIOMEJIbHBIM 3JIEKTPOOM CpaBHEe-
Hug c¢ mnomomipio pH-merpa CG-805 SHOTT
GERATE (uucroTy aHanus3upyeMbIx 00pasIioB KOH-
TPOJTHUPOBAIHA METOIOM JIEMEHTHOTO aHAIN3a).

Ilns onpedenenus kcunernosnos 6 mypOUHHOM
Mmacne (B HEBOJHOM Cpefie) B CTaKaHE EMKOCTBIO
100 msr HaBecky obpasma (10— 12 r) pacTBOpsiad B
30 M1 sraHoma, gobasaanu 1,5 ma komn. H,SO, u
TUTPOBAIM TIOTEHIIMOMETPUYECKH, KAK OIIHUCAHO
BBIIIIE.

Comep:xaHre KCHUIEHOIOB PACCYUTHIBATH II0
dopmy:e:

VN -122-100

KCHJIEHONOB ’
m

C

rme V — o6wem pacrBopa Ce(SO,),, uspacxomoBan-
HBIM HA TUTpOBaHwe, MiI; N — HOPMAalIbHOCTL pac-
tBOopa Ce(S0,)s; 122 — MonekynsapHaa Macca KCUie-
HOJIA; M — HaBecKa o0pasia, Mr.

O6cy:xneHue pe3yabTaToOB

IIpenmoskenHas MeTOZHMKA II03BOJIAET OIpee-
JATH (PEHOJIBI PA3JIMYHOTO CTPOEHUsA, BKIIOYAS TIep-
(bropupoBaHHBIE W TEPXIOPHUPOBAHHBIE (DEHOJHI,
[IOTEHIINOMETPHUIECKUM THTPOBAHUEM PACTBOPOM
cynbdara 1epus B CEPHOKHUCIOH cpefie C PenoKCo-
MEeTPUYECKUM WHAMKATOPHBIM dIeKTpoaoM. Pesyib-
TaThl aHaNTH3a PAfa COeAMHEHWH Ha COJepIKaHIe
OH-rpymn npusenesns: B Tadur. 1.

OmnpezneneHuio MeIIaT coefUHEHUA, 001a5a10-
e BOCCTAHOBUTEIHHBIMH CBOMCTBAMHM, TAKHE KaK
OKCHKHCIOTHI, MHOTOATOMHBIE CIIHPTHI, apoMaTHIe-
CK{€ aMUHBI U Jp.

epumerpuueckoe TUTpoBaHue ObLIO IPUMEHE-
HO Hamu miasa onpenenenus OH-rpynn B MeTumomns-
HBIX IIPOU3BOAHBIX uMuaa penondramenHa. [1omo6-
Hble coenuHenus, cuaTesupyembie B MHOOC, asius-
IOTCSI CIIMBAIOIIMMY areHTaMH U CILIy:KaT AJIA IIOJLy-
YeHU TEePMOCTATHBIX KOHCTPYKIIMOHHBIX MaTepHa-
JIOB C BBICOKMMU MPOYHOCTHBIMU cBoicTBamu [10 —
16]. MBI u3yunam BO3MOKHOCTD aHAIN32 METHUIIOb-
HBIX IPOUBBOIHBIX (PEHOIPTATEHHA, MOIYIEHHBIX
IIPU Pa3IUYHOM MOJIHHOM COOTHOIIIEHUHU UMH/A, (he-
HondpranenHa u popmanbaeruza. Ilpu sTom nokasa-
HO, YTO METHJIOJAbHbIE THIPOKCUIbHbIE TPYIIIBI TAK-

Ta6mauua 2. Hccnenyembie 06pasifbl METHIONBHBIX TPOU3-
BOJIHBIX (heHOI(pTATIEHHA

Table 2. Studied samples of methylol derivatives of phenol-
phthalein

Haii-
nIeHHoe
IIpenmonaraemas dopmymna YHUCIIO
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HO%D—C—L// 3
OH OH
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OH OH

N—CH,-CH,-OH

O
OH OH
_OH
C 3
N
C \\o
ol
p
4
O
é
OH \\0
OH OH
CH, CHZ%—
m P
C 3
\O
C{IZ |
OH C\\O

* 1 okBuBameHT Ce(SO,), pacxomyerci Ha OKHCIEHHE
NH-rpynmnst.
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K€ KOJIMYECTBEHHO PEarupyioT ¢ CyJIbpaToM I[epHd
U MOTyT OBITH OIpeAeeHbl OXHOBPEMEHHO C e-
HOJIBHBIMHU TruApokcwiamu. 1lo comep:kamuio Haii-
JEHHBIX THAPOKCUJIOB CYIUIN O CTPOEHHUH CHHTE3U-
pyeMbIx coepuwHeHui. [lna moaTBepikIeHus Ipa-
BHJIBHOCTH Pe3yJIbTATOB 00paser MeTHIOIHLHOTO
MIPOU3BOMHOTO UMUA (PeHoIPTaTenHA

OH OH

C
AN . .
N—CHy~CHo-OH

C\\O
MIPOaHAIU3UPOBAIHN KAK METO[OM IIePHMETPHIECKO-
r0 TUTPOBAHWUA, TAK U METOJIOM alleTUIHPOBAHUA.

Ilonyuenuble nOByMs MeETOZAMH Pe3yJbTaThl
(14,34 u 14,08 % OH-rpymnno coOOTBETCTBEHHO) COTJIA-
CyI0TCA PYT C IPYTOM W C BBIYHUCJIECHHBIM 3HAYEHU-
em cogep:xanus OH-rpynm (14,13 %).

B Taba. 2 mpuBemeHsI pe3yabTaThl OMpeieieHus
OH-rpynm B HEKOTOPBIX COEAMHEHUAX MPEeIIOKeH-
HBIM METOJIOM.

Ha ocHoBe 11iepuMeTpryecKoro THTPOBAHUSA C Pe-
JIOKCOMETPUYECKHUM UHIUKATOPHBIM 3JIEKTPOIOM MbI
paspaboTanu TaKKe METOAMKY OIpeJelleHus CBO-
OOMHBIX KCHUJIEHOJOB B OTHECTOHKOM TYPOHHHOM
macne. Keunmenomnsr (numernideHosbl), KOTOPhIE B
3aBHCHMOCTH OT PACIOJOKEHUA METHUIbHBIX TPYIIII
MOTYT HaxXOmWTbca B Bume mema- (1,3,4), opmo-
(1,2,4) u napa-upouseogubix (1,4,2), aprsorca He-
JKeJIaTeIbHON HPUMEeChI0 TPHU ero cuHTede (Macco-
Badg [0/ KCHJIEHOJIOB He [OJKHA IIPEeBbINIATh
0,15 %).

Ormecroiikoe TypOMHHOE MacjiO Ha OCHOBE
TpuoKcuiaeHuiIgochara HCHOIb3YyIOT BMECTO OIaC-
HBIX B TOKAPHOM OTHOIIEHHHU TOPIOYUX HEePTAHBIX
Typbunubix Macen. Cormacumo TY 3470.11335-07
CBODOOIHBIE KCHUIEHOJIBI B TyPOMHHBIX MaciiaX Ompe-
IenAnT OpoMUpOBaHUEM OpPOMHI-OPOMATHOM CcMe-
CbI0 ¢ obpasoBaHueM TPUOPOMKCHIEHO0JO0B. W30bI-
TOK 6poMa OIpefenaioT HOJOMEeTPUIECKH IIyTeM J0-

6aBienusa Kl u TUTpoBaHWsS BBIIEIUBIIErocs Homa
pactBopoM THOCyJab(para. Meromguka H0CTATOYHO
TPYZOEMEKA, IIpefIoiaraeT SKCTPAKIINI0 CBOOOTHBIX
KCHJIEHOJIOB M3 TOPSYEro IeJI0YHOTO0 PACTBOPA MAac-
Ja W [JIUTEIbHOEe BBIAEPKUBAHUE PEAKIIMOHHOMN
cMecH B mporiecce 6pOMUPOBAHUS.

MsI mpeIoKUIN IPOCTYI0 M SKCIPECCHYI0 Me-
TONUKY OIpENeeHus KCHUIEHOJIOB B TYpPOMHHOM
Maciie, OCHOBAHHYIO Ha ITOTEHIIHOMETPHIECKOM THUT-
POBAHMH CIIUPTOBOTO PACTBOpa 00pasiia CyIbdarom
nepud. Bo usbexanue ocaskaeHus Macia TUTPOBA-
HFe IPOBOAuAN B 0E3BOIHOI cpene mocie gobasie-
HUA B pacTBOP KOHIIEHTPUPOBAHHOU CEPHOU KHUCIIO-
ThI. Pe3ynpTarsl mpeioKeHHOM METOIUKU COBIIA-
ATy C pes3ynabTaTaMu OIpeneIeHus KCHUIEHOIOB I10
TY meromom 6POMHUPOBAHUS B IIMPOKOM [HAIIA30HE
KOoHIleHTpaImi (Tabi. 3).

IIpu cpaBuenunm kpurepus ®Pumepa F,, ., = 3,2
u F,,,, = 9,3 BUIHO, 9TO PE3yIbTAThl aHAIH3A CBO-
OOHBI OT CHCTEMATHYECKOH OIITHUOKHU, JUCIEPCUH O]I-
HOPOMHBI ¥ METO/bI AHATN3a PABHOTOYHBI.

3akJIroueHue

Takum o6pasoM, NIpemnokeHa IIPOCTas U JKC-
IpeccHas METOAHNKA ITOTEHI[HOMETPUIECKOTO THTPO-
BaHUs (PEHOJBHBIX THAPOKCHIBHBIX TPYII B Opra-
HUYECKUX COeIMHEHUAX U MTOIMMEPax Ha OCHOBE Me-
THJIONIBHBIX TIPOU3BOMHBIX (heHOoI(TaNernHa PacTBO-
poM cynbdara 1epua. Mertoguka Tak:ke HCIOIb30-
BaHA JAJA ONpeJeTeHNud CBOOOAHBIX KCHJIEHOJOB B
TypOMHHOM Maciie.
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Ta6mauna 3. Pesynprars! onpesieneHus cBOOOAHBIX KCHIEHOJIOB METOJaMy GPOMUPOBAHUA U [IEPUMETPUIECKOT0 THTPOBAHUA

Table 3. The results of free xylenol determination using methods of bromination and cerimetric titration

Conep:xanue KCUIEHOIOB, %

Tudp obpasua S7/83
Bpomuposanue SZ(fy=38,f,=8) Turposaume Ce(SO,), SZ(f; =38,f,=3)
MO 0,04 1,810 0,09 1,8-10-3 1,0
OT-1 0,08 7,2 1073 0,08 5,0 - 103 1,4
2M-3 0,11 0,2-103 0,11 0,8-103 4,0
OT-3 0,30 12,8 - 103 0,25 5,0-103 2,6
OT-2 0,40 20,0 - 10-3 0,38 45,0 - 103 2,3
2-2 0,46 7,2 1073 0,43 1,8-10-3 4,0
OT-0 0,60 80 - 103 0,58 12,8 - 103 6,3
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CUJIMKATHBIN AHAJIN3 KAPBOHATHBIX IIOPO/]

METO/IOM ATOMHO-9MHCCHOHHOMN CIIEKTPOMETPHUH

C HHIYKTUBHO-CBA3AHHOM IIJIASMOM C 'PAIYUPOBKOH
110 OTHOIIEHUAM KOHIIEHTPAITUH

© Tarpana AnaroasreBHa Kapumosal, I'eopruii JIbBoBuu Byxomumgep2®,

Cepreii BacunbeBnu Kaunnl
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2 TIpencrasurennbcrso Intertech Trading Corporation, Poccusi, 660049, Kpacuosipck, yiu. Jleuuna, 52;
*e-mail: glb@intertech-corp.ru

Cmamus nocmynuaa 30 dexabps 2019 2. Ilocmynuaa nocae dopabomru 10 mapma 2020 .
Ipunsama k nybaurayuu 25 mapma 2020 2.

Cr1oco6 rpaiyipOBKH IO OTHOIIIEHUSIM KOHIIEHTPALMI 06eCcIieqnBaeT IydIline METPOJIOTMIECKIE
XapaKTEPUCTURN TI0 CPABHEHUIO C APYTUMHU BAPHAHTAMY IPAIYHUPOBKHU IIPH UCIIOIb30BAHUN Me-
TOA ATOMHO-SMHUCCHOHHOM CIIEKTPOMETPHH C WHIYKTUBHO-CBi3aHHOU mmrasmoit (AJC-KCII)
IUIST QHAITA3A TEOJIOTHYECKUX TIPO0 U TeXHMIECKUX MATEPUATIOB HA MX 0CHOBe. OCHOBHBIMHU TIPH-
YMHAMH TAKOTO YJIYUIIEHUsS SBJIAIOTCA WCKIIOYEHNE ITOTPEIIHOCTeH KATUOPOBKH MEPHOH IIO-
CyIbl ¥ B3SITHS HABECOK AHAIM3MPYEMbBIX MATEPUATIOB M3 CyMMAPHOMH IOTPEIIIHOCTH aHAIU3A,;
BBICOKAsI WHTEHCUBHOCTH JIUHWM 3JIeMEHTa OCHOBBI; 00jiee BBICOKAS TOYHOCTH U3MEPEHWs OT-
HOIIIEHHUsSI MHTEHCUBHOCTEH 10 CPABHEHUIO C U3MEPEHHeM a0COMIOTHBIX WHTeHCHBHOCTEH. [Tpn
aHajMse KapOOHATHBIX TOPHBIX MOPO]I, TEXHUYECKUX MATEPUAIIOB, IIJIAKOB, COMEP/KAIINX MEHee
20 % SiOy u 6omee 20 % CaO, npu rpagyHUpOBKe 10 OTHOIIEHUAM KOHIIEHTPAIIUH B KAYECTBE
OCHOBBI JIy4Ille TIOIXOANUT OKCHI Kaubitus. [lpemmoskena dopMmyria mis pacdera COmepIKaHii
OITpeIeNIIeMbIX KOMIIOHEHTOB B KApOGOHATHBIX MATEPHANIAX TIPH WCIIOIb30BAHUN TPAIyHUPOBKA
10 OTHOIIEHWSM KOHIleHTpanmii. Paspaborana meromura ompenenenuns CaO (B mmamasome
comepsrarmit 20 — 100 %), SiOy (2,0 -35 %), Al,O5 (0,1-30 %), MgO (0,1 -20 %), FeyOq
(0,5 -40 %), NayO (0,1 -15 %), K50 (0,1 -5 %), P,O5 (0,001 -2 %), MnO (0,01 -2 %), TiO,
(0,01 - 2,0 %) B pasnuunbx KapboHaTHbIX Marepuanax MerogoM ADC-HUCII ¢ ucnonszoBanuem
OITMCAHHOTO CII0Cc00a TPALYUPOBKU M KUCIOTHOTO PA3IOKEHUs Mpob B aBTOKIABAX, HATPEBAE-
mbix B cucteMe HotBlock 200. ITpaBuibHOCTS paspabOoTaHHOM METOIMKH TIOATBEPIKIEHA aHAH-
30M CTAHJAPTHBIX 00PA3II0B rOpHBIX mopox. Paspaboranuas MeToquka ObLIa UCIIOIB30BAHA BO
BpeMs MesxI1ab0paTopHOro aHaimsa craHgapTHoro obopasna muraka 1117 mpomssomersa SAO
«ACO» (Exarepunbypr).

KiroueBsble ciroBa: KapOoHATHBIE IIOPOILI; IIIAKK; TPALYUPOBKA II0 OTHOIIEHHUM KOHIIEHTPA-
muii; cuukaTabii ananus; AJC-HUCII.

SILICATE ANALYSIS OF CARBONATED ROCKS USING ICP-AES
WITH CALIBRATION BY THE CONCENTRATION RATIO

© Tatyana A. Karimoval, George L. Buchbinder2*, Sergey V. Kachin!
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Calibration by the concentration ratio provides better metrological characteristics compared to other cali-
bration modes when using the inductively coupled plasma atomic emission spectrometry (ICP-AES) for
analysis of geological samples and technical materials on their base. The main reasons for the observed
improvement are: i) elimination of the calibration error of measuring vessels and the error of weighing
samples of the analyzed materials from the total error of the analysis; ii) high intensity of the lines of base
element; and iii) higher accuracy of measuring the ratio of intensities compared to that of measuring the
absolute intensities. Calcium oxide is better suited as a base when using calibration by the concentration
ratio in analysis of carbonate rocks, technical materials, slags containing less than 20% SiO, and more
than 20% CaO. An equation is derived to calculate the content of components determined in carbonate
materials when using calibration by the concentration ratio. A method of ICP-AES with calibration by the
concentration ratio is developed for determination of CaO (in the range of contents 20 — 100%), SiO,
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(2.0 - 35%), Al,O, (0.1-30%), MgO (0.1 -20%), Fe,04 (0.5 —40%), Na,0 (0.1 - 15%), K,0 (0.1-5%),
P,0; (0.001 - 2%), MnO (0.01 — 2%), TiO, (0.01 — 2.0%) in various carbonate materials. Acid decomposi-
tion of the samples in closed vessels heated in a HotBlock 200 system is proposed. Correctness of the pro-
cedure is confirmed in analysis of standard samples of rocks. The developed procedure was used during
the interlaboratory analysis of the standard sample of slag SH17 produced by ZAO ISO (Yekaterinburg,

Russia).

Keywords: carbonate rock; slags; calibration by the concentration ratio; silicate analysis; ICP-AES.

Beenenue

ATOMHO-9MHUCCHOHHAA CHEKTPOMETPUSI C HHIYK-
TUBHO-CBA3aHHOU maasmoi (AJC-UCII) zamumaer
BEAYIIYI0 TO3WUIIHI0 CPEIN COBPEMEHHBIX METOMOB
aHaIu3a TeoJoTHYecKux marepuasioB [1 —4]. Bax-
HBIMH [OCTOMHCTBAMH 3TOT0 METOJA SABJISIOTCS BO3-
MOKHOCTh OJHOBPEMEHHOTO 3KCIIPECCHOTO OIpeje-
sneHud Moyt 70 BJIeMEeHTOB B IIMPOKOM HWHTEpPBaje
KOHIIEHTPAIUH TPU HCIIOIH30BAHUN MAJIOH MAacChl
MpoObI C IPHEMJIEMOH TOYHOCTBIO, KOTOpAas BCE JKe
yCTyTaeT KJIacCHIecKuM MeTojaM aHamusa [5 — 7].

CambiM 3(h(peKTUBHBIM CPEACTBOM ydeTa Mart-
PUYHBIX BIUAHUM U YIyYIIEHUS TOYHOCTH aHAJHU-
3a ABJsAeTCA BHYTPeHHHUH craHgaprt. Kak ormeuanu
M. Tomncon u [I. H. Yommr B omHON M3 paHHHUX
monorpaduii, nmoceaiienabix AJC-UCII [1]: «Her
COMHEHHUH B TOM, UTO AAJbHEHUININE HCCIeI0BAHUI
OyIyT COCPeNOTOYEHbI HA YIYYIIEHUN TOYHOCTH PY-
tuanoro MCII amamusa, mpudem BaskHas posb Oy-
IIeT OTBe/ieHa BHYTPEHHEMY CTaHaapTy». Mcmomrb3o-
BaHWe BHYTPEHHETrOo CTAaHIApTa HA CTaauu IMpobo-
MIOJITOTOBKY TI03BOJISIET HCKIIOYHTH U3 00IIeH mo-
TPEIHOCTH aHA/IM3a MOTPEIIHOCTh JOBEISHUI pac-
TBOpA 10 KOHEYHOTO 00heMa, IMOTPEITHOCTb B3ATHUA
QIIMKBOT U IOTPEIITHOCTb N3MEPEHUI CIIEKTPOMETPA.
OnHOBpEeMEHHBIH CHEKTPOMETP H3MepseT OTHOIIe-
HHe WHTEHCHBHOCTEH aHAINTOB TOYHee, yeM abco-
JIIOTHBIE 3HAYEHUA HHTEHCUBHOCTEH [8].

IlepcuexkTuBHBIM HAIpaBIEHUEM TOBBIIIEHUS
TOYHOCTH PE3yJTbTAaTOB aHANW3a T'e0JOTUIECKUX
marepuasioB merogom AJC-HUCII aeusercs rpamyu-
POBKA II0 OTHOUIEHHUSAM KOHIIEHTPAIIUHM. JTO 0COOBIH
BapUaHT HCIIOIb30BAHUSA BHYTPEHHETO CTaHAapTa,
KOTJ]Ja B €ro KA4YecTBE BBICTYIAET OCHOBA IPOOHI.
B oraumume oT 06BMMHOTO WMCIIONB30BAHHUSI BHYTPEH-
HETr0 CTaHIapTa, COAEP:KAHWE KOTOPOTO B aHAIIH-
3UPYEMBIX TP00ax U TPALYHPOBOYHBIX PACTBOPAX
ABJIAETCA IIOCTOAHHBIM, COJEPIKAHUE BHYTPEHHETO
CTaHJapTa B CII0co0e TPAIyUPOBKH II0 OTHOIIEHUIM
KOHIIEHTpAaIui MoKeT MeHsaThed. [Ipu ucmonb3oBa-
HUHU JAHHOTO Ccrocoba TPagyHPOBKH METPOJIOTHYE-
CKHe XapaKTEePHUCTUKU Pe3yIbTaTOB aHAIW3a YIIyd-
[IAI0TCA B CUIY CIEAYIOIINX (PAKTOPOB:

1) u3 obIeil MOTPEITHOCTH aHaIn3a HCKIYa-
IOTCA TIOTPEIIHOCTH B3STHS HABECOK W OBEISHUS
aHATM3UPYEMBIX PACTBOPOB 0 KOHEYHOTO 00heMa,
OTCYTCTBYIOT [O3WUPOBAHHE AJTHUKBOTHOM YaCTU pac-
TBOpPA BHYTPEHHETO CTAHAAPTA W CBA3AHHAA C 9THM
MIOTPEIIHOCTb;

2) UHTEHCUBHOCTh JIMHWA BHYTPEHHErO CTaH-
IapTra — sJIeMeHTa OCHOBBI — HMeeT BHICOKHE 3Ha-
YeHHUsA, JIUHUU HE IIO[BEP:KEHbl CIEKTPaTbHBIM
HAJIOKEHUAM OT APYTHUX DIEMEHTOB; KOHI[EHTPAIIUIA
anemeHnTa ocHOBBI (500 — 2000 mEr/cm®) 3HAuM-
TEJIbHO IPEBOCXOIUT KOHIIEHTPAI[UHA JJIEMEHTOB
BHyTpeHHero cramapra (1 — 25 mkr/cm?®), Koropsie
0OBIYHO BBOJAAT B aHATU3UPYEMbIE PACTBOPHIL;

3) TOYHOCTH M3MepeHUs OTHOIIEeHUSI WHTEeHCHUB-
HOCTeH JIMHUM BBIIIE, YeM a0COJIIOTHBIX 3HAYEHUH
WHTEHCUBHOCTH, AHAJOTHYHO TOMY, YTO IBYXJIY-
YeBbI€ CIIEKTPOMETPHI IEMOHCTPHPYIOT 0ojiee BHI-
COKYI0 TOYHOCTb M3MEPEHHI 10 CPABHEHHUIO C O[HO-
JIyYEBBIMU.

Hnsa  pmocTwikeHWsT MAaKCHUMAaJIbHOM TOYHOCTH
IIpU BBIMIOJHEHUW aHAJIN3a Te0JOTHIECKUX 00pas-
II0B C T'PAgyHdpPOBKOH IO OTHOIIEHHAM KOHIIEHTpAa-
WA Ba)KHO IPABUJIBHO BBIOPATH JIEMEHT OCHOBBI,
KOTOPBIH OyZeT BBINOAHATH POJb BHYTPEHHETO
crafmapra. B Tabn. 1 mpeacraBieHbl Pe3yabTaThl
aHaIM3a TOPHBIX OPOJT M Py, COAEPKAIIUX OT 3,23
mo 91,24 % oxcuma KpeMHHA, C HCIOIb30BaAHUEM
Si0, B kauecTBe BHyTpeHHEro cranmapTa. [lomyuen-
Hble HAMHU pe3yJbTAThl ONPENeeHUA OCHOBHBIX
KOMIIOHEHTOB B CTaHAApTHHIX ob6pasiax (CO) ymos-
JIETBOPHUTEIBHO COIVIACYIOTCS C HACIIOPTHBIMH 3HA-
yeHuAMH npu copep:kanusax Si0, 6omee 20 %. s
CO CH-2 u xapboHATHTA TMOIYIEHBI HEYIOBIETBO-
purenbHbIe 3HaYeHus comep:xanusa Si0y u CaO.

s amammsa 006pasIoB, COAEPIKAIIUX MeEHee
20 % SiO,, B kKauecTBe OCHOBHOIO KOMIIOHEHTA CJIe-
IyeT pPacCMOTPETh BO3MOKHOCTb HCIIOJIb30BAHUS
OKCHIA KaubIlud. B 3TOM ciiyyae ypaBHEHHE IJIs
pacuera cofep:KaHuU OmpeaeaieMblXx KOMIIOHEHTOB
MOJKHO MPEJCTABUTD CIEIYIONUM 00pa3oM:

CA1203 Crgo +CZr02 :100% -~ILILIL

1L (D

c CaO c CaO c CaO C CaO

Ilens HacrosIeir paboThbl — peau3anusa CIIo-
coba TpaJyupoOBKU IO OTHOIIEHUSM KOHIIEHTPAIUH
NPUMEHUTETHFHO K CHUJIMKATHOMY aHaiIudy Kap0o-
HaTHBIX IMOPoJ ¢ ucrmonb3opanreM CaO B KauecTse
OCHOBBL.

JKCIIepHMEHTAIBLHAS 9aCTh

B pa6ore wucnonbsoBamu croexkrpomerp iCAP
7400 Duo npoussomcrea Thermo Fisher Scientific
(CIIIA) ¢ ogHOBpEeMEHHBIM H3MEPEHHEM WHTEHCHB-
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Ta6auna 2. BeiGpanHble aHATUTHYECKUE JIMHUU DJIEMEHTOB
Table 2. Analytical wavelengths of the elements

JIuHua BHyTpeHHero craHmapra,
HM, 0030p IIIa3MbI

AnanuTrdecKue TUHUNA JJIEMEHTOB, HM

Ca II 184,006,
aKCHAIBHBIH 0630p

Ca Il 315,887,
panuanbHLIN 0030p

220,353, Zn 11 206,200

Co II 228,616, Cr II 205,560, Mo II 202,030, Ni II 231,604, P I 213,618, S I 182,034, Pb II

AlT 237,312, Ba II 455,403, Be II 313,107, Ca II 317,933, Si I 212,412, Fe II 271,441, Fe II
275,574, La II 333,749, Mg II 279,079, Mn II 257,610, Sr II 421,552, Ti II 337,280, V II

292,402, Y II 371,030, Zr II 339,198

Ca1430,253,
panuanbHBIN 0030p

A11394,401, Cu I 324,754, K1 766,490, Li I 670,784, Na1 589,592, Na1 818,326, Mg I 285,213

HOCTeM aHATUTUYECKUX JUHUHN BJIEMEHTOB, JIBOM-
HBIM HAOIIOJIeHUeM IIIa3Mbl M IPOTPAMMHBIM 0b6ec-
meyenuneM iTEVA, koropoe BEIIOYaeT OmIuio rpa-
IYUPOBKHU 10 OTHOUIEHUSAM KOHIIEHTPAITUH.

YcnoBud M3MEpEeHHH U HapaMeTpbl MUCTOYHUKA
HCII cuekrpomerpa B pesxuMe IBOMHOrO HabJome-
HUA IIJIa3MbI IPUBEIEHBI HUKE:

Yucno napanienbHbIX U3MEPEHUH . . . . . . . . . . . 2
Bpewmsa npombIBEY 0 aHAMK3A,C . . . . ... ... 30
Bpewmsa naTEerpHpOBaHUa NETEKTOPA, C:

B KOPOTKOBOJIHOBOM AHAaIla30He,

1-s1 111, AKCHANBHBIN 0030D . . . . . . . . . . 20
B JJTAHHOBOJTHOBOM J[HAIIA30HE,

2- 11eJIb, PaIUAabHbBIN 00630D . . . . . . . . . . 10
Pacosurnrens OpalMist
PacnbuinrenbHbId IOTOK, JI/MUH . . . . . . . . . . 0,55
BcrmomorarenbHblIii IOTOK rasa, Ji/MUH . . . . . . . . 0,5
MormaocTts, mogBOAMMAL K I1asme, Br. . . . . .. 1150
CKOpOCTH BpalleHus IepPUCTATHTHYECKOTO

Hacoca, MHH™L . . . . . . . . . ... ... .. .. 60

IIpu BBIGOPE OIVH BOJIH aHATUTHYECKUX JTUHUN
MPUHUMAIH BO BHHUMAHHE XAPAaKTeP BO30Y:KICHUS
nuHUN («KeCTKUe» — aTOMHBIE C JJIMHOU BOJIHBI Me-
Hee 270 HM ¥ HMOHHBIE/«MSATKHAE» — ATOMHBIE JIHHUN
¢ IIMHOH BOJHEBI 601ee 270 HM), X HHTEHCHBHOCTD
¥ OTCYTCTBHE WU HAJIHWYNE CHEKTPAIbHBIX HAJIOMKE-
Huii. BriOpamHble IWHUM, paclpeneleHHe HX II0
rPyIIIaM U OTHECEHHE K JIUMHUAM BHYTPEHHEro CTaH-
JapTa IpUBeIeHbI B Tab. 2.

s 6OJBIIMHCTBA MATPHUYHBIX DJIEMEHTOB HC-
I0JIb30BAJIH II0 [BE JWHWH U UX IIEPEKII0YeHUEe B
[IeJIAX PACIINPEHUA TUHAMUYECKOTO IHAMa30Ha Me-
Tonuku (Tabi. 3).

Pasno:xenre 06pasifoB OCyIIECTBIAIN B CHCTe-
me noaroroBku mpob HotBlock 200 (Environmental
Express, CIIIA), ocHaieHHON Te(IOHOBBIMHU IIPO-
OMpKaMHU-aBTOKJIABAMH BMECTHMOCTHIO HE MeHee
55 cM3, 00ecCIeYMBAIOIIAMH T€PMETUYHOCTh IIPH
temueparypax jgo 200 °C.

Il rpagyrpOBKH HCIIONb30BAIA KapOOHAT KaJlb-
nua (oca) u I'CO ropusix mopox u pya: CII-2A,
CHU-1, CHU-2 u CHU-3 mpowmssomcrea I'EOXH CO
PAH (r. Upryrck); CO-20 mpomssomcrea OAO
«3CHL» (r. HoBokysuernk); OCO 48-85 mpoussox-
crBa 3AO «llenrpreoanamur» (r. Kaparauga). Otu

Ta6mauua 3. J[uanasoHbl ONpeenseMbIX COIepKaHed MaK-
POKOMIIOHEHTOB B KAPOOHATHBIX T€0JIOTHYECKUX 06pasiax

Table 3. Concentration ranges of determined macrocompo-
nents in carbonate geological samples

KOMIOHOHT Anamurmyeckas ILI/IanasoHuonpenenﬂeMbe
JIMHUA, HM CoIepKaHNN KOMIIOHEHTa, %

Al 0,4 394,401 0,1-16
237,312 15-30

Fe,O4 275,574 0,5-12
271,441 10-40

MgO 285,213 0,1-3
279,079 1-20

CaO 184,006 20 -100
315,887
430,253

Na,O 589,592 0,1-5
818,326 4-15

P,0O4 213,618* 0,001 - 0,075
213,618** 0,07 -2

K,O 766,490 0,1-5

MnO 257,610 0,01-2

TiO, 337,280 0,01-2

Si0, 212,412 2-35

S 182,034 0,05 -2

*  AxcmanmbHBIA 0030p Iwrasmbl. ** Paguanbubiii  0630p
IUIa3MBL.

CTaHJAPTHBIE 06PA3ILI B JOCTATOYHO IIOIHOW Mepe
OTPaKAIOT MUATIA30HbBI COMEPIKAHUN OMPEeIeIaeMbIX
KOMIIOHEHTOB B Pa3HOOOpPa3HbIX KapOOHATHBIX Ma-
TepHualaxX M I03BOJAIT MOCTPOUTH IPAAYHPOBOY-
Hble XapPAKTePUCTHKU B QUANA30HAX COMEPIKAHUMI,
YKa3aHHBIX B TA0I. 3.

JlyiAa TPUTrOTOBIIEHUS KOHTPOJILHOTO PAacTBOPa
IJIT TPAAYUPOBKM TI0 OTHOIIEHUAM KOHIIEHTPAITHHA
HaBeCKy KapOomara kKajbmus maccoit 0,056 r ro-
MeIlal¥ B IOJUIPONUIEHOBYI0 IPOOUPKY BMECTHU-
mocteio 50 em?, mobGasnanm 3 em® Bogwr, 8 cm® HCI
¥ PACTBOPSIN IIPH KOMHATHOM TeMIeparype. 3areMm
nobasmamu 0,3 em® HNO;, 0,3cem® HF u 4 emd
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4 %-uoro pacrBopa H;BO;, moomguau obwmem pac-
TBOpA JI0 METKH BOJIOH U IT€PEMEITHBAIH.

Hasecku I'CO gyst rpagyupoBku, a Takxe pabo-
yre mpoObl maccod 0,1 r mepeBOAMIIM B PACTBOP B
IBe CTaIWu B aBTOKIaBax. Ha rmepBoil crajuwu wc-
monb3oBanu cmech HCI (8 em®), HNO; (0,3 eM?) u
HF (0,3 cm®). Ha BTOpO# cTaguu HCIIOIb30BATIH
4 cm?® 4 %-uoro pacrsopa HsBO;. ABTOKIaBBI Harpe-
Banu B cucreme HotBlock 200 mpu temmeparype
180 °C B Teuenme 60 MHH Ha IIEPBOH CTAAWU U
15 muna — ua BrOpO#. [lomyyeHHbIe pacTBOPHI mIEpe-
HOCHJIY B TIOJTUIIPOITMIEHOBBIE IPOOUPKH, TOBOIUAIN
o6beM pacTBopos 10 50 cM? Bomoiil M mepeMeruBa-
qu. PacTBoph! 6bLIH TPO3padyHbIMK (€3 0CaiKa, d4To
CBUJIETEIBCTBYET O TIOJIHOM PACTBOPEHHUH IIPOO.

Ta6mauma 4. Pesynprars: ananusa 'CO ropusix nopox, % macc.

IlomHoTa BCKPBITHS 00pa3IlOB, BEICOKOE KAYEeCT-
Bo arrecranuu 1'CO, muHEeHHBIN XapakTep 3aBUCH-
MOCTH OTHOCHUTEIbHBIX HWHTEHCHUBHOCTEH AHAIWTH-
YeCKHUX JIMHHUH OT OTHOIIEHUS KOHI[EHTPAIIMH OIpe-
nensemoro u marpudaoro (CaO) KOMIIOHEHTOB IIOJI-
TBEPKIAI0OTCI 3HAYEHUIMH K0d(pHUIIMEeHTOB Koppe-
JIAIAH TPASyHUPOBOYHBIX rpacduroB 6omee 0,9997.

O6cy:xneHue pesyabTaTOB

Mg paspaboTanu cxeMy TPUMEHEHHUS TPaIyH-
POBKH TI0 OTHOIIIEHUSIM KOHIIEHTPAIUH I aHATW3a
re0JIOTHYECKHX TTOPO]] C KAPOOHATHOM MaTPHUILEH.

IIpaBunbrocTs ompemenenus CaO, Al,O5, Ky0,
Na,0, Fe,O5, MgO, P,05, SiO,, MnO, TiO, 6b11a
IIOATBEPIKIeHA aHAIH30M CTAHJAPTHBHIX 06Pa3IIoB
ropubix mopoxy I'CO 8042-94 u I'CO 4390-88.

Table 4. Results of analysis of the certified reference materials of rocks, %wt.

I"CO 8042-94 (xmmbepmnut)

T"CO 4390-88 (xapboHaTuT)

KomnonenT
ArrecroBano, Cy,, = 6 Haiineno, C = A ArrecroBano, Cy,, = 6 Haiineno, C = A

Al,O4 2,61 *= 0,06 2,90 + 0,15 0,27 = 0,02 0,26 + 0,03
CaO 22,76 = 0,30 22,86 = 0,30 48,23 = 0,35 48,50 = 0,53
Fe,O4 5,46 = 0,13 5,46 = 0,18 4,95 + 0,18 4,97 = 0,18
K,O 0,51 *= 0,02 0,53 = 0,04 0,25 *= 0,02 0,27 = 0,03
MgO 19,37 = 0,29 19,76 + 0,42 3,00 = 0,13 2,85 + 0,12
MnO 0,076 = 0,004 0,077 = 0,008 0,29 + 0,01 0,29 + 0,02
Na,O 0,050 + 0,008 <0,10 0,25 = 0,02 0,21 = 0,02
P,0; 0,57 = 0,02 0,55 *= 0,02 3,89 = 0,10 3,80 = 0,08
Si0, 22,41 = 0,24 22,06 = 0,22 3,23 = 0,07 3,18 = 0,04
TiO, 0,59 + 0,02 0,58 + 0,04 0,19 + 0,02 0,19 + 0,02

Ta6auma 5. Pesynbrarer ananusa obpasia metamryprudeckoro nuraka 11117 so spemsa MJIA, % macc.

Table 5. Results of the analysis of metallurgical slag Sh17 during interlaboratory round robin test, %wt.

Pacmmpennas meonpeneneHHOCTH ™

KommonenT Omnopnoe 3HaveHHE™® onoproro sraserms Uq gy Pesynprar onpenenenna™*
Oxcupm KpeMHUs 18,9 0,1 18,16 = 0,82
Oxcup xpoma (IIT) — — 1,42 = 0,07
Oxcup KanbIus 35,9 0,1 35,84 + 0,54
Oxcup Maraus 17,9 0,1 17,99 + 0,45
Oxcup aqoOMUHMS 7,15 0,04 7,17 £ 0,20
Oxcup mapranma (IT) 5,06 0,04 4,82 + 0,18
HKeneso obuee 9,43 0,05 9,43 + 0,29
Oxcup Turana (IV) 1,14 0,02 1,20 = 0,07
Oxcup Banagus (V) 0,35 0,01 0,35 = 0,04
Cepa 0,080 0,002 0,080 = 0,008
Docdop 0,283 0,006 0,258 = 0,035

* OropHOE 3HAUYEHHWE MAaCCOBOM J0JM KOMIIOHEHTA W PACIIMPEHHAS HEOIPEeIeJeHHOCTh OMOpHOro 3HadeHws (manable SAQO
«CO») mo cocrosuuio Ha 23.09.2019 r.; MeTPOIOTHIECKHE XaPAKTEPUCTHKH, KOTOphIe OyayT ykasaubl B nacuopre CO, moryT

HE3HAQYUTEJ/IbHO OT/INYaThCA OT IIPEeACTaBJI€HHBIX B Taﬁnnue.

** PesynbTarsl onpeeaeHus KoMoHeHToB B oopaste 11117 mo paspaboranuoit meroauke, 12.04.2019 r.
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B Ta6x. 4 mpuBeqeHb! 3HAYEHN ATTECTOBAHHBIX Xa-
PAKTEPUCTUK CTAHAAPTHLIX 06Pa3I0B W IIOJydYEH-
HBbIE Pe3yJIbTaThbl.

Paspaborannas cxema ananusa 6112 UCIOIB30-
BaHA BO BpeMsa MeKIa00paTOpPHOH arTecTanuu
crarmapTHOro obpasma miaka 11117 mpousBomacTBa
3AO0 «HMCO» (r. Exarepunbypr), pesyabraTbl aHa-
J3a MPUBENeHbI B Ta0I. 5.

IIpu amanuse mmaxos gopmysna (1) oxasanach
HEIPUMEHNMMA B YACTH 3aITUCH JKelle3a B BUJIEe OKCH-
na (III), rak kakx B o6pasiiax TaKOro TUIA COAEPIKUT-
¢S 3HAYUTEIHHAS JOJIS JKejie3a, BOCCTAHOBIEHHOTO
1m0 FeO u Fe. Ilosromy s IIIaKOB HCIIOIB30BAIH
opmymy, TIe Bce KeIe30, HE3ABHCUMO OT (DOPMBI
HaxoxaeHusd, 0bL10 3anucano kak FeO:

C a0, , Creo +CzToz _100% -mmm.

o 1. (@
C CaO c CaO C CaO c CaO

3axjaroueHue

Takum obpasom, paspaboTaHHAS cXeMa TPaxyH-
POBEH II0 OTHOIIIEHUAM KOHHeHTpaHI/Iﬁ B cOUeTaHuu
¢ pasnoxenuem 1mpob B cucreme HotBlock 200 o6ec-
[TeYNBAET BBICOKYIO TOUHOCTH OTIPEEeIeHUs KOMIIO-
HEHTOB, COIIOCTABUMYIO C aTTECTOBAHHBIMU METOIH-
kamu [5— 7], oTaMYaeTcsa SKCIIPECCHOCTHIO, MEHb-
IIAM PAaCXOIOM KHCIOT, OTCyTCTBHEM HeOOXOmu-
MOCTH HCITOJIb30BAHMS IIJIATHHOBOM IIOCYIbI.

Merton ompob6oBan mpu aHannse KapOOHATHBIX
TOPHBIX IIOPOJ, TEXHUYECKUX MATEPUAIOB Ha OCHOBE
M3BECTHAKA ¥ 06pasIa Iiaka.
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JI106011 MaTepram MOKHO pacCMaTPHUBATH KAK KOMIIO3UT, COCTOAIIINI U3 3epEH Pa3HbIX OPUEHTA-
LW, XapaAKTePU3YIOIIHUXCS PA3IUYHBIMU CBOMCTBAMH B 3aBUCUMOCTH OT IIPEIBICTOPUH UX IIepe-
OPHEHTAIINN B IIPOIlecCe TEPMOMEXaHUIECKO 00paboTku. Kak m3BecTHO, peHTreHOBCKIE METO-
IIbI MICCIIeIOBAHMS M30MPATEIbHBI, TIOCKOIBKY B (DOPMUPOBAHUH OTPAsKEHHOIO U3JIyIeHHS yIacT-
BYIOT TOJIBKO 3€pPHA OIIpeeIeHHbIX OpreHTanwii. B To jxe Bpems aia omucanud MaTepuaia He-
00X0IMMBI JAHHBIE O CyOCTPYKTYpe 3€peH Bcex opheHTarui. IJisi 9T0ro MOMKHO HCIIONb30BATh
METOJ OIIMCAHUA CYOCTPYKTYPHOIO COCTOAHUSA 3€PEH B HCCIELyeMOM 00beMe U3JIeNns 110 aHAIN-
3y mpodmiisi PeHTTeHOBCKuX JwHu. [IpemyaraeMplii PeHTTEHOBCKUUN AU pPaKTOMETPUYIECKH
MeTox 0060011eHHbIX NpAMbIX moaocHbX Guryp (OIIII®) mokasan cBoo sdhdeKTUBHOCTD IIPH
CHCTEMATHYECKOM PEHTTEHOBCKOM HCCIIEIOBAHUU CYOCTPYKTYPHOM HEOIHOPOMHOCTH TEKCTYPO-
BaHHBIX METANIMYECKUX MaTepraioB. MeTon BRIIO9aeT COBMEIIEHIE TEKCTYPHOH ChEMKH C pe-
rEcTpauei mpoguis PpeHTreHOBCKUX JIMHUM. V3MepsiemMble mapaMeTpbl PO PeHTTEHOB-
CKOY JIMHHY — €€ WCTUHHAA YIVIOBadA IOIyIIHPHUHA 3 U YIIOBOE HOIoKeHue nuka 20 — omperne-
JISTFOTCS MCKAKEHHOCTHIO ((pparMeHTaryeii) OTpaskaoluX 3epeH U MEKILUIOCKOCTHBIMU PACCTOS-
HUAMHU B uX Kpucrammmndeckoil perrerke. OIIIIP-meron mo3BosseT cOMOCTaBUTE CyOCTPYKTYP-
HbIe 0COOEHHOCTH 3epeH 00pasia C PasIuYHbIMH KPUCTALIOrPA)UIeCKHMU OPHUEHTAI[HASMHU.
IIpuBenen anroput™ pacuera UCTUHHOM (PHU3UIECKOM OIYIIIHMPUHBI PEHTTEHOBCKOM JIMHIH C HC-
II0/Ib30BAHMEM HEOOXOIMMBIX KOMIIBIOTEPHBIX mporpaMm. s MeTa/uIM4ecKuX MaTephasioB
¢ kpucrammmaeckumu ['T1Y-, I'TIK- u OITK-permerxkamu npencrasierst OIIII®  u OIIIID 260,
a TakKe XapaKTepHbIe JUATPAMMBI UX B3AUMHON KOPPEJSI[UU C TEKCTYPHBLIMH MPSIMbBIMH II0-
mocabivu (purypamu. HcmonszoBauue meroga OIIII® maer BO3MOMKHOCTD BBIABHUTH 3aKOHO-
MEepHOCTH (POPMUPOBAHMS CyOCTPYKTYPHON HEOIXHOPOIHOCTH IIPH ILIACTHYECKOMN aedopMariiuu
METaJIOB.

KaroueBsie caoBa: kprcramorpadgpuieckas TEKCTYpa; OpUEHTAI 3epeH; 0000IIeHHas 110-
JfocHaA (PUrypa; MOLyIINPUHA PEHTTEHOBCKOH IMHUW; YIVIOBOE IIOJIOMKEHHE JINHUH.

STUDY OF SUBSTRUCTURAL HETEROGENEITY OF TEXTURED MATERIALS
BY THE X-RAY METHOD OF GENERALIZED DIRECT POLE FIGURES
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Any material can be considered a composite consisting of grains of different orientations which possess
different properties depending on the history of their reorientation upon thermomechanical processing. A
well-known selective character of X-ray methods is attributed to the fact that only grains of certain orien-
tations participate in the formation of reflected radiation. A comprehensive description of the material in-
cluding information about the substructure of grains of all orientations necessitates developing of the
method providing description of the substructural state of grains located in the volume under study by an-
alyzing the profile of x-ray lines. The proposed x-ray diffractometric method of Generalized Direct Pole
Figures (GPF) which suggests combination of texture imaging and recording the profile of x-ray lines ap-
peared to be rather efficient in a systematic x-ray study of the substructural heterogeneity of textured me-
tallic materials. The measured parameters of the X-ray line profile — the true angular half-width  and
angular peak position 20 — are determined by the distortion (fragmentation) of the reflecting grains and
interplanar spacings in their crystal lattice, respectively. The method provides a possibility to compare the
substructure features of grains with different crystallographic orientations. An algorithm for calculation
of the true physical half-width of the x-ray line using the necessary computer programs is presented. GPF
B and GPF 260 are presented for metal materials with hcp, fce, and bec crystalline lattices, as well as char-
acteristic diagrams of their mutual correlation with texture PF. The use of the developed GPF method
makes it possible to identify patterns of the formation of substructural heterogeneity during plastic defor-
mation of metals.

Keywords: crystallographic texture; grain orientation; generalized pole figure; half-width of X-ray line;

angular position of line.

BBenenune

Meranauueckue MTOIUKPUCTAIIIBI, IPETEPIIEB-
IIIAe 3HAYUTENbHYIO IJIACTHYECKYH0 aedOpMAIIHIo,
MPUOOPETAIOT KPUCTAIOTPAMDUIECKYI0 TEKCTypy H
XapaKTEePU3YIOTCI  CYOCTPYKTYPHOM  HEOIHOPOI-
HOCTBIO, COCTOSAIIEH B TOM, YTO B 3epPHAX C PA3HBIMU
KpHCTAIOTPAQUIECKUMU OPUEHTAIIUIMH Pa3BUBa-
IOTCST pasaudHbIe CyOCTPYKTYPHI (pasHbie BHYyTPEH-
Hue cucrembl nedexroB). Takume HeomHOpPOTHOCTH
OKA3bIBAIOTCH €CTECTBEHHBIM CIIEACTBHEM [EHCTBUSI
MEXaHW3MOB ILTACTHYECKOH MedopMariuu, mpu KoTo-
POii CABHUTOBOE HATIPS/KEHNE B IJIOCKOCTAX CKOJbIKe-
HHUA 3aBHUCHUT OT yYIJila MEXKAY HOPpMaJIAMH K I9THM
IUIOCKOCTAM ¥ HAIpaBleHWeM MPWIOKEHHOU Ha-
rpys3ku. Pasmmame cIBUTOBBIX HAIPSIKEHUH B pas-
HBIX 3epHax 00yCJIaBIWBAaeT BapbUPOBaHWE B HUX
B3aNMMOCBA3aHHBIX IIPOIIECCOB IIepeMEIleHusa IUcC-
JIOKAIIMH, TTOBOPOTA KPHUCTAJIHYECKOH PEIIeTKH U
0o0pa3oBaHUsA KOHEYHBIX KOMILIEKCOB [1e()eKTOB
[1-3].

IKCIIEPUMEHTHI 110 MIPOKATKE MOHOKPHUCTAJIIIOB B
PasHbIX HCXOAHBIX OPHEHTAIIUAX CBHIAETEIbCTBYIOT
0 pasnuyuu POPMHUPYIOUIUXCI B HUX CyOCTPYKTYP
[4]. HakoHer, cyiecTBOBaHHE TEKCTYP PEKpHCTAI-
JIM3AIMHU, OTIUYAIONIUXCA OT TEKCTYPhI MPOKATKH
TOTO ;K€ MaTepuaa, TOBOPUT O TOM, YTO 3€pHA IIPO-
KaTaHHOTO JINCTA B pe3yiabrare qedopManunu mpuoob-
peramT pasHble SHEPTUHM OCTATOUYHBIX HCKAKEHHUMN
KpHCTAILTMYECKOM pemreTku. [losToMy BeposTHOCTH
3aPOKIEHUSI U POCTA HOBBIX PEKPUCTALIM30BAHHBIX
3epeH B 00JACTAX JOKATU3AIMH OCTATOYHBIX KCKa-
SKeHHUH pPeIeTKH TaK:Ke Pa3IudHsI [D, 6].

ITocrpoenusie momtocubie durypst (I1P) nedop-
MaIu{ PEIeTKN HATJISIHO XapaKTEePU3YIOT HEO.I-
HOPOJHOCTB II0JI YIIPYTUX MUKPOHAIIPAKEHUH B HC-
cnexyeMoMm 00pasiie, HO TIOYTH HUYETO He TOBOPST
0 ero cyO0CTPYKTYPHOU HEOJHOPOIHOCTH M O pacIpe-

JeJIEHUU MUKPOHANPAKEHUH B 3epHAX C PasHbIMU
opuenTaruamu [7 — 10]. Ilostomy He caydatizo, 4To
0 HeJaBHET0 BpPeMeHU KaKOW-Iu00 OIpeeeHHOH
CHUCTEMATHYECKOH KOPPENAlNU MEKIy OOBIYHBIMU
rexcTypubiMu [1® u [1® nedopmanmu perrerku He
ormeuanu [11].

C pasButreM auQPAKTOMETPUYECKON TEXHUKH
61arozaps IpPUMEHEHHI0 T03UIIHOHHO-1yBCTBUTEIh-
HBIX JIETEKTOPOB CTAJI0 BO3MOKHBIM HEITOCPECTBEH-
HOEe H3MepeHUe MPO(QUId PEeHTTEHOBCKOH JHUHHUHU B
mmporiecce CheMKH mpsaMou TekcTypHou IIIID [12,
13]. Oguako rapaHTHPOBATH YCIIEIIHOCTh ITOCTPOE-
HHUS O0OOIIEHHON MPSAMOM IIOJIOCHOH (PUTYpHI
(OIITI®) 6b110 HEBOBMOKHO, TIOCKOIBKY HE YUHUTHI-
BaJIOCh UCKAKEHIE TPOMUIsT PEHTTeHOBCKOM JTMHUU
BCIEeACTBHE Me(POKYCHPOBKH IIPU TEKCTYPHOU CHEM-
ke [14 - 19].

Ilenas paborsr — paspaboTka MeToma II0CTpOe-
aua OIIII® gna nccnemoBamms cyOCTPYKTYPHOH He-
OJTHOPOJIHOCTH TEKCTYPUPOBAHHBIX METAJIINIECKUX
MaTepHuasoB.

MeTon OIIII®

CrangapTHas peHTTeHOBCKAs IU(PPaKTOMETPH-
YecKas METOAMKA, TTOBCEMECTHO WCIIOIb3yeMas I
OIIEHKM CTPYKTYPHOTO COCTOSHWS Je(POPMUPOBAH-
HBIX W/WIN OTOMIKEHHBIX METAIINIECKUX TOTUKPH-
CTaJIJIOB II0 IIPO(UII0 PEHTTeHOBCKOM auHuu [23],
HEe Y4YUTBIBAET CYIIECTBOBAHHSA B HUX TEKCTYPbI U
CB3aHHOM C HEH CyOCTPYKTYPHOM HEOTHOPOIHOCTH.
Bmecre ¢ Tem perumcrpupyeMblii IpoHIbL peHTTe-
HOBCKOU JIMHUH XapaKTePU3yeT COCTOSTHUE KPUCTAI-
JIMYECKOM PEIIeTKH TOJBKO B TeX 3epHaX HCCIelye-
MOTO 06pasia, B KOTOPBIX HOPMAIH K OTPAKAIOIIIM
KpHCTALIOTPAQUIECKAM ILIOCKOCTSIM COBIIAJAIOT C
OMCCEeKTPUCOM yIiia MEKIY MaJalolIuM U PETUCTPH-
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V'a

Puc. 1. T'eomerpus nudpakToMeTPHIECKON 3amUCH IPOdu-
71 PEHTTEeHOBCKOY JIMHHUH NPH cTaHmapTHoM (a) u Momudu-
nupoBaHHOM (medoKycupoBaHHOe IookeHue obpasua) (6)
BapuanTtax cbemiw; [ITIP(0001), a-Zr (8)

Fig. 1. Geometry of diffractometric registration of X-ray
line profile: ¢ — standard; & — modified mode (defocused
sample position); ¢ — PF(0001), a-Zr

pyembim nyuamu [24, 25]. Meroxuka 3amucu mpo-
(s penTreHoBCKOM MuHNH [26] peaycMaTpuBaeT
TaKyl0 T€OMETPHI0 CheMKH, IIpU KOTOPOH ¢ OHCCeK-
TPHCOH YKAa3aHHOTO yIJia COBIAIAaeT HOpMAaJjb K IO-
BepxHOCTHU 00pastia. Ho Torga B ciydae cbeMKH mpo-
KATaHHOTO JINCTa PETUCTPUPYEMBIN TPOQUIL PEHT-
reHoBckoi gunuu (hkl) xapakrepusyer cOoCTOSHUE
peleTku BIoab HopMasei (hkl) B Tex 3epHAx, y KO-
TOPBIX IUIOCKOCTH {hkl} mapaienbHbl ITIOBEPXHOCTH
obpasra. Takmm o6pasom, mosydaemMbie B Pe3yIbTa-
Te MaHHBIE OTHOCATCA TOJBKO K 3€pHAM C OIpe-
IEeIEHHOM KPHUCTAIOrPad)UUYeCcKOd OpHUEeHTAIIHEeH.
IlosTomy cybGeTpyKTypa MeETaIMYecKUX MaTepua-
JIOB C Pa3BUTOM TEKCTYpOH aedopMaIiuy He MOKET
OBITh aEKBATHO OMKMCAHA HA OCHOBE CTAHAAPTHOMH
PEHTTEeHOBCKOM METOIUKH, KOoTOpas Tpedyer Mogu-
duranum, yIuThIBaOIIeH CyOCTPYKTYPHYI HEOTHO-
POIHOCTH MaTepHuaIa.

B wacraOCTH, ecnu B nucTe Zr, umeromiem ['11Y-
petieTky (puc. 1), 3epHa 0HOM U3 TEKCTYPHBIX KOM-
IIOHEHT UMeIOT IockocTh npokatku (0001), To mpo-
¢unb perrrenosckoi muuun (0004) xapakrepusyer
COCTOSTHHE PEIIeTKH B 3€PHAX ITOH TEKCTYPHOM KOM-
MIOHEHTHI BJOJb HOPMAIU K ITOBEPXHOCTH JIHCTA, C
KOTOpO¥ B JAaHHOM ciydae coBmamamoT ocu (0001).
Ho ecnu wmccnenyiorT cocTofgHMEe KPUCTAIAIECKON
pemerku Brosab ocu (0001) B 3epHax, y KOTOPBIX
wiockocth (0001) oTKIOHEHA HA YrOJ Y OT TOH Ke
ITIOCKOCTH B 3€pPHAX MEPBOU TEKCTYPHOU KOMITOHEH-
TBI, TO CIAEAYET TAK MOBEPHYTH (I HAKIOHUTD) 00-
pasert, uTo6sI ock (0001) coBMmecTHIach C GUCCEKTPH-
COM yTia MeXKIy mafainmM S, U PeruCTPUPYEMbIM
S mygamm.

Mopudukanusa crangapTHOR METOIUKN PEeHTTe-
HOBCKOM CBHEMKH COIPSIKEHA C HApyIIEeHHEM YCIIO-
BUA (POKYCHPOBKM U TpeOyeT BBEIEHUS MOMPABKU
Ha 1edOKyCHPOBKY, €CIH YroJ HAKJIOHA 06pasia
I0CTaTouyHO BeduK. lIpoduiaun peHTreHOBCKUX IU-
uuti (0004), 3anrcanHble IPU CTAHTAPTHOM B MOJIH-
(urupoBaHHOM BapHaHTAaX CHEMKH, XapaKTEepH3Y-

0T CyOCTPYKTYPHOE COCTOSHUE 3€pPeH, OTMEYeHHBIX
oyxkBamu A u b na I1® (0001) (cm. puc. 1). Yriaosoe
paccrosHue MeKAy ToukamMu A u B paBHO | — YTy
OTKJIOHEHUs 00pasia oT (POKYCHPYIOIIEro IOJIO0MKe-
HUA [P TIepexofie OT CTAHJAPTHOH K MOAU(UITIPO-
BaHHOU IreOMeTPHUU 3aIlUCH PEHTT€HOBCKOU JTUHUU.

Ienapr meroma OIIII® — mocrpoenue pacmpe-
IeJIeHUsI XapaKTePHUCTUK CyOCTPYKTypbhl (Ha3bIBa-
€MBIX B 3aBHCHMOCTH OT KOHTEKCTA OCTATOYHBIMU
neopmManuoHHbIMU  d(pperTamu, medopMAITHOH-
HBIM YIPOYHEHWEM, HAKIelloM H Ip.) B 3epHax
MEeTATINIECKUX MaTEePUaIOB C PA3BUTOU KPHUCTAI-
sorpadpuecKol TEKCTYPOH B 3aBHCHUMOCTU OT OPH-
eHTaIuu 9TuX 3epeH. [Ipu sToM oy cyOGCTPYKTYpOii
3epHa TOHHMAIOT €r0 BHYTPEHHIOI CTPYKTYpPY,
OTIPeIeNA0NIyI0 0COOEHHOCTH PEHTTEHOBCKOW IH-
dpariumn.

Meron TtercrypubIx momocHbx Quryp (IIIIPD)
BKJII0YAET PETUCTPAIINI0 PEHTTEHOBCKUX TUPAKITH-
OHHBIX OTPAKEHUH OT 3ePeH UCCIIeyeMOoTo 06pasia
CO BCEMH KPHUCTAILIOTPAPUIECKUMU OPUEHTAIIUIMH,
BXOIAIUMHE B ero Texkcrypy. OmHaKo mpu cbeMke u
nocrpoernu [III® wmcmomb3yoT TOMHKO WHTEHCHB-
HOCTH I};; perucTpupyeMoro PeHTTEHOBCKOTO OTpa-
JKEeHUd, MPOIOPIIMOHANbHBIE (IpH yuere d(dexra
1e)OKyCHPOBKH) J0JIe 3€PEeH C COOTBETCTBYIOIIEH
opueHTaIell B TeKcType obOpasia. Ilosromy orie-
HHUTb CyOCTPYKTYpHOE COCTOSHHE STHUX 3€peH Ha
ocuoBe I111® merosmoxuo. McenemnoBarh CyoCTPYK-
TYpy 3€peH ¢ TOM WJIHW WHOU OpHeHTaIlued MOKHO,
€CJTH TIPU PEHTTEHOBCKOM ChEeMKE TEKCTYPhI IIPU Ka-
JKIOM TTOJIOKEHMH 00pasiia Ha TOHHOMeTpe Au(pakK-
TomeTpa (P, () PETHCTPHUPOBATH IPOMUIL PEHTTe-
HOBCKOM JIMHUM W OIPEIeIATh €ro yIJIOBYIO ITOJY-
MIUPUHY [, U YIIOBOE TIoNoKeHue 20;,,;.

IIpunmun mpemzaraeMoro MeTofa HU3YYEHUS
pacpenenenus 1ed)OpMAIMOHHBIX 9(p(PEeKTOB B TEK-
CTYPOBaHHBIX METAIINIECKUX MOIUKPUCTAILIAX CO-
crout B roctpoennu [1®, Ha KoTOPOIi (B OTIIHYHE OT
o6brauoi IIT1®) rammoit mape yriaoBhIX KOOPAMHAT
(W, @) COOTBETCTBYET HE PETHCTPUpPyeMas WHTEH-
cuBHOCTh I penTreHoBckoi nuuun (hkl), a Benuun-
Ha MCTUHHOH IOJIYIINPHUHBI [3 9TOM PEHTreHOBCKOM
quHUKA U ee yrioBoe mojoxkenue 20. Ilomydenubre
TakuM 00pasoM 0000I[eHHbIE MOJIOCHBIE (PUTYPHI
o6osuaunm OIII® B, u OIIIID 20,,. Ilo cyrwu,
o6brunyro I111P moxuo pacecmarpusars kax OIIIID
I,,;, Xorma B pesysibTarTe HOPMUPOBKM HHTEHCHB-
HOCTH PEHTTEHOBCKOTO paCCesHUd 3aMEHAIOT Be-
nmuuurHaMu nosrocHou miaorHoctu P (Ha mpepcras-
JIEHHBIX [lajiee TUarpaMMax B3aUMHOM KOPPESIIHH
OHHq) Bhkl nu OHHq) Zthl c III1® {hkl} II0 OCH
abCITrcC OTIOKEHBI UMEHHO BEIMYWHBI ITOJIFOCHOM
wiotTHoctH Py,;.)

OIIII® moryT OBITH MOCTPOEHBI HE TOJBKO IJIST
HETIOCPEACTBEHHO U3MEPAEMBIX AU(PPAKITMOHHBIX
mapamMeTpoB, HO U I PACUYETHBIX TapaMeTpPoB Cyo6-
CTPYKTYPBI HccienryemMoro obpasmna. K ux gucity ot-
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HOCATCS: UCKAKEHHOCTH KPUCTAINYECKOHN PelIeTKN
orpaskamomux 3eper Ad/d (d — MeRmIoCKOCTHOE
paccrosHue B peleTke); pasmep 0JI0KOB KOTepeHT-
HOTO paccesHus D; IIIOTHOCTD JUCIOKAIAN P U JP.

YriaoBad TOAYHIMPHUHA JUHUU [j; CILYEKUT
MEepO#l WMCKAKEeHHOCTH KPHUCTAIHYECKOH PeIeTKH
Ad/d;;,; BmONL HOPMAIM K OTPAMKAMOIIUM ILIOCKO-
cram {hkl} u 3aBuUCHT OT comep:KaHusd B HEH JUCIIO-
Kanui u pasMepa 0JOKOB KOTEPEHTHOTO PaCCeTHU
D,;, — sneMeHTApHBIX (PPATMEHTOB COBEPIIEHHOMH
peuterku [24, 25]. Kpome Toro, 3, 3aBHCHT Tak:ke
OT COIEP:KAHUSI B OTPAKAIOIUX 3epHAX 1e()eKTOB
ymakoBku. YTO Kacaercd YIJIOBOTO TIOJOKEHUA
PeHTreHOBCKOM juuuu 20p,;, TO OHO Yepe3 COOTHO-
menne Bynbga — Bparra [23] cBsizano ¢ mexnio-
CKOCTHBIM PaCCTOTHUEM d,),; /I OTPAKAIOIIUX KPH-
crasurorpaduueckux 1ockocreit {hkl}. Ilomaras,
YTO XUMHYECKHH COCTAB HCCIEAYEeMOTO MOJIUKPH-
cTania B HMEepPBOM HPHOIMKEHHN OXHOPOIEH, Koje-
OaHMsa MEKILIOCKOCTHOTO PACCTOSHUS IIPH IIEPEX0Ie
OT 3epeH OJHOU OPUEHTAINH K 3€pHaM IPYTOH OpH-
EHTAIUU CJIefyeT PacCMATPUBATH KAK PEe3yJIhTAT
yIpyrou medopMaIiy KPUCTATIHYECKOH PEeIIeTKH,
B TOM YHCJI€ BCJIECTBUE €e HACBINeHUA fedpeKTaMu
pHU TUIACTHYECKON [Med)OpMaliil ITOJHKPUCTAILIA.
Ompesenenne yriioOBOrO MOJIOMKEHUS JTUHUU 20;;, B
3epHaxX BCeX OPUEHTAINH, IIPe/ICTABIEHHBIX HA TEK-
crypHoui [1®, mosBonseT BBIABUTHL pacIpeesieHune
MUKpPOAeOpPMaI B aHATU3UPYEMOM 00pasIle.

OrMeTuM, 9TO MPH KAKIOM IIOJOKEHUM KCCIIe-
nyemoro obpasiia uamepsembie I, B 1 20, xa-
PaKTEPU3YIOT CyMMApPHBIN MPOQUIbL TUPPAKITHOH-
HOU JTUHUY BCEH COBOKYITHOCTH 3€pPEH C OJ{HON U TOH
JKe KPHUCTAJIIOTPapUIecKor OpueHTaIlheld, JIOKAIH-
30BAHHBIX B IIpefenax 006IydaeMoro y4acria. XOTs
CYIIECTBYIOT U IIUPOKO UCIIOIB3YIOTCI METObI Pas-
JeJeHusd BKIA0B PA3IHYHBIX (DAKTOPOB B yIIHpe-
HHe PEeHTTeHOBCKOM JIMHUMY, [JIs OMHUCAHUSI pacipe-
JeJIEHUsI OCTATOUYHBIX [e()OPMAITHOHHBIX 3(P(PEKTOB
1emecoobpasHee MPUMEHATh HEIIOCPEICTBEHHO H3-
MepAeMYI0 BeIUIUHY [3,,;, HE IEPECIUTHIBAL ee B Te
WIN WHBbIE (PU3UIECKHNe XapaKTEePUCTHKH HU3yIaeMo-
ro o0beKTa.

Hna mocrpoenmss OIIII® wucmonbp3oBamu Tek-
CTYPHBIH PEHTTEHOBCKHU MUQPPAKTOMETP C HO3UIIH-
OHHO-YYBCTBUTEILHBIM [ETEKTOPOM (IJI perucrpa-
¥ TPO(PUIsT PEHTTEHOBCKOM JIMHUU B KaKIOM W3
rocie[0BaTeIbHBIX ITOIOKEHUH 00pasiia B Imporecce
CHEMKH €ro TEKCTYPhI) H/UIX BO3MOKHOCTBIO O-CKa-
HUPOBAHUS (IJI MOTIOIHUTEIBHOTO YCUIEHUS PETH-
CTPUPYEMOH WHTEHCHUBHOCTH PEHTTEHOBCKOTO pac-
CesTHUSA 3a CYeT CyMMHPOBAHUS ITOKA3aHUIH Pas3jInd-
HBIX KAHAJIOB JETEKTOPAa).

C momoIpio mporpaMMHOTO obecriedeHus IIpo-
Bogmiu: 1) 00paboOTKy IIPO(pHIS PErucTpUpyeMOi
PEHTTEHOBCKOU JIUHUU C OIIpefleleHUeM ee YIJI0BOU
MONYIIUPUHBI ¥ YIJIOBOTO TIONOKEHHUA, 2) TMOUCK
ONITUMATIBHOH AaNIpPOKCUMUPYIOMEH (OYyHKIWH IIy-

TeM BapbHUPOBAHUS IAPAMETPOB IPOMUII TUHUH [0
MOCTYKEHUS MUHAMAIBHON Pa3HHUIIBI MEKILY DKCIIe-
PUMEHTAILHO HU3MEPEHHBIM MPOQUIeM U MOIEIHU-
pyembim [18]; 3) BbIUMCIeHHWE HCTUHHBIX IIOJIY-
IIUPHUH PEHTTEHOBCKUX JUHUM C yUeTOM 1e(OKyCH-
POBKH HA OCHOBE Pe3yIbTATOB CHEMKH STAJIOHHBIX
06pasIoB C COBEpIIEeHHOW cTpyKTypor [19 — 20];
4) mocrpoenne OIIII® nHa crepeorpaduyueckoi
MIPOEKIHH.

[Ipu pudparroMeTpuyecKoil CheMKE TEKCTYPHI
HapyIIaeTcsi reoMeTpus (POKYCHPOBKHU oOpasiia IIo
Bpoarry — Bpenrano [26 — 28]. IloBepxuocTs 06pas-
11a ¢ yBeJIMYEeHUEM yIJia eT0 HAKJIOHA \ Bce OobIie
OTKJIOHAETCI OT (POKYCHUPYIOIIEH OKPY:KHOCTH, YTO
MPUBOAUT K MAJEeHUI0 HHTEHCUBHOCTH PETHUCTPHUPY-
emoro orpaskeHusa I,;,;. Yrobbr 5T0 yduecTh, 0OBITHO
IIPOBOJAT ChEMKy OecTeKcTypHOro srtanoHa. Kcau
OpHU  KaXKAOM TIOJOMKEHUM obpasiia B IpoIecce
cremrn ero I[III® {hkl} perucrpupoBarh Takixe
MpOPUIb PEeHTreHOBCKOM muuun (hkl), TO 3TOT TIpO-
¢unb Oyger mpeTepreBaTh yiiupeHue Mpu yBeaude-
HUY yTJIa HAKJIOHA .

ABTOMATH3UPOBAHHBIA AJTOPUTM CHEMKH U
moctpoennst OIITI® npexycmarpusan [2, 15]: crua-
JKMBaHWe TPOQUIA JIUHWH, OIpefeleHHe YPOBHA
dona; pasgenenue mybsmera nuuuii Ka; u Kay; 1mo-
CTPOEHHE CUCTEMBI IOMPABOK, BKIIOYAIOIIEH BeJIH-
YUHBI UHCTPYMEHTAIBHOTO YIIUPEHUS JUHUH B 3a-
BHCHMOCTH OT ee yria Bpsrra — Bynsga u yria na-
KJIOHa obpasiia (mpuyeM, MOMPaBKXA HAXOIWIHA B pe-
3yJIbTaTe CHEMKH OTOKIKEHHOTO HTAJIOHA C IIOTJIO-
LIAOIIEH CIIOCOOHOCTHIO, OJIM3KOM K ITOINIOIIAOIIEH
CII0COOHOCTH HCcliemyeMoro obpasiia); BbIOOp ar-
MPOKCUMHUPYIOIEH (PYHKIIUH ¥ ITOCAEIYIOIIYI0 UTe-
PAIMOHHYI0 MPOIEeAyPY MO0 MOCTHKEHUA MUHH-
MaJbHOTO Pa3IHYMA MENAY U3MEPEHHON U BBIYUC-
JIeMOH WHTEeTPaJIbHBIMYU HHTEHCUBHOCTIMHU JINHUH;
HaxOKJeHue YIJI0BOM IIOJIyIIUPHUHBI H3MepPeHHO!
JINHUW; BBIUUCIEHNE UCTUHHOTO (PU3UIECKOTO YIITH-
peuus gunwu; nocrpoerue OIIIID f,,, u OIIIID

Ad) /A
IIporpammHuoe obecrieuenue i aHamusa Cyo-
CTPYKTYpHOM HEOJHOPOJHOCTH Marepuajia IIo

OIIII® paspabateiBanu B cpeme Visual Fortran.
IIporpammy GPF (Generalized Pole Figure) wuc-
MTOJIB30BAJIH JIJI 06PAOOTKY PEHTTEHOBCKUX JAHHBIX
B nemsax mocrpoerus OIIII®, npepcrasasiomux co-
0o#f pacmpemeneHUd IIOMIOCHOHM ILIOTHOCTH, IIOJY-
IIAPUHBI PEHTTEHOBCKUX OTPAKEHUM U MHUKPO-
medopManmii Ha crepeorpadUUecKod IIPOEKIUH.
B kauecTBe HMCXOAHBIX JAHHBIX BBICTYITAJIU (ppar-
MEHTBI AUQPAKIIMOHHBIX CIIEKTPOB C WHTEHCHUBHO-
CTSIMA PEHTTEHOBCKUX OTPAIKEHUM OIPEeNeIeHHOTO
tuna (hkl), nociemoBaTeabHO 3alUCAHHBIE IJIS Pas-
JIMYHBIX IIOJIOKEHUI 00pasiia o yIiy ero HakIOHA
¥ TTIOBOPOTA.

CHauajna ¢ IIOMOIIBIO IIPOTPAMMBI PACCYUTHI-
BaJIM TApaMeTphbl AIMPOKCUMAIIMM PEHTTEeHOBCKOM
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JVHUY 10 Mozenu mceBno-Poiirra a1 Beex moIosxe-
Hui obpasna. [loayuaemble pe3yabTaTsl comepixaIn
YyIJIBI HAKJIOHA W IIOBOpoTa 00pasma, IIOoJIo:KeHue
MAaKCUMyMa PEHTT€HOBCKOHN JUHWH, €€ MAKCHMAalb-
HYI0 HHTEHCHBHOCTb U MOIYIIHPHHY. S3aTeM OcCy-
I[ECTBAAMN KOPPEKTHUPOBKY [JAHHBIX IO JIeoKy-
CHUPOBOYHBIM KOB(P(PUIIHEHTAM, IOLYIEHHBIM I
STAJIOHA, PACYET ITOJIOCHOH IIJIOTHOCTH, UCTHHHOTO
(usuueckoro ymupenus u Mukpomedopmaruit [15,
19, 20 - 25].

Pacuer ncTUHHON HOYyIIHPHHBI
PEHTT€eHOBCKOH JTUHUN

CriaseHHbIH MTPOQUIb TUQPAKITHOHHON JTHHUH
anmpoKcuMupoBaTu (pyHKIuei ncesmno-Poiirra:

fop®) = nfp) + (1 - n)fxx), x = 20 — 20,,,,, (1)
rie
frx) = exp[-4 In 2(x/B)],
fxt) = 1/(1 + 4(/B)?) — (2)

dyuruu Naycca u Korru; x — yriaoBoe paccrosamue
OT BepInuHbI npodwist auauu 20, .. (20,,.., B — 1o-
JIOJKEeHUe U IUPUHA TU(PPAKIIMOHHON JUHUN HA TI0-
JIOBUHE €€ BBICOTHI).

Hybnetuyoo crpykrypy Ka-TUHUM YIUTHIBATIH
MPH CYIIEPIIO3UIIMH ABYX HMACHTUYHBIX MPODHUIeH
nceno-Poiirra f,;(x) u fo(x — Ax), mepBbIil U3 Ko-
TOPBIX BBINIE BTOPOrO B 1Ba pasa. Torma KoHed-
HBIA BHJ MOIEIbHOM AaMIpPOKCHMUPYIOIIEH (OyHK-
ITUH CIIETYIOITHH:

fuon@®) = Af1(x) + 0,5Af(x — Ax), (8)

rae kKoadpuImeHT A COOTBETCTBYEeT MaKCUMAIbHOM
WHTEHCUBHOCTH (-TUHUU; AX — YIII0BOE paccros-
HUE MEKIY TUHUIMHU O U .

Mopnenpras GyHKEIHA f,,, COTEPKUT CBOOOTHEBIE
rmapameTpsl A, 20,,.., B ¥ 1], KOTOpbIE OIIPeIeIaI0TCI
yCI0BHEM MUHUMHU3AIUN

J‘ [fMOI[ (x) - fa}ccn (x)]2dx = min; (4)

€ fogen®) — DKCIIEPUMEHTATBHBIH TPOQUIb JIH-
HUH, YIOBIETBOPAIONIANA YCIOBHI0 MUHUMU3AIUHA B
pesyibTare IPpUMEHEHU IPOIeAyPhI TOATOHKH.
[Torck onTUMATHLHOM ANMMIPOKCUMUPYIOIEH (PyHK-
WA [y, PEATH30BBIBATH C IIOMOIIBIO ITPOIEIYPBI
nmoAroHku [2, 3, 15], BEI0OYAIOIE KOMIBIOTEPHOE
BapbUpPOBaHUE MaKCHMAaTIbHOH MHTEHCUBHOCTH, II0-
JIYIIAPUHBI, YIJIOBOTO IOJIOKEHUA JIHMHUHM H 1)-TIa-
paMeTrpa [0 IOCTH;KEHHUS MWHHUMAIBHOH OIIHOKH.
OmnbKa MOATOHKHU 3aBUCUT OT KOOPAWHAT | U ( HA
II® u onwuceBaerca I1® sroii omubku. B Hatem
cIydae oHa MEHAJAch OT 2 — 3 % B TEKCTYPHBIX MaK-
cumymax 110 30 % B TEKCTYpPHBIX MUHUMYMaX.

Dusnyeckas mWUpUHA TPOQUIT PEHTIEHOBCKOM
JIVHWHW 3aBHCHAT OT THUIIA AaMIPOKCUMHUPYIOIHAX
yHKIHI. JKCIEPUMEHTATIBHO OIPENeIaeMbli IPOo-
unp munwy [, (x) — cBepTka QyHKIUA dusnie-
CKOTO fg,;5(X) ¥ HHCTPYMEHTAIBHOTO fyyperp () TPOGHH-
JIed TNHUMN:

Faen () = [ F s () Famenp (= ). (5)

CooTBeTcTBEHHO, IITUPHHA B M3MepeHHOoro mpo-
duna f,...(x) 3aBucuT oT WIMPHUH 3 U b PUBHIECKOTO
foms(*) ¥ KHCTPYMEHTAIBHOTO fyyycrp(X) TPOOTIEH.

Benwuuna [ ompenmenseTca HCKasKEHHOCTHIO
KPUCTANINIECKOH PEeLIeTKH OTPAKAIOIINX 3ePeH U
pasMepoM OJOKOB KOTEPEHTHOTO paccesHus, b —
TakuMu (paKTOpaMH, KAK PACXOAHUMOCTH PEHTTe-
HOBCKOTO IIy4YKa, YroJ HakJIOHA o6pasia, IOTJIo-
I[eHHEe B HEM PEHTTEeHOBCKOTO H3JIYYEeHUI U HeOJ-
HOPOMHOCTH JITHHBI BOJIHBI HCIIOJIb3yEeMOTO H3ILy-
yeHus. B ciyuasx anmpoKcHUMUPYROMUX (DYHKITHH
l'aycca u Komu yrioesie moaymupussl mpouiei
B, b u B cBa3aHBI APYT C APYTOM IPOCTHIMU COOTHO-
[IEHUSAMU:

B%2 = B2-b2 (l'aycec) u B = B-b (Komm). (6)

Ecau pnna anmpoxcumanuu UCHIOAb3YIOT (PyHK-
o nceno-Poiirra, To pusMUECKOe yIIUpeHe

B=\VB2 —b2(B-b). %)

Ilns pacuera mapamerpa I), 3aJai0IIero COOT-
Homrenne Mexay yarmuavu [aycca u Komwm, mpu
HAXO0KIEHUNU HUCTUHHOTO (PU3UIECKOTO YIITUPEHUT
JUHUKA [} MOKHO HCIIOJNIb30BaTh JUHEHHYIO HHTEp-
MIOJIAIIUIO B CIeAyolei opme:

B=nVB2—b2 + (1-1)(B-b). 8)

Wncrpymenranbuoe yimupernue b(y), toe ¢ —
yroJl HakIoHa 06pasiia, MOKHO HAUTHU C IIOMOIIIHIO
CTAaHJAPTHOTO OTOKKEHHOIO 3TaJIOHA, PEHTTEHOB-
CKUe JUHHUHM KOTOPOTO TOYTH CBOOOAHBI OT (pusmde-
cKoro ymupeHusa. [IpaBUIbHBIA BBIOOP STAIOHHOTO
obpasiia — KJII0YeBOH MOMEHT IIPU IIOCTPOEHUU HC-
tuaaor OIIII® . OrmeruM, 9TO HMpPU CHEMKE CTAH-
IapTHOTO 06pasiia HeoOXOMMMO COXPAHATH JOCTa-
TOYHO BBICOKYI0 HHTETPAIbHYI) WHTEHCHBHOCTH
PEHTTEeHOBCKOM JUHWM BILUIOTH J0 MPEAeIbHBIX yT-
JIOB HAKJIOHA (B 3TOM ciiydae 00ecreunuBaeTcsa Hy K-
Hasg TOYHOCTH OIPEENeHUs WHCTPYMEHTATIHLHOTO
YIIUPEHUd).

O6cy:xaenue pe3yabTaTOB

Ha prc. 2 — 4 npeacrasnens: OIIID g5 npoxka-
TAHHBIX METAIMIECKUX MATEPHUAJIOB U AHATPAMMBI
ux BzauMHoU Koppemsanuu (1K) (OIIIIP umeror yr-
JoBo# paguyc 70°).
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Puc. 2. OIIII® donsru Nb (xomoguan npoxarka, € = 50 %)
¥ IHarpaMMbl X B3awMHOM Koppemsiuu: ¢ — [ITIP{001};
6 — OIIII® Byy; 6 — OIIIID 26,,; 2 — AK IITID{001} -
OIIII® Bo,; 0 — OK IITID{001} — OIIIID 26,

Fig. 2. GPF for Nb foil (cold rolling, ¢ = 50%) and diagrams
of their mutual correlation (CD): a — PF{001}; 6 — GPF
Boogz; ¢ — GPF 26,; d — CD PF{001} — GPF B,; e — CD
PF{001} — GPF 26,

Bunso, uTo mosydyenHbIe pacupeneseHus HOCIT
3aKoHOMEpHBIN xapakrep. B cayuae OIIII®  3axo-
HOMEPHOCTH COCTOUT B TOM, YTO €€ MAKCUMyMbI COB-
majaT ¢ TeKCTYPHBIMA MHHUMYMaMH, 8 MUHHMY-
MBI — C TEKCTYPHBIMH MaKCHUMyMaMH. JTO IOJTBEp-
JKAAIOT AUArPpAMMbl B3AUMHOM KOPPEISAIUUA MEKIY
III1® {hkl} u OIIII® B, HA KOTOPBHIX HAHECEHBI
touru [III® Takum ob6paszom, 4T0 UX abCIHCCHI paB-
HbI BeJIMYMHAM IIOTIOCHOH mmoTHocTH P(yw,, @) Ha
IITI® {hkl}, a opaguHATHEI — UCTHUHHON YTJIOBOH ITO-
TyIIUPUHE PEHTTeHOBCKUX TUHUH B (P;, @;) B Tex
JK€e TOYKAX cTepeorpadrIecKoH IPOEeKIIHH.

Hna ¢oasru Nb ¢ KpucTAIHYECKOH peIIeTKOM
OIIK u nmpokarauuoro cmiasa Zr — 1 % Nb ¢ kpu-
crammndeckoir pemterkor 'Y pacmpenenenus
TOYEK Ha [uarpaMMax KOpPpeIaluu (OPMUPYIOT
KpUBbIE, BOCXOJAAINE BETBU KOTOPBIX pacrojara-
IOTCS B TIpefiefiaX TeKCTYPHBIX MUHUMYMOB, 8 HHCXO-
OAIHe — B Ipeaenax TEeKCTYPHBIX MAaKCHMYMOB.
CrnemoBaTenbHO, 3epHA, HAXOAAIIHWECT B IIpeIenax
TEKCTYPHBIX MAKCUMYMOB, XapaKTePU3yIOTCs MUHU-
MaJIbHOU YIJIOBOM MOJYIIMPHUHOH PEHTTeHOBCKUX
JIVHUY, T.e. MUHUMAQJBHOU HCKAKEHHOCTHIO KpH-
CTAJTUMYECKOH PEeIIeTKH ¥ PasapobJeHHOCTHIO ee
¢dparmenTos. I1o Mepe mpubamKeHnus K TEKCTYPHBIM
MHHEMyMaM 06a 9TH mapaMerpa cyOCTpyKTyphI 3ep-
Ha yCHIUBAIOTCS.

[omocsan moTHoSTH

Puc. 3. OIIII®P nucra Cu (xomoguas mporartka, € = 30 %) u
nuarpamMmbl ux kKoppemsnun: a — [IIIP{001}; 6 — OIIIID
Boog; 8 — OIIII® 28,,; 2 — OK ITIIDP{001} — OIIII® f,;
0 — IR ITII®{001} — OIIII® 26,

Fig. 3. GPF for Cu sheet (cold rolling, ¢ = 30%) and dia-
grams of their mutual correlation (CD): a — PF{001}; b6 —
GPF Bpg; ¢ — GPF 20,,9; d — CD PF{001} — GPF Byp; ¢ —
CD PF{001} - GPF 26,

Haumenee peryndapHblii XapakTep pacupeiee-
HUA Pogg IS NHCTA MeAW 00YCIOBIEH OTHOCHUTEIh-
HOHM JIETKOCTBIO TIPOTEKAHHUSA IIPOIIECCOB BO3BpAaTa,
COIIPSIKEHHBIX C COBEPIIEHCTBOBAHUEM ee KPUCTA-
nuyeckoit pemrerkn (I'I[K) u cHmkenmem yrioBoit
IOy IIMPUHBI PEHTTEHOBCKUX OTPasKEHUH.

YrnoBas mONyIIHPHUHA PEHTTEHOBCKOM JIUHUH [,
KaK U ee YIJTIOBOe IOJI0oXKeHne 20, — HermocpeacTBeH-
HO M3MepsieMble TUPPaAKIIHOHHBIEe TapaMeTpsl. K ux
YUCIYy OTHOCATCA ¥ HEKOTOPBIE JPYyTHe, KOTOpPbIe
MOTYT OBITH OIIpeZieNieHbI 6e3 UCIIOIH30BAHUS Teope-
THYECKUX MOJIeJIel, CBA3bIBAOIINX U3MepAeMbIe JH-
(pakimonHbie TApaMeTphl ¢ TapaMeTpaMu CTPYK-
Typhl WIN CYOCTPYKTYPBI HCCIeqyeMoro obpasiia.
Hampumep, ¢uaykryanuu perucTpupyeMoil HHTEH-
CHUBHOCTH IIPH MIOCTYIIaTEIbHOM ABMIKEHHH 00pasia
BJIOJIb T€X WY WHBIX HAPABJIEHUH ITO3BOJAIOT OIe-
HHUTb pasMep 3epeH OIpelelleHHbIX OpPHUEeHTAITUH,
a 0CcOOEHHOCTH M3MEHEHHUA TEKCTYPhI B PE3yIbTare
Manmou mepopMaIliid — OTIHYUTH JBOMHHKOBAHUE
OT CKOJIbKEeHU.

B T0 e BpeMa MCIIOIB30BaHHE TEOPETUIECKUX
Mojiesiell Ha OCHOBEe M3MEPEHHBIX TU(PPAKIITMOHHBIX
mapaMeTpoB JaeT BO3MOKHOCTh PACCUNUTATH MHOTHE
Ba)KHBIE CyOCTPYKTYpHBIE MMapaMeTphbl MaTepHaIa.
Tak, B coorBercTBuH ¢ Momenbio I'pudpdpurca [26]
MIPUMEHUTEIHHO K M3IeIUIM U3 CIIABOB HA OCHOBE
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Puc. 4. OIIII® crurasa Zr — 1 % Nb (xomomguas momepevysast
mpoKaTka, € = 57 %) U muarpaMMbl UX B3aUMHON KOpPpeJ-
nuu: @ — [ITIP(0001); 6 — OIIIID B 0.5 8 — OIIIID 26,,;
2 — JK IIII®{0001} — OIIII® By04; 0 — ALK IITIP{001} -
OIIII® 260y,

Fig. 4. GPF for Zr — 1% Nb alloy (cold transversal rolling,
e = 57%) and diagrams of their mutual correlation (CD):
a — PF(0001); b6 — GPF Bygp; ¢ — GPF 20yy,; d — CD
PF{0001} — GPF Bypp4; e — CD PF{001} — GPF 20,

Zr 110 YIVIOBBIM MOJIYIIUPWHAM PEHTTEHOBCKUX JIH-
HUHM MOSKHO OI[€HUTH IJIOTHOCTH JUCIOKAIIUU C pas-
JWYHBIMH BEKTOpaMu brioprepca B OTpaKamoIux
3epHAax.

Ha puc. 5 npencrasiena OIIII® p, B TpyOHOI
saroroBke u3 ciiasa Zr — 1 % Nb (a — dasa, p, —
IUIOTHOCTh IUCIOKAIINWU C-TUIA C BeKTopoMm brop-
repca Broas [0001]). O6mactu crepeorpadudeckoi
MIPOEKITUH, KOTOPBIM OTBEYAeT IMOHUKEHHAS ILIOT-
HOCTh C-JINCJIOKAIIMH, COBIAMAIOT C TEKCTYPHBIMU
MaKCHMyMaMu. OTO OOBICHAET XapakTep H3MeHe-
HUS U3MepAeMOH MOJIYIIUPUHBI PEHTIEHOBCKUX JIH-
HUH [}, ¥ pPaCCUUTHIBAEMOH ILIOTHOCTH JIHCIIO-
Kalluil p, B 3aBUCHMOCTH OT TIOJIFOCHOM IIJIOTHOCTH.
B mporecce mractuyueckoi medpopManuy 3epHa Me-
Tajyia TepPeopPUeHTHUPYIOTCA, CTPEMICh K YCTOMYHU-
BBIM ITOJIOKEHHSAM, [IPH KOTOPBIX B 3€pHE JIEHCTBY-
0T CUMMETPHUYHBIE CHCTEMbI CKONb:KeHMsI. Kammas
M3 HUX BBI3HIBAET B3AWUMHO KOMIIEHCUPYOIIHECS 10~
BOPOTBHI KPHUCTAJIUMYECKOH PEeIIeTKH Ie(OopMUpy-
emoro 3epHa. OmHako Tak meopMarusa MOKET pas-
BHBATHCA TOJHKO B 3€PHAX C OTHOCUTEILHO COBEp-
[IIEHHOH PEeIIeTKON (C HEeBBICOKMM YPOBHEM WKCKAa-
JKEHHOCTH). B TpOTHBHOM CiIy4ae CHMMETPHUYHOE
CKOJIbKEHHE 10 HECKOJBbKHMM ILIOCKOCTSM OKas3bIBa-
ercsl HeBO3MOKHBIM, M 3€PHO IIpU AedopManuu He

LD L
(0001)

Puc. 5. OIIII® cnmasa Zr-1% Nb (rpybHas saroroBka
20 MM, € = 65 %): a — IIIIP(0001); 6 — OIIIID p, (equmu-
I1bI IUIOTHOCTH AucIoOKarui — 1014 m2)

Fig. 5. GPF for Zr — 1% Nb alloy (tubular billet &20 mm,
e = 65%): a — PF(0001); b — GPF p, (dislocation density
units — 101* m—2)

IOCTUTHET YCTONYNBON OpHEeHTANMH (MU OTKIOHHUT-
Csl OT Hee MPY YBeIUUYeHUH cTeneHu qedpopMarium).

Yro xacaerca OIIIIP 20 pns uccnemyeMbIx Ipo-
KaTaHHBIX MAaTEPHAJIOB, TO 3aKOHOMEPHBIH Xapak-
Tep paclpenesieHu BBIPAKAETCI B UX CHUMMETPHHU
OTHOCHUTEIFHO HEKOTOPOTO CPEIHEr0 yPOBH:A, COOT-
BeTCTByMOIIlero Bemuuune 20, mmra Hemedopmu-
POBAHHOTO MaTEPHAJIA, B KOTOPOM OTCYTCTBYET KpH-
crayurorpadudeckas Tekcrypa. IlomobHas cummer-
pusa o3Hadaer, 4To B AedOpPMHPOBAHHOM 00pasile
BCerza MPUCYTCTBYIOT B3€epHA, KPUCTAINIECKAT
pelieTka Koropbix wmiu pacrauayTa (Ad > 0), wunu
cxata (Ad < 0) OTHOCHTEIBHO HCXOTHOTO YPOBHS
d,, rorma 20 > 20, unu 20 < 20, cOOTBETCTBEHHO.
[Ipuuem B mepBOM MPUOIMIKEHUM KAMKIOMY 3€pHY,
peliteTka KOTOporo pactaHyta Ha +Ad, orBedaer
3epHO, pelneTka KoToporo c:kara Ha —Ad. B stom
ciaydyae B 1epOpMUPOBAHHOM MeTaljie Peaasnsyercs
paBHOBeCHE PACTATUBAIOIINX U CXKUMAIOIIUX YIPY-
[UX HANPSKEHWH. S0HAM YIPYIOro PpAaCTIKEHHS
pellleTKH 0TBEYalOT 3€pHa, KOTOPHIM OTBEYAIT TOY-
K, pacrosoxkennbsle B HmkHer dactu OIIII® 20,
TOT/[a KaK 30HAM YIIPYTOTO CKATHUS PENIeTKH — 3€ep-
Ha, KOTOPBIM OTBEYAIOT TOYKM B BEpXHEH dYacTu
OIIII® 26.

IIpenmomoskenue o TOM, YTO TOBBIIIEHHAA II0-
JyIIUPUHA PEHTTEHOBCKOM JIMHUH B Tpeneiax
TEKCTYPHOTO MHHUMyMa MOKeT OBITh 006yCIOBiI€HA
OONBIION OMINOKOM ee M3MEpPEHUT IIPH MAIOH HH-
TEHCHUBHOCTH STOM JIWHUW, OKA3bIBAETCA HECOCTO-
ATEJIBLHBIM TPHU yYeTe PaCIpeiesIeHus OIUOKU arl-
IIPOKCUMAIlNK, KoTopas cocTaBiafeT 2 -3 % B Tek-
CTYpHBIX MakcuMyMax u 15-20 % B TeKCTYypHBIX
MuHEMYyMax. [[0CKOIBKY MOJYITHPUHBI PEHTTEHOB-
CKUX JIMHUHM B TEKCTYPHBIX MAKCUMyMaX U MHUHUMY-
Max OTIMYanTca B 3 — 5 pas, omubKy UX ammpoKCcu-
MaIli¥ He MOTYT MEePeKpPbITh WX Pas3Indusa, OTpa-
JKATOII[He UCTUHHYIO TeHIEHITHIO.

Ormerum, uro npusemennbie OIIIIPD mocrpoe-
HBI [IPX UCIOIb30BAHUY ITAJIOHHOTO 00pasiia, moJLy-
YEHHOTO CIIeKaHWeM «TabJIeTKH» W3 MPEecCOBAHHOTO
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MOnu6IeHOBOTO TTOpoIKa. PexxuM mpeccoBauus wc-
KJI0Yasl IUIACTAYECKYI0 AedopMaIuio OTIAelIbHBIX
YACTHII, & PEIKUM CIIEKAHUS OTPAHWYHUBAI PA3BUTHE
pocra 3epen. «TabmeTka» BKIIOYATIA STATOHBI ABYX
TUITOB: 1) GeCTeKCTYpPHBIH (TPeOyroIIuiica O0OBIYHO
i koppertupoBiu IIIID); 2) oromskenubiil (xa-
PaKTepU3YIOIIHICA TPEHEOPEKUMO MaIOH BeIUdH-
HOM (PMBHUYECKOTO YIIUPEHUS PEHTTEeHOBCKUX JIH-
HuH, Tpedyromnuiica ansa koppexktuposku OIIIID P)
[5, 6, 27 — 301.

3axJaroueHue

Takum o6paszoMm, MOPEIIOKEHHBIA PEHTTEHOB-
ckuii mudparromerpudecknii meron OIIII®, Brro-
AU PEHTTEHOBCKYI0 ChbeMKY TEKCTYPbI M PEru-
cTpaIuio Mpoduiis PEHTTEHOBCKOHN JINHUY TIPU KakK-
ZIOM TIOCJIEZI0BATEILHOM TIOJIOMKEHUN WCCIeNLyeMOro
obpasiia B TEKCTYPHOM IPUCTABKE, IO3BOJSET WC-
clIefoBaTh CyOCTPYKTYPHBIE HEOIHOPOIHOCTH TEK-
CTYPOBAHHBIX MeTaindeckux wusgenuii. I[lomyua-
eMoe paclipefielieHHe Ha cTepeorpadpyuyecKoi mpo-
eKI[UH WU3MEePSIEeMbIX MMapaMeTPOB MPOMUIST OJHOTO
M TOTO K€ PEHTTeHOBCKOTO OTPasKeHUs OT 3epeH
C PasHBIMH KPHUCTAIIOTPA(PUIECKUMU OPHUEHTAIIHS-
MH WIH BBIYHC/IIEMBIX II0 HHM [apaMeTpoB Ccy6-
CTPYKTYPBI STUX 3€PEH MOKHO C YCIEXOM HCIIOTIH30-
BaTh IIPHU pacyeTax UCTHHHOH IIOJYIITHPUHBI PEeHTTe-
HOBCKOM JmHuH. MeToa mokasam cBoo 3(pdeKTHs-
HOCTB JIJI BBISBJIEHHUST 3aKOHOMEPHOCTEH pacipee-
JIEHUd 3epeH, HaXOAAIINXCA B PAa3HbIX CTPYKTYPHBIX
COCTOSTHHSX, 10 MX OPHEHTAIHIM.
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HU3KOJETUPOBAHHBIX CTAJIEM MATHHUTHBIM METO/IOM
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Bnusinue TepMo06paboTKM HA CKOPOCTh KOPPO3KH 00PA3IoB BHICOKOYIJIEPOIUCTHIX CTAIEH (MaK-
cUMasTbHAS KOPPO3HOHHAA yObLIb Habmonaercs mpu Temieparype oriycka 400 °C) ocaoBaHo HA
BOBHUKHOBEHUM MHUKPOTATbBAHWYECKUX TMap MeKIy (PasOBBIMH COCTABJIAIOIIAMH MaTepHANA.
MugporarbBaHnudecKye mapbl B Iporiecce TepMooOpabOTKY MepepaciIpenesaioTcsa, YTO MeHIeT
YCIIOBUSA MPOTEKAHHS TaJIbBAHHYECKMX TOKOB. B CBOIO O4epensh CTPYKTYpPHO-(PA30BbBIA COCTAB
o0ycliaBIMBAaeT MATHUTHBIE CBOMCTBA CTAJEH M OMPEIENSIeT CBA3b MX MATHUTHBIX XapaKTepH-
CTHK C KOPPO3UOHHOM aKTUBHOCTHIO. 1]enb paboTel — paspaboTka MeTo[a KOHTPOJIS CKOPOCTH
KOPPO3UH TI0 M3MEHEHWI0 MATHUTHBIX XapPaKTEPUCTUK. ¥ CTAHOBJIEHO, YTO CYII[ECTBYeT TecHas
B3aMIMOCBSI3b MEJKIY KOAPITUTHBHOM CHJION M 3JIEKTPOXUMUUECKUM ITOTEHITHATIOM (OTHOCUTEIBHO
XJIOPCEPEOPSHOrO 3IEKTPOIa) — II0KasaTeeM KOPPO3HOHHOM akTuBHOCTH. Ha mpumepe Tpy6o-
nposona u3 craau 09I'2C, Bmoab KOTOPOro M3MeHEeHHe KOIPLMTHBHOU CHJIBI HOCTUTaio 25 %,
TI0KAa3aHO0, YTO PHUCK Pa3BUTHA MAKPOTATbBAHMIECKUX MTap JTOCTATOYHO BHICOK. [Ipemiomen sKc-
TIpecc-MeTo I BhIABIEHUA KOPPO3UOHHO OIIACHBIX 30H U3JETUHN IIyTEM CKAaHUPOBAHUA MATHUTHBIX
mapamMeTpoB Marepuaia. B KauecTBe pelreHus IpobaeMbl HEOMHO3HAYHOCTH CBSI3H KOPPO3H-
OHHOM AKTHBHOCTH W MATHHUTHBIX ITApaMeTpPOB HCIOJIb30BAIM MHOTOIIAPAMETPOBBIN ITOAXO/I.
TlapmonmyeckrM pasioskeHneM eTeslb MATHUTHOIO THUCTepesrca 00pasuos craimm 45X mosmydu-
JIX PSifi HEYETHBIX TAPMOHUE, HEKOTOPhIE M3 KOTOPBIX CIab0 KOPPEIUPOBAIN C KOPPO3HMOHHOMN
yobUIBI0. BMecTe ¢ TeM KOMIUIEKCHI U3 HECKOJIBKHUX TAPMOHHE KOPPEIHUPOBAJIYU C HEH yiKe B 3Ha-
YUTEIHHO OoJblel cremenu. [loydentbie pe3ynbTaThl MOTYT OBITH UCIIOIb30BAHbBI IIPH TEXHI-
YeCKOHM TUATHOCTHKE ¥ MPOTHO3MPOBAHUN KOPPO3MOHHOM AKTHBHOCTU CTATHHBIX KOHCTPYKITHH
JI0 HAvYaIa WX 9KCIUIyaTaIl|H.

Kixouessle ciioBa: KO9PIUTHBHAA CHJIA; PeJIaKCalTUOHHAA MaroHuTHas BOCIIPUUMYNBOCTD; CKO-
POCTH KOPPO3HHU; IIPOTHOSUPOBAHUE; 3aKaAJIKA,; OTIIYCK II0C/Ie 3aKaJIKH, FraJIbBaHU4IECKasa KOPPO3u-
OHHAasd I1apa, CDypbe-r[pe06pa30BaH1/Ie; METOJIbI TEXHUYECKOU TUATHOCTUKH.

DETERMINATION OF THE CORROSION RESISTANCE OF LOW ALLOYED STEELS
BY MAGNETIC METHOD
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An innovative method of measuring and control of the steel corrosion rate by changing magnetic charac-
teristics is developed. The impact of heat treatment on the corrosion rate of the samples of high-carbon
steels (maximum corrosion loss is observed at a tempering temperature of 400°C) is attributed to the ap-
pearance of micro-galvanic pairs (MGP) between the phase components of the material. MGP undergo re-
distribution under heat treatment thus changing conditions of the galvanic current flow. The structural
phase composition, in turn, determines the magnetic properties of steel and correlation between the mag-
netic properties and corrosiveness. The goal of the study is demonstration of the possibility and expedi-
ency of using the magnetic parameters of steel for determination of the steel corrosion rate. A close corre-
lation dependence is observed between the coercive force and the electrochemical potential (relative to the
silver chloride electrode) which are direct indicators of the corrosiveness. Case study of a pipeline made of
09G2S steel along which change in the coercive force attained 25% revealed rather high risk of developing
micro-galvanic pairs. A rapid method of scanning magnetic parameters is proposed to detect potentially
corrosive zones. A multi-parameter approach can be used to solve the problem of the ambiguity of the rela-
tionship between the corrosiveness and magnetic parameters. Harmonic decomposition of magnetic hys-



32 «3aBoackasn Jaboparopus. [[maraocruka marepuanos». 2020. Tom 86. Ne 5

teresis loops of 45Kh steel samples is used to obtain a number of odd harmonics. Some of them weakly cor-
relate with the corrosion loss, whereas complexes of several harmonics correlate to a greater extent. The
results can be used in technical diagnostics and prediction of the corrosion activity of steel structures be-
fore their operation. The results can be used in technical diagnostics and forecasting of the corrosiveness
of steel structures prior to their operation.

Keywords: coercivity; relaxation magnetic susceptibility; corrosion rate; forecasting, hardening; temper-
ing after hardening; galvanic corrosion pair; Fourier transform; methods of technical diagnostics.

BBenenue

IIpomecch! KOPPO3UOHHOTO pa3pyIIEHUA IIPOTe-
KalT Ha MOBEPXHOCTH MeTa/la KpaiiHe HepaBHO-
MepHO. B mpakTHKe SKCIUIyaTaluy CTAIBHBIX BEp-
THKAJIbHBIX PE3EPBYyapOB HEPEIKH CIydau, KOTJa
4yepe3 HEKOTOpPOe BpeMd (MeHee pacyeTHOTO IIepHo-
Ia SKCILIyaTallu¥) pes3epByap OKA3bIBAeTCS IIOJLy-
IYCTBIM, & BOKPYT MECTa €T0 yCTaHOBKY HAOII0aeT-
cs1 pasnus Hedrenpoaykra [1, 2]. Ilpuawnmoit momo6-
HOM cHUTyanuu MOKeT ObITh CKBO3HAS KOPPO3Wf,
BO3HHUKAIOIIAA B CTAIBHBIX JuCTax. Bmecre ¢ Tem
KOHTPOJb MeTajljia MO03BOJAET YMEHBIIUTh YHUCIO
MOTOOHBIX OMACHBIX CIIyYaeB.

OcHOBHBIE METOABI KOHTPOJA KOPPO3MOHHBIX
CBOUCTB CTaJW — TIPaBUMETPHUUYECKUM, MeTasio-
rpaduuecKuii, METOIbI OIPeeIeHUusd IEKTPOXUMHU-
YeCKOro IoTeHIuama u ap. [3, 41, kak mpasuio, Tpe-
OyIOT 3HAYUTENHHBIX BPEMEHHBIX 3aTpPaT W Xapak-
TEPU3YITCA CYIeCTBeHHBIMH MOTPeIrHocTaMu (Ha-
IpUMep, METOJ OIpPefieNieHUus IEKTPOXUMHUIECKOTO
norenruana). Ycmonab3oBaHue KOCBEHHBIX IIapa-
MEeTpPOB, AAIIINX BO3MOKHOCTH OIEPATHBHOTO He-
paspyIIaniero KOHTPOIA CKJIOHHOCTH MeTajia K
KOPpO3WHU B KOHKPETHOM KOPPO3WMOHHOU Cpee,
MpefcTaBaAeTcsa Oosiee epCreKTUBHbIM (5, 6].

Ilenp paboThl — KOHTPOIH CKOPOCTH KOPPO3UU
CTalW C WCIIOJIb30BAHMEM MAarHUTHBIX XapaKTepH-
CTUK Marepuasna (KOSPIIUTHBHOM CHJIBI, PEIAKCAIIH-
OHHOM MAarHUTHOM BOCIPUHUMYUBOCTH M MArHUTHOM’
MeTIU TUCTEpPes3uca).

BinaHue CTPYKTYPHOTO COCTOAHHUA CTAH
Ha KOPPO3HOHHYIO AKTHBHOCTH
M MAarHATHBIE XAPAKTEePHCTHEH

WsBecTHO, YTO CKOPOCTH KOPPO3UH 3aKATEHHOM
BBICOKOYTJIEPOUCTON CTAMM 3aBHUCUT OT TeMIiepa-
TypbI OTIyCKa, KOTOpad BIAUAET Ha CTPYKTYpy Ma-
tepuana [3]. Tak, kKOppo3MOHHAA MOTEPS MaccChl
crambHOTO o00Opasma, ormyumeraoro mpu 400 °C,
B IlecTh pa3s 0oJjbliie, ueM 00pasIioB, OTIIYIIEHHBIX
npu Ttemmeparypax Hmke 200 u Bseime 600 °C.
IIpyyraa — MUKpoOralhbBaHUYECKAd KOPPO3H,
00yC/IOBJIEHHAS PpAa3IuIueM JIeKTPOXUMHUIECKUX
CBOMCTB (PA30BBIX COCTABJIAIOIINUX CTAIH, KOTOPHIE
B CBOIO O4Yepenb B IIpoIlecce OTILyCKa TpaHChOpMu-
pytores [7, 8].

CrpykTypa 3aKaJeHHOH YIJIEpPOAUCTOH CTaltu
COCTOUT W3 MAPTEHCHUTA W OCTATOYHOTO AYyCTEHUTA.

OTIycK Ipu HU3KKUX TEeMIIepaTypax BeleT K IIpeBpa-
II[EHUI0 AyCTEHUTA B MAPTEHCUT OTITyCKA U 3aTeM —
K paspyIlIeHnio MapTeHCuTa ¢ (DOpMUPOBAHHEM Kap-
o6unnoi dasel. [Ipu cpenrem ormycke (300 — 450 °C)
IIOJIHOCTHIO 3aBEPIIAETCS IIPOLEeCC BhIAEIEHHUS yTIie-
pofia U3 MepeChIEHHOT0 TBEPAOT0 PACTBOPA U Map-
TeHcut npespaiiaercsa B peppur. Kapoun Fe,C mpe-
obpasyercs B niementut Fe;C. [Tpu arom o6pasyercs
nByx(asHas CTPYKTypa (TPOOCTHUT OTIIyCKa), CO-
crosmias u3 eppura, B KOTOPOM PABHOMEPHO pac-
MpeeieHbl MeIbYanlliie YaCTUIThI IIEMEHTUTA. JTa
CTPYKTypa MpPH HAIWIUHU JJIEKTPOIINTA BEIeT K II0-
SIBJIEHUI0O AKTUBHBLIX TalbBAHUYECKHUX I[EHTPOB,
YCKOPSIIOIIMX IIPOIIeCC KOPPO3HOHHOTO Pa3pyIIeHus.

IIpu 2-gacoBoii TepM006PAOOTKE 3aKATEHHOHN OT
850 °C cramu, comep:ramei 0,95 % yriepoxa, Mak-
CUMYM TOHKOJHCIIEPCHOTO IIEMEHTHUTA JOCTHUTAETCS
npumepuo upu 400 °C (masa cramu ¢ 0,7 % C — npu
300 °C). Ilocme oTmycka mpu STHUX TeMIleparypax
KaTOAHbIEe BKJIIOYECHUd II€MEHTUTa (OTHOCI/ITeJIbHO
deppura) 3aHEMAOT OOJBIIYI0 YACTh MOBEPXHOCTH
(heppuTa, TOSTOMYy WX TraJbBAHWYECKOE EHCTBUE
makcumanbao [3]. Ilpu BeICOKOM oTIycke (500 —
650 °C) mpoucxoasaT pacTBOPEHHE MEIKUX YACTHIL B
marpuiie u audp)y3HOHHBIA IIE€PEHOC BellecTBa
yepe3 MATPUIy K IIOBEPXHOCTH KPYIHBIX YACTHII,
BCJIEICTBHE YEro OHHU CTAHOBATCA ellle KpyITHee.
dopmupyercsi QeppUTO-IEMEHTUTHAA CMech Goiee
rpy6oro, 4eM TPOOCTHUT, CTPOEHHUs, HA3bIBaeMasi Cop-
O6uTOM OTIIyCcKa. B pesyibTaTe yMeHbIIAETCS KOJIH-
YECTBO TaJIbBAaHUYECKUX AP U CKOPOCTH KOPPO3UU
CHUIKAETCH.

Takum o6pasom, pakTopbl, CBI3aHHBIE CO CTPYK-
TypHO-()A30BBIM COCTABOM MaTepHayia, B COBOKYII-
HOCTH C HANPIKEHHO-Ie()OPMUPOBAHHBIM COCTOS-
HUEM OIPEeNeIAioT KOPPO3HOHHBIE CBONCTBA CTAIU
[3,4,7,9-11]. OgHoBpeMeHHO 5TH (PAKTOPBI 00-
yCIaBIUBAIOT MATHUTHBIE CBOMCTBA Marepuaia
[13 — 15]. MubIMU cioBaMu, MeKIy MarHUTHBIMU U
KOPPO3MOHHBIMHU XaPaKTEPUCTUKAMH CTaJeH CyIlle-
CTByEeT KOCBEHHAs B3aUMOCBA3b.

O6cy:xnenue pesyabTaToOB

Ha puc. 1 mpencraBieHa 3aBHCHMOCTBH IIOTEPH
maccel Am obpasmoB cramu Y10, 3aKaleHHBIX OT
850 °C B MAacio ¥ OTIYIIEHHBIX IPH Pa3IHIHBIX
TeMIeparypax OT KO3pIHUTuUBHOM cunsl H, [3, 16].
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Puc. 1. 3aBucumocts morepu macebt Am cranu ¥10 ot Koap-
UUTUBHOH cuibl H,

Fig. 1. Dependence of the mass loss Am (steel U10) on the
coercive force H,

Bpewms npe6biBanusa 06pasios B 1 %-M BOZHOM pac-
TBOPE CEPHOU KUCIIOTHI COCTABIIANIO 72 4.

TomkoauCIIEpCHAA CTPYKTypa CTalH BIUAET HA
ee peJaKcallioHHbIE CBOMCTBA, B YaCTHOCTH, Ha pe-
JIAKCAITMOHHYI0 MAarHWUTHYI0 BOCHPHHMYHUBOCTH X,
[17]. Ha puc. 2 gna cramu Y10 npuBegeHa 3aBUCH-
MOCTh KOPPO3HOHHOM yObLTH Macckl Am [3] ot pe-
JIAKCAITMOHHON MAarHUTHOM BOCIIPUMMYHUBOCTH X,
[3, 16].

Bugwzo, uro B3amMOCBA3L (TOYKHM) MEMKIY CKO-
POCTBIO KOPPO3UM U PpPeJIaKCAaI[MOHHOW MAarHUTHOU
BOCIPHUHUMYHMBOCTBIO JOCTATOYHO TecHasd. Brimana-
Oll[Fie U3 MOHOTOHHOM 3aBHCHMOCTH TOYKH (Kpec-
THKH) OTHOCATCA K 00pasiaM, OTIYIIeHHBbIM IIpU
remmeparypax 600 u 660 °C (ux JIerko pacios3HaTh,
HampuMep, 1o TBepaocta HRC) [16].

lanpBanUyecKkue mapbl, BOSHUKAMOIINE MEKIY
PasIuYHBIMU (DA3OBBIMU U CTPYKTYPHBIMH COCTaB-
JAIOIMMUME CTATH, MOTYT HMETh W MaKpoMaciItad
[18, 19]. MaxkporanbpBaHomapbl 00yCIOBIEHBI HEO-
HOPOIHOCTHIO CTPYKTYPHO-()a30BOT0 COCTABA METAJ-
jla, BHYTPEHHUMH HAIPSKEHUAMH W HEOJHOPO.-
HOCTBIO KOHTAKTHPYIOIIEH arpecCUBHOU Cpe[blL.
Kpome Toro, ormerum Tako# axrop, Kak pasHo3ep-
HHCTOCTb MHUKPOCTPYKTYpPbI [9], KoTOpas orpaskaer
IUCIIEPCUI0 pa3Mepa CTPYKTYPHBIX KOMIIOHEHTOB
MaTepuania.

OTHOCUTENBHO XJIOPCEPEOPAHOTO  BIEKTPoAa
OTIPEJIETISIIA  DIIEKTPOXUMHUYECKUH TMOTEHIHAT 006-
pasmoB crajgu 09I'2C ¢ pasiuIHBIMEH peXKUMaAMU
TepmoobpaboTku (puc. 3). OOpasibl cHAYANA IILIH-
doBanu, 3aTreM CTPABAWBAIM HAKIEMIAHHBIN II0-
BEPXHOCTHBIH cioi. BupHo, uto ¢ pocrom H, smek-
TPOXUMUYECKUH MOTeHIuan E yMeHbIIaeTcsa Ipak-
TUYECKU JUHENHO.

Ha pwuc. 4 npuBeneHbl 3aBHCHMOCTH IIPOJOJIb-
HOHU U IIONIEPEeYHON KOSPIIUTHUBHOU CUJIBI OT IJIUHBI
Tpy6st u3 cramu 091'2C. Ilo peskum nepenamam H,

Xr
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Puc. 2. 3aBucumocts MeKIy peIaKCaiMOHHOM MarHUTHON
BOCIIPUUMYHBOCTBIO ), ¥ KOPPO3UOHHOU yOBLIBIO Macchl Am
(72 1) nua cramu Y10

Fig. 2. Dependence between the relaxation magnetic sus-
ceptibility y, and corrosive loss of mass Am (72 h) in steel
U10
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Puc. 3. 3aBucuMOCTh 3IEKTPOXHUMHYECKOTO moTeHInana
0T KoapruTuBHOU cuibl H, qna obpasios cranu 0912C

Fig. 3. Dependence of the electrochemical potential E on
the coercive force H, in 09G2S steel samples
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Puc. 4. 3aBucumocTtu npoxonbHOI (2) u monepeuroit (1) Ko-
SpuuTUBHOH cuibl H, ot amuss! Tpy6st L us craxu 091'2C

Fig. 4. Dependence of transverse (1) and longitudinal (2)
coercive forces H, on the pipe length L (steel 09G2S)

(B mamHOM cirydae m0 1,60 A/cM) MOMKHO IIPOTHO3H-
pOBATh aHOMAJIBHYI0 KOPPO3WIO B pe3yJbTare BO3-
HUKHOBEHU MaKpoIap.

Omnpenenenue KOSPIUTUBHOM CHJIbI M pellakca-
[MMOHHOM MATHUTHON BOCIPUUMYHBOCTH HA IIPOTS-
SKeHHBIX M3J[eJUAX CTAHAAPTHBIMHU IPUOOpamMu Tpe-
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Puc. 5. 3aBucumocts yaenpbHOW KOPPO3UOHHOM yOBLIH
Am/S obpasmos cranu 45X B pacrBopax comsHou (1) u cep-
HOH (2) KHCIOT OT TeMInepaTtypsI otmycka 1,

Fig. 5. Dependence of the corrosion loss Am/S of steel sam-
ples in the solutions of hydrochloric (1) and sulfuric (2) acids

on tempering temperature T\,

OyeT HEOABI;KHOTO PACIIOIOKEHU ITpeobpasoBare-
JIA HA MTOBEPXHOCTH, YTO 3aTPYJHAET HEIPEePLIBHOE
crkanupoBanue. Takas mpo6ieMa OTCYTCTByeT NIpU
CHKaHUPOBAHUU OCTATOYHOM HaAMArHWYEHHOCTH II0JIS
pacceaHUs MPOTIKEHHOM HaMarHWYeHHOM II0JIOCHI
TI0 TTIoBepxHoCTH m3menus [20 — 22].

[l TOBBINIEHHUST TOCTOBEPHOCTH MATHUTHOTO
KOPPO3MOHHOTO KOHTPOJIT HEOOXOIUMO HCIIOIb30-
BaTh MHOTOIApaMeTpOoBbIH mmonxop [23], kak, Ha-
pUMep, IPYU TAPMOHUYECKOM aHAIN3e KBa3UCTATH-
YeCKUX IIeTellb TUcTepesuca [6].

Ha o6pasmax cramu 45X, sakamenubix ot 840 °C
B MacC/jIi0oO U OTIIYIIE€HHBIX IIPHU PAa3JIUu4YHbIX TeMIIe-
parypax, mpoBeau 96-4acoBble KOPPO3UOHHBIE WC-
IIBITAHUA B 5 %-HBIX pacTBOpax COJMIHOH u (mocie
umudoBaHus) cepHoit kucior [6]. Pesyabprars! mpu-
BeJIeHbI HA PHUC. 5.

Xom KPpUBBIX OTPaKaeT KOPPO3UOHHbBIE CBOMCTBA
Marepuanga IPH H3MEHEHHHW €ero CTPYKTYPHOTO
cocrossumsi (magenme B pgumamasome 200 - 400 °C,
Bemwieck mpu 500 °C, manee majeHre U TOIBEM).
OmHAKO MOCKOJBKY KOppeadiusa ciaabas, MexaHu3-
MBI PACTBOPEHHSA B KHCIOTHBIX Cpefax IPU PasHbIX

BapHANHMIX CTPYKTYPHO-(A30BOTO COCTaBA MaTepHa-
Jia pas3IuYHEI.

Ilo KOPPOBMOHHBIX WCIBITAHUHA C TIOMOII[BIO
crpykrypockora DIUS-1.15M Ha wucciexyeMbix
obpasrax MoIyJaiu IIeTIH MATHHUTHOTO THCTepPe3H-
ca, KoTopble c momoIbio Pypre-mpeodbpasoBaHUs
MPEICTABISINA B BU/Ie TapMOHUK A;, As, A5, A; (B oT-
HOCHUTENbHBIX EJUHUIAX). AMIUIUTYABI HEKOTOPBIX
FapMOHHUK YIOBJIETBOPHUTEIHHO KOPPEIUPOBAIH C
yIeIbHOU KOPPO3UOHHOM yb6buIbi0 Am/S (S — mmwio-
manb moBepxHocTH). Mcmomb3ys momxom, BE/IOYA-
OIUH Tepebop PasIHYHBIX KOMOMHAIIMI TAPMOHUK,
MOJIyYUIN YJIYUIIeHHYI0 (110 CPaBHEHHIO C TapMo-
HUKaMu A; U Az) KOPPENAIMOHHYI0 CBSI3b KOM-
IUIEKCHBIX TapameTpoB P; = (A;A3A;A)Y* u Py =
= (A§ +A52 +A72)1/2 ¢ Am/S (puc. 6) [6].

Bupgwzo, uto 00pasibl ¢ TeMIIepaTrypol TepMo-
obpaborru 800 °C BeImagaioT u3 o0IIel 3aK0HOMEeP-
HOCTH. JTO 00YCIOBIEHO (PA30BHIM IEPEXOOM TIPU
temueparype A, = 770 °C u mocru:xeHreM paBHO-
BECHOTO (epPUTO-TIEPIUTHOTO COCTOSHUSI MaTepua-
ma. OrMernM, 94TO MOAOOHOE COCTOSHHE JIETKO BHI-
SIBUTH C TIOMOIIBI0 TAKHUX [MapaMeTpoB, KaK TBep-
OCTb, HAMATHUYEHHOCTh HACBIIIEHUS, KOIPIIUTHB-
Hasg cuia u ap. [16].

KoHuTpoab Koppo3roHHOM aKTHBHOCTH C UCIOIb-
30BaHMEM MATHUTHBIX XaPAaKTEPUCTHUK MOKHO CBe-
CTH K 3ajadaM TEeXHHIECKOH MAHATHOCTHKH. Tak,
€CJTY aMILTUTYIbI TApMOHUK A, Az, A5, A; — ocu Ko-
OpIVHAT B HEKOTOPOM HPOCTPAHCTBE IIPHU3HAKOB
[24], To nmapamerpsl P; u Py, — QyHKIHH Ipeobpa-
30BAHUSI MPOCTPAHCTBA IIPHU3HAKOB B JHATHOCTH-
geckoe mpoctpaHcTBO [24]. Ilomoskenuwe B mocien-
HEM OTPaJKAET COOTBETCTBYIOIIYI0 KOPPO3HOHHYIO
axruBHOCTb (Am/S) obpasia.

3axarogeHue

Takum 06pasoM, HPOBeJEHHbIE HCCIETOBAHUS
IIOKa3ajay, 4YTO BO3MOKHO OIpefieieHue CKOPOCTH
KOPPO3UHM MAarHUTHBIMH METOZAMH II0 KOIPI[UTHUB-
HOH cuiie, peiaKCarluOHHOW MAarHUTHOW BOCHPUUM-
YUBOCTU ¥ TAPMOHUKAM Pa3JI0KeHUsI KBasucTarmuie-
CKOM MAarHUTHOHM meTyiu rucrepesuca. Ilpuvenenue

As P,
23 70

A " 6, (H2S04) P, 2
80 - - 50 60 -
70 4 l} * 500° (HCD | 5 ',:u‘ Tl
) S e | g :

e ST 10 A STl 30 A ~Te 0
30 1 TTe-€gIi-e A Ty (H2S04)
40 5 - . - 20 . . 40

1 2 3 4 0 0 0 300 40 s 1 2 3 4 0 0 20 30 40 50
Am/S, r/m2 Am/S, r/m2 Am/S, r/m2 Am/S, r/m2

Puc. 6. 3aBucumocTu aMmmiuTy s rapMoHuK Ag u Ay (@, 6) 1 KOMILIEKCHBIX TapaMeTpos P, u P, (8, 2) OT yAeIbHOM KOPPO3SUOHHOK
yobLTH Macebl Am/S o6pasios cranu 45X B pacTBoOpax COJISHOM U CEPHON KHCIIOT

Fig. 6. Dependence of the amplitudes of harmonics A; and A; (a, b) and complex parameters P; (c) and P, (d) on the specific
corrosion loss of mass Am/S of 45Kh steel samples in the solutions of hydrochloric and sulfuric acids
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IIPH aHajIW3e MarHUTHBIX CBOWCTB CTAJH MHOTOIIA-
pPaMeTpoBOTO IOAXO[Aa ¥ TPAAUIIMOHHBIX METOMIOB
TeXHUYECKOU MAUATHOCTUKHU I103BOJIIET IIPOTHO3U-
poBaTh CKOPOCTH KOPPO3UHU C JIOCTATOYHO BBICOKOU
TOYHOCTBIO.
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Ilepemensbie seKTpoAMHAMUYECKHE TIAPAMETPhI UCKYCCTBEHHBIX KOMITO3UI[MOHHBIX MaTepHa-
JIOB OIIPEJeIAI0T C IIOMOIIBI0 METO0B, KOTOPhIE IIO3BOJIAIOT OJHOBPEMEHHO HM3MEpATH B CBO-
GOZHOM TIPOCTPAHCTBE AUIIEKTPUIECKYI0 W MATHUTHYIO IIPOHWUIIAEMOCTH B IIHMPOKOM IIOJIOCE.
IIpu sTOM akTyanbHBI TaKue 3a[avi, KAK OTPAKEHHE DJIEKTPOMATHUTHON BOJHBI OT TPAHUIIHI
JUSTIEKTPHIYECKOTO CJI0 ¥ MOJIe/IUPOBaHKe CABUTA (pasbl OTPaKEHHOH BOJHBI OT ILTACTHHbI AH-
anexTpuka. B paboTe mpencraBieHbl pe3ynbTaThl HCCAEJOBAHUS BIUIHHUS DIEKTPOIMHAMMIIE-
CKUX ITApaMeTPOB MarepHaa Ha XapaKTEPUCTHUKY OTPAKEHHOM OT AUAIEKTPUIECKOH IJIACTHHBI
BonHbL [IprBeneHp! aHATUTHYECKHE BBIPAKEHUA M1 (Da3bl OTPAKEHHOM BOJIHBI IIPY IaJI€HUN
IJIOCKOM BOJIHBI II0J] YIVIOM K IUIACTHHE MaTepHasia ¢ IepeMeHHBIMHU 3JIeKTPOANHAMUIECKIMHI
napamerpamu. C HCIOIB30BAHMEM MATPHUYHOIO METOAA IOAyYEHBbI YPAaBHEHWSA [Uid pacdera
caBura d)aBbI OTpa}KeHHOﬁ BOJIHBI. yCTa.HOBJIeHO, YTO IJId IIagaloIuX BOJIH C BEKTOPAMHU 3JIEK-
TPUYIECKOTO IIOJIA, JEKAIUMHI B IUIOCKOCTH naneHus (TM-BomHBI) U NEPIEeHIUKYIAPHbIMU i
(TE-Bomnsbl), HAOIIONAETCSI CKAYOK CABUTA (DA3bI HA 7T IS SIEKTPIHYIECKOM TOJIIMHBI IUIACTUHBI,
KpPAaTHOM II0JIOBUHE [JIMHBI BOJHBI. AHAIOTMYHBIN CKAY0K (pasbl (PUKCHPOBAIHN B CIIydae majga-
rourest TM-Bonubl BOusu yria Bprocrepa. IlpemcraBien aHamns 4acTOTHBIX 3aBHUCHMOCTEMN
casura asbl, BRIOYABIINX CKAYOK CABUra (pasbl U MajieHrne aMIUIATYAbL HA YacToTe, a TaKKe
BIIMAHUSA IIOTEPH B MaTepuasie IVIaCTUHbI Ha CABUT (ba{ibI OTpaJKeHHOﬁ BOJIHBI. PeSyJIbTaTbI uc-
CIIeOBAHUS YTJIOBOY 3aBHCUMOCTH CABUTA (hasbl OTPAKEHHOMH BOIHBI OT IVIACTUHBI JUIIEKTPH-
Ka B obnactu yria Bprocrepa MOTyT GBITH HCIONB30BAHBI IPY PEIIeHHH IPUKIANHBIX 3334
DIIEKTPOJUHAMHUKY (HAIIpUMeED, IIPH paspaboTKe MIHPOKOIIOIOCHOTO IeJIEHTaTopa).

KaroueBsblie cioBa: [udIeKTpUdIecKas IIPOHUIIAEMOCTD; CABUT (has3; OTpasKeHHAs BOIHA; YOI
Bprocrepa; IIHPOKOIOIOCHBIH eJIeHraTop.
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OF A COMPOSITE MATERIAL ON THE CHARACTERISTICS
OF THE WAVE REFLECTED FROM A DIELECTRIC LAYER
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Variable electrodynamic parameters of composite materials are determined using the methods providing
simultaneous measuring of the free- space permittivity and magnetic permeability within a broad band.
Thus, the problems regarding reflection of an electromagnetic wave from the boundary of a dielectric layer
and modeling of the phase shift of the wave reflected from a dielectric plate become rather relevant. We re-
port the results of studying the effect of the electrodynamic parameters of composite materials on the
characteristics of the wave reflected from a dielectric plate. Analytical expressions are derived for the
phase of the reflected wave when an incident plane wave is oriented at an angle to the composite plate
with variable electrodynamic parameters. The matrix method is used to obtain the equations for calculat-
ing the phase shift of the reflected wave. It is shown that for incident waves with a vector of electric field
lying in the plane of incidence (TM waves) and normal to it (TE waves), a jump in the phase shift by 7z is
observed for the electric thickness of the plate multiple of the half-wavelength. A similar phase jump is ob-
served in the case of an incident TM wave near the Brewster angle. An analysis of the frequency
dependences of the phase shift, including the phase shift and amplitude drop at a corresponding frequency,
as well as data on the effect of losses in the plate material on the phase shift of the reflected wave are pre-
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sented. The results of studying the angular dependence of the phase shift of the reflected wave in the re-
gion of the Brewster angle can be used in solving applied problems of electrodynamics (e.g., when develop-
ing a broadband broad-band direction finding device).

Keywords: permittivity; phase shift; reflected wave; Brewster angle; broadband position finding device.

BBenenue

B coBpemenHOII pagMoOTeXHUWKE B TMOCIETHIE
TOABI IIUPOKO IPHUMEHSAIT HCKYCCTBEHHBIE KOMIIO-
BUIMOHHBIE MATEPHANIBI C [IEPEMEHHBIMH 3JIEKTPO-
nuHaMudeckuMu napamerpamu. OmpeneneHue Ta-
KHX IIapaMeTpoB BO3MOYKHO METOJAMHM, ITO3BOJIAIO-
[[AMU OJHOBPEMEHHO H3MEPATH B CBOOOIHOM IIPO-
CTPAHCTBE IUSJIEKTPUIECKYI0 U MATHUTHYIO IIPOHHU-
1IaeMOCTH MaTepHajIoB B IIUPOKOi mosoce [10 — 12].

Il coBepIIIeHCTBOBAHUSA METOIOB OIIpeiese-
HUS BIEKTPOAUHAMUYIECKUX IapaMeTPOB C HCIIONIb-
30BaHHEM (pa30BBIX WM3MEpPEHHH U  pacyeToB
[8, 12 — 14] meobXomMMO pEIlleHHEe TAKOW 3amadH,
KAk OTpPa/KeHHEe dJIEeKTPOMATHUTHBIX BOJIH OT TIpa-
HUIl auajiekTpumdeckoro cmosg [1-4]. IIpu stom
caBur paszbl OTPAKEHHOM BOJHBI OT ILIACTHUHBI JTH-
SJIEKTPUKA C YYETOM AUJIEKTPHUUYECKUX M MATHHT-
HBIX IIPOHUIIAEMOCTEH MaTepuaga W moreps [5 — 7]
AHATMBUPYIOT C TIOMOIIBI0 PACYETHOTO MOEIUPOBa-
HUA.

Ilenp paboTbl — wHccaeIOBAHKE BIUIHUA DJIEK-
TPOAMHAMHUYECKUX NIAapaMeTPOB MaTepuasia Ha Xa-
PAKTEPUCTUKN OTPAKEHHON OT IUIJIEKTPUIECKOTO
CJIOSI BOJTHBL.

MoaemupoBaHue OTPAKEHHON BOJIHBI

C ucronp3oBanveM MaTPUUHOTO MeToxa [1] ocy-
I[ECTBAAMN pacyeTHOe MomenupoBanue (puc. 1)
coBura (pasbl OTPAKEHHOW BOJHBI IIPH IIAJEHUU
IIJIOCKOM BOJIHBI Ha IUNTIACTUHY MOJUIJIEKTPHUEKaA IIOJ
yrioM a; (E — BEKTOp BIeKTPUIecKoro mojid, JIeKa-
IUH B ILUTOCKOCTH MAMEHUS BOJIHBI U3 CPeIbl C ITH-
DJIEKTPUYECKOM M MarHUTHOM IIPOHUIIAEMOCTSIMU

g1=1 p=1

< 1-a rparuna

. roy ot
£y = &5 tigy;
o 2 2 2

fiz = py +ip;

& 2-g TpaHUIA

R/' £5=1ps=1

Puc. 1. dnexkrpogunamMudeckas cxeMa 9KCIIepUMeHTa

Fig. 1. Electrodynamic chart of the experiment

e; = 1, 1; = 1 B cI0# c mapamMeTpaMu €, = g5 +1eh 1
—_ ! : ’
Hp = p +iph).
Jlyis MHOTOCIIOMHOM ILUIACTHHBI KO2(puIipeHT
OTPaKEHUS BOJIHBI COCTABUT

e (myy +mypq)q, —(my; +myyq,)

(myq +mypq))qy +(my; + m22q1)’

(1)

Tae q; = /U;/€; cosqQ; — JJId yria HajeHud o, Ha
rpanuiyy [ pasmena Mexny ciaoamu (mpu [ =3

q1 = q3).
JJ1s1 OMHOCIIOMHON ILTACTUHEI
. (myy +mypqy)q; —(myy +mgyq,)

(myq +mypqy)qy +(my; + mgqu)’

(2)

Tme myy; = Mgy = cosP, myy = —i(sinP/qy), mg =
= —iqqsin f3.
IIpu sTOM sMEKTPpUYECKAs TOMITHHA TIJIACTHHbBI

B=%1/s2u2d2 COS O,
0

rae dy — TOJNIIUMHA CII0sT; Aj — JJIMHA BOJHBI HA Yac-
TOTE U3MEpPEHHS.
Pasza oTpaKeHHON BOJIHBI

2q, cos o

tgBlcos? a; —q2)’

8, =—arctg 3)

Hcnonwsyss 3axkon CHemnmyca u mpepmosaras,
4T0 Wy =1, [AAA TPOJOABHON  ITOJIAPU3AIAU
(TM-BonHa, BEKTOP 3JIEKTPUYIECKOTO TIOJA JIEKUT B
IJTOCKOCTH TAJIEHUsA) [TOIydaeM:

qs

Bripaenue ams dassr orpaskensoi TM-BoaHbI

puoOpeTeT BUL:
2&,+/€, —sin? o, cos o
282 1 1 @)

o, =—arctg .
® tgP(e2 cos? o, —&, +sin? a;)

Ina nepnenmgurynsapHor mnoaspusanuu (TE-
BOJIHA, BEKTOP SJIEKTPHYECKOTO IIOJIS IIEPIEHIUKY-
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JApeH IJIOCKOCTH IameHus) (asa OTpamKeHHOH
BOJIHBI

2p, cos oy

tgp(cos?o; — p2)’

8., =-arctg 5)

rIe

cosay = » P2 = 4/€9

- 02 -
= /&4 —sin® o, p; = cosa;.
ITocme mofcTaHOBOK OKOHYATEIBHO 3AITHIIEM

2\/ey —sin? a; cos a; ©)

tgBcos? o, —&, +sin a,)

d,, =—arctg

p

Bunso, uto Bo Bcem pauamnasoHne M3MeHEHUH yriia
nagenus TE-BOJIHBI CKaYKOOOPA3HOIO H3MEHEHWUS
(aser He HabmOHaeTcs. Bmecre ¢ Tem us (4) cneny-
er, 4To B (pase orpa:kenHoi T M-BOITHBI CKAYOK IIPH-
CyTCTBYyeT B TOYKE HEOIPEIeIeHHOCTH (QYHKIIUN
arctg nmpu yciaoBUHN

2

€9

cos? a; —¢, +sin? a; =0, (7)
KOTOpOe BBINOTHAETCI IPH /€4 = tga;. ITO COOT-
BeTCTByeT yriay Dpiocrepa [2] mpm oTpakeHHU
TM-BOJHBI OT IJIACTHUHBI JUIJIEKTPHUKA.

Bropoii ckadok caBura asbl OTPAKEHHON BOJI-
HBI COOTBETCTBYET YCIOBUIO

tgB =0, (8)

KOTOPOE BBIMOIHIETCS (1 06euX MOJApU3aIiui):
1) B Toukax paspbiBa (yHKIuu arctg = *rm/2
(B 3TOM CiIy4ae apryMeHT paBeH +o):

tgBp=0wmmu B=nn (n=0,1, ..., N),

rae dy — TOJIIWHA TIACTHHBI,
2) mpu TONIUHE IIACTUHBI, KPATHON IOJIOBUHE
JJINHBI BOJIHBI:

Aot
d,= L — 9)
2,/e5 —sin® o

B ciyuae HopManbHOrO mazeHus asa oTpaskeH-
HOI1 BOJIHBI

22y (10)

O,y =0,, =—arctg —————.
tghle, — 1

p —

100

Casur ¢assl, rpan.

SIIeKTpI/I‘IeCKaH TOJIIUHA IIJIACTUHBI B JIJIMHAX BOJHBI

80 6

Casur ¢assl, rpaj.
1]
(=]
o
w
L
(]
s

100
Yactora nagaromedi pomuer, T

Puc. 2. Casur ¢aspl 0TpakeHHOH BOJIHBI B 3aBUCHMOCTH OT
BJIEKTPHUIECKOH TOJIIUHBI IIJIACTUHBI (@) ¥ 4acTOThI (6)

Fig. 2. Dependence of the phase shift of the reflected wave
on the electric thickness of the plate (a) and frequency (b)

IIpu sToM xapakrepHble 3HAYEHHUA COBUTA (Da-
3bl OTPaKeHHOUM BOJIHBI IIPU 3IEKTPUUECKOM TOJ-
uHEe IUIacTuHbl dy = 0, 7»0/(4@), ko/(Z\/g),
37»0/(4\/5) u 7»0/ €9 cocraBmgioT -17/2, 0, 1z/2, 0,
1z/2 coorBeTcTBEHHO. BuaHo, uTO caBur ¢asbl MeHs-
eTcsi CKaYK000pa3HO B TOYKAX, KPATHBIX II0JIyBOJIHO-
BOM DJIEKTPUYIECKOU TOJIIUHE TLIACTUHBL.

O6cy:xneHue pe3yabTaToOB

Ha puc. 2 npencraBieHbl pacdeTHbIE 3aBUCUMO-
cTH caBura (pasbl OTPAKEHHOW BOJHBI IIPH HOP-
MaJbHOM TaJeHUN BOJHBI HA IJIACTHHY W3 KBapIle-
BOTO CTEKJIA C [UIJIEKTPUIECKOU ITPOHUIIAEMOCTHIO
gy = 3,81 6e3 yuera AMDIIEKTPUYECKUX IIOTEPh (TaH-
reHC yriia QuajieKTpudecKkux morepb tgd = 0). Bun-
HO, YTO TIPY TOJIIAHAX, KPATHBIX [TOJIOBUHE JJIHHBI
BOJIHBI, ¥ Ha COOTBETCTBYIOIIUX YACTOTAX, HA KOTO-
pbix yHKIHUA arctg TEpnuT paspbiB, CABUT (PA3bI
MEHIEeTCS CKaYK000pasHo Ha 77.

AnanuTnyecKkue BHIPAKEHUA A pacdera ¢pas3bl
OTPaKEHHOU BOJIHBI IIPUBEIEHBI [JIA MATEPHAJIOB
6e3 moreps. [lusmeKTpudecKrie 1 MAarHUTHbBIE TIOTe-
pu B MaTepuaje MOKHO YIECThb C IIOMOIIBI0 YHCIIeH-
HOTO PacueTHOTO MOJETUPOBAHUA HEIIOCPE[CTBEHHO
o dpopmyute (1).

Ha puc. 3 npuBeneHbl pacyeTHble 3aBHCHMOCTH
caBura (pasbl OTPAIKEHHOM BOJIHBI IIPU HOPMAIHHOM
nmagenun 1aockoir TM-omubl (€5 = 3,81) or siek-
TPUYECKOHM TOJIIUHBI IUIACTUHBI IIPU PA3IHYHBIX
BeJIMYMHAX TO0TEeph B Marepuajie. BugHo, 94T0 B 006-
JIACTH IIOJIYBOJTHOBOU TOJIIIMHBI IIPOUCXOIUT CKAYOK
aser Ha 77, AHATOTHYHBIN CKAYKy, HAGII0IaeMOMY
IIPU OTPasKeHUU BOJIHBI, IANAIOINIENd Ha IUIACTUHY
oz yriioMm Bpiocrepa.
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Cxsur dassr, Tpaji.

SJISKTpI/I‘-IeCKaﬂ TOJIIIIHHA IIJIACTUHBI B JJIMHAX BOJTHBI

Puc. 3. 3aBucumoctu casura assr orpaxkeHHoN TN -BOTHBI
OT 9JIEKTPUYECKON TONI[HUHEI IJIACTHHBI IIPY ITOTEPIX B MaTe-

puare tgd = 0 (1), 0,01 (2), 0,1 (3), 1 (4), 10 (5)

Fig. 3. Dependences of the phase shift of reflected T'M-
wave with parallel polarization on the electric thickness of
the plate at losses in the material tan = 0 (1), 0.01 (2), 0.1
(3),1(4),105)
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OTkI0HEHHUe cABUTA
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Baektp B AVIHHAX BOAHBD

OTkI0HEHHUe cABUTA
dassl, rpazx
=
da

0 0.05 0.1 0.15 0.2

DNeKTPHEECKAR TOMIIHHA TUTACTHHEL B JTHHAX ROTHRD

Puc. 4. 3aBucumocTu OTKIOHEHUH caBUra (asbl OTpaskeH-
HOH BOJIHBI OT U3MEHEHHS DIIEKTPUIECKOH TOIIIHHEI ILIACTH-
vl B quamnasonax 0-1 (a), 0,46 — 0,54 (6), 0-0,3 (8) pu
e, = 3,81 (1) u 6,25 (2)

Fig. 4. Dependence of the deviation of the phase shift of the
reflected wave on the electric thickness of the plate within
different ranges 0 -1 (a), 0, 46 -0, 54 (b), 0-0, 3 (¢) for
g, = 3.81 (1) and 6.25 (2)

Ha pwuc. 4 npeacrasieHbl MOJeIbHbIE PACYEThI
MaKCHMAaJIbHOTO OTKJIOHEHWs cAaBura ¢asbl oTpa-
JKEeHHOM BOJIHBI (HOpMajabHOe ITafieHHe) B 3aBUCHUMO-
CTH OT DJIEKTPHUIECKOU TOIIIUHBI INIACTUHEI B 0JIAX

Te 1 STT Phase 30,007 2007 TR STT Logh 60000 _AB0dh
m 1 A6 G 075
2 102081 CHe 670 "
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10.50 "‘H\
i
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Puc. 5. Yacroruble 3aBucumoctu casura ¢assl (1) u ammiu-
TyzbI (2) OTpaKEeHHOM BOTHBI

Fig. 5. Frequency dependences of the phase shift (1) and
amplitude (2) of the reflected wave

OJIMHBI BOJIHBI IIPHU OUIJIEKTPUYECKHUX IIOTePax
tgd = 0,0001 -0,1.

Bugwo, uro mpu npubIMIKEHWH TOJIUHBI T4
CTUHBI K IIOJyBOJHOBOH BeNIWYWHE OTKJIOHEHHS
caBura (pashl BO3pacTaioT (P IIOJIYBOJIHOBOM TOJ-
IUHEe OHU MUHUMaIbHbI). [Ipu yMmeHbilleHUU TOJ-
IIHHbI MaKCHMAJIbHbIE OTHKJIOHEHHSI CHHKAIOTCA,
JOCTUTAA MUHUMYMA TIPH SJIeKTPUIECKUX TOIIIHHAX
MeHee 1/4 pnuwubl BosHBL. TakuMm 00pasoM, BIUIHEE
(ha30BBIX UCKAKEHWH, CHHKAIOIINX TOYHOCTD OIpe-
IeJeHUs BIEKTPOAUHAMUYECKUX IIapaMeTpoB Ma-
TEPUANIOB C TIOTEPAMHU, MOKHO YMEHBIIUTH, UCIOIb-
3ys INJIACTUHBI COOTBETCTBYIOIIEH 3IEeKTPUIECKOMN
TOJIIITHIHEI.

qaCTOTHI)Ie 3aBHCHMOCTH CABHIa d)a3bl u aM-
IUIATYAbl OTPAIKEHHON BOJHBI (HOpMAalbHOE maje-
HEe), TOJyYeHHbIe C IOMOIIbI0 BEKTOPHOTO aHAJIH-
3aTopa Iene, IpuBeaeHbl Ha puc. 5. Bumwmo, uro Ha
4acToTe, COOTBETCTBYIOIEH IIOIYyBOJIHOBOM 3IIEK-
TPUYECKOW TOJIIMHE IUIACTHHBI, HAOm0IaeTca ma-
IeHHe aMIUIATYAbl OTPAMKEHHOM BOJHBI M CKAYK000-
pasHoe u3MeHeHue cABUra hashl MEKIY IamaroIei
%8 OTpa?IceHHOfI BO/JITHAMHU Ha BEJIUYUHY 7T.

Haxnon kpuBoii yriioBo#l 3aBHCHMOCTH CABHTa
dasser orpaskennoit TM-BosubI B 061acTu yria bpio-
cTepa oIpenenseTcd TAHTEHCOM yIyia AUIIEKTPH-
yeckux morepb [6, 7]. HakmoH KpHBOM 4acTOTHOM
3aBHCHMOCTH CABHUTA (pasbl B 00JIACTH YACTOTHI, CO-
OTBETCTBYIOIIEH JJIeKTPUIECKON TOJIIUHE TIJIaCTH-
HBbI, KpaTHOfI IIOJIOBHHE OJINHBI BOJIHBI, TAKKE 3aBH-
cut ot tgd. OgHako B oTaMYMe OT Ciaydas Maaaio-
et TM-BoaHBI Ton yriioM Bpiocrepa, Kak ciaemyer
u3 (8), 3T0 CcIpaBefINuBO AT 00EUX IOIIPHU3AIIUH.

Hcrronb3yst yrioBble 3aBHCHMOCTHA AMILIATY/IBI
u caBura pasbl OTPAKEHHOM BOJIHBI, MOMKHO cop-
MUPOBATH XaPAKTEPUCTUKU IITHPOKOIIOIOCHOTO IIe-
JIeHTaTopa.

Ha pwuc. 6 mokasaubl pacueTHble yIJIOBbIE 3a-
BHCHMOCTH CABUTA (pasbl OTPAIKEHHON BOJHBI MIPU
mafieHuH Wwiockoi TM-BOHEI HA IUIACTHHY U3 I1JIAB-
meHoro KBapra (e, = 3,81) 6e3 morepp (tg6 = 0)
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Puc. 6. YrimoBble 3aBuCHMOCTH cABUTa (Pasbl OTPAKEHHOH
BOJIHBI TIPH TTafieHuu maockoi TM-Bonus! B6au3u yraa Bpioc-
Tepa 1ns gacror 1 (1), 5 (2), 10 (3), 15 (4), 20 (5), 25 (6) u
30T (7)

Fig. 6. The angular dependences of the phase shift of the
reflected wave for different frequencies 1 (1), 5 (2), 10 (3), 15
4), 20 (5), 25 (6), 30 GHz (7) when the angle of incidence of
a plane TM- wave is close to the Brewster angle

BOu3u yriia Bprocrepa mpu pasiHYHBIX YaCTOTaX
JUIs TOJIIUHBI ILUIACTHHBI, cooTBercTByMomein 1/30
muuasl Boaasl Ha 10 I'T'n. Bugwso, uro 3aBucumocTn
COOTBETCTBYIOT IIEJIEHTAIIMOHHON XapaKTEePUCTUKE,
Ha OCHOBE KOTOPOH MOKET CO3[aBaThCS IIMPOKOIIO-
JIOCHBIH IIeJIEHTaTop.

YriaoBasg 3aBUCHMOCTH COBHUTa (Pasbl OTPAIKEH-
HOI BOJIHBI Iipu ntazieHnu T M-BOJIHBI HA TUDIEKTPH-
YeCKyI0o IJIACTHHY Hoj yrioMm Bprocrepa Mo:KeT ciy-
SKATH MCTOYHHUKOM HH(OPMANWU 00 YIIIOBOM II0JIO-
skeHnu o0berra (menu). [Ipu sToM maHHBIE MOIy4a-
0T, U3MEPSas COBUT (pasbl MeKAy BOJHAMH, OTpa-
JKEeHHBIMH OT IIEJIH.

OrMeruMm, uYTO Tpu paspaboTKe IejeHraropa
MOJGKHBI BBIMTOMHATHCS CIIEAYIOIIHE TOCTYIaThl MO-
HOUMILYJIbCHOM pamuosokamnuu [15]: 1) yrimosas uH-
opmarus mocTyaer B BHjie OTHOIIEHNS U HE 3aBH-
CUT OT abCONIOTHOTO YPOBHSA aMILIHTY] IIPUHATHIX
CUTHAJIOB; 2) W3MepseMoe 3HaueHue caBura (asbl
TIPH TIEPEXO0/ie OT MOJIOKUTETHHOTO K OTPHUIATETHLHO-
My IPHUXOIY BOJHBI MEHSETCS HA 00paTHOe, TAK KaK
yIyioBasg 3aBHUCHUMOCTH CABUTA (pasbl CHMMETPHUIHA
OTHOCHUTEIFHO PABHOCUTHAJIBHOTO HAIPABIEHHUST;
3) yraoBas 3aBUCHUMOCTH CABUTA (has3bl OTPAKEHHOU
BOJMHBI (KaK IIeJIeHTAIlMOHHAS XapaKTepPUCTHKA
YIJIOMEPHOH CHCTeMbI) — HedeTHAs [eHCTBUTE]Ib-
HasA (QYHKIUA yriia TPUX0/a BOIHBI OTHOCHUTEIHHO
PaBHOCUTHAJIIFHOTO HAIIPABIIEHUA, COBIIAAOIIETO C
yriaom Bprocrepa (M1u aHATIOTHIHOTO €My ITI0 IIPOSB-
JIGHHUIO I TIOJIyBOJHOBOM IIJIACTHHBI B COOTBETCT-
Buu c (8)).

YTI0ByI0 3aBUCHMOCTDH CABUTA (pas3hl OTPAIKEH-
HOU BOJIHBI MOKHO HCIIOJIb30BaTh IJIA yIPABIEHUS
TIOJIOKEeHMEM aHTeHHOM CHCTEeMbI B IIPOIlecce IMeieH-
TOBAaHHSA WM ABTOMATHYECKOTO COIPOBOKIEHUS.
Kpowme Toro, manmsie mo oTpaKeHHOH BOJIHE OT Iia-
CTUHBI C 3JIEKTPUUECKOU TOJIINHON, KPATHOM II0JIO-
BHUHE J[JINHBI BOJHBI, JAI0T BO3MOKHOCTH CO3[aBaTh
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Cusur ¢assi, rpan.
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IajamIney BOJIHbI, Tpaj.
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Yacrora negenranus, [Ty

Yron OpHUeHTaIluu

Puc. 7. PacueTHbie 3aBuCHMOCTH caBUTA (Pa3bl OTPAKEHHOM
BOJIHBI OT yIJIA TIaJIeHus BOJIHBI (@) U yTiia OPUEHTAIUH Taaa-
IOII[eld BOJTHBI OT YACTOThI ItesieHranuu (6)

Fig. 7. Calculated dependences of the phase shift of the re-
flected wave on the angle of incidence (a) and angle of orien-
tation of the incident wave on the frequency of direction
finding (b)

repecTpauBaeMblii II0 YacToTe IeieHraTtop (s
obenx IMOIAPU3AIIUI) HA OCHOBE IOJYYEeHHOH (haso-
BOH IIEJIEHTAI[MOHHOM XapaKTePUCTUKH.

Ha pwuc. 7 gna saeKTpUdecKod TOIITHUHBI ILIa-
cruubl (g5 = 3,81, tgd = 0), KpaTHOH IIOJOBHHE
IJIMHBI BOJIHBI, IIpEACTaBJIEHbl paCdyeTHbIE 3aBH-
CHUMOCTH CIBHUTA (Pa3bl OTPAKEHHON BONHBI (06ast
MOJIAPU3AIHs) OT yTIJa MafeHus BOJIHBI U yIiia OPH-
eHTaIlMU IIafalolleld BOJHBI OT YaCTOThlI IIeJIeH-
ranuu (1mens pacmonokeHa mox yraom 30° oTHOCH-
TENbHO IUIACTHHBI). BHIHO, YTO TpW uU3MEHEHUH
yIiia majieHusi BOMHBI MIeJIeHraTop IIepecTpanBaeTCs
T10 9acToTe.

3akJIrouyeHue

Takum o6pasom, pacueTHOe MOIEIHPOBAHUE
caBura (pasbl OTPAKEHHOH OT IHUIJIEKTPUIECKOH
IJIACTHHBI C IEPEMEHHBIMHU 3JIeKTPOINHAMUIECKH-
MU XapaKTePUCTUKAMHU BOJHBI MO3BOJIAET HCCIIEI0-
BaTh II0OBEJEeHNE BO/JIHBI IIPHU UBMEHEHHUHU dJIEKTpUuYe-
CKOH TOJIIIUHBI [LIACTHUHBI JJIS MATEPHAJIA C II0TePs-
MH. YCTAHOBIIEHO, YTO CKAYOK CABHUTra (Pasbl MIJId
ILIACTHHBI II0IyBOJTHOBOM 3I€KTPHUUYECKON TOMIIMHEI
coCTaBJIdeT 77, a aMIIUTy[a I1afaeT 10 MUHUMyMA.
ITony4yenuble HA OCHOBE aHAIW3a AMILIHTYIHO-(a-
30BBIX YACTOTHBIX XaPAKTEPHUCTUK OTPAKEHHOMN BOJI-
HbI Pe3yJabTaThl MOKHO HCIIOIb30BATh IIPH CO31a-
HUY [ITAPOKOITOIIOCHOTO TIEJIEHTaTOPa, JJI KOTOPOTO
BBIMOJIHAITCA IIOCTYJIATHI MOHOUMILYIbCHOM Pairo-
JIOKAIIHH.
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The history of appearance and the current state of instrumented indentation are briefly described. It is
noted that the materials instrumented indentation methods using a pyramid and ball indenters are ac-
tively developing and are currently regulated by several Russian and international standards. These stan-
dards provide formulas for calculating the Young’s modulus and hardness at maximum indentation load.
Instrumented indentation diagrams “load F — displacement a” of a ball indenter for metallic materials
were investigated. The special points on the instrumented indentation diagrams “F — a” loading curves in
the area of elastic into elastoplastic deformation transition, and in the area of stable elastoplastic deforma-
tion are revealed. A loading curve area with the load above which the dF/da begins to decrease is analyzed.
A technique is proposed for converting “F — a” diagrams to “unrestored Brinell hardness HB, — relative
unrestored indent depth #/R” diagrams. The elastic and elastoplastic areas of “HB, - ¢/R” diagrams are de-
scribed by equations obtained analytically and experimentally. The materials strain hardening parameters
during ball indentation in the area of elastoplastic and plastic deformation are proposed. The similarity of
“HB, —t/R” indentation diagram with the “stress o — strain §” tensile diagrams containing common zones
and points is shown. Methods have been developed for determining hardness at the elastic limit, hardness
at the yield strength, and hardness at the ultimate strength by instrumented indentation with the equa-
tions for their calculation. Experiments on structural materials with different mechanical properties were
carried out by instrumented indentation. The values of hardness at the elastic limit, hardness at the yield
strength and hardness at the ultimate strength are determined. It is concluded that the correlations be-
tween the elastic limit and hardness at the elastic limit, yield strength and hardness at the yield strength,
ultimate tensile strength and hardness at the ultimate strength is more justified, since the listed mechani-
cal characteristics are determined by the common special points of indentation diagrams and tensile tests
diagrams.

Keywords: instrumented indentation; ball indenter; hardness; mechanical characteristics; indentation
diagrams; strain hardening.

the form of separate sections, inflection points or
fractures.

A new stage in the indentation hardness test
began with the appearance of the devices and
methods, which allow obtaining the “load - dis-
placement” diagrams. This type of indentation test
was known as “instrumented indentation.” Earlier
in Russia, another expression was proposed — “ki-
netic indentation.” This term is substantiated by
the fact that during such type of indentation it is
possible to obtain information about the kinetics
processes of material deformation under loading
and unloading processes. When an indenter is
loaded, the material experiences elastic and
elastoplastic deformation. For low plasticity mate-
rials, the elastoplastic deformation stage can trans-
form into the fracture stage and cracks around the
indent will be formed. All elastic, elastoplastic de-
formation, relaxation and fracture processes are
shown on the instrumented indentation diagram in

Based on the literature analysis it can be noted
that the information about instrumented indenta-
tion diagrams and first devices was first introduced
in 1952 - 1953 by P. Grodzinski [1, 2], 1967 — 1968
by G. N. Kaley [3, 4], 1970 — 1972 by M. P Marko-
vets and his colleagues [5-7], 1971 -1975 by
V. P Alekhin, S. I. Bulycheyv, et al. [8 — 10].

In these publications were demonstrated in-
strumented indentation diagrams, which were ob-
tained by using various shapes of the indenter
(ball, pyramid, and cone) in macro- and micro in-
dentation scale. In subsequent years, the instru-
mented indentation test was developed based on
more advanced means of information measuring
and computer technology. It became possible to ob-
tain an indentation diagram in the nano scale,
which is necessary for measuring the mechanical
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Fig. 1. Ball indentation diagram “F — a” with loading and
unloading curves

properties of materials surface layers, coatings, and
thin membranes. These achievements are de-
scribed in a lot of scientific articles and mono-
graphs, for example, in [11 — 19].

Nowadays the instrumented indentation meth-
ods by using a pyramid and ball indenters are regu-
lated by several standards [20 — 24]. These stan-
dards present methods for determining the hard-
ness and elastic modulus using the instrumented
indentation diagram, but in the Russian standard
[21] additionally are provided recommendations for
converting the ball instrumented indentation dia-
gram in the coordinates “load — displacement in-
denter” to a tensile diagram in the coordinates
“stress — strain.” However, in the practical use of
existing standards, difficulties may occur during
instrumented indentation diagrams analysis and
determination of the hardness and elastic modulus
for materials with an unknown level of physical
and mechanical properties. In addition, the deter-
mination results of these mechanical characteris-
tics, especially the elastic modulus, strongly depend
on the device elastic compliance. Therefore, many
methods have been proposed to evaluate the device
elastic compliance, each of these methods has its
advantages and disadvantages [22, 25].

The primary instrumented indentation dia-
gram with ball indenter in the coordinates “load
F - indenter displacement a” can be converted to a
diagram in the coordinates “contact stress — con-
tact strain” [19]. This diagram allows developing a
more reasonable method for converting it into a
tensile diagram in the “stress - strain” coordi-
nates. However, in this case, it is necessary to have
a reasonable relationship between the indentation

strains and the tensile strains by taking into ac-
count the physical, mechanical and geometric simi-
larity conditions. At the same time, it is important
to study the indentation size effect which impacts
on the mechanical characteristics of materials.
Such characteristics can be evaluated by tensile
and indentation methods [19].

It should be noted that the undiscovered pos-
sibilities of ball-instrumented indentation can ex-
pand the range of mechanical characteristics,
which can be determined by indentation diagrams.

Based on this, the paper presents the research
results of regularities and characteristics of ball in-
strumented indentation diagram for structural ma-
terials with different mechanical properties and
proposes new methods to convert these diagrams
and use them to determine the elastic modulus,
strain hardening parameters and hardness charac-
teristics at different stages of elastoplastic defor-
mation.

Figure 1 shows a ball indentation diagram “F —
a” with loading and unloading curves. Authors con-
sider that complete indentation diagrams include
elastic and elastoplastic deformation areas with an
excess of the indentation load at which an inflec-
tion occurs in point b, and then a decrease in the
dF/da also occurs.

This diagram represents an instrumented in-
dentation diagram for metal with medium hard-
ness and plasticity. The initial part of the diagram
oa corresponds to the elastic deformation area of
the tested material, the indenter and other loaded
parts of the device. The elastic area ends in point a,
with a load F, = F,; and a total elastic displacement
is (0, g-

After a complete unloading, the unloading
curve of the indentation diagram coincides with
the loading curve and returns to zero. However,
if the indentation diagram “F —a” is registered
with ball diameter D = 1 — 10 mm, the elastic area
is difficult to identify because of its small extent.
For this, larger diameters of indenters are required
D if the typical medium hardness materials are
used. Figure 2 shows the elastic region of the ball
instrumented indentation diagram (D = 15 mm)
“F — a” for 356KhVFYuA steel. This diagram was re-
corded by an Instron 5982 machine. The loading
and unloading curves of this diagram coincide
(shown by arrows), which confirms the presence of
only elastic deformation. In Fig. 2 by a dashed line,
another indentation diagram is also shown in coor-
dinates “load F' - elastic displacement a,.” The
elastic displacement q, consists of the elastic defor-
mation of both the tested material and the ball.
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This diagram “F - a,” reproduces the theoretical
dependence of H. Hertz [24]:

05
F= 4R ald =a,ald (1)

2 1_v2 0 0
3| 1 Vm 27V
E E,

05
a, = AR (2)

0 3(1—\/?” . 1—V,~2]’
E,, E,
R — the indenter radius, v,, and v; are the Poisson
ratios, E,, and E; are elastic modulus of the tested
material and the indenter.

The large difference in the arrangement of
curves I and 2 in Fig. 2 is caused by the strong in-
fluence of the device elastic compliance. If curve I
includes the elastic deformation of the ball and the
tested material, then curve 2 add elastic deforma-
tions information of the device component.

Therefore, for accurate determination of the
tested material elastic deformation, it is necessary
to take into account the device elastic compliance.
The authors of this paper used various existing
methods for evaluating the device elastic compli-
ance. Based on the obtained experience, a new
method was proposed [25], which is based on
H. Hertz equation (1), the meaning of which is il-
lustrated in Fig. 2. While the load F' increases,
Aa = a,; — a, rises too. Between Aa and F there is a
clear dependence, which is special for each device.
Therefore, knowing this dependence at any given
load F, Aa can be determined.

It should be noted that the elastic modulus,
which is determined by the diagram “F - a,” is con-
sidered to be a criterion for the accurate evaluation
of the device elastic compliance. If the elastic mo-
dulus values, which are determined by indentation
and tensile methods are the same or close enough,
so this confirms about the correctness of the se-
lected method for estimation the devise elastic
compliance.

With a small excess of the load F, (Fig. 1),
a smooth bending of the loading curve occurs in the
transition zone a — a; from elastic deformation into
elastic-plastic, and after completely unloading, the
unloading curve will not return to the zero due to
the small plastic deformation. In the transition de-
formation zone on the loading curve, there is a
point at which the load F), corresponds to the yield
strength with a given limit for residual deforma-
tion (see Fig. 1).

With an increase of the indentation load to F3,
the intensive hardening of the tested material oc-
curs, which is confirmed by an dF/da increasing.

where

200

180 ~
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140 -~

Z 120

= 100
-

g 80 -
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Fig. 2. Indentation diagrams “F - a,” (I) and “F -q,” (2)
in the elastic region of ball indentation (D = 15 mm) for
35KhVFYuA steel

However, in region b -b;, the loading curve
becomes almost straight, and the dF/da remains
constant. The extent of the region b — b, can vary
greatly for different materials. It was found that
with growing the ultimate uniform deformation of
the tested material, this section also increases. For
materials with a small ultimate uniform deforma-
tion (less than 3%), the length of section b -b;
becomes insignificant, and the points b and b, are
almost coincide.

As the indentation load rises to F};, another
smooth bend of the loading curve occurs, and the
dF/da begins to gradually decrease. At the end of
the diagram “F — a” when F = F,, the total elasto-
plastic indenter displacement a, is:

a. = hc + (Qel)c + (Aqel)c’ (3)

where h, — residual indent depth, which is inde-
pendent of the device elastic compliance; (a,), =
= q, — h, — elastic component of the general elasto-
plastic indenter displacement; (Aa,;). — additional
elastic deformation of the device at load F..

A similar separation of the general indenter
displacement can be performed for points b and b,
by complete unloading. Figure 3 shows the dia-
grams “F —a” for several different structural ma-
terials.

These diagrams were obtained by ball instru-
mented indentation with a diameter D = 1 mm, be-
cause of this the elastic regions are very small and
impossible to distinguish and the inflection of the
loading curve in point a is also very difficult to
identify. At the same time, if the presence of inflec-
tion in point a can be explained by the transition of
elastic deformation into elastoplastic, then the in-
flection in point b requires a separate explanation
and experimental basis. It can be assumed that as
the load increases to F), more significant elastic
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Fig. 3. Indentation diagrams “F — a” for several materials:
1 — AMTs; 2 — EP17; 3 — 356HVFYuA; 4 — EI474

pressure of the ball occurs, which changes ball
geometry and radius in the contact area. However,
experiments show that the load values F} can vary
greatly for different materials at the same R. For
example, when ball instrumented indentation with
R = 0.5 mm was carried out on an AMTs magne-
sium alloy with a hardness 35.5HB, the load F}, was
49 N (5 kgf) and for 35HVFYuA steel with a hard-
ness 325HB, the load F), reached 1177 N (120 kgf).
When a load is 49 N (5 kgf), the elastic pressure of
the steel hardened ball is negligible and it cannot
affect its geometry. The presented data indicate
that the geometrical factor, as the cause of inflec-
tion in the point bl in the diagram “F - a” is ex-
cluded. Consequently, when point b, is reached, the
elastoplastic deformation stability is violated and
then a decrease in the material hardenability is
occurred, which leads to a decrease in the dF/da.
Furthermore, as will be shown below, at a load F' >
> F,, the Brinell hardness values begin to de-
crease.

Convert of diagrams “F - o”
to diagrams “HB, - t/R”

Indentation diagrams “unrestored Brinell
hardness HB - relative unrestored indent depth
t/R” allow more reasonably to establish their rela-
tionship with tensile diagrams “conditional stress
o0 — conditional relative elongation 6” [19]. Con-
sidering that, the ratio #/R characterizes the aver-
age contact deformation and HB, is the average
contact pressure when the ball is pressed in, then
the analogy between the diagrams “HB, — ¢/R” and
“0—38” is clear. The main goal in converting the
“F —a” diagram to the “HB,-t/R” diagram is to
determine the unrestored indent depth in the elas-
tic and elastoplastic indentation areas.

In the elastic indentation area on the part oa,
the elastic indent depth ¢, is:

ta = Y(ag), 4)
wherey = E,/(E; + E,,).

When E; = E,, so y = 0.5, and ¢,; will be equal
to:

ty = 0g/2. (5)
In the elastoplastic indentation area ¢ is:
t=h+ yla-h), (6)

where y(a — ) — the elastic component ¢, h — the
residual indentation depth.
When E; = E,,, equation (6) takes the form:

t=(a+h)2 (7

Thus, to determine ¢ at a given load F; it is nec-
essary to know E;, E,,, a, and k. Having the elastic
part of the diagram “F —a,” E,, can be calculated,
based on equation (1). For this, it is additionally
needed to know v; and v,,. If E,, is unknown, the
elastic area of the diagram “F — a” cannot be clear-
ly identified, so to determine the E,,, the elasto-
plastic area of the diagram “F —a” can be used
with the determination of the elastic component a,,
at a final load F. Before it, a complete unloading
must be performed to determine h. However, in
this case, a,; will be different from a,, which is cal-
culated by equation (1) due to the influence of plas-
tic deformation. This influence can be taken into
account by the correction A [26]:

o U3
s =(1 + J . (8)
Ay
Then
(10 = A(Iel. (9)

From (1), with considering (8) and (9), it is possible
to obtain [27]:

B - 1-v2
" 4o-hyRa+h) 1-vI

3F E.

13

(10

Experiments, which were performed on steels,
aluminum, magnesium, and titanium alloys
showed that the relative digression of the E,,
values, which were determined by the indentation
method by equation (10) and tensile method on the
same sample does not exceed 10% [25].

For determining the A values at each point of
the elastoplastic part of the diagram “F - a,” two
methods can be used. The first method consists of
repeatedly loading the indenter to different loads
and then unloading it. Figure 4 shows a step dia-
gram of ball indentation for steel 45 with repeated
loading and complete unloading. The more loading
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Fig. 4. Step diagram of ball indentation for steel 45 with
loading and unloading curves (D = 1 mm)

and unloading stages are obtained, the greater the
number of & values will be determined.

There is also another method for determining
h. It is known that at a certain initial part of the in-
dentation plastic region when a ball is used, a lin-
ear dependence between F and A is observed, which
was first established by A. Martens. According to
this, by extrapolating the dependence to small
loads and indent depths, it passes through the ori-
gin. However, according to [26], for some materials
with such extrapolation, the straight line may not
pass through the origin, cutting off a very small
section along the F axis. At the same time, based
on research results, which were performed earlier
by the authors of this article [28] and in the pres-
ent work for metallic materials with various me-
chanical properties and microstructure, the extrap-
olated straight line passed clearly through the ori-
gin, which allows it to be described by A. Martens
equation:

F = kh, (1D

where k£ — constant-coefficient for the tested mate-
rial, which characterizes its hardenability in the in-
dentation plastic area.

Figure 5 shows diagrams “F - h,” which were
obtained by the step diagrams “F — a” for three dif-
ferent samples from steel using an Instron 5982
machine. The dashed lines indicate the extrapo-
lated linear sections in the lower part of the dia-
grams, which pass through the origin, as well as in
the upper part of the diagrams.

At the same time, as the indentation load in-
creases in the area of development plastic deforma-
tions, the curvature of straight lines occurs, which
is accompanied by a decrease in the coefficient k.
Our experiments showed that the relative residual
indent depth A/R, at which the straightness of the

1600 1
1400 -
1200 -
Z 000 1
800 1
600 1
400
200 1
0

&

0 0,03 0.1 0.15 0.2
Residual indent depth 4, mm

Fig. 5. Indentation diagrams “F — h” in the plastic region
for materials: I — 10Kh18N10T; 2 — 25Kh2MFA; 3 —
EI474: (R = 0.5 mm)

diagram “F - h” is violated, the greater is, the
higher the ultimate uniform deformation when the
sample is broken. For steel 10Kh18N10T with high
uniform deformation, the straightness of the dia-
gram is maintained up to #/R ~ 0.35. In addition, it
was found that for the tested materials, the maxi-
mum load to which the straightness of the diagram
“F—h” is saved is close to the load, which corre-
sponds to point b in the “F —a” diagram (Fig. 1).
Therefore, by determining A at the load F,; <
< F <F,, the coefficient k£ for the tested material
can be found and then use to determine A for any
given load in the interval F,,; — F}.

It should be noted that the coefficient & de-
pends on the indenter radius; when the same mate-
rial is tested if the R decreases, the & will decrease
too. However, if % is expressed from equation (11)
and then is divided by R, then the hardening pa-
rameter g will be obtained, which remains constant
at macro indentation levels with different R:

_F
hR’

If ¢ is divided by the elastic moduli of the tested
material E,,, the dimensionless strain hardening
coefficient ¢’ will be obtained in the plastic defor-
mation area:

q (12)

_F
hRE,

]

(13)

q

Thus, the residual indentation depths at given
loads F' in the interval F,; — F, can be calculated
from q or ¢':

F F

== . 14
qR qE, R (14

In the elastic indentation area oa, the load de-
pendence F on elastic indentation depth from (1)
and (4) is given by:

F =c,t5 (15)

el ?

where ¢; = qy/y.
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Fig. 6. Indentation diagrams “HB, — t/R” (a) and tension diagrams “oc - §” (b) for different materials: 1 — AMTs; 2 — EP17;

3 — 35KhVFYuA; 4 — EI474

In the elastoplastic indentation area a,b, the
load dependence F' on ¢ can be approximated by the
power equation [19]:

F = at™, (16)
where ¢ and n are coefficients for the tested
material.

The coefficient n is a parameter of strain hard-
ening in the elastoplastic deformation area. Its
value can be determined by regression analysis of
the “F — ¢” array in the area of a; — b on the loading
curve. Table 1 shows the values of strain hardening
parameters ¢q, ¢, n, as well as the elastic modulus
E,, and the coefficients a4, a, and y for several
structural materials.

Having the F and ¢ values, the unrestored Bri-
nell hardness values HB, can be calculated as:

_F
o2nRt’

HB, 17

In the elastic indentation area oa, the HB, de-
pendence on #/R from (6) and (17) is given by:
HB, =b(t/R)%5, (18)

where b = ay/(2rR%5y!9).
In the elastoplastic indentation area a;b, the
HB, dependence on ¢/R follows from (16) and (17):
HB, = c(¢/R)* 1, (19)

where ¢ = aR"~2%/(2r).

Thus, equations (18) and (19) describe the in-
dentation diagram “HB,-t/R” in the elastic (oa)
and elastoplastic deformation (a,b) areas.

Figure 6a shows indentation diagrams “HB, —
t/R” for different materials, which were obtained
on a device MEI-TA using a ball with a diameter
D =1mm.

In these diagrams, the peak is clearly visible,
where the hardness HB, reaches its maximum
value (HB,)u, after which it decreases. At the area
of high point (see b — b, area in Fig. 1), the HB, val-
ues change insignificantly, as a result, a horizontal
line is formed, the length of which is the greater,
the higher the ultimate uniform deformation.
Therefore, for example, for EP17 steel with a high
ultimate uniform deformation, this line is the lon-
gest in comparison with other materials. It should
be noted that a similar prolonged maximum in the
form of a horizontal line is also observed in the
“0— 36" diagram of this material (Fig. 6b). There-
fore, to determine the coordinates of the point
where the highest HB, value will actually be, high-
precision loads and displacements measurements
are required for both types of deformation, which
were obtained by indentation and tensile methods.

Thus, the “HB,-t/R” indentation diagrams
and the “o0 - 6” tension diagrams have similarities
and common characteristic zones and points in dif-
ferent elastic and elastoplastic deformation stages.
By virtue of analogy with tension diagrams, inden-
tation diagrams can be used to find points corre-
sponding to hardness at the elastic limit, hardness

Table 1. Elastic modulus and instrumented indentation parameters, which were determined in the elastic and elastoplastic
deformation areas for structural materials (R = 0.5 mm, E; = 211,000 N/mm?, v,, = v; = 0.3)

Material Erréﬂffof;lz 007}{:\2/?2;3/2’ v, Eq. (4) n a, N/mm” q’E,}i/‘(nl‘;;’ q', Eq. (13)
AMTs 75,046 57,389 0.738 1.070 1766 3396 0.0453
15Kh1MI1F 211,403 109,554 0.499 1.095 6566 10,703 0.0506
Steel 50 204,097 107,627 0.508 1.068 8633 16,107 0.0789
35KhVFYuA 205,688 108,052 0.506 1.130 14,597 21,420 0.1041
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at the yield strength and hardness at the ultimate
strength, which will be described below.

Hardness determination at the elastic
limit, at the yield strength,
and at the ultimate strength

The idea of hardness determination at the elas-
tic limit during ball indentation belongs to H.
Hertz [29], who proposed to call it “absolute hard-
ness.” H. Hertz take into consideration that abso-
lute hardness has a special physical meaning and it
characterizes the material resistance to the ball
elastic indentation. After the indentation load is
completely removed, the elastically deformed mate-
rial returns to its initial state, and reversible plas-
tic deformation and the strain hardening do not af-
fect the hardness-determined value.

However, the evaluation of absolute hardness
or hardness at the elastic limit by measuring the
elastic indent dimensions is rather difficult.

A simpler method was proposed by G. P. Zaitsev
[30]. This method based on the H. Hertz equation,
which establishes the relation between the inden-
tation load and the elastic indentation diameter,
and on the E. Meyer equation, which establishes
the relation between the indentation load and the
residual indentation diameter. In the joint solution
of these two equations, the equation for evaluation
of the indent diameter at the elastic limit can be
obtained and then used to evaluate the hardness at
the elastic limit. At the same time, in this method,
there is a controversial assumption, which consid-
ers that the elastic and residual indent diameters
are equal at one indentation load in the area of
elastic into elastoplastic deformation transition.

Methods for determining hardness at the elas-
tic limit were analyzed in [31] and a proposal was
made to use ball instrumented indentation for this
purpose. To do this, H. Hertz’s equation (1) was
also applied, which establishes the relation be-
tween the indentation load and the elastic displace-
ment a, and the power dependence (16) of the in-
dentation load on the elastoplastic displacement a.
As a result, an equation for evaluating the hard-
ness at the elastic limit by the elastic displacement
and independence on the elastic indentation depth
was obtained. In the joint solution of equations
(18) and (19) a more reasonable equation for evalu-
ation the hardness at the elastic limit (HB,);, can
be achieved:

(HB,),, = 0(.)5 05n-1) (20)

2nRan-15 y n-15

Another approach to evaluating hardness at
the elastic limit (HB,),, by instrumented indenta-
tion method is to study a small plastic deformation,
for example, equal to 0.0005 = 0.05%, by analogy
with the method for evaluating the elastic limit
00,05 from the tension diagram of the tested mate-
rial. In this regard, important studies were carried
out in [32] using the M. P. Markovets equation [11]
for evaluating the average contact deformation y'™
when the ball is pressed:

Moreover, in this case, it was assumed that the
residual indent depth hjqs = 0.0005D. However,
when g™ = 0.0005 is substituted in the equation
(21), the indent diameter d;,; = 0.0447D can be
determined. If this diameter is evaluated, then
to.0s = 0.0005D will be obtained. However, this will
be the unrestored indent depth %, .5, which is al-
ways greater than the residual indent depth A 5
due to the elastic recovery during unloading. Thus,
this approach can be more reasonably implemented
if the equation for evaluating the residual deforma-
tion by the residual indent depth is known.

In this regard, the authors of this article pro-
pose to estimate the average residual deformation
when the ball is used as indenter by the ratio of the
residual indent depth A to the ball radius R, i.e.
yin = h/R. Then, with a residual strain 0.0005,
the equation wil be A5 = 0.0005R. The load F s,
which corresponds to A 5 can be found from (12):

Fo05 = 0.0005qR2. (22)

On the other hand, if the equation (16) is used,
SO

1/n
0.0005R 2
to‘o‘,)z(a qJ : (23)

Then from (17) and (23), it follows:

1 1 Rn;Z
(HB,) 545 =an (0.0005¢)

(24)

T

It should be noted that the same approach can
be applied to determine the hardness at the yield
strength by instrumented indentation. For this, it
is necessary to consider that the residual deforma-
tion is equal to 0.002 = 0.2%. Then, by using equa-
tions, which are similar to (22) - (24) with Ay, =
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= 0.002R, an equation for evaluating the hardness
at the yield strength can be obtained:

1 n-1 n-2
n(0.0029) »n R n
(HB,)y =2 ;17)[ . (25)

Another approach for evaluating the condi-
tional hardness at the yield strength (HB,), was
proposed by the authors of this paper in [28]. In
this paper it was considered that at the initial stage
of elastoplastic instrumented indentation the resid-
ual indent depth %, is equal to the elastic compo-
nent (a,), of the total elastoplastic displacement a,.
Under this condition it will be obtained

a, = h, + (ay)y. (26)
The total unrestored indent depth ¢, is
t, = hy, + y(ay), = h,(1 + y). 27)

Then, the conditional hardness at the yield
strength (HB,), can be evaluated by the following
equation, if (12), (17) and (27) are used:

HB) =—1 2
(HB), =5 (28)

In the particular case when E,, = E; and y =
= 0.5, (HB,), will be

(HB,), :%. (29)

The most reliable method to determine the
maximum hardness or hardness at the ultimate
strength (HB,), is to register the diagram “HB, —
t/R,” which includes the maximum and subsequent
decrease in hardness (see Fig. 6a).

If the diagram “HB, - t/R” cannot be recorded,
then the primary indentation diagram “F —a” can
be used to identify the inflection point b, which cor-
responds to the load F, with the total displacement
a0, from which (HB,), can be evaluated. The point b
is revealed more clearly in the indentation diagram
with the logarithmic coordinates “InF -Ilna.”
Other methods to identify b consist in determining
the current values of dF/da or the hardening pa-

rameter n. If the dF/da becomes constant and the
hardening parameter n is equal to 1, then this
indicates that the point b is reached. The described
methods of identifying the point b coordinates
can be automated and graphically represented in
the form of transformed diagrams “dF/da - F” or
“n-F".

Thus, the approaches to determining hardness
at the elastic limit, hardness at the yield strength
and hardness at the ultimate strength were de-
scribed earlier. Each of these hardness characteris-
tics can be determined at least by two methods.
Table 2 shows the results of determining hardness
characteristics in different ways for materials,
which have different mechanical properties and
strain hardening ability.

As follows from Table 2, for all presented mate-
rials (HB,),; < (HB,)) 5 < (HB,)y,. It is a conse-
quence of greater hardening of the material when
residual deformation is increased. The maximum
hardness values (HB,),, which is determined from
the maximum diagrams “HB, - ¢/R” and from the
dF/da = const, differ by no more than 3%. If the
value of (HB,)y, and (HB,), is compared, their dif-
ference does not exceed 10%. However, in any case,
the determination of these hardness characteristics
by different methods and equations gives results
that are more accurate. The described methods for
determining E,,, (HB,),;, (HB,)y s, (HB))3, (HB,),,
(HB,), can be automated by using instrumented in-
dentation, the indentation diagram “F — a” and the
proposed equations.

CONCLUSION

Instrumented indentation is an effective me-
chanical test of the surface layer of materials. Ball
indentation diagrams “load —indenter displace-
ment” with loading and unloading curves contain
important information about material resistance to
loading at the elastic and elastoplastic deformation
stages. These diagrams, which are converted to dia-
grams “indentation Brinell hardness HB, — relative
unrestored indent depth #/R,” are similar and have
a relation with tensile diagrams “conditional stress
o — relative elongation 6” and contain common
characteristic zones and points from which stresses

Table 2. Determination results of the hardness characteristics (HB,),;, (HB,) o5, (HB,)y 5, (HB,),, (HB,), for different structu-

ral materials by ball instrumented indentation (R = 0.5 mm)

(HBt) Zl’ N/mm2; (HBt)0'05, N/mmz,

(HB,)y 5, N/mm?,

(HB),, N/mm?,  (HB)), N/mm?  (HB,),, N/mm?

Material Eq. (20) Eq. (24) Eq. (25) Eq. (28) From the diagram  From dF)da
AMTs 296 328 349 465 451
15Kh1M1F 845 999 1126 1137 1610 1641
Steel 50 1573 1612 1760 1701 2158 2167
35KhVFYuA 1603 1716 2012 2159 3390 3402
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and strains can be determined under both types of
loading material.

The hardness characteristics at the elastic

limit, at the yield strength and at the ultimate
strength, which were determined by the instru-
mented indentation diagrams, make it more rea-
sonable to establish its relationship with the elastic
limit, the yield strength and the ultimate strength
that were determined by the tensile diagrams.
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HAITPSREHHOI'O COCTOSAHUSA MATYHA
OIIITIOSUTHOT'O KOMIIPECCOPA JIJ/Id OIIEHRHU
BEPOSITHOCTH BE3OTKA3HOM PABOTHI
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B nporrecce srcrryaranyy HabIIOZAIOTCA CIIyday IOABIEHHU YCTAIOCTHBIX TPEIIUH B IIOPIIIHE-
BBIX T'OJIOBKAX IIATYHOB OIIIIO3UTHBIX KOMIIPECCOPOB. B 1e/sX OLIEHKH BEpOATHOCTH uX 6e30t-
KasHOH paboThI IPOBEEHO WCCIeIOBaHIe HATPY:KEHHOCTH IIATYHOB KOMIIPECCOPOB, paboTaio-
I[HX B XUMHUYECKOM IIPOU3BO/ICTBE. OKCIIEPUMEHTAIBHBIE UCCIEI0BAHNA HAPAKEHUH, TeHCTBY-
OI[UX B 3JIEMEHTAX KOHCTPYKLMH OOJBIINX PasMEpPOB, BBI3BIBAIOT OOJIBIIVE 3aTPYHEHWS,
TI09TOMY WX HAINPSKEHHOE COCTOSHUE OIpeNesalIy pacdieTHhIMM MeTomaMmu. Ilpm HarpyskeHun
HIATyHA UMEeTCA YIaCTOK, I7ie JEHCTBYeT pacipenereHHas HarPy3Ka, H YIACTOK C 3a30POM MESK-
Iy IUIMHIPWYECKUMHU IIOBEPXHOCTAMH, Ile KOHTAKTHOE JABJIEHUE OTCYTCTBYET. ¥ CTAHOBJIEHBI
CHUJIBI, IEHCTBYIOIINE Ha TPAHHUIE YIACTKOB KOHTAKTa U 3a30pa IMaJblla C PACTOYKOH IIATyHA:
papuanbHas cua N, TanreHnuanbHas cria @ u usrubaromuit Moment M. Cunbl N u @ paceMor-
peHBbI Kak (pyHKumu yria KOHTakTa d. Ilyrem J4mcIeHHOro sKCriepuMeHTa OIpeneeHbl HAIps-
JKEHHUSA B 30HE OT YIJIA O, COOTBETCTBYIOIIET0 OKOHYAHUIO 30HBI KOHTAKTA, JI0 YIJIa IIepexofa To-
JIOBKY B CTEp:KeHb IIaTyHa. IIpu 9ToM BapbHpOBaNIKCh HKCILIyaTAI[HOHHbIE HATPY3KU U 3230PbI
B COIIPSIKEHUH IIATYH — Iajell. JKCIEPUMEHTAILHO OIPeAeeHbl BeJINYNHBI U XapaKTep u3Me-
HEeHUs HArpPy30K, JeUCTBYIOMINX HA KPHUBOIIUITHO-IIIATYHHBIN MEXaHU3M KOMIIPECCOpa B IIPOIIeC-
ce ero paboThI. ¥ CTAHOBJIEH XapaKTep PACIpPeeIeHusT HAP/KeHH B CEUeHHUSX IIaTyHa, BHIAB-
JeHbI Haubosee HarpyskeHHbIe cedeHuA. ComocTaBIeHre TaHHBIX HATYPHOTO SKCIEPUMEHTa U
Pe3yIbTaTOB YHCIEHHBIX HUCCIEIOBAHUM pacIpeneeHua HAaIPAKeHUH T0KA3a/I0 X IPaKTIIe-
croe coBmazeHue. IIpy STOM YMCIEHHBIN HKCIIEPUMEHT II03BOJIAET OLIEHWTH OJHOBPEMEHHOE
BIMAHNE HATPY30K W 3a30POB HA POCT HAIPSIKEHWH, YTO IIPAKTHYECKU HEBO3MOKHO OCYIIECT-
BHUTB IIyT€M DKCIEPHUMEHTAIBHBIX HUCCIEJOBAHUH.

KaroueBsle ciioBa: HATPY:KEHHOCTD; YHCIEHHBIH HKCIIEPUMEHT; TEH30METPHUS; PACIPEIeIeHIe
HaNpAKeHUH; BepOATHOCTb PaspylleHus.

COMPUTATIONAL AND EXPERIMENTAL STUDY OF THE STRESS STATE
OF THE CONNECTING ROD OF THE OPPOSED COMPRESSOR
TO ASSESS THE PROBABILITY OF FAILURE-FREE OPERATION

© Irina M. Petroval*, Mikhail A. Filimonov2

1 Mechanical Engineering Research Institute of the Russian Academy of Sciences, 4, Malyi Kharitonievskii per., Moscow,
101990, Russia; *e-mail: impetr@mail.ru
2 JSC “Technoprogress”, 6, Proektiruemyi pr. 4060, Moscow, 109548, Russia; e-mail: m948@lenta.ru

Received June 17, 2019. Revised September 24, 2019. Accepted December 23, 2019.

Fatigue cracks in the piston heads of the connecting rods of opposed compressors can occasionally develop
in service. A study of the loading of the connecting rods of the compressors operating in chemical produc-
tion was carried out to assess the probability of their failure-free operation. Since the experimental study
of stresses acting in large structural elements is rather difficult, the study of the stress state was carried
out using computational methods with subsequent comparison of the results with the experimental data.
When loading the connecting rod, there is an area affected by the distributed load and another area with a
gap between the cylindrical surfaces where the contact pressure is absent. The forces acting on the bound-
ary of the contact areas and the gap of the finger with the connecting rod bore are determined: the radial
force N, tangential force @ and bending moment M. N and @ are considered functions of the contact angle
a. Using numerical experiments, we determined the stresses in the zone from the angle a corresponding to
the end of the contact zone to the angle of transition of the head in the shank of connecting rod in condi-
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tions of varied operational loads and gaps in the connecting rod — finger coupling. The values and charac-
ter of changes in the loads affecting the crank mechanism of the compressor during operation are deter-
mined experimentally. The distribution of stresses in the sections of the connecting rod and the most
loaded cross-sections are specified. the results of the numerical experiment are compared with the experi-
mental data. Comparison of the results of numerical and field experiments has shown that the numerical
experiment provides the similar assessment of the stress distribution, moreover, the numerical experi-
ment allows us to estimate the simultaneous effect of both loads and gaps on the stress growth which is al-
most impossible to be determined by experimental studies.

Keywords: loading; numerical experiment; tensometry; stress distribution; probability of failure.

BBenenune

B xuMuuecko¥ MPOMBIIIIEHHOCTH MAIIWHBI U
arperatsl pabOTAlOT B arpPecCHBHBIX Cpelax, IIpU
BBICOKHX [aBIEHUAX U TeMmmeparypax. llepepaba-
ThIBAEMbIE€ PEAreHThI MIPECTABIAIOT CO00 B3PHIBO-
omacHbIe W TOKCUYHBIE BEIeCTBA. B 3TuX ycaoBuAX
OTKa3bl 00OpPYMOBAHWS MOTYT BBI3BIBATH UYPE3BBI-
yaitHo omacHble cutyaruu. CiaegoBaTenbHO, MAaIIK-
HBI W arperaTthl JOKHBI 00a7aTh HAMEKHOCTHIO,
rapaHTUpYIOIy0 6Oe3omacHyi sKciuiyaranuio. Ha
pAzie TPeAupUATHH, SKCIIyaTUPYIOIUX a30TOBOIO-
POJHbIE KOMIIPECCOPHI, HAOMIOAATIUCEH CIydan paspy-
mrerus maryuaoB [1]. O6cimeqoBanue paspyIieHHBIX
MaIllMH TO0KA3aJI0, YTO BCE CIy4Yau IIOJIOMOK HIEeH-
THYHBI U ABUJINCH CIECTBUEM MIOABIEHUA YCTATIOCT-
HBIX TPEINH B IOPIIHEBBIX ToioBKax. Kak mpaBu-
j10, 00pas3oBaHue TPEeINH HAYWHAIOCH C BHYTPEH-
Hel TOBEPXHOCTH TOJIOBKU B €e CpegHEeM CEYeHHH.
JKclieprMeHTaIbHbIE HCCIeNOBAaHUA paboTocto-
COOHOCTH 3IEMEHTOB KOHCTPYKITHH, OTIHYAIOIINXCS
OOIBIITUMY pPasMepaMu U PabOTAIOIAMU B XHMUIe-
CKOM IIPOWBBOJICTBE, MPEACTABIAT OOJIbIINE 3a-
TpyAaHeHusa. Pacuer IIPOYHOCTH TOJIOBKW MIATyHA
KOMIIpeccopa COMEP:KUT PAM MOMYIIeHWH, Ha HETro
BJIMSAIOT KPWBHU3HA TOJOBKH, YTOJ 3a[€JKH, 3a30p
MEJKIy TablleM W BTYJKOM, KOHCTPYKTHBHBIE OCO-
OEHHOCTH WCIONMHEHus ToJOoBOK. Llemxs paborhr —
HCCIIeJIOBaHNE HAIPSKEHHOTO COCTOSTHUS TOJIOBKU
SKCIIEPUMEHTAIbHBIMA U PACIYETHBIMH METOJaMU
C WCIOJIb30BAHUEM YMCIEHHOTO SKCIEPUMEHTa B
[IeJIAX COIIOCTABJIEHUA IIOJNYYEHHBIX PE3YIbTaTOB.
ITockombKy TOBEPXHOCTHBIX IOBPEKIEHUIH, BO3HU-
KaIUX OT [eWCTBUS KOHTAKTHBIX HAIPSKEHUH,
B 00CiIeJOBAHHBIX MAaIllMHAX He HAOJI0IAI0Ch, IIpU
OIleHKe BEPOATHOCTH 0e30TKA3HON paboThI IIATYHA
¥UX BO BHHMaHHe He IpuHUManu. Pamee ysxe pac-
CMOTpPEHA BEpPOSTHOCTh OTKa3a YJIEMEHTOB MeXa-
HHUYECKOM CHUCTEMBI B 3aBUCHMOCTH OT 3a30p0B [2] u
WCIIOTB30BAHbI METOABI OIIEHKH MeXaHWIEeCKHUX
CHCTeM IIyTeM MOJIeTHPOBAHUA UX TEXHUIECKOTO CO-
crogHud [3].

MeToab! HCcCIeOBAHUA

HccnenoBanua MpoOBOAMIN HA KPEHITKOIIPHOM
ronoBke maryHa xommapeccopa 64UBK-355 (mopume-
Boe ycumue 25 7). Ilpu HarpyskeHun maTtyHa MOMKHO
BBIIETUTH BA XapaKTePHBIX ydacTka (puc. 1): 30Hy

KOHTAKTA I[UINHIPUYECKUX TIOBEPXHOCTEH INATyH-
HOTO IIAJIbIIA U TOJIOBKH IIATyHA C YIJIOM KOHTaKTa
2q,, TAe AEHCTByeT pacupejielieHHAas HArpys3ka, u
YYIaCTOK C 3a30POM MEKAY IHUJIHHIPUIECKHMH II0-
BEPXHOCTSIMH, T/[e KOHTAKTHOE [[aBJIEHNEe OTCYTCTBY-
er (0g < @ < —qy). IIpakruka mokasasna, 4To o6paso-
BaHWeE W PasBUTHE YCTAIOCTHBIX TPEIIHH, paspyIie-
HFEe TOJIOBOK B IIPOIECCE DKCILIYATAIIMHU IIPOHCXOIH-
JIU B CEYEHUHU TOJIOBOK ¢ KoopauuaTtamu 80 — 100° ot
HpOI[OJIbHOﬁ OCh CHMMETPpHH IIIaTyHa, 4YTO CBHU]IE-
TEJIBCTBYET O II[eI./JICTBI/II/I MaKCHUMAJIBHBIX HAIIPIEe-
HUH B 9Tux ceueHusax. CiregoBaresbHO, HAWUOOIb-
UM WHTEPeC BHI3BIBAET pacIpejeieHue HapsKe-
HHH B 9THX 30HAX, a HE B MeCTe IIePex0/a rOJI0BKH B
crep:xeHp martyHa. Ciydyan pasBUTHSA TPELIUH B
30HE KOHTAKTA Iajblla C MTOBEPXHOCTHIO IIATyHA He
Habaonanuck. Kak ormeuero B [4], Ha rpanuiie KOH-
TaKTa W 3a30pa Majiblla C PACTOYKOH IIATyHA IIpU
repexojie K CTATHIECKH OIPEIeIUMOM CHCTEME BO3-
HHUKAIOT pacTaruBamwiias (c:xumaroiiad) cuia N, me-
pepesbiBaomasn cuia ), usrubaromniuii moment M.
Il onpeiesteHus yriia KOHTAKTa 20 MPUHATHI Clie-
IYIOII[He JOIYIeHN: TOJI0BKA IaTyHa HEePACTIKHU-
Ma, Iajer; a0COJIIOTHO KECTKHH, CHJIbI TPEHHUA B
30HE KOHTAKTA OTCYTCTBYIOT. B obmacTu KOHTaKTa
rOJIOBKA IIATyHA IUIOTHO Hpujeraer K manibiy. [
paccMaTpuBaeMO KOHCTPYKIIMH JKECTKOCTH HaJIbIa

. kﬁiﬂf@ )

V)

P

Puc. 1. Cunsl, mefictByromiye B TOI0BKe IIATYHA OIIIO3UT-
HOTO KOMIIpeccopa

Fig. 1. The forces acting in the connecting rod head of the
opposed compressor
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Puc. 2. Pacupenenenve Hanps:keHHH Ha BHYTPEHHEH IIO-
BEPXHOCTH TOJIOBKY ILIATYHA, IIOJIy4YeHHbIe YHCIEHHBIM JKC-
IIepUMEHTOM: CIUIOIIHAA, IITPUXOBAafd, IITPUXIIYHKTHPHAAL

JIMHWH COOTBETCTBYIOT 3aszopam A, pasuemm 0,15, 0,10,
0,05 mm

Fig. 2. Stress distribution on the inner surface of the head
of the connecting rod obtained in numerical experiment:
solid, dashed, and dash-dotted lines correspond to gaps A
0.15, 0.10, and 0.05 mm, respectively

HAa HECKOJBKO MOPITKOB 0OJbIIIE KeCTKOCTH TOJIOB-
KU ImaTtyHa. B 9ToM ciayyae KpUBH3HA BHYyTpPEHHEH
ITOBEPXHOCTH TOJOBKM IIATYHA B Mpemeiax yria
KOHTakKra OymeT paBHA KPHUBH3HE Majblia. Torma Ha
yuactre AB (cMm. puc. 1) KpUBHU3HA ITOCTOSHHA U U3-
rubaronmi MOMeHT [5]

_EI (r-p*)
rp* ’

M* (1)

rie £ — monyns ympyroctu; I, — MOMEHT wWHep-
WU, r — cpeaHuil paguyc ronosiu; 1/p* = 1/(ry, +
+ h/2) — KpuBH3HA TOJIOBKH B 00JIACTH KOHTaKTa,
ry — paguyc IOpIIHEBOro majblia, i — BBICOTA Cce-
YEHWd TOJIOBKH.

Ha rpanunne y4acTkoB KOHTaKTa 1 3a30pa Iajb-
114 C pacTOYKOH IIaTyHa, HampuMmep, B T. B, Bo3HH-
KaloT paguanbHaa cuia Np, TAaHTeHIIHATbHAS CHUIA
Qp v usrubaromuit MmomenT My (aHAIOTMYHAA Kap-
TuHa OyneT HabmonaThesa U B T. A). Ilockoabky xe-
CTKOCTBH TaJbI]a HA HECKOJIBKO IIOPAAKOB OOJIbIIE
SKECTKOCTH TOJIOBKH IIATYHA, TO [6] Ha yJyacTke KOH-
takra BO 6ymer meidicTBOBATH TOCTOSTHHBIN H3THU-
6aroruit MomeHT Mp. VI3 ycmoBua conpsa:KeHus yda-
ctkoB AB um BO wusrmbaioiime MOMEHTHI PaBHBI:
Mg = M*. MoMeHT B TeKyIlleM CEeUYeHHWH, IIPY Hada-
JIe oTcYeTa yria o OT TPAHUIIBI YYACTKOB (KOHTAKT-
HBI yTOJ 20), COCTABUT

M = M* 4+ Ng(1-cosa) — Qgrsina. 2

Torma ypaBHeHMe yIpyroi JUHUH KoJblia [6] Gymer
UMETb BHU[
d2w Mr

+W=- . 3
da? EI ®

x

Iloacrasue opmyiny (2) B ypaBHeHHe (3), HOIyInM

d*w

da? W=

2
- _EfT[M *tNpr(l—cosa) -Qprsinal, (4)

X
rone W = —-dV/da — pagmanbHOe CMeIlleHHe TOYKH
KOHTaKTa; V — OKPYIKHOE CMeIlleHre TOYKH KOJbIa;
r — paguyc yIupyrou JUHUU KOJIbIA.
Yron moBopora HopMaiu (3) OIpeae/nuM U3 BbI-
paxenus [6]

dw

_V_1dw
do

r

A

N =

Kak ormeuerno B pabore [7], uCmoab3ys rpaHmd-
HbIe ycnoBus npu o = 0 1 a = 77 — 0y, MOKHO OIIpe-
JIeIUTh 3HAYEHWs CHUIOBBIX (parTopoB N u @ Kak
yurnmit yrma o. MerogoM 4YHCIEHHOTO SKCIEPH-
MEHTAa C HCIIO0/Ib30BaHWeM (PopMyJibl (4) HAXOMUIH
HaIPsKeHUs B 30HE OT yIJIa O [0 yIJia Iepexoia ro-
JIOBKH B CTepskeHb 1maryHna. [lpu aTom BapbupoBain
SKCILULyaTallHOHHbIE HATPY3KH U 3a30PBI B COIIPAKE-
HHH [IATYH — naier. Pacuer HaIpsa:KeHHOro COCTOsA-
HHS TOJIOBKH IIATyHA MPOBOIWIN JJI CEUeHUH, Ha-
XOIAIIUXCA B Mpefeiax YrioB OT O, COOTBETCTBY-
IOIIEr0 OKOHYAHHIO 30HBI KOHTaKTa, 1m0 ¢ = 135°
(cm. puc. 1). 3agaHuble HATPY3KH COOTBETCTBOBAIIH
srcruryaranuonsbiM: 180 kH npm HOMuHATBHOM
pesxxume paborsel; 250 kH — mpu pabore ¢ meperpys-
koit; 100 kH — npu Hemorpyske MamwuHbl. 3a30pbI
B COIPS:KEHUH INATYHHBIH MHaJel] — pacTodyKa Iia-
TyHA TaKKe 3a7laBAJIM B COOTBETCTBUHU C DKCILIyaTa-
MUOHHBbIMU: Kpatinue 3Havenusa — 0,05 u 0,15 mm.
CpenHee 3HaveHWe 3a30pa MIPHUHAIA PABHBIM
0,1 mm. Ilo pesynbraraM aHAJIUTHYECKHX PACUETOB,
B KOTOPBIX BapbHPOBAJIN HATPY3KH B METAIAX KPH-
BOIIIUITHO-IIIATYHHOTO MeXaHu3Ma W 3a30pPbI B CO-
NpAKEHWH PACTOYKA IIATyHA — [ajiel] MIaTyHa,
OIpeeNsaii HaIpKeHus, IefCTBYOIue B Hanbo-
jlee Harpy:KeHHOM CEYeHHH TOJIOBKM maTyHa. Pac-
IpeJiejieHNe HaIpSKeHUUW Ha BHYyTpeHHeH II0Bepx-
HOCTH TOJIOBKH IIIATyHA B 3aBUCHUMOCTH OT HAarpy3KH
¥ BEJIMYUHBI 3a30Pa ITI0Ka3aHo Ha pHC. 2.

g sxceprMeHTATBHOM OIEHKH HAIPIKEeHHO-
ro COCTOSTHHS IIATyHA ObLIM IPOBEIEHbl HATYPHBIE
TEH30MEeTPHUYECKHEe UCIBITAHUS IPH PA3IHIHbIX pe-
JKEMAax paboThl KOMIIpeccopa.

OCHOBHBIMY 337JaYaMU SKCIIEPUMEHTAIbHBIX HC-
CIeIOBaHUHN HANPSKEHHO-Ie(DOPMUPOBAHHOIO CO-
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Puc. 3. Pacnonosxenue TeH301aTINKOB Ha BHYTPeHHeH (@) 1 BHelIHeH (6) IOBEPXHOCTAX TOJIOBKY IIATYyHA

Fig. 3. Location of load cells on the inner (a) and outer (b) surfaces of the head of the connecting rod

CTOSTHUA MIATYHOB KOMIIpeccopa SBJISINCH: OIIpesie-
JleHWe BeJIWYUHBI U XapakTepa HU3MeHeHWs Harpy-
30K, J[JEUCTBYIOIINX HA KPHUBOIINITHO-IIATYHHBIN
MexXaHH3M KOMIIpeccopa B IIpoliecce ero paboThl;
YCTaHOBJIEHVE XapaKTepa pacipesieleHys HalpsaKe-
HUH B DJIeMEHTax IaTyHa C BhIABJIEHWEM Haubojee
Harpys;KeHHBIX CeYeHUM; COIIOCTaBJIeHHe pesyJibTa-
TOB YHCJIEHHOTO KCIIEPHMEHTA C JAaHHBIMH DKCIIe-
PUMEHTATBHBIX HCCAeNOBaHUU. TeH30aTINKU Ha-
KJIeuBajJIy Ha TOJOBKY IIaTyHAa II0 cxeMe, IIpe/icTaB-
JeHHOW Ha puc. 3. Bputn mpUHATH HEOOXOTUMBIE
MepBl I 3alUThl TeH30JATYMKOB OT KOPPO3UOH-
HOU Ccpefibl, TeMIepaTypPHbIX BIUIHUN U dJIeKTpUUe-
CKUX HABOMOK. [[/a WCKIOUeHWa BIAUAHUIA BO3HU-
KaIOIUX TEeMIepaTypPHbIX MedopManuil HCIOIH30-
BaJ KOMIIEHCAITMOHHbIE TEH30[ATIYNKU, KOTOpPBIE
HaKJIeWBaJIN Ha IJIACTHUHBI, H3TOTOBJIEHHbBIE U3 TOTO
ske Marepmana, uro u maryH. KaudectBo cyikm
TEH30JaTINKOB IIpoBepanu MeromerpoM. Mecra Ha-
KJIeMKH TEeH30[aTYNKOB 3aKpbIBAIU JIaBCAHOBOM
IUIEHKOH, ITOBEPX KOTOPOM HAHOCUIU TePMETU3U-
pyoiiee IOKPHITHE HA OCHOBE OHUTYMHBIX MAacc,
COCTaBJIEHHBIX I10 pelelType U TeXHOJIOTHUH, IIpUuBe-
nmeuHbIX B [8]. Ilocime HaHeceHUS MOKPBITHA JOIIOJ-
HUTEIbHO KOHTPOJIUPOBATIU COIPOTHUBIIEHUE WU30-
JIAIAY, I[eJIOCTHOCTh TEH30JATYNKOB U OTCYTCTBHE
KOPOTKOTO 3aMBIKAHWSA HA MacCy IIaTyHa. 1eHso-
MeTpUYeCcKHe HCIBITAHWUA IIPOBOIWIMN IIPU pPal3iIud-
HBIX peskuMax paborsl Kommpeccopa. Ilomyuennsbrit
B pesyJibTaTe SKCIEPHMEHTA MaCCUB JAaHHBIX 00pa-
O6aThIBANM CTATUCTUIECKUMU METOJAaMU HUCIIEPCH-
ouHoro aHamusa [9, 10]. Pacupenenenne mampsxe-
HUU Ha BHYTpPeHHeN U HapyKHOH CTOPOHE I'OJIOBKU
IIaTyHa IIpeJCTaBIeHo Ha puc. 4.

Oo6cy:xknenne pe3yabTaToB

Amanus pacupeeneHusa HANPIKEHUH, TOTyIeH-
HBIX PACcYeToM, IIO3BOJIIET OIEHUTH TEHIEHIIHIO UX
W3MEeHEeHUd B 3aBHCHUMOCTH OT BEJINYUH IIPUIIOKEH-
HOU Harpys3KH, 3a30pOB B COIIPAKEHUH, a TaKKe U3-
MEHEHHEe YTJIOBBIX KOOPAMHAT CEUYEHHWH C DKCTpe-
MaJTbHBIMH B3HAYEHUAMH Hanpskenuit. U3 pwc. 2
BUJHO, KaK MeHfAeTcAd XapakTep pacupefeieHusa Ha-
NIpSsKeHUH Ha BHYTPeHHeM MOBEPXHOCTH TOJOBKHU
IaTyHa ¢ yBeaudeHueM Harpys3ok. lIloxkazaHno Bima-
HUe 3a30pa Ha POCT HAIIPSKeHUU B CEUeHHUAX I'OJI0B-
KM W Ha KOOPAMHATHI CEYeHUH C MaKCHUMaJIbHBIMU
HaIIPSKEeHUAMU. ¥ BeJIMdeHUe 3a30pa 0T MUHUMAIIb-
HOU JI0 MaKCHMaJIbLHOU BeJINYUHBI BBI3BIBAET POCT
Hanpssxenni Ha 20 — 30 %. C moBbIlIeHHEM HATPY-
30K B IIpejlejlaX OTHOH BeJIWYMHBI 3a30pa B COIpA-
sKeHUU KOOpAUHATHI cedeHHs ¢ MaKCUMaJIbHbIMHU Ha-
NPAKEHUAMH CMeIaoTCd B CTOPOHY YBEJINIEHU
yria @ (cM. puc. 2). YBenudeHue 3a3opa IpU OTHOU
¥ TOU JKe HarpyskKe, HA000pOT, IPUBOAUT K CMeIIle-
HUIO yTIJIa () B MEHBIIIYIO CTOPOHY.

Ilo pacupenenenuio HaNpSKEHUH 0 YTIOBHIM
CceueHUAM TOJIOBKH IIaTyHa /AJsd BHYTpPeHHeH u
BHeITHel ITOBepXHOCTeH TOJOBKHU IIaTyHa IpU Jel-
crBuu pacraruBaomux cuia 250 u 180 kH (cwm.
puc. 4) BUIHO, 9TO C POCTOM HAarpysok 06osiee pes3ko
YBeIWYUBAIOTCA HAIPSKEHUA IJd CeUeHUU BHYT-
peHHell ITOBEePXHOCTH TOJOBKHU IIATyHA II0 CpaBHe-
HUIO C ee BHEIIHEIH MOBePXHOCThI0. MakcumanbHbIe
BeJIMYWHBI HAaNpPSKEHUH, AedCcTByIOllle Ha BHY-
TpeHHEeH! MMOBEPXHOCTH T'OJIOBKU miaTyHa, B 2,7 — 2,9
pasa IpeBBIIAIOT HAUPSKEHUA Ha HAPYKHOH IIO-
BEPXHOCTH TOJOBKH. JTO COOTBETCTBYET TOMY, UTO
BCE MMEBIIIFEe MECTO CIy4au 00pa3sOBAHUS TPEIUH U
paspylleHus HAYWHAINCh C BHYTPEHHUX IIOBepX-
Hocrei romoBok. OTciona crienyer, YTO A OLIEHKU
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Puc. 4. Pacupenenenue HanpsxeHUH 10 YIIOBLIM CEUEHHUAM TOJOBKH IIATYHA MPHU JeUCTBUM pactaruBatonux cuia 250 (a) u
180 xH (6): b1 u B2 — BHyTpeHHId ¥ BHEIIHAA [IOBEPXHOCTH TOJIOBKH IIATYHA

Fig. 4. Stress distribution on the angular cross sections of the head of the connecting rod under the impact of tensile force: a
— 250 kN; b — 180 kN; B1 — the inner and B2 — the outer surfaces of the head of the connecting rod
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Puc. 5. Pacnpenenenrie HanpssKeHU M0 yIIOBBIM CEYEHU-

M TOJIOBKHM IIIaTyHa IIPHU I[efICTBI/II/I paCTHI‘I/IBaIOH.IeI;i CHJIBI
180 xH: 1 — pacrsaxenue; 2 — cixatue

Fig. 5. Stress distribution on the angular cross section of
the head of the connecting rod under the impact of tensile
force 180 kN: 1 — stretching, 2 — compression

IIPOYHOCTHA ¥ HAJEKHOCTH IIIATYHOB KOMIIpeccopa
HEe00XOMMO B IIEPBYIO OYepeb YUUTHIBATH HAIPS-
JKEHUs, BO3HHMKAWOI[WE HA BHYTPEHHHUX IIOBEpPX-
HOCTSIX TOJIOBOK IIIATYHOB KOMIIPECCOPOB. SaBHCH-
MOCTB HaHpH?KeHI/IfI OT THUIIA U BEJIUYHWHbI HATPY3KHU
IIOKA3bIBAET, YTO PACTATHBAIONINE HATPY3KH OKA3bI-
BaloOT GOJbIIlee BIUSHUE HA POCT HANPSKEHUMA, 4eM
c:ruMamomme (puc. 5).

CormocraBnsds pe3ynbTaThl YUCIEHHOTO U HATYP-
HOTO DKCIIEPUMEHTOB (puc. 6), MOYKHO CIEIaTh BBI-
BOJl, YTO OHU JAIOT AHAJOTMYHYIO OIEHKY pacipe-
JeeHus HANUPSIKEHWH, HO YMCAEHHBIH DKCIIepHU-
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Puc. 6. Pacupenenenve Hanps:keHWE Ha BHYTPEHHEH II0-
BEPXHOCTH TOJIOBKH IIIaTyHA, MOIy4eHHBbIX pacderoMm (Bl) u
srcnepumenTaiabHo (B2)

Fig. 6. Stress distribution on the inner surface of the head
of the connecting rod, obtained by calculation (B1) and ex-
perimentally (B2)

MeHT — (oJiee KOHCEPBATHBHYIO IT0 WX BEIHYHHAM.
Kpome Toro, umcieHHBIH SKCIIEPUMEHT I103BOJISET
OIIEHUTH OJHOBPEMEHHOE BIMAHWE YBEJIMICHUA 3a-
30pOB Ha POCT HAIPIKEHUU, YTO MPAKTUIECKH He-
BO3MO:KHO CeJaTh IIyTeM OKCIePUMEHTAIbHBIX
uccaenoBauuii [11]. IlpoBemeHHBIE BKCIIEpPUMEH-
TalbHbIE WCIBITAHUA TO3BOJUIN ONPEIeNTUuTh Ha-
IIPSSKeHN B TOJIOBKe IIAaTyHa B IIpollecce KCILIya-
Tanuu. TeH3oMeTpHUYecKre HCIBbITAHUSI TOKAa3aju,
YTO IIATyH paboTaer MpH PeryaspHON IIepeMeHHON
HATPY:KEeHHOCTH C ACUMMETPHYHBIM ITMKJIOM. ¥ CTa-
HOBJIEHO, YTO HAWbOIee HArpyKeHHBIM B KpeuIr-
KOII(DHOM TOJIOBKE IIATyHA SBJSETCA BHYTPEHHSST
TIOBEPXHOCTDb €€ CpemgHEeH YacTH, PacIlojoKeHHas B
npenenax yriaa ¢ = 95— 115° Jlna gamHoro ceue-
HUS [IATYHA, KAk HAubojee HATPYKEHHOTO, IIPOBe-
leHa OIleHKAa BEPOATHOCTH paspylleHWs B 3aBU-
CHMOCTH OT HAarpy3KH U BEITMYUHBI 3230Pa C UCIIOJb-
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30BAHHEM AHHBIX O HAMPIIKEHHO-Ie()OPMUPOBAH-
HOM COCTOSIHHHY TOJIOBKH IIIATYHA IIPU SKCILLyaTaIlH-
OHHOM Harpy:xeHuu (cM. TabauILy).

XapaKkTepuCTUKH COIPOTHBIIEHUA YCTAIOCTH
IaTyHa OmpeaeNstu Mo pekoMenganuam [12, 13] u
I'OCT 25.504 «Pacuerpl u ucCOBITAHUA HA TPOY-
HOCTh B MAIIMHOCTPOeHuU. MeToabl pacyera Xapak-
TEPUCTUK COIPOTHUBIIEHHUA ycTamocTw». lllaryn usro-
ToBseH u3 ctanau 40X, M1 KOTOPOI HAa OCHOBE cIIpa-
BOYHBIX JAHHBIX MPeJIeN BBIHOCIUBOCTH 0_; = 280 —
290 MIIa. IIpemen BHIHOCTHBOCTH HIATYHA OIpene-
gy 1o Mertomguke, npusenennoi B 'OCT 25.504
1o popmyiie

O_1g = 0_1/K, (5)

T7ie 0_j, — Ipefes BBIHOCIUBOCTH AeTanu; K — ko-
appUIHEeHT CHWKEHHs IIpeaeia BBIHOCIUBOCTH,
VUYUTHIBAOIINNE COBMECTHOE BIIMSHHE KOHIIEHTpPA-
WY HATPSYKeHWM, CHUKEHWEe IIpefiefia BBIHOCIIH-
BOCTH TIpY YBEIWYEHUM pasmepa meranu (Macirrab-
HBIH (paKTOp), KA4ecTBO IIOBEPXHOCTHOH 00paboT-
KW, IIOBEPXHOCTHOE YIIPOYHEHWEe, AHU30TPOIUIO
Marepuaia. BeposaTHOCTb paspyIleHHs IeTalu
orennBaH, ucmnonbsysa runoresy C. B. Cepencena —
B. II. Koraesa [12] o mmocTerneHHOM CHH:KEHHUU IIpe-

Iena BBIHOCIHBOCTH BCIENCTBHE ITHKIMYECKHX
Harpy30K:
n, c,.
07 ,:(57 - 1— ! 731 —1 . (6)
1 1i-1 N
i \O-1i1

3mech 0_j; — TIpefiel BRIHOCIUBOCTH MCXOJHOTO Ma-
Tepuana, cooTBeTcTByommi 6ase 107 mukmos, He
[IO/[BEPTABIIIETOCA TPEIBAPUTENIHHOMY HATPYIKe-
HUIO; k — mapaMerp, XapaKTepUusyoIIHH HHTEeHCHB-
HOCTh CHUEKEHUS IIpenesjia BbIHOCIHUBOCTU OT IIpEen-
BapHUTEIHLHOTO HATPYKeHUs; N; — YUCI0 IUKIOB II0
KPHBOM yCTAIOCTH HCXOMHOTO MaTepuasa, COOTBET-
CTBYyIOIIlee aMILTUTY/e Harpy:KeHud O,. llpakrude-
CKHUH OIIBIT HCIIOJIB30BAHUS ypaBHeHus (6) mokasa,
YTO BEIUYUHY & MOKHO IPHUHATH paBHoi 1,65. Ilpu
pacuere 1o opmyie (6) IPUHATHI JOIMYIIIEHUA, YTO
aMILUTUTYABI B OJIOKE HATPYKEHHUSA PACIIOIOMKEHBI 110
yOBIBAIOIIEH U ITUKINYECKOEe HATPYKEHHE YiKe IO-
BPEKAEHHBIX  TPEIBAPUTENBHBIM  ITUKINIECKUM
Harpy:KeHreM 00pasiioB IPHUBENET K HOBOMY CHH:Ke-
HUIO IIpegesia BBIHOCIUBOCTH.
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Puc. 7. BeposarHocTs paspylieHus IATYHOB B 3aBUCUMOCTH
OT HATPY3KU U 3230pa B CONPSIKEHUN. SHAUYCHUS TIOPIITHEBBIX
cun: 1 — 250 kH; 2 — 180 kH; 3 — 100 xkH

Fig. 7. Dependence of the probability of failure of the con-
necting rod on the load and gap in the coupling: 1 — 250 kN;
2 — 180 kN; 3 — 100 kN

Anroput™m pacyera [OJTOBEYHOCTH C HCIIOTIH30-
BaunueM ¢opmyabl (6) mpusBemeH B [13]. Beposdr-
HOCTBH paspylleHus IeTalu 3a Ha3HAYEeHHBIN MepH-
OJ1 DKCILIyaTallluy IIPY 3aJaHHOM 3aKOHe pacipeje-
JIEHUS aMIUIUTY] HATPSKEHUH nin 6JI0Ke HarpysKe-
HUS, TOAYyIYeHHBIMU YKCIIEPUMEHTAIBHO, OMpPeaess-
JIA C TIOMOII[bI0 KBAHTUIN

up =1- =2 2n 2’ ™

nivy 4 Vi

rie 7 = n,/n OTHOCHTENbHbIH KO3(h(UIKMEeHT 3ama-
Ca, M, = O,may/0_; — TIPENeNbHBIA Koa(hdurment
HArPyXeHHOCTH; N =G, [G_j; — OTHOLIEHHE
CpeqHero 3HAUYEeHHsT MAKCHMAIbHOH aMIIIUTYIbI B
O7I0Ke HATPY:KEHHS K CpeJHeMy IIpefely BBIHOC-
JIUBOCTH; V,_; — KOB(D(UIIMEHT BAPHUAIINHU IIpefena
BBIHOCIMBOCTH; V, — KOB(UIMEHT Bapuauu
MaKCHUMAaJbHBIX aMIUIUTY] B OJIOKe HATPy:KEeHHA.
[Ipenenbuplit KoauIMeHT HATPYHKEHHOCTH 7, =
= Oymax/0_; OOO3HAYAET, HUTO TPH Oy pyay/0_1 > 71,
YCTAJIIOCTHBIE Pa3pPYIIEHUA HACTYHAT A0 UCTEUYECHUA
CpOKa CIy:KObI MIN 3alaHHOTO 3HAYEHUA OJITOBEY-
HOCTH, & TIPH O, 1n,,/0_1 < 7, PA3pyllleHuii He Oyser.
ITo monyueHHBIM 3HAYEHUAM KBAHTHIIEH C HCIIOIb-
30BaHMEM TaOIWI] MATEMATHYECKOH CTATHCTHKU
[14] ompenensnu BepodaTHOCTh paspyinenud. C umc-
nosib3oBanueM Qopmya (6) u (7) mo amropurmy,
mpuBeneHHoMy B [13], olleHeHa BepOATHOCTH pas-
pyIIeHHus IIaTyHa B 3aBUCHMOCTH OT BEJIWYUH Ha-

XapaKTepI/ICTI/IKI/I IIepeMeHHbIX Hanpﬁmennﬁ, ,I[efICTByIOH.IPIX Ha IIaTyH B 9KCILIyaTaliuu

Characteristics of variable stresses acting on the connecting rod in operation

Cpennee sHaueHue Cpeznnee sHaueHne Cpenuee Awvmnuryna Cpennee sHaueHue Koaddurmenr Bapu-
MaKCHMAaJIBHOTO Halps- MHHHAMAaJIBHOTO HaIps- HaIPIKEeHHe LUKIA O,, 9YKBUBAJEHTHOM aMIIM-  AI[MH S9KBHBATEHTHOM
sKeHHd nuKna o, , MIla  xenma muxma o;,, MIla  nuxna o,,, MIla MIIa TyZAbI IuKNA 0,,, MIIa  amMmauTyzner nukma 9
-
102 17,7 68,2 54 57,6 0,097
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rpyskd u 3a3opa. Pesyabrarsl pacuera mpezcTraBiie-
HBI Ha puc. 7.

3axJaroueHue

Hamnps:xeHusa B TOJMOBKe IIATyHA OMIIIO3UTHOTO
KOMIIpeccopa, HalIeHHble YUCIEHHBIMU METOJdaMU
WCCIIEZIOBAHUA, INPEBBICHIN HAIPIKEHUA, OIpe-
JlelIeHHbIe YKCIEePUMEHTANbHO, Ha 7 — 22 % u nanu
0ojlee KOHCEpPBATHUBHYIO OIEHKY HAIPIKEHHOTO
cocroauusa. Hcmomb3oBamne pacueTHBIX METOI0B
OIlpe/ieJIeHUsI HANPAMKEHUN II03BOJIAET OIEHUTH
BIUSAHUE HATPY30K, 3230POB B COIPIKEHUN TAJIel] —
roJIOBKA IIATyHA W 3a06J1arOBPEeMEHHO HPHUHATH He-
06xX0uMbIe MEPBI II0 MOAIEPKAHHI0 TPeOdyeMoro
YPOBHSA BEPOSTHOCTH 0€30TKA3HON paboThI.
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Meroz rucrepe3ucHO# IETIH OTHOCUTCA K IIPAMBIM CIIOC06aM OIpesieIeHns XapaKTepUCTHK pac-
CesHMs SHEPTUU U M3ydeHHs IIPOIIeCCOB HeyIIpyrocTy B Marepuanax. OH ocHOBaH Ha HeIocpe[-
CTBEHHOM IIOJIyYeHUH ITIeTIN MEXaHHIECKOTO THCTepe3uca IyTeM CTATHYeCKOTO HATPY:KeHUT U
pasrpysku obpasia ¢ 3aMepoM COoOoTBeTcTBymomux medopmanmii. OTHOCHTENBHOE paccesHue
SHEPTHUH IIPH HTOM OIpeferdeTcsa Kak OTHOIIEHNe ILIOMAIH IIeT/IN THCTepe3nca K yIIpyTrol sHep-
WM, COOTBETCTBYIOIIEH MaKCHMaIbHON aMmrumutyne nedopmarmu. [locTtpoeHue meTiu rucre-
pesuca BBIIONHAIN Ha yCcTaHOBKe «KpyTHIBHBIN MasTHUK A7 OIpENeTeHus MEeXaHUIeCKHX
CBOMCTB MaTepuaoB», KOTOpas MOKeT paboTarTh Kak IMPHOOpP /I W3MEPEHU BEIHIHHbI BHY-
TPEHHET0 PaCCesHUA SHEPTHH METOAOM 3aTyXaloIlnuX KolebaHWi M Kak MPEelH3HOHHAS KCIIbI-
TarelbHAd MAIIMHA HA KpPydYeHUe ¢ UCIIOIh30BaHueM nedopMupyroliero ycrpoicrsa. llens pa-
60TBI — oIpe/ie/ieHHe IUIOIAAN MIeTIN CTATHIECKOT0 THCTePesHca Mo00poM MaTeMaTHIECKUX
Mojienlell KPUBBIX HATPY:KEHHA W PasTPy3KU C IOCIEAYIOUIMM YHUCIEHHBIM HHTEIPHPOBAHUEM
C UCIIOJIb30BAHMEM 3HAYEHUH OPIMHAT B PABHOOTCTOAIINX TOYKAX. AHAIN3 IIPUMEHEHUS 10U~
HOMOB BTOPOM WJIU TpeThel CTelleHHU IIPOBOIUIIH II0 KPUTEPUIO HauMeHbIIIed CyMMBbI KBapaToB
HEYBA30K MEJK/LY SDMIMPUIECKAMH U PACCINTAHHBIMY 3HaueHuAMHU yHkui. Mcxonupmvu nas-
HBIMH JIJIS OIEHKU K03()(PUIIMEHTOB PErPECCUH B ITOIHHOMUATIHHBIX YPABHEHUAX SABIISIHACH SKC-
IEPUMEHTAIBHO IOIyIeHHbIE KOOPAMHATHI TOUeK AuarpaMm gedopmariiu o6pasia IIpu ero Ha-
rpy:keHuu u pasrpyske. OTIHINTEIHFHON 0CO0EHHOCTHIO IIPEJTIOKEHHOTO METOa SBJIAETCI TO,
YTO JJIA pacdeTa ILIOMANH IeTIN CTAaTHIECKOro TucTepesuca He HCIOIb3YIOTCI aHAIUTHIeCKUe
3aBHCHMOCTH MKy HANPSKeHUsAME U Aedopmarmamu, noiaydenasie H. H. JlaBugenkoBbM u
cozlepskalye TPYSHO OIpeeNnsgeMble TeoOMeTpHYecKre IapaMeTphl IeTiH, KOTOphle 3apaHee
JIOJKHBI OBITH YCTAHOBIIEHBI 110 MU3BECTHBIM 3HAYEHUAM JIOTapH(MHIIECKOT0 JeKpeMeHTa KoJle-
6aHul, ompeensieMbiM W3 3KcrepuMeHTa. [IpoBeseHHbIE HCCIIENOBAHUA ITO3BOMIAIOT CAETATH
BBIBOJI, YTO OLIEHKA OTHOCHUTEJIHHOTO PACCESHHUS SHEpruu B (DEPPHUTHOM CEPOM UyTyHE, BBIIIOJI-
HeHHasd IPAMBIM MeTOI0M OIIpefeIeHus IIOIIaAN IIeTIN MeXaHMIeCKOT0 THCTepestca TPy pas-
JIMYHBIX aMIUIUTYIaX CIBUTOBOH JedopMaliiy, XOPOIIO COIIacyeTcs C JAHHBIMU, ITOJIyYeHHBIMHI
KOCBEHHBIM METO/[OM 3aTyXaIIINX KOoJIe0aHn Ha yCTAHOBKE aHAIOTHIHOTO KIacca.

KaroueBble cioBa: MareMaTrdecKas MOJENb; IEeTJIs TUCTEPe3nca; MOAY/Ib YIPYTOCTH; Aua-
rpamMma iehOpMAIi; IPOLeCChl HEYIIPYTOCTH; PACCESHIEe DHEPTUH.

DETERMINATION OF THE AREA OF MECHANICAL HYSTERESIS LOOP
USING MATHEMATICAL MODELS
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A method of the hysteresis loop relates to the direct methods for determination of the energy dissipation
and studying the inelasticity in the material. The method is based on the direct formation of the mechani-
cal hysteresis loop by static loading and unloading of the sample and measuring of the corresponding de-
formations. The relative energy dissipation is defined as the ratio of the hysteresis loop area to the elastic
energy corresponding to the maximum amplitude of strain. Construction of the hysteresis loop is per-
formed on the installation “torsional pendulum for determination of the mechanical properties of materi-
als” which can work as a device for measuring internal energy dissipation by damped oscillations, and as a
precision torsion test machine using a deforming device. The aim of this work is to determine the area of
the static hysteresis loop through the choice of the mathematical models of loading and unloading curves
with subsequent numerical integration using the ordinate values at equidistant points. The analysis of us-
ing polynomials of the second or third degree was carried out according to the criterion of the smallest sum
of squared deviations between the empirical and calculated values of the function. The experimentally ob-
tained coordinates of the points of the deformation diagram of the sample during loading and unloading
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were used as initial data for estimation of regression coefficients in polynomial equations. A distinctive
feature of the proposed method is that analytical dependences between stresses and strains obtained by N.
N. Davidenkov and containing hard-to-determine geometric parameters of the loop, which must be pre-set
from the known values of the logarithmic decrement of oscillations obtained from the experiment are not
used in the developed method to calculate the area of the static hysteresis loop. It is shown that a compara-
tive assessment of the relative energy scattering in the ferrite gray iron performed by the direct method of
determining the area of the mechanical hysteresis loop at different amplitudes of shear deformation, is in
good agreement with the data obtained by the indirect method of damped oscillations on an installation of

the similar class.

Keywords: mathematical model; hysteresis loop; elastic modulus; deformation diagram; inelasticity; en-

ergy dissipation.

BBenenune

O6pasoBaHue METIIH MEXaHUIECKOTO THCTEPE3H-
ca — CJIe[ICTBHE HEBBIMTOJIHEHUS JTUHEHHOTO 3aK0HA
I'yka, Tak Kax MOAyJib YIPYTOCTH B T€UEHUE ITUKIIA
HATPYIKEHUS He SIBJISIeTCS MOCTOTHHBIM, 8 3ABUCHUT B
KaKoH-1ubo0 cremnenu ot medopmarneu. Meros craTu-
YECKOH MeTIN THUCTePEe3wca OTHOCUTCA K IIPSIMbBIM
crocobaM M3y4eHHUsA IMIPOIECCOB HEYIPYTOCTH B Ma-
tepuanax [1]. OH mpemycmMarpuBaer HEIOCPEACT-
BEHHOE TOJIyueHue TeTIN THCTepe3ca B KOOPIUHA-
Tax BHeIIHee HANpsKeHHe — qedopMalis mIyTeM
3aMepa COOTBETCTBYIOIIUX AedopMaIuii IpPH CTY-
IMeHYaTOM CTaTUYEeCKOM HATpPy:KeHWH W Pasrpyske
obpasrma.

Omnpenenenue IWIOMIAMN METIH THCTEpe3nca —
IIUPOKO PaCIpocTpaHeHHasd mpobiieMa, ¢ KOTOPOH
TPUXOUTCH CTAIKABATHCI HE TOJBKO MPH MEXaHU-
YeCKUX UCHBITAHUAX MaTEepPUAaJIOB, HO U HPHU U3yde-
HHUU CBOUCTB (DeppOMArHETHKOB W (DeppUMarHeTH-
KOB, 3JIEKTPUYECKUX U IEKTPOHHBIX CHUCTeM. B Kax-
IOM M3 9TUX CIyYaeB HCCIEeNOBATEIAM IPUXOIUTCA
aHAJIU3UPOBATH OCOOEHHOCTH WX IIOBEIEHHS IIPU
BHEIITHEM BoazeicTeuu [2, 3].

[Inomans merau rucrepesuca AW moxer ciy-
JKATH MEPOH paccesiHUs SHEPTHH, KOTopas ompese-
JAeT B HEKOTOPOM MaciiTabe BeIUIUHY HE0OOpaTUMO
paccesTHHOH DHEPTUHM BO BceM oObeMe Marepuana
obpasra 3a nmka gedopmupoBanusa. Jlemmdupy-
IOIl[Fie CBOMCTBA MaTepPUAaJIOB, KOTOPhIE XapaKTepH-
3YIOTCH BEJIUIHUHON OTHOCHUTEIBHOTO pPAaCCeSHUS
suepruu W, MOKHO OIIEHUTH OTHOIIIEHUEM ILIOMIATH
nerau rucrepesuca AW k ynpyroit suepruu W, coor-
BETCTBYIOII[E€H MAaKCUMAIbHOM aMILIUTY e Aedopma-
[MH, 9TO OTHOCUTCA K IPAMBIM METOJaM OIIpefee-
HUSA BHyTPEHHETO paccedannd sneprun. [loayuennoe
B 9TOM ciy4dae 3HaueHue W MoKeT ObITh HUCIIOJIb30-
BaHO JJIsT CPABHUTEILHOM OIEHKHU JIeMII(PUPYIOITHX
CBOMCTB MaTepHayios [4].

MeToabl HcCcCIeTOBAHUA

Bneperie H. H. [laBunenkos [5] BbIBen ypaBHe-
HHS BOCXOIAIIEH M HUCXOIAINEH BeTBeH IIeTIH THC-

Tepes3muca, KOTOpble B OOOOIIEHHOM BHIE MOKHO
IIPEICTABUTH KaK

6:E{s$v[(soia)" —2"—183]}, (1)
n

rne E — wmomayns HOPMAaTbHOH YIPYTOCTH Mate-
puana; g, — MaKCUMaJlbHOE 3HAUYEHHEe AMILIUTYIbI
nedopMarvu Ipu HATPYKEHUH; V U N — TeOMeTPH-
YecKHue IapaMeTpbl IeTIH THUCTepPe3nca, KOTOpPbhIe
OTIpeNeNAI0OTCA /I KaKJOTO Marepuana 9KCIe-
PUMEHTAIBHO.

Hurerpupyst Boipamenue (1), MOKHO paccuu-
TaTh IUIOIIAJb TETAN THUCTepesuca IMPU YCIOBUH,
YTO IapaMeTphl v U 1 3apaHee OIpeeseHbl 0 W3-
BECTHBIM 3HAYEHUAM JIOTAPU(PMUIECKOTO JAeKpe-
MeHTa KOJIeOaHWUiH, MOJyYeHHBIM U3 SKCIEPUMEHTA.
Heobxomumo oTMeTuTh, YTO BBEJEHNE B YpaBHEHHE
(1) TIOCTOAHHBIX IApaMeTpPOB V H N IIPEIIOIaraeT
reoMeTpHYecKoe Moo0re BCeX IeTeslb THCTepesnca
HE3aBUCHMO OT BEIWYHWHBI AMIUIATYABI Iedopma-
MU ¥ OTPAHUYIHUBAET BO3MOKHOCTh yUeTa SHEePTeTH-
YeCKUX IOTeph JJId MaTepHUalOB, paccesHHe DHEep-
THU B KOTOPBIX OyIeT BBIPAKATHCA CIOKHOM (PyHK-
e ot qed)opMaIi.

IIpu 3HaunTenH HOM MEXaHWYECKOM THUCTEPesu-
ce, XapakTepHOM i HeMeTA/UIMYeCKHX MaTepua-
J10B [6, 7], mmomanb HeTIH MOKHO OIPENeIUuTh IPH
ee KOMMMPOBAHWHN HA MWLIMMETPOBYIO OyMary ¢ Imo-
CIEeYIOUINMHU TPYTOEMKOH 06paboTKOM U MOIyIeHH-
€M Pe3yJbTaTOB CO 3HAYUTEIBHOM ITOTPEIIHOCTHIO.

B nmammuoit paGore misa ompemesneHus ILIOIIATN
MEeTIN MEeXaHWIEeCKOTO THCTepe3uca HCIIOIb30BaIn
He aHaJIUTUYECKHE B3aBHCHMOCTH, OIHCHIBAIOIINE
BETBU TIETJIA U COJIepsKallliie HeN3BEeCTHbIE U TPYIHO
ompejiensieMble MapaMeTphbl, a SKCIEePUMEHTAIBHO
MOJIyYeHHbIE KOOPAWHATHI KPUBBIX HATPYKEHUA U
pasrpysku obpasiia.

B kauecTBe ycTaHOBKM [ TOCTPOEHHUA MHETIU
MeXaHUYECKOTO THCTEepPe3nca HCII0Ib30BATH PeIakK-
carop PIIY-TyalIW, koTophlii 3a cyeT BO3MOKHOCTH
COBMEII[EHHUsI HECKOJbKUX PEKHUMOB HATPYKEHU
MOKeT paboTarb OJHOBPEMEHHO KAk IIpubop s
W3MEpPEeHUsA BEIWYUHbl BHYTPEHHETO pPaCCeaHUT
SHEPTMH METOOM 3aTyXaIuX KolebaHuil u Kak
MPeIU3UOHHAS UCIIbITATeIbHAS MAaIllMHA Ha Kpyde-
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Hue ToHEHX (<1,0 MM?) IPOBOJIOYHBIX 00PA3I0B. OTO
MI03BOJIAET IIOJIyIUTh Ha OXHOM 00pasile 6e3 ero mie-
MOHTAKA B XOJie OHOTO SKCIIEPUMEHTA IeJIbIH KOM-
IIEKC MUKPOMEXAHUYECKUX U (PU3UIECKUX XapaKTe-
PUCTHUK ¥ 3aBHCUMOCTEH, B YHCI0 KOTOPBIX BXOIAT
auarpaMmsbl 1ed)OpMAITUU U CTATUYECKAs TeTII THC-
Tepesuca [8].

ITocTpoenne meTau MEXaHUIECKOTO THCTEPE3nCa
(IIMT") mpoBOAWMIHM TIPH HCIBITAHWH CTEP:KHEBOTO
obpasma geppuraoro ceporo uyryna CH10 (I'OCT
3443-87) [9] ¢ mmunoit pabouett yactu 85 MM U 1LIO-
maapo momnepedHoro cedenus ~1 mm2. CKopocTb
nedopmarnmu obpasma npu usmepenuu [IMIT co-
crasisia ~5 - 107 ¢ 1.

Harpy:xenne o6pasiia mpu HCIBITAHUIX TIPOBO-
WU AUCKPETHO, MTOCTEIeHHO yBenwuuBas aedop-
MAITHI0 OT HYJIEBOTO [0 MAKCHMAJIHHOTO 3HAYEHUS.
[Ipumenenue peryIupyeMoro MOIIHOTO 3DIEKTPO-
MAarHUTa B CHCTE€ME HATPYKEHUs MO03BOJIAIO MOJIY-
YaTh 3HAYUTEIbHBIE KPYTSI[AE€ MOMEHTBHI IPH Jie-
opmupoBanun o0pasiia TpU CPABHUTENBHO He-
60JIBIIION BenuurHe paboyero ToOKa Ha 06MOTKe paMm-
KM YCTAaHOBKH. B KauecTBe MEpPBUYHOTO PesynbTaTa
M3MEPEeHuH IOIyJYalu 3aBUCHMOCTH aeopMariuu
obpasma (y;) oT BenuuuHbl TOKa (I;), HE06XOAHUMOTO
NI 3aKPYyYUBAHUS Te(DOPMHUPYIOIIEH CHCTEMBI ¢ 00-
pasIoM TIpM ero HATPYKEeHWM W pasrpyske. I'padwu-
YECKU 5Ta 3aBUCUMOCTD B BHJIE METIH MEXaHUIECKO-
ro THCTEpesuca MpecTaBIeHa Ha puc. 1.

O6cy:xneHue pe3yabTaToOB

IIpu moctpoeHWM KpHUBOM B KOOpAMHATAX Ha-
npssxeHre — nedopmariusa (puc. 2) oy pacyera Be-
JWYUHBI Te)OPMUPYIOIIET0 HATPSKEHUA UCII0Ib30-
BaJIU 3aBUCHUMOCTh

T, = KII (2)

I7ie T; — TeKylllee CIBUTOBOE HAIPAKEHHe, COOTBET-
crByiolee nedopmaruu y;, MIla; I, — Tekyiee 3Ha-
yenue Toka (MA), cooTBercTByoOIllee nedopMaiuu
v;. Koadpurmenr K paccumTbiBaayu W3 COOTHOIIIE-
HUS

K=G1, 3
T 3)

rme G — wMomynb caBura Marepuana o0pasia,
H/mm?; v u I' — pedopmanus u TOK, OTBedYaoIIye
IIOJIOKEHHUI0 MAKPOCKOIIIMYECKOTO IIpefiesia yIpyro-
cru. 3HaveHus y' u I' ompemesisiv 1o IIepBOHAYA b-
HO ITOCTPOEHHBIM KPUBBIM HATPY/KEHUS KAK KOOPIH-
HATBHI TOYKYM OTKIOHEHHUS JUArpaMMbl aeopMaIiun
ot guHekHoCcTH. Benmuuny Moy caeura (G OlieHu-
Banu u3 cooruomenus G/E ~ 3/8 npu usBecTHOM
3HAYEHUW MOAYJISI HOPMAaJIbHOM ympyrocTu E uso-
TpornHOro Marepuana [10].

[Inomans S craTwyeckoit METIN THCTEpe3Uca B
KoOpauHATaxX  HampsskeHue — nedopmarusa  (cm.

Puc. 1. Bug nernu mexanu-
YeCKOTO THCTepesuca, IIOoy-
YEeHHOHM CTaTUYEeCKUM Harpy-
sKeHMeM 00pasiia dyryHa Kpy-
YeHHEM C IOCIEeIyIoIeH pas-
IPYy3KOHM, B KOOpAMHATAX CHJIA
TOKa — fAedopmarus Y

™~

Fig. 1. Type of the mechani-
cal hysteresis loop obtained by
static loading of the cast iron
specimen by torsion followed
by unloading in the coordi-
nates “current strength — de-
formation” r I

TIMT" (S) xax pasmocTu Iwiom@agei Qu-
ryp npu Harpy:xkeHuu (S;) U pasrpyske

Puc. 2. Cxema onpeneneHus IUIOMATH /
(S,) obpasua

Fig. 2. The scheme for determination S,
of the PMG (S) area as the difference in I:
the areas of figures S; and S, upon load- .
ing and unloading of the specimen, re- -
spectively [max Y

puc. 2) B 3TOM CiIydae MOXKeT ObITh IIpeJicTaBiIeHa
Kak pasHoCTb Iomanei S; u Sy Qpuryp, 3axIodeH-
HBIX MEKIY AUarpamMMol aedopMaidu MIpu Harpy-
skeaun (S;) U amarpaMMoil medopMmanuiu IpH pas-
rpyske (S,) 06pasia u ropu30HTAIHHOM OChI0 CHCTe-
MBI KoopauHaT mpu t = 0.

HJIOH_IaI[b IIeTJIN Trucrepesuca BbIYUCIAINA IIy-
TeM WHTETPUPOBAHUS COOTBETCTBYIOMINX (OYHKIIHI
fu(Y) (kpuBas Harpysxenus) u f,(y) (kpuBas pasrpys-
ku). B nannom ciyuae pyHKI[MY 3a1aHbl HA OTPE3Ke
[0, Ymaxl:

Yo=10 Ty = fYo)
Y1 T = flyy)

Yo Ty = flyo)

Yn = Vimax T, = fly,)

y‘-II/ITbIBaH, YTO y3JIbl MHTEPIIOJIAIINHN Y; 3aJaHbl
C II€epeMeHHbIM IIaroM, IIpHMEHEeHUue HpI/I6JII/I)IQEH-
HBIX METOAOB HMHTErpUpOBaHUs (METOMOB IIPSIMO-
YrOJIBbHHUKOB, Tpameruii, CuMiicona) He obecreynBa-
€T BBICOKOU TOYHOCTHU OIPEHeNIeHUs IIOmAanu (u-
ryp [11, 12].

[TosTomy mmomanu S, u S, HAXOAWIN B [BA HTA-
ma: moA0HUpaayd MaTeMaTUYeCKHe MOJETU KPHUBBIX
HarpyKeHUs U PasTPy3KH, a Jajiee BBIYUCIAIN ILI0-
MAI TeTIIH MEeXaHWYEeCKOTO THCTepe3wca IIyTeM
YUCIIEHHOTO WHTETPUPOBAHUS C HKCIOIb30BAHHEM
3HAQYEHWH OpPAUHAT B PABHOOTCTOSIIMX TOYKAX.
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Dynxunnm f,(y) u f,(y) HAXOAWIM IyTeM HHTEpIIO-
JIAIUH, WCIIONB3ys MOAOOpPAaHHBIE MATEMATHUYECKHE
mozenu [13].

Ilod6bop u nposeprka adexsammnocmu modeneli
Kpusblx Hazpyycenus u paszpy3ku. Iaa onucanus
KPHUBBIX HATPY:KEHUS W PASTPY3KH IIPHU IIOCTPOCHUHU
CTATHYECKOM IIETIIN THCTEPE3NCa OMPEeNeIsiin mapa-
MeTPBI COOTBETCTBYIOIIUX MOJEIed B BHUE TIOJIHMHO-
Ma BTOPOM CTeIleH!

y = bo + blx + b2x2, (4)
60 ypaBHEHHUA KyOHMYECKOro IIOJIUNHOMA
y =by + byx + box? + bsx?, (5)

rae by, by, by 1 by — K03 DUIMEHTHI PErpeccuu B
YPaBHEHHUAX OOOMX MMOJMHOMOB; X — 3HAYEHUS OT-
HOCHTEJIbHOM CABUTOBOM medopManuu y, a y — Ka-
CaTeIbHOTO HATIPSIKEHU T.

B rauecTtBe mMaremMaTHuecKod MOETH CTATHIe-
CKOH IIEeTJIM THCTEPe3uca HCIIOIb30BaIN yPAaBHEHUA
MHTEPIIOISAIMOHHOTO TIOIUTOHA ¢ HANMEHBIIIEH CyM-
MOM KBAJpaTOB HEYBA30K SS? MKy SMIMPAIECKH-
MU U PacCIUTAHHBIMU TI0 ypaBHeHusM (4) u (5) 3Ha-
yenusamMu (yugui. [Ipumenenre momeneir B Buje
IIOJIMHOMOB BTOPOU HJIM TPEThEH CTEIeHU OLeHH-
BaJIN, OPUEHTUPYSACh HA MUHUMAIbHYIO CyMMY KBajl-
paToB HeyBa30K. VICXOAHBIMEU JaHHBIMU JJI OIEH-
KU K03(p(pUIIMEHTOB perpeccwu B ypaBHeHUAX (4)

Ta6auna 1. Koopguuarsr Touexk apuarpamMMm gedopMariu
obpasiia mpy HArPyKeHHH U PasrpysKe

Table 1. The coordinates of the points of the diagrams of
specimen deformation during loading and unloading

Howmep Nedbopmanus y Hamnpsxenme t, MITa
TOYKH x y
IIpu Harpy:xeHUn

1 0 0

2 0,0000146 0,714
3 0,0000271 1,184
4 0,0000542 2,183
5 0,0000813 3,182
6 0,0001084 4,218
7 0,0001355 5,088
8 0,0001626 5,920

IIpu pasrpyske

1 0,0001626 5,920
2 0,0001355 4,810
3 0,0001084 3,885
4 0,0000813 2,868
5 0,0000542 1,887
6 0,0000271 0,869
7 0,0000135 0,370
8 0 0

u (5) ABIANTNCH KOOPAUHATHI X U Y TOYEK AHUATPAMM
nmedopMmariuy 00pasiia IIPH ero Harpy:KeHUW U pas-
Ipy3Ke.

[Tapamerps! ypaBHenwuii perpeccun (4) u (5) mo-
Jiydau C TOMOIIBI0 MEeTO[a HAWMEHBIITHUX KBajpa-
T0B ¢ wucnoabzoBanrem mporpammbr STATGRA-
PHICS Plus for Windows.

IInomanu uryp S; u S, paccyuThHIBAIH C HC-
nmonb3oBanuem [II1TT Excel mo dpopmyie [14]

6h

J £dx =h{f0) + 5f(h) + fi2h) + 6f13h) +
0

+ f(4h) + 5f(5h) + f(6h)} = 0,3hY_kf(x),  (6)
rae
h = Xpmax — Xmin)/6 — (7)

IJIMHA WHTepBaia pas3dueHus HA BCEM IPOMEKYTKE
uHTerpupoBanus; £k = 1,5,1,6, 1, 5, 1 — mHO:KHUTE-
au Yagmma [14]; f(0) ... f(6h) — 3HaveHus QyHKIUN
B Toukax 0, A, ..., 6h. Hucio uuTepBaaoB pasbueHus
MPUHUMATH BCETJA PABHBIM IIIECTH, IPUYEM IIepBast
TOUYKa (DYHKIIMH HATPYKEHUA W MOCIETHAT TOYKA
yHKITMM pa3rpy3Ku Bceryia ObLIN PaBHBI HYJIIO.

B xauectBe mpmmepa mpuBegeM aJrOPUTM pPac-
YeTa IUIOIMIAH CTATHIECKOH eTIU THCTEePe3nca I
obpasiia heppHUTHOTO CEPOTO UyryHA IPH ero aedop-
MHUpPOBaHWH 10 3HaueHus y = 1,6 - 1074 Hcxomubi-
MU JAHHBIMHU I OLEHKH K03 (HUIIMEeHTOB perpec-
cuu B ypaBHeHHAX (4) u (5) CIyKuau KOOpAHUHATHI
TOYEK KPHUBBIX MeOpMAIMH HPH HATPYKEHHH U
pasrpyske, npuBefeHHbIe B TabI. 1.

YpaBHEHUS MOIWHOMOB BTOPOM M TPETHEH CTe-
meHed UIsa omucaHus KPUBOH medopMaliuu Ipu Ha-
IPY:KEHUH UMEIOT CAeIYIOIINE BU/I:

y = 0,0476012 + 41977,3x — 3,56956 - 107 x2,
SS? =0,01151;
y = 0,0465783 + 42089,4x — 3,75298 - 107 x? +
+ 7,48681 - 10%x3, SS?% = 0,01150.

B cBsasu ¢ mamocreio sHauenus by(b, < b;) mpwu ro-
CIIeyIOINUX pacueTax uMm mnpenebperamnu (b, ~ 0).

ITocronmbKy paccunTanHas cymMMa KBagpaToB He-
yBsi30k SS? oguHaKOBa AJs1 000MX IOJIMHOMOB, KO-
2 PUIHEHTHI PETPECCUH MOKHO OIPEIeIaTh II0 JIF0-
6omy u3 mux. PacueTsl MpOBOAWIN IO YPABHEHUIO
KyOM9IeCcKOro IOJIMHOMA:

y = 42089,4x — 3,75298 - 107 x% + 7,48681 - 10%x3.

Hnuny waTepBana pasbueHHs HA BCEM IIpoMe-
JKyTKe HWHTETPUPOBAHUA IIPU YHCIE HWHTEPBAJIOB
pasbueHus, PABHOM IIIECTH, OTIPEIENISIIN, UCIIOTb3Y
BeIpaskenwue (7):

h = (0,0001626 — 0,0000146)/6 = 0,0000247.
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Suavenus QyHKuu f(x) 118 KPUBOU Harpy:xe-
HUS MPUBEIEHBI B Ta0I. 2.

IInomans urypsl, orpaHUYeHHON KPUBOU je-
opmariuu pu HArpy:KeHuu u ockio aberucc (S;), B
cooTBeTCTBUH C hopmyioii (6) paBHA

S; =0,3-0,0000247 - 56,947 = 0,0004215.

AHAIOTHYHO PACCUUTHIBAIH ILIOMALb (DUTYPHL,
OTpaHUYEHHOH KPUBOU AeopMaIiuy Py pasrpyske
u ochio abcmucc (Ssy).

YpaBHEHUS MOIWHOMOB BTOPOH M TPEThEH CTe-
IIeHeH /71 ONIMCAaHUA KPUBOH fedopMaIuu Ipu pas-
Ipy3ke UMeIoT BUI:

y = 34766,3x + 1,12689 - 10"x%, SS?% = 0,01178;
y = 34045,2x + 2,30957 - 107 x% -
-4,83013 - 10%x3, SS? = 0,01158.

ITockonbKy cymma KBaaparoB HeEYB30K SS2
Oosbllle 71 TIONIMHOMA BTOPOH CTelleHH, K03(du-
IIMEHTHI PETPECCHU OIPENeIAIN 110 YPABHEHHUIO KY-
OMIEeCcKOro IIOJIMHOMA.

Jnuna umHTEepBana pasdueHWd HaA BCEM IIpoOMe-
JKYTKe HHTeTPUPOBAHUS

h = (0,0001626 — 0,0000135)/6 = 0,0000248.

Suauenusa QyHruu f(x) 118 KPUBOH Pasrpys3Ku
puBeeHbI B Ta0II. 3.

IInomans urypsl, orpaHudeHHON KPUBOU je-
dopmaruu mpu pasrpyske u ocbio abermce (S,), co-
rJ1acHo BbIpaskeHuio (7) cocraBiseT

S, = 0,3 - 0,0000248 - 53,365 = 0,0003978.

Hnomam) CTaTUYECKOM IIeTJIN rucrepesuca S
ormpeneadnn Kak

S = 0,0004215 - 0,0003978 = 0,0000238.

IlockombKy KOOpaMHATHI TOYEK AHUATPAMMBI X U
y IpuHAMAaIH 6e3 ydera MX pasMepHOCTeH, ILIOIa-
mu uryp S; u S, (cM. puc. 2) oIleHUBaIN B OTHOCH-
TelIbHBIX efUHUANAax Kak S - 106.

Ta6auna 2. Suauenus pyHriuu f(x) Qg AHATPAMMBI Jie-
(hopmanum o6pasiia npu HATPYKEHUN

Table 2. Values of f(x) function for the strain diagram of
the sample under loading

OrHocuTenbHAA IOTPENIHOCTH OIPEeeTeHUd
IJIOLIAY TIET/IN THCTEPE3Nca B PeaTbHbIX YCIOBUAX
W3MEpPEeHUsA NapaMeTPOB KPUBBIX HATPY:KEHUd U
pasTpPy3Ku AJA ClIydad caMbIX MaJIbIX HCCJIEIOBaH-
HBIX CTATUYECKUX IIeTeIb THUCTepe3uca COCTaBHIIA
nopanka 30 %. C ysennuenneM aMIUIATYIbI gedop-
MaIli¥ ¥, COOTBETCTBEHHO, IIOAAN ITETIN OTHOCH-
TeJIbHAsA IIOTPEITHOCTh CYIIIECTBEHHO CHUKAETCA.

Pesynprars! pacuera miomaay craTHIeCcKUX IIe-
TeJIb TUCTePe3uca, I0IyYeHHbIe I (DepPUTHOTO ce-
poro uyryra (CH15) mpu HECKOJIbKHX CTYIIEHIX Ha-
TPysKeHHd 10 MaKCUMAaJIbHBIX 3HAUeHUU CIBUTOBOM
nedopManuy Ha KAKIAOH CTYIEHHU, IIPeNCTABIEHBI
HIUKE.

Vimax * 104 S - 108 (AW), orH. ex.
0,81 8,2
1,63 23,8
2,44 126,7
3,63 187,5
4,68 246,3

YuuThiBaf, YTO IJIOMAAb CTATHYECKOH MeTIH
THCTEPEe3uca IMPOIOPIIHOHAIBHA TOTEPAM DHEPTUU
npu nedopmupoBanuu AW, mpencraBiasercs BO3-
MOKHBIM OITEHHUTHb BHYTpPEHHEE paccedHUe DHEPTUU
npaMeiM MetonoM [1]. Sa mMepy BHyTpeHHeEro pac-
CeTHHUI OHEPIuu INPUHUMAJIN XapaKTePUCTHURY OTHO-
CUTEJIBLHOTO PACCeIHU DHEPTUU

¥ = AW/W, ®)

roe AW — 1wrommaab CcTaTHIeCKOM IIeT/IH THCTEPEsH-
ca, COOTBETCTBYIOIAS JHEPIHUM, PACCEIHHOU B 00-
pasile B IUKIe HArpy:KeHue — pasrpyska; W — Be-
JIMYWHA IOTeHIVMAJIbHOU SHEPTHUH, HAaKAILIMBAEMOM
B eqUHHUIE 00beMa MaTepHaia IPU MAKCHMAIbHOH
aMIIuTyse aeOPMUPOBAHUSA €), KOTOpAas OIpee-
JIIeTCSA Kak

W =Ee2/2 [1].

Ta6auua 3. Suauenus pyuriuu [(x) QI AHATPAMMBI Jie-
dopmanuu o6pasiia Ipu pasrpyske

Table 3. Values of function flx) for the strain diagram of
the sample during unloading

. fx) M;:Iﬁljl’;egb Hpon}:}s(iﬁ(eﬁne . fx) M;;);IICSII’:B}J;L Hpon};}fs(i;;[eﬁne
0 0 1 0 0 0 1 0
0,0000247 1,016 5 5,079 0,0000248 0,859 5 4,296
0,0000493 1,986 1 1,986 0,0000497 1,742 1 1,742
0,0000740 2,913 6 17,478 0,0000745 2,645 6 15,873
0,0000987 3,796 1 3,796 0,0000994 3,564 1 3,564
0,0001233 4,635 5 23,176 0,0001242 4,492 5 22,462
0,0001480 5,433 1 5,432 0,0001490 5,428 1 5,428
Cymma 56,947 Cymma 53,365
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Puc. 3. OtHocuTenbHOE paccedHre DHEPTUU B (hePPUTHOM
cepoM dYyryHe, IOJ[y4YeHHOe MEeTOIOM 3aTyXalolux Kojeba-
Huii (1) u npambiM usmepenuem romanu [TMI (2)

Fig. 3. Estimates of the relative energy scattering in ferrite
grey cast iron obtained by damped oscillations (1) and direct
measurement of the PMG area (2)

3axjaroueHue

SHaYeHUA OTHOCUTEIHHOTO PACCeTHUS SHEPIHH,
TIOJIyYeHHbIE KOCBEHHBIM METO/IOM 3aTyXaolIuX KO-
mebaHuil ¥ IPAMBIM METO[OM U3MEPEHUs ILIOIIAIHN
CTATUYECKOM TMeT/IH THCTepe3uca Ha YCTAHOBKAX
OIIMHAKOBOTO Kjiacca (puc. 3), XOPOIIIO COrIACyIOTCA.
B unrepsane ammiutyn nedopmanuum ot 8 - 1070 1o
510 deppUTHBIHA CephIi YyTYH XapaKTepU3yeTcs
BBICOKMMU JTUCCUTIATHBHBIMHU CBOHCTBAMH.
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Q-OIITUMAJIBHBIE U BJINSKUE K HUM IIJIAHBI ORCIIEPUMEHTA
/I TIOJTMHOMHMAJIBHOM PETPECCHU HA OTPE3KE
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Paccmotpena 3amaua mocTpoeHns @-ONTHMANBHBIX IIAHOB SKCIIEPUMEHTA AT [TOIUHOMUATD-
HOH perpeccun Ha orpeske [-1, 1]. ITokazano, 9ro usBecTHbIe ImIanbl MamoroBa — @enoposa,
KCTIONIB3YIOIIHe CeKTp D-onTuMaIbHbIX ITaHOoB (CIiekTp Jlexanapa), Q-0NTuMaIbHBIMU He AB-
JIIOTCA. DTOT BBIBOJ, ABIAETCA HEIOCPEACTBEHHBIM ciiencrBueM 3amedanus 1[labamoca k rumo-
Te3e Jppelna, onposepraronumM ee. Cama runoresa JpJela 3axkI0danach B TOM, YTO CIIEKTP Ha-
CBIIIEHHBIX D-0NTUMAIBHBIX IIAHOB 71 OJTHHOMUAIHHON PETPEeCCHH Ha OTPE3KE OJHOBPEMEH-
HO ABIIAETCH U CIIEKTPOM HACBIIIEHHBIX (-0NTUMAaIbHBIX I1aHoB. [IprBenes HaCHIIEHHBIH TOY-
HbBIA @Q-OITUMAIBHBIN IUIAH IS TOJIMHOMUAIBHOM PErpeccuu CTEIeHH s = 3, MOATBEepPIKIA0-
it 3amevanwe [labamoca. [lanee aTo yTBep:KIeHHe [IEPEHOCUTCA HA HENPEPHIBHBIE ILIAHEL
Jna cmydaeB s = 3, 4 mokasaHo, 4To u3BecTHaa TeopeMa MamioroBa — PemopoBa 0 HeIpephIB-
HBIX @-ONTHMATBHBIX [IJIAHAX TAKKe HEBEPHA, XOTA M OCTAeTCA CIPABEIINBOM 1A CTeleHed
s = 1, 2. Uccnenosans! nansr MamoroBa — Penoposa co criekTpoM JleskaHapa ¢ TOUKH 3peHus
ux 6rmsocty K @-ormruManbHbIM. Ha mprmepax moxasaHo, 9TO OHHU JOCTATOYHO GIHSKH 1A Ma-
JIBIX CTEleHeH s MOJMHOMUATIBHOM perpeccun. HaiineHo yHuBepcanbHOe BhIpaKeHue 1 @Q-or-
THMAaJIBHOTO PacIpesieIeHUs BECOB p; OIIOPHBIX TOYEK X; B CIydae IIPOU3BOIBHOTO CIIeKTpa. B Ka-
YecTBe IpUMepa € IIOMOIMBIO IOILYyIeHHOTO BBIPAKEHNA IIPOBENEHO TalyIHMpOBaHUE paclpere-
neHus BecoB [ wiaHoB MamotoBa — Pemoposa i s = 3, ..., 6. OrMedeHa o6LUHOCTH IIOIY-
YEHHOI'0 BBIPAKCHUA IJIA Q-OHTI/IMaJII)HLIX BECOB C A-OHTI/IIVIaJH)HI)IlVI pacmpenejreHrueM BeCOB
(pactpenenenue Ilykenpcxaiiva) Ipy TOH ke IIOCTAHOBKe 3a7auu. B saxmoueHne fana KkpaTkas
PEeKOMEeHIAIMs O YKUCIEHHOM IIOCTPOEHUHN @-ONTUMATIBHBIX IUIaHOB. OTMEUEHO, Y4TO ITOMHMO
TPaJUIHAOHHBIX YHUCIEHHBIX METOIOB B JAHHOM CJIydae MOTYT OBITH HCIIOIB30BAHBI IIPOTPaM-
MHBIE€ CHUCTEMbI CHUMBOJIBHBIX BLI‘IHCJIeHHfI, HUCIIOJIB3YIOIe MEeTOAbI PEe3yJIbTaHTOB U UCKJII0Ye-
uus. [IpuBoguMble B crarbe MpUMeps! (-0NTHMANBHBIX IIIAHOB IIOCTPOEHBI C UCIIONb30BAHUEM
HMEHHO 9THUX METO/I0B.

KiroueBble cioBa: IOIMHOMHUAIBHAS PETPECCHs; KPUTEPH (-ONTHUMAIBLHOCTH; IJIAH DKCIIe-
puMeHTa; TIIaHBI SKcnepuMenTa MamoroBa — @eopoBa; MHTEPIIONAIMOHHBIE TTOJIMHOMBI Jlar-
parmka; CIIeKTp IIaHa; MeTO Pe3yIbTaHTOB.

Q-OPTIMAL EXPERIMENTAL DESIGNS AND CLOSE TO THEM EXPERIMENTAL
DESIGNS FOR POLYNOMIAL REGRESSION ON THE INTERVAL
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The problem of constructing @-optimal experimental designs for polynomial regression on the interval
[-1, 1] is considered. It is shown that well-known Malyutov — Fedorov designs using D-optimal designs
(so-called Legendre spectrum) are other than @-optimal designs. This statement is a direct consequence of
Shabados remark which disproved the Erdés hypothesis that the spectrum (support points) of saturated
D-optimal designs for polynomial regression on a segment appeared to be support points of saturated
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QR-optimal designs. We present a saturated exact @-optimal design for polynomial regression with s = 3
which proves the Shabados notion and then extend this statement to approximate designs. It is shown
that when s = 3, 4 the Malyutov — Fedorov theorem on approximate @-optimal design is also incorrect,
though it still stands for s = 1, 2. The Malyutov — Fedorov designs with Legendre spectrum are considered
from the standpoint of their proximity to @-optimal designs. Case studies revealed that they are close
enough for small degrees s of polynomial regression. A universal expression for @-optimal distribution of
the weights p; for support points x; for an arbitrary spectrum is derived. The expression is used to tabulate
the distribution of weights for Malyutov — Fedorov designs at s = 3, ..., 6. The general character of the ob-
tained expression is noted for @-optimal weights with A-optimal weight distribution (Pukelsheim distri-
bution) for the same problem statement. In conclusion a brief recommendation on the numerical con-
struction of @-optimal designs is given. It is noted that in this case in addition to conventional numerical
methods some software systems of symbolic computations using methods of resultants and elimination
theory can be successfully applied. The examples of @-optimal designs considered in the paper are con-
structed using precisely these methods.

Keywords: polynomial regression; @-optimality criterion; experimental design; Malyutov — Fedorov
experimental designs; Lagrangian interpolation polynomials; design spectrum; method of the resultants.

BBenenmne

IIpu mocTpoeHMH ONTUMAIBHBIX ILIAHOB DKCIIE-
pUMeHTa HCHOJB3YIOT KaK aHajautmideckme [1 - 3],
TaK U YUCAE€HHBIE METOABI [4], TP 3TOM IPHOPUTET,
€CJIM 9TO BO3MOKHO, OTHAIT AHAJUTHIYECKHUM METO-
mam. Takoe wyacrto mMmeer MecTo B 3ajavyax HeJH-
HEHHOro mjaHupoBaHud (cM., Hampumep, [5, 6]),
a TakKe /I ONpeNeJeHHbIX KIaCCOB JUHEWHO Ia-
paMeTpU30BAHHBIX Mopeied. K umciy maHHBIX MO-
Jeeil OTHOCHUTCS, B YACTHOCTH, KJIACC TIOJHHOMHU-
aJTbHBIX MOJIeIeH.

3amadya mOCTPOEHUS ONTHMAIBHBIX ILIAHOB JJIA
IMOJIMHOMHUAILHOM perpeccur Ha orpeske [-1,1] B
HACTOSIII[ee BPeMs X0OPOIIo uaydena. B sTom Hampas-
JICHHUU II0JIyYeHO MHOTO AHAJUTHYECKUX W YUCJIEH-
HBIX pe3ynbTaroB. TeM He MeHee HA HEKOTOPBIE BO-
IIPOCHI OTBETHI A0 CHUX IIOP HE IIOJy4Y€HBI.

Pab6ora mocssieHa yTouHEeHUI0 HEKOTOPHIX TEO-
peTHYECKHUX pes3yJbTaToB, KACAOIIUXCI ()-0mTHU-
MaJBHBIX IUIAHOB, W3 KOTOPBIX, B YACTHOCTH, CJIe-
IyeT BO3MOKHOCTH PACCMOTPEHHS ILJIAHOB THIIA
Masmroroa — @emopoBa NpUMEHHUTENILHO K A-Kpu-
TEPHUIO.

CyTs paccMaTpuBaeMoOi IpO0JIeMbI COCTOUT B
craenytomiem. B cepuu pabor [7 — 9] Mantoros u Pe-
IOPOB ChOPMYJIHPOBAJIN PE3YIbTAT, COTIIACHO KOTO-
POMY ILIAHBI CO CHEKTPOM D -ONTHMAIBHBIX IIJIAHOB
(cexTp Jlemxanmpa) ¥ COOTBETCTBYIOIIUM €My pac-
IIpeaejeHrueM BeCOB SABJAIOTCS Q-OHTI/IMaJIBHbIMI/I.
OnHaKo OKAasaloch, YTO I CTEIleHEeH IIOJIMHOMA
$ >3 maHHBIA pPe3yiIbTaT HeBepeH. JTO SABISeTCS
ciencTeueM caenaHHoro B 1966 r. 3ameuanmua Illa-
6amoca [10] x rumorese Ipmema [11], omposepra-
IOLIAM ee.

B cBa3u ¢ atum obcroaTenscTBOM B pabore mo-
CTPOEHBI TOYHBIE W HEIPEPBIBHBIE (-ONTHMAIbHbIE
IUIaHbI 719 S = 3,4 W IPOBENEHO WX CPaBHEHWE C
TOYHBIMHU IIJITAHAMHK, COOTBETCTBYIOIIIMMH THUIIOTE3€e
Apaeiia, v HENIPEPLIBHBLIM MIanam Mamorosa — Pe-
moposa. ITocKoNbKy 115t JaHHBIX 3HAYEHUH S PA3JyIu-
que MEEOIy Q-OHTHM&JII:HBIMI/I n HpH6HHH€eHHbIMH

&y -TIaHAMHU CO CcIeKTpoM JleskaHapa Okasamioch
KpaiiHe He3HAYHUTEIbHbIM, TO B Pab0oTe IIOCTPOEHbI
IUIAHBI §yp MJIS TOCIENYIONINX CTeleHed s = 5,6 B
MIPE/IIOIOKEHIH, YTO U JJIfA DTUX CTEIIeHEeH pasJiu-
qre MeKIy HUMU U @-ONTUMAaTbHBIMHU IJIAHAMU
XOTA ¥ Oy/ieT Bo3pacTaTh, HO OCTAHETCH B PA3YMHBIX
rnpejenax.

Ilnanse! & UHTEPECHBI B TOM OTHOIIEHHH, YTO
COIVIACHO HAWIEHHOMY B paboTe aHAIUTHIECKOMY
COOTHOIIIEHHIO [IJI BECOB, MMeEMIeMy 0ojiee OOIIui
xapakrep, ueM pesyiabrar MamoToBa — Pemopona,
BBIPAJKEHUA MJIA BECOB TOYEK IUIAHOB &y MOTYT
6bITh TIpoTabyaupoBaHbl Aia a06oro crekxrpa. Co-
OTBETCTBYIOIIlEE AHATUTHIECKOE BhIpA/KeHNEe aHAIO-
rugHO pesynbraTy MamoroBa — PemopoBa u cBasa-
HO C (PyHIAMEHTATbHBIMH WHTEPIIOIAIHOHHBIMU
nouHOMaMmu Jlarpamka.

YHuBepcaTbHOE BbIpAKEHWE I BECOB &yp-
ILUIAHOB C IIPOWBBOJIFHBIM CIIEKTPOM OKa3aJioCh CO-
BEPIIEHHO AHAJOTUYHBIM PACIIPEIeIeHUI0 BECOB
IlykenbcxaiiMa 1 A-ONTHMAIBHBIX IIJIAHOB C IIPO-
U3BOJBHBIM cIieKTpoM. Pacmpenenenume Ilykenbe-
xaliMa ompeesifeTcsa INIAaBHOU IHArOHAJIBI0O MaTpH-
uel (FFY)!, rope F — marpuna IiaHa, ABIAIOMIAICT
B HAIlleM ciy4yae Marpurei Baugepmona.

CraThs BKJIIOYAET TOCTAHOBKY 3aj1a4yH, HE0OXO-
IuMble 0003HAYEHHA. B Hell mpuBeaeHbI pesyibTa-
ThI U3 TEOPUH UHTEPIOIAIUH, CQOPMYIHPOBAHA TH-
rmores3a Jp/ellia u IPeACTaBIeH OIPOBEPTaoIni ee
npumep Illabamoca. PaccmoTpenbl HempepbIBHBIE
Q-onrTUMAaNbHBIE U CBSI3aHHBbIE ¢ HUMU IuTaHbl Ma-
moroBa — Penoposa & IlpuBenenn TabyaupoBan-
Hble 3HAUYEeHUs BECOB IUIAHOB {yy U OIMTHMAIbHBIH
IUTAH I8 KBaApPaTAYHON pPErpeccru Ha OTpesKe C
061acThI0 yepeaHeHusd Z, OTAWNYHOMR OT 00JIaCTH IIIa-
uupoBauui X = [-1, 1].

OrmeruM, 4TO KpUTEpHH @-ONTHMATHLHOCTHA B
3amajHoOi JHWTEeparype HasbIBaeTcs I[-KpurepueMm
[12, 13], HO MBI coXpaHseM 3a HUM HasBaHue, bojee
IIPUBBIYHOE O0T€YeCTBEHHOMY yuTareyo [9, c. 153].
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IlocraHoBKa 3ama4du

Kax kpurepuii BEIOOpaA MHTEPHOISIIIHOHHOTO 6a-
31ca B 3amavax YHMCIEHHOIO aHaIu3a KPUTEpUH -
ONTUMAJILHOCTH IosiBisierca B padore [11]. C passu-
THEM TEOPHH OITHMAJIBbHOTO IUIAHWPOBAHUS JKCIIE-
PHUMEHTA OH IIOSBJIAETCA B HEW HAPSALY C KPUTEpPHUeM
A-0IITUMAILHOCTHA KaK OIUH W3 MHOTHX IPYTHX JIH-
HeHHBIX KpUTepHeB IiaHupoBanud. 11o ero mosomy
B. B. ®emopor mumier [9, c. 153]: «Ecau skcnepu-
MEHTaTOpa WHTepecyeT 00Inasd 3aKOHOMEPHOCTh 3a-
BUCHMOCTH H3y4aeMOM BEIHYUHBLI OT KOHTPOIHPY-
e€MBIX IEPEMEHHBIX, T.€. OH MOJKET II0KepPTBOBATH
TOYHOCTBIO OITUCAHUS B MAJIBIX 00JIACTAX PAIH XOPO-
IIIeT0 OMHUCAHUA BO BCEH 00JACTH, TO PA3yMHO IIO-
TpeboBaTh, YTOOBI MUHUMHU3UPOBAIACH BEIMINHA

-1

-1
[de| E|[InG 0 -ne002dz |=| [dz | [d9de,
Z Z Z Z

rme obmacth Z HeobA3aTelIbHO COBIIAfaeT ¢ 06ja-
creio mnanwpoBanus X. IlnanupoBanume skcmepu-
MEHTAa 3aKII0YaeTcsd B OTBICKAHWM IIaHa &, MUHU-
MHU3HPYIOLIET0 BEIUNIUHY

QID®)] = [d(z, 9dz, (1)
Z

rae d(x, §) — mucrmepcus OIeHKH (PYHKITHH OTKINKA
n(x, 6)». Ilamee 6ymem paccMaTpuBaTh TOJIBKO CIIy-
yat Z = X =[-1, 1]. Bemem HeoOxomuMble oImpe-
JeIeHus.

Ilycrs 3amana Mmomens HAOTIOAEHUH

y =1, 0) +e =fx)0 + e, (2)

rae y € R — Bekrop mHabmogenuit; n(x, 0) = f(x)"0 —
JUHEHHAs II0 IapaMerpaM (YHKIUA OTKIMKA;
0 € R® — BekTOp OIEeHMBAeMBIX ITAPAMETPOB; 7 >
>m; e = N(0, 02I,) — BekTop OIIMOOK, MMEIOIIHUX
HOpPMAaJILHOE paclpefiefieHre C HyJIeBbIM CPeIHHM
Ele] = 0 u gucnepcueit Dle] = o?l,. Jlanee mona-
raeM 02 = 1, a B KauecTBe (DyHKIUH OTKIHKA pac-
CMOTPHM IOJIHHOMHUATILHYIO MOJETh PETPECCHH CTe-
IIEeHH S:

n(x, 6) = > 0,257, x e X = [-1, 11. (3)
=0

U3 (3) cmenyer, utro m = s + 1 — KOIMIECTBO
olleHMBaeMbIX mapaMerpoB. llomosxkum n =m =

=s + 1 uoycrs

&= (supp& p) =1{(x;, p)7,}, x; € supp &,

HACBIIIEHHBIA IUIAH SKCIEPUMEHTAa, Thae Supp & =
= (x4, ..., X,) — CIEKTp ILIaHA, YIOBJIETBOPAIOIIUI
YCIIOBHIO

“1<x; <x9<..<x,<1, (4)

n
ap = (py..,p, — BEepPOATHOCTHAS Mepa, 3aJaHHasT
Ha supp &.

Ecmu p; = ... =p, = nl, To cOOTBETCTBYIOLINIA
ILUTAH HA3BIBAETCH TOYHBIM, B IIPOTHBHOM ClIydyae —
HempepbIBHBIM. Tpebyercs maiTu miaH &*, MUHH-
Musupyonwmii pyarnuonan (1), KOTopbIil ompeess-
eTcs CIIeLYIOIIUM 00pasoM.

O6osuaunm f(x)* = (1, x, ..., x%), P — nuaronajb-
HYI0 MATPHWILy C 3JeMeHTamMu P, = p, Ha TJIaBHOH
nuarouanu. Ilycrs

F=[facy), .., fe)"l =2/ i, j =1, ., n,
M(§) = F'PF — (5)

MaTpHulla ILUIAHWPOBAHUS, COCTABIEHHAS W3 CTPOK
f(x,)*, u uHpOpPMAIIMOHHAS MATPHIA ILIAHA § COOT-
BercTBeHHO. B ciyuae (5) ompenenurens W = |F|
CBOJIMTCS K U3BECTHOMY OIIpefeIuTeo Bangepmon-
na [14, c. 13], KOTOpBI He paBeH HyJII0 B cuiry (4).

IlockonbKy B HJaHHOM CjIy4yae OIEHKA HAUMEHb-
IIIUX KBaJPaTOB

6 = ME)'F'Py = Fy,
TO

Din(x, 0)1= f(x)* DIO1f(x) = f()* M(®) 1 f(x) — (6)

[HcIiepcus OmeHKu n(x, é\). Ilomaras D(§): = D[@] =
= M(Y)™!, onpenensem yHKIIHNIO TUCIEPCAN

d(x, & = flr)"DEfx) = flx)"M () fx),
xeX=[-1,1], (7

WUTPAIOIIYI0 OCHOBHYIO POJIb B IIOCIIELYIOIEM H3JIO-
skennn. [Lnan £ MUHUMHUBUPYIOMUMH (DYHKITHOHAT

1
QID(®)]= [ d(x, 9dx, 8)
-1

HasbiBaeTca @-onrumanbHbiM. Harma 3amaga — wuc-
CIIeIOBATh CTPYKTYPY @-ONTHMANIBHBIX IJIAHOB, OC-
TAaHOBUBIIKChH, B YACTHOCTH, HA CBOMCTBAX ILJIAHOB
Masmrorosa — @emoposa [8], xKorophle, Kak oOkasza-
JIOCh, HE SBJAIOTCI (-ONTUMAILHBIMH B KJacce He-
MIPEPBIBHBIX IJIAHOB =, 1A § > 3.
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CBasp ¢ TeopHel WHTEPHIOJIAIHH

IIyctes Ha oTpeske [-1, 1] samambr n =s + 1
npousBonbHBIX ToueK (4). Ilomomum w(x) = clx -
—x) X —x9)...(x —x,,) (c #0) u mycThb

(%) .
;=——— 1=1..,n, —
o (x)(x —x;)
yHmameHTanbHbIE HHTEPIOIAIUOHHBIE MHOIO-
ymeHbl Jlarpamika, yIOBIETBOPAMOIINE YCIOBUAM
l(x;) = 6. MHoxecTBO TOCTenOBaTeNbHOCTEH (4),
KAk OTMEJYEHO BbIIlle, 0003HaYaeM X,,.

Cy1iecTByeT HECKOJIBKO 3a/1a4 HAWIyYINeHd WH-
TEPIOJAIUY, CBIA3AHHBIX C IIOCIEI0BATEIHHOCTIMU
(4) m mopokmAeMBIMM HWMH MHOTOWIeHAMH [ =
= (4, ..., [,)". Hac Oynyr mHTEepecoBars ABe U3 HUX,
repBas U3 KOTOPBIX MMeeT OTHOoIIeHue K D-, a BTo-
pai — K @Q-onNTUMaIbHOMY ILUIAHWUPOBAHUIO DKC-
IIepUMEHTA.

3adaua Peiiepa. 3amauya COCTOUT B OTHICKAHUU
TaKOU IOCIeN0BATEIbHOCTH (X4, ..., X,) € &,, IId
KOTOpPOU

max ZZiz(x)

xel-1,1] P

nocturaer muHuMmyma. B 1932 rony ®eiiep nokasan
[15], 9TO BTOT MUHUMYM JOCTHUTAETCSA HA IOCIEI0Ba-
TenbHOCTH (X, ..., X,) € Z,, 3IEMEHTbI KOTOPOMH fAB-
JIAI0TCI KOpHAMH MHorouwieHa (1 - xz)P,'L_l(x), roe
P,(x) — n-it muOTOWIEH Jle:kanapa, mpu 3ToM

n
inf max Y l.(x)2%=1.
EeE,, xe[—l,l]; L

JTO creayeT W3 MMEIOLIET0 MECTO C TOYHOCTBIO J0
KOHCTaHTHI ¢ > ( mpencTraBieHus

o) = [ P, ;(dt =(x* ~1P, (),
-1

dn

2 _1\n
on dx”(x D", n>1. 9)

P,(x)=

Berpasxenna gma P,(x) u P, (x) npuBomarca B pas-
HBIX UCTOYHUKAX, B yacTHOCTHU [16, c. 271].

B coBpemeHHOM IIOCTAHOBKE peIlleHHE 3a1adu
Deilepa DKBHBAIEHTHO 3aja4Ye IMOCTPOEHUS HACHI-
[IeHHBIX [-ONTUMANbHBIX IUIAHOB IS ITOJIMHOMU-
aJIbHOM perpeccuu cremeHu S. B ¢Ba3u ¢ atum (miis
KPaTKOCTH) CIEKTP D-OINTHMAIbHBIX ILUIAHOB HA30-
BeM creKTpoM Jlesxxanmpa. aas = 2, ..., 6 9T cek-
TPBI IPeCTaBIeHbI B Tab. 1.

T'unomesa Opdewa. B padore [11] npu Tex ke
YCIOBUSIX, UTO U BBIIIe, ObLIa copMyIHpOBaHA 3a-
Jada OIpelesieHus II0CAeqoBaTeIbHOCTH (4), ms
KOTOPOU BeJIMYHHA

1n
Qxy,...,%,) :jZlf(x)dx, n=23, ., (10

—1i=1

MUHUMAIbHA.

OueBHIHO, YTO B TEPMUHAX TIAHUPOBAHUS DKC-
ImeprMeHTa MBI HMeeM 3a7a4dy @-ONTHMAaTIbLHOTO
anupoBaunsa [9, c. 153]. Opmeln mpemmoromKu,
YTO ee pellleHue JOCTUTaeTcs Ha crekrpe Jle:xans-
pa. Onuako B [10] sTa runoresa 612 OIPOBEPTHYTA
I 3HAYEHUH s > 3.

Ilpumep 1. Ilycts s = 3. Ilna TouHoro miaaHa
& ={x1,a = £1, x9,5 = u} cp; = &(x;) = 1/4 cormac-
HO (8) 3amuiem

1 4
16 35u° —28u* + 23u? + 2
& =4 12(x)dx — .
@ _IE Y105 @? —1)2u?

O603uaunM a = 336 + 21./3. CrargapTHO# onTHME-

3aruen mo v = u? moJiydaeM, 4TO ONTUMAIbHbBIE 3Ha-
yenusa u* u Q(&*) umeror Bum:

v>l<_2(12—305—6

= u* =0,4307, Q(&¥) = 6,8430.
21a

Ta6aunma 1. Crextps! Jlesxannpa, win Hymu noauHoMoB (x2 —1) P/ (x), s — cTeleHb oIHHOMA

Table 1. Legendre spectra (support points) or the roots of polynomials (x? —1)P,(x), s — polynomial degree

Y3161 D-onTHMANBHBIX IIJIAHOB

X1s+1 X9 X351 Xys-2
2 +1 0
3 +1 + % = +0,4472
4 +1 + g = 40,6546 0
5 +1 L NIATH420T e S NIAT 42T g oan
21 21
6 +1 + 7““952;6‘@ = 40,8302 17”495;)56‘@ = 40,4688 0
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B To xe Bpema ana D-onTUMambHOTO CIIEKTPa
E = {x1’4 = il, x2’3 = il/\/g}, TOorga

u = 0,4472, Q&) = 48/7 = 6,8571.

ITockoabry Q&) > Q(&*), To BeiBox lllabamoca moz-
tBepikmaercd [10]. OrmernM, 9TO pasaudue MEKITY
D- u Q-onruManbHbIMU IIaHAMHU — § U & — coor-
BETCTBEHHO KpaliHe He3HAYUTEIbHO.

HenpepsiBabIe Q-0NTHMAJIbHBIE ILIAHBI

Mumoresy Idppenia MOKHO pacIpoOCTPAHUTD U HA
HeIpephIBHBIE IIaHbI. BO3MOKHO, PYKOBOACTBYSIChH
e, aBTopbl pador [7 -9, c. 155] cdopmynupoBaiu
TEOpeMy O HEIPEepPBIBHBIX ()-ONTUMAIBHBIX ILIAHAX
I71S1 TTOTMHOMHUAIBHON PETPeCcCHH.

Teopema 1 [8]. IlycTb BBITIOTHEHBI CIEIYIOIIHE

YCTIOBHUS:
S

1) nx, 6) = ZGixs-i — ITOJIMHOMHAJIbHAS Per-
i=0

peccusd cremenu s > 1;

2) X =[-1, 1] — obnacTh IIAHUPOBAHUS U yC-
penHenus QyHKIuu aucnepcuu d(x, §).

Torma ©UMEIOT MECTO CIAEAYIOIINE YTBePKICHHUS:

1) cuekrp supp§ = (xq,...,x,) HEOPEPBHIBHBIX
@-0IITUMANBbHBIX IJIAHOB COBIIALAET C MHOMKECTBOM
kopHeir monmHOoMa (1—x2)P](x), tme P (x) — s-it
MHOTOUYIEH Jle:kanapa;

2) Beca TOYeK X; € supp & Q-ONTUMAIBHBIX ILIA-
HOB & OTIpeesaoTCsa BhIPaKeHueM

_ P&
i sl

YIP, x|

J=1

,i1=1,.,s+ 1 (1D

Hasosem mrambl § co cunexkrpom Jlexammpa u
pacupenenenuem BecoB (11) mmanmamu MasoroBa —
®denopoBa u 0603HAYNM UX &y . OKaA3BIBAETCH, YTO
B obmeM ciyudae (mma s>3) Teopema 1 HeBepHA.
Kourpupumep ans s = 3 npusener B [16, c. 160].
B kauecrBe npumepa B Tabi1. 2 mpeacTaBiaeHbl Q-0m-

TUMaJIbHbIE IUIaHbl £ u mnaubl Mamorosa — Peno-
poBa &y p oA s = 3, 4, 9YTO maeT BO3MOKHOCTH CPaB-
HHUTH UX MEKIY COOOM.

CpaBuuBas 1mwianbl {* u &y mpu s = 3, 4, 3a-
KJII0YaeM, 4TO pPasindre MeKIy HHMM KpaiHe He-
3HAYUTEIHHO, XOTA C POCTOM S pasHoCcTb Q (&) —
- Q(&*) maumnaer Bospacrarh. BosHHKaeT BOIpoC,
KaKAM Ha CaMOM [ejie SBJIIeTCS CIeKTP @-0rTu-
ManbHbIX IIaHoB? CylecTByeT JIu [ Hero aHaIu-
Tuyeckoe Bbipaxkenme? OTBeT HA TOT BOIPOC 0
CHUX TIOp He IIOJIy4YeH.

Tem He MeHee OIpeeleHHOE TPOIBUKEHHUE B
BOIIPOCE IIOCTPOEHUS (-ONTHMAIBHBIX INIAHOB JAeT
CIeyIOIAa TeopeMa.

Teopema 2. 1lycTh BBITIONHEHBI ClIEAYIONINE YC-

JIOBHUA:
s

1) nix, 6) = Zeixs—i — IOJIWHOMHAIBHAA per-
i=0

peccusa creresu s > 1;

2) X = [-1, 1] — o6nacTh IIAHUPOBAHUS U YC-
penuenus yHrnyu aucnepcuu d(x, §);

3) =y .., s 11)" — dyHmameHTanbHbIE HH-
TePIIONAIMOHHbIE MHOTOWIEHBI Jlarpam:ka.

Torma pacupeznenenvie BecoB p = (py, ..., Ps + 1)°
y3I0B IuraHa ¢§, @-ONTHUMAalbHOE OTHOCHUTEIBHO
criekrpa supp § = (x4, ..., X5 4 1), AMEET BUT

L.
o

1
=7 , L :jlf(x)dx, i=1,.,s+1 (12

Iloxaszameavcmeo. Cormacuo ycmoBusam 1) — 3)
MIMeeT MEeCTO paBeHCTBO [14, c. 334]

Ix) = (F7) (),

roe flx) = (1, «, ..., x,)" — BEKTOp, ONpeeaaeMbIii
cormacHo (2), a caMO PaBEHCTBO CIIEAyeT U3 TOro,
YTO CIeBA U CIIPABA B HEM CTOST MHOTOUJIEHEI CTeIIe-
HH S, COBIIAmAoIye B S + 1 TOYKax, T.e. OHH TOKIe-

Ta6auna 2. Q-ontTuManbHble IIIaHEI {* (mepBble cTpokn) u mians ManotoBa — Penoposa §,p (BTOphIE CTPOKK), S — CTEIEHD

IIoJIMHOMA

Table 2. @-optimal designs &* (the first row) and Malyutov — Fedorov designs &, (the second row), s — polynomial degree

Yamb1 u Beca m1aHoB & u §yp

s QE*), Q(Eyp)
(154 bP1s+ 1) (95 Pos) (¥35_1,P35-1)
(%1, 0,1549) (x=0,4366, 0,3451) 5,9796

3 J5-1 +1 5-/5 24+ 85

+1, —— =0,1545 —_—,— - = 41
SO B $2 o

(%1, 0,1076) (+£0,6436, 0,2501) (0, 0,2847) 7,7351

4 +1, 3 =0,1071 i\E, l 02 =0,2857 3136 =17,7433

28 7 4 7 405
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crBenHo paBHbl. Ilockomsry M(§) = F'PF, To orcio-
Ia u coraacHo (7) momyanm

s+1

dx, § = feM@E ) =Y pHix.  (13)
=1

Oyurimonan (8) ABAAETCA BBIMYKILIM HA MHO-
JKEeCTBE MH(OPMAIMOHHBIX MATPHI[l. JTO O3HAYAET,
YTO TPH (PUKCUPOBAHHOM CIEKTPE OH MMeeT eIUH-
CTBEHHBIH MUHUMYM 110 p. CTaHIapTHON ONTUMU3A-
nuei pyukruonaa (8) mo p ¢ ucmonb3oBanuem (13)
npuxoauM K pesyabrary (12), uro u TpeboBasoch
JIOKAa3aTh.

Beipaskenus gms L; moryt ObiTh IpoTaly-
JIMPOBAHBI AJIA PA3INYHBIX CIIEKTPOB. B gactHOCTH,
9TO JaeT BO3MOKHOCTD IIPOJOJIKUATH Tabi. 2 mpume-
HUTENIBHO K IUIaHaM &y (1 crekTpoB Jlexxanmapa)
711 3HAUYeHuH s > 5. B rabn. 3 oHM mpencTaBieHbI
A s = 2, ..., 6. OTMeruM, 9YTO B CHIy CUMMETPHUU
BecoB p = (py, ..., s + 1) BblpaskeHud ansa L, Takxke
CUMMETPHUYHBI ¥ CBA3aHbBI COOTHOIIIEHUAMHU:

Li = Ln+1—i7 1= 1, ...,n—l—[n/Z],

Ly, o1 = Lpyg1+1, n =8 + 1,

rre [a] — menas yacts ynciaa a.

Ilpumep 2. Ilycte s=2, X=Z=[-1,1].
Coekrp Jlexxanmpa B 9TOM ciaydae wWMeeT BH
supp & =(-1,0,1). Cormacuo (12) u Tabm. 3 mmisa
n = 3 monyuaem p = (1/4, 1/2, 1/4). C ucmons3osa-
HHEM TeopeMbl sKBUBaTeHTHOCTH Kudepa — Bomb-
doBuma serxko mposepsercd, uTo mwiaH MamoTro-
Ba — Penoposa &y = {(£1, 1/4), (0, 1/2)} B narHOM
ciIy4ae sBiseTcsa Q-OImTHMAIbHBIM, UTO COIVIACYETCs
C IIOJIyYeHHBIMHU BbIIII€ BHIBOJAMH.

C momo1pio MeToja pesyabTanTos B [16, c. 159]
TIOCTPOEH @-ONTUMATBHBIN IIaH &* 1a obaacTu yc-
penuenus Z = [0, 2]. Cnexrp aisa Hero oxasaics

COBIIAMAIOIIHUM CO CIeKTpoM Jle:kaHapa, a BOT pac-
IIpeeeHIe BECOB ) OKA3AI0Ch HHBIM:

Py _10-+46 ~0,1192, p, _5V46-23 _ 0,4041,
27 27
Py = ‘m‘;‘/‘ﬁ ~0,4767.

Takum obpasom, sameuanue Illabamoca MokHO pac-
MPOCTPAHUTD U HA CIIy4aii, Koraa 00/IacTH TIaHUPO-
BaHHA X U yCpeAHEHUs Z He COBIIAAIOT.

B zakmrouenne oTMeTHM, 4TO TeopeMa 2 BIIOJIHE
aHAJIIOTUYHA CUTYAIlUH C A-ONTUMAaIbHBIMH ILIAHA-
Mu &, MUHUMHBUPYOIIUMHA CJIefl [UCIEPCHOHHON
Matpunsl (rD(E). Ina qaHHbIX IIaHOB TaKKe HEU3-
BeCcTeH A-ONTHMATLHBIH CIEKTP Supp §, a IpH Ipo-
W3BOJIBHOM CIIEKTpe A-ONTHMAaIbHOE pacipenee-
HHe BecoB p umeetT Buj [17]

/B, |
VTP B, =FFT)1,i=1

li’ )

b;= v, S+ 1.

Benuwuunsr B; Takike MOTYT OBITH TPOTA0YIHPOBAHBI
I711 KOHKPETHBIX CIEKTPOB, BKJIOYAA CIEKTp Jle-
sKaHApA.

BeraucanTebHBIH ACIEKT

Yucnennoe MoCTPOEHNE IUIAHOB SKCIIEPUMEHTA
IUIST TIOIMHOMHWAIBHON PErpeccuy Ha OTPEe3Ke I
PasIUYHBIX KPUTEPHEB ONTHUMATLHOCTH, BKIIOYAA
@-0IITUMAIBHOCTb, BO3MOKHO C TIOMOIIBIO IIPO-
TPaMMHBIX CHCTEM CHMBOJ/IBHBIX BBIUHCICHHUN THIIA
MAPLE. Ilpu 9TOoM HCHOJIB3YIOTCA Pa3IUIHbIE
BapHAHTHI METOJA Pe3yIbTAHTOB M METOAA HCKIIIO-
YeHUH.

0630p 9THX METOMOB, BKIIIOUYAS BbIYKMCIEHHE 6a-
suca I'pebuepa [18] u merom Besy, mpusemen B
[19, 20]. KpaTkoe omucamue MeTosia pe3yIbTaHTOB U

Ta6auna 3. Becap = (py, ..., p,)* TOUEK mWIaHOB ), BoIpaKeHHbIE B Koopaunatax L = (L, ..., L), n =s + 1

Table 3. The weightsp = (py, ...

, p,)T of design support points &, in the coordinates L = (L, ..., L,),n =s + 1

L=(y,..L,)
" L, Ly Ly L, Ls Lg L,
Z 16 4
3 15 15 15
1 5 5 1
4 7 7 7 7
4 196 256 196 4
5 45 405 405 405 45
2 147 14+ 7 14+ 47 147 2
6 33 33 33 33 33 33
4 T44- 42415 744+ 42J15 1024 744+ 4215 744-42J15 4
7 91 2245 2245 2245 2245 2245 91
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IIpUMepPhl €er0 WCIOJb30BAHUA [JI ITOCTPOEHUS
OIITUMANLHBIX TJIAHOB AaHbl B [16]. B wacTtHOCTH,
Q-onTuManbHbIe IIAHBL &F oA s = 3,4 B Tabma. 2
TIOCTPOEHBI C TIOMOIIBI0 METO/A PE3yAbTAHTOB.

OCHOBHBIM HEIOCTATKOM METO/0B CHMBOJIBHBIX
BBIUHUCJIEHUH ABJIAETCA TO, YTO UX CIOKHOCTD U TPe-
OyeMblii 00beM BBIYHCIEHHH PE3KO BO3PaCTAIOT C
poctoMm pasmepHocTH 3aga4uu. [loaToMy 06bIIHO TPH
WX WCIOJh30BAHUM MPUXOIUTCA OTPAHUINBATHCS
TPEeMA-4eThIPEMA IEPEMEHHBIMU, KOTOPHIMH SBIII-
I0TCS TOYKH CIIEKTpa IIaHa U UX Beca.

B srom cmbicie moctpoenue riamHoB Tuma Ma-
moroBa — PeziopoBa He IIPEICTABIAET 3aTpyaHe-
HHUU, TaK KaK CIEKTP IUIAHOB 3aJaH, a pacipejerie-
HFe BEeCOB JIETKO BBIYUCIAETCI. JTO AeaeT ILIaHbI
&yr YIOOHBIMU B IPUMEHEeHUH 0e3 O0JIbIIOH IIoTepu
3(pPeKTUBHOCTH TIJIAHUPOBAHUA.

3akJIroueHue

B pabore otmeuyerHa HETOYHOCTH B (POPMYITHUPOB-
ke Teopembl MaioroBa — @eopoBa 0 HEpEpHIB-
HBIX @-OITHMAJbHBIX ILIAHAX, 3AKIIOYAMOIIAACT B
TOM, 4YTO OIIMCBhIBaeMbl€ €I0 IIJIaHbI IIOCTPOEHBI Ha
6ase cmekTpa Jlexanmpa, KOTOPBIA HA caMoOM [eiie
CIIEKTPOM Q-OHTI/IMaJIbHBIX IIJIAHOB B O6H.[eM ciy4dae
He SBISIETCA. Y TBEPKIEHHE TEeOpPEeMbl IIepecTaer
OBITH CIIPABEJIUBBIM [IJIA S > 3, Ille S — CTEeIeHb I10-
JINHOMUAJIbHON perpeccuu.

Ilokasano, uro mransl MamoroBa — @emopoBa
& ABISAIOTCA TOCTATOYHO 3(P(PEeKTUBHBIMHE JJI Ma-
JIBIX 3HAYEHWH S, UTO JeJIaeT UX yAOOHBIMU IPHU HC-
II0JIb3OBAHUH Ha IIPAKTHUKE, TaK KaK UX BbIYHUCJICHUE
He MIPeJCTaBIsgeT 3aTPyIHEeHHH.

B pabote HatieHo yHUBEpPCAIbHOE BBIpAyKEHIE
IV @-ONTUMAILHOTO paclpeielieHus 3aTpar, He
CBS3aHHOE C BUIOM CIieKTpa. JacTHbIe CIy4an 3TOro
BBIPAKEHUs TPOTAOYIMPOBAHBI [ 3HAYEHUH S =
=2, ..., 6. Ormeuena OOGIIIHOCTH TOTO BBIPAKEHUS
C COOTBETCTBYIOIIUM pesyiabraroM llykenbcxaiima
U1 A-OIITUMAaJIbHBIX [LIAHOB.

Mertosi0M pPe3ynbTAHTOB ITOCTPOEHO HECKOJIBKO
HEIPEPBIBHBIX ()-ONTUMAILHBIX IIJIAHOB M OTMEYe-
Ha TPYAHOCTHb HX IIOCTPOCHHA MeTOoaaMHu CHMBOJIb-
HBIX BBIUKUCICHHUH A/ OOJIBIINX 3HAYEHHUH S.
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