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MOANPHUIITHPOBAHHDBLIE II/JTAHAPHBIE CEHCOPBI
JAJISA OIIPEAEJEHHUA NEPEIINMA
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Paspaborans! mianapHbie screen-printed MOTeHImOMeTPHIECKHE CEHCOPEI, UYBCTBUTEILHBIC K
e aTOCIOPUHOBOMY AHTHOUOTHKY YeTBEPTOTO HMoKoIeHua — tedemmmy. [edemmm — amdo-
TEPHBIH aHTHOUOTUK ¢ KapOOKCHNTLHON U aMUHOTHA30IBHON TPYIIIaMH, CYIeCTBYIOIIIN B BUIE
KaTHOHA B CHILHOKHUCTION, IBUTTEP-UOHA — B CIa00OKUCION U HEHTpaNIbHOH, aHOHA — B IIe-
IouHOU cpene. YcraHowieH uHTepBan pH = 1,5 - 2,0 momyueHHs KaTHOHHBIX JICKTPOIHBIX
dyEruImi 1 onpeneneHus nedenuMa. B katecTBe 2IeKTPOIHO-aKTUBHEIX KOMIIOHEHTOB (DAK)
HCTIONB30BAHEI accoluaThl ledenmM-Terpadennnbopar; ontuManbuoe copepxanue JAK mos
IUTAHAPHBIX CeHCOpoB — 2 — 3 %. VHTepBabl MUHEHHOCTH 3IeKTPOIHBIX (yHKmwmit — 1 - 1075 -
1 - 102 momn/n, yrnossie Koaddummentsr — 50 = 2 MB/pC, spems otkmuka — 20 ¢ 111 HeMoau-
cumupoBanubIx ceHeopon. [lokazana pons Moguduraropa — Ha"ouacturl ZnO — B yaydre-
HUU HIEKTPOAHATUTHIECKIX CBOMCTB ceHCOpoB. BBeneHue B yrieponconep:xarue uepHmuia 61-
HApPHOH cMecH OKCHZA ITUHKA U XIOPUIA MeTUIIUPATUHN IPUBOIUT K CHIDKEHUIO Ipenesa 06-
uapyxenus medernmma (1 - 10-6 Mmonn/m), ysemuuenuio yrinosoro koadgdpunuenta (58 = 1 MB/pC)
U UHTEepBaIa TUHEHHOCTH 3MeKTponHbIx pyakmui (1 - 106 -1 - 10-2 Monn/1), BpeMs OTKINEA
cercopa — 17 ¢. Menonnsosamue [TAB B kauecTBe coMomuduraTOpa 2IEKTPOTHON TOBEPXHOCTH
TIPUBORUT K cTabunusanuuy gucliepcuu HaHodactull. [lokazano npmveHneHre MOIuAITUPOBaH-
HEIX screen-printed ceHCOpoB I7Is onpeneneHus red)ernMa B JIeKapCTBEHHEBIX U OHOIOTHIECKIX
Cpefax, B YaCTHOCTH, B CIIOHE.

Kimogesnie ciosa: Hed)eHI/IM; ILTaHAPHBIC TIOTCHITUOMCTPUYICCKUC CCHCOPBI; HAHOYACTHUIIDLI,
KaTUOHHBIC ITOBCPXHOCTHO-aKTUBHEBIC BEILICCTBA; JICKAPCTBCHHLBIC 1 buosIoruuecKue Cpeanl.

MODIFIED PLANAR SENSORS FOR CEFEPIME DETERMINATION
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Planar screen-printed potentiometric sensors sensitive to cefepime, cephalosporine antibiotic of the fourth
generation, has been developed. Cefepime is an amphoteric antibiotic with carboxyl and aminothiazole
groups which exists as a cation in a strongly acidic media, a zwitter-ion in a weakly acidic and neutral me-
dia, and as an anion in an alkaline media. The interval of pH = 1.5 — 2.0 is set for obtaining cationic elec-
trode functions for the cefepime determination. Cefepime-tetraphenylborate associates are used as elec-
trode-active components (EAC). The optimal EAC content for planar sensors is 2 — 3 %. The electrode
functions are linear in the range of 1 X 105 -1 X 102 M, angular coefficients 50 = 2 mV/pC, response
time 20 sec for unmodified cefepime sensors. The role of the modifier, ZnO nanoparticles, in improving the
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electroanalytic properties of sensors is shown. The introduction of a binary mixture of zinc oxide and
cetylpyridinium chloride into carbon-containing ink leads to a decrease in the detection limit of cefepime
(1 X 106 M), an increase in the angular coefficient (58 = 1 mV/pC) and the interval of linearity of elec-
trode functions (1 X 108 -1 X 102 mole/liter), sensor response time being 17 sec. The use of a surfactant
as an electrode surface comodifier leads to stabilization of the nanoparticle dispersion. The use of modified
screen-printed sensors for the cefepime determination in medicinal and biological media, in particular, in

saliva, is shown.

Keywords: cefepime; planar potentiometric sensors; nanoparticles; cationic surface-active substances;

medicinal and biological media.

Beenenne

IMedenmmm — medamocmopuHOBBIT AHTHOHOTHE
4eTBEPTOro MOKOIeHu: — 001a7aeT PaCIIupPeHHbIM
CIIEKTPOM AKTHBHOCTH B OTHOIIEHWH IPAMIIOIOMH-
TEJIbHBIX W rpamMorpunarenbHbix 6axrepui. [lede-
UM HA3ZHAYAIOT [JI JIEYeHUS YMEPEeHHOU U THiKe-
JION BHYTPHUOOIBHUYHON ITHEBMOHWH, 4 TAKKE HH-
(rerIui, BHI3BAHHBIX MHOJMKECTBEHHBIMHU JIEKAPCT-
BEHHO-YCTOMYHBBLIMEA MHUKPOOPraHHM3MAaMU (HALIPH-
Mep, CHHETHOWHOU [TAJI09KOM).

H s oupenenenus nedennma UCIIoab3yT DIeK-
Tpoxumudeckue [1-4] um croekrTpanbHBIE METOIBI
[65-7], B Tom gucne, cruexrpodryopumerpuo [8 —
12], pasnwgnble Bupsl xpomarorpadgum [12 - 18],
KAOWIIAPHBINA saekrpodopes [19], mukpobuosoru-
geckue [21] u apyrue merons: [22]. Ilns srcupecc-
HOTO OIIpeeseHua AHTUONOTHKOB B JIEKAPCTBEHHBIX
nperaparax u OHOJIOTHYeCKUX CPefax IIePCIeKTHB-
HO [PHUMEHEHHE IIOTEHI[HOMETPUIECKUX CEHCOPOB
[3, 4, 21, 23, 24]. B xagecrBe aHaIU3UPyEMBIX 065-
eKTOB BbICTyLAOT npemnaparst [1, 2,4 — 11, 21, 22],
obpasnpl Moum wenoeera [3, 17], menbHAd KpPOBb
[18], mmasma [10 —20] u cwiBopoTka Kposu [15],
CIIMHHOMO3T0BaA Eunkocts [10, 16].

Husa oupeneneHus aHTHOMOTUKOB HCIIOIB3YIOT
mwiaHapHere screen-printed cencopsr [21, 23, 24], B
9aCcTHOCTH, ¢ MOLU(DUIMPOBAHHBIMEU DIEKTPOAAMU
[21, 25], xuMu4eCKU M3MEHEHHAS IIOBEPXHOCTH KO-
TOPBIX IIPOABIAET HOBBLIE KA4YECTBA, HUCIIOIb3yEeMbIe
B DJIEKTPOXMMUYECKOM aHanmae. Yame Bcero Mo-
Iu(puKATOpAME CILyIKAT [IPOBOJAINHNE IIOJIHMEPHI
(monmunuppod, moauaHmwiue) u Hanogactuer (HY),
KOTOpbIE YIIy4IIAIT B3aUMOIEUCTBHE C AHAIUTOM
[26]. Hanuuue HY B mioTeHIMOMETPUIECKUX CEHCO-
Pax OPUBOAUT K YBEJIUYEOHHUIO AHAIUTUIECKOTO CHT-
HAJIA U [OBBIICHUIO CEJIEKTUBHOCTH 110 OTHOLIEHUI)
K oupejenseMomy BerectBy [27].

Hoswii meron usrorosnenus moguduuupoBan-
HBIX YIVIEPOAHBIMH KBAHTOBBIMH TOYKAMH ILJIAHAP-
HBIX IIOTEHI[UOMETPUYECKHUX CEHCOPOB IIPEIJIOKEH
A onpeneseHus TremuduiokcanuwHa [26], HaHO-
YACTHIILI OKCUAA MATHUSA U OKCHA MEJH KCIIOIB30-
BAaHBI B KAYECTBE MOAM(WHKATOPOB IIPOBOJOYHBIX
SIEKTPOOB A OLPeNeIeHusd JIeTpo3oia B hapma-
LEeBTUYECKUX Ipernaparax u fuosiormdeckux obpas-
uax [27], manocteps! cynbhuga mequ — s ompe-
nenenus xaopamcpennkona [28], HaHogacTUIBI Mar-

merura (Fe;O,) — pua 6uonorudeckoro oupenese-
Hudg usoruasuga [29].

ITorepxnaocTHO-akTHBHBIE Bemecrsa (IIAB) uc-
[IOJIB3YIOTCA B IIOTEHIIMOMETPHIECKHUX CEHCOPAX IS
[IOBLIIIGHAS KX YYBCTBUTEIBLHOCTH W CEIEKTHB-
uwocru [30 — 33]. Tax, nomermicynbpghar HATPUA TPH-
MEHSJIM B KadecrBe MOAU(UEATOPA B ILIAHAPHBIX
CEHCOpAaX, YyBCTBUTENBHBIX K dpurpomununy [30],
okTriI(peHONSTOKCHIAT W Jaypwicyiabdar Ha-
TPpHUS — B AHTPOHCEIIEKTHBHBIX screen-printed cen-
copax [31]. Mopudurarop spiserca ampuuinb-
HBIM, 4TO 06ecreanBaeT X0poIiee AUCIIePrupoOBaHue
gacrurl rpadgura B macre u IMUPOKUHU BBIGOD (pyHEK-
OHOHAJIBHBIX IPymil (ankuicyinbgonars:) [33].

B rauecrtse moguduraropos cerncopos ¢ Tpada-
perHoO# medarpi0 aBropamu paborst [34] npemiosxke-
HbI O-(4-(4-(MeTHITHOOSH3WIM IeHAMUHO)(PEHOKCH-
JeKaH-1-THoJ ¢ HAHOYACTHIIAME 30JI0TA V1A OIpere-
nennsa Cu (II) m momm-[3-(nomenmnruo)-N-rekcane-
munagpunavun] — s oupexpenenus Cr (I11) B 06-
pasuax Boas [35].

CrexryoyriepogHbie HIeKTPOALI, MOXH(HUIIEPO-
BAHHBIE KAPBOKCHIMPOBAHHBIMH OAHOCIOWHBIMU
YIJIEPOAHBIMA HAHOTPYOKAMH W IOBEPXHOCTHO-AK-
THBHBIMHU BEIIECTBAMH B KAYECTBE COMOAUDHUKATO-
POB, IIPEIJIOKEHBI I ONPEeNAeIeHU MOPHUHA B JIH-
CThAX IEIKOBUIIBI [32], Tumona [36] meTomom aud-
epeHITUaTBEHO-UMITYJIBCHOM BOJbTAMIIEPOMETPHH.

IIpepmosxerno BosbpTaMIIEPOMETPUYECKOE OIpe-
JejleHne TAPTPA3UHA HA DIEKTpone, MOXu(HUIIpO-
BAHHOM HAHOYACTHUIAMHU AMOKCHUIA ILepud u Hpomu-
nom nerunrpudenundochonus [37].

Taxum o6pasom, cpenu MOTU(PHUKATOPOB BIEK-
TPOJHOU IIOBEPXHOCTH DIEKTPOXMMHUIECKUX CEHCO-
POB IIPEACTABIAIT UHTEPEC TOKOIIPOBOAAIINE IOJIH-
Mephl M OKCHIbl METAJJIOB B BBICIIHX CTEEHAX
oxucinenusn ¢ [IAB B radecrse comopuhuraTopos.
ITokasamo, uro rarmouusie [IAB — 6pomuasr 1e-
Trnupuguans 1 gerwitpudenmwidochonns —
obecreanBaT CTAGMIN3AIMI0 TUCIIEPCHH HAHOMA-
TEPUAJIIOB W KOHIIEHTPUPOBAHWE AHAJIWTOB HA IIO-
BEPXHOCTH DJIEKTPOAOB 34 CYET DIEKTPOCTATUIECKO-
ro u rugpogobuoro B3aumopericrsud [36, 37].

Ilens Hacrosmero ucciefoBaHUA 3aAKIHOYAIACH
B paspaborTke IuiaHapHBIX screen-printed noren-
[UOMETPUYECKHX CEHCOPOB, YYBCTBUTEIbHBIX K Ile-
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termmy, 1 OLIEHKe BIUAHUA PA3IUIHBIX MOAU(pHKA-
TOPOB HA KX HICKTPOAHATUTUIECKHE CBOUCTRA.

IKCIEPAMEHTATBHAA IaCTh

Annapamypa u peaxmuegwvt. B pabore wmcriosns-
sosan mpemapar Iegenuma (ITAO «Kpacdapmar,
Kpacrosapck) — nopomior s npuroroBieHus pac-
TBOpA 1i1d uEbeknui 1o 1000 mr Bo drakone. Onun
daxon comepsxur 1000 mr medenmva B BHae cre-
PUIBHOU cMecH nedenuma ruapoxiopusa u L-apru-
auHa [38].

B pa6ore wucnonpzobamm 0,01 M pacrBopsi
nederuvMa B JUCTHWIIIMPOBAHHOM BOJE, IPUTOTOB-
JIGHHBIE 110 TOYHBLIM HABECKAM aHTHOmMoTHKa. Pac-
TEOPEI C KOHIeHTpanued nedenmva 11073 -
1 10 MoaB/T) TOTOBHIM MOCTIEHOBATEILHLIM PAa3-
6asmenuem (pH = 1,5 - 2,0).

B xagecrBe mpormBomoHa npu cuHTE3e BIEK-
TPOJHO-AKTUBHEIX KOMIOHEHTOB (JAKR) ucmomnszo-
Basu rerpadenmibopar Harpus (TPB) ¢ cogep:xa-
HueMm ocHoBHOTO Bemtectsa 98,5 % (Chemapol).

Turp TPB ycranasiupanu IIOTEHIIMOMETPUYE-
CKMM THTPOBAHHMEM CTAHAAPTHBIM PACTBOPOM XJIO-
pUza Kajws,

Pacreop medenmma rorosuwnm upu pH = 1,5 -
2,0. AR pans nnaHApHBIX IOTEHIMOMETPHUIECKUX
ceHcopoB nonydanu cmeruBanvem 50 mu 0,01 M
pacreopa T®B u 50 v 0,01 M pacreopa umedenn-
ma. Ocagox BbIIAZAn B TEYEHHE II0JAydYaca, 3arTeM
€ro [eHTPU(PYTUPOBAIY U BHICYIINBAIN HA BO3/LyXe
B TEYEHHE CYTOK:

CefptTPB <> Cefpt e TOB.

B pabore uccneposanu mHemoguduumpoBaHHbIE
U MOAM(pUIMPOBAHHBIE IUIAHAPHBIE CEHCOPHI HA
ocHOBe acconmaroB redenum-rerpadenunbapar
(Coax = 1, 2, 3 %). [lnanapusie screen-printed cen-
COPBI HPEeACTABIAIT COO0U MMOIKYPETAHOBYIO IIOJ-
noxry roammuou 0,1 — 0,15 MM ¢ yriepoxacopepixa-
OIUMHU YePHUJIAMH, JIEKTPOIHO-aKTHUBHBIM KOMIIO-
HEHTOM, H30JIATOPOM U TOK0OTBOKOM. Pasmep cerco-
poB cocrasian 30 X 12 mm. Yriaepopcopepixaiiye
YepHUIIA COIEPIKAIIH CMeCh IIOPOIIKA YIJIePoaa, [1ia-
crupuraropa (gubyrmiadranara), pacTBOPHUTENA
(murmnorexkcamon:ameTod = 1:1), moimuMepHOM MAar-
punst (monmusnamwIxiaopuzaa) u JAK. Cuecs nepeme-
[IMBAJIX HA MArHUTHOH MELIAIKe apu He60J’II:H_IOM
Harpesanuy A0 IIOJHOTO PACTBOPEHHA KOMIIOHEH-
TOB. OHTI/IMa.TII:HOG COOTHOILIEHNUEe KOMIIOHEHTOB B
gepumiax: 30 — 32 % nopouika yriaepozaa, 16 — 18 %
IIBX, 48 - 50 % 0 B®, 1 - 3 % JAR.

IIpu uzyuenun HeMOAMPUIIMPOBAHHBIX CEHCO-
POB B yrieponcopepsramue depumia sHocuiu JAK,
a B ciayyae mopuumimpoBanusx — JAK, mano-
YaCTUILI OKCHIA IIMHKA WIN OWHAPHBIE CMECH
XJIOPUA LEeTWINUPUANHNA U HaHodacrui. s cra-

OMITH3ANMY SJIEKTPOAHBIX ITOTEHIUAIOB Iedemmm-
CEJIEKTHBHBIX CEHCOPOB WCIIONL30BANKM HAHOYAC-
Turpl okcuga nmHka (d = 50 mm, Sigma-Aldrich),
xnopuy neruwnnupuauansd (IIIX) (OAO «Peaxtus»,
Canxr-Ilerepbypr) B coorHomenuax JAK:ZnO =
= 1:1, ZnO:IIIIX = 1:2,5 - 1:0,5.

Ilo0zomoera cencopos k patome. Ilepen nipose-
JeHUeM H3MepeHHWH IUIAHADHBIE CEHCOPBLI KOHIH-
nuonuposayiim B tedenue yaca B 0,001 M pacrsope
medenuma.

IJIEKTPOXUMUYECKUE XaPAKTEPUCTURU CEHCOPOB
uzy4anu meropoMm J/C ¢ ucronrszoBanuem daemMeH-
TOB C [IEPEHOCOM:

Ag, AgCl/KCl,,//ucenenyeMbiii pacTBOp/yriiepo-
COZIepIRALLIHe YOPHUTIA,

Ag, AgCl/|KCl,,//mcenenyemsiii pactBop/Monu-
duraTOp/yTiIeposocoepraIue YePHIIIA.

IC menm waMepsad € TOMOIIBI HMOHOMEpPA
«Jrerepr-00-3(01)» mpu temmeparype 20 = 3 °C
(morpemsocts usmepenus IC — =1 mB); snex-
TPOJ, CPABHEHWS — CTAHAAPTHBIA XJIOpHACEpedps:-
w1 OBJI-1M3. Usmepenus IC B amamusupye-
MBIX PACTBOPAX HPOBOLWIK OT MEHBIIEH KOHIIEH-
Tpanyu K 60Jbied.

Bpems yemanosnenus cmayuoHaprHo20 nomen-
yuaa@ — BPEMs OTRIMKA T CEHCOPOB OLPEeeisiiu
pyd CKAYK00OpA3HOM H3MEHEHUW KOHIEHTPAIUU
nedenmma Ha IOPAAOK BenwduHbL. V3Meperus mpo-
BOJWMJM B DPAcTBOpax ¢ KoHmenTpamuen 1 - 1075 -
11072 monn/n cornacuo pekomenpanmam HUIOITAK
[41]. Monnyo cuny p = 0,1 cosgasanu gobasieHu-
em 0,1 M pacrBopa xiopuja HATPHSL.

Jna xouTpoins sHavenus pH pacTBOpoB ucIonb-
soanu pH-merp pH150XII co crexmauubim JCJI-
63-07 u xmopuncepebpsaubiv OBJI-1M83 snerrpona-
MU, 4 TAK)Ke YHHBEpPCAJIbHbIE MHIUKATOPHBIE OyMma-
ru pH 0-12.

IIpoussenenue pacreopumocru (K,) HOHHBIX ac-
cormaToB edenumM-rerpadenuntopar onpenensiu
METOOM IIOTEHI[MOMETPUIECKOT0 TuTpoBanus. Tog-
Ky SKBHBAJIEHTHOCTH Haxomwiu rpacgudecku [40].

Hns orgenenus 6eIKOBBIX KOMIIOHEHTOB M3 CMe-
MIAHHOU CJIIOHBI npuMeHsin nearpudyry Centri-
fuge 5430 R (Eppendorf, I'epmanms).

Croerrpogoromerpryeckre HUCCIETOBAHUA IIPO-
BOJAWIIH € HUCIIOJIb30BaHueM cuexrpodoromerpa Shi-
madzu UV-1800 B xeapriessix kpoBerax ({ = 1 cm).

Onpepenenre aHTHOUOTHKOB B MOJEIBHBIX BOJ-
HBIX PACTBOPAX, JIEKAPCTBEHHBIX [IPeIaparax, poTo-
BOU JKHIKOCTH IPOBOAUIM CIOCOO0M IpafyupOBOY-
HOTO rpauiKa; IPABUILHOCTD PE3y/ILTATOB AHAIN3A
KOHTPOJIHPOBAIN METOJ0M «BBEIEHO — HAUIEHO».

O6cy:kaeHne pe3yabLTATOB

Hedenum (puc. 1) amdorepusi aHTUOHOTUE C
KAapOOKCHIBHOM W AMHWHOTHA30JBHOU IPYIIIAMU
(UIOTTIAK: 1-[[7-[[(2-AMuHO-4-THAa30111){METOKCH-
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Puc. 1. Xumuueckas dopMyna medenmma

Fig. 1. Cefepime chemical formula
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Puc. 2. Juarpamma pacupenenenus ¢opM Ledennva B Bo-
nHOM pactBope B 3aBucumoctu ot pH: 1 — Cefp*; 2 — Cefp*;
3 — Cefp-

Fig. 2. Diagram of the distribution of cefepime forms in
aqueous solution depending on pH: I — Cefp+; 2 — Cefp=;
3 — Cefp-

HMMHO)aIeTwI|-aMuHo |-2-kap6okcu-8-0kco-5-Tua-asa-
6urukiro[4.2.0]okr-2-en-3-wmi | merwi]-1-metwinup-
PONUANHUA TUAPOKCH]) — IIOJYCUHTETHIECKHUH I1e-
dajiocriopyH  4eTBEPTOro IIOKOJIEHUS LIHPOKOTO
criekrpa geucrsud [38].

Kag w GombmmucTBO medanocnopunaoB, mede-
UM uMeeT [(-JIaKTaMHOe KOJBIO, CJIHUTOe ¢ IIeCTH-
YICHHBIM CepocogepxaluM TUTHAPOTHASMHOBBIM
KOJIBLIOM, YTO SBJIHETCH BAKHBIM (ParTopoM ux 6wo-
JIOTHYECKOU aKTUBHOCTH.

Cocmosrue yegenuma 6 600HBIX PACMEOPAX.
Koucranra pucconmanuu KapOGOKCHILHOM TI'PYIIIILI
negerrmma — 1,3 = 0,3, aMHHOTHA3OILHON —

E, B ) X V(T‘IJBL'M

75 2

-95

-135

-155

<175

Puc. 3. Kpuas IOTeHIINOMETPIECKOTO THTPOBAHUA ITede-
mMa terpadennnboparoM HATPuA (Vieg, = 1,0 Mit; Cogp, =
= Crgp = 1+ 102 Monn/n

Fig. 3. Potentiometric titration curve of cefepime with so-
dium tetraphenylborate (Vi = 1.0 mL; Ceop = Crppg =
=1-102M)

3,1 = 0,1 [39]. Iledrerrum MOkeT CYIIECTBOBATH B
BUle PABHOBECHBIX (popMm: aHmoHa L~ B IenovHOn
cpene, usurrep-uona HL* B mHedirpansHou u ciuabo-
RUCJIOU cpepax u karuoHa Lt B kucioi cpepe.

Huarpammva pacipepesieHusi PaziudHbIX (popM
uedenmva IpU BAPEUPOBAHUEN KHUCIOTHOCTH CPEJIbI
IpejcTaBiIeHa HA PUC. 2.

ITockonbky wmcciepyembie CEHCOPBI YyBCTBU-
TEIbHBI K KaTHOHAM Iledenmma, SIeKTPOAHAIUTH-
YecKue CBOWCTBA CeHCOpOoB uaydanu ripu pH = 1,5 -
2,0.

Qusuro-xumuueckue xapaxmepucmuruy IAK
HQ OCHOBE UOHHBIX QCCOYUAMO8 yegenum-mempa-
¢enunbopam. CocraB HOHHBIX ACCOLUATOB OLIPere-
JISLIY METOAOM IIOTEHIIMOMEeTPUYIECKOTO TUTPOBAHMUS
1-102M pacrsopa umedenuma 1-102M pacrso-
poum terpaderuntopara Harpusa (puc. 3).

Y CTaHOBIIEHO, 9TO MOJIBHOE COOTHOILIEHWE KOM-
MOHEHTOB B MOHHBIX accormarax Cefp-T®DB cocras-
ssger 1:1.

IIpoussenenune pacrBopumocTH accoruara Le-
dermmv-TPB paccaursiBamu 110 KPUBBIM [OTEHIIUO-
METPUYECKIO TUTpoBaHu:A nedrenmva rerpadenui-
Goparom matpus [40]: K, = (1,3 = 0,1) - 108 (n = 3;
P =0,95).

Terpadgenmnbopar medenuma spifercd TPYH-
HOPACTBOPUMBIM COSQWHEHHEeM U MOKEeT OBLITh HC-
[I0JIb30BAH B KAYECTBE BIIEKTPOJHO-AKTHBHOIO KOM-

Ta6auma 1. JmeKTpoaHaATUTHIECKHE XapAKTePUCTUKY IIAHAPHBIX HEMOIM(DUITNPOBAHHBIX CEHCOPOB HA OCHOBE HOHHOTO ACCO-
uuata Cefp-TOB B pacTsopax nedenuma npu pasmuaaeix KoHnenrpamuax JAK (n = 3; P = 0,95)

Table 1. Electroanalytical characteristics of planar unmodified sensors based on Cefp-TPB ion associate in cefepime solutions

for different EAC (n = 3; P = 0.95)

1-104-1-102 46 = 2 4,9-10°5 22
1-104-1-102 50 = 2 1,3-10°5 20
1-104-1-102 501 1,0-10°5 17
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IIOHEeHTa [Jd IUIAHAPHBIX IIOTEHIHOMETPUYIEeCKUX
CEHCOPOB, YYBCTBUTEILHEIX K Ie(ernumy.

Bausrnue ronyemmpayuu AR na saexmpo-
QHAAUMUYECKUE C80IcMEa HeMmodUpUYUDOBAHHBLY
yegpenum-cenexmuensix cerncopos. llokazamo, 4rTo
uccaenyembie cencopel Ha ocHoBe Cefp-T®b
(Coax =1, 2, 3 %) 061a8a10T 9yBCTBUTEIBHOCTELIO K
nedenuMy B IITUPOKOM KOHIIETPAIIMOHHOM MHTEPBA-
ae (tabi. 1).

Copepsxanue aKTHBHOIO KOMIIOHEHTA B YEPHU-
JIaX BIIHMAET HA KPYTH3HY DIEKTPOAHBIX (DYHKIIHI:
upu Cyag = 1 % yrioBoit Kosh(PULIHEHT COCTABIAET
44 - 48 mB/pC. YBenuuenue comepxanums JAK B
YEPHUIAX [IPUBOAUT K BO3PACTAHUIO HAKIOHA DIIEK-
TponHbIX (PYyHKIHEA B pactBopax nedennma. [Ipu co-
gepxanun JAK cepime 3 % yxyamawres SIeKTpo-
AHAIMTHYECKUE XAPAKTEPUCTHKH CEHCOPOB: HE IIpO-
HCXOOUT €0 IIOJTHOTO PAaCTBOPEHHUA B YePHUJIAX, 9TO
06y CIIOBIEHO OTPAHUYEHHON PACTBOPUMOCTEI0 DAK
B ILUIACTH(PUKATOPE U HEONHOPOIHOCTHIO YePHHUIL.

WurepBansr nuHEHHOCTH HIEKTPOAHBIX (DYHK-
WU CEHCOPOB OAWHAKOBBI IIPU BCEX HCCIEIyEMBIX
rounentpanuax JAK; ¢ yenuuenuem Cpai yMeHb-
ATCH Aper( norennyana u spemsa orknuka, Cie-
JOBATEIBHO, onTUMANILHOE cofep:xanue JAK B uep-
HuJax cocrasnger 2 — 3 %.

Bausnue modugpuramopos Ha 91eKMPOAHAAU-
muvecKue XapaKmepucmury yegpenum-ceseKmus-
Hbix cercopos. Ha puc. 4 B kadecrBe npumepa mupe-
CTaBJIEHBbI 3aBUCHUMOCTH 9JIEKTPOAHBIX IIOTEHIUAJIIOB
CEHCOPOB Ha OCHOBE accomuara mnedenuv-rerpade-
HuabopaT B BOAHBIX pactBopax redenuma (pH 2,0).

B Tabu. 2 mpusBeneHsl 5ieKTPOAHAIHTHIECKUE
XAPAKTEPUCTHRKN PA3JIUIHBIX I[e()eTuM-CeTIeKTHB-
HBIX INTAHAPHBIX CEHCOPOB.

W3 puc. 4. u tabn. 2 crexyer, 4To IaHapHBIE
cercops! Ha ocuoBe Cefp-T®B ofnamaror wyBcrBu-
TeJIbHOCTBIO K He(beHI/IMy B IIHPOKOM KOHIEHTPAaIu-
ounoM wmHTEpBane. [lua HemoxuHUIMPOBAHHBIX
CEeHCOPOB B pacTBOpax Iegdenuva xapakrepHbI 3a-
HIKEHHBIE YIJIOBbIE KO3(PUIMEHTHI SIeKTPOSHBIX
dyurmun (48 — 50) u sHAYUTETBHBINA Aperd moTeH-
mmana (3 — 5 mB/cyr). Brenenne okcuaa ruHKa B yT-
JIEPOAICOIepIKAIINEe YePHUIIA CEHCOPOB HPUBOAUT K
YIIYHIIEHUIO uX Xapakrepuctuk (cm. tabi. 2). Kpome
OKCH/A IIUHKA, B KAYECTBE MOIU(PUKEATOPOB MBI pa-
HEEe HCIIOIL30BAIU HAHOYACTULILI OKCHIA Me[H, OK-
CUla HHUKENA W [p., OKA3BIBAIIUE AHAIOTUIHOE
BJIAHUE,

E,mB
100
50 3 p
o p
7 6 5 4 3 2 1
-50
.2
-100
& 1
-150 »
B
-200 = .
w o
-250
.
-300 b

-350

Puc. 4. SmexTponsble (QYHKIINE NIaHAPHBIX CEHCOPOB B
pacTBopax Iegenrmva: I — HeMOIU(UIMPOBAHHEIE; 2 — MO-
IUGUITHPOBAHHEBIE HAHOYACTUI[AME OKCHAA I[HMHKA; 3 — MO-
IUGUIHPOBAHHEBIE HAHOYACTUIIAMY OKCHIA IIHMHKA ¢ COMOAH-
duxaropom IIIX (Cyup = 2 %)

Fig. 4. Electrode functions of planar sensors in cefepime
solutions: unmodified (1), nanoparticle-modified zinc oxide
(2), nanoparticle-modified zinc oxide with CPH comodifier
(3) (CEAC =2 %)

YrmoBbie K03(h(PUITMEHTHI SJIeKTPOIHBIX (PYHE-
OW# 11 MOSU(PUIMPOBAHHBIX CEHCOPOB COOTBETCT-
BYIOT TEOPETUIECKUM 3HAYEHUAM IS OXHO3APAL-
HBIX KOHOB, BpeMs OTRJIMKAa cocraBmwio 17c¢ B
1102 M pacrsopax nedenuma, aperd noreHma-
ma — 2 -3 wmB/cyr, cpox ciayx6n1 CeHCOPOB —
2 - 3 mec.

B nmreparype oumcano npumenenume IIAB co-
BMECTHO C OKCHAAMH METAUIOB B KAYECTBE MOAM(pu-
KATOPOB IIOBEPXHOCTH BIEKTPOXUMUYECKUX CEHCO-
pos [30 — 37], ogHAaKO HET YIOMHUHAHWHA 06 HCIIONE-
sopaunu [IAB B ragecrse comomuhuraropos cen-
COPOB, YYBCTBUTEILHBIX K [1e(DaIOCIOPUHOBLIM aH-
tubuoruram. Comopucuraropsr  obecrednBaoT
XOpOLIee JUCIIEPTUPOBAHKE YACTHUL] rpadura B mac-
Te, CTAOMIM3AIUI0 JUCIIEPCUH HAHOMATEPHUAIOB U
KOHIEHTPUPOBAHUE AHAJIWTOB HA IIOBEPXHOCTHU
SIEKTPOJOB 34 CYET HIEeKTPOCTATHIECKOT0 U THAPO-
¢obHOro B3aMMOAEHCTBUA, 9TO HPUBOAUT K YJIyd-
LIGHUIO BIEKTPOAHAIUTHIECKUX CBOKWCTB CEHCOPOB.
HcnonnzoBanue B xagecrse comopmpuraropa Xio-
pUAa UEeTUINUPUAMHUA [PUBOIUT K YIIYIIICHUIO
SIEKTPOAHAIUTHUIECKIX CBOMCTB ILIAHAPHBIX CEHCO-
POB, Ipy 9TOM CHKZEAETCH Mpeaei OOHAPYIReHusd,
yIioBble KO3 (pUUHMEHTHI SIeKTPOSHBIX (DYHKIHI
COOTBETCTBYIOT TEOPETUIECKUM IS OXHO3APAAHBIX
WOHOB, YBEJINIUBAETCH HHTEPBAI JINHEHHOCTH DIIEK-
TPOAHBIX (DYHKIIHI.

Tabauma 2. 3IeKTPOXUMHUYECKNE XapaKTEePUCTUKN INIaHAPHLIX CEHCOPOB B BOAHLIX pacTBopax nedgenmma (n = 3; P = 0,95)

Table 2. Electrochemical characteristics of planar sensors in aqueous solutions of cefepime (n = 3; P = 0.95)

Mopundurarop E = f(C), monn/n S = AS, MB/pC T, ¢ (1102 monn/n) C in» MOTB/T
Hemopuduimposannsie 1-10%-1-102 50+ 2 ~20 1-10°
Hanouacruns: ZnO 1-10%-1-102 56 1 ~15 1-10°
Hawnouacruie: ZnO + IIIIX 1-106-1-102 58 + 1 ~17 1-10%
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Puc. 5. Snexrpoaubie PyHKIINNT HeEMOAUPUIMPOBAHELIX (1)
¥ MOANDUITUPOBAHHEBIX OKCHIOM ITMHEKA (2) IIaHAPHBIX CEH-
COPOB B pacTBOpax medenuma Ha (OHEe CMEITAHHOM CITIOHBI

Fig. 5. Electrode functions of unmodified (I) and zinc
oxide-modified (2) planar sensors in cefepime solutions
against the background of mixed saliva

IIporeneno onpenenenue redenuma B MOIETh-
HBIX PACTBOPAX JIEKAPCTBEHHBLIX LIPEHAPATOB C HKC-
nonb3oBanueM moxudummpoBanubix ZnO u I[ITX
ILUIAHAPHBIX CeHCOPOB (Tabi. 3).

Kak Bupno us tabi. 3, mwianapHbie CEHCOPEI, MO-
Iu(puIUpPOBAHHBIE HAHOYACTULIIAMY OKCH/A [[UHKA U
IIIIX, moryT 6BHITh NMPUMEHEHBI IJI SKCIIPECCHOTO
oupenenenus ned)enuMa B JIEKAPCTBEHHBIX IIperna-
parax. OTHOCHTENBHAA [OIPELIHOCTE OLPEeAeIeHUs
nedenmma He rpeswInraet 8 %.

Iomernyuomempuueckas CeneKMUBHOCING UC-
cnedyemurx cencopos. llnanapubie CEHCOPBI 4yB-
CTBHUTEILHBL K KAaTHOHAM IjedperimmMa, I[09TOMY HX
OLIPENEIeHNI0 He MEIIAT APyTue ne)asoCopUHEbL,
IIOCKOJIBRY ux omnpegensaior upu pH 5-6 B Buue
AHHOHOB (HCIIOIB3YIOT CEHCOPHI HA OCHOBE ACCOLIHA-
TOB TETPAANKHUIAMMOHUSI € KOMIUIEKCHBIMU COEIH-
HeHusivu cepebpo-anrubuorux) [21, 23, 24]. Kosd-
pUOHMEeHTHl OTEHIIMOMETPUIECKON CEJIEKTHBHOCTH
CEHCOPOB OIPEeAEINAIN 10 OTHOIIEHUI0 K KATHOHAM
HATPHUA, KAJIUA, MATHUA, KAJIBIHHA, KOTOPbIE MOTYT
OKAa3bIBATH CYIIECTBEHHOE BIIHMAHNE HA OTKIUK CEH-
cOpa B CMEIIAHHOU CIIOHE (JKMIKOCTH POTOBOM IIO-
mocru, JKPII), meromoM OGHMHMOHHBIX ITOTEHITUAIOB
[41].

Tab6auna 3. PesynpraTsl IOTEHIMOMETPHUIECKOTO OIpele-
JeHUA LedenriMa B PacTBOpax IeKapCTBEHHOTO IIperapara
(n =3; P =0,95)

Table 3. Results of potentiometric cefepime determination
in drug solutions (n = 3; P = 0.95)

CeHcopbl, 4yBCTBUTENBHBIE K IledpenuMy, Xa-
PAKRTEPU3YIOTCH CEJIEKTUBHOCTHIO 110 OTHOIIGHHIO K
ocHoBHOMY mOHY (K;; < 1). Ilomy4ennnie koadu-
LHMEHTHl CEIeKTUBHOCTH CBHUETEIBLCTBYIOT O BO3-
MOKHOCTH onpenenenus redenuma npu 1000 —
9000-kparHbIx U30HITKAX MELIAOINNX HEOPraHude-
CKHX HMOHOB, 9TO BAJKHO [IPU OLIPEAEICHUN aHTHOUO-
THUKA B OHOIOTHYECKUX KUATKOCTIX.

Hccenedosarue nogedenus cencopos 6 wcudxo-
cmu pomosotl nosaocmy. CaoHA ABIAETCH KIUHUIE-
CKu HH(pOPMATUBHON 6GUOIOTHIECKOU KHUIKOCTBIO,
KOTOpas MOeT ObITh HCIIOJb30BAHA B jaboparop-
HOU M KIMHUYECKOU JHATHOCTUKE, 4 TAKKEe JJIA MO-
HUTOPHUHTA COAEPKAHUA AHTHOMOTHKOB IIPH Jiede-
HUW [AIUEHTOB ¢ HH(PEKIMOHHLIMY 3a00JI€ BAHUAMYU
(42, 43].

IIpo6y cobereennoir KPII cobupanu gepes nsa
gaca II0Ciie efbl B YHCTHIE IOJIHUSTUIEHOBBIE IIPO-
6upru, nentpudyruposain B Tedenne 15 MuH mnpu
4000 mue! 178 oTmesleHUS 6EIKOB W OCTATKOB
rmwmu. s wckiaodenus 0eIKOBOrO OTPABIICHHS
CEHCOPBI [PEIBAPUTEILHO KOHIWUIMOHHPOBAIN B
gucrout sKPII (6e3 amrmbmormka) B Tedenme 20 —
30 muu [23]. B noproroBinennbie mpobnl POTOBOMU
JEMIKOCTH BHOCHUIM PACTBOPHI medpenmma pasiind-
HBIX KoHIleHTpanui u usmepsau IJC ¢ ucmonbzo-
BAHWEM HEeMOIU(UIIMPOBAHHBIX W MOIUPHUITHPO-
BAHHBIX OKCHUOM ITUHKA CEHCOPOB (puc. 5).

Ha ¢orue KPII npoucxogur ymeHbiieHue yrio-
BBIX KO03(W(PULOHMEHTOB 5HIEKTPOAHBIX (PYHKIUUA U
BPEMEHHU OTKJIHKA.

Pesynbrars: oupenenenus nedenumva ¢ ucnons-
30BAHMEM MOAU(PUIMPOBAHHBLIX HAHOYACTUIIAMU
OKCH/A [MHKA CEHCOPOB B POTOBOU JKHUKOCTH C BHE-
CEHHBIMHU [00aBKaMK AHTHOMOTHKA ITPECTABIEHDI
B Tabm. 4.

OrHOCHTENBHASA HOTPEIIHOCTD OIPEAEICHUS aH-
tubuoruka Ha Qore JKPII we upessimaer 9 %. Ilo-
JIy9eHHBIE JAHHBIE CBUIETEIbCTBYIOT O IIPUMEHIMO-
CTH HCCIIeLyeMBIX CEHCOPOB [JIA [IOTEHI[UOMEeTPUIe-
CKOTO oOUpejeneHus AHTUOMOTHKA B CMEIIAHHOU
CIIIOHE.

Tab6auma 4. Comep:xanue redennma B IeKapCTBEHHOM IIpe-
mapaTte Ha oHe poToBoi EuAKocTH (n = 3; P = 0,95)

Table 4. The content of cefepime in the drug product aga-
inst the background of oral fluid (n = 3; P = 0.95)

B oo fe =AM s, D, % oy el S D, %
12,7 12,1 + 0,4 0,01 4,7 4,2 4,0 = 0,3 0,03 4,7
85 8,1+04 0,02 4,7 1,3 1,2 +0,1 0,03 7,6
2,6 2,5+ 0,1 0,02 3,8 1,1 1,0 0,1 0,04 9,0
1,3 1,2 +0,1 0,03 7,6 0,42 0,4 + 0,05 0,05 48
0,85 0,8 +0,1 0,05 3,5 0,21 0,2 + 0,02 0,04 4,8
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3arIoYeHne

B macrosameir pabore npemnoxensr Hemoawdu-
UUPOBAHHBIE W MOAM(HUIMPOBAHHBIE ILIAHADHBIE
[OTEHIMOMETPUYECKHe CeHCOPBI AJIA OLPEeAeIeHus
nedpenmva HA OCHOBE HOHHBIX ACCOLMATOB Iehe-
nuM-rerpadenmidopar, OmpeneIeHbl UX HIEKTPO-
ananurndeckre cBorcrea. Onenensl PU3UKO-XUMU-
YecKHe XapaKTePUCTHKXA ACCOIMATA — COOTHOIIIE-
HEe KOMIIOHEHTOB U [IPOU3BEEHIE PACTBOPUMOCTH.
Wccnepyemprii MoOHHBIN accouar HBJISETCH MAJO-
pacrsopumbim (K, = n - 10%) m wmomer 6bITh wmC-
[I0JIb30BAH B KAYECTBE AKTHBHOTO KOMIIOHEHTA ILIa-
HAPHBIX I[e(ernM-CeIeKTUBHBIX CEHCOPOB.

B xagecrBe wmopmuraToOpoB HCIOIB30BAHBI
HAHOYACTHUIBI OKCHJA LWHKA W OUHADHBIE CMecH
InO-xmopun nerwinupuaunnsa. [lokasana poasb co-
moguduraropa (IIII1X) B ymydmenwn sierTpoana-
JINTUYECKUX CBOUCTB IUIAHAPHBLIX CEHCOPOB, YyBCT-
BUTEJIBHBIX K Iedlenumy: CHIJKeHue npenena o0Ha-
pYysKeHHS, yBEIWYEHHEe HUHTEPBAIOB JIWHEHHOCTH U
YIJIOBBIX KOY(PPUIMEHTOB 3IeKTPOSHBIX (DYHKIH.

IIpennomxennanie MopmuIUpoOBaHHBIE SCreen-
printed cencopsr MOryT OBITH HCIIONB30BAHBI [JIS
oupenenenus ned)enuMa B JIEKAPCTBEHHBIX IIperna-
paTax u POTOBOU JKUIKOCTH.

duHaHCHPOBAHHE

Pa6ora semmonmena npu mognep:xke Poccuticko-
ro Hay4HOro (houxa, npoext Ne 22-23-00420.
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© Apxkamuii BnagumupoBua Bpaynl, Yapauna AnekcanapoBHa BiansHiok?2.3,
ITonauna I0preBHa Bopmmeroeckana23, Bukropusa Cepreesna Unmarora3,
Oner IOpreBua XmeneBckuii?, Anekcauap Ilerporuu YUepuaen?3,
Hpuna AnexceeBna AunambeBal, Urops AnexkcamapoBud Pommml.4*

Xumuecknit paxyasrer MockoBekoro rocygapersensoro yuusepenrera umennu M., B. Jlomonocosa, Pocens, 119991, Mocksa,
T'CII-1, Jlemunckwme ropel, 1. 1, cTp. 3.

Ouzrmeckuii gparxynsrer MocKkoBekoro rocyapersensoro yausepeurera umenn M. B. Jlomonocosa, Poccns, 119991, Mocksa,
T'CII-1, Jlenunckwme ropel, 1. 1, ctp. 2.

Hayuno-uccnenosarenseruii naerutyT axeproi dpusuky umenn [, B. Crobensimina, Pocenn, 119991, Mocksa, I'CII-1, Jle-
HUHCKHe Topsbl, 1. 1, eTp. 2.

Tlepsoiit MTTMY mvenn U. M. Ceuenosa Munsapasa Poccru (Ceuenopexuii Y unsepcuTeT), Kaeapa sIUIeMUOIOTHN U J0Ka-
sarenbHoU Megununel, Poccus, 119435, Mocksa, ya. B. Iluporosckas, x. 2, crp. 2; *e-mail: igorrodin@yandex.ru

Cmamus nocmynuna 2 nosbpsa 2022 2. Iocmynuaa nocae dopabomru 2 nosbps 2022 e,
Ipunama k nybaurxayuu 21 dexabps 2022 2.

IIpennoskeH METON KOJIMMECTBEHHOH OIEHKH BAUAHUA J03LI MOHU3UPYIOMIETO H3IyYeHUs Ha
CTPYKTYPHBIC XapaKTePUCTHKA OBIMLET0 cHIBOPoTOuHOTO annbymuna (BCA) B BoZHOM pacTBope
IIyTeM HIeHTH(PUKAINN YHAKATHLHBIX IeITHI0B JOMEHHBIX CTPYKTYD 6elIKa ¢ ACIOIL30BAHIEM
SRHIKOCTHOM XPOMAaTO-Macc-CIIeKTPOMETPHH BEICOKOTO paspertennd. BCA ¢ HawanbHON KOHICH-
Tparmeii 500 MI/I B pU3HOMOTHIECKOM PAcTBOPE 0OIYYAIN IIyYKOM YCKOPEHHBIX 2IeKTPOHOB ¢
MarcuManbHoH sHepruei 1 MoB mpu cpenrem Toke myura 1 MKA, cpegHIA MOIITHOCTE TO3BI CO-
crasnana 18,5 I'p/e. [lornomennyio 103y B 06beMe 06pasiia OIeHUBAIH ¢ IIOMOIIBI0 Peppocyib-
datroro gozumerpa @purke. [locne obmyuenus pacteopa BCA B nozax 0,3, 0,6, 1, 8 u 20 x['p
TIPOBOAWIHN aHANNA3 CTPYKTYPHOH IEIOCTHOCTH HATHUBHON (DOPMEBI OelKa U KONIWIeCTBEHHYIO
OLIEHKY €T0 comep:kaHud. I 5Toro myTeM IeHTpU(YTEPOBAHU OTACTIANNA COCIAHCHUT ¢ Mac-
coii 6omee 30 xlla, saTeMm ocymecTBasinu (pepmenTaTuBHbIH runponus BCA ¢ mobasrenuem
pacTBOpa TPHUIICHHA U IOBTOPHO OTAEIANIN 00pa3oBaBIIIMecs TIENTHALI ¢ Maccoi 6omee 10 xlla.
Ilonyuennrie 06pasubl aHAIUSUPOBAIHA METOAOM SKHAKOCTHOH XpOMATO-MAacC-CIICKTPOMETPHN
BBIcOKOTO paspetenns (BAKOX-MC/MC). Jlanee omeHuBAIN COIEp:KaAHNE HETIOBPEIKIEHHBIX MO-
JeKys Oenka IyTeM OIpeNeIeHus KOHIEHTPAITUH YHUKAILHBIX IIEITHIOB, COOTBETCTBYIOIINX
KayKIOMY M3 TpexX JOMEHOB, Ha KOTOPHIC pasiesanach aMHHOKHUCIOTHAS IIOCTIENOBATEILHOCTD
BCA. C ncionnzoBanueM pazpaboTaHHOTO IOAXO0A YCTAHOBICHO H3MEHEHNE €CTECTBEHHON KOH-
dopmaruu uccnenyeMoro 6enka (ero JeHaTypalldsa) B BOIHBIX Mpo0ax B pPesyabTare BOzAe-
CTBHUA MOHUBUPYIOIIEro uanyueHus B posax 0,3 — 20 k['p: B cpeauem y 71 % 6eNKOBBIX MOIEKYT
ipu go3e obayuenns 1o 1 kI'p, v 79 % monexys npu poze 4 kI'p 1 99 — 100 % Moneky. mpu g103ax
8 u 20 xI'p.

KmoueBble c1oBa: Macc-CIIEKTPOMETPUA BBICOKOTO PaspellleHnsT; BEICOK0a(h(heKTHBHAT KU~
KOCTHad XpoMaTorpadus; YCKOpeHHbIe 3IeKTPOHBI; pagfuanioEHas 06paboTka; OBIMMIL CBIBOPO-
TOUHBIN anboyMuH; menrtunbl BCA; Tpunenmaonus 6eIKoB.

STUDY OF THE EFFECT OF ACCELERATED ELECTRONS
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A method for quantification of the dose effect of ionizing radiation on the structural characteristics of bo-
vine serum albumin (BSA) in aqueous solution through identification of unique peptides of protein do-
main structures using high-resolution liquid chromatography-mass spectrometry is proposed. BSA with
the initial concentration of 500 mg/liter in a physiological solution was exposed to irradiation at a dose rate
of 18. 5 Gy/sec using an accelerated electron beam with the maximum energy of 1 MeV at an average
beam current of 1 pA. The absorbed dose in the sample volume was estimated using a Fricke (ferrous sul-
phate) dosimeter. After irradiation of BSA solution at 0.3, 0.6, 1.8, and 20 kGy, we analyzed the structural
integrity of the protein native form and then quantified the content. For this, masses more than 30 kDa
were removed using centrifugation. Then BSA was subjected to enzymatic hydrolysis with the addition of
trypsin solution, and the resulting peptides with a mass of more than 10 kDa were repeatedly removed.
The resultant samples were then examined using liquid chromatography mass spectrometry (LC-MS) and
high-resolution tandem mass spectrometry (HRMS-MS/MS). The content of intact protein molecules was
assessed by determining the concentrations of unique peptides corresponding to each of the three domains
into which the amino acid sequence of BSA was divided. Using the developed methodology, a change in the
natural conformation of bovine serum albumin (denaturation) in water samples induced by ionizing radia-
tion at a dose ranging from 0.3 to 20 kGy was revealed on average in 71% of protein molecules exposed to
doses up to 1 kGy, in 79% of molecules exposed to doses of 4 kGy, and in 99 % to 100% of molecules exposed
to doses of 8 and 20 kGy.

Keywords: high resolution tandem mass spectrometry; high performance liquid chromatography; accel-

erated electrons; radiation processing; bovine serum albumin; BSA peptides; trypsinolysis of proteins.

Beenenne

Opuoll ¥3 IIaBHBIX 34189 MHUIMIEBOU ITPOMBIIII-
JIGHHOCTH SIBJIIETCH YBEJIWYEHHE CPOKOB XpaHEHUSA
[POAYKTOB IIUTAHUA [IPU COXPAHEHUU KX IIATATEb-
HOM IleHHOCTH U GesomacHoctu. B xagectee sdpdex-
THUBHOTO METOA ITOAABJIEHUA POCTA MATOTEHHBIX U
YCIOBHO IIATOTE€HHBIX MUKDPOOPTAaHU3MOB M IIPEIOT-
BpAIlleHuA ITOPYH IPOAYKTa 663 MpUMEeHeHU XHUMU-
YECKHUX BEIECTB M IIOBLIIICHHUA TEMIIEPATYPbI IIPH-
MeHAT 06paboTKy IIPOAYKTOB IIMTAHWUA KOHU3H-
PYIOIIUM H3IydeHHeM: TaMMa-u3jyIeHreM OT pa-
IUOAKTUBHEIX ucTodHUEOB *°Co u 137Cs, TopMo3HBIM
W3JIy4eHUEM, TeHEPHUPYEMbIM SJIEKTPOHHBIMHU YCKO-
purensavu ¢ sHepruen He Goimee 5 MsB (7,5 MsB B
CIHIA) mnu 5IeKTPOHHBIM H3Iy9eHHWeM C DHEePrueu
me 6omee 10 MbB12,

Tepmuaeckas u xumudeckan 06paboTka mpoayk-
TOB IATAHUSA MOKET ITOBJI€Yh 32 COG0M M3MeHeHue
X XUMHUYIECKOTO COCTABA U IEPECTPOUKY CTPYKTYPHI
MOJIEKYJI, HAIIPUMED, MOKET U3MEHHUTHCA IIPOCTPAH-
CTBEHHAA KOHQUTryparus MOJeKyJ 6elka, 94To mpu-
BeleT K IoTepe ero (PyHKIIMOHAIBHBIX CBOUCTB H,
KAaK CJIeJICTBHe, I0Tepe MUTATEIbHbIX Ka4ecTB 06pa-
60TaHHBIX TPOAYKTOB [1 —4].

1 ISO 11137-3-2006. Sterilization of health care products
Radiation. Part 3: Guidance on dosimetric aspects.

2 ISO 14470-2011. Food irradiation — Requirements for
the development, validation and routine control of the
process of irradiation using ionizing radiation for the
treatment of food.

IIpu pagmarnuonuoii 06paboTke NDPOUCXOAAT
PaspbIBbl XUMHUYIECKUX CBA3€H OEIKOBBIX MOJIEKYJI
KAaK 34 CYeT B3aMMOJAEUCTBUA ¢ paxukanavwu, obpa-
3YOLUMUCA B Pe3yibrare PALUOIn3a BOIBL, TAK
¥ [PU NOPAMOM IIOTJIOIIEHUM SHEPTHUU H3JIyJCHHS.
B ammuoxucnorax, ¢opMupyOIIMX HATHBHYIO
CTPYKTYPY OEIKOBBLIX MOJIEKYJI, [IPOUCXOAUT OTIIELI-
JIGHWE WIH [IPUCOEIUHEHNE BOAOPOAA, KApPOOKCHIb-
HOU rpymmst avuporucior B Buge CO, m NHj,
CIIMBKA AMUHOKUCJIOT W HU3MEHEHUEe KOJINIeCTBEH-
HOTO COOTHOILIGHWS MEAy HuMH. B pesyinbrare
MOJIEKYJIAPHBIX IIPOLECCOB BO3MOKHBI PACIIA[ WU
arperamnusa 6eqKOB U 00pa30BaHWe HOBBIX COeIUHE-
HuN — nonunentuos [5]. Maunuaropamu MHOTUX
0eIKOBBIX IpeBpaleHuii apisaorea hepmentst. Tak
KagK 60ibIIuHCTBO (DEPMEHTOB CAME SABJIAOTCA (-
KaMU, OHHM TAKKe H3MEHSIOTCA IO BO3IEUCTBUEM
HoHU3UPYoIIero uairydenun. CiexoBarenbHo, MexK-
[y IpoIleccaMu paspylieHus 6eIKOB U (pepMeHTOB
“Meer MeCTO KOHKYPEHIHS, KOTOpas BIHAeT Ha
KOHEYHBIM XHMHYECKHU COCTAB Bemecrsa [6, 7).
Bripaxennocts 5drdrexToB BO3HEHCTBUSA HOHU3U-
PYIOLIETO U3IYyIeHU B TOM WU MHOU CTEIeHU 3aBU-
cuT 0T mapaMerpoB o6paboTKH H OT 0COGEHHOCTEMN
OHOIOTMIECKOU CHCTEMEL

B pesynbrare, ¢ ogHOI CTOPOHEBI, BOZMOMXKHA Jie-
CTpykLusA Geska, a ¢ JPyrod — CyILIEeCTBYIOT HCCIIe-
JOBAHUA, YRA3bIBAIOIIYE HA TO, YTO IIPU paspylie-
HHUH BTOPUYHON W TPETHYHOU CTPYKTYpP Genka mpu
obiyaennu B posax 1-— 6 xkI'p, HO coxpamenun ero
IEPBUYHOM CTPYKTYPBI, V/y4dlIaeTcsi ycCBaWBae-
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MOCTH MAKPOMOJIEKYJI V JIOIEH ¢ pasiudHbIMHU 3a60-
JIEBAHUAMY KEJIyIOYHO-KHAIIEYHOTO TPAKTA U Ipy-
rumu npobiaemamu ¢ nepesapuBanuem numw [8].

B nwmmeroit mpompinuienHoCTH 10361 06ITyde-
HHSA, KOTOPbIE BHIOMPAIOT B COOTBETCTBHH C 3a/a4a-
Mu 06pabOTEM KOHKPETHBIX IPOAYKTOB, OTPAHUIH-
Bawrea 7 — 10 kU'p [9]. B psane uccnenosanuii noka-
3aHO, YTO BO3[€ACTBHE NOHUZUPYIOIIET0 U3IyIeHUA
B go03ax x0 10 k['p nosBossier cOXpaHUTh HEU3MEH-
HbIA AMUHOKHCJIOTHBINA cocraB Genkos [10]. Taxk, B
pa6ore [8] myurom 5ieKTPOHOB 06iyuanu rpubsl Be-
IIeHKHW B Auanasone 103 or 3 mo 6 kl'p: 6sw10 mmoxka-
3aHO, YTO B PE3YJIbTATE MPOUCXOAWIN U3MEHCHUS
MOJIEKYJIAPHOU CTPYKTYpPhI 06eIK0B U HabIr0nanocs
HX PACIIeILIeHNe [0 MePBUYHON CTPYKTYPSI.

IIpu BO3melicTBHMM YCKOPEHHBIX SIEKTPOHOB B
gosax no 12 k['p HaA MACO TOBAMWHBI B CHIPOM H 06-
paboranHoM (BAJIEHHOM) BHE aBTopamMu pabor
[9, 11] 6bu10 TOKA3aHO, YTO GEIKH He Pa3pyIIaIuCh,
a TONBKO TPaHcOPMUPOBAINUCH IIyTEM PaANOIN3A,
[IPY 5TOM 3HAYUTEIHHOTO U3MEHEHUA COCTABA 3aMe-
HUMBIX W HE3aMEHUMBIX AMHHOKHCIOT B TEYEHHUE
10 cyr xpauenwus mocie 06LydIeHNUS HE IIPOUCXO/IHIIO
[9]. O6inyuenue B moze 9 kI'p npuBonmiio K ymMeHD-
[IEHWUIO KOJUYEeCTBA AMHUHOKHUCIOT Juinb HA 3 %
[11], a B mo3e 12 kI'p — HA 5 % [5].

B wactu pabor ommcamo umccnemoBanue BbIe-
JIEHHBIX 00PasIoB 6eJIKOBBIX MAKPOMOJEKya1. B pa-
6ore [12] 6BLTIO MOKA3aHO, YTO BO3IEUCTBHE TaM-
Ma-M3Iy9eHUA Ha MOJEKYJAPHYI0 CTPYKTYpy Genka
BCA B nmoze 5 x['p npuBeno k¥ CTpyKTypHBIM H3Me-
HEHUAM B MAKPOMOJIEKYJAX: IIePBUYHAS CTPYKTypa
BCA coxpansinace HeHM3MEHHOU, B TO BpeMsd Kak
BTOpHMYHAA W TPETHUYHAS CTPYKTYPHI 3HAYUTEIHHO
M3MEHSINCh, 4 TAKKE MPOMCXOAWIA arperamnus Imo-
JIMIENTHUAHON Ilenu 06e3 mporecca (pparMeHTaIlwH.
B nccenenosannu [13] Habmogaioch n3aMeHEeHUE KOH-
dopmanuu swgHoro anpbyvmuHa npu 06IydeHHU
ramma-ucrogauroMm °Co B moszax 5, 10, 15, 20 u
25 x['p. Ilpu obiyyenun pacTtBOpa CHIBOPOTOIHOTO
fenka ramva-manydenueMm B moszax 10 — 25 k['p na-
6JIF0IAIach arperarnusa CbIBOPOTOYHBIX GETKOB, KOTO-
pas OPOABISIACH YBEIWYEHHEM BA3KOCTH W MYT-
HOCTH PACTBOpA. B NpHBENEHHBIX HCCIeTOBAHUAX
Takxe 6pLIa OTMEYEeHA 3aBHCHMOCTh BA3KOCTH pac-
TBOpPA OT KOJIMYeCTBA O0OPA3YIOIIMXCH PALUKAIIOB,
BJIMAIONINX HA PACIA [MeNTUIHOU CBA3HU, IPH HTOM
B pabore [14] morasaHo, 4TO B CyXUX pacTBopax Hen-
KOB, B Y4CTHOCTH, OBAJBOYMHUHA, PATUKATBHBIE TIPO-
[IECCHI, BLI3LIBAIOIIME PACITIA IEIITHIHBIX [IeTIel, He
PA3BUBAIINCE.

CymecTByer psAj METOAMK, IMO3BOJIAIIIAX OIle-
HHUTHh H3MEHEHWS OOINeld KOHIEHTPAIUK GeIKOBBIX
MOJIEKYJI IHINEBBIX MMPOAYKTOB, BO3ZHUKAIOIIUE IIO-
ciae ux paguarnuonHou obpaborku [15 — 17]. Mero-
nom Keenbpans u merogom JloMa OLEHMBAKOT CO-
nep:xanue GelKa M0 KOJIWYeCTBY asora B obpasie,
KOTOpOe OMPeNessioT METOA0M Ta30BOM XpoMaro-

rpacun. MudparpacHas CeKTPOCKONINA [I03BOILET
OIIEHUTH copepixanue Genra mo moriorienuo K-
M3JIy4eHUs Ha XAPAKTEPUCTUYECKOM 4Yacrore Iel-
TUAHON cBfA3u. HoHIeHTpanuio 6elra MOKHO OLe-
HUBATH EKOJIOPHUMETpHYEeCKUMHU METOAaMH, HallpH-
Mep, 1Mo abcopOIuy KPacUTeNs, ¢ IOMOIIBI0 AHHUOH-
HOTO CBA3BIBAHUA KPAaCHUTEJId C OCHOBHBIMHU aMHHO-
KHUCJIOTHBIMU OCTATHAMH (I‘I/ICTI/II[I/IH, apPruHuH U JInu-
3uH) U N-KOHIIOM 6EITKOBON MOJIEKy/bl; abcopbiuu
OTAEJBHBIX apOMATHYECKUX aMHHOKHUCIOT (TI/IpOBI/I-
HA ¥ TPUIITO(PAHA); UK 110 OKPACKE KOMILIEKCA [Iell-
THIHOH CBS3U C MOHAMHU MeAN, KOTOPBIU OIpeeiid-
T crekrpockonmyecku. CriocobHocThs 6eMKOB 1O-
IIOIIATE B YJbTPagQuoJeTOBOM 00JACTH CIIEKTPA Ha
pivHax BoiH 280 HM u 190 — 220 HM HCIOAB3YIOT
s moxcaera monekyn [18]. Onrmaeckne mMeTonbl,
TAKWe KAaK CIEKTPOCKOIIUS KPYIOBOTO AUXPOM3MA
(CD), UK-cniekrpocronus u cnexkrpockonus KP, mo-
3BOJIIIOT TAKME OLEHUTh BTOPHUYHYIO W TPETHYHYIO
cTpykrypsl 6enros [19, 20].

Hecmorps ma cymiecreyrorue moaxosl, Heo6xo-
ouMa paspaboTKa HOBBIX METOAWK OLEHKU CTPYK-
TYPHBIX U3MEHEHUN 0IKOB, ITOABEPTIINXCH pagua-
MOHHOMY BO3J€HCTBHIO.

Ilenn nannoi paGoThl COCTOAIA B UCC/IEN0BAHUN
BIHMSAHUA OOJy4OHHS YCKODPEHHBIMU BJIEKTPOHAMU
HA CTPYKTYPHBIE XAPAKTEPUCTURU OBIYHET0 CHIBOPO-
TOYHOTO ATL6YMHHA B BOTHOM PACTBOPE C HUCIIOIb30-
BaHWEM JKUIKOCTHON XPOMATO-MACC-CIIEKTPOMETPUHI
BBICOKOT'O PA3PEeLIeHNH.

IKCIEPUMEHTATHHAA YACTH

Jlnd moCTHIKEHUA MOCTABISHHON IEJIU IIPOBEIN
SKCIEPHUMEHT [0 YCTAHOBICHUIO IPUCYTCTBUA ObIIb-
€ro CBhIBOPOTOYHOTO ajdbOyMWHA B AKTHBHOU (HA-
THBHOM) (popMe B BOIHOM pacTBOpe, O6IyYeHHOM
IYIKOM YCKOPEHHBIX SJIEKTPOHOB B PA3JIHMIHBIX J10-
3ax, 4 TAKKe KOJMIEeCTBEOHHO OLIEHHIH €ro COXep-
JKAHWE B KOHTPOJIBHBIX U 00JIyIeHHBIX 00pasiax me-
rogom BOMKX ¢ rtammemMHBIM Macc-CIIEKTPOMETPH-
YEeCKHM [eTEKTHPOBAHUEM BBICOKOTO paspelreHus
(BOKX-MC/MC).

O6verxm uccredosarun. B ragecrse o6berTa mc-
CIe0BAHUS WCIIOIb30BAIN OBIMUEA CHIBOPOTOYHBINA
anpbymun (BSA dparnua V, BioClot), koropsrit pas-
Boguau B (pusmosormdeckom pacrsope 0,9 % NaCl
B kxourenrpanuu 500 mr/n. Paboune, 6ydepusie u
Ipyrue HeoOXOmuMble Jif aHAIW3a CTPYKTYPHOH
[EJIOCTHOCTH (eJIKa pacTBOPhI TOTOBHWJIM PacTBOpe-
HHEM TOYHBIX HABECOK B COOTBETCTBYIOIINX PACTBO-
PUTEJSAX B I€Hb IPOBEIeHUS SKCIIEPUMEHTA.

Bribop BCA kax ob6bexra usydenws B uccie-
JOBAHUAX OOYCIOBJIEH TEM, YTO BTOT OEIOK 4acTo
HCIIOIb3YIOT B KAYE€CTBE MOJEILHOTO, IIOCKOIBKY OH
COIEPIKUT 8 He3aMEHMMBbIX AMUHOKHCIOT U COCTAB-
sser 60 % Bcex 6EIKOB IIA3MBI KPOBH, IIPUCYTCTBY-
€T B KJIE€TOYHOM MIPOCTPAHCTBE ¥ BBIIOIHIET IeIbIHA
pan pyurnuii [21]. CrpyRrypHBIE XapaKTePUCTURU
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241
301
361
421
481
541

MKWVTFISLL LLFSSAYSRG
DEHVKLVNEL TEFAKTCVAD
ERNECFLSHK DDSPDLPKLK
ANKYNGVFQE CCQAEDKGAC

Aot

CCDKPLLEKS HCIAEVEKDA
HPEYAVSVLL RLAKEYEATL
LGEYGFQNAL IVRYTRKVPQ
NRLCVLHEKT PVSEKVTKCC

VFRRDTHKSE
ESHAGCEKSL
PDPNTLCDEF
LLPKIETMRE
LTKVHKECCH
IPENLPPLTA
EECCAKDDPH
VSTPTLVEVS
TESLVNRRPC
KATEEQLKTV

HTLFGDELCK
KADEKKFWGK

KVLASSARQR
GDLLECADDR
DFAEDKDVCK
ACYSTVFDKL
RSLGKVGTRC
FSALTPDETY
MENFVAFVDK

LVLIA
VASLRETYGD
YLYEIARRHP
LRCASIQKFG
ADLAKYICDN
NYQEAKDAFL
KHLVDEPQNL
CTKPESERMP
VPKAFDEKLF
CCAADDKEAC

FSQYLQQCPF
MADCCEKQEP
YFYAPELLYY
ERALKAWSVA
QDTISSKLKE
GSFLYEYSRR
IKQNCDQFEK
CIEDYLSLY[
TFHADICTLP
FAVEGPKLWV

601 STQTALA

I pomeH — ¢ 1 no 230 aMWHOKWUCNOTY B TMOCJ/IejOBAaTENIbLHOCTH,
IT pomeH — ¢ 231 no 326 aMMHOKWUC/IOTY B MOC/efOBaTe/NIbHOCTH,
ITT pomeH — ¢ 327 no 607 aMMHOKUCNOTY B MNOC/eN0BaTe/IbHOCTH.

|- YuukanoHbie nentuasl 6CA, BbiOpaHHbie ANA uaeHTUPUKAUMK U

KOnuyecTBeHHOW oueHku: FKDLGEEHFK (T35-44), AEFVEVTK
(T249-256) u KQTALVELLK (T548-557).

Puc. 1. AMUHOKHCIOTHAA TIOCIEL0BATEILHOCTD MOIEKYIbI OBIUBET0 CHIBOPOTOUHOTO ansoymuna (BCA)

Fig. 1. Amino acid sequence of bovine serum albumin (BSA) molecule

BCA xoporio msy4yeHsr, OH JIETKO JOCTYIIEH, YACTO
HCIIONB3YeTCHd B HMMYHOAUATHOCTUIECKUX IPOLEAY-
pax [22] u gnuHU4ecKou xumuu [23], BXogUT B CO-
CTAB MUTATEIBHBIX CPEJ AJI BLIPAIMBAHU KIETOY-
HBIX RyJbTYyp [24], a Takxe HPUCYTCTBYET B IIHIIE-
BBIX IIPOAYKTAX, COLEPIKAIIUX KOPOBLE MOJIOKO KA
msaco. Kpome Toro, moigy4eHHbIe pe3yabTaThl H3yde-
uusi BCA B radecrse 6a30Boil Mozenu MOryT ObITH
PACIIpOCTPAHEHBI HA APyrHe OCHOBHBLIE OEIKOBEBIE
MAKpPOMOJIEKYJIBI B IUIa3Me W TKausax [12]. AmwuHo-
KHCIOTHASA [OCIe0BATEILHOCTh MOJIEKYIbl Obrabe-
T0 CHIBOPOTOYHOTO anbbymmHa [25] mpexcraBiena
Ha puc. 1.

Bosdeiicmeue uonusupyrwum ussyuenuem u
roumpoae doszvt obaywenus. Obiaydenve o6pasmos
[POBOAMIN C WCIOJB30BAHUEM YCKODPUTEIA DIIEK-
TPOHOB HEIPEPBIBHOTO AericTBuA ¥ DJIP-1-25-T-001
(HUNUAD® MI'Y, Poccusa) ¢ sueprueir 1 MsB npm
reMmIieparype okpy:kamoiiei cpeast (20 °C). Jlns ra-
JEAOT0 ceaHca OOJydeHHs wuccienyevble 00pasnbl
BCA o6bemom 0,5 Mui momemanu B CTepPHIILHBIE
IUTACTUKOBBIE MHKPOIEHTPUQY:KHBIE HPOOGHPKH
Bmectumocteio 2 M (AQ «P3I1», Poccus), tpu 06-
pasna BBIKIAABLIBAIN HA AIOPAIIOMUHHUEBYIO ILIA-
CTHHY COIJIACHO CXeMe, OIMCAHHOU B pabore [26].
Cpeguuil TOK My9Ka DIEKTPOHOB COCTABIALT 1 MEA.
Huas  pocTuixeHus pPABHOMEDHOIO PACIPEAEIeHUs
JI03BI 110 BceMy o6 bemy o6pasma BeieacTeue Hebohb-
IO TiyOWHBI IIPOHUKHOBEHWS HU3KODHEPreTHde-

CKUX BJIEKTPOHOB BBICOTA PACTBOPA HE IPEBBILIAIA
2 MM.

Hozy D, mormomennyo B o6beme 06pasia, ore-
HUBAIH (eppocyabPaTHBIM METOA0M JO3WMET-
puu (nosumerp Ppuxrre). Pacrsop FeSO, B o6neme
0,5 M moMerany B Ipo6HUpPKY, aHATOTHIHBIE DKCITe-
PUMEHTAILHEIM, U 06Iy9aiu Opu Tex jKe YCIOBHIX,
qaro u o6pasnsl ¢ pacrBopom BCA. B xome ramzoro
ceaHca (purcupoBaIK BpeMd 06IydeHusn pacreopa.

B pesynwsrare paguonusa BOABI 10 AEUCTBHEM
¢BOGOJHBIX PAUKAIOB, KOTOPbIE B3AUMOIEHCTBYIOT
¢ pacrsopom FeSO,, uomn Fe?* orucnaiorcs o
uoHOoB Fe?*| 4ro mpuBOAMT K M3MEHEHUWIO OnTHYe-
CKOM IUIOTHOCTH pacTBopa. KoHIeHTpanumo HOHOB
Fe?* onenmBamu 1myreM CpaBHEHHWS ONTHYECKOM
IUIOTHOCTH OOJIy4eHHOTO M HeobiaydeHHOro o6pas-
[OB C UCIIOJIb30BAHUEM CIEKTPOoTOMETPA HA JJIU-
vHe BoiaHbl 304 HM. Ilo m3MeHEHUIO OIITHUYECKOMN
IUIOTHOCTH, KOTOPAA 3aBHCHT OT nepexoza Fe?t B
Fe?+ npu o6rygenny B pasIudHEBIX 103aX, H3MEPIN
[OTJIOLIEHHYI0 03y B HCCAeAyeMoM o0pasme 1o

dopmye

3+
D- kAS(Fe3t) , 1
pG(Fe3+)le
roe k = 9,65 - 106 — Gespasmepnrni kosddunmenr;
AS = 1/t — onTryeckas ILUIOTHOCTH PACTBOPA; p =
= 1,024 r/cM® — IIOTHOCTH JO3UMETPHYECKOr0 Pac-
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teopa; G(Fe?*) = 15,6 uon/100 3B — pazuanuon-
HO-XUMHWYECKHU BBIXOJ] IIPU BO3IEUCTBUU YCKOPEH-
HBIX DJIEKTPOHOB ¢ sHepruen o 10 MaB; / = 1 cm —
IJIMHA OUTHUYeCKoro iyrtw; &€ = 2160 su/mons - e —
rkosddpunpenT skcTuHKNMY HoHOB Fe3*, xapakrepu-
3yoLui ociabieHne HHTEHCHBHOCTH CBETOBOTO I10-
TOKA, Ipoxopsfmiero depe3 pacrsop [27]. Pacuer
O3Bl II0 W3MEDPEHHLIM 3HAYEHUAM OLTHUIECKOU
mwriorHoctu pacreopa FeSO, npoopwnu g auana-
sona 40 — 400 I'p, roropsiit coorBeTcrByer pabode-
My JHANA30HY XUMHUYECKOI0 PACTBODA.

B pesysnbrare 6pura mocrpoeHa 3aBUCHMOCTH
J03BI, IIOTJIOIIEHHOU (heppocyib(haTHbBIM JO3UMET-
pom, oT BpemeHHU 06iydeHus, u 1o Kosgumuenty
HAKJIOHA JMHEHHOTO YIaCTKA KPUBOU ObUIA opese-
JIEHA MOILHOCTH [JO3bl, [OTJIOMAeMan A03uMeTpude-
CKHMM pACTBOpOM, Koropas cocrasmwra (185 +
+ 0,3) I'p/c (cpepuuii tor myuxa 1 mrA). Tar xak
mwiotHocTh pacreopa Ppurke (1,024 r/mi) 61usra
mwrotHocTH BomHOTO pacrBopa BCA (1,005 r/mu),
MOJKHO CYHUTATD, YTO 035, [OIVIOUIEHHEIE J03UMET-
PHUYECKHUM PACTBOPOM, COBIIAJAIOT C JO3AMH, IIOTJIO-
[IEeHHBIMH HCCIeyeMbIMHU 06pasiamu 6eka.

B xone o6myyenns pacreopa BCA durcuposamu
BpeMmsa 00paborTkm 006pasoB U 0 BpeMeHu obiryde-
HUS C YIETOM 3HAYEHUA MOLIHOCTHU 035l PACCIUTHI-
BAJM [OIVIOIIEHHYI HCCIeAyeMbIME ofpasmamu
7103y, KoTopas coorBercreoBasia suagenusm 0,3, 0,6,
1,4, 8 u 20 xI'p ¢ morpemraocTeio He Gosee 5 %.

Iposedenue xumuneckozo ananusa. s npose-
OEHUA AHAIN3A CTPYKTYPHOM [EJOCTHOCTA HATHB-
HOU (hopMBI O€lKa M KOJWYECTBEHHOHM OLIEHKHU ero
COZePKAHUA WCIIOIB30BAIN CIAEAYIOIINE PEAKTUBLL
mMypasbuHyl kuciaory 95 % (Sigma-Aldrich, xar.
Ne FO507, CIHA), amerommrpun (Panreac, HMcna-
uus), ximopuy Hatpua 99 % (Sigma-Aldrich, xar.
Ne 59888, CIIMA), 6urapbomar amvmomusa 99 %
(Sigma-Aldrich, rar. Ne A6141, CIIIA), gewonwnsu-
poBaHHyI0 BoAy mocie oumcTkm cucremou Milli-Q
(Millipore, CIIIA), crammaprupii obpaser; BCA
dparmua V (Bioclot Gmbh, maprus No 61171334,
Tepmanus). B pa6ore ucronb3oBanu BBICOKOMOJIE-
Kyaapubie (uiastpsr (Amicon, Ne Z677108 u xar.
Ne UFC503024, Millipore, Upnaugus) aiaa ormerre-
HUA MojeKyn Maccod cBbume 10 klla u cBbime
30 x/la u Habop mis npoBeneHus (PePMEHTATUBHOTO
ruaponusa ¢ wucroiabzoBanueMm tpuncuaa SMART
Digest Trypsin Kits (Thermo Fisher Scientific, xar.
Ne 60109-101, CIITA).

Wnentuduranuo nentugoB 1 ux KOIUIeCTBEH-
HBIA AHAJIU3 IPOBOJUIN C UCIIOJIb30BAHUEM AHAIIH-
TUYECKOU CTAHIIUH, COCTOAINEH U3 KHUJKOCTHOTO
xpomarorpadga Dionex Ultimate 3000 RSLC (Dio-
nex, 'epmanun), 060pyZOBAHHOIO CHCTEMOU ABTO-
MATHYECKOT0 BBOAA IIPOOBI, C MACC-CEIEKTHUBHBIM
TAHAEMHBLIM AHAJIU3ATOPOM BBLICOKOTO PA3PELICHUS
Thermo Scientific Orbitrap Fusion Lumos (Ther-
moFisher Scientific, CIITA) ¢ mcToYHMKOM HOHOB U

noHuzanuen suerrpopacubuienuem. Crenudmde-
crue nentuabl BCA BLIfiensiv ¢ IIOMOIILIO KOJIOHKA
100 mm X 2,1 mm Zorbax 300 SB-C18 ¢ guamerpom
3epHua copbenra 3,5 mrm (Agilent, CIIIA). dxcrnepu-
MEHTAILHEIE AAHHBIE PErUCTPUPOBaIN U 00pabaTol-
BAJM C [IOMOIILI0 MPOrPAMMHBIX I1akeToB Xcalibur
(ThermoFisher Scientific, CIIIA). B pa6ore ucriomns-
30BaM cucreMbl i neHtrpudyruposanus MPW-
352R (MPW Med. Instruments, [lonsimma) u Tepmo-
CTATHPOBAHUSA I IIPOBEAEHUs (PePMEHTATHBHOTO
ruppoianza MAXQ 4450 (Thermo Fisher Scientific,
CIHIA).

Memodura o6rapyscenus cneyuguueckux nen-
mudos BCA. K 30 mrn BogHOTO pacTBopa, comepxa-
mero 0,9 % NaCl, no6asnsanau 210 mxn 1 M pactso-
pa NH,HCO; u nomemanu B wmeHTPU]YHHBIN
¢unerp Amicon 0,5 M ¢ orceukow mo maccam
30 x/la (dpunpTp HpegBaApPUTENBHO ABAKABLI POMBI-
BaJM B TedeHue 15 muH ¢ ucnosib3opanuem 500 My
I[eI/IOHI/LBI/IpOBaHHOIjI BOALI IIPW YAacTOTE BpPAIleHUd
10000 muu1). Tanee pacrBop neHTPUdYTrUpOBAIH
B Teuenue 15 mmn npu 10000 mun!, mocie uwero
roHnearpar 6enka obwemom 50 My ¢ unbTpa I1€-
PEHOCHIIN yIbTPALEHTPU(PYTHPOBAHUEM B TEIEHUE
3 mun npu 1000 vua~! B wmcryio npoGupky Omres-
nopga BmectumocTeio 2 Mi. Jlamee ¥ KOHIEHTPATY
6enka gobasiaanm 12 mxa 1 M pacreopa NH,HCO,
u 90 mx 6ydreprOTO pacTBOpa U3 HabGopa I TPHII-
cunonn3a. llomydeHHy0 CMeCh IepeMeluBaIu U
n0o6aBIAIY K Hel 3 MKJ PacTBOpPA TPHUIICKHA C KOH-
uenrpanuein 1 Mr/mur us Toro xe Habopa, ganee e-
pemermnuBaiu Ha Boprekce. [Ipo6el ¢ 6eaKoM MHKY-
6uposanu B Tepmocrare npu Temieparype 70 °C B
TeYeHue 249 u 3daTeM IIOBTOPHO IIepeMeIlnnBaJIi Ha
BOPTEKCE W 3arpy:xaiu B LeHTpudyKHbIH (QPribTp
Amicon 0,5 mit ¢ orceuxou 1o maccam 10 x/la, mociie
vero reHTpudgyruposaiu B tedeHue 10 MuH mpm
2000 mur'. TToaydenHyo npofy MOMEIaIu B MUK-
podhIakoH AJIA HOCHEAYIOIIEr0 AHAIN3A METONOM
BaKX-MC/MC.

s npoBepeHus aHAIN3a UCIIOIb30BAIN UCTOY-
HUK HUOHOB C I/IOHI/IBaHI/Ieﬁ SJIEKTPOPAacCIIbIJIEHUEeM B
pelxuMe perucTpanuy BLIOPAHHBIX HOHHBIX PEaK-
OUP II0JIOKUTENLHBIX HOHOB, Paspernienue macc-
anaynmaaropa cocrasiano He Menee 30 000 orn.ex.,
[IOTPEIIHOCTh IPX OUPEe[eIeHUur 3HAYEHUS m/z He
npesrimana 3 mur~! ora.ex. Temmeparypa nepexos-
Horo kamwmiapa cocrasisiaa 300 °C, manps:xenue
Ha pacubuisaioniem ganuwuispe — 3500 B, nasnenue
rasa aJjs paciblIeHUS HOI[BH?KHOﬁ (i)aBI:I B UCTOYHU-
ke uonoB — 420 klla.

KomnonenTs! uccienyemMbix o6pasiioB pasiessd-
JI1 B PEXUMeE IPAJUEHTHOIO SIIOUPOBAHUA, PACXOX

noxsuskHOM (paser — 0,30 mur/muH, Temmeparypa
repmocrara Kojgouku — 40 °C. IToxsuknas dasza
A — 0,1 % o6. HCOOH ® Bome, mogeuikHasa asa
B — aneronwrpmn. Ilporpamma rpaaueHTHOTO

sroupoBanua: 0 — 3 mun: 95 % A; 3 - 35 mun: 5 -
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35 muu: 40 % B; 35 -40 mun: 40-80 % bB; 40 -
44 vuu: 80 % B; 44 — 50 mun: 95 % A. O6bem BBO-
IuMOU Ipo6nI cocrassan 10 MK

O6cy:kaenne pesyabTaTOB

Macc-cnekmpomempuueckoe demexmuposarue.
Ha nepsom srame paforsl B BRIOPAHHBIX YCIOBHAX
depmenTarusaoro ruzapoinusa BCA wmccnegoBamu
obpasyromuecs menTuasl U Buibupanu cuerudude-
crme i BCA (cm. puc. 1). Ias storo 6pamu 30 Mmxin
pacreopa BCA (500 mEr/Mi1) m OpOBOIUINA OIHCAH-
HYIO BBIIIIE IIPOIEAYPY MPOGOIMOATOTOBKY C HUCIIOIh-
30BaHWEM TpumcuHa. MeTox TPUIICHHOIN3A OCHO-
BAH HA CEJIEKTUBHOM THAPOJH3€ CBA3KA MENIY OC-
TATKAMH AMUHOKHCIOT JIM3WHA W APTUHWHA, IPH-
CYTCTBYIOIIMX B CTPYyKType 6enka. B pesynwrare 06-
pasyercs HaGOp YHHURAIBHBIX ITENTHIOB MACCOH OT
500 mo 4000 da. Jls Beibopa crenupudeckux amu-
HOKHUCJIOTHBIX MOCIEAOBATEIBHOCTEH UCIIOIb30BATN
6aser manubix crpoenus BCA Swissprot database
(UniProt consortium, CIITA), 8 6aze BCA coorser-
creyer Homepy P02769 [28].

B xope uccnemoBanus ymamnocs uneHTHGHUITHPO-
Barh 8 yaumkanbHbIX A BCA mentumos, xapakre-
PHUCTHEKH KOTOPBIX IIPEACTABIeHbI B Ta0. 1.

Tlpu wsyyenun BIMAHUSA U3JIYYEHHUA HA CTPYK-
TYPHBIE XapaKTEPUCTUKN GeIKa B MEPBYIO 0Yepenb
ornenuBau copep:kanne Harupuoro BCA. Ilna sro-
ro HeobxoguMo O6bUIO yOEmIHTHCA B TOM, 4TO GEiloK
MPUCYTCTBYET B AKTUBHOM ¢opMe B pacrBope.
Awvunorucnoraas nociexosarensaHocts BCA comep-
sxur 607 aMHHOKHCIOT B COCTOUT W3 TpPeX JoMe-
OB (cm. puc. 1): I nomen — ¢ 1 o 230 amuuokwmC-
nory B nocnenosarensHocru, 11 gomen — ¢ 231 1o
326 u III gomen — c¢ 327 nmo 607 aMuHORUCIOTY
B mociemoBarenbpHocTr [23]. [ns wupentudura-
nuu ObUIM BLIOPAHLI TPH YHUKAILHBLIX IIEITHIA:
FKDLGEEHFK (T35-44), AEFVEVTK (T249-256)
u KQTALVELLK (T548-557), xoroppie mpuCyT-

crByoT B omHOM m3 Tpex momenoB BCA. Tag, men-
tup FKDLGEEHFK Haxomutcs B IOJI0MEHHAU
35-44 (I momen), nenrug AEFVEVTK — B nonosxe-
Hun 249-256 (I1 gomen) u KQTALVELLK — B 110-
noxennu 548-557 (I momewn). IIpucyrcrBue sTHX
tpex mapkepoB BCA B mpobe rmocie Mporenypsl
TPHUIICHHOIH3A YKA3bIBaeT HA TO, 4To o6paser;y BCA
Haxogurcs B aktuBHOU (popme. Ha pumc. 1 maunusie
yHuEKaabHbIe menTuabl BCA, Bpibpanusie niia uneH-
TH(PUKANNN U KOJIUIECTBEHHOU OIEHKH, BBIZEIEHBI
3€JIEHBIM IIBETOM JJIS HATJIAAHOTO IPeCTABICHUA
00 MX MOJOKEeHUN B CTPYKType Genka.

Crnenpyromum srariom paboThl ABIAIACH OLTHMU-
3aUA YCIOBUM NETEKTHUPOBAHUA TPEX BBHIOPAHHBIX
maprepoB BCA. HcnonszoBanu 31eKTpOpACIIBLIN-
TEJIbHYI0 HOHHU3ALUIO B PEKUME PErHCTPALUU IIO-
JIOJKUATENIBHBIX HMOHOB, IIOCKOJIBKY ofpasyroiiueci B
pesynbrare epmenraruBHoro rugposmsa BCA
[eNTHABI B CBOEM COCTABE HMEIT AMUHOTPYIIILI,
oTBedYAmoIMe 3a 06pasoBaHWe NPOTOHHPOBAHHBIX
[IOJIO}KUTENBHO 3APKEHHEBIX MOJIEKYJL B XO/e HOHH-
3aruu. Y CIOBHUSI MACC-CIIEKTPOMETPHUIECKOTO [EeTEK-
THPOBAHHS ONTHMH3WPOBAIN B PEKUME IIPAMOTO
BBOza ucxoxuoro pacresopa BCA mocie craguu dep-
MEHTATHBHOIO THAPOJIN3a TPHUICHHOM HEIOCPe[-
CTBEHHO B MCTOYHHUK HMOHOB, MHHYHA Xpomarorpadu-
YECKYIO KOJIOHKY.

B xozme orrrrvusanuu yeinosuil feTeKTHPOBAHUS
BbIOpaHubIX MapkepoB BCA 6b110 M3y4eHo BIUAHUE
HANPSIKEHUA HMCTOYHWKA HOHMU3ANWU B JUAIA30HE
or 2500 no 4500 B Ha BenwuwHy cHTHAIA IPOTOHU-
POBAHHBIX MOJEKYJISAPHBIX HOHOB CIEIH(PUIeCKUX
nenrupos BCA. Ilpu sTom ucnonb3oBanu napamer-
PBI paboThl MACC-CIIEKTPOMETPUYECKOTO AETEKTOpa,
PEKOMEHAyEeMbIe POU3BOAUTEIEM K IIPOIHCAHHDBIE
B (paiie aBTOMATHIECKOU HACTPOMKH CHCTEMBI —
ABTOTIOHUHTA. ¥ CTAHOBIEHO, 4TO LIPU YBEIUIEHHU
HANPSKeHUsA UCTOYHWUKA wuonmsanuu ¢ 3500 7o
4500 B nHTEHCHBHOCTD CUTHAJIA YBEJIHYUBAETCA HA

Ta6auma 1. XapakrepucTuku yHUKATHHEIX menTunos BCA, mpucyTCTBYIOMUX B MOAENHHOM BOSHOM PACTBOPE IIOC/Ie TPUIICH-

HOIHU3a

Table 1. Characteristics of unique BSA peptides present in model agqueous solution after trypsinolysis

Toumnoe 3nauenue m/z

AMUHOKHCIOTHASA TOCTIEN0-

Ilentun BriGpanmsie HOHHABIE PEAKITAN
HOHA TIPEKypeopa BATETBLHOCTD NPEKYPCopa
T35-44 417,2119 FKDLGEEHFK 1) m/z 417,21 — m/z 746,3468
2) mfz 417,21 — m/z 294,1812
T548-557 571,8608 KQTALVELLK 1) m/z 571,86 — m/z 1014,6202
2) m/z 571,86 — m/z 886,5608
T549-557 507,8134 QTALVELLK He onenusanu
T249-256 461,7477 AEFVEVTK 1) m/z 461,75 — m/z 722,4084
2) m/z 461,75 — m/z 476,2715
T66-75 582,3190 LVNELTEFAK He onennsanu
T242-248 424 2555 LSQKFPK He onenusann
T161-167 464,2504 YLYEIAR He onenusann
T236-241 345,1901 AWSVAR He onenusanu
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Puc. 2. Macc-criekTpsl (hparMeHTAIn IIPOTOHHPOBAHHBIX
MOJIEKYJISPHBIX MOHOB ITENTHAOB, BLIOPAHHBIX AIA OOHAPY-
senna BCA, mocie TPUIICHMHOMN3A B pekrMe PEeTrHCTPAIIU
MONOKUTENBHO 3aPAKeHHBIX HOHOB: o — merTuy 135-44 (3a-
pan woHa mpekypcopa 3+); 6 — mentux T249-256 (zapag
MoHA mpekypcopa 2+); 6 — T5H48-557 (sapsg noHa IpeKypco-
pa 2+)

Fig. 2. Fragmentation mass spectra of protonated molecu-
lar ion peptides selected for BSA detection after trypsinoly-
sis in the positively charged ion recording mode: ¢ — peptide
T35-44 (precursor ion 3+ charge); b — peptide T249-256
(precursor ion 2+ charge); ¢ — T548-557 (precursor ion 2+
charge)

20 — 30 %, oxpHAKO Iipu STOM BEJWYHHA IIyMa BO3-
pacraer Ha 50 %, n103TOMY B Ka4ecrBe OIITUMAILHO-
TO HAIIPANKEHHUS HCTOYHHUERA HOHHU3AIUN 6]:1.]'[0 BbI-
6pamo suauenue 3500 B.

Ha cnenyromem srame Beibupasu mapsl HOHHBIX
peaxmuil IIpu OIpPEeJeIEeHUuH HCCIeAyeMbIX MapKe-

poe BCA. Ha puc. 2 upencraBieHbl Macc-CHEKTPEI
dparMeHTaAnMYE IPOTOHUPOBAHHBIX MOJIEKYJIADHBIX
MOHOB BbIOpaHHBIX nentunoB BCA, monyyenusie B
pesxuMe BBICOKOTO Pa3pelleHus.

Bupno, uro macc-crierTpnr copepixar 6osbinoe
KOJIMYeCTBO CUTHAJIOB (PPArMeHTHBIX HOHOB, 9YTO Xa-
pakTepHO AuA (pparMeHTANMH IIENTHAOB, TAK KAK
BCe HCCIIeyeMble [eITU AL B X0/e HoHu3anuu obpa-
3YIOT MHOro3apagHble HOHBI Jlia moarsepixmeHws
npucyrcrsusi Mapkepos BCA npumensnu nBe BbI-
OpaHHbIe MOHHBIE PeAKLHH IS KAXKIOTO IIEITH/A,
HCIIOJIb3YH HMOHBI-(PPATMEHTHI ¢ MAKCUMAILHOM HH-
TEHCHBHOCTBI) CHTHAJIA B Macc-CieKTpe pparmenra-
umu. [locie BriGopa xapakrepHbix map (parMeHT-
HBIX HWOHOB HCCJIENOBAIU BiHsAHWe dHepruu par-
MEHTAIIMY HA BEJWYVHY AHAIUTUYECKOTO CUTHAIA
9THUX WOHOB. ¥ CTAHOBJIEHO, YTO HHTEHCUBHOCTH CHI-
HAJIOB HOHOB Ui BBLIOPAHHBIX KOHHBIX DPEAKIUU
npu wucciaengopanuu nentugoB BCA mocie Tpwuicu-
HOJIM3a MAKCHUMAJIbHA [IPU SHEPIuu (PparMeHTauu
28 3B. Xaparrepucruky BhIOPAHHBIX HOHHBIX PEAK-
LWH, UCHOIb3yeMbIX A IIONTBEPIKACHUA IIPUCYT-
CTBHA Tpex yHuUKANbHBIX mentunoB BCA, npexcras-
sensl B Tabn. 1. Bpema cranupoBaHus Ipu qeTERTH-
POBAHWK WOHOB JJIi KAKIOU BBIOPAHHOU pearIuu
cocraBmiio 54 mc.

Xpomamozpaguueckoe pasdenenue u Kpume-
puu oyerru codepacarus. B merone BOKX-MC/MC
HA3ZHAYEHHE XPOMATOrPA(PUIECKON CHUCTEMBI U Tpe-
f6oBaHUs, NPeILABIAEMbIE K HEl, HOCKOJIBKO OTIIH-
9apTCA OT TAKOBBIX B TPAAMIIMOHHBLIX BAPHAHTAX
BOKX. Macc-cuekrpomerp BBICOKOTO Pa3pelIeHus
[I03BOJISIET PETUCTPUPOBATE CTPOTO ClIENH(PUIeCKUI
mapaMerp Kamgoro OLPexeiseMOro COeANHEHUT —
uabop oTHOLIEHUN m/z obpasyromuxcsa noHoB. [1pu
pabore B peskrMe MOHHTOPHUHIA BHIOPAHHBLIX KOH-
HBIX pPearIu¥ i GONBIIMHCTBA COCNUWHEHUH He
BO3HHKAET HEOOXOQUMOCTH IIOJIHOTO XPOMAaTOrpa-
ugeckoro paspgeneHyrs KOMIIOHEHTOB CMECH, IIO-
CKOJIBKY HA60D BBHIOPAHHBIX MOHHBIX PEAKIUN JJIs
KaMA0TO coenuHeHus crueruieH, U BIUIHUE CHUI-
HAJIA [IOCTOPOHHUX KOMIIOHEHTOB HA CHUTHAJ AHAJIH-
TA B 9TOM Cily4ae HUYITOKHO Maio. Kpome Toro, mop-
BwkHadA (paza B Bapuante BOHKX-MC moker conep-
JKATH TOJILKO JIETy4re KOMIIOHEHTEL.

IlenTuner, obpasyromuecs B pesynbrare ¢ep-
menTaruBHoro rugponusa BCA, obmamaror kmcimor-
HBIMU CBOWCTBAMHU, II09TOMY [JIf YBEIUIEHUA [OIU
HE3APKEHHBIX YACTHULl JAHHBIX BEIIECTB U YMEHb-
LUIEHWUS PA3MBIBAHUSI XPOMATOTPA(PUIECKUX NHUKOB
HCIIOJIb30BAIN IOABIIKHYK (hasy, COCTOAILYIO U3
0,1 %-uHoro pacreopa MypaBBLHHOU KHCJIOTHI B BOJE
(A) u amerommTpmia. IIOCKOIBKY HCHOIB30BAIH
PEIRUM DPETHCTPALMH [OJIOMKUTEILHO 3aAPIIKeHHBIX
HWOHOB, IIPHUCYTCTBHE MYPABbHUHOM KHUCIOTHI B IIO[-
BIKHOK (hase CrocoGCTBOBAIO YBEIWIEHUIO [OIU
[IOJIO}KUTENHHO 3aPMKEHHBIX HOHOB B KAMEPEe HOHU-
3anuu 34 CYeT HMPOTOHHPOBAHWA AMHHOIPYIII LIEll-
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Tabauma 2. XpoMmaTorpaduieckue mapaMeTpsl pasgeme-
Huf YHUKATbHBIX menTunos BCA (¢, = 1,1 mun)

Table 2. Chromatographic separation parameters for uni-
que BSA peptides (¢, = 1.1 min)

IlenTun tp, MUH k N, T.1./M
T35-44 11,4 = 0,2 9,3 124000
T249-256 11,6 = 0,2 9,5 142000
T548-557 17,8 = 0,2 15,2 195 000

THIOB. SHAYEHUS BPEMEH YIeP:KUBAHUS [p, K0dg-
durmenTor emroctu k u stpdperruraoctr N xpoma-
TOrpapMIeCKOr KOJOHKH JIf BHIOPAHHBIX AHAIH-
TOB B BbIGPAHHBIX YCIOBHUAX PA3ICICHUA IIPEICTAB-
JieHsl B Tabi. 2.

IIpu ouenxe comepxanua BCA B nipo6e Ha mep-
BOM BTane HeoOXOIMMO IIPOBECTH €r0 HUAeHTH(UKA-
nuio. B kKayecTBe KPUTEPHER YCTAHOBIEHUS IIPUCYT-
creus BCA B BogubIx npobax nocie obiydeHus wc-
MOJBb30BAIA BPEMA YACPKHWBAHUS W COBIIAJIEHUE
IBYX Hap BhIGPAHHBIX MOHHBIX PEAKIIMU IS KAMKI0-
r0 W3 YHUKAJIBHBIX IENTHA0B. KOJIUIeCTBEHHYIO
orenky coxep:kanms BCA B mpobe mpoBogwiw 110
IUTOIIAHA MTHKA MOJIEKYJIAPHOTO UOHA KayKI0T0 YHU-
KAJBHOTO HEITHUIA U II0 €T0 TOYHOMY 3HAYEHHUIO 1/2
(B Tabn. 1 cOOTBETCTBYMIEE 3HAYEHWE mM/z HOHA
npexypcopa): mid menruna 135-44 — m/z 417,2119,
s nerntuga T249-256 — m/z 461,7484, nia nenru-
na Th48-557 — m/z 571,8612. Ha puc. 3 upexncras-
JIEHBI XPOMATOTPAMMBI CTAHZAPTHOTO BOJHOTO pac-
tBopa BCA (500 MEr/mit), mony4eHHbIe U PETUCT-
paIyu TOYHBIX 3HAYCHUU M/Z MHOTO3aPAIHBIX MO-
JIEKYJIAPHBIX HOHOB YHHUKAJIBHBIX MEITHIOB, HC-
MOJIb3yEeMbIX IIPY KOJINIECTBEHHOU OIeHKE,

Ipeden obrnapymcerus. B BEIOpaHHBIX yCIOBHUAX
AHANMBUPOBAIN KOHTPOJbHBIE BOJHBIE PACTBOPHI
BCA pasnuaupix KOHIIEHTPAIIWH, He TTOABEPTIIHEeC
BO3/eMCTBUIO 3neKkTpoHoB, — 1, 2, 5, 10, 100 u
500 mxr/vi. Pakr npuCyTCTBUS HATHBHOIO OeiKa
BCA B npofax cunranu HafexHO TOKA3aHHBIM [IPH
obuapysxennu Tpex Beibpanuabx nenatunos BCA (cu.
tabi. 2).

IIpenen obHapy:xeHUA PACCIUTHLIBAIH IIPH YCIIO-
BUH COONIIO[IEHUS COOTHOIIEHWS HHTEHCHBHOCTH
curnanoB waprepoB BCA wu BenwduHbl IIymMa
S/N > 5 pna gaxaoro us rnentunos. [1pu sTom mpe-
nen o0HApYKeHUs PACCIUTHIBAIH 1A KAKIOTO Mell-
THAA B OTIEIBHOCTH, IIOCKOJbKY BBIXOJ MOHU3AIUN
B KaMepe y HUX pasHbii. Tak, aHaiuTu4ecKui cur-
Han wmona mentuaa 1249-256 Gomee wem B 10 pas
IPEeBBIIAT CUTHAN HOHOB IrentunoB 135-44 wu
T548-557 (em. puc. 3). Okazanoce, 9o mpemen o6Ha-
pyxenus BCA npu unenTudukanuu ¢ UCIOIL30BA-
aueMm nerntunoB T35-44 u T548-557 orpanuyen 3ua-
gyenmeM b MKr/Mi, a puaa nenrupa 1249-256 —
0,5 mer/mur. Tak, eciniu npu Rounenrpanuu BCA B
BOAHOM pactBope B aumamnazome 0,5 -5 mer/mi B
npobe mociae MPOBEIEeHUA TPUIICHHOJIN3A YIAeTCA
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Puc. 3. XpomarorpaMmsl ofpasiia cTaHZAPTHOTO PACTBOPA
BCA ¢ xounenrparueii 500 MKr/Mi, IOIyIeHHBIE B PEKUME
perucTpaIyy TOYHBIX 3HAYEHUH m/z MOTEKyIAPHBIX MHOTO-
3apPARHBIX MOHOB yHuUKanbHbIX nentuaoB BCA T35-44 (a),
T249-256 (6) u TH48-557 (8)

Fig. 3. Chromatograms of the sample of a standard BSA so-
lution(500 pg/ml) obtained in the mode of capturing the sig-
nal of the exact m/z value of molecular multiply charged ions
of the unique BSA peptides T35-44 (a), T249-256 (b), and
T548-557 (¢)

UIEHTH(QUIIMPOBATE TOJABKO OIWH YHHUKAJIbHBINA
HenTu, TO B 9TOM Cjydae MOKHO I'OBOPUTH, UTO
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Puc. 4. fluarpamma cofep:kanuil HWAEHTHQULMPOBAHHBIX
VHUKATBHBIX MENTHUAOB AaA 103 o6mydenua 0 — 8 xI'p mpu
cpemHel MorHOCTH 103561 18,5 I'p/c

Fig. 4. Diagram of the relative concentration of identified
unique peptides within a dose range of 0 — 8 kGy at an aver-
age dose rate of 18.5 Gy/sec

BCA mpucyrcrsyer B npobe, oxaako (hakr mpucyt-
CTBUA YCIOBHO JOKA3aH.

Tarkum o6pasoMm, HpH HCCIEAOBAHUU BOJHBIX
npo6, comepsramux BCA, mocne ofiyaeHnss MOMHO
BBIJEJIUTDh TPU BapuaHTa I/I,I[eHTI/I(bI/IKaHI/II/I YHUEKAIb-
HBIX IIENITHAOB IIOC/I€ IIPOBEAEHUA TPUIICHMHOJIH3A:
HaHeRHO 06HAPYKEH (MPHUCYTCTBYIOT TPH YHHKAIH-
HBIX HENTHA), VCIOBHO o6Hapy:keH (IPHCYTCTBYET
OIMH YHUKATLHBIH mentus 1T249-256) u ue obuapy-
skeH  (kommentparua BCA B  mpobe menee
0,5 MEr/™MII).

ITocronpky mocie o6aydeHUs BO3MOMKHBI JEHA-
Typanusa 6eka ¢ pasphbIBOM aMUIHBIX CBI3€H MEKIY
AMHHOKHCIOTAMH ¥ 00pa3oBaHWe HHU3KOMOJIEKY-
JIAPHBIX IIENTHAOB, HA IIEPBOM drame pobormoaro-

TOBKH PACTBOPSI P06 puibrpoBaiu 4epes Gpuiabtp
Amicon 0,5 mi ¢ orceurkou o maccam 30 g/la mis
TOT0, YTOOBI H36ABHUTLCH OT HHU3KOMOJIEKYJISDPHBIX
[POAYKTOB PA3JIOMKEHUA, KOTOPBIE MOIYT IABATH
JIOFKHOIIOIOMKUTENBHBIE PE3YIBTATHI B X0/€ UIeHTH-
duranum mocne tpuncuHonm3za. Jlamee npoBoguau
OIIMCAHHYIO BBILIE [POLEAYPY TPUIICHHOIN3A 1 AHA-
JIM3UPOBAIN MONyYeHHbIM ruaponusar. Ha nepsom
9Talle YyCTAHABIWBAIU (DAKT LIPUCYTCTBUA BBLIOPAH-
HBIX YHURKAIBbHBIX nentunoB BCA u orenmBamu co-
nepsxanwe BCA 1o raxgomy us mux. Ilpm sTom co-
nepsxeanue BCA B npobe mocie obiydenus HOPME-
POBAIX OTHOCHUTEIHLHO KOHTPOJIBHOIO BOZHOIO pac-
teopa 500 mer/mi BCA, me mojseprinierocs pagua-
nuoHHOMY Ofiydenuro. Pesyiabrarsl mccienoBaHus
BIMSAHAA YCKOPEHHBIX DJIEKTPOHOB HA COIEPIKAHUE
YHHUKQJIbHBIX IENTHAOB B obpasmax pacrteopa BCA
npexcrasieHs! B Tabi. 3.

Ha puc. 4 npexncrasiens! puarpaMMbl OTHOCH-
TEJIBHBIX KOHIEHTPAIUU HIEeHTU(PUIUPOBAHHBIX
yHUKanbHBbIX nentunos T35-44, T249-256, T548-
557 B pacrBopax BCA, obiyyenunix B mozax ot 0,3
1o 8 xI'p, a Takke B KOHTPOJBHBIX ITpobax, He moj-
BEPraBIIUXCH JeUCTBUIO U3y IeHHUS,

W3 npepcrapieHHBIX JAHHBIX BUIHO, YTO 4eM
6osbitie mo3a OOJIydYeHHsA, TeM MEHbIle KOHIIEHTpA-
Y YHUKAQIBHBIX [EITUAOB B BOIHOM PACTBOpPE W,
CJIe[OBATENBHO, MEHbBIIE KOHIEHTPAINA HATHBHOTO
(memospexnennoro) BCA. Ilpu pagmanumoHHOM BO3-
peuicreun B pose 0,3 k['p mabiropaercs ywmensbiie-
Hue comepskanua akrusHOU popmbsl BCA B BogHOM
pacrBope Gosree uem B 3 pasa 1O CPABHEHUIO C KOH-
TposbHBIME OOpasnavu. BepoarHo, 5TO cBA3aHO C
geHarypanuein 6eika B pesyibrare pPaspbiBa Mell-
THJHBIX CBA3EU MOJIEKYJIBI ¢ 00pa30BaAHUEM HH3KO-
MOJIEKyIApHBIX (pparmenToB. Takue e pesyabrars
mabmogarores npu gosax 0,6 m 1 x['p. Ilpm mose
4 xI'p npoucxoauio ymenpinenue cogepsxkanua BCA
B upobe B 6 — 7 pas 10 CPABHEHUIO ¢ KOHTPOJILHBIMU
ofpasnamMu u B 2 pasa o CpaBHEHHIO ¢ 06pasmamu,

Tab6mauma 3. PesymbraTel KoaudecTBeHHOU oleHKn comgep:kamma BCA B mpofax mocme obnydeHus simekTpoHamu (n = 3;

P =0,95)
Table 3. Results of the quantification of BSA content in samples after electron irradiation (n = 3; P = 0.95)
Hosa o6mysenua, xI'p o BCA s $D o0 5 15T 00 &
0 (xkoHTpOID) Hagexuo o6napy:xen 100 =0 100 = 0 100 =0
0,3 Hagpexmo o6Hapy:xen 30 = 10 30 = 10 28 £ 7
0,6 Hagpexmo o6Hapy:xen 29+ 6 28 +5 30 £5
1 Hagemxno obuapy:xen 24 =7 346 25 =3
4 Hagexuo o6Hapy:xen 71 113 9+2
8 YenoBHO o6HApYIKEH He o6uapysxen 1,005 He o6uapysxen
20 He o6uapy:xen He o6napy:xen He obmapy:xen He o6uapy:xen

IHpumeuanne. C,  (memmux X) = 100 % S4,/S

KOHTP

— OTHOIIEHUEe IINOIIaaIu IIHKA MOHA COOTBETCTBYIOLIErO IIEIITHAA, BbI-

6paHHOI‘O A KOIMYIeCTBEHHON OILIeHKH, K INIOIIaIH IINKa JaHHOTO IIeIITIaa B KOHTpOJIBHOfI BOI{HOfI npo6e BCA, He IIoagBepras-

LIeHcs paguaIuoHHOMy 00Ty IeHIIO,
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06JIy4eHHBIME B MEHBIIUX 403ax. [Ipu obiydennu B
gose 8 k['p 6bu1 WaeHTH(UIMPOBAH TOJBKO OIUH
yHukanbHb nentun T249-256, cogep:kanue KOTO-
poro cocraBisaio 1 % OT KOHTPOJIBHOTO 3HAYEHUS,
IpyTHe IenTHU bl He 6p11H 06HAPYKEHBI WIIH X KOH-
[EHTPAIUH He ObLIN [OCTATOYHBI IJIA ONpPeIeIeHUs
merogom BIOHX-MC/MC. Ilpu obiaydenuu B mose
20 x['p uu opwH U3 nenTumnOB He 6pLT 06HApPYHKEH.

3araoYeHne

Paspaboran u anpobuposan ¢ HCHOIB30BAHUEM
BOJHBIX 00pasIioB GBIMBETO CHIBOPOTOYHOTO Anb0y-
MHHA CII0CO0 HASHTH(PUKAIIMN U KOJIUYECTBEHHOU
oreHkn copepsranus akrusHOU dopmbr BCA nocie
repMEHTATHBHOTO THUAPOIN3A TPUIICHHOM METOI0M
BaKX-MC/MC, xoTopbIfi XapakTepHU3yeTcs BBICO-
ko uwyscTBuTEAbHOCTHIO (0,5 MEr/™Mit BCA) m crieru-
(PUYHOCTHIO TIPY M3YyYECHUH BIWSHUA PATAAITHOHHO-
ro obaydeHHA Ha CTPYKTYPHBIE XapPAKTEPUCTHKA
6enkxa. BriepBblie mosiyaeHbl JaHHbBIE O BIASHHAHU yC-
KOPEHHEIX 3JIEKTPOHOB ¢ sHeprued 1 MsB na crpyx-
TypHBIE xaparkrepucruku Genka B pacrsope BCA,
obiyaenHoM npu cpexHeit momuoctu 18,5 I'p/c B mo-
3ax 0,3, 0,6, 1, 4, 8 u 20 kI'p. Jlanubil MeTo] 1103BO-
JIWJI BHIABHATH 3HAYMUMOE YMEHBIIEHHUE COMePIKAHUA
HATHBHOTO (ejKa BO BCex OONyYeHHBIX 06pasmax.
C ucrnonbzoBanmeM pa3paboTaHHOTO ITOAX0IA TOKA-
3aHO, 4TO mpu obmydenun B mozax 0,3, 0,6 u 1 xl'p
MPOUCXOAUT AeHarypanusa 6enka B pacrsope BCA u
CONepPIKAHNE aKTUBHOU (POPMBI GEJIKa YMEeHbIIAeTCA
B TPH pas3a I10 CPABHEHWIO ¢ KOHTPOJBHBIMH 06pas-
mamu. [Ipu obmygenun B 66apmmx qo3ax Habmaopa-
ercs JaTbHEHIee CHUKEHUE COePKAHNS HATHBHOM
dopmer BCA B pacrtBope, a mpu moze 20 k['p um
OJIVH M3 YHUKAIBHBIX IMEIITH0B 00HADY:KeH He OB

BaaromaprocTtn

ABTOpPBI BEIpAXKAT 6JIarO0KAPHOCTH COTPYAHU-
KaM OTHeNa SJIeKTPOMATHUTHBIX IIPOLIECCOB U B3au-
mozevicrBusas aromubix sgep HUWUAD® MIY wmwm.
. B. Cxobenpbusiua B. Y. lllzegynosy u /1. C. Opo-
By 34 BO3MOIKHOCTD LpOBexeHus obirydenus obpas-
1oB Ha ycropurene ¥IJIP-1-25-T-001.

HccnepoBanme BomonHeHo npu (GUHAHCOBOU
noanepsxkke PH® B pavMrax HAyYHOrO IIPOEKTA
Ne 22-63-00075.
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Y COBEPINICHCTBOBAHA IIPOLIEAYPA IPOOOIOATOTOBKY IUTHEBOH BOABI IIPH OIIPEAETICHUN 0CTATOY-
HEBIX KOJIHYECTB Y-TeKcaxmopuurnorekcana (y-I'XII") meromoM rasoBoii xpoMarorpaduu ¢ Ie-
TEKTOPOM 3IeKTPOHHOTO 3axBara, omucantad B 'OCT 31858-2012. Crporo cnenys ykazaHHIM
cTaHmapTa, HaM He YIAT0Ch HOMYYUTh IPEAUCAHHOTO 3HAUYCHUA K0d(hUITHEHTA H3BICUCHU
y-I'XUI" 94 %. B cBsi3u ¢ 9TUM O COKpALIEHUA [IOTEPh HA CTAMUAN TIPOOOTIOATOTOBKA OBHLIO
TIPEIIOKCHO UCTIONL30BATh B KAUECTBE DKCTparcHTa 60jee BHICOKOKUIIAIIMHA H-TEIITAH BMECTO
H-TeKcaHa, a I Pa3pyLIcHUs SMYILCHN, 00pA3yIOIIeHcsa B X0e SKCTPAKITIHN TeKCAHOM, — XJI0-
PHUI HATPHUSA BMECTO STHIOBOTO crpTa. ONTHMHU3HpOBaNU Takke 00heM aHATU3HPYEMO IIpo0EL,
Maccy XI0puia HaTprd, 00heM 9KCTpareHTa U BpeMs SKECTpakiuu. Brino mokasaHo, 4To mpuMe-
HeHWe XJI0PHUIa HATPHA IO3BOJIAET JOCTUYD IIOMHOTO PAaspYIIEHUs 3MYJIbCUU U IOBBICUTH CTe-
TIEHD W3BICUCHA TTECTUITHAOB IPH WX KOHIeHTparuu 22 MK/ ¢ 77 10 96 % Ipu OTHOCUTENh-
HOM CTaHIAPTHOM OTKIOHEHUH 2 %. 3aMeHa SKCTpAreHTa Ha H-TelITaH IPUBeNa K POCTY CTeTIeHN
nsBnedenus y-I'XII" no 98 % c otHOCHTEIBHEIM CTaHZAPTHBIM OTKJIOHeHUeM 1 %. [lopwimenne
roumeaTparui y-1' X" 1o 45 MKI/IT OpUBOIUT K PE3KOMY YMEHBIIIEHUI) CTEIICHNA U3BICUCHUS.
IIpennoskeHHLIA YCOBEPIIEHCTBOBAHHEIN CIIOCO6 SKUIKOCTL-KUIKOCTHOH SKCTPAKITIN II03BOIAET
nspnexats Y-I'XII" u3 Bogaoi Marpurs! Ha 98 — 100 % mpu KOHIIEHTpay IECTUIUIA MeHee
22 MET/1I.

Kimouesnie ciaoBa: Y-TEKCAXTIOPIUKJIOTCKCAH; IINTHEBAS BOJAA; Ia3oBas XpOMaTOI‘pa(i)I/IH; cTe-
IICHDL U3BJICYHCHUA.

OPTIMIZATION OF THE SAMPLE PREPARATION PROCEDURE
IN THE DETERMINATION OF y-HEXACHLOROCYCLOHEXANE
IN WATER BY GAS CHROMATOGRAPHY
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A high toxicity of organochlorine compounds, even present in trace amounts in food products, leads to in-
creased requirements for the accuracy of chemical analysis in food safety control. The interstate standard
GOST 31858-2012 was taken as a basis for this study. We have improved the method of sample prepara-
tion of drinking water for the determination of residual amounts of y-hexachlorocyclohexane (y-HCCH)
by gas chromatography with an electron capture detector. Strictly following the instructions of the stan-
dard, we failed to obtain the value of the recovery factor of 94% prescribed by GOST for y-HCCH. In this
regard, we proposed to use higher-boiling n-heptane instead of n-hexane as an extractant to reduce losses
at the stage of sample preparation, and to use sodium chloride instead of ethyl alcohol prescribed by GOST
to break the emulsion formed during the extraction of water with hexane. The volume of the analyzed
sample, the mass of sodium chloride, the volume of the extragent, and the extraction time were optimized.
The use of sodium chloride is shown to provide total emulsion breakage in 100% of experiments and to in-
crease the recovery of pesticides with a concentration of 22 pg/liter from 77 to 96% with a relative stan-
dard deviation of 2%. Replacing the extragent with n-heptane led to an increase in the recovery of
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y-HCCH to 98% with a relative standard deviation of 1%. It is shown that at a lower concentration of the
pesticide, the recovery rate is 98 — 100 %. An increase in the concentration of y-HCCH to 45 pg/liter leads
to a sharp decrease in the recovery degree. The proposed method can be considered as an improved
method of liquid-liquid extraction with excellent extraction of the pesticide from the aqueous matrix.

Keywords: y-hexachlorocyclohexane; drinking water; gas chromatography; recovery.

Beenenne

ITocroanno Bospacraromme TpeGoBanwms K CO-
OEP:KAHUID [PUOPUTETHBLIX 3ATPA3HUATENEH B pas-
JIMYHBIX 00BEKTAX OKPYIRAOIIEN cpenbl 06ycioBiu-
BAOT HEOOXOAMMOCTH YCOBEPIIEHCTBOBAHUA KC-
[I0JIB3YEMbBIX AHAIUTUIECKUX METOIUE AJIA YILydIle-
HHSL TOYHOCTH U CEJIEKTUBHOCTH OIPENEICHUs U
CHUJKEHUA Ipenena o6HADYKEHUS TOKCHKAHTOB.
Hawbomnee gacro mna onpenenenus xiopopraHude-
crux necturuaos (XOII) (m3oMepoB rekcaxyIoOpIK-
smorexcana (I'XII), uzomepos T, Heroropsix
XJIOP3aMeIeHHbIX [HUKJIOAUEHOB, HAIpPUMep, ajlb-
OPUHA W TeITaxjiopa) UCHOIL3YIOT TA30BYI0 XpoMa-
TOTpauo WIH XPOMATO-MACC-CIIeKTpOMeTpuo [1].
OTH MeTObI 06eCIIeYNBAIOT HEOOXOIUMbIE METPOJIO-
IrUYeCKue XapaKTePUCTHRY AHAIW34, OJHAKO 0OCTa-
FOTCS HEPelIeHHbIe IP06IeMbl Ha CTAAUHN IIOLTOTOB-
KU 1Ipo6bI K aHAIU3Y.

C 1939 r. u o HacrodIee BpeMsa IMECTHIAbI
[NPUMEHSIOT 11 60pPLOBI ¢ BpeAUTeNAMU PACTEHUH,
4TO OPUBOAMT K yBeawdenwio comepskanusa XOII B
60IBIMMHCTBE O0BLEKTOB OKPYKAMIIEeH cpeabl [2].
Kak npasuno, nannsie Bemecrsa IonagaoT B BOJ-
HYIO Cpejly BMecTe co cOpocaMu 0TpafoTaHHBIX pac-
TBOPOB XJIOPOPTAHMYECKHUX IIECTHUIHIOB, C ILIOBEPX-
HOCTHBIM CTOKOM, 4 TAKMKe B IIPOLIeCCe YTHIN3AIUU
IycTou Tapsl u Mouku obopynoanusd. Toubii wc-
TOYHUK 3arPA3HEHUS SKOCHCTEM IIEeCTUIUAMU He
BCerza MOJKHO JOCTOBEpHO obmapy:xwuts. B 60b-
LUIMHCTBE CTPAH JABHO 3aIIPEIleHO0 HCIIOIb30BAHUE
HexkoTopbix XOII B CBA3M € WX HMCKIOYUTEIBHOU
CII0COGHOCTHI0 K GHOAKKYMYJISAIMH W CTOHKOCTBIO,
W3-3a 9ero CJIefbl STHX BEIIECTB OCTAITCH B OKPY-
searomen cpeme o cux 1mop [3]. Oguako mHecmoTpsa
Ha orpanmdenus u 3anper XOII B 6onbirumrcTBe
pasButhix crpaH ¢ 70-x m 80-x rozoB, HEKOTOPKIE
Pa3BHUBAOIIHECH CTPAHBI [0 CUX IIOP UCIIOAb3YIOT UX
W3-32 YHUBEPCAIBHOCTH W HHU3KOU CTOMMOCTH.
TXII" go cux mop 3aHEUMAET BTOPOE MECTO II0Cie
HIOT o macmrrabaM pou3BOACTBA U IIPUMEHEHUS.

B coorsercrBum ¢ gupexkruBamum EC ocrareu
XJIOPOPraHUYECKUX [EeCTHLIUAOB He [OJKHBI IIpH-
CYyTCTBOBATL B IINTHEBOM BONE B KOHIEHTPAIWU
6onee 0,1 MEI/T ¥ B IOBEPXHOCTHBIX BOgax — 060-
mee 1-3 wmur/a [4]. CorracHo TeXHHYECKOMY pe-
rinaMeHTy EBpasuiicKOr0 SKOHOMHYECKOTO COK03a
«0 6e30macHOCTH VITAKOBAHHON ITHUTHEBOU BOIBI,
BRJIOYAA MPUPOAHYI MUHEPAIbHYH Bopy» (TP
EASC 044/2017) ocrarodnoe KoJIU4ecTBO JIXWHAHA
(raMma-uzoMep TeKCAXJIOPIIMKIOTeKCAHA) He IOJIK-
Ho upessimars 0,5 mer/i [5].

B macrosmee Bpems B nureparype MIHPOKO OC-
BELIeHbI METOABLI CKPUHUHTA OCTATOYHBIX KOJIH-
9eCTB XJIOPOPTAHUYECKUX IIeCTUIHIOB B BOAe, IIU-
IIEeBBIX IIPOAYKTAX, IouBe u kKopmax [6— 10]. Bce
[peajiaraeMbple METOZWKH BEIIOYAIOT KHJKOCTH-
seuproctayio (GHKIHD) minu rBepmodasnyo sKcTpak-
muio (T®D) ma cragwm MPOOGOIIOATOTOBKY € IIOCIE-
IYIOLIUM aHAIU30M METOLAME Ta30BOM XpOMaTOrpa-
dun (I'X) wnu BeICOKO3(PERTUBHON KUIKOCTHOU
xpomarorpaguu (BOHKX). IIpum I'X-paspenenun
00BIYHO HUCIIONB3YIOT JEeTEKTOP SIEKTPOHHOTO 3aXBa-
T4, 4 [IPYU OJHOBPEMEHHOM OIPEeIEeIeHUN XI0popra-
Hugeckux u hocopopraHuIecKux COeqUHEHIH Jac-
TO HCIOIB3YIOT MACC-CIEKTPOMETPHIECKHUH [IeTEK-
Top [11].

B Poccuu onpezenenue nectuiuioB B Boje pe-
ryiaupyer MexRrocygaperBenusiii crangapr ['OCT
31858-2012 «Bopa nmrheBas. Merop oupejeneHus
COEPIKAHNA XIOPOPTAHUIECKUX IIECTHUIUAOB Ta30-
JKHUAKOCTHOU xpomarorpadueii». JlaHHbli crangapr
PACIIPOCTPAHAETCH HA [IUTHEBYIO BOY, 8 TAKIKE LIPH-
poxHbie (IIOA3eMHBIE W IIOBEPXHOCTHBIE) BOABI U
npexgnuckiBaer miaa oupepenenuns XOII (a-, B- m
y-uzomepos I'XIII', remnraxiopa, 4,4'-muxmopaude-
amrrpuxiopasrana (JT), 4,4'-quxnoppudenminn-
xnopatanena (IJ19), 4,4'-nuxnopaudenmiauxmop-
srama (JJ[J[), anpapuna, rercaxmopbenHsona) uc-
noJjib3oBanue Merona ['X ¢ 7eTexTopoM 3JIeKTPOHHO-
ro saxsara. CraHpapr HpexycMaTpuUBaeT SKCTPAK-
[HIO0 XJIOPOPTAaHWYIECKUX ITECTULHIOB H-TEKCAHOM C
THOCIIEAYIOIEN OYUCTKOU DKCTPAKTA M XPOMATOIrpa-
uaeckum paspeneHueM HA KAIWIAPHOM KOJIOHKE.
B mporecce skcrpaknmu npu 06pasoBaHuM SMYITh-
CHU CTaH[APT HpeAnuchiBaeT nobamieHne HeGOIb-
LIOTO KOJHMYIECTBA STHUIOBOTO CIHPTA AN PACCIAU-
BaHWA BOXHOU u opranudeckou ¢as [12]. Creuens
nspinedenus Y-I'XI[" 8 coorsercreum ¢ ['OCT co-
crasisier 94 %.

CyuiecTByIoT ¥ WHBIE HOAXOABLI K HPOBOIIOATO-
TOBKE IIepej ra3oxpoMarorpaguyeckuM oipenese-
HHeM necTurumos, Tax, aBropamu paborer [12]
OBUIO U3YYEHO M3BIIEYEHUE U3 BOILI MIUPOKOTO KPY-
ra NeCTHLOHOB METOAOM KUAKOCTH-KUIKOCTHOU
SKCTpakriuu. Beino ycramosneno, aro a- u B-I'XIT
MOKHO U3BJIedb U3 BOAHOU mMarpuisl 96 u 94 % co-
OTBETCTBEHHO II0 IIPEJIOKEHHON B pabore MeToxu-
ke. Heckonbro xyuine pe3yibTarsl I10 H3BIEIEHUIO
a-, B- u y-I'XIII" (R = 69, 90 u 73 % cooTBETCTBEH-
HO) 6butn monygeHs: B pabore [13]. Ouucano rarxe
YCIEIIHOe IIPUMEHeHNe TBePL0o(ha3HOU SKCTPAKIIHI
[pu Ipo6GOIOATOTOBKE IIECTUIINOB: ABTOPLI paboThI
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[14] mcnonbzoBaiu KapTPUK HA OCHOBE OKTAje-
HUIOKCHAA KpeMuua maccou 3 1 aia TP npwu ompe-
genennu o-, B- u y-I'XII" co crenenpo u3BIedYeHUA
B 94, 95 u 93 % coorsercreenno. B xome T®D
HCIIONIB3yeTcsd MeHblne pacreopuressd, deM B KD,
HO BTOT METOJ, MOKeT ObITh OTHOCHTEILHO AOPOTUM
[15]. B pa6ore [16] mna wusBmedeHus o-, - u
y-I'XIII" u3 BOABI HPOBOIUIH SKUAKO(PASHYO MUKDO-
SKCTPAKIIUIO TOJLYOJOM, AUXJIOPMETAHOM, H-IeKCa-
HOM, U300KTaHOM ¥ H-HOHaHOM (R = 94, 85 u 87 %
COOTBETCTBEHHO).

IIpu moruTopHHETe conepxanusa y-I'XII" B Bogo-
nposoxpHoi Boge no 'OCT 31858 g Mcnpirarensuom
neutpe MHCTHUTYTA MEIUIMHBI TPYAA U SKOJOTHH
4qenoBeKa 661 o6HApYsHeH pag upobiem. Tak, H-rek-
CaH JOCTATOYHO OBICTPO HCIIAPHETCH, YTO 3ATPYLHA-
€T TOYHOE OILIPEeJeIeHIe KOHEIHOTO 00'beMa SKCTPAK-
Ta, a Ho0aBIeHHEe HTHUIIOBOTO CIHUPTA K DMyJIbCHU
BOJABI ¥ H-TEKCAHA He IIPUBOJUIIO K €€ Pa3PYIIEHUIO.
ITosTomy BOSHHMEKIA HEOGXOTUMOCTH ONTUMU3AIUN
Hpo6OIIOATOTOBKY IIPXU  Ia30XpOMATOrpadyuIecKoM
oupenenernu Y-I'XII" B Boze.

IKCIEePAMEHTATLHAA JaCTh

Obopydosarue u peaxmuesl. B xadecrse
SKCTPATEHTOB WCHONB30BaIM H-rentan (ocu, TY
20.14.11-209-44493179-2016, AO <«3KOC-1») wu
u-rexcan (ocu, TY 2631-001-54260861-2013, OO0
«Kpuoxum»), a B Ka4eCTBE HKCTPATHUPYEMOTO Bellle-
cTBa — CraHAapTHBIN obpaser; mecrurumga y-I' X1
(I"CO 8890 — 2007, maccosasn pmoms y-I'XUI' (imu-
paua) — 99,1 %, OO0 «HIIAIL 9xonan», Poccus).
Taxxe mcronb3oBanu 6e3BOXHBIN Cyab(aT HATPUS
(I'OCT 4166-76) u xmopup matpus (I'OCT 4233-77)
MpOM3BOACTBA «XuMpeakTuscHab» (Poccua) wu
CBEPXYHUCTYIO BOAY M3 crcTeMbl Arium mini, coor-
percrBymomyio Tpebosauuam ['OCT P 58144-2018.

T'asoxpomarorpaguaecroe onpezneneHue IpoBo-
OWIH C UCIOJIB30BAHWMEM Ia30BOro xpomarorpada
«Xpomarsg-Kpucramn 5000» ¢ geTekTopoMm siek-
TpoHHOro 3axsara u KoioHKOU CR-5 (5% denmn
95 % pumerunnonucunokcan, 30 m X 0,32 mm, To-
muaa wienku — 0,5 mrm). Temneparypa KomoHKU
cocramana 320° C, remmeparypa ucCmapurens —
350° C. B ragecrBe rasa-HOCHTENS CILYKMJI A30T,
naenenue cocrasisiio 50 klla, menenwme moroxka —
1:21,5, ckopocrs rasa-aocurens — 1,68 vur/muH.
C6op u 06paboTry xpomarorpaduaeckon uagopma-
our  OCyINeCTBJIAJH C IIOMOIILK) IIPOTPAMMHOTO
obecrieuenms «Xpomarex Ananutuk 2.6». Crarucru-
YeCcKUl aHAJH3 6]:1.]'[ BEBIIIOJIHEH C HCIIOJIB30OBAHUEM
craumaprHoro nmakera mporpamm IBM SPSS Statis-
tics 21. KonmaecTBo napasnienbHbIX OLNpeAe/IeHuH B
OTHOM SKCIIEPUMEHTE OBLI0 He MEHEeE ITATH.

Ipobonodzomoska. 1-ii cnocob. B nenurensuomn
BOPOHKe 13 npobsl Bogsr 06bemMoM 1 o1 SKCTparupo-
panu y-I' XTI #-rexcanom, zarem gobasmsau 10 vt

pacTBopa XJIOPHAA HATPHUA € KOHI[eHTparmen 5 r/i
Ui PaspyLIeHUs SMYJIbCHU W II0CIe PACCIOCHHUS
daz cobupanu BepXHWE OPTaHWYECKHH CI0U (KOH-
[IEHTPAIIMY TIECTUIUI0B B Mpobax Boabl W o6bem
H-TeKCAHA [JI SKCTPAKIIUY IPUBEACHBI HUKE), JKC-
TPAKIHIO [IOBTOPSIN ABAMKIBLI. JKCTPAKT LIPOILyCKA-
JI 4epe3 BOPOHKY ¢ 6e3BOLHBIM CyIb(paroM HATPUA,
[IPOMBIBAJIY €€ HEOOIBIIUM KOIHNIeCTBOM H-TeKCAHA
(5 — 10 mur), mamepsiiu 06bEM SKCTPAKTA € TIOMOIIBIO
nwiuHApa U orbupanu 1 MEJI SKCTpaKTa AJIS raso-
xpomarorpadpuaeckoro ananusa. ¥ CIOBHUS LIPOBee-
Hus IPoOOIOATOTOBKY IIPpHBeNeHbI B Tab. 1.

2-1i cnoco6. B pmenuTenbHOUM BOpPOHKE K Ipobe
Bogbl obwemom 500 mur, comepsramen y-I'XIT, mo-
0aBisAIN XJIOPUA HATPUA B CyXOM BHIE IJIS ILIPELy-
npexneHus 00pa30BAHUA  SMYJIBCHH, BOPOHKY
Berpaxusaiu g0 moianoro pacrsopenus NaCl u mo-
0aBisin H-TeKCAH wmin H-renrtaH. Biarogapsa mpen-
BapurenbHo fobasinennomy NaCl smynbcus, mosy-
YeHHAS B XOA€ DKCTPAKIWHU, pPA3PyLIAnach B Te-
qeHue 2 — 3 MUH. JKCTPAKIIHIO IOBTOPAIN JBAKIBL.
B o6bepuuennsiii skcrpakr BHocwau 10 r 6esBoj-
HOTO cyinbhaTa HATPUA, [EPEMEIIUBAINA B TEICHUE
30 mun mHa op6urambHOM menkepe (180 mum ).
YCIoBHS COOTBETCTBYIOIIUX SKCIIEPHMEHTOB 4 — 12
npusegensl B Taba. 1, B skcrepumentax 13 - 17
koHuentparmusa y-I' X' cocrasnana 1,5, 11,45 u
90 MKI/1 COOTBETCTBEHHO, OCTAILHBIE IIAPAMETPHI
SKCTPAKIUK COOTBETCTBOBAJIM BHKCIEpUMeEHTY 12.
O6bem BBOgUMOM B xpoMaTorpad mpobsl COCTABISI
1 M1,

Tab6aunua 1. Ycemopua npoGOIOATOTOBKH IPH Ta30XPOMATO-
rpacpuaeckom ompenenennu y-I' XTI

Table 1. Sample preparation conditions in y-HCCH deter-
mination by gas chromatography

Homep Kournen- O6bem Bpema
enepn: WL Treme aremte, . NaCl

MemTa MET/TT M MUH
1-ii cioco6 mpoGoOMOATOTOBKH

90 n-I'excan 70 9 —

90 70 15 —

3 90 70 30 —
2-ii c1oco6 mpoGOMOATOTOBKHA

4 45 u-I'excan 35 9 5

5 45 35 9 10
6 22 35 9

7 22 35 15 5

8 22 35 30 5

9 22 35 9 10

10 22 70 9 10

11 22 u-I'enran 35 30 10

12 22 70 9 10
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O6cy:kaenne pesyabTaTOB

B Tabn. 2 upumBemenbl pe3ysbTATHI HKCTPAK-
muu Y-I'XII[" onmcanupivu BhIe crocobamu. Jlas
OLTHUMUBALHUY YCIOBUU HSKCTPAKIAY KCIIOIB30BAIN
[OBBIIIEHHBIE 10 CPABHEHUIO ¢ OOBIMHO OLpemess-
eMBIMK IIPX MOHHTOPHUHIE BOLBI KOHIIEHTPAIUU
y-I'XII'. 9o 06ycioBiIeHO TEM, 9TO IPU MMOBHILIE-
HHUHM KOHIEHTPALIMY AHAJIWUTA CTEIEHb W3BJICICHUS,
KagK [IPaBWIO, He BO3PACTAET, U €CJIU LIPH IIOBLIIIEH-
HBIX KOHIEHTPALUAX AHAIUT U3BJIEKAETCH KOJIMIe-
CTBEHHO, TO 3aKOHOMEPHO OKHAATH KAK MHUHUMYM
TAKOTO K€ pe3ynbpTara Ipu 060jiee HU3KUX KOHIICH-
TPALUAX.

Bruio ycranosneno, 94To npu yciaoBusax SKRCIEpH-
menra 1 (¢ =90 MEr/1; Ve = 70 ML £operosmn =
= 9 MHH) U3BIEYCHHE [TIECTUITHUIA C KOHIIEHTPAITHEN
90 MEr/n OKA3aI0Ch HEYHOBIETBOPUTEILHBIM (R =
= 60 % c OTHOCUTENILHBIM CTAHIAAPTHLIM OTKJIOHE-
uuem 4,3 %). YBenudeHue BpeMeHH KaKIOH CTy-
[eHu 3Kcrpakuuu 70 5 u 10 MUH He HPUBEIO K II0-
BBIIIEHUIO CTEIIEHV W3BIEYEHHA IIPU SKCTPAKIIHM.
Ha ocuoBammm mosny4eHHBIX AAHHBIX MOJKHO ClHe-
JIaTh BBIBOJ, 4TO IMpuMeHeHue 1-ro criocoba mpobo-
[OATOTOBKY IIPUBEJIO KAK K HU3KOU CTEIIeHN U3BJe-
YeHws, TAK U [UIOXOU CXOLUMOCTH Pe3yJIbTaTOB aHa-
smza. [losromy OBLIO pelIeH0 YMEHBITHTh HPoGy
AHAIU3UPYEMOU BOABI B 00bEeM SKCTpareHra (H-rex-
caHa) B JBa pasa, a TAKKe BBOAUTH HABECKY XJIOPH-
Ja HATPHSA B CyXOM BH[E A0 HAYAIA HKCTPATHPOBA-

HUS IS IPEeIBAPUTEIBHOTO PA3PYIIEHNS SMYIbCHN
(2-11 crioco6 mpoboroaroTorku). B pesynprare cre-
IeHb W3BJIeYeHWs He moBbicuwiack (60 % ¢ orHO-
CUTEIbHBIM CTAHAAPTHBIM OTKjIOHeHueMm 5 %). Ilo-
HIKEHME WCXOTHOM KOHIIEHTPAIIMH IMeCTHIHAA 0
45 mET/n (9KcrIepuMeHT 5) Takke He IIOBBICUIIO CTe-
IeHb w3BjiedeHusd. JlampHellee MOHWKEHWE KOH-
nenrparuu Y-I'XII[" 1o 22 MKr/n 1o3BoawI0 yBeIu-
4UTh CTEIleHb W3BIedeHusd 10 76 % (oTHocHTeILHOE
CTAHJAPTHOE OTKIOHEeHue 5 %). ¥ Benudenue obie-
0 BpeMeHH SKCTpParnmu 10 15 vun (sKCriepuMeHT
7), kKak U B dRcIepuMeHTax 1 — 3, He IPUBENIO K 3a-
METHOMY pocTy crenenu uspiedenua. Opuaxo mpu
YBEJIMYEHUH BpeMeHu SKcTpaknuu a0 30 muH (sKc-
rmepuMenT 8) yAaioch JOCTAYD CTEIIEHN M3BIEIeHU
BoIire 90 %.

YBenuaeHme MacChl CyXOT0 XJI0PUA HATPHS IS
paspyuienuns smysiabeun ¢ 5 10 10 r (srcnepument 9)
MMO3BOJMIIIO W3BJIeYb w3 mpober 96 % y-I'XII, gro,
BEPOATHO, 06YCIIOBIEHO IOHUIKEHUEM er0 PACTBOPH-
Moctu B Boxe. Takas e creneHb n3BiaedeHus ObLIA
[OJIy9eHa [IpY yBejmdeHnu o0uero odbema sKerpa-
renra (r-rexcana) u maBecku NaCl B mBa pasa (sxc-
nepunent 11). ITpu sToM oTHOCHUTEIBHOE CTAHAAPT-
HO€ OTKJIOHeHue cocrasisaio 2,1 %.

Kosddurmenrsr nuddysuum amanuror B H-remn-
TAHE HUKE, YeM B H-T€KCAHe, YTO IPUBOIUT K MEHbB-
IIIe¥ CKOPOCTH SKCTPAKIIHAHY, TI03TOMY H-T€KCAH ABJIS-
erca Gosiee pacrpocrpaneHHbIM sKcTparenTom. On-

Ta6aunma 2. Pesyabrars rasoxpoMarorpadgeckoro onpegenerua Y-1' X1 B MofeIbHBIX BOSHBIX PACTBOPAX ¢ UCIIOIb30BAHN-

€M Pa3IuIHbIX yC.TIOBI/IfI JKCTPAKIIUNI

Table 2. Results of gas chromatographic determination of y-HCCH in model aqueous solutions using different extraction

conditions

OnpIT Breneno, MEr/n Haiineno, Mxr/n R, % S, %
1 90 54 60 4,3

2 90 55 61 8,7

3 90 55 61 9,0

4 45 27 60 5,0

5 45 26 58 12,3

6 22 17 77 5,3

7 22 17 77 6,3

8 22 20 91 2,5

9 22 21 96 4,9
10 22 21 96 2,1
11 22 21 96 1,1
12 22 22 98 1,0
13 1 0,99 99 0,8
14 5 4,95 99 0,8
15 11 10,8 98 1,0
16 45 39 87 5,0
17 90 68 76 3,0

II PHUMeYaHHue: R — crenennb U3BJIEYECHU, Sr — OTHOCHUTEJIbHO€ CTAaHJapPTHOe OTKIOHEHNE.
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HAKO H-TENTAH MeJJIeHHee HCIIApSAeTcs, YTO MOKET
CHU3WUTH MOTEPH HA CrTaauu mpobormoaroroBku. Hc-
MOJIb30BAHUE H-TEIITAHA BMECTO H-TeKcaHa (sxcrep-
meHTHI 11 u 12) m03BOJIMIIO HOBLICUTH CTEIIEHDL W3-
Biedenus 10 96 — 98 % npu cumxenun Sr mo 1 %.
YcimoBus SKCTPAKIIAM, ONUCAHHBIE B HKCIIEPHUMEHTE
12, 6pUTM IPHU3HAHBI ONTHUMAIBHBIMY [JIA HU3BII€Ye-
HUSA Y-TEKCAXJIOPIUKIOreKCaHa U3 BOJbL.

Brina usyyena saBmcmMocTh CTereHu u3BiIede-
HudA ot koHneHTpanuu Y-I'XIII" npu onruManbHBIX
yeaopuax skcrpaknuu. O6HApY:KeHO, 9YTO HPU KOH-
[EHTPAIUAX, COOTBETCTBYIOIIMX BEPXHEH ILIAHKE
JOMYCTUMBIX JIJIS H3y4aeMOTO [ECTHUITUIA, OH U3BJIe-
raerca xoiuwmgecrBeHHo (R ~ 100 %). Ilpu wounen-
TpAUUAX BbIIIE 22 MKI/I CTEleHb WU3BIEYEHHUA II0-
CIIEeMOBATENIBHO CHMEANACh. Takum o6pasom, rpen-
jlaraeMasi MeTOAHMKa IPOOOIIOATOTOBKHA MO3BOJISET
rosnmaectBeHHO u3piedb Y-I' X' us Boxn B guana-
30He KoHIeHTparui 1 — 22 Mrr/i.

daraoUeHne

B pabore npomemena onrmMmsanua ycioBHH
JKHUJROCTh-3KUAKOCTHON DKCTPAKIUK Y-TeKCaxJIop-
LUKJIOTEKCAHA U3 BOJKI IIPH €T0 OLPele/IeHHH MeTO-
gom razoBori xpomarorpadguu. OcobenHoCTIMU
nmpeiaraeMoro criocofa mpo6omoATroTOBKY ABIAET-
¢ IpPUMEHEHNEe XJIOPUAA HATPHUA I Pa3pyLIeHUsS
smysbcun BMecro upepnucanaoro ['OCTowm sra-
HOJA, 8 TAKXKe 3aMeHa H-TeKCaHA Ha H-TeNTaH B
RadecTBe dKcrpareHTta. J[ocTHTHyTad CTeneHb W3-
BiledeHusd cocrapisia 99 % npu KOHLEHTPAIWAX
necrurnuaa 1 — 5 MET/i1. ¥ Beudenvie KOHIIEHT DA
v-I'XII" Beume 22 MEI/1I OPHBOAUT K CHIGKEHIO
CTEIIeHY W3BJIEIEHU.
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HUccnenoBaHue CTPYKTYpPHBI U CBOUHCTB

Structure and properties research

PusmaecKkrue MeTOabI Physical methods
HCCIEJOBAHUA U KOHTPOJIA of research and monitoring
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KOHTPOJIL ITPOMBINIJIEHHBLIX U3JIEJINH METO/IOM
MHUKPO®OKYCHOH PEHTTEHOTPA®UN

© Hwuxonaii Hukonaesuu Ilorpaxos®, Kapuna KoucrantTunosna I'yk,
Bukrop Bopucosuu Becconor

Caungr-Ilerep6yprekuil rocygaperseHusIi anexTporexandeckuil yausepcureT (JIOTH) umenn B. Y. Yapauosa (Jlemnna), Poc-
cus, 197022, r. Cauxr-IlerepGypr, yu. Ilpodeccopa ITomosa, x. 5; *e-mail: kzhamova@gmail.com

Cmamus nocmynuna 18 okmsabps 2022 2. IHocmynuaa nocae dopabomru 2 nosbps 2022 2.
Hpunasma k nybaurxayuu 12 dexabps 2022 2.

PenTtrenorpadguaeckie METOREI TI0 CPABHEHUIO ¢ APYTUMH METOIAMU KOHTPOJII XapaKTePU3YIOT-
¢s1 BBICOKOH HH(OPMATUBHOCTEIO, HANMIATHOCTHIO U OlIePaTUBHOCTEIO0. B pabore mpencTaBieHb
PesyIbTATHL IPAMEHEHUI MUKPOOKYCHOH PEHTTeHOTpahUH IIPH KOHTPOJIEe U AUATHOCTHEE IIPO-
MBIIUIEHHBIX u3genuii, OTmrmrentHas 0co0eHHOCTh MeTola MUKPO(OKYCHOH PEeHTTeHOTpa-
¢uu — HCTONH30BAHNE UCTOYHUKA PEHTTEHOBCKOTO U3IYIEHU ¢ (POKYCHBIM IIATHOM MHKPOH-
HEBIX PasMepPOB U CHEMKA ¢ IPAMBIM TeOMETPHIECKUM YBeIWIcHUEM OOLEKTa HCCIeOBAHUIA.
MunnvanbHbIE pasMephbl BUSYATH3UPYEMBIX CTPYKTYD B 9TOM CIy4yae He OTpaHUIeHBI Da3MepoM
TIHKCEN IPUEMHIKA H300paKkeHN U MOTYT OBITE CYIIecTBeHHO MeHbIe. [lokasano, 410 MUKpo-
doxycHasI peHTTeHOTpadgUs TO3BOILET HE MEHee YeM Ha IOPATOK YBEIHIATL HH(POPMATUBHOCTE
TIOJIyIaeMbIX PEHTIeHOTPaMM BCIEJCTBHE MIOBBIIIEHNA IIPOCTPAHCTBEHHOTO pasperrenus. [lpu
9TOM TEXHUUECKUE CPELCTBA [ PeaTH3alliid MeToIa MOTYT OBITH MalTorabapUTHBIMHU, PACCTH-
TaHHLIMU Ha IIPUMeHEHNE B HECTAITMOHAPHBIX H HECIIeITNATH3UPOBAHHbIX yenoBuax. [lomyuen-
HEIE Pe3yJIbTAThI MOTYT OBITEH UCIIONB30BAHLI B HAYUHBIX HCCIETOBAHUAX, IPH IPOMBIIITICHHOM
KOHTPOJIE U3IEIAN B dIeKTPOHUKE, IPUGOPOCTPOCHUN B JPYTUX 00JaCTIX.

KmoueBsie caoBa: MUKpooKycHas PeHTITEHOTPA(HUs; PEHTTEHOBCKHAN KOHTPOIL U JHATHOC-
THKA; IEePEABIEHLIC PEHTTCHOTPA(IIecKie U PEHTIeHOTOMOTPAQIIECKAe YCTAHOBKH.

CONTROL OF INDUSTRIAL PRODUCTS BY MICROFOCUS RADIOGRAPHY

© Nikolai N. Potrakhov*, Karina K. Guk, Viktor B. Bessonov

St. Petersburg Electrotechnical University (LETI), 5, ul. Professora Popova, St. Petersburg, 197022, Russia;
*e-mail: kzhamova@gmail.com

Received October 18, 2022. Revised November 2, 2022. Accepted December 12, 2022.

X-ray methods in comparison with other control methods are characterized by high information content,
clarity and efficiency. The paper presents the results of the use of microfocus radiography in the control
and diagnostics of industrial products. A distinctive feature of the microfocus radiography method is the
use of an X-ray source with a focal spot of micron sizes and a survey geometry with a direct geometric in-
crease in the object of study. The minimum dimensions of the rendered structures in this case are not lim-
ited by the pixel size of the image receiver and can be significantly smaller. It is shown that the use of the
microfocus radiography method makes it possible to increase the information content of the resulting ra-
diographs by at least an order of magnitude, due to an increase in spatial resolution. At the same time, the
technical means for implementing the described method can be small-sized, designed for use in non-sta-
tionary and non-specialized conditions. The results obtained can be used in scientific research and indus-
trial control in the following areas: electronics, additive technologies, instrumentation and others.

Keywords: microfocus radiography; X-ray control and diagnostics; mobile radiography and X-ray tomog-
raphy units.
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Puc. 1. Tunosas KOHCTPYKIIUA PEHTTEHOBCKOM TPYOKH

Fig. 1. Typical design of an X-ray tube

Beenenne

Penrrenosckoe nsiydenue mupoKo UCIIOIL3YIOT
JJISL KOHTPOJIS HPOMBINIIEHHBIX uagenuii. OcHOB-
Hble IIPEHMYyIEeCTBA PEHTTEHOBCKUX METO[0B, B
[IEPBYI0 O4Yepenb PEeHTreHOrpa(pudecKux, — BBICO-
KHe HAMIATHOCTD U HH(OPMATHBHOCTD [10JIy9aeMbIX
Pe3yJIbTATOB, OLEePATHBHOCTH, OTHOCHUTEILHASA IIPO-
crora peanusanuu. [Ipu 5TOM peHTTeHOBCKHE MeTo-
IbI OTHOCHATCS K HEPA3PYIUAOLIKM, T.€. IIO3BOJISIOT
OLIEHUTH BHYTPEHHEE CTPOeHue 06 HeKTa KOHTPOJI,
HEe HAPYyIIad ero [[eJI0CTHOCTH.

Paspaborka 1nmdpoBhIXx TNpPHEMHHUKOB peHTTE-
HOBCKOT0 HM300paKeHMs [aia BO3MOKHOCTL CO31ATh
YCTAHOBKU [JIi PEHTIE€HOBCKOIO KOHTPOJIS U AHAT-
HOCTHKH B [TepeaBrKHOM ucrionHeHud. C HoMOIb0
[ePeBIKHBIX (IIOPTATUBHBIX) PEHTTEHOAUATHOCTH-
geckux ycranoBor (I[IPJ1Y) M0KHO IPOBOAHUTE KOH-
TPOJIb LIPOMBINUIEHHBIX HU3AEJINH HEII0CPeACTBEHHO
HA MeCTe UX IPOM3BOACTBA (B Iiexe, HA MOHTAKHOM
y4aCTKe WY IIOTOYHOU JuHUY COOPKH U AD.).

B 6GomnbmimacTBE Ciy9aeB IpOCTPAHCTBEHHOE
paspelleHue P PEHTTeHOBCKOM HepPa3pyLIAoIeM
KOHTPOJIE OTPAHUYEHO XAPAKTEPUCTUKAMHU IIPHU-
eMHHUKa peHTreHoBckoro uzobpaxkenusa (IIPH), tog-
Hee — pasmepoM ero nukcensa. [Ipumensaror npuem-
HHKYU ¢ pasmepom nukcens 50 mrm u 6osee, obecte-
YHUBAKOIIKE [IPOCTPAHCTBEHHOE PA3PELIeHHE MEeHEee
10 nap JuHWE Ha MUJUITEMETP, 9TO COBEPIIEHHO He-
OOCTATOYHO IIPH COBPEMEHHBIX HCCIeOBAHUIX.
Bwmecre ¢ Tem noBbinenue npocTpaHCTBEHHOTO Pas-
peLIeHrs BO3MOKHO ILyTE€M KCIIOIb30BAHUS CIIEIIH-
AIBHBIX METOJOB CHeMKH, HAIIpUMEp, MUKPOQOKyC-
HOU peHTreHorpaduu.

ITenp paborel — wHCCIEIOBAHME TEXHUIECKUX
00BEKTOB KOHTPOJISA METOAOM MUKPO(POKYCHON PEHT-
resHorpagum.

Marepnanni, METOIHKA, 000PYIOBAHHAE

Penrrenorpadua — crocob nonyyenus nsobpa-
seanua oO0berra umccuaemosanua (OM) ¢ momomnisro
perrrenoBcroro manydenus (PU). Has storo OU

PACIIOIATAOT MEKLYy HUCTOYHHUKOM PEHTTEHOBCKOTO
naiayaenus (UPU) u ITPU.

B xagecrse UPU 06b14H0 mcIionn3yrmor pentre-
HOBCKy®0 TpyORy (pumc. 1) [1 -4]. Onun us xiode-
BBIX €e I1apaMeTpPOB IIPU IIPOBEJeHUN PeHTTeHOIrPa-
um — hoKycHOE HATHO, TOUHEe, XapAKTepHbIE pas-
Mepbl Yy4JaCTKAa HA IIOBEPXHOCTH MHIICHH aHoaa
TPpy6KHM, KOTOpBIA 60MOApPAMpPYETCA ILyYKOM YCKO-
PEHHBIX HJIEKTPOHOB M U3 KOTOPOIO, COOTBETCTBEH-
HO, reHepupyerca PU.

IIpu npoxoxpenun ckBosnp 06wexr PU «ociab-
sgercs» (4JaCTHYIHO IIOIJIONIAETCA BEIeCTBOM 00bek-
T4, 9aCTUYHO paccenuBaeTcCda IIO[4 Pa3HBIMH YIVIAMHA
II0 OTHOIIEHWK) K II€PBOHAYAJIBLHOMY HAIIPDABJIEHUIO
cBoero pacupocrpanenus). Crenens ociabienus 3a-
BUCHAT OT ILIOTHOCTH BerecrBa m rouamuasl OU,
€CJIM OH OJHOPOAEH, WIHN IVIOTHOCTHU U PasMepOB Oe-
Tajed ero CTPyKTyphl. B pesynbrare Ha BBIXOIE W3
obbexra PU mecer uugopmanuo o ero BHyTpeHHEM
crpoenun. [lia Busyanusanuu 9Tod HHQOPMALUY B
Hacrosimee BpeMms wucnoassyor nudpossie [IPU
[5-17].

B uenom penrrenoBcroe uzobpaxenue — cymma
npoexnui (Tenen) ot geraneu crpoenus OU, mamo-
JKEHHBIX ApYT Ha apyra. [lpyrumu cioBaMmu, OHO CO-
OEeP:EAT MHMOPMAIUI 0 CYMMAPHOU ILUIOTHOCTH Be-
mectea 1o roamuae OV B KaI0¥ YCIOBHOM TOYKE
(muKcenmre) HA IUIONMIAJY PEHTTEHOBCKOU TeHu (IIpo-
exnun) obbekra B mnockocru IIPU. CoorBercreen-
HO, peHTreHoBcroe muzobpaxenme OW B penrreHo-
rpaduu xaparkTepusyercs Kak II0CKoe (IByMepHOoe)
WK TeHeBOe CyMMaruoHHoe [8].

Pasmep nmrcens penrrenoBckoro mzobpakenus
ompejiesiieTcs IIPOCTPAHCTBEHHOW pa3pelarmen
CII0COGHOCTBI0 PEHTTEHOTPAQUIECKONM CHCTEMBI, CO-
croamen us UPU u [IPU, a raxxe pasmepamu ¢o-
rycuHoro narHa VIPW. Yem Bbuue cymmapHas mpo-
CTPAHCTBEHHAA PA3PEIIANIAsd CIOCOOHOCTD PEHT-
reHorpapuIecKoll CHCTEMBI, TeM MEHbIE IIHUKCeNb
[I0JIy9aeMOr0 PEHTTEHOBCKOTO H306paKeHus u TeM
6osree meingue peranu crpoeruss OU moryr 661Th 06-
HAPY’KEHbI HA PEHTIeHOBCKOM CHEIMEKE.

Bsaumuoe pacronosxenune O, UPYU u IIPU, a
raxge paccrosuua f; (MPU-IIPU) u f, (IIPYU -
OH) oupependoT PpPEHTTEHOOLNTHIECKYID CXEMY
CHEMKH U, COOTBETCTBEHHO, K03 urment reomer-
pudeckoro yeenudenns usobpaxenus m OU:

m = folfs.

Ha puc. 2 npuBejieHp peHTTEHOONTHIECKUE CXE-
MBI CBEMKH B KOHTAKTHOU U IIPOEKITMOHHOU PEHTTE-
vorpacdum (f;, f — paccroaaua WPU - ITPU u
HPH - 0N).

Hnsa peanusanmu KOHTAKTHOU pPeHTreHorpaduu
ncnons3yior UIPW ¢ Tak Has3blBaeMBIM IIPOTH-
seHHbIM (PorycHbIM maTHOM D. Ero xaparrepHbii
pasmep cocrasiger okono 1 mm. Tonbko mpu pac-
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nonoxennu OV B Hemocpe[cTBeHHOM OJIM30CTH K
IIPY (8 komTakTe) obecmedmBaercs HeoOXonuMas
PEe3KOCTh IMoJIydaeMoro uzobpakenus (cMm. puc. 2, a).
Ynaneaune OU or IIPU upumsogur k HepesrocTu
n300pasKeHusT —  «Pa3MBITHIO» TIpaHul] (CM.
puc. 2, 6).

IIpu npoexumonto¥ perTreHOrpahUY IPUMEH-
ot UPU ¢ tak HA3BIBAEMBIM TOYEYHBIM (DOKYCHBIM
OATHOM ¢/, XapPaKTEePHBIA pasMep KOTOPOro MeHee
0,1 MM (kKax IPAaBUIIO, OT HECKOJBKAX MHKPOMETDPOB
10 TECATKOB MHUKpoMeTpoB). B sTom ciyuae Tpebye-
Mas Pe3KOCTb U306 paKeHUsT COXPAHAETCA IPAKTHIE-
cku upu aobom pacrnonokenuu O B mpocrpascTBe
vesxny UPU u ITPU, uto no3sossier 1oiy4ars pes-
Koe n3obpaskeHre 06bEKTA C IPOSKIMOHHBIM YBEJIH-
YeHHeM [0 HeCKOJIbKUX COTEH U [AKe THICHY Pas.

Konrakrayo w npoeKIMOHHYI0 peHTreHorpa-
¢uu pasnuYamT B 3aBHCHMOCTH OT COOTHOIICHUS
paccrosuauu f; u f; u s¢perTUBHBIX pasmepoB ¢o-
KyCHOTO IiaTHA (IIpM CTAaHZAPTHOW (KOHTAKTHON)
perrrenorpacduu — f3 > f1, m = 1 — 1,5, npu npoex-
nuoHHOH — f1 > f5, m ~ 10 — 1000).

Ilockonbky B HpOeKIMOHHOM peHTreHorpaduu
ucnonesyror MPU ¢ xapakrepusiM pasmepom ¢o-
kycHoro naraa meree 0,1 MM, To ee eie oupezes-
0T KaK MEKPO(OKyCHY perTrenorpadgmuio [9].

IIpoBenennnie uccienoBaHUA BBIABUIN OCHOB-
Hble ocobenHocTu (s¢pderTr1) mporecca gopmupo-
BAHUA PEHTTEHOBCKOTO HM300PAIKEHUS IIPU HUCIIOJb-
sopannu VIPW ¢ (oKycHBIM OATHOM MHKPOHHBIX
pasmepos [10]:

shdexT yBeauIeHus TIyOUHBI PE3KOCTH;

3(pperT «BO3AYIIHON IOAYIIKI»;

sdpdexT mcerno06HEeMHOTO H306pAKeHN

sdpdexr gazoBoro KouTpacra.

Hmes: pasayro npupony, ste 0COGEHHOCTH LPO-
ABIAIOTCA OJHOBPEMEHHO U II03BOJIHIOT B MUKPOGO-
KyCHOU PEHTIeHOrpauu 3HAYMMO CHH3UTH DKCIIO-
3unuoHHy0 103y PY npu coxpanenun xKadecrsa mo-
sygaemoro msobpamennas OW mo cpaBHeHwmio co
CTAHJAPTHON peHTreHorpadue.

Pentrenosckas romorpadua — cmocob momyge-
HuA uzobpaxkenusn orneabaoro cios OW ¢ moMorrso
PU — nossomser oupenenurs (BBIMHUCIHUTE) ILIOT-
HOCTBH BEI[eCTBA B KAKIOU YCIOBHOU TOYKe (BOKCe-
ie) obwema OU. Ilosromy B pesynbrare peHTTEHOB-
CKOU ToMOrpaduu MOKET OBITH PEKOHCTPYHPOBAHO
pPEeHTTeHOBCKOe m3o0paenue orgenbpuoro cimos OU
OLIPEeNeIEeHHOU TOJNIIHUHLI B JIEOOOM IIPOH3BOJILHOM
CeYeHHUN WX ero TpexmepHoe uzobpaxenue. B or-
gmgpe OT peHTreHorpaduu Ha u3o0pakeHue KOH-
KPETHOTO CJI0A He OYIyT HAJOMKeHbl W306pasxeHusd
neraner crpoennsa OW, He npuHAMIEKAIIHX HTOMY
cinow. CoOTBETCTBEHHO, PEHTTEHOBCKOe m306paske-
uue OW B Tomorpaduu xapakrepusyerca Kax 06b-
emHoe (Tpexmepnoe) [11, 12].

B o6men ciygae npu peHTreHOBCKON TOMOrpa-
¢uu perrrenosckue caumku OV BIIONHAOTCH 1O-

Puc. 2. PeurrenoonTutieckue cxeMbl CheMKH B KOHTAKTHOH
(@, 6) ¥ IPOEKIINOHHOH (8, 2) peHTreHorpaduu Ipu 6IU30CTH
u ypaneaun QU u ITPU coorBercrBenno: 1 — ¢oxycHOe maT-
uo UPU ¢ xapaxrepusmM pasmepom D; 2 — OH; 3 — mnoc-
kxocts [IPU

Fig. 2. X-ray optical scheme of shooting in contact (a, b)
and projection (¢, d) radiography at the proximity and dis-
tance of RI and PRI, respectively: I — focal spot of RES with
a characteristic size D; 2 — OI; 3 — plane PRI

CIe/I0BATEJILHO C pa3Hbix cTopoH. s sToro UPU u
ITPH ogHOBpEMEHHO C OLIpEENIEHHBIM IIAaroM IIepe-
MeIaoT 1o oxpyxHocTd BOKpyr ocu OU. IIposo-
JUTCH TAK HA3LIBAEMAS MHOTOPAKYPCHAH ChHEMKA,
JAIIAaA P OTHAEIbHBIX CHUMKOB (IIPOEeKInii) 00b-
ekra. [Ipu sTom kaxaas ycaosuas touka O muOTO-
KparHo (I10 YHCIy MPOEKIHi) MPOCBEINBACTCS.
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Puc. 3. Penrrenoonruieckasn TOMOTpaIIECKON
CHEMKH IupoKopacxogamumMed myuxkom PU: 1 — UPH; 2 —
OU (muxpocxema); 3 — ITPU

Fig. 3. X-ray optical scheme of tomographic imaging with a
widely divergent X-ray beam: I — IRI; 2 — OI (microcir-
cuit); 3 — PRI

cxeMa

Ha puc. 3 npejcrasieHa peHTreHOOIITHYECKAS
cxeMa TOMOrpa(puIecKol ChEMKH MIHPOKOPACXOMH-
mumced myakom PU.

KonuaecrBo BhImomHAEMBIX IPOERIUE OLIpeje-
JIAeT TOYHOCTHh BBIYUCIIEHHUA INIOTHOCTHU BEIIECTBA B
rasgnon touke OU u, coOTBETCTBEHHO, TOYHOCTD 10~
CIeAyIOIIed PEKOHCTPYKIUMH H300PAKeHUsT KOH-
kperHoro cios B cedenun OV wmiam TpexmepHOTO
n300pasKeHus BCero 00 berTa.

Pasmepsr Bokcena B Tomorpadum (Tak e, Kax u
[HKCEeId B PEHTreHorpaduu) B LEPBYH oO4epenb
OIIPEAENATCA pasperiamined crnocobuoctso [TPH.
Opnaxro ucnonszosauue MPU ¢ doxycHbivM maTHOM

a

MUKPOHHBIX DPAasMepoB [aeT BO3MOMKHOCTH MHOTO-
KPaTHO YBEJWYUTH IIPOCTPAHCTBEHHYK paspeira-
FOLIYI0 CIIOCOOHOCTH PEHTTEHOBCKOU TOMOrpaduu 3a
CYeT IIPOEKIIMOHHOTO YBeJIWYeHWUs u306pakeHus
on.

Ilnga peammaanuu METOAWKA MHUEPOQOKYCHON
penrrenorpacguu paspaboransr [IPJ/[Y u penrreno-
romorpadguaeckne ycranoBgu cemericrea MPHT
(puc. 4) [13 — 16]. Hu opnHO u3 11pou3BoOACTB COBpE-
MEHHOU DJIeKTPOHHOM TEXHUKU He MOKeT 000UTHUCH
0e3 KOHTPOJIA KAYeCTBA KIIIOYEBLIX TEXHOIOTHIE-
CKUX OLEepaluii, HApHUMEep, «Pa3BaApPKU» BHYTDEH-
HHUX BBIBOJOB AHUOO0B, TPDAH3UCTOPOB, MUKPOCXEM H
APYTUX KWW TIaAHBIX COGI[I/IHGHI/Iﬁ IIe9aTHBIX ILJIAT
[17, 18].

Trunosas woncrpyruud IIPIIY Brnoouaer peHT-
renosamurHyo kamepy (P3K) nna nposenenwms
penrrenorpaguaeckux pabor, MPU monob6mogsoro
tuna, uugpposou [IPM ma ocHOBe IUIOCKOIIAHEIb-
HOro pererkropa PU, mepcoHanbHBIE KOMIIBIOTED C
YCTAHOBJICHHBIM CII€NUAIU3WMPOBAHHBIM IIPDOTPaMM-
ubIM obecrieuenmenm (I10) m ycrpoiicTBO A7 1103U-
nuonupoanusa (YII) ofwexra. Tumbsr peHTreHOB-
CcKOU TpyOkm m merexkTopa PU, a Takme KOHCTPYE-
OUA U KOJMYECTBO crelieHed nepemerenus Y11 3a-
Bucar ot popm-paxropa OU u 3axad KOHTPOIA.

Hnga nonydeHus TpPeXMEPHBIX PEHTIEHOBCKUX
n300pAIKEHUN W3IeIUU DIeKTPOHHOM TEeXHWKH HC-
MMOJB3YIOT MUKPO(POKYCHBIE PEHTTEHOBCKHME KOMITh-
OTEPHBIE TOMOTPA(UIECKHNe YCTAHOBKU CEMEHCTBA
MPRT.

O6cy:kaeHne pPe3yabLTATOB

Ha puc. 5 npezpcrasieHbl peHTTEHOBCKUE CHUM-
kKU miarel, nonydenssle Ha UPY ¢ xaparkrepHBIM
pasmepom droxycuoro nataa 1 u 0,1 mm. Madopma-

Puc. 4. Penrrenorpaduueckue yeraHopku ceMmetictsa IIPIY (o), MUKPOOKYCHBIN PEHTTEéHOBCKIH KOMITBIOTEPHEBIN ToMOTrpad

MPEKT-04 (6)

Fig. 4. X-ray units of the PRDU family (a) and microfocus X-ray computed tomograph MRCT-04 (b)
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Puc. 5. Peurrenosckue CHUMKM TeCT-00BEKTa, IOAYIeHHEIE HA annapaTe ¢ PoxycHuM maTaHoM 1 (a —2) 1 0,1 MM (0 - 3)

Fig. 5. X-ray images of the test object obtained on a device with a focal spot of 1 (a — d) and 0.1 mm (e - h)

THBHOCTH CHUMKOB OLEHUBAJIN BU3YAJILHO, A TAKKE
o BeauduHe WH(POPMAIMOHHOTO HHAEKcA @), pac-
CYHUTAHHOTO C IIOMOIIBI) CIEIIHAIBHON KOMIILIOTED-
HOU nporpavmel [lon uH(pOpMALMOHHBIM HHIEKCOM
[IOHKUMAETCH KOJIMYECTBO HIIEMEHTAPHBIX YYACTKOB,
KOTOPbIE MOJKHO BBIAEINTH HA CHUMKE [IPK YCIOBHH,
9TO CPeAHAA ILIOTHOCTDL IIOYEPHEHUS KaKIOTO yda-
CTKA [0 OTHOLIEHWIO K I[IPUMBIKAMOIIUM YIaCTKAM
oTimdaercd He MeHee ueM Ha 5 % [19].

Bunno, aro ¢ pocrom yBenugyenus usobpasenus
npu MEUEPO(OKYCHOU peHTreHorpaduu (B orimaue
OT CTAHAAPTHOU peHTreHorpaduu) HE TOJIBKO CO-
XPaHAETCH PE3KOCTh U300paKe s, HO U IPOCIIEKH-
BAIOTCH [ETANH, HE PA3IMIHMbIe [IPU KOHTAKTHOU
coemire. COOTBETCTBEHHO, WHAEKC HH(POPMATHB-
HocTu MeHAeTcsa oT 280 (KOHTAKTHBIN MHUKPOQOKyC-
HBIA CHHMOEK) 10 758 (MHKpPO(ORYyCHBIH CHUMOK C
8-KpaTHBIM yBelndeHneM U300pasKeHus).

MPRT ycnermrsao npuMeHsOT IPYA BXOJHOM KOH-
TpOJIe DIEKTPOHHBIX KOMIIOHEHTOB W II€4ATHBIX
ILUIAT, HALIPHMED, HASHBIX COeNUWHEHHH, He(eKToB
HAHECeHU: LAMILHOU IIACTHI, BRIOYAd OOHApYyKe-
HEE IIyCTOT, [IePEeMbIYeK U AP., [IOUCK IIOCTOPOHHUX
37eMeHTOB. BpICOKan paspemaminas CrocofHOCTh
[IOJIy4aeMOr0 H300paKeHus II03BOJISAET OTYETIIHBO
BU3YAIU3UPOBATh METAINIM3ANNIO [IEPEXOJHEBIX OT-
BEPCTHUM HA MHOTOCJOWHBIX II€YATHBIX IIATaxX, 4

Puc. 6. Penrrenosckue mszobpameHus (GparMeHTOB Iedar-
HBIX ILIAT; ¢ — METALIU3ANUA [IePEeXOIHbBIX OTBEPCTHI; 6 —
IIyCTOTHI IIPYU MOHTAXKE MUKPOCXeM Ha ILIATax

Fig. 6. X-ray images of fragments of printed circuit boards:
a — metallization of vias; & — voids when mounting
microcircuits on boards

TAKKE IIYCTOT BO BIIAAHHBIX HWJIN KJIEEBBIX COeJUHEe-
HHAX [IPYU MOHTAKE MUKpOocxeM Ha mrarax (puc. 6).
Buyrpu P3EK, sBxomsmeir B cocraB ToOMO-
rpada, pacmomoxkens: VP wmomo6109H0TO THIA
PATI-150M-0,1-5 ¢ MuEpPO(QOKYCHOIM PEHTTEHOBCKOM
tpy6roit BC16 (IV), ITPU na ocHOoBe TBEpAOTEIBHO-
I'0 ILUIOCKOIIAHEIBHOT0 JABYXKOOPAHHATHOTO JE€TeKTO-
pa, a Takxke aromarusuposannoe ¥Y1I ana Bparue-
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Puc. 7. TpexMepHoe peHTTEHOBCKOEe H300paskeHNe IUOTA
Tannma

Fig. 7. 3D X-ray image of a Gunn diode

nwus u nepemernenuns OW Brons ocu myaxa PU. s
yupasieHus pafoToll OCHOBHBIX y3JI0B TOMOrpadga,
cbopa u 06paboTEM MPOEKIIMOHHBIX NAHHBIX U pe-
roHCTpyKuu maobpaskenus OW wmcmonbsymor opu-
runansuoe [10 [20, 21].

Ha pwmc. 7 npeacrasneno TpexMepHOe peHTTe-
HOBCKOe m3o0paskenue guona ['amma, mosydeHmHoe
ua romorpage MPRT-04. ITocnotiasi ananus uso-
OpaskeHHMs I103BOJIHIL 3a()UKCHPOBATL OTCYTCTBHE
SKJIEKTUIECKOTO COEAMHEHUA HA ONHOU K3 YeTHIPeX
KOHTAKTHBIX ILIOIIAJIOK.

3arIoYeHne

IIpoBenennnie ucubITaHMA IOKA3AJIH, YTO IIPH-
MEHEHHe MeT0/a MUKPO(OKYCHOU peHTreHorpaduu
[Py KOHTPOJIE IPOMBIIIIEHHBIX 00BEKTOB I03BOJIA-
eT B HECKOJHKO pPa3 MOBBICUTH HH(POPMATHBHOCTD
pesyibsraroB ucciaegosanuil. Ilpu sTom ocobernHoCTH
METOfa AAXT BO3MOXKHOCTH PEaIM30BaThH €r0 C IIo-
MOIIBIO IIOPTATHUBHBIX TEXHUYECKHUX CPENCTB, 4TO
0COOEHHO BaKHO C TOYKW 3PEHUHA YHUBEPCAIbHOCTH
WX UCIOJIH30BAHUA,
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CTEIIEHU OTBEP:KJIEHUS SIIOKCUIHBIX HOKPLITHHI
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UcnonpsoBanie BHYTPEHHUX 3ALUTHBIX [IOKPBITHI [ 3ALIUTHL CTANBHBIX TPY0 — ONUH U3
naubonee 3 peKTUBHBIX U HANEKHBIX CIIOcOO0B GopwOEI ¢ Kopposueii. Haubonwinee pacmpo-
CTpaHeHHe [IOJIYIWIN HOKPBITHS HA OCHOBE SIIOKCUIHBIX IUIEHKO00PA3YIOIINK, 00IafA0IIHe BhI-
COKOH afresnell K CTAIH MU XUMUIECKOU CTOUKOCTBIO K BO3JEHCTBHIO PA3IMIHEBIX arpecCHBHBIX
axropos. PopMuUpOBAHUE TOKCUAHBIX TOKPHITHIA HEPA3PHIBHO CBI3aHO ¢ B3AUMOLCHCTBHIMH,
IIPOUCXOISIIAMA Ha IOBEPXHOCTH METAILIA, U (PU3NKO-XUMIIECKAMHI CBOMCTBAME CAMOTO TI0JIH-
Mepa U XapaKTepUayeTes IPOLecCOM OTBEPEIeHN (TONMMepH3alu), 4 TAKKe MEHIIOIIAMUACS B
X0Jle HETO TeIUIO(USUIECKAMU [TapaMeTpaMu (TeMIepaTypoi CTEKIOBAHNS, CTEIEHBI0 OTBEDIK-
nenus), Jl7s olpefeneHus TeMIepaTyphl CTEKIOBAHUS [IOIUMEDPA Ha IPAKTUKE [ITUPOKO [IPHME-
HAIT MeTof Au(depeHIIuaIbHON CKAHUDPYIOUIEH KATOPUMETPUH, HO3BOJISIOIINN PETHCTPHIPO-
BaTh (pazoBbIe IEPEXOABI M UX 3HAUSHMUS I CAMBIX PAsIuuHbIX MaTepuanos, TouHocTs onpese-
JIeHWsI TApaMeTPOB 3aBUCHT 0T MHOKeCTBA (PaKTOPOB, CBA3AHHBIX KaK ¢ BO3MOKHOCTSIMY CAMOTO
mpubopa, TAK U ¢ MeTOLOJIOTUUECKUMH IIOAX0IaMHU. DTO IPUBOAUT K OTCYTCTBUIO IIOBTOPSIEMOCTH
U BOCIPOH3BOAUMOCTH Pe3yJIbTATOB WCIBITAHWHA B PA3IHUYHBIX JafOpaToOpUsaX U, KAK Clef-
CTBUE, — EAUHBIX KPUTEPHER OLEHKH KAauecTBa 3alllUTHRIX IOKPBITHIA. B pabore mpencraBieHs:
Pe3yIbTATHL UCCIEI0BAHNS BIUAHUS PA3INIHEIX (PAKTOPOB Ha OLpPefe/IeHie TeIUIOMU3HIECKIX
CBOMCTE 3MOKCHAHBIX IOKPHITHN METOLOM AU dHepeHInATBHON CKaHUPYOIIeH KATOPUMETPHN.
YeraHoBIeHO BINSHUE AlIAPaTyPHBIX YCIOBUIA IIPOBENEHNs UCIIBITAHUN, CII0CO00B IIPOGOIIOA-
TOTOBKH, METOROB 00paGOTKH PE3yNBTATOB ¢ IIOMOLIBI0 CIIEIUATH3NPOBAHHOTO IPOrPAMMHOTO
ofecrieyeHus Ha OIpefeleHre TeIUIOPUINIECKUX CBOMCTB SIIOKCUIHBIX HOKPHITHNA METOAOM
nudpepeHIHATBEHON CKAaHUpPYIed KantopuMmerpuu. [lonyueHHbIe pe3yIbTaThl MOTYT OBITE UC-
[IOIB30BAHEI [T PA3pabOTKHA YTOUHEHHOH IPOLELYPhI OLIPEAeIeHIs CTeeHN OTBEeDIKICHUS JIa-
KOKDPACOUHBIX TOKPBITHA HA OCHOBE 3IIOKCUIHBIX IIOPOIIKOBBIX KPACOK.

Kmo4deBslie caoBa: nuddepeHiimanbias CKAaHUPYOIAs KATOPUMETPHS; SITOKCUTHBIE TIOKPHI-
THS; TEMITEPATYPa CTEKIOBAHUI; CTEIICHD OTBEPIKICHNS; TeILIO(MU3NIECKAE CBOMCTBA.

ANALYSIS OF FACTORS AFFECTING THE DETERMINATION
OF THE DEGREE OF CURING EPOXY COATINGS OF OIL AND GAS PIPES
BY DIFFERENTIAL SCANNING CALORIMETRY
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The use of internal protective coating of steel pipes is one of the most effective and reliable ways to prevent
corrosion. The most widespread coatings based on epoxy film-forming exhibit high adhesion to steel and
chemical resistance to various aggressive factors. The formation of epoxy coatings is intimately connected
with the interactions occurring on the metal surface, the physicochemical properties of the polymer itself
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and with the process of curing (polymerization), as well as with the thermophysical parameters that
change during curing (glass transition temperature, degree of curing). The method of differential scan-
ning calorimetry is widely used in practice to determine glass transition temperature which provide de-
tecting phase transitions and their values in different materials. The accuracy of this method depends on
many factors related to the instrument properties and methodological approaches which leads to a lack of
repeatability and reproducibility of test results in various laboratories, and as a result, to the absence of a
unified criteria for assessing the quality of protective coatings. We present the results of studying the de-
gree of curing the epoxy coatings of oil and gas pipes by differential scanning calorimetry. The effect of in-
strumental conditions for laboratory tests, sample preparation methods, and methods of data processing
by specialized software on the determination of thermophysical properties of epoxy coatings by differential
scanning calorimetry was revealed. The results obtained can be used in developing a refined procedure for
determining the degree of curing protective coatings.

Keywords: differential scanning calorimetry; epoxy coatings; glass transition temperature; degree of

cure; thermophysical properties.

Beenenne

Kopposuonnoe paspymenwe BHyTpeHHEH I10-
BEPXHOCTH He(TerasonpoBOLHBIX M HACOCHO-KOM-
[IPECCOPHLIX TPYO HPHUBOIUT K CEPHE3HBIM OCIOKHE-
HEAM P paspaboTke U HKCIULyaranuu Hedyreraso-
BBIX Mecropoxaenuii [1, 2]. Ogun us maubonee pac-
[IPOCTPAHEHHBIX M YCIIEIIHO MPUMEHIEMBIX CIIO-
co00B 3aIUTHL CTANBHBIX TPYyH OT KOppPO3UHM —
HAHECEHUE 3AIUTHBIX IIOKPBLITUU HA OCHOBE JKKJ-
KUX WY [IOPOIIKOBBIX SIIOKCHUHBIX JIAKOKPACOYHBIX
marepuanos [3, 4]. lua onenru cBoiicrs u opmu-
pOBaHUA [IOKA3aTeNed 3aIMUTHBIX IOKPBITUN HCIIbI-
TaTeNbHbIe JA00pATOPUM ILIPUMEHAIT KAK CTaH-
OApTHBIe, TAK U BHOBL Pa3pabaThIBaAEMble METOLUKN
HUCIIBITAHUH.

ITonmora nomumepusanuy — OQUH U3 OCHOBHBIX
noxasareyied C(POPMUPOBAHHOIO SIIOKCHULHOTO II0-
kporrusa. OHa xapakTepusyeTcs 3HAYEHUeM CTeIeHU
OTBEDIKJEHUA U OLPEIENsieT ero (PU3HKO-MEeXaHu-
qeckue W 3amuTHble cBolicrBa [5, 6]. Ilonumepu-
3amua HepaspbIBHO CBA3aHA C IIPOLIECCAMY, IIPOHC-
XOAAMMMY HA IIOBEPXHOCTH MeTajuia, U (DH3HUKO-
XUMUAYECKUMHU CBOUCTBAME I[IOJIMMEPHOT0 MaTepua-
na. [Ipu dopmupoBaHmy HOKPHITHS HA OCHOBE SIIOK-
CHAHBIX ITOPOIIKOBBIX JIAKOKPACOYHBIX MATEPHUAIOB
(JIKM) mosmmepusanus OPOXOAUT HECKOIBKO CTa-
QWi CHAa4YaIa MOJUMEp IIEPEXOAUT B BA3ZKOTEKydee
COCTOSHUE, 3aTeM YACTHIILI [IOPOLIKA CILIABIIAITCH,
06pa3yss MOHOJHTHBIA CJIOH, OZHOBPEMEHHO CO
CILIABIIEHUEM [IPOUCXOAUT CMAYUBAHUE I[IOKPLIBAE-
MO¥ IIOBEPXHOCTH U PACTEKAHKE PACIIJIABA IIOJIHME-
pa [7 - 10].

Hua onpepeneHuss CremeHu OTBEPIKIEHUS II0-
KpBITUA (ATg) HA OCHOBE BIIOKCHIHOTO II0POIIKOBO-
ro JIKM mmporo npumensor meron audgepeHmu-
anpHOU cranupyored kamopumerpun (JJCK), npum
ROTOPOM OIIpefieigeTcs Pa3HOCTh TEMIIEPATYD CTEK-
nosanua (AT,), Oy4eHHBIX IIPH II0C/EN0BATeb-
HBIX TEPMHUYECKHX CKAHUPOBAHHUAX (IUKIAX HATpe-
Ba) [11, 12]. 3nagenue TeMuepaTypsl CTERKIOBAHUSI
3aBUCUT KK OT CBOWCTB HCCJIEAYEMOTO MAaTepHaia,
TAK ¥ METOJA W YCIOBUU IIPOBEINEHUS KCIIBITAHU.
B cBssu ¢ 9TuM 1pu onpeneneHnn crereHu OTBEPIK-

JEeHUA IIOKPBLITHA B PAsHBIX jaboparopusx HaAOIO-
JaeTcs OTCYTCTBHE IIOBTOPAEMOCTH K BOCIIPOH3BO-
JUMOCTH Pe3ysibTaToB UcnblTaHui [13 — 16].

Ilens paborsr — onpeneneHue OCHOBHBIX (DaK-
TOPOB, BIHAKIIUX HA CXOAUMOCTh PE3YILTATOB IIPU
OLIpEJIeJIEHUH CTEIIeHU OTBEPKIEHUSA JAKOKPACod-
HOT'O IIOKDPBITHS HA OCHOBE SIIOKCUAHOM IIOPOIIKO-
Bo#t kpacku meropom JICK.

Marepuanni, METOHKA, 000OPYAOBAHHAE

Ha cerogmsamumii geup o6Iue NPUHIKOBL U
[PONEeAypa ONUpEeJeNeHns TeMIEePATyPhl CTEKIOBA-
HUSA U CTEIIeHU OTBEPKACHUA IIOKPBITUA IIPUBEACHDBI
B CJIeAYIOIIHUX HOPMATUBHBIX JOKYMEHTAX:

ISO 11357-1, TOCT P 55134 — onwmceiBawOT
pax obmux acnexTor [l CH, Takux Kaxk npuHIuUII pa-
6orel mpubopa u ero ocHaigeHue, orbop mnpob, xa-
nuOPOBEA;

ISO 11357-2, TOCT P 55135 — ycraHaBnuBaoT
MEeTOAbl OlIpefesIeHusda 3HaAYECHUA TeMIIepaTypPbl
CTEKJIOBAHUS;

CSA 724520, ISO 21809-2, TOCTP HCO
21809-2, NACE SP0394 — comep:xar mporenypy
OorpenesieHusd CTeIIeHU OTBeDKICHUA IIOKPBITUA.

Hs oupenenenus OCHOBHBIX (PAKTOPOB, BIUSIIO-
X HA 3HAYEHWE CTEIIEHU OTBEDPIKICHUSA SIIOKCH-
HOTO IIOKPBITHA, IIPOAHAIMWM3HUPOBAHbLI METOLOJIOTH-
9eCKue IOAXO0bl B YKA3AHHBIX CTAHAAPTAX, paspa-
Gorana nporpamMma J1afopaTOPHbIX UCIIBITAHMIMA, 110~
3BOJIAKOIIAA OLIEHUTh BJIAUAHUE.

CKOPOCTH OXJIAKIEHUS W HArPeBa, OIPAHUYEH-
HOU ocHaIenueM rnpubopa;

THUIIA HHEPTHOTO rasa;

mpo6omoATroTOBKH, IIpomeaypsl or6opa mpob u
HUX PACIIOJIOKECHHUS B THUTJIE;

HM30TEPMUYECKON BBIIEPKKH B NPEIBAPUTENb-
HOM I[UKJI€ HATPEBY,;

TEMIIEPATYPhl <«HA4YaNa Jerpajanur» IIOKPBI-
T — To4ku D (TemMueparypsl, Ipu KOTOPOU IOJIH-
MEp HAYHUHAaET IropeTh U HHTEHCUBHO TEPATH Maccy);

npouenypsl 06paboTKH IIONYYeHHBIX Pe3yilb-
TATOR,
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Ilepeuncnennsie haxropsl 661U pasgeneHs: HA
TPH OCHOBHBIE TPYIIIIbI:

¢110co6bI MPOBOIMOATOTOBEH;

YCJIOBHSA HCHOBITAHHUA II0 TEMIEPATYPHOM IIPO-
rpamme;

MEeTOAbI
HCE).

Ilna mpoBepmeHMA HWCCIEMOBAHWEA ObLIA TOATO-
TOBJIEHBbI 06pasub1 — CTaJIbHbI€ ILIACTHUHBI pasMe-
pom 100 X 100 MM — c IIOKPBITHEM HA OCHOBE IIO-
POIIIKOBOY SIOKCHAHON Kpacku mapru [1-911-585.
TloproroBka MOBEPXHOCTH COOTBETCTBOBANA TpPeGo-
BaHmAM npoussogurens JIKM.

TlockonbKy pacyeTHOe 3HAYEHHE CTEIEHH OT-
Bepxaenus (AT,) onpenenserca KaKk PasHOCTh TeM-
Ieparyp CTeKJIOBAHUA, IIOJY4E€HHDBIX IIPU IOCIE0-
BATEJBbHBIX TEPMHUYCCRUX ITUKJIAX HATPEB4, a TeMIIe-
parypa CcrexjioBaHusA CPOPMUPOBAHHOIO IOKPBITHA
3ABUCUT OT (PAKTHYECKOTO PEKUMA €r0 [IOJIUMepH3a-
LW U, [T UCIBITAHUY GBLIN MOATOTOBIEHBI 06pa3Ibl
C PA3HBIMH PEHUMAMHU OTBEDEICHUA IIOKPLITUA.

OrBepigaenHne MNOKPBLITHA I[IPOBOAMIN IO ClIe-
JYIOLAM TeMIIEPATYPHBIM PEeKIMaM:

[PU TEMIIEPATYPE HUKE PEKOMEH0BAHHOM [1PO-
uspogurenem JIKM (aemooreepsnenune) — 140 °C B
reaenue 20 mun (140/20);

[py TeMIeparype, PEKOMEHIOBAHHON IIPOU3BO-
gurenem JIKM (orsepimenne) — 180 °C B Teuenue
20 muu (180/20);

[IpA TeMIepaType BbIllle pPEeKOMEHIOBAHHOU
npoussopuTesem JIKM (mepeorsepinenne) —
220 °C B reuenne 20 vuu (220/20).

Hamepenns npoBomguiau ¢ moMoIsio auddepes-
OHMAIBLHOTO CKaHupyminero xaisopumerpa DSC 200
F3 Maia (NETZSCH), o6pa6orry kpuebix JJCK —
C HCIIOJIB30BAaHHEM IIPOTPAMMHOTO 06ecnequHH
NETZSCH Proteus — Tepmuyeckuii amanus
Version 5.2.1 (NETZSCH).

Pa6ory nposoaunu crenyomum 06pasom.,

I[.TIH oIIpenesieHus CTEeIIeHU OTBePKIACHHuA II0-
KpbITHd ObUIa BRIOpAHA TEMIIEPATyPHAS MPOrpaMMa
mo CSA 7Z245.20. Cornacuo ei, riepej onpeneieHu-
€M CTeIIeHH OTBEePHIACHUA ITOKPBITHUA IIO OCHOBHOfI
TEMIIEPATYPHOU MporpaMme HeoGXOAUMO OIpeje-
JINTh MCXOJHBIE TEILIOPUIUIECKHNE XAPAKTEPUCTUKN
nokpeitud. IIpepBapurenbHBIN aHATU3 IIPOBOAAT
ImyTeM Harpeea o0pasma Ipu teMmeparype or 25 1o
285 °C. Jlnsa wmccmenyemoro mokpertua I1-011-585
OPHeHTHPOBOYHAA TeMIlepaTypa crexnosanus T,
cocrasmia 114 °C, temmeparypa «Hadanga merpajaa-
muu» (D - 275) °C.

Hsmepenue cmenenu omeepoclenus nNOKpPvl-
mus. OT60p HpobbI IJIEHKU TOKPLITHA IIPOBOAMIIN
npu temueparype 20 °C, mpu 5TOM HCRIIOYAINCH
BO3JIEUCTBYS, IPUBOJALIME K HATPEBAHUIO 00pasna.
Orobpannyo npofy pasMernajd B ATIOMHHUEBOM
TUIJIE C IJIOCKHM JHOM B BHJAE HECKOJIBKHUX (bpar-
MEHTOB.

06paboTkM  pesynbTATOB  (KPHMBBIX

IIpu wusmepenmsx B KaYecrse IIPOAYBOYHOTO
rasa mMCroib3opanu aprod (pacxon — 100 mur/muH,
cropocth Harpesa/oxmaxmenus — 20 °C/vun). Us-
MEPEeHUS MPOBOAWIN IO CIAEAYIOIIEH TeMIepaTryp-
HOU mporpamme:

OpeABAPUTENBHEIM  HAarpeB  H3MEepHUTeIbHOMN
sueiiku npubopa no Temneparypul A = (T, —40) °C
C OJHOBPEMEHHOH IIPOAYBKOM APrOHOM B TEYEHHE
5 mun;

1-it marpes no temneparypst B = (T, + 10)°C c
[OCTIEAYIOIEH H30TePMUIECKON BEIAEPIKKOU B Tede-
HUE 2 MUH;

OXJIAKIEHHUE [0 TeMIeparypsl A ¢ mocienyro-
el U30TePMUYECKON BBIZIEPKKON B TeYeHUE 5 MUH;

2-i HATPEB A0 TEMIEPaTypPhl «HAYANA Jerpaga-
muu» D = 275 °C;

OXJIAKEHHE [0 TeMIeparypsl A ¢ mocienyro-
el U30TePMUYECKON BBIZIEPKKON B Te4eHUEe 5 MUH;

3-i marpes yo remneparypsi (T, + 50) °C;

OXJIAKIEHHUE [I0 TEMIIePATYPhI OKPY:KAIOIIen
CpezsL.

Ob6pabomra pesynemamos usmepenuli. Pesynb-
TaTel o6padareiBau MeToaoM Touku neperuba (ISO
11357-2, 'OCT P 55135). Creunens orBepsxaeHust
[IOKPBITUA PACCIUTHIBAIN KAK PA3HULILY TEMIIePATyp

CTERJIOBAHUS, IOJNYYEHHEBIX B 3-M W 2-M Harpesax
(AT, = T3 — Ty).

TIpoBepky TOYHOCTH IONYYEHHBIX 3HAYCHUU
CTEIeHU OTBEPIKIACHUS [IOKPBITHS IIPOBOIMIN HA 0C-
HOBE KOMILJIEKCA HCCIeLOBAHUU I10 KAJKAOU TPyIIIe
craepyomux (arTopoB (criocob mpo6oImoaATrOTOBKH
06pasIos):

or6op upob npu remueparype 20 °C oguum uinu
HECKOJIbKuMY (PparMeHTaMu ILUIEHKU WM COCKO6 mo-
BEPXHOCTHOTO CJIOSA [TOKPBITHS;

or6op mpob ogHMM (PPATMEHTOM IIPHU TeMIepa-
type muayc 30 °C u ux pacmosoxeHue BHYTPEHHEH
WJIY BHEITHEH CTOPOHOM K THIJIIO.

YenoBusa NpOBEIEHUS HUCILITAHUY, BIHAAIOL[NE
HA Pe3yJibTaThl U3MePeHui, IpuBefeHbl B Tabi. 1.

IIpu wmccnemoBammm xKaxmoro d¢arropa 6bLTO
[POBEJIEHO TPU NAPAJIICIbHBIX H3MEPEHUS CTeIeHH
OTBEPIKAEHUA TOKPBITUA. 34 UTOTOBBIA Pe3yJsibTar
[PUHUMAIHN CpeAHeapu(pMeTHIecKoe 3HAYCHUE,

O6cy:xaeHne pe3yasLTAaTOB

Ha o6pasuax mna ucenemoBanuii 6nu1a onpee-
JICHA CTeIIeHDb OTBEePACHHUA IIOKPBITHUA I10 IIPOrpaM-
Me MCITBITAHWM, mpuBegeHHoi B Tabia. 1. Pesyabra-
THl WCIBITAHUMN, IIOJIYyYEHHBIE II0 OCHOBHOU TeMIIe-
pPATypHOM IIporpaMMe, IpeACTaBIeHbI HA puc. 1.

HOJIy‘{eHI:I ciaeaymnmue sHadeHusa CTelleHu OT-
Bepskenus nokpeitHa AT, npu onpejeseHuy TeM-
[eparypsl CTeKIoBaHusa MeTogoMm neperuba, °C: pe-
skum 140/20 (memoorsepsmenne) — 10,3, pesmum
180/20 (orBepsraenne) — 1,4, pesxum 220/20 (mepe-
orsepsaenne) — 0,03.
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Fig. 1. Test results for the main temperature program

SHAYEHWE CTEIeHU OTBEPIKICHUS, II0JIyIEHHOE
IJISL  <HEHOOTBEPKIEHHOTO» IIOKPBITUA (pessum
140/20), moxeT 6BITH CBA3AHO C TEM, YTO B IIPOIECCe
[IOJIMMEPH3AIAY IIOKPBITHS IIPU €T0 HEeA00TBeP:KIe-
HEUH 06PasyoTCa CBA3AHHDBIE MEXKLY COO0M HAIMOIIe-
KyJsfpHBIE CTPYKTYpsl (rinobyns), (opmupymomime
CTPYETYPY, He 00JIaJafoIy0 CHILHBIM B3aUMOAEH-
CTBHEM U IIPOYHOCTHI0. JTO HPHUBOAUT K U3MEHEHUIO
CBOUCTB IIPU MAJbIX (PU3UIECKUX BO3LEHCTBUAX HA
nokpeitue [17 — 19].

I «OTBEPIKAEHHOTO» U «IIEPEOTBEPIKIEHHOTO»
THUIIOB ITOKPBITHA OTMEYEHO yBeJIHW4YeHUEe OPUEeHTH-
POBOYHOM TeMIepaTyphl CTekIoBaHuA T, 4TO MO-
sKeT 6BITH CBA3AHO C POCTOM KOJIHYeCTBA Ia00yII pu
IIOBBIIICHUW TEeMIIeDATYPhI U YBEJIWYEHUHW BPEMEHHU
dopmuposanus noxpsrrus [20, 21].

Oyenra sausnus annapamypuvix paxmopos u
MmemMnepamypHoll. nPozpamMmsl HQ 3HAUEHUEe cme-
nernu omeepocderus noxpuimus. Cymmapao 65UI10
npoBezieHo OKoio 70 HCHBITAHWH, ONEHUBAIOIUX
BosgericrBue 23 (paKTOPOB HA 3HAYEHUS TEMIIEPATY-

TaGauma 1. YcaoBus HCIBITAHMM, HCCIeLyeMble B TEMIIEPATYPHBIX IIPOTPAMMAX

Table 1. Test conditions used in temperature programs

Nerm/m ¥YemoBuA NpoBeleHNA UCIBITAHUH

WamendaeMblil mapameTp

1  CropocTs OXmaykaeHnsa

10 °C/vun
15 °C/vun
20 °C/vun

2  Tun opozyBodHOTO rasa

Asor (100 mu/mum)
Aprou (100 mm/vum)

3 Temmneparypa Hauana usmepenus A (T,-40)°C
(o CSA 7245.20) o
(T, -50)°C
4  TIpomomEuTenbHOCTh U30TePMUMECKOHN BRIIEPIKKY IPU 2 MuH
temnepatype B (CSA Z245.20) B mepBoM IIUKTe HATpeBa —

5  IIpomomEnTenIbHOCTh H30TEPMUIECKON BEIAEPKKN IPHU
TeMmepaType Hauana usmepenus A (CSA 7245.20)

5 mun mpu A = (T, — 40) °C TonBKO TIepes| epBEIM HAaTPeBoM
5 mun npu A = (T, - 40) °C mepen KawabIM HATPEBOM

5 mun mpu A = (T, — 50) °C nepex KamaeM HaTpeBOM

6  Temmeparypa «Hauana gerpagauun» D (CSA Z245.20)

D = (275 + 10) °C
D =275°C
D = (275-10)°C
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Puc. 2. Crenens orsepiaenna AT, mokprITuA mpu ckopoeTn oxmaxaerua 10 u 15 °C/mun (@), M30TepMITIECKOH BEIEPIKKE TIPH
Temnepatype B mpu 1-m narpese 2 u 5 mun (6), usorepMirieckoli Briepikke npu Temmepatype A = (T, - 40) °C nepex xamapm
wiu 1-M HarpesoM (g)

Fig. 2. The degree of curing coating AT, at a cooling rate of 10 and 15 °C/min (a), isothermal exposure at a temperature B in
the 15t heating for 2 and 5 min (), isothermal exposure at a temperature A = (T, — 40) °C before each or 1% heating (c)
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PBI CTERJIOBAHUA U CTEIIEHU OTBEPIKACHUSA. Y CTAHOB-
JIEHO, YTO 3HAYMMBIE PABIMIUA JOCTUTAIOTCS [IPH:

M3MEHEHHU CKOPOCTH OXJIAKICHNS;

JJIATEILHOCTA U30TePMUIECKON BBINEDIKKU IIPU
remueparype B npu nepsom Harpese;

HAJIMYHUY U30TE€PMUYECKOU BBIIEPIKKHU IPU TeM-
neparype A nepep [IepBbIM WK KAKIABIM HATPEBOM.

Ha puc. 2 npusegena sasucumocts AT, or us-
MEHEHHUU YCIOBHH I[POBEIEHUA HUCILITAHUU, Kaca-
OIIUXCH ANIapaTypHBIX (PAKTOPOB M TeMIIepaTyp-
HBIX PEKHUMOB.

Anaausz pesynromamos AUSHUS ARAAPAMYD-
HBIX harmopos u memnepamypHoil npozpammbut
HQ 3HQYeHUe CMeneni OmeepdcOeHus NOKPLLMUS.
Hcupiranusa no onpeneneHuio CTeleHU OTBEPKIe-
musi nokpeitua MeromoMm HCK morasanm, uro mHa
TEMIIePATYPy CTEKJIOBAHWUS U, KAK CIENCTBHE, CTe-
[IeHb OTBEPIEACHUA He BIUAOT:

1) ycmoBua orbopa mpob W pacmoioxeHue 06-
PAasLOB B THUIJE:

or6op 1poOBI MOKPEITUA OFNHUM (PPATMEHTOM
npu 20 wian munyc 30 °C;

oT6op MpOo6BI ¢ PACIIONIOKEeHNEeM BHEIIHEH WIIH
BHYTPEHHEH CTOPOHOU K THIVIIO; 0T60p npobbl cro-
c060M cOCK00a Wiy HA BCIO TOJIIWHY ILIEHKH;

2) THI OIPOXYBOYHOTO Ta3a;

3) yCIOBHA WCIOBITAHWH [0 TEMIIEPATYPHOR
[porpamMme:

M30TEePMUYECKAs BBLILEPIKKA B TEUYeHHE 5 MHH
repej Kak/IbIM HATPEBOM IIPH TEMIIEPATYPe HAYAIa
usmepenus A = (T, - 40) umu A = (T, — 50) °C;

HATPEeB [0 TEeMIIEPATYPLI «HAYAIA AETPALALIHU»
D = 275, (275 — 10) mim (275 + 10) °C.

Ha 3nauenue cremenu orBepsmeHus MOKPHITHASL
YCTAHOBJIEHO BIHAHAE CIEAYIOMIUX (PAKTOPOB:

1) cropocTh OXJIAMOEHHSA B IIPOLECCe H3Mepe-
HuA (IpY CHUIKEHHUHU CKOpocTH oxiaxnenud ¢ 20 mo
10 °C/mMuH pacxoqeHusA B 3HAYEHUAX CTEIICHU OT-
BEPIKIEHUSA [JIs1 PA3HBIX THUIIOB IIOKPBLITUA COCTABU-
g ot 0,9 1o 4,2 °C (cum. puc. 2));

2) BpeMs M30TEePMHYECKON BBHIAEPIKKU IIPU TeM-
neparype B npu 1-m Harpese (upu m3MEHEHHWU BBI-

JEpPKKHA € 2 10 5 MUH PACXOMIEHUA B 3HAYCHUAX
CTCIICHU OTBEPEACHUA JIA PA3HBIX THIIOB IIOKPBLI-
tus cocrasmru ot 1,1 o 8,7 °C);

3) HaiMYKMe W30TEPMUYECKOM BBIIEPIKKH IIPH
Temneparype Hadana usmepenus A = (T, -40)°C
nepes 1-M Wi KasKIabIM HATPEBOM.

Oyernra sausrus Memodos 06pabomKU KPUSHLX
JCK na socnpoussodumocms pesysvmamos. 3ana-
9a 10608 METOIHKNA — IOBTOPAEMOCTh U BOCIIPOM3-
BOJIMMOCTDL PEe3yJbTaTOB ucnbiTanuil, FKeiau nosro-
PAEMOCTH JOCTHTAETCS IyTeM COOIIOIeHHS IPOLe/y-
PBI I/ICHI)ITaHI/Iﬁ, TO BOCIIPOHM3BOJUMOCTb 3aBUCUT
K4K OT TOYHOCTH CPEJCTB U3MEPEHHUH, TAK W IpOo-
uenypsl  06paboTKHM  IIOJNyYEHHBIX Pe3yJIbTATOB.
Meron o6paboreu kpuewsix JJCK npumenserca mjis
OorpefesIeHus sHa4YeHUusa TeMIIepaTypbl CTEeRJI0Ba-
HHS, HEOOXOAWMON Jif OIPEeNeJeHHsT CTeleHn
OTBEPEACHUA ITIOKPBITUA.

Ilna Beibopa meroma obpaborkum kpusbix J[CK,
obecrequBaoero HauGONBLUIYI0 BOCIPOU3BOLU-
MOCTB Pe3yJIbTATOB, OBLIN PACCIUTAHDI U IIPOAHAIIH-
S3UPOBAHBI PACXOKACHHUA MENAY SHAYEHHUuAMU TeM-
eparypbl CTEKJIOBAHUA IIPHU IIAPALIEIbHBIX H3Me-
penusx. Mcnonssyemble meronsl 06paborku u 3ua-
YeHHUA IIpeNeIbHbIX paCXO?KI[eHI/Iﬁ IIpuBEeACHbI B
tabi. 2.

Ananus enusanus memodos 06pabomru Kpusbix
JCK ra socnpoussodumocms pesysvmamos. Ilpu
obpaborrke kpuBbix [[CK 6nuto ycranoBieHo, 9TO
mMeron 06paboTKU BIMAET HA 3HAYEHUE TEMIIEPATY-
PBI CTEKJIOBAHUS W, KAK CIEJACTBUE, HA 3HAYEHHE
CTCIIeHU OTBEPKACHUS IIOKPBITUA.

B 3aBHUCHMOCTH OT MeTo[Aa OoIIpeaejeHus TeMIle-
paryper creknopamma (ISO 11357-2, T'OCT P
55135, CSA Z245.20) nomydarorcs pasHble 3HAYE-
HUA CTEIIEHH OTBEPHACHUA IIOKPLITUA.

Hawbonbiman BocupousBoguMoCTh pPesyibTaToB
MEAY HAPAJJIEILHBIMU H3MEepPeHuAMH HabInxaeT-
Cid IIpu OIIpeAejieHuHr TeMIIepaTypPbl CTEeRJIOBAHUA
MEeTOAOM «PABHBIX ILTomanae» (rmo ISO 11357-2).

HaI/IMeHI)H_IaH BOCIIPOM3BOJUMOCTDL PE3yJIbTAaTOB
MeAY HapaIeIbHBIMA M3MEepPeHuAMH HaOInxaeT-

TaﬁJII/IHa 2. PaCXO}KI[eHI/IH MeKAY TeMIlepaTypaMu CTeKIOBAHUA IIPH IIapalle/lbHbIX U3SMEPEHUAX AJIAd Pa3HbIX METOO0B 06pa-

6otk xpusbix JCK

Table 2. Discrepancies between glass transition temperatures determined using different methods of processing DSC curves

Meron obpatorku kpussix JCK

PaCXO?KI[eHI/IH MeROy TeMueparypamMu CTeKJI0BaHUuA
IpU UCHOAB30BAHUN PASAUYIHBIX METOIO0B, °C

HeﬂOOTBep?KI[eHHOe OTBep?KI[eHHOe HepeOTBep}Kneﬂﬂoe
TOKPBITHUE TOOKPRITHE TOKPBITUE
Meron «cepenunsl», 15 °C mo u mocie mepexoguHoi obmacTu 2,7 0,8 0,9
Merton «cepepusni», 20 °C no u mocie mepexoxHoN 06IacTi 13,1 1,1 1,1
Meron «cepeaunsl», 15 go u 20 °C mocme mepexoauoi obmacTu 2,5 2,8 0,7
Meron «cepeaunsl», 20 no u 15 °C mocme mepexoauoi obmacTu 8,3 2,6 1,3
Meron Touku meperuba 2,2 1,8 0,9
Metozn paBHBIX ILTOIIAEH 0,7 1,0 0,9
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ca HpI/I OHpeI[e.TIeHI/II/I TeMHepaTyp]:I CTEKJIOBAHUSA
meromoMm «cepenunbl» (CSA Z245.20) ¢ ycraHOBKOM
[IPEe/IeJIbHOM TeMIIePATYPhl B AUAILIA30HE:

20 °C g0 m mociie mepexoxHou 06aacTH;

20 mo u 15 °C mocie mepexoaHou 061aCcTH.

JaraoYeHne

ITo pesynpraram nposexeHHOM paboThI 6HLIO yC-
TAHOBJIEHO, YTO HA 3HAYEHNE CTEIIeHU OTBEPIKICHUSI
nokpbitua AT, OKa3bIBAOT BIAMAHWE KaK anmapa-
TypHBIE (DPAKTOPBI, TAK M TeMIepaTypPHAS IIPOTrpaM-
Ma HCIBITAHUHU. K HUM OTHOCAT: CKOPOCTH OXJIAKIe-
HHSL U HATPEBA, KOTOPBIE B IIPOLIECCE OJHOTO HM3Me-
peHus AOGKHBI OBITH OJWHAKOBLIME; IIPOIOJLEH-
TEJIbHOCTL M30TEPMHUYECKOU BBIAEPIKKH B TO4YKe B
upu nepsom HarpeBe mo CSA 7245.20; manmaue
HM30TePMUYECKON BBLIZEPIKKH IIPXA TEMIIepAType Ha-
gyana usmepenus A = (T, -40)°C nepex nepsbiM
WJIH KAKABIM HATPEBOM.

HewmanosaskHoe 3Hayenne MMEOT U METOABI OII-
peziesienus Temieparypbl creknosanua T, (MeTonn
o6paborkn kpuspix J[CK). Hawubonwmas cxomu-
MOCTh Pe3yJbTATOB IS BCEX THUIIOB IIOKPBHITHUU II0-
JydeHa 1pu onpeseneHud T, METOIOM «PaBHBIX
mwromazei» mo ISO 11357-2, nauMenbmnas — Mero-
oM «cepemunbl» 10 CSA 7245.20.

J s perneHus JaHHOU AKTYAJILHOU LIPOBIeMbl, a
Takxe OfeCledeHus eqUHCTBA H3MEPEHUH, IIOBTO-
PAEMOCTH ¥ BOCIPOM3BOAUMOCTH Pe3yIbTATOB KC-
MBITAHUNE HEOoOX0aUMO pPaspaborarh YTOYHEHHYIO
METONUKY OLIPENeIeHUs CTEIeHU OTBEPIKACHU I10-
KPBITHS C YyYETOM BIHSAHUSA IIPOAHAIHU3UPOBAHHBIX
daxropoB m mposectu MeRIA60PATOPHBIE CIIUIH-
TEJIbHBIE UCIILITAHUS.
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OIIPEJEJIEHUE TEMIIEPATYPHOM 3ABUCUMOCTHU BSASKOCTH
PA3PYIIIEHHUS METAJIJIA TOJICTOCTEHHON OBEUYAUKH
C YYETOM ET'O HEOJHOPOIHOCTH
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J s ocHoBHOTO MeTamna u MeTasa 1msa tumna Cr — Ni— Mo — V (obeuaiixa Tommuaon 200 Mm)
IIpUBeNieHBI OeHKH pedepeHcHOH TeMIepaTypsl T, MOIydeHHBIe Ha OCHOBE CTATHCTHIECKOTO
Mopemupoeanus MetogoM Mourte Kapmo. Temmeparypy Ty ompezensanu no crannapty ASTM
E1921 ¢ yuerom HeomHOpOaHOCTH Marepuana. IIpu Mogemuposanuu Ty 06BeMBI BEIGOPOK CO-
crapnamu 12, 24 u 70 sHaveHnH BaskocTH paspymenns K. C ucnomszoBarneM MeToga MonTe
Kapno BrmonHeH aHamn3 KOPPEKTHOCTH WACHTAMDUKAITIN MeTalIa (0THOPOIHBIN/HEOTHOPOA-
urIi). [lokazano, uTo BEIG0pKU 0 12 06pasIioB He IO3BOIAIOT HANEIKHO OIPEICINTD, IBIACTCT
MeTaIT OSHOPORHBIM WIH HeogHOporHBIM — B 50 % cnyuaeB ana ocHOBHOTO Metamwna u 37 %
CIIyUacB AT METAIA IIIBA TOMYIeHBI HEKOPPEKTHEIC pe3yabTarsl. 1lpu yBenmieHnn BEIGOPKT
70 24 06pasiioB HEKOPPEKTHEIE Pe3y/IbTATHL IIOMYIeHsl B 5 % ciaydaee. SHadeHus 1 ¢ yaeToM
HEOIHOPOIHOCTH ONIPEIENIAIN IBYMS CIIoco06aMu — ¢ IPUMEHEHIEM IPOLeAYPEI CKPUHIHTA U Ha
OCHOBe (haKTHIecKoT0 GUMOANBHOTO IIPEeCTABICHIA PACIIPeAeIeHII SHAUeHUI BA3KOCTH pas-
PYyILEHNd, TapaMeTpsl KOTOPOro HaXOAWIH METOAO0M MaKCHMAIBHOTO Impagaononodu:. Iloxasa-
HO, 4T0 06a crrocoba 41 OCHOBHOTO METAJLIa U METAINA IIBa JAl0T OIU3KHIe Pe3yIbTAThI, BeIu-
upHa caBura 1y B CTOPOHY MOJIOKUTEIBHBIX 3HAYEHUH IIPU yieTe HeOTHOPOTHOCTH COCTABIIAET
orono 22 °C. Ha ocHOBe Oy4eHHBIX OIeHOK 1) MOCTPOSHDI HILKHIEC OTHOAIOTHE TeMIepaTyp-
HBIX KPUBBIX BI3KOCTH pa3pyIleHus (MacTep-KpUBLIE AT BEPOATHOCTH Pa3pylieHus 5 %).

KmoueBsie caoBa: pedepencHas Temueparypa T, BASKOCTh Pa3pyIIeHNT; MacTep KpUBasd;
cTaTUCTHYIECKOe MonenupoBanue; Metog Monte Kapio.

DETERMINATION OF THE TEMPERATURE DEPENDENCE
OF THE FRACTURE TOUGHNESS OF THE METAL OF A THICK-WALLED SHELL
TAKING INTO ACCOUNT THE INHOMOGENEITY OF THE MATERIAL

© Alexander G. Kazantsevl®, Vladimir N. Skorobogatykhl, Egor V. Pogorelovl,
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The estimates of the reference temperature T, obtained for the base metal and the weld-seam metal of
the Cr —Ni-Mo -V type (shell 200 mm thick) on the basis of statistical modeling by the Monte Carlo
method are presented. T, was determined according to the ASTM E1921 standard taking into account the
inhomogeneity of the material. The sample size of the fracture toughness values KJC for T\, modeling was
12, 24 and 70. The Monte Carlo method was used for analysis of the correctness of metal identification
(homogeneous/inhomogeneous). It is shown that sampling of 12 samples do not provide a reliable determi-
nation whether the metal is homogeneous or inhomogeneous (incorrect results were obtained in 50% of
cases for the base metal and in 37% of cases for the weld-seam metal). When the sample size increased to
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24 samples, the incorrect results were obtained in 5% of cases. The T, values with allowance for the mate-
rial inhomogeneity were determined by two ways: using a screening procedure and proceeding from the
actual bimodal representation of the fracture toughness distribution (parameters of the bimodal distribu-
tion were determined by the maximum likelihood method). It is shown that both methods give close re-
sults for the base and weld-seam metal, the magnitude of the shift towards positive values in the average
T, values determined with allowance for the inhomogeneity being about 22°C. Using the obtained T, esti-
mates, the lower envelopes of the temperature curves of the fracture toughness are constructed (master

curves for 5 % failure probability).

Keywords: reference temperature T|j; fracture toughness; master curve; statistical modeling; the Monte

Carlo method.

Beenenne

Merann roncrpyruuii, ocobenno KpyuHoraba-
PUTHBIX, CTPYKTYPHO HeoxHopozneH. Heomuopon-
HOCTDB IIPOABJIAETCA HAd MHUEPO- 1 MAKPOYPOBHAX H
ABJIAETCa ClIeACTBHEM OCOGGHHOCTefI TEeXHOJIOTHHU
HU3TOTOBJEHHUA 3aroTOBOK U I/IBI[G.TII/Iﬁ (.TII/ITI:e, IIOKOB-
KU, CBAPKA W T.J1.) U XUMHYECKOM HEOXHOPOMHOCTH,
Co0TBETCTBEHHO, CTPYKTYPHO-4yBCTBUTEIBHEIE Xa-
PAKTEPUCTUKH MEXAHUYECKUX CBOUCTB, HAIIPUMED,
TAKUE KAK yIapHAd U CTATUYEeCKAs BAZKOCTH Paspy-
[ITeHUs, UMEIOT 3HAYUTEIHLHBIN pasbpoc.

Craagmaprom ASTM E1921 (Standard test
method for determination of reference tempera-
ture, T\, for ferritic steels in the transition range)
[PEAYyCMOTPEH yYeT HEeOAHOPOIHOCTH IIPHU OIpeje-
JIGHUU TEeMIIEPATYPHOU 3aBACHUMOCTH CTATHYECKOM
BS3KOCTH paspylueHus B hopMe MACTEP-KPUBOM, 110~
JIOjKEHUE KOTOPOM HA TEeMIEPATYPHOM OCH Ompeje-
JIeTCA BeIndnHOM pedpepeHcHoM Temmeparypst 1.

Macrep-gpuBas 114 BEPOATHOCTH Pa3pyLIEHHUA
P = 50 % npwu Tonmuue 06pasios 25 MM OIMCHIBA-
erca ypaBHeHUEeM

K, = 30 + 70 expl0,019(T - Ty)]. (1)

Benuuuny K ;, — yupyromiacti4eCKui S5KBUBATICHT
k05 pUIMeHTa HHTEHCHBHOCTH HANPMKEHUH —
PACCYMTHIBAIOT € IIOMOINLIO J-unTerpana (J,), coor-
BETCTBYIOLIEr0 WHULMALNMKA XPYIKOIO PaspylleHus
obpasna:

rae U — xosppunment Ilyaccona; E — moxyns yi-
pyrocru. M3 (1) cnexyer, uro K;, = 100 MIla - m%?
upu T = T,

Pas6poc mamsbix 1o K, onuceisaercs Ha OCHO-
BAHWHM TpEX[apaMeTpPUIecKol (DYHKOHWH pacipe-
nenennsi BetiGymna:

[ _ 5]
P, =1 —exp{— 71;{‘]“ II{{min J, 2
0 min
rie Py — BepoATHOCTD TOTO, 4TO BA3KOCTL pas3pylie-
Hus marepuana 6yzer He Gosbiue, yem K, K, —
mapamerp Macmraba, 3aBUCAIIME OT TEeMIIEPATYPHI

u rommuubl obpasna; K, = 20 MIla - m*% — wmmu-
HUMAJbHOE 3HAYEHWE BA3KOCTH pa3pyIIeHus; I1a-
pameTp b =4 cuuTaercs HE3ABUCHUMBIM OT THIIA
MATepHasa, TeMIIEPATYPbI UCILITAHUNA W TOJIIUHEI
06pasIos.

Dopmyna aus nepecdera snadenwu K, mosy-
YeHHBIX Ha 00pasnax roinuuaou By, a K, mis 06-
pasuos tonmuuol BX nmeer Bup

1/6

KX _K_. B
Je min Y ) (3)

K }Ii: -K min B X
rne KX, K¥ — spatenus BsiskocTH paspylueHus
muist 06pastos TomuHoN By u By

O6nacre npumenenus craugapra ASTM E1921
nosBossier onpepenars sasucumoctu K (T) dep-
PUTHO-IIEPIUTHBIX CTANEH U UX CBAPHBIX COEIUHE-
HUIH C IpefiesioM Tekydecty ot 275 no 825 Mlla.

Ilepen onenkoii T, aHaNMHBUPYIOT PE3yAbTATHI
HCOBITAHUU HA MPEAMET BBINOJHEHUA YCIOBUH Ma-
soMacTabHOM TeKyIecTu

Ebyo

KJC SI{Jchm 30(1_02)’
rne E — wonyns yupyrocru; by = W—a, (W = 2,
{ — TonmuHa 00pasna; ay — AJIUHA UCXOLHOU yCTa-
JIOCTHOM TpeImuHbI); U — Kosddumuent [Iyaccona;
0,s — YCTIOBHBIU ITPEJENI TEKYIECTH.

Kpome toro, o uzmomam 06pasios onpeaeisor
BABKHUM IIOIPOCT TPEIIMHBI, KOTOPBIA HE [OJIKEH
[PEBBIIATH BeIUIAHY

Adyyyy, < 0,05(W - ay)

wm 1 vv. Eciw yrkasaHHBIE YCIOBUS HE BBIIOJ-
HAIOTCH, IPOBOAAT LEH3YPHUPOBAHUE — CHUKEHUE
snavyeHuit Kj, 10 Ky, UPY JaHHOU TeMIepaTrype
WIM MAKCUMAJIBHBIX YCTAHOBIEHHBIX 3HAYEHUU
(mpu Aa < Aay,,), IPpH KOTOPBIX BTHU YCIOBUA CO-
60 NAI0TCA.

IIpusnerarensHOCTs HCHONL30BAHUA MAacCTEP-
KPHBOH CBf33HAa C BO3MOMKHOCTBIO llepecdera pe-
3yJILTATOB UCIBITAHKY 06PAa3oB HEGOIBIINX pasMe-
POB HA paHHbIE A GOJBIIENH TONIMHBI, & TAKKE
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Puc. 1. TeMmuepaTypHble 3aBHCHMOCTH BASKOCTH paspylleHus (MacTep-KpuBble) LI ocHoBHOro Metanna (T, = =130 °C) (o) u
mertama msa (T = —69 °C) (6): I — MexuaHHbBIe KPUBBIE, COOTBETCTBYIOINE BepoaTHOCTH 50 %; 2 1 3 — KpHUBBIE, COOTBETCTBY-
omue BepoaTHocTaM 5 u 95 %; 4 u 5 — kpussie gug P = 5 %, NOIyIeHHbIe ¢ YIeTOM CKPUHIHTA 711 BRIGOPOK 00BEMOM COOTBET-

creenno 70 u 24 obpasna

Fig. 1. Temperature dependence of the fracture toughness (master curve): ¢ — for the base metal (T, = -130°C) and b — for
the weld-seam metal (T, = -69°C): 1 — median curves corresponding to 50 % probability; 2 and 3 — curves corresponding to 5
and 95 % probability; 4 and 5 — curves for P = 5%, obtained taking into account screening for a sample size of 70 and 24 sam-

ples, respectively

MMOCTPOEHUA KPUBBIX [JIS PA3IHIHBIX BEPOATHOCTEH
paspyenwus [1 — 7].

IIpu onpenenenun pedpepeHCHOM TeMITEpATYPHI
T, Tpebyercs B coorBercrBum co craugaprom ASTM
E1921 ouenurs HeopHOpOAHOCTH, MeTasia. Haxesx-
HASA UASHTU(UEANWA MaTepruaia KAk OJHOPOLHOTO
WM HEOJHOPOIHOTO BO3MOKHA Hpu 00beme BrIbop-
ku He MeHee 20 06pasios.

IIpy HeBBIMOSHEHHUHW KPHUTEPUA OTHOPOAHOCTH
JOIyCKAeTCA OIpepeneHue temmeparypsl T, ¢ wmc-
MOJIb30BAHUEM HECKOJIBKUX IOAXO0M0B: CKPUHHHTA
(SINTAP [1,3,4]) wiu Ha OCHOBE YTOYHEHHOH
OLIEHKM THIIA pacupepeienus sHadenun K, (6umo-
JANBHOE U MYJIbTHMORAILHOE). Y4erT HeOLHOPOLHO-
CTH MPUBOAUT K CABUTY 1y B CTOPOHY IIOJIOKUATEh-
HBbIX 3HAYEHUU W, COOTBETCTBEHHO, K CHHIKEHHUIO
PACYeTHBIX 3AI1ACOB IIPOYHOCTH.

B pannoii pabore gy 0CHOBHOTO MeTasIa u Me-
rasura mea tuna Cr — Ni— Mo -V (obeuaiika Toi-
o 200 MM) IpUBeEHEI II0IyIEeHHbIe HA OCHOBE
CTATHCTUYIECKOTO MOfenupoBanusa merogom Momre
Kapno ouenru T, 6e3 yuera u ¢ yueroMm HEOIHOPOJ-
HOCTH HA BBIOOPKAX pasamdHOoro pasmepa (12, 24 u
70 suagennnt K ;). OHE HO3BOIAIOT KOHCEPBATHBHO
OIEHUTH CABUTH T ¥ TIOJIOKEHNe HUKHUX OTHOA0-
IUX TeMIePaTypPHBIX KPUBBIX Bisgrocru. O6pasnsr
IJ1f UCOBITAHWEA BBIPE3AIH U3 IeHTpanbHoA 1/3 1mo
TOJIIAHE YaCTH 00e4aiku.

MeTom/ma YHCJICHHEBIX 3KCIICPHMECHTOB

Hcexopuple MACCHBBI [JAHHBIX [JIH PACIETOB —
Pe3yNbTaThl UCIIBITAHUN 1IPU (DUKCUPOBAHHBIX TeM-
neparypax no 70 xommakrabix ob6pasmos CT-0.5T
u3 ocHoBHOro Meraswia (OM) u meranna msa (MIII).
OTU pesyJbTaThl [IEPeCIUTAHbI [JIA TOJIIUHBL 06-

pasma CT-1T, paBHoi# 25 MM, 9TO MMO3BOJWIO HC-
[I0JIB30BATH OAHOTEMIIEPATYPHBIM IIOAXOH IIPH MO-
IeupoBaHuY Ipouenypst oupegenenus T (puc. 1).

TIpu npoBepeHUM CTATUCTHYECKOTO MOJEIHPO-
BaHUA HCIIOJIb30BaJIU OAHY K3 paSHOBI/II[HOCTeﬁ Me-
tona Monurte Kapio — Gyrerper, kKoTopsii me Tpeby-
eT IIapaMeTPHUYEeCKOro IIpeACTaBJICHUA HCXOIHBIX
JAHHBIX B BUIE (DYyHKIIUN pACIIpEIeIeHH.

B cooreercrBum ¢ gammbiM MeromoM m3 Habopa
SKCHEPUMEHTAIBHBIX 3HAYEHUN BA3KOCTH paspyiie-
uua Kj;, MHOTOKPATHO, ¢ IIOMOINBK COOTBETCTBYIO-
IIUX T'€HepaTOPOB CIYyYaWHBIX YHCeJ, U3BIEKAI0TCH
[IOBTOPHBIE BO3BpallaeMble BBIGOPKH 3a[aHHOIO
obwema (ucmombszoBanu cpexy Mathcad). IIpomeny-
pa IMOBTOPHETCH IOCTATOYHO BONBINOE YHCIO pa3
JUISL TOTO, 9YTOOBI YCTAHOBUTEL XapPAKTEPUCTUKHU pac-
CeHHA MOJeIuPyeMOH BeIUIHHEL.

B ciyuae ckpuHpHra Ha IepBOM IIATe BEIUIUHY
T, openensany 10 CTAHAAPTHOM IIPOLEAype U3 clie-
AYIOIIEro COOTHOIIeHUs (IPU OJHOTEMIEPATYPHOM
HOAXONE):

1 Ky, =30

T T )
Olstep) =71 9019 70

rne T, — remneparypa wcusrranusa;, Ky, =
= 20 + 0,91(K, — 20) — mexnanHoe 3HayeHue K.

ITapamerp macmrata

K, {li(KJci —20)4?4,

ri

I7ie I — YHCII0 HeleH3yPUPOBAHHGBIX 3HadeHu K, ;;
n — ob1ree anciio 06pasIoB B BEIGOPKE.
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Homep nrepannn

Puc. 2. Usmenenus suasenuit K, (@) u Ty, (6) oT uucna utepanuii Ipu IpoBeIeHNN CKPUHUHTA (OCHOBHOH MeTAI)

Fig. 2. Changes in the values of K, (@) and Ty, (b) depending on the number of iterations during screening (base metal)

3arem oneHuBawT 3Ha4YeHUA K opyg, COOTBETCT-
BYIOIIYE MeIUAHHOU KPUBOMU:

KCENSi = 30 -+ 70 exp[0,019(TH —_ TO(stepl)]' (4)

JKcriepuMeHTanbHble 3HaYeHus K, cpaBHUBA-
mu ¢ Kegng. Benmn Ky, > Kopygi, TO HPUHAMAETCA
K, = Kcgysi- I1o oTROppeKTHPOBAHHOMY TAKHAM 00-
pasom maccusy K ;,; oupeneinsniu pedepeHCHYO TeM-
neparypy Ha BTOpoM mare — T'osep2).

Ecmu Tosepz) — Tostepry = 0,5 °C, mHaxopunm Ho-
Bole sHadeHus Kepyg; ¢ 3amenoil B (4) Ty HA
To(stepzy W BLIMUCTAIA BeJIUYMHY pediepeHCHON
TEMIIEPATYPHI HA TPETLEM LIare, U T.1. Beinonuenue
yenoBua  Towep iy — Tostepi- 1) < 0,5 °C obecneunsa-
€TCA II0CIe HEeCKOIbKUuX urepaumii (00braHO He 60-
nee 10).

Marepuan cunraerca oqHOPOLHBIM IIPU

[3 2
TOscr - TO(stepl) £ 1’44 \’T’

rae B KadecrBe T, NPUHHMAETCA MaKCUMAIbHAA
BesInauHA TeMnepaTypsl 1oy, ); I' — YHCIO HEIeH-
3ypuUpOBaHHBIX 3HA4YeHWH K, B paccMarpuBaeMou
BbIGOpPKE; [} — KodduImenHT, 3aBUCIIIAN OT YPOB-

5)

He sHauveHud K, (Haxogurca B npepenax 18 — 20).
TTapaverpbl 7 1  pPacCYUTHIBAIOTCA [JIA IEPBOTO
mara.

Eciu wpurepuin (5) Bwimonuserca, to T, =
= T(step1)y @ €CIM He BBLINOJIHAETCHA, TO B Ka4ecTse
pedepercuonn remueparypsr T, npunmmaior T,
(ma BEIGOPOK obbemom 1 > 10).

B rauecrBe npumepa Ha puc. 2 110Ka3aHO U3Me-
nenve sHadeHMd Kj; w Toy,) TPU IPOBeleHUH
CKDHHUHIA, HWLICTPUPYIOIIEE CKOPOCTH CXOUMO-
CTH IIPOLIECCa OT YHCJIA MTEPALMH [JIf OCHOBHOIO
meraiia (pasmep Beibopru n = 70 snauenuit K, ).

Ilpu npoBeneHUM CKPHUHUHTA IPOLEAYPA Ompe-
penenus 1y u T, noBropanacek npumepsao 100 pas.

Ob6cykaeHne pe3yabLTATOB

Pesynprarer pacuera smauenuil pedrepeHcHOU
remueparypsl 6e3 yaera (T) u ¢ yaerom (T'y,,,) He-
OJHODOJHOCTH, a TAKIKE COOTBETCTBYIOIIHUX CpeHe-
KBaJpaTUYECKUX OTKJIOHEHUH, II0JyYeHHbBIE IIPU MO-
IenupoBaHuu, npuseneHsl B Tabn. 1. 3xecs ke yra-
3aHbl 3HAYEHUS CIBUIOB pedepeHCHON TeMIilepary-
psl Benencrsue HeopHoponHoctH (AT o =Ty, —T),
a rakxe Ttemmeparypa 1./ COOTBETCTBYIOIIA

scr
KoHCepBaTuBHOU orieHke To., (¢ 95 %-Bi Hamgex-

Ta6auna 1. Pacuernsie sHaueHuA pedepeHCHOH TeMIepaTypsl 63 yueTa U ¢ yI1eTOM HeOTHOPOIHOCTH

Table 1. Calculated values of the reference temperature T, with and without taking into account the inhomogeneity of the

material
Mareprax " (TERIRSr Ty o7,»°C Tpar °C noC AT,0 TEC

oM 70 -130 — -107 — 23 -107
24 -129 6,9 -107 8,6 22 -92
12 -128 82 -116 16,5 — —

MIII 70 -69 — -43 — 26 -43
24 -68 7,6 -46 9.4 22 -30
12 -67 8,9 -51 12,9 — —




50 «3aBoackasa maGoparopuna. [luarnocruka marepuanos». 2023. Tom 89. Ne 3

Tscry °C
s |
l\
B\
L
Q

XY % (&

(5) e ]

02

.T, " [

Puc. 3. Coornometnne mexay Tyu T,

ser?

Metamta msa (6): I —n =24;2 —n =12

Fig. 3. The ratio between Ty and T,
b):1—n=24;2—n =12

cr?

HOCTBIO), YYUTHIBAIOIIAA HEOLHOPOLHOCTh METAIIA
U paccesHHe pe3ynbTaToB. BummO, 4ro cpespHue
suavennsa 1y um T, crabo saBucar or pasmepa
Boibopor. Ilpu n =24 gns ocHOBHOTO MeTaIA
cpefHee 3HAa4YeHHe ped)epeHCHOM TeMIlepaTyphI
Ty = -129 °C, nocye cCKpUHUHTA Cpe/lHee 3HAYEHUe
Toser = -107 °C; pna meranna msa Ty = —68°C u
Toser = —46 °C coorBercrBenHo. B obomx ciayganx
CIBHUT CpenHuX 3HaYeHuu cocrasiuser 22 °C.

C ywvenbimenuem o6beMa BBEIGOPOK yBEIHIHWBA-
erca pasbpoc (CpemHEKBanpaTHIECKOE OTKIOHEHWE)
Ty u Ty, - IIpu opuaaroBBIX 06bEMAX BEIOOPOK pac-
cesAnue 3HaYeHul pedepercHon temueparypsl T,
HECKOJBKO BoIle, yeM T,

IIpu npumenenun mnpouenypsl CKPUHHUHTA KO
BCEMY MACCHBY OCHOBHOI'O METAJLIa M METAJIIA IIBA
KpuTepui omHOpoaHOCTH (5) He BhINOJHSIETCA (Me-
rasut HeogHoponeH). C ymensinenuem gucia obpas-
[I0B B BEIOOPKE BEPOATHOCTD BBHITOIHEHUA KPUTEPUS
(5), T.e. B 1aHHOM CiIy4ae — HEKOPPEKTHOU OLEHKHU
OIHOPOAHOCTH, YBEINIUBAETCH.

IIpu n =12 8 50 % cnyuaeB oupepneienus T,
JUIS OCHOBHOTO Merayia u B 37 % cinydaeB jjsa Me-
Tajsa IBa Marepuai 6bLT HIeHTH(QUIMPOBAH KaK
oxHopoxubi. [Ipu ucnsirannu mo 24 o6pasma Kax-
JIOTO MATepuagd KPUTEePUU OXHOPOAHOCTH BBIIIOJ-
uascd 1 5 % Be16opor Meraiia mea u 4 % Bu16o-
POK OCHOBHOTO METAJLIA. JTOT Pe3yJILTAT COIIACYeT-
ca ¢ perkomennanuavu ASTM E1921 - gna magex-
HOM OITEHKH OJHOPOAHOCTH 00'beM BBIGOPKH MOKEH
cogepsxars He MeHee 20 snagenuit K.

IIpoBepra KOPPEKTHOCTH IPUMEHEHHS CKPH-
HUHTA I OLEHKH OJHOPOZHOCTH ObLIA HPOBEIEHA
TAKIKE [JIA TUIIOTEeTHIEeCKOT0 OJHOPOIHOIO MaTepua-
JjIa, pacipeneieHne XapaKTePUCTHE BA3KOCTH pPaspy-
LIEHHUS KOTOPOTO COOTBETCTBYET TPEeXIapaMeTrpu-
4decKoMy pacrpezpenenuio Beitbysia (2) upu b = 4,
K, = 90 MIla - m%. Paccmarpusanu BrIGOpEH 06D-
evom 6, 12 u 24 suadenus K, 11 KOTOPBIX OIpe-
pensanu saadenus Ty u Ty, .

T, 6

IIONIYyYEeHHOE Ha OCHOBE CTATUCTHYECKOI'O MOASTIUPOBAHUA A OCHOBHOTO MeTallia (a) u

obtained on the basis of statistical modeling for the base metal (o) and weld-seam metal

IIpu muororparaom (6omee 100 pas) mosrope-
HHY OPOLEAYPHI CKPUHUHTA [ BHIGOPOK 06 beMoM
n =6 B 5 % ciay4aes 6bUIO YCTAHOBIIEHO, UTO MATe-
pHAI HEONHOPOIEH, YTO SABJIAETCH HEKOPPEKTHBIM
pesynwsrarom. s Be160por obwemom 12 u 24 3Ha-
genwus K ;, BEPOATHOCTH HEBBIIOIHEHUSA YCIOBUA O
HOpoxHOCcTH Marepuana (5) cocraBmna menee 1 %.
Kar u muna HeomHopommHOro Meramia, HaLeKHOCTDH
KODPPEKTHOU uUueHTU(DUKANN MATePHUAIa [IOBLIIIA-
ercsd ¢ yBenndeHneM 00beMa BHIOOPKY.

O6o61eHHbIE TaHHBIE, XAPAKTEPUSYIOIIHE pac-
cesuue Ty u T\, 1189 OCHOBHOI'O METAJLJIA B MeTa-
sa mBa (npu pasmepax BeIOOPOK n = 12 u n = 24),
nokasansl Ha puc. 3. [Ipu n = 24 (touku 1) maccu-
o1 Ty u Ty, nia OM u MIII rpyunupyoores 0KoI0
cpennux sHadenuu. [lpm n = 12 (toukwm 2) mpowmc-
XOAUT pasnejeHre MACCHBOB HA ABe 4acTu. To4xw,
[IOJIy9€HHbIE HA BBIOOPKAX, [JI KOTOPBIX BBIITOJIHI-
JIOCh yCJIOBHE OmHOpomHOCcTH (5), pacmosararworces
Baonb guaui Ty = T, . Xa0TUIHOE PACIOIOKEHUE
TOYER, IPUYEeM [IPUMEPHO B TOM 3Ke obiaactu pasbpo-
€a, 4To U [y BRIOOPOK o0beMoM n = 24, TOBOPHUT O
TOM, 9TO METAJLI HEOZHOPOIEH.

Crnenyer oTMeTHUTD, 9TO AJIsI HEOZHOPOAHOTO Me-
rajuia Koppensamua suadenui Ty u T, cnabasa [8],
9TO He II03BOJIAET OLEHUBATH 1\, 110 Besuauue T,
IIpu n = 24 rosdpdunument roppensuun K, s
Merasa mea cocraeiasger 0,49, mis OCHOBHOIO Me-
rayuia — 0,54,

Ha ocuose pesyinbraros pacueroB mis OCHOBHO-
ro MeTajia ¥ MeTajuia IBa npu 06bemMe BBIGOPOK
n = 24 nocTpoeHbI KPUBLIE BMIIMPUYECKOT0 pacipe-
penenusn Ty u T, (puc.4) u oupenenenst ¢ 95 %-
HOU HAJEKHOCTHI) KOHCEPBATHBHbIE 3HAYEHWUS
Togc’f , VIUTBIBAKOIIYE HEOJHOPOLHOCTh METAIIA U
paccesHre pesynbraroB. JJs OCHOBHOrO merasnia
Tysr paBaO —92 °C, nia meramna msa — —30 °C.

Ilo ycramoBnenubiM sHadeHusaM pediepeHCHOU
Temueparypsl T, .~ IOCTPOEHBI HUMHUE 5 J-Hble
orubaromue MacTep-KPUBOU € yI€TOM HEOZHOPOIHO-
cru (cM. puc. 1, KpuBbIe 5) M1 OCHOBHOTO METAJIA
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Puc. 4. Unrerpanbuas pyukiua pacupenenerus T, (1) u T, (2) ana ocHoBHOTO MeTanna (a) u MeTanna msa (6) npu n = 24

Fig. 4. Integral distribution function of T, (1) and T, (2) for base metal (a) and weld-seam metal (b), n = 24
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Puc. 5. Uarerpanbunie QyHKINY pacupenenenns Beibynna (2) (myHkTup) u 6uMogaIbHOro pacupenenesns (8) (cruonsas iu-

HHA): @
HBIEe

ocHoBHOH Metann (K, = 194 MIla - M%%); 6 — metann msa (K, = 122 MIIa - m%5); Touky — sKCIepuMeHTANbHEIE faH-

Fig. 5. Integral functions of the Weibull distribution (2) (dotted line) and the bimodal distribution (8) (solid line): @ — the
base metal (K, = 194 MPa - m%5); b — the weld-seam metal (K, = 122 MPa - m%5); points indicate the experimental data

¥ MeTasuia IIBa Ajd BeIG0POK obbemom n = 24, Tam
JKe IS CpaBHEHUA IpuBeneHbl b %-Hble oruba-
romue A n = 70 (kpuBbie 4) i OCHOBHOTO Me-
ranna (pedepencHas remneparypa Ty, = -107 °C)
u merayma msa (T, = —43 °C). BosmosxkHoe cuusre-
Hue xoHcepsaruBHocru (casura T)) 3a cuer yBenu-
yenus o6bema BBRIOOPEHU 10 n = 70 cocraBisger OKo-
10 15 °C nnsa ocaoBrOro merasmia u 13 °C — nua me-
TAJLIA IIBA.

XapakTepHOU 0COOEHHOCTHI0 HMCXOAHBIX MACCH-
BOB K, (cM. puc. 1) aBisercd TO, YTO 33 HHIKHIOIO
5 %-Hyr0 TpaHUIy pPACCEeAHUS MACTEP-KPUBOH (KpH-
Bole 3, 6e3 ydera HEOJHOPOIHOCTH) IJA METAaJIa
mBa monagaer 24 % HKCHEePUMEHTAIbLHBIX TOYEK,
Js ocHOBHOTO Metasuia — 30 %, T.e. paccesinue pe-
3yJAbTATOB BEIIIE, Y€M 9TO CIAEAyeT U3 pacipeneie-
uusa Beiibysuia.

DaKTHYECKOe HMIIMPUYIECKOE PACIIpe/eeHne
suagenuti K, npeacrasieHnnoe Ha puc. 5 (HereHsy-
pUpOBaHHBIE JAHHBIE), OTJIMYAETCH OT TPEexXIapa-
MeTpPUIecKoro pacupexnenenns Beiibymia (2), Koro-
poe JEeRHUT B OCHOBE KOHIEIIIMH MACTED-KPUBOM.
Hecoorsercreue srcriepuMeHTa IbHBIX JAHHBIX PAC-
upeznenenuno Betibymia (2) ormedanocs Takxe B pa-
6orax [9 —12].

Tucrorpammsr otHOCHTENBHBIX YacTOT W BA3KO-
cru paspyuenns K, 1jig OCHOBHOTO METAJIa U Me-
TAJA IBA II0Ka3aHb! HA puc. 6. Buxno, 9yro pesyiib-
TAThl HCIBITAHWHU I'PYIIIMPYIOTCS OKOJIO ABYX I€H-
TPOB — ¢ H0j1ee HUBKUM U BBICOKUM ypoBHAMU K, 1
MOTYT OBITH IIPEACTABIEHLI KPUBLIMU OHMOLAIBHO-
I'0 PaCIpPeNeIeHu .

4T0 GUMOJAILHOCTL
XAPAKTEPUCTHE  MEXaHUIECKHUX

Heobxogumo ormerurs,
pacipeneieHus
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Puc. 6. I'ucTorpaMMbl OTHOCUTENBHBIX 4aCcTOT W B KPHUBBIE IIJIOTHOCTH BEPOITHOCTH p 3HadeHuH K, A4 OCHOBHOTO MeTaJIa
(a) u Mmetasna msa (6); 1 — pacupenenenue Beiibymna (2); 2 — 6uMmonansHoe pacupenenenue (6)

Fig. 6. Histograms of the relative frequencies W and probability density curves p of K, values for the base metal (o) and
weld-seam metal (b); curve I — Weibull distribution (2); 2 — bimodal distribution (6)

CBOUCTB B 00JIACTH TEMIIEPATyp XPYIKOBI3KOIO IIe-
pexona ABJIAETCH IPOSBIEHUOM TOCTATOYHO OOIen
3aKOHOMEPHOCTH U HAOIOAAeTCA He TOIHKO [JIf CTa-
THUYECKOM BA3KOCTH paspyLIeHWs, HO W APYTHX Xa-
PAKTEpUCTUK, HAIIPUMEDP, YAAPHOH BA3kocTH [13,
14] u orHOCUTENLHOTO yAIUHEHUA [15].

IIprauuO¥ 5TOrO fABNAETCH CTPYKRTYpHAd HEO[-
HOPOJHOCTb METAJJIA M BO3MOIKHOCTH IIEPEXOAa B
XPYIKOE COCTOSHUE PA3HBIX CTPYKTYDP IIPU pasiimd-
HBIX Temieparypax. B ofmacrsix Temmeparyp Bepx-
HET0 ¥ HUIKHETO IeabqoB 6UMOmaIbHBIE pacipese-
JIEHUS BBIPOMKIAIOTCA B OZHOMOAAJIBHEIE,

IIpu pgocrarounom wuucie wcnsiTaHHBIX 06pas-
moB (n > 20) crammapr ASTM E1921 nossomser
fojiee TOYHO YCTAHOBHUTL THII PACIPEAEICHUSA 3HA-
genuii K. Ecnu skcriepuMeHTaNIbHbIE TAHHBIE SB-
JITFOTCSL CYMMOM [IBYX COBOKYIIHOCTEM C Pas/IHdHBI-
MH CpeAHUMU 3HAYEHHUAMH W XAPaKTEPUCTHRAMU
paccesiHus, MHTETPAIBbHOE OHMOAAILHOE pacipere-
JieHue BA3KOCcTH paspyiuenus K, MokeT 65ITD Ipes-
CTaBIIEHO B BUJE

_ "

K, -20

P=1-p,exp| - e - =
K, -20
_ -

K, -20
-1 - exp| -| =L | |, 6
(1 -p,)exp [KB—zoj (6)
rue K,, Ky — napaverpsr macmraba; p, — mapa-

MeTp IepepacipeneleHus BePOATHOCTEH 110 MOJaAM
A u B (maxogurca B uaTepsaie or 0 7o 1).

Tlapamerpsr macimiraba HAXOAAT W3 COOTHO-
HIeHUH

K, =31 + 177exp 0,019(T - T);
Kp =31 + 177exp 0,019(T - T), (7

rne T, u T, (T, < T,) — pedepencHsie TemMIIepary-
pBL, cooTBeTcTBYyIOIIE Moxe A u moxe B.

Ilns ompeneneHus MapaMeTpoB OMMOIATBHOTO
pacrpeneeHus HCIOJb30BATH METOJ MAKCHMAIh-
Horo mpasgomnogobua (MMII), koropsiii 6611 WHTET-
PHPOBAH B IPOLEAYPY CTATHCTHIECKOTO MOIETHPO-
pauwms onpexnenenus Ty merogom MouTte Kapio.

B xauecrse «mambonee nmpasmomomo6HOTO>» 3HA-
YeHusA MapaMerpoB GHMOmAIBLHOTO pacIpeneeHus
MPUHUMAIY 3HAYEHUS, MAKCUMU3UPYIOIIHE BePOAT-
HOCTH TOJAYYATH B N OOBITAX  BBIGOPKY
X = X(KJcl’ wedy KJcn)'

OyHKIUA, ONPEAENAINAaA BEPOATHOCTD HACTYII-
JIGHUSA COBMECTHOTO COOBITUA — U3BI€IEHUS BHIGOD-
X = X(KJCD casy KJcn),

fX,p,, K4, Kp)=f1 (KJcl)fZ (Kch)a~~~:Fn (KJcn) =
:Hfi(KJci)
fef

aBngerca (pyHrmmed npaspomonobus. IlrorHOoCTE
pacupenenenus f(X, p,, Ky, Kp) onpenensercs nud-
depenruposanuem gpopmyast (6).

Bumecro ¢ysrmun npasmponoxobus mcronnzosa-
nu sorapudMudecKy0 (PYHKOHUIO IpaBronomobus,
KOTOpAs I03BOJIAET OT IIPOU3BENEHUS IIEPeUTH K
cymMe JoTapudMOB (4TO yIIPOIaeT BhIYUCIeHuA). B
CHJIy MOHOTOHHOCTY MAKCHMyMBbI (DYHKIIUHU IIPABIO-
monobus u morapuMUIecKol (PYHKIIMU ITPABIOIIO-
100Ms COBLIANAIOT.

Jlorapudmuaeckas (QyHRIUA IpaBaononobusa

[1]

InL=>[6,Inf, +(1-5,)InS,],

=1

(8)

rne 5, — cumBoa Kponexepa (8; = 1 a4 HeneHsypu-
poBaHHBIX W O, = 0 14 IEH3YPUPOBAHHBIX IAH-
HbBIX);

_om3 | o0\t |
fi :4pa (KJci 20) exp\‘_{KJa 20) J +
(K , —20)* K, -20
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Puc. 7. Paccesnue mapamerpos p, u NH B 3aBUCHMOCTH OT HOMepa HCIBITAHUA IpH 1 = 24: @, 6 — OCHOBHOH MeTalT; 8, 2 —

MeTaJll IIBa

Fig. 7. Scattering of p, and NH parameters depending on the test number at n = 24: a, b — base metal; ¢, d — weld-seam

metal

(KJci _20)3

1-
+1-p,) K, —20)3

4
|— K Jei -20 W
exp| —| —=%—— —
K, -20
IUIOTHOCTDH BEPOATHOCTH PA3PYLIEHUS IIPY 3HAYEHU-
AX BA3KOCTHU PaspyHI€eHHWd, MEHDbIINX WU PaBHBIX

KJci;

- e
K, -20
S;=pgexp| | ZF——=| |+
K, -20
- i
K, —20
+1- exp| —| =24 — —
(1 - p,)exp K, —20

BEPOSATHOCTE HEPA3PYILIEHU.

3uadeHus mapamMeTpoB p,, K, Kp, cooreer-
crByfomue 3rcrpemymy Gysrnmu lnLX, p,, Ky,
Kp), oupenenamorca U3 peLIeHUs CHCTEMEBI ypaBHEe-
HHUH B YaCTHBIX IIPOU3BOIHBIX:

9(nL) _ o(nL) _

5 ~o(nL)
ap, " 0K,

0;
oK,

0. 9)

IIpencrasnennrnie Ha puc. 5 u 6 HHTErpaNILHLBIE
KpUBbIE U KPUBbLIE ILIOTHOCTH BEPOATHOCTH OHMO-
DAIBHOTO PACIIPENEIeHHS IOIYIeHEl ¢ UCI0Ib30Ba-
HHEeM MeT0a MAKCHUMAILHOIO IIPABAOLOR00MA 1
Bcero Maccusa pasubix gas OM u MII (n = 70).
Bungno, uro srcnepumeHTaNbHBIE NAHHBIE CYIE-
CTBEHHO JIydYIlleé ONIKCHIBAIOTCH OMMOXAILHBIM pac-
HpejieJIeHUeM, 4eM pacupezenenreM Beibyiia.

Cpepnaue suasenws p,, K,, Ky, noiydennsie
[IpY CTATUCTUYECKOM MOJAEIUPOBAHUHU IS OCHOBHO-
ro Meraya u Merasuia mea (Ha Beibopkax usz 70 u
24 suauenuit K, ), npencrasiens: B tabi. 2. 3necnh

[IPUBEJIEHB] TAKKE 3HAYEHUH pPedlePEHCHBIX TeMIIe-
paryp T, u T, nna mox A u B, paccauuraHuble 10
topmyise (7). Xapakrep paccesHus Lapamerpa p,
[IpY MHOTOKPATHOM IIOBTOPEHWH CTATHCTHIECKUX
ucnbrranui (Ha BeIbopKax o6nemom n = 24) B 3aBu-
CHMOCTH OT HOMepa wucnbiTanus N; [IOKazaH HA
puc. 7, a. JIna 6 % BuiGopox Hambojee IIPABIOIO-
DOOHBIME OKA3AJINCH OJHOMOLAILHBIE PACIIpenese-
wua (p, = 1).

Cranpaprabie OTKIOHEHWA 1APAMETPOB COOTHO-
menus (6) B coorsercreuu ¢ ASTM E1921 omnpeme-
JsIoTed (popMyIaMu

S N
T npy -2 T r—np, -2
. 0 -
¢ np, -2

IIpuBenenunie B Tabi. 2 sHaYeHUs CTAHAAPTHBIX OT-
KJIOHEHWH 11 BBIOOPOK n = 70 paccumraHbl ¢ HC-
[I0JIb30BAHUEM JAHHBIX COOTHOLIEHUH, 11 BEIOOPOK
06beMOM 1 = 24 II0Jy4eHBI U3 Pe3yIbTATOB CTATH-
CTHYECKOT0 MOJe/INPOBAHUS.

B cramgapre ASTM E1921 upexycmorpena
OLIEHKA OJHOPONHOCTH MaTepuana Ipu GUMOmaib-
HOM PAacIlpeJieJIeHUY Ha OCHOBE KPUTEPHI

T -T,
NH:M< NHKp7 (1D
1[6%1 +G%b +16
Ijie 6y M Gp — CPEHEKBAJPATHYECKHE OTKIOHe-

Hus temueparyp 1T, u T4,
IIpu NH < NHKp MAaTEpHUAJ CIUTAETCI OJHOPO-
ubpiM. Kpurepuanbueiii yposens NH,, zaBucur or
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Puc. 8. Uurerpanbusie dhyHruuu pacupegenenus T\, 1mg ocHOBHOTO MeTanna (@) u MeTania mea (6) 6es3 yuera (1) u ¢ yueToMm
(2 — 4) HeoguopoaHoCTH TIpU © = 24: 2 — npu onpenenerun T, ¢ UCIOIBb30BAHNEM CKPUHUHTA; 3 — II0 KPUBBIM GHMOZANIBHOTO
pactpenenenus; 4 — npu oupenenenun T, 1o pedepeHCHON TeMIlepaType AN HIKHEH MOABI

Fig. 8. Integral distribution functions (T}) for the base metal (¢) and weld-seam metal (b) without taking into account (1) and
taking into account the inhomogeneity (2 — 4) at n = 24: 2 — when determining T, by screening; 3 — by bimodal distribution
curves; 4 — when determining T, by the reference temperature for the lower mode

gucia 06pasnoe B BeIGopre — mpu n = 70 oH co-
crasiusier 3,8, npun = 24 — 2.5,

Hua meraiuia miBa BCe MOJLyYeHHBIE [IPU CTATH-
cTHYECKOM MojenupoBauuu (n = 24) suavenus NH
OKA3AJINCH BBIIIE KPUTEPUAIBHOTO (METaLI HEOLHO-
pozen). lna ocHoBHOrO Merayuia kpurepuit (9) BbI-
nonuaAnca ana 5 % soibopok. CpenHue 3HaveHHS
NH upusepnens: B tabiu. 2. Xapagrrep paccesuusas NH
MMOKas3aH Ha puc. 7, 6, 2.

B coorBercrBum co crampaprom ASTM E1921
JJ1s1 HEOJHOPOJHOTO MATePHUasa, BA3KOCTh Paspylie-
HHS KOTOPOTO OIKCHIBAETCH GUMOJAIBLHBIM pacipe-
nenenueM, BeawauHa T, Moker 6bITHL ompenereHa
qepes suauenue K; 0,05, coorBercrBymomee Hux-
HEeU IPaHMuIe PACCeAHUA (BEPOSTHOCTY PA3PyLLIEHHS
P =0,05), 0o cooTBETCTBYIOIIUM KPUBBLIM HHTE-
TPAILHOTO PACIPENENICHHU BA3KOCTH PA3PYIICHUS
(6). Ilomyuenusnre Taxum 06pasomM pacipeneeHus
T, (npu obbeme BuIGOPOK n = 24) misd OCHOBHOTO
MeTA/IA W MeTAala IIBA IPUBEJEHLI HA pHc. 8
(kpuBbIe 3) B COLIOCTABICHUH C PACIPENEICHUIMHY,

Ta6auma 2. ITapamerps! 6IMOZANBHOTO PACIPELEIeHN
Table 2. Parameters of the bimodal distribution

[OJIy4eHHBIME (€3 y4era HeOZHOPOZHOCTHU (KPHUBLIE
1) u ¢ yuerom HA OCHOBE CKpHHUHTA (KpUBBIE 2).

Bupno, uro cpepame smagenmsa T, , yCTaHOB-
JIGHHBIE ¢ y9eToM GumonanbHocTH (KpuBBIE 3), IpH-
vepro Ha 10 °C BbHIE, YeM MOIy4YeHHBIE CKPH-
nuaroM. B obfsactu BepxHEN IpAaHUIBI PACCESHUA,
OLIPEIeNIAIONIEH II0JOXKEeHHe HUIKHUX OrHOAIONMINX
TEMIIEPATYPHBIX KPHUBBIX BA3KOCTH PAa3pyLIEHU,
pacxojeHne CHIUKAEeTCH U 3HaYeHUud pedrepeHCHOH
TEeMIIEPATYPHI LIPUOINIKAETCA K BEJIMIUHAM, IIOJLy-
YEHHBIM [IPY CKPUHUHTE,

HapesxHocTs onpeaesnenus napaMerpos pacipe-
AeJIeHUS HEOAHOPOAHOI'0 Marepuaia 3aBHCHT OT
obbema BeIOOPKU 1, pasuocty temmeparyp 1, — T, u
BeJIMYMHBI [1apaMerpa p,. B ciydae HemocrarodHO
HANEKHBIX OLIEHOK, YTO OTBedaer ycuoBuam 1, —
-T,<30°C u p,<0,2 wm p,>0,8, a rawxe
NH < NH,;,, B KauecTBe KOHCEPBATHBHOIO 3HAYCHUSA
pedepeHCcHON TeMIlIEpaTYpPhl B COOTBETCTBHH C
ASTM 1921 wmoser ObITh LPHUHATA BEIHYUHA
T, =T,, coorBercrByOman Moxe ¢ Goree HUZKAM
YPOBHEM BfI3KOCTHU PA3PYIIEHHUA.

1\;/)1;:.?1- n MIII;{%,MO,E, MH§§;40,5 Pa ©p,C T,C o7,C T,,°C o5,,°C NH T4,°C o0g,,°C TEP,°C
OM 70 104 225 0,5 — -87 3,8 -139 3,8 Tt -98 — —
OM 24 106 250 0,5 0,14 -89 9.6 -141 16,2 4.8 -100 7,4 -88
MIII 70 74,8 145 0,57 — -30 3,6 -80 2,6 8,4 -40 — —
MIIT 24 74,2 145 0,6 0,15 -31 8,2 -81 6,9 5,5 -40 6,8 -30
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HcnonpzoBanme Takoro moaxo B HAIIIEM CIIydae
MPUBOAUT K CMEIEHUI) HCXOAHBIX KPHUBBLIX WHTE-
rpansHOTO pacupenenenus T, (fe3 yuera HEOmHO-
POIHOCTH) I OCHOBHOTO METAJIJIA M METAJJIA IIBA
B 00JIaCTDH IIOJIOKUTEIBHBIX 3HAYEHUH [IPUMEPHO HA
40 °C (cm. puc. 8, 6, xpusbie 4).

B zaknrouenune Heo6xomuMo OTMETHTD, YTO 3HA-
YUTEIBHBIN CABUT T IpPH yd4eTe HEOTHOPOIHOCTH
MaTepuaia MOKET OBbITh CBA3aH C OTHOCHUTEILHO He-
60JIBIIMMY PA3MEPAME UCIBITAHHBIX 00PA3II0B THIIA
CT-0.5T, umeromux Tommuay 12,5 M.

Bepumaa tpemuunr B ofpasnax mamoro cede-
HHA MOKET HAXOIUTHCA B 30HE KAK C ITOHUKEHHBIMUA
CBOMCTBAMH (C BHICOKOM JIOKATBLHOM KOHIIEHTPAIHEH
XPYHKUX BRJIKOYEHUI), TAK M C HA3KOU KOHIIEHTPA-
[uel BKIKYEeHUH. B CBA3U ¢ 9TUM DU UCHLITAHUN
MAaIOPa3MepPHBIX 00pasIoB pasbpoc ompeneaaeMbIx
XAPAKTEePUCTHUE OKAKETCS BHIIIE, 8 MAHUMAILHBIE
3HAYEHUS HUKe, YeM IIPH HCILITAaHuM 06pasos
6OJIBIIIOTO CEIEHU, OCKOIbKY B ITOCHEIHHUX BIIUS-
HUE JIOKATbHBIX XPYIKUX BEIIYEHUU B OIPEeseH-
HOU CTeIeHN YPABHOBEIIMBAETCA OKPYKAIOIIAM STH
BRJIFOUeHHA BA3kuM MerawioMm. [lemecoobpasua skc-
MMePUMEHTAIbHAS IPOBEPKA JAHHOTO IIPEIIIOIOKe-
HHA HA 06pasiax 6oIbITON TOJIIHHEL

BbIBO/bI

1. TTonyyennr IIpe[CTABUTENbHBIE MACCUBBI
JOAHHBIX [10 BA3KOCcTH paspyruenus (K ;) mis ocHOB-
HOTO MeTa/lIa U MeTaja Ba 00e4aiky TOMIUHON
200 mm u3 cramu tuna Cr — Ni — Mo - V (ucobrramo
mo 70 xommakTHBIX 06pasmos). [lokasamo, 4yTo npu
oreHke pedpepeHcHoM Temmeparypsl T mo crauaap-
ty ASTM E1921 BcnegcrBue BBICOKOTO PACCETHUS
Pe3yJbTATOB HCIILITAHUU HEOOXOAHUMO YYUTBIBATH
CTPYETYPHYIO HEOJHOPOZHOCTH OCHOBHOTO METAIIIA
¥ METAJIJIA IIBa.

2. C wucnonszoBanmem wmeropa Morre Kapmo
BBIMIOJIHEH AHAIN3 KOPPEKTHOCTH WACHTHU(HUKAIUN
Meramia (OJHOPOXHBIA/HEOTHOPOIHBIN) U IOIyJe-
HbI OleHKN Ty B 3aBUCUMOCTH 0T 00beMa BHIGOPKH
(12, 24 u 70 o6pasmos). [lokasano, 9To BEIGOPKH 110
12 06pasmoB He IMO3BOJAIT HAMEKHO OIPEIeInuTh,
SABIIETCA METAUI OJHOPOIHBIM WX HEOJHOPOIHBIM
(8 50 % cnyuaeB pua ocmoHoOro meramwia u 37 %
CIy4aeB [Jid METAJUIA IIBA IIOJyIeHBI HEKOPPEKT-
Hble pesynabrarsl). [Ipu yeenwdeHnnm o6bema BbI-
6opru 10 24 06pa3OB HEKOPPEKTHBIE PE3yILTATHI
[OJIy49eHsbl B 5 % ciydaes.

3. Jlns ydera HEOAHOPOAHOCTH HCIIOIL30BAIN
Hpoleaypy CKPHHMHTA M BBIOOPOK obbemom 24
obpasua. Benuauna cmernenusn cpepaux T B cropo-
HY IOJIOKUTENbHBIX 3HAYEHUU 11 OCHOBHOTO Me-
rajana u Merayia msa cocrapwia 22 °C. 3uadenue
T, cOOTBETCTBYIOIIEE HIKHEH orubaroimen Mmacrep-
KpuBOM (mis BeposaTHOCTH paspyinenusa P =5 %),

JUIA OCHOBHOTO MeTauia cocraBmio —92 °C, mia me-
rasuia mea — —30 °C.

4, Tlpu ucnonb3oBaHUU JIs ydera HEOJHOPO/-
HOCTH OHMOATBHOTO IIPEACTABICHHUA AAHHBIX IIO0
BSISKOCTH paspylnenusa (Ha BbIGOpKax ofbemom 24
obpasmia) pedpepencuas remmneparypa T, COOTBETCT-
ByHOILIAA HIKHEH orubarorieil Macrep-KpuBou (aJis
BepositHOCTH paspywenus P = 5 %), ajis oCHOBHOTO
Merajiga Okasanach papmod —86 °C, mirs merasia
mea — —30 °C, T.e. 6IM3KON K pesyabraram, I0JIy-
YEeHHBIM IIPH UCIOJb30BAHUN CKPUHUHTA.,
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YTOYHEHHBIN METO/] OIIEHKH MO/YJIsI ME3KCJIOHHOTO
CJBHTA 110 IIONIPABKE K IIPOTHBY OBPA3IIOB
13 IIOJUMEPHBIX KOMIIO3UTOB

© Anexcanap Huxonaesua Ilonunos, [lannna [lenucosua Baacos,
Huxonaii Anexceesmd Tarych*
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B no1uMepHBIX BOJIOKHUCTHIX KOMIIOSUTAX CABATOBHIE U MEJKCIOUHBIE XAPAKTePUCTUKH, B OT/IH-
Ype 0T METAJUIOB, UTPAOT OLPENEIIIOILYI0 POMIb B IIpoleccax AehOPMUPOBAHUS U PA3PYLICHUS.
B cBsizu ¢ 3TUM paspabaTbIBANINACH CHEUATBHBIE METOABI OIIPEAETIeHI MK CIONHON IPOIHOCTA
IIpH ABTU6e KOPOTKOH OATKY 1 MOLYJIS MEIKCIOUHOTO CABUra — I10 IIONPaBKe K Iporudy. B 1o sxe
BpeMsI IPUHATHIE THIIOTESBI O PACIIPEIETIeHAN KACaTelbHbIX HANPSKSHUN, Hapuvep 1o ¢op-
Myite KypaBcroro, SIBISIOTCSI IPOCTEUIINMHA U HE [IO3BOISIOT ¢ BRICOKOU TOUHOCTHIO OIIPELEINATE
IIOIPABKY U PACCUUTATH MOAY/IH CABUTA. | [OTEHIIUANIBHO UCIOIB30BAHNE BMECTO IIPOCTEHIIIET0
mapabonmdeckoro pacupenenesus pereHus Cen-Bernana — JIeXHUITKOTO I OPTOTPOITHON Gas-
KU TI03BOJIIET YUECTh BCe KACATEILHBIC HAIPIKEHN, BOSHAKAIOIINE B GaIke, a TAkKe UX pac-
IIpefieIeHne 110 ee BBICOTE U IIUPUHE, YTO JOJIKHO HOBBICUTEH TOUHOCTE ONIPeIeIeHus IIOIPABKA
K Tporufy, a CIeIOBATENbHO, U MOLY/IS MEKCIOHHOTO capura. 1IoCKOIBKY cTporoe pelieHue
IIPEACTABJIEHO B PSAAX TANEPOONINIECKAX (DYHKIUH, IPAKTUYECKOe UCIIONB30BAHUE €r0 CHIIBHO
saTpyaHeHo. s pelieHns 3ToM IpofIeMbl B JaHHOU pafoTe IpefcTaBieHa TOUHAS AllIPOKCH-
MAIHsI CTPOTO PelileHust 6osee MPOCTHIMUA KBAAPATUYHBIMY 3aBHCUMOCTSIMA, KOTOPAS HO3BOJIET
paccunuTaTh NOMPABKY K IIPOrUly U ¢ BBICOKOM TOYHOCTBIO OIPEIeIUuTh MoayIs capura, C moMo-
LB [IPEIJIOKEHHON ANIPOKCAMAINN AHAIUTHIECKH I0KA3aHO0, YTO IS PeaIbHBIX KOMIIO3UT-
HBIX 00pasIoB GATIOYHOTO TUIIA UCIIOIB30BAHAE YTOUHEHHOTO PAcHpeNe/ieHus KacaTelIbHbIX Ha-
IPSREHUN ¢ YYeTOM HeOJHOPOSHOCTH HAIPSKEHWI 110 IIMpHHE OAJIKA JaeT IpeHefpesKuMo Ma-
JIYIO TIOIPABKY K IIPOTHOaM II0 CPABHEHUIO ¢ YIIPOIEHHBIM TapaboIMdecKiM PacipeIeIcHueM
1o hopmyite Hypascxkoro. IosyueHo YncIeHHOE TOATBEPKICHUE ¢ IIOMOLIBI0 METOIA KOHETHBIX
aneMeHTOB. CleIUanbHO IPOBENEHHBIE UCIIBITAHNS CTEKIOIUIACTUKOBEIX 00PaslioB PasgHo Iu-
PHHBI Ha TPEXTOUEYHBIA W3TUO TAKKe HMOKAZAINU OTCYTCTBHE POCTA Iporuba IIpU yBeIWIeHUH
UIUPHHEBL OATKY, YTO TOBOPUT 0 HE3HAYNTEIBHOM BIWSHAN HEOJHOPOTHOCTH KACATEIBHBIX Ha-
TIpSIKEeHAN Ha Iporud.

Kmo4deBnle caroBa: IOMUMEPHBIA CTOUCTHIN KOMIIO3UT; CTEKIOIIACTUK; YIVICILIACTUK; W3TU0;
pacrpefeneHie KacaTeIbHBIX HANPLKCHIN; MOAYIb MEKCIOWHOTO CABUTA.

A REFINED METHOD FOR ESTIMATING THE INTERLAYER SHEAR MODULUS
BY CORRECTING THE DEFLECTION OF POLYMER COMPOSITE SPECIMENS
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A. A. Blagonravov Mechanical Engineering Research Institute of the Russian Academy of Sciences, 4, Maly Kharitonyevsky
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Shear and interlayer characteristics of polymer fiber composites, in contrast to metals, play a decisive role
in the deformation and fracture processes. In this regard, special methods have been developed to deter-
mine the interlayer bending strength of a short beam and the interlayer shear modulus by deflection cor-
rection. At the same time, the accepted hypotheses about the distribution of shear stresses, for example,
by the Zhuravsky formula, are too simple and do not provide the determination of the correction and cal-
culation of the shear modulus with a rather high accuracy. The use of the Saint-Venant — Lekhnitzky solu-
tion for an orthotropic beam instead of the simplest parabolic distribution potentially makes it possible to
take into account all the shear stresses occurring in the beam, as well as their distribution over the height
and width of the beam, which should increase the accuracy of determining the deflection correction and
interlayer shear modulus, respectively. Since the strict solution is presented in a series of hyperbolic func-
tions, its practical use is rather difficult. We present an exact approximation of the strict solution by sim-
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pler quadratic dependences, which provides determination of the deflection correction and the shear
modulus with a high accuracy. It is shown that for real composite beam-type specimens the use of the re-
fined shear stress distribution with allowance for the heterogeneity of stresses along the beam width gives
a negligibly small correction for the deflection compared to the simplified parabolic distribution according
to the Zhuravsky formula. The numerical verification was carried out using the finite element. Special
tests of fiberglass specimens of different widths for three-point bending also showed no increase in the de-
flection with increasing beam width, which indicates an insignificant influence of the heterogeneity of tan-

gential stresses on the deflection.

Keywords: polymer layered composite; fiberglass; carbon fiber; bending; shear stress distribution;

interlayer shear modulus.

Beenenne

I ananusa uzruba gepeBiHHBIX 60K BCerna
BAKEH yYeT KacaTeJbHBIX HanpskeHuu. [lpu usru-
6e MeTa/TMYEeCKHX 0AJOK KacaTelbHbIe HAMPSIKE-
HHUS HECYIeCTBEHHLI, OHHM 3HAYHUTEJHHO MEHBIIIe
HOPMAJIBHBIX U MOTYT WTPATh POJIb JIUIIb IPH pPas-
PYLIEHUHU COCTABHBIX OAJIOK, KOT[A BCE Iepepesbl-
BAaWIUe CHIbl (BO3BHUKAIOIIHWE COBHUIOBLIE, Cpe3a-
OIHe YCHJIHNSA) BOCIIPHUHHUMAITCA TOJBKO 3aKJell-
Kamu, GolTaMM WM CBAPHBIM IMBOM. FIHTepec X
AHANN3Y KACATEIbHBIX HAIPIKEHUN CBA3AH C [1OAB-
JIHUEM IIOJIMMEPHBIX BOJOKHHUCTBIX KOMIIOSUTOB
[1-5], y KoTOpBIX MEKCIOWHEIE, CABUTIOBLIE YIIPY-
rue u npouHocrabie [6 — 10] xapakrepucruru Ha-
MHOTO HUEE, 9eM IIPO0IbHbBIE (BI0JIb BOJIOKOH).

Bausinme memxcimodHbIX cABUTOB HA MporHb jrer-
KO IIOSICHUTH HA MPoCcTOM mpumepe. Kcnu Ha crpou-
TEJIbHBIX JeCaX 3aMEHUTDH OJHY [OCKY <«COPOKOBKY»
(rommumuon 40 MM) HA IBe TOCKH «IBANLATKHA» (TOJI-
mEHOM 1Mo 20 MM, HO TOH Ke IHUPHHEI), TO IPOTUs
HACTHJIA O] KAMEHIIUKOM YBEJIUIUTCA IPUMEPHO B
4dernipe pasa (eciu HeT TPEHUS MEXELY AOCKAMU).
Yrobpr uzbemars 5TOT0, CIAEAYET ABE MOCKH CIITHUTH
TBO3IAMU, WCKIIOYHUB MEKCIOUHBIN CcaBur (mpo-
CKAJIb3bIBAHNE) MEJKLY HUMHU.

Ecnmu wmopynp wmesmcmodiHOrO CcaBura Mai, TO
CABHATHA MOTYT HPHBHECTH CyIIECTBEHHBLIU BRJIAJ B
nporu6. [[79 MeTaIOB BIWAHUE CABUTOB IIPU W3TH-
6e HEeBEJIMKO, IOSTOMY HX He YIUTHIBAIOT. MHade 06-
CTOMT JIEJI0 C APEBECHHOM WIH IOJUMEPHBIMH KOM-
MMO3UTAMH, MOAYJIb MEKCIOHHOTO CABHTA KOTOPBIX
MOKeT 6BITh B JECATKH pa3 MEHBIIe, YeM IIPOI0Ih-
el Monyap IOHra BROIb BONOKOH. AHAnu3 Biaud-
HUSA MOJYJIS MEKCIOWHOTO CABUTA HA TOIOJIHUATEh-
HBIH TPOTHO ITO3BOJAET OEHWUTH 3HAYCHUE HTOTO
MOIYJIL [IPY UCILITAHUAX HA warub o6pasnoB pas-
swaHou gauHbl [11 — 14]. Tpagunuonso npu o6pa-
60TKe pe3yJjbTATOB HKCIIEPUMEHTOB HCIIOIb3YIOT
OIMCAHUE SIIOPHI KACATEILHBIX HANPSIKEHUU IPH-
ommxennol gopmynoi #Kypasckoro [15, 16].

Ilens paborsr — OLEHKA IIOTPEIIHOCTH METOAA
OIpPENEIEHH MOJYJIS MEKCIOWHOTO CABHTA IIOJIH-
MEpPHBIX KOMIIO3UTOB THIIA CTEKJIO-, YIJie-, OPTAaHO-
IUTACTUKOB IIPW HCIIONb30BAHUM TIPHUOIHKEHHON
dopMyaBI I KAcaTeIbHBIX HAINPSKEHUHU 110 CPaB-
HEHUIO ¢ TOYHOU W YHMCJICHHBIMUA PACIETAMH, 4 TAK-

JHE SKCIIEPUMEHTAIBLHOE IIO[TBEPIKIEHUE Pe3yibTa-
TOB PACYeTOB.

Kpatkas umcTopua Teopun usrubda
6aJIOK MPAMOYTOJBHOTO IPOQHII

IlepBnie wccaegoBanua MPOYHOCTH TpU HU3THOE
6anok 6putH TIpoBeneHs! ['anmuneo [amuneem, KoTo-
PBIM IOIyCRaJI JUHEWHOe H3MEeHEHWE HAIPAKeHUN
10 CEYEHUI0, HO CYMTAJ HIGKHIOK IIOBEPXHOCTH Oaj-
ku Hemarpyskeumou [17, 18]. Ommubra npuMmenenus
TAKUX TUIIOTE3 DU OLEHKe MAKCUMAJILHBLIX HAIIPH-
srwenmi cocrapisia 50 % 1o cpaBHeHuIo ¢ 6osiee aze-
KBATHOU THUIIOTE30U IIJIOCKUX CEYEHUM.

Crasiias KIacCHYeCKON «THIIOTE3a ILUIOCKHUX Ce-
genuti» Bappe ne Cen-Benana momyckana mamuaue
TOJBKO IIPOJOJBHBIX HAIPSKEHWH PACTSKEHUS U
CIKATHS, HE3aBUCUMBIX OT IIUPUHBI, 4 TAKKE HEeH-
TPANBHOU OCH B CEPEJUHE IIPAMOYTOJILHOI0 CedeHu s
Hakw.

Hansbueiiue yroanenusd [2, 15] kacanucs yuera
HECOBIIAJIEHU MOJYJIeld YIIPYTrOCTH IIPU PACTKe-
HUU W CHATHUH, YTO IPUBOAUT K CMEIIEHUIO HEeu-
TPAIBHON OCH B CTOPOHY GOJIBIITIEr0 MOLYJIA.

IIpu yuere xacarenbHBIX HALPIKEHUN, YPABHO-
BEIIUBAIOIIUX [1€PEePe3bIBAIOIIYI0 CHUILy, COTJIACHO
Tumorenko, Kypascromy [17, 18] coxpansercs He-
3aBUCUMOCTb HOPMAJBHBIX YW KACATEJIbHBLIX HAIPH-
JKeHUM OT IIUPUHBI U KACATEJIbHBIX — OT JJIMHBI.
Tagras 1I0CTAHOBKA COJEPIKUT SBHOE [IPOTUBOPEUUE:
HECMOTPS HA HAJIWYHE KACATEIbHBLIX HAIPHKEHUUN,
BBI3BIBAOIIUX CABUTU U UCKAKAMIIUX CEYeHU, OHU
[O-IIPEKHEMY CYUTAIOTCH IUIOCKUMU IIPU pacdere
HOPMAJBHBIX HANpPsKeHuu. Torga s JTMHeHHO u3-
MEHSIOIIUXCH HOPMAJIBHBIX HAIIPHMKEHUN U3 OIHOTO
YPABHEHHUA PABHOBECHST HAXOIHUTCH ITapaboIndecKoe
pacrpeneiieHue KacATEeNbHBIX HAMPSKEHUN. OJTO
IIPOTUBOPEYHE CHUMAETCH TMIIOTe30H 0 MaIOCTH Ka-
CATEJIbHBIX HAINPSKEHWH. SHAYUT, OHM HE3HAYH-
TEJILHO UCKPUBJISAIOT IUIOCKOE CEYEHUE U IIPU pacde-
Te HOPMAJbHbBIX HALPIAKEOHUN MX MOYKHO HE YIUTHI-
Barb. B pesynbrare U3 JUHEWHOTO PACIIPEe/eIeHUs
HOPMAJIBHBIX HALPIKEHUN CIeyeT pacipeiieieHue
MEKCIOMHBIX KACATEIFHBIX HAIPAKEHUN 110 BBICOTE
10 mapaboImIecKoMy 3aKOHY.

Crenymomuii mar — T4y HA3BIBAEMOE PEIeHue
Cen-Benana [19]. B sroii nocranosre coxpansercs
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JINHEWHOCTD 10 HOPMAIBHBIM, ITPOAOJIBHBIM HAIPS-
SKEHUAM, HO YYUTBIBAETCA U BTOPAA KOMIIOHEHTA Ka-
CATENbHBIX HALPSIKEHUA. V3 yIoBIeTBOPEHUS yiKe
JBYM VPaBHEHUAM PABHOBECHS IIOJYyYaETCA perre-
HUE B PALAX [I0 TPUTOHOMETPUIECKUM U THUITep6OoIH-
geckum yurnusam. [lossnsercs nmonpaeka  napa-
fomaeckou smope, u 00 KOMIIOHEHTDHI KacaTelb-
HBIX HAIPTIKEHUH OKA3BIBANOTCH 3aBUCALIAMU OT
KOODPJHMHAT HE TOJBKO II0 BHICOTE, HO U II0 IIUPUHE
noniepeqHoro cedenus 6anku. [loxo6Hbie pernenwus
At uaruba U KPydeHHs OPTOTPONHOMN HATKK I10JLy-
gensl Jlexaunkum [20, 21].

Bce sTH runoress! HCHONB30BAIH B LEIAX IIOILY-
YeHUd aHAIUTUYEeCKUX pernenuii. C moABIeHHEM
s¢prerruBHbIX Yncrenabix meTonos (MKD) kunema-
THYECKUE THUIIOTe3bI (TUIIA «ILIOCKUX CeYeHul») cra-
HOBATCHA HE00:13aTeNbHBIMH. [loABAAETCA BO3MOIK-
HOCTH y4eTa KOHTAKTHBIX (CKMMAIIMX B HAIPAB-
JIGHUW TOJINMHBI) HANPSKEHUH, CO31ABAEMBIX
[OIIepeYHON HArpyskoi. B 30He 0Koso orop u Ha-
TPYKAIOIIET0 BEPXHETO IMINHIPA HUKAKOU CHMMET-
pUYHOM 11apaboJibl [ KACATEIbHBIX HAIPIKEHUIMA
Her [22], HO 5T0 MOKHO II0KA3aTh TOJIBKO M3 YHC/ICH-
HOT'O PEeLIeHWUH.

Merogam omnpegeneHus MEMHKCIOHHOTO MOKLYJIS
cABUTa HOCBAIIEHO 6oabuioe yucio pabor (Hanpu-
mep, [23 — 28]), Ho s pacyera KacaTeNbHBIX Ha-
NPSKEHUN [PUMEHHUTEIBHO K SKCIEPUMEHTAM He
HCIIOJIB30BAINCH YTOYHEHHbIe perenud [19 — 22].

MeToz OIlEeHKH MOAYJIA MEKCIOMHOTO
CABHMTA IO MONPAaBKe K IMpOorudy

Mogyne IOura E, Brojab 1pojoibHOH oOCH X
OIIpeNenAl0T NPH MOIEPEYHOM TPEXTOYEdHOM H3TH-
6e 6anku (puc. 1) mo dopmye

P8
Y T (1)
dowh3

rae P — npwioskeHHAA OEHTPANIBHAS CUIa; [ — -
HA mpoJeTa; w u i — IINpPUHA ¥ TOJIHUHA 06pasna
B BHUAE 6aJ'IKI/I IIPAMOYTOJIBHOTO CEYeHU A, CAHUTAETCA,
49T0 U = Uy — MARCUMAJIBHBIA OPOrub B IEHTPAIb-
HOM Ce4eHHH 1107, HArpyskoi. Mbl He aHanusupyem
3nech 5hpeRT «CKaThIBAHUA» 00pasna ¢ IUIUHIPU-
YEeCKHUX OIIOD U BJAUAHUE GI/IMOI[yJILHOCTI/I, T.e. pasjiu-
quda B RaXYIMUXCHA 3HAYEHUAX MOIAYJIA YIIPYTOCTH
[IPY PACTSKEHIY U CIKATHM, TPUBOANIETO K CMEIe-
HUIO HeUTpanbHOU ocu [2, 11, 15].

Ecnu npoBojguts ucHbITAHMA OSUHAKOBBIX 00-
pasios (a jgy4ire — OfHOro o0pasua) Ipu PasHbIX
IJIMHAX [ 1Iposiera, pe3yIbTaThl ONPeAeIeHus MO/Ly-
a4 110 dopmyie (1) okamKyTcs pazIudHBIMUY, TAK KAK
topumyia (1) rojiydeHa B NPEAIIOIOKEHUM, 4TO IIPO-
rub U = U, OLpeeIseTcd TOIbKO IOBOPOTAMU Cede-
HuH, T.e. 663 y4era BIUAHUA KACATEIbHBIX HALPA-
JHEeHUM, HCKPUBIAKIINX [I€PBOHAYAIBHO ILIOCKOE

P
7SI S
vh N LV,
% P2 vZ
) /

Puc. 1. Cxema Harpy:KeHUs IPIAMOYTONBHON GATKY Ha IIOIIe-
pedHbIN u3rub

Fig. 1. Diagram of loading a rectangular beam for trans-
verse bending

nonepegHoe cedenve 6aku. Bosee npaBuibHO cuu-
TATh, YTO LPOrub COCTOMT W3 ABYX Yacreu: U =
= U; + Uy, THe Uy, Uy — OPOTubBI 0T HOPMAJIBHBIX K
KacaTe/IbHbIX HallPAKEHUH.

Pacnpenenenne racarenpHBIX HaNpsmKeHUU 110
ronmpae Ganku 06bIMHO Hpepmoiaraerca napabo-
JINYECKUM U He 3aBHCALIUM OT KOOPAMHAT X U Y (CM.

puc. 1):
2
szngf;[hT_zzj. (2)

w

JlOTIOTHUTEIBHBINA TPOTHG Uy MOMHO BLEIMUCIUTE
W3 yCIOBHS mepexoja paborsl cuisl P Ha 3TOM IIpo-
rube B yupyryo sHepruio (t y/2) casuroeou gedop-
Maunuy y:

I w/2 h/2
1 1 12 (2) aP?]
& Py, =& T oty =2 C (3
g V2 2{7&27,&2 G.. 8G _wh &

rre a = 1,2 gia nonepedHoro usruba 6anku mpaMo-
yronpuoro cedenms. O6muii mamepaeMbld porub
MOJKHO IIPEACTABUTE B BHULE

V=V, +U, = i P
VU2 4R wh? 4G wh
E, h?
=Ul[l+OCG l—zj, (4)

Onpepensas HA OgMHAKOBEIX 0b6pasnax 1o ¢op-
myite (1) sHadenus «(puKTHBHOrO» Mouyaa IOHra
E,, o6HAapy®uM, 9TO STOT MOJY/Ib PACTET C yBe/ude-
HHEeM [JIUHEI IpojeTa [

1

2
L+a_0h_, (5)
E, E, G, 12

rae E, — ucrunasi mopyns Oura; G,, — mMonyib
meskcnonnoro casura. KEcnm B xooppunarax 1/E., —
— (h/1)? (puc. 2) nposecTH Yepes SKCIIEPUMEHTAIL-
HbIE TOYKY IIPAMYIO JIMHHIO COIVIACHO (5), TO MOMKHO
omnpeneautsh 06e yupyrue koucrautol — K, u G,..
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Puc. 2. Cxemaruieckas 3aBUCHMOCTb H3MEPAEMOrO «QHK-
THUBHOTO» MOXYJA YIPYrocTd Ky T AMMHBI IpoTeTa IpH ue-
NEBEITAHUAX HA U3THG

Fig. 2. Schematic dependence of the measured “fictitious”
modulus of elasticity E, on the span length in bending tests

Puc. 3. PacuerHad cxemMa KOHCOMBHOH GalTKI

Fig. 3. Calculation scheme of the cantilever beam

Baunanwe xapakTepa HEOXHOPOTHOCTH
MEKCJIONHBIX KacaTeJbHBIX HANPIKeHHH

Jna mpocToTel aHaNMHM3a panee GymeMm paccMmar-
pUBaTh KOHCOJBHYIO GaiKy 1moj aedicTBHEeM KOHIIe-
Bou cuiasl P, = P/2 (puc. 3) B Buje MOJOBHHBI 06-
pasia, npencTaBIeHHOTO HA puc. 1, ¢ TeMu Ke Io-
CTOAHHBIMU paszMepaMH Ce4YeHHU: TOJIMHHOA &
(Bronb ocu z), MUPUHOK w (BIOIAL OCH V), IJIAHOU
l; = 1/2 BOONTH KOODAMHATEI X, OTCIUTHLIBAGMOR OT
3amenku. KoopawHATBI ¥ W 2z OTCYUTHIBAKOTCA OT
LEHTPA IPAMOYTIOJIBHOTO CEYEHHH.

O6muit  Bapwaruonanid npunoun  [19, 20]
(Tuma mpuanmna Kacruinwano) cOCTOMT B TOM, 9TO
TeI0 HAXOAWUTCA B CTATHYECKOM DABHOBECHU, €CIIU
Bapuanusa paboThl HA BUPTYAJIbHLIX II€PeMeIleHrAX
BHEIITHUX IIOBEPXHOCTEU Teja COBIAAAET C Bapwa-
nuerd paboTbl BHYTDEHHUX HanpsixeHnwil. MHbMu
ciioBaMu, paboTa BHEIIHWX CHJI PABHA H3MEHEHUIO
sHepruu jedopmanuu (6e3 yuera KMHETHIECKOU U
TEILIOBOM SHeprun). ['panuynble yCaoBUS 1JIS KOH-
CONBHOU Oaiky mpexpcrasisaor cobor gubo dpurcu-
pOBaHHbBIE IIepeMeIeHnsd ([IepeMeIeHns B 3a1e/IKe
PAaBHBI HYJI0), 1H60 HyJIeBble HAIPAMEHHUA HA CBO-
00/ HBIX IIOBEPXHOCTAX — HA HTUX yJ4ACTKAX BHEI-
HUe CUJIEI He COBePIIAT pabory. Baemmniow pabory
COBepIIAeT TOJIBKO KOHIeBas cuia P Ha Bapmanuu
nporuba u. Ity paboTy HyKHO [IPUPABHATDL SHEPrUuu
neopmarimu, KoTOpas A EIMHHYHOTO o0bema
LIPOIIOPIIMOHANIBHA 1/2 0T CBEPTKH TEH30pOB HAIIPS-

sweHud u pgedopmanmi: —o g, B IOCTaHOBKe

ZUU

Cen-Benana [19] HeHyJeBbIME CYUTAIOTCA HALPA-
JKEHUA: O HO HOPMAJILHOE IIPOIOILHOE O,, U IBA Ka-
CATENIbHBIX — MEMCIOUHOe T,, ¥ «B ILTOCKOCTH» Ty,

ITosTomy npu Beraucnenun obiiero nporuba ciemy-
€T YYHTBIBATH BEIAJ OT BCEX TPEX KOMIIOHEHT (0.,
Tyzs Lyy) TEH30PA HAIIPAMKEHUM

2

1¢f o2 2 Ty
S [ S S ) | Vg
Y 2JE G. G

&z xy

:ﬂjjziégﬁLMk+

0-h/2 Exx

w/2 hi2

1]

—w/2 ~h/2

13 (%,2)
G

xz xy

2
T2 |
G

dzdy. (6)

B nocramoBke «rHIoTesnl ILIOCKHMX CEYEHMI»
Cen-Benana u3 (6) momyuaem (1), a B mocraHoBKe
[17, 18] — (4), (5). B mocranoBKe, H0OILyCKAMOLIEH
TOJIBKO YWCJIEHHBIE pemteHusd, B (6) yduThIBalOT U
HOpMAaJIbHbIe HaNpsxeHus (0,,, 0,,) I0 TONIUHE K
TI0 IIMPUHE U BCe TPH KOMIIOHEHTBHI (T,,, T,,, T,,) Ka-
CATeJbHBIX HANPKEOHUN, T.€. BCE HAIPAKEHUA, KO-
TOpbIE HE CYMTAIOT PABHBIMY HYJII0 B PAMEAX IIPH-
HATBHIX TUIIOTE3.

IIporu6 komconum vu; mox pericTBHEM HOPMAJb-
HBIX HANPsKeHUuN ([IpY COXPAHEHUH TAIIOTEe3bI 110~
CEMX CceueHuH) moaydaroT us (6):

Mz(x)
:§j
4 P (1 -x)? 41')1[13 wh?
= Yy —j = s = -
5 E.I E wh? 12

IIporu6 v, xKoHCOIM M3-33 MEIKCIONHBIX CABUIOB
IOJT IEHCTBHUEM KACATEIbHBIX HAIIPSIKEHUU HAXOMSIT
u3 (6) 171 OPUHATOTO pacpeiesieHns KACATeIbLHBIX
HAIPSKEHUH 110 TOJIIHUHE B MPEINOI0MKeHUN O He-
3aBUCHUMOCTH OT AJIMHBI ¥ NIUPUHDIL:

1 1 ¢pp 2, (x, ,2)
§P11)2 25.[.[.[ dedydz =
"2 12 ()
= vy =wl [ =24 (M
h/ZPG

Pocr mepaBHOMepHOCTH pacupemenenus Kaca-
TEJIbHBIX HANPHKEHUU (IPU COXPAHEHHHU UX Cpei-
Hero 3HaveHwusd vy = Pi/wh, oupenensemoro nepepe-
3BIBAIOINEN CUJION P;) MOBBINIAET WX BIHSHHE HA
nporu6. JTO MOKHO HIPOMJLIIOCTPUPOBATL HA HA-
IVISAHBIX IIPUMEpAX, €C/IU CUUTATD, 4TO Hepepesbl-
Bawmasa cuna P; (MHTErpan or KacarejbHOro Ha-
[PKEeHUS T, 10 Iwromanu S = wh) coxpaHsercs
TIOCTOSTHHOH.

IIpocretiiee npenmonokenue (3asenomMmo Hesep-
HOe, HO yA06HOe AJIf WIIIOCTPALIUN) COCTOUT B TOM,
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YTO RKacaTeJIbHble HAIIPDAMEeHUdA Ty IIOCTOAHHBI IIO
AJIMHE, IIUPUHEe W TOJIHWHE CeYeHUudA W HUX PaBHO-
JEeUCTBYIOIIAsA paBHA HepepesbiBaoiien cuie Pj.
Torga us (7) nmomygaem
1

towh = Py = vy =—— ||| t2dxdydz =
Plze 0

Pl

G 8)

Xz

Wz (6), (8) obmusr mporu6 xoucoau (cm. puc. 3),
paBHbIN iporuby obpasna (cm. puc. 1), cocraBur

P8 Pl
V=V; +V, = + =
AE wh®  dwhG,
E. h?
_ 1+ —_x - ;g = 1 (<1,2) (9)
Ul[ Ao ze lzj 0

Bugno, uro B mpocreiineM ciydae PaBHOMEDPHOIO
pacipeseneHns KaCcATeNbHBIX HANPIKEHUN K03(-
duIMeHT IpU MONPABKe Oy = 1, T.e. MeHbIIle, 4YeM B
(3), rme a = 1,2.

Paccmorpum Tpm npocrelimme minioocTpanyw,
olnyparolyecs Ha BBIBOJ, HanpuMep us [24], o cy-
LECTBEHHOM OTKJIOHEHHUH PEAJIHOM SIIOPBI OT a-
paboamaecKom.

CumraeM, 4TO SIIOPA KACATEIBHOTO HAIPSKe-
HHUA KYCOYHO-IIOCTOAHHAA: HaA OI[HOfI ITIOJIOBHUHE IIJIO-
aJu CeYeHus HAIpS:KeHHe paBHO To(l—a), a HA
Bropoui monosuae — ty(1 + ). IlepepessiBaromasn
cuna mo-upexuemy P; = tl(1 — a)S/2 + (1 +
+ a)S/2] = 1,S, mo momnpaska K nporuby COTIACHO
(8) Bospacrer:

2
Uy =M[(l —a)?+(1+a)?]=
2PG,,

l
=11 Qt+a)saq=1+d%
whG

Xz

Ecnu ymensinurs HepaBHOMEPHOCTh — PastuTh
ceYeHre HA YeThIpe PaBHBIE IO ILIOIAAUA YACTH C
HanpsaenuaMu  To(l —a), T4(1l —a/2), to(1 + a/2),

To(1l + @), TO ImepepespIBAKINAA CHIA COXPAHUTCH,
a II0IIpaBKA YMEHDBIIIUTCH

2 2
t2whi, | ( aj
=0 |d-a@)2+|1-=
"2 1paG, L( N

2 7l
+(1+gj +(1+a)? :#(1+§a2j:>
2 whG,, 8

=5 Gy =1+ga2.

Yem MeHBIIe HEPABHOMEPHOCTH HAIPSIKEHUM, TEM
HE3HAYUTEIHHEHA MOIPaBKa K mporuby!

Peanpuas smopa kacarenbHBIX HANPAKEHUN
CHJIBHO oTim4aerca or (2), U ee BCIUIECKH OKOJIO
OIOp MOKHO CMOJEIHMPOBATH KyCOYHO-PABHOMEP-
HBIM paclipejeneHueM, IIPUHAB U, = T; = const Ha
HEKOTOPOM yd4acTKe ToamuHou f < h u 1, =0 Ha
0CTaBIIIEMCS yIaCTKE TOJIIUHON A — ¢

Txz (Z) :{Tl (z 5 t);

OG<z<h) T 7~ Py/(wt). (10)

Hns mogensaou suropst (10) monpasga K nporu-
6y u3 (8) upumer Buj,
ot _asPl

L B 5 L N N O T
O U G T Gown T M (D

Xz

AHanoTHYHO MOMKHO PacCMOTPETh IpPHUMeEp IS
aHAMM3a BIWAHUA HEPABHOMEPHOCTH HAIPAKEHUN
mo mupuHe. [IpumeM, YTO 10 MUPHHE HA OTPE3Ke
muHOM b Hanpsixenue T, = P/bh = t,w/b, a BHe
aroro orpe3ka t = 0. Torga

Plh Pl
b= S u=v; +V, =

TG, hbG,

pi3 Pl I’E .,
= =vy| 1+, —2=
wh3E,,  bhG,, h2G

= a4 =wlb>1. (12)

®opmyst (11), (12) mokassIBaOT, YTO C POCTOM
HEOJHOPOMHOCTH PACIPEeICHNUS KACATeIbHBIX HA-
[OPSKEHUN [0 [IUPUHE WK TONIUHE (IPU yMEHb-
ureHuw b 10 CPABHEHUIO € W U { [0 CPABHEHUIO ¢ h)
pacrer mompaBka K mporufy, a 3HAYUT, yIeT Peab-
HOTO pACHpENeNeHUs HANPIKEHUN 110 [IUPUHE U
TOJIUHE MOKET WMETh 3HAYEHHE IS HOCTATOYHO
mUpoKux 06pa3moB, AJA KOTOPBIX 5TA HEOJHOPO.-
HOCTH CyIIeCTBeHHA. VIMEHHO dYepe3 IIONPABKY K
nporuly OLpenenseTcsi TAKadA BAJKHASL XapPAKTEPH-
crurka KM, Kaxk MOLYJIb MEKCIOMHOTO CBUTA.

TlpuBenenubie npuMepbl OOBIACHAIOT, TOYEMY
BAJKHO YTOYHEHHBLIMHM W YWCJICHHBIMU DPACYETAMHU
OLIEHUTH IOIPEIIHOCTL [PUMeHeHus napaboiaude-
CKOU 5miops! (2) npu oupenesieHuu MOIYJIS MEK-
CJIOMHOTO CABUTa W 060CHOBATH 06JIACTH €e ImpuMe-
HUMOCTH.

Peutenne Cen-Benana — Jlexaunkoro
AJIA A30TPOIMHON M OPTOTPOIIHOM
KOHCOJBLHOM OaKu

Hsomponrnas 6aaxa. B 6omee crporoi mocra-
HOBKe 3anaqu usruba [19 — 21] kacarenbHbIe HAIPS-
JKEeHUd HA TOPU30OHTAJNBHBIX W BEPTHHKAJBHBIX ILJIO-
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MaaKax IIPEeAIIoJaralnTci 3aBUCAIIUMH HE TOIBKO
OT BEPTHKAILHOM 2, HO M OT ITOIEPEYHOH Y KOOpPIH-
HATBI, YTO II03BOJIAET YIECTh BIMAHUE IITUPUHEI 6a1-
KU Ha PACIPEJETIeHUS KACATEIbHBIX HAIPIKEHUH,
BOSHHUKAIOIIUX 107 HEUCTBHEM IIE€pPEpPe3bIBAOIIEH
CHJIBL.

Cuuraerca, 49T0 B KOHCONBHOU 6amke (cM.
puc. 3), HATPY:KEHHOW KOHIeBOM cmioun P, = P/2,
JEUCTBYIOIIEN B IIJIOCKOCTH CHMMETPUH CEYEHWUS,
BCE KOMITOHEHTHI TEH30Pa HAIPAKEHUH pPABHBI
HYJII0, KpoMe

O 0~xy = Exy: Oz

HopmanbHable HAUPSKEHUS BBIMUCISIOTCH II0
SJIEMEHTAPHOM OaJIOYHON TEOpPHH, OCHOBAHHOM HA
THUIIOTE3€ «ILJIOCKUX CEYEHUU» U NX HE3aBUCHUMOCTH
OT Y, T.€. IIOCTOSHCTBA 110 MHUpPUHEe 6ATKH:

P -x)z wh?

__ =T 13
ala 7 12 (13)

HpI/I ITUX TUIIOTE3aX €IHUHCTBEHHOE HeBI:IpO?K'
ACHHOE ypaBHEHNE PABHOBECHUA UMEEeT BUJ
0y ot fole] 0ty ot
Y + X2 | E 34

2
2 T T1F g (14)
oy 0z ox oy 0z I

Ypasuenwme (14) MOKHO Tmepenucarb, BB
dyurumio Hanpssrenui F v npuHas

oF oF P1 h2 2
T =T gy = = &=
Y oz oy oI

= Oy O7F ﬁ (15)
dz  Oyoz 1
3mecy wieH, comepskamuyd P, mpeacraBiser
sjeMeHTapHOe pemienue (2) A MeKCIOMHBIX Kaca-
TEJIbHBIX HANPMIKEHUH (IUIOCKOCTL CJI0EB KMEeT
HOPMAJIBIO OCh 2):

6P, 2 3P,
Ty =—o h——22 =t =L py 2=0. (16)
wh3 | 4 2wh

IlogcraBum Boipaskenmst (16) B ypaBueHus
Benvrpavu — Murgena [19]:

1
AGij+1+VGU=0;G=§ZG”—
3 o - 1 0%, 1 P
1+v Y 14v xoz 14v I
0%, 0%z, 52‘Exz GF P,
At = + =A—-—

¥ w2 oy2 22 ay I’

rae v — xos(ppurnment [lyaccona.

JLiist M30TPOIIHOTO MaTepuana

P,
ArxyzAﬁzo;Agz Nl
oz oy l1+v I
P,
= AR =Y 1Y 1
1+v I

I[.TIH IIPAMOYTOJIBHOIO C€YeHHusaA IIPUHHUMAKTCHA
Cleayrlue rpaHuIHbIe YCIIOBUA:

1 oF
opu y=+—w = =-——=0,
pu y 2 Ty 2
P, (h?
mpu z =+ — h:> @ h -22|=0>
2 oy 2l
i) (18)
ay

Ha rourype cegenns dpyurnus F nubo mocrosH-
Hasd, b0 paBHa Hyaw0. Permenue ypasuenwns [lyac-
couna (17) mud TPAMOYTOJIBHOTO CEYEHHS MOMKHO
HaWTH, BEIOPAB CHAYAIA YaCTHOE perrenue Fy, yaos-
JIETBOPAOIIEee OJHOMY W3 TPAHUIHBIX ycaoBui (18),
T.€. 00paIamIineecs B HOJIb HA CTOPOHAX, HOPMAIh-
HBIX OCH Y:

1 v Pl( 1 j
=t wsF =0=F, = e 41,19
FoEgR S Tyerl) a7 ) 19
IIpuaumaerca F = Fy + Fy, tne F, — rapmoHu-

qeckasd (PYHRIHSA, YIOBIETBOPSAIONIAL CIELYOIIHM
TPAHUYHBIM YCIOBUAM:

pu y:i%wzF(): 0;
1
anz:i5h2F0+F1=O. (20)

g 6anku IpAMOYTOIBHOTO CEYEeHUA (PYHKITHA
HANPSIKEHUH WINEeTCH B BHAE PALA IO TPUTOHOMET-
pudeckuM u rutepboamdeckuM (PYHKIHAM € yIeTOM
COOOpaKEHHUH YETHOCTH W TPAHWYHBIX YCIOBUM.
OxonuaresapHOE BBIpAJKEHHE I (DYHKIUU HAIIPA-
JKEHUU [I0JIy9aeTCH B CIIEAYIOLIEeM BHUE:

v Puw3[ndy(4y?
A+v) 4Ix3 | 6w | w?

F(y,z)=

_Z( 17 ch@nrnz/w) Sin2nny

21
= n® chiznh/w) w @

ITo dropmynam (15) ¢ ucmonpsosauumem (21) mpo-
CTO MOJYYHUTH KACATEIbHBIE HANPMKEHUA, KOTOPbIE
M3MEHSOTCH HE TOJBKO 110 TOJIIUHE, HO U 110 A PU-
He 6asKH, 9T0 He0OXO0UMO YIUTHIBATH B METO/E OIl-
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peaenenus MOAYJIA Me?KCJ'IOfIHOI‘O caBuUra I10 IIO-
mpaBke K nporuty:

v 6Pw|— o (-1)" sh@nnz/w) <

B 2nny7_
P T W) BB LZ; n?

n ?
ch(nnhfw) w J

h2 " v 6P| , w?
Tee = -z I
2I (1 +v) whd 12

_w* Z( 12)” ch@nnz/w) cos2nny7 .
no1 n?  chiznh/w) w J

(22)

CrpaBeauBOCTD BBIPAKEHUN I KACATEIBHBIX
HANPAKEHUN IIPOBepAeTCH Y/ OBJIETBOPEHWEM Ipa-
HUYHBIM YCIOBHAM HA CTOPOHAX NPAMOYTOJIBLHOIO
CeYeHus:

1 y=t-w=r, =0
P
2 e=rlp 3By %27,
2 2uwh h?
v 6wP | y? 1 1 & (D"  2nny
E A il R i =0
1+v A3 |w?2 12 2 /75 n? w

min _ 3P1 1 ¥ w2 %
¥ 2wh 1+v)3h2n2

N 3P,
{“12;1 22 ch(nnh/w)”<zwh‘

4. z2=0,y=*xw2=
3P1 Vv 2w2
= ¥ = 1+ X
2wh L+v) h?

2 &1 1\ sp
[— a2 Z::_z h(nnh/w)jJ " 2wh’ v

W3 dopmyn (23) siBHO BUAHA 3aBUCHMOCTD ME-
CIIOWHBIX KACATENHHBIX HAIIPIKEHUN OT OTHOIIIEHUA
MUPUHBL 6aTKH K ee TosmuHe. [Ipu 5TOM B eHTpe
O6aJKy HANPSKEHWE HUKE, YeM T, IOJIyIeHHOe IT0
snemenTapHou (opmyse (16), a Ha Kpar — BbIiIe;
9TO pasiudre PACTET C YBeIUYeHUEM IITHPUHBI 6a-
KH.

Opmomponras 6aaxa. Ypasaenue mis (PyHE-
nuu Hanps:xkeHui F mpuobperaer CaeayOMui BU/:

1 32F 2P,
G,, 022 EZZI

1 a%F |
Gy B*

(24)

Havinem dynarmuno F, ofpamarwlryocs B HOJL HA
BCEX CTOPOHAX IPAMOYTOJBHHKA 2z = *h/2; y =
= +w/2. IIpaByw yacts (24) MOXHO PA3JIOKUTH B
pan Pypoe kak QyHKOHIO, 3aaHHYI0 HA HHTEPBAJIE
vy € (—w/2, +w/2). B cuiy HedeTHOCTH 1O Y BTOT DAL
COEPIKUT JUIIb CUHYCHI, U ypaBHenue (24) npuob-
perer Buz

1 8%F o°F 1 1 62F
ze v G, oz°
2P1wuxy o (=)™ . 2nny

=— Z sin ; (25)
E, In n w

n=1

IIpu BrBOme (25) mcnonb30BAHO M3BECTHOE PA3JIO-
swerue pyurmuu f(y) =y B pag Pypoe HA uHTEpBA-
se (—7T, 17) U cresiaHa IMHENHAS 3aMeHa [IePeMeHHOH
Yy HAY:

o (=D,
¥, :—22( ) sinny,; y; € (-1, m),

n=1

y=9 2i:>y e (~w/2, w/2) =
s

wx . 2nmy
— sin /=
DR

Pemenne ypasuenus (25) muiercsa B Bume paga,
YAOBIETBOPHIOIIEr0 YCIOBHAM HA CTOPOHAX Y =
= *w/2, torga uz (25) cuexyer cucrema O6BIKHO-
BEHHBIX Au(pepeHnaIbHbIX YPABHOH:

d 2
F=YY,(@)sin ’;"y -

n=1

2 2P wv.., (1)
:LY"—L(znij y - 1% (DT o

n n -
Gy - w E In n

O61uit maTerpan ypasuenus (26) uveer BHUJ

2 2
Y, (2)=A,sh2TNEE | p o, ZITNEE
w w
Pw3G v, (_1)" G,
et v GV T 27
2E _In®* n® G,.

Koucranre: A, B, B (27) Haxogarcsa w3 rpaHmud-
HBIX YCJIOBUH HA CTOPOHAX z = *h/2, rne dyHrums
nanpsorenun F' nomgaa obpamarses B HOtb. OKOH-
YaTeNIBHO [I0JIydaeM

le ze xy
—X
2E, In3
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N 3[40 sk

Puc. 4. Pacupenenenve KacaTenbHBIX MEKCIONHBIX HAIPS-
JKEHHUH T,, 00 mupuHe (@) u rommune (6) 6anxu

Fig. 4. Distribution of shear interlayer stresses t,, over the
beam width (¢) and height (b)

ch(2nnzf/w) in2mty

< D"
2 ch(nnhyg fw) w

n=1 n

(28)

Wz (28) maxogum pacnpeneneHus KacaTeIbHBIX
HANPAKEHUM:

2
le zeny %

T =
© E, In?

Xir( e sh(2mtzf/w) 2nny7.
n:1L n? ch(nth_/w) w J’

2
o B[ B2} BwGevy
21 4

E, In?
Xi (-1 1 ch@nnz,[g w) cos 2nmy
oo n? ch(nnhf /w) w

(29)

Ilo amanmormm ¢ (23) mpoBepsiem yHaoOBIETBOpE-
HHE TPAHWIHBIM YCIOBUAM:
3P,

— ) +Mmin _
_0, ’t = —_——

1. z=0,y=0=r, ] x
¥ 2wh

Y

Guby o[1 4§ (D]
3E,, L3 72 nzlnzch(nn/c)J

3P
z > Y w/2 = Ty Tz 2wh ®
G Uiy ©
i e 20 w 2 i Z
3Exx n? i ch(mt/c)
c=—2_. (30)

Buruucnernue nonpasku & npozuby ¢ nomousro
AnnPoOKCUMAUUY NP KACAMEALHBIX HANPAHCe-
nuil. ITTockonabKy nporu6 onpenensercs BhbIpaXKeHu-
em (6), HEOOXOMMMO IIPEACTABUATEL PACIIPEIeTICHUA
HANPAMKEHUH B [JOCTYIIHOM J[JIA HHTErPHUPOBAHUSA
Byuzie. HopmaibHble HAPAMKEHUS O,, JUHEHHBI 110
TOJIIMHE U JJIMHE U He 3aBUCAT OT mmupuabl. Onna-

Puec. 5. PacnpeneneHie MeXCIOMHBIX KacaTelIbHBIX HATIPA-
JKEHUH T,, B CEYEHHUHN Yz B BHIE IIOBEPXHOCTH

Fig. 5. Distribution of shear tangential interlayer stresses
T,, as a surface in the section yz

KO BUJ[ BIIIOD KACATENbHbIX HANPAMEHUH 1, T, U3
pemenus (29) neoueBnuneH, Beipaxenud (29) e mo-
3BOJIIFOT HPOBOJUTH PACYeThl IIPOTHOOB [Jake C I10-
MOIIBIO CIIEIAATN3UPOBAHHBIX TTPOTPAMM, ITOTOMY
HeobxouMa WX ANIPOKCHUMAIUA A0CTATOYHO IIPO-
CTHIMU (PYHKIHAMUA.

Annporcumayus snopvl MesCCAOURBIX Kaca-
menvubtx Hanpssceruil. Paccmorpum 6osee mop-
po6HO pacripeneiieHHue MEKCIOUHBIX KACATEIbHBIX
HANPKEHUN T,,. BMecTo KPUBOJIMHENHHONH MOBEPX-
HOCTH BTOPOTO IOPAAKA A HATJISIHOCTH Oymem
AHANM3UPOBATH OTMAENLHO PACIpPEneeHud HAIps-
JEEHWU 10 [upHHe U TomuHe 6anku (puc. 4).

i BU3yaJbHOTO BOCIIPHUATHS CIOMKHOTO pac-
MpeeeHus 0 CEYEHUI0 Y2 MEKCIONHBIX KAaCaTellhb-
HBIX HAIPSKEHUH T, IIOCTPOEHA IOBEPXHOCTH
(puc. 5), orpakamias HAIOKEHUE BSIIIOp, IpUBe-
neHHbIX Ha puc. 4. [Ipunaro ciaemymoiiee o6osHade-
uue oceit: Y = y/w; Z = z/h; T = 1, [1%2.

Wz tounwix pacueros (29) (cm. puc. 4) BuUmHO,
4TO pacupefeleHus MEKCIONHBIX HAIPAKEHUN I10
[MIAPUHE U TOJIIHHE XOPOIIIO OIMCHIBAKOTCH KBaapa-
THYHBIMH 3aBUCHMOCTAMU (rrapabosamu). SaBUCH-
MOCTh II0 IIMPHHE MOMKHO OITMCATH BHIPAKEHUEM
1(y) = a(l + by?), nocKonbKy BeTBU napaboibl Ha-
MpaBJIeHbI BBEPX, 4 3aBHCHAMOCTH II0 TOJIIHHE —
dopmymonn tmma Kypasckoro v(z) = a(l — 4z%/h?).
O6111ee BRIpasKeHUE MEKCIOMHBIX KACATEIbHBIX HA-
OPSAKEHUN UMeeT CIeAyIONUI BU:

T, = a(l + by?) (1 - 422/h?). (31)

Jlna ucnonpsosanus Beipaskenus (31) mpwu ompe-
JeJIEHHUY HOMpaBKu K nporuby mo gopmyiie (6) ueob-
XOAUMO paccuuTars no gopmynam (30) mHaubonpiaee
¥ HAWMEHDLIEe 3HAYEHUS KACATENbHLIX HAIPAMKe-
HUY, OPUHAB @ = T b = 4(¢ /Tmm 1/ w?
y4eTOM PABEHCTBA [1ePePe3bIBAOIIEN CIUle HHTEerpa-
J1a OT KacATeIbHBIX HAIPIKeHUH:

hi2w/2

P=4| [r,dydz=
0 0
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Puc. 6. Smopbl MeXKCIOHHBIX KacaTeIbHBIX HAIPIKEeHUH
T,, IO ToImuHe (@) 1 mupuHe (6) 6axkm: — TOYHOe pe-
menne (29); — — — — ammpoxcumMariua (31)

24

W LW (
v

Fig. 6. Diagrams of interlayer shear stresses 1., along the
beam height (e¢) and width (b): — precise solution (29);
— — — — approximation (31)

(32)

2 2 2442
:awh{wa _kh®  bkhZw j

12 12 144

Ha puc. 6 cxemarwyHO IIOKa3aHBI SIIOPHI HA-
[PSKEHUN, II0CTPOEHHBIE HA OCHOBE TOYHOTO perle-
wuA (29) u annporkcumanuu (31). Bugwmo, uyro xpu-
Bble PAKTHYECKH COBIAJAOT, YTO T'OBOPUT O BO3-
MOJKHOCTH OIIMCAHHUA MEKCIOWHBIX HAIIPSKEeHUN
KBaPATHIHBIMY 3aBUCHMOCTHIMHU.

C npumenenwmem coorHomenus (31) BosMOMKHA
[IPOBEPKA BIMAHUS HA IPOrHbG HEOZHOPOLHOCTHU
pAacIIpeiesIeHus 110 IUPUHE MEKCIOMHBIX KaCaTeb-
HBIX HAnpsoReHu#. [IOCKOIBKYy € POCTOM IIHMPHHBI
0aIKy 3HAYEHUSA HANPIKEHUU B CePeJuHEe CeUYeHUs
0Ny ga kparo T GyAyT 3HAYMTENLHO DAsiIH-
9aThCH, IIONPABKA K IPOTU0y MOMKET YBEeJIUINUTHCH, 4
3HAYUT, B PAcYeTax Heo6XOAMMO yIWTBHIBATH OTHO-
menue TIAX /g min

Bruio paccumrano BimsHEE HEOXHOPOZHOCTH
MEKCJIOWHBIX KacaTeabHbBIX HAIIPAKEHUHN I10 IIUPU-
He Ha NOIpPaBKy K uporuby. s peansHbIx OTHOLIE-
HUU IMMUPUHBL K TOIIMuHE (<3) ¥ MOLYJIS CABHUTA B
ILUTOCKOCTH K MOJYJIF0 MEKCIONHOTO casura (<5) or-
Homenue T /1M < 1.1, Ho nase Ipu H3MeHEHUN
o mupuHe Hanpssxenwid He HA 10 %, a va 30 % no-
[IPaBKa, PACCUUTAHHAA 10 annporcumarmu (31), or-
JIMYANIACH OT LIONPABKYU K Iporuly, onpeneneHHOH
no TpagunmoHHou Qopmyne (4) 6es yuera wmame-
HEHUU HalpsKeHu# no mwupune, scero uHa 0,7 %.
Taxum 06pa3om, [I0JIydeH BAKHBIN Pe3yibTaT — pe-
AIbHAA HEOXHOPOAHOCTL MEJKCIOHHBIX KacaTelb-
HBIX HAIPMKEHUU NPAKTUYECKH HEe BIKAET HA IIPO-
rub Uy, 9TO MO3BOJIAET HE YIUTHIBATE €€ B PACIETAX.

AnnpoxkcuManug SMIOPhI KACATEIbHBIX
HaNpPsKeHUH B IIocKkocTu XY

Pacripesieienus KacaTesbHBIX HAIPSMKEHUH T,
He fABIATCA napabonudeckumu, u3 (29) smopsr
STHUX HAIPAKEHUU IIPEACTABIEHLI B IpadyuIecKoM
BU/IE HA puc. 7.

ITo ananoruu ¢ puc. 5 MOMKHO HPEICTABUTEL PAC-
[IpeesieHne KAcATeIbHbIX HAIPSIKEHUH B BUE [O-

W g ( 6
.

3 h
N e N 3 Yok

Puc. 7. Pactipesienenna KacaTelbHBIX HANPAKEHUH T,, 10
ronmuse (@) u mmpuHe (6) 6anku

Fig. 7. Distribution of shear stresses t,, along the beam
height (@) and width (b)

Puc. 8. Pacnpenenenne KacaTelbHbIX HANPAKEHUN T,, B Ce-
YeHUH YZ B BUAE IOBEPXHOCTH

Fig. 8. Distribution of shear stresses 1,, as a surface in the
section yz

Bepxuoctu (puc. 8). [Ipunaro cienyromiee o6o3Hawe-
mue oceri: Y =y/w; Z =z/h; T = rxy/rgg;ax

Jlns pacupeneneHus 1T, II0 ToJIEHe (CM.
puc. 7, @) ymo6HO HCIONL30BATH ILIPOCTEHUIIYIO JIH-
HeWHyI0 3aBUCUMOCTD BHAIA T,, = nz. M3 (29) sugno,
4TO BIIOPHI T,, ONPENeNATCH HedeTHHIMU (hYHK-
OUAMH, TAK 9YTO HHTETPAJ OT HUX PABEH HYJK BBUILY
OTCYTCTBHA IIOIIEPEYHOM Ilepepe3bIBAIOIIEN CHIIBI.
JUIOPY HAIPSMKEHUU T,, 110 IIUPHHE MOXHO 3aMe-
HUTDb .TII/I6O ABYMSA KBAAPATHYIHBIMU 3aBUCHUMOCTAMHA
Ty = |layy -w/2)|; 0< |y| <w/2, mabo cmrycou-
MOU T, = ksin 2my/w. Beipaskenue a1a Kacareib-
HBIX HAIIPAMKEHUHU IIPEeACTABUM B BUE

Ty = |@zyWw/2 - y)|; T, = kzsin 2ny/w,

2 32
— _ ~Inax. — max .

roe k = PR Sl ;0< |yv| Sw/2.

Samernm, 9To BhipaxkeHwue (6) comep:rur uHTE-
I'PaJ OT OTHOIIEHUA KBAAPATA HALDIKEHUNA K MOLY-
mo casura 12, /G, . Tockoasky G> G, 1 1>
> T,,, MEKCJIIOHMHbBIE CABUTOBBIE fedopmanuu 6ymyr
3HAYMTeNbHO Gosibire (y,, > Y,,), 4 C/el0BaTelbHO,
HAMHOTO CHJIbHEHN BIHAHHE MEKCIOWHBIX CHABUTOB

HA 1IOUPaBRy K nporuly. M3 Beipaskenuii (29) ompe-
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Puc. 9. Pesynsrarer MK3-pacuera mporuta Mogenu KOHCO-
JIBHOM GANKH ¢ TIOIePeIHBIM cedenneM 5 X 10 MM u mrumHOMl
nponera 100 mm; P = 100 H

Fig. 9. Results of FEM calculation of the deflection of a
cantilever beam model with a cross-section of 5 X 10 mm
and a span length of 100 mm; P = 100 N

JejleHbl HAWOOJIbIINe 3HAYCHHS KACATEILHBIX HA-
npsokeHmi: TR = 2,28 MlIla; t5*™ = 0,744 MIIa.
Beupy Toro, uro mexcioiiHbie KacareibHbLIE HA-
NPAMKEHUs T, 60JIbIlle «BHYTPUCIOUHBIX» T,, B TPH
pasa, a moxyianb G,, menbiie G, B 1Ba — TPH pasa,
BKJIAJl KACATeJbHBIX HAIIPAMKEHUH 1,, B SHEPIUIO Jie-
cdopMaruy 1 B 1OMOIHUTEIBHBIN Iporub npenebpe-
JEMMO MAJI, II09TOMY UX MOJKHO HE YIUTBIBATD.

UnciaeHHOEe MOAETHPOBAHHAE H3THOA
KOHCOJILHOHM OPTOTPONHON 6aKu

Iposepra sausnus wupursl 6AIKY RO RONPAG-
Ky K npozuby. Jlis IpoBeqeHus YUCIEHHOTO DKCIIE-
pumenTa B mporpammHoM Komiiekce FEMAP
NASTRAN 6puia mocrpoeHa MOAEIbh KOHCOJBHOU
OpTOTPOIHOM 6anku (puc. 9) co CeAYIOIUMHA Mexa-
Hu4eckuMu — xapakrepucruravum: K = 70 I'lla;
G,y = 15I'1la; G,, = 5 I'Tla.

Tabauma 1. PesynbraThl aHATUTHYECKOTO W YHCICHHOTO
pacaeros nporuba

Table 1. The results of analytical and numerical calculati-
on of the deflection

h X w, mm2 MK, mm ABanuTavecKnil pacier, MM
5x%X5 4,619 4,619
5 x 10 4,617
5 x 30 4,612

A
L 1494
<
A
S 14,7
=
;ﬂ&
= 14,5 1
Wiy
14,3 ; ( l)=
0 0,005 0,01

Puc. 10. 3aBucrMocTn M3MEPIEMOT0 «(PUKTHBHOTO» MOLY-
1 FOura ot qiauHB! nporera 6anku

Fig. 10. Dependences of the measured Young’s modulus on
the beam span length

Pacuersr gmns pasnugHbIx 3HAUYEHHP pasMepoOB
[IOIIEPEYHOTO CEUeHUS U JUIMHBI IIPOJIETA IPOBOIIH
npu MES-monenupoBasuy ¢ MOMOIILIO DJIEMEHTOB
tana SOLID.

Beumn nosydeHbl pe3ynbTATHl YHCIEHHOIO U
amanmuTryeckoro o dgopmynaam (6) u (31) pacueros
s 6amkm mmmeor 100 mv u w/h = 1; 2; 6. Ilpm
W3MEHEHNH DPA3MepOB IOIEePEYHOr0 CEYeHHs Ha-
YAIBHYK) HATPY3Ky CHIDKAIHM [IPOIIOPIIMOHAIBLHO
YMEHBIICHHUIO MIMPHUHBI Ganku. Pesynbrarsi, mpes-
craBieHHble B Tabi. 1, MOKA3bIBAIOT pasnudue pac-
CYUTAHHBIX [POTMO0B B THICAYHBIX JOJIAX MUILIU-
merpa (corsie gonu %).

IIposepra roppexmuocmu memoduru onpede-
AU MOOYAR MeHCCAOUR020 c08U2A NO NONPABKE K
npozu6y. C IOMOIIBI0 METOIA KOHEIHBIX HJI€MEHTOB
ompeessaan nIporud 6aa0K pPa3IUIHOTO OIEPETHO-
IO CeYeHMs IPU U3MEHEHWH WX JiauHbl. Ha ocHOBe
dopmynsr (1) g xammoro smadenus piauHbl (50;
100; 150; 200 mm) HaxoxwmIH «(DUKTHBHBIA» MOLYJIb
yupyrocru. [lanee 1o aHanoruu C puc. 2 piud Rax-
I0U MIUPUHBI [IONEPEYHOTO CEYSHHS CTPOMIIM IIPs-
mele B Koopuuuarax 1/Eg — (h/l)*> (puc. 10), ¢ mo-
MOIIBI0 KOTOPBIX COTJIACHO (5) OIpemessiu WCTHH-
w1 Moy IOura E, v MOAyIIb MEKCIOUHOTO CABH-
ra (,, Pesynprarsl pacyeroB IIpenCTABIEHLI B
tabi. 2.

HucneHHbIe PACYETHI [IOKA3AIH XOPOIIee Coria-
CHe OLEHOK MCTUHHOTO MOLYJIA YIIPYTOCTH M MOLYJLS
CABUT4, P TOM AAXKE 3HAYUTEIHHOE U3MEHEHHE

Tab6auma 2. Paccunrtannsie sHavenna Moayia KQura u Moxymna capura

Table 2. Calculated values of the shear modulus and Young’s modulus

h X w, mm2 E Illa G, I'lla Oramune E, ot 3agamnoro, % Ornmune G, or 3anannoro, %
5x5 70,028 4,867 0,04 2,66

5x 10 70,028 4,907 0,04 1,86

5 x 30 70,077 4,888 0,11 2,24
3amaHHble 3HAYCHUI 70,0 5,0 0,0 0,0
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Tabmauma 3. IIporu6 6anky npu U3MeHEeHNN OTHOIIEHU MO-
Iynel caBura

Table 3. Beam deflection with a change in the shear modu-
lus ratio

g MK, Mmm AHATHUTHYECKUH pacyeT, MM
1 4,618 4,619
3 4,618
5 4,617

10 4,616

mupueb 6anky (B HmIecTs pas) NPAKTUIECKU HE II0-
BIIMSJIO HA Pe3yJIbTaT. SHAYCHHE MOMAYJISA COBUTA OT-
JIMYAeTcd OT 3aMaHHOTO B pacyeTax MeHbIIe, 94eM Ha
3 %, a NOTrpelIHOCTh IIPY OIpEele/IeHUN «HCTHHHO-
ro» MOZYJIS YIPYTOCTH COCTABIAET JAOJIH [IPOLIEHTA.

Bausrnue omuowernus modyaeil cdsuza na no-
npasky k npozuby. Bo Bcex npencraBieHHBIX BbIIIe
pacderax IPEeANoIarajiu, YTO MOAYIIb MEKCIOMHOTO
CABUTA MEHBIIIE «BHYTPHUCIOHUHOTO» MOZYJ/IS COBHUIA
B Tpu pasa: g§ = G,,/G,, = 3. OnHako B peajbHBIX
KOMIIO3UTAX OTHOLIEHWE MOLYJIEeH CIOBHUTA MOKET
CUJIBHO OTJIMYATLCH OT LPHHATOrO 3HadeHnwsd. [lpu
9TOM g BXOJHUT B COOTHOIITeHHUA (29) U MOKET BIUATH
HA IONPABKY K mporuby. Jas npoBepKu 5TOT0 Biaud-
HUS JJIS CPABHEHUS ObLIN [IPOBEIEHbI YHCIEHHBIN U
AHATUTUYIECKUE pacdersbl nporuba 6anku mpu pas-
JIMYHBIX 3HAYeHusX g (rabi. 3).

Pesynrprars! pacueroB niokazanu KpaliHe He3HA-
YHUTENBHOe H3MEHEeHHe IIPoruba IIPU CyIeCTBEHHOM
ysenuyenun G,,/G,,, 9TO TOBOPUT O CIIpaBeqJiu-
BOCTH CAEJIAHHBIX PAHEe BHIBOAOB JAKE IJIA MaTe-
PHAJIOB C CHJIBHOM aHU30TPOIIMEH CBOMUCTB.

IKCIepHMEeHTATBHASA IPOBEPKA BIAHAHAA
IIAPHUHLI HA Iporud ob6pasma

Knaccryeckune wucopitanms HA TpPexXTOYEUHBIN
n3rub npoBoamin HA 00pPA3LAX W3 TKAHOTO CTERJIO-
mwiacTuka, B xope SKCHEpHMEHTA [IPOBEPIN BIIHA-
Hue mupuHbl 06pasna Ha nporub. Jaa 5Toro ucnsI-
TeIBAIK oOpaser mupuHou 30 MM OpPH PA3IUIHOU
HATPY3Ke. 3areM IIupuHy 00pasna yMEeHbIIAIN IIy-
TeM MEXaHWYEeCKOW 00paboTKM M CHOBA HATPYKAIA
€T0 CHJIOH, YMEHBIIEHHOU IIPOIIOPIIMOHAIBHO H3Me-
HEHUIO MUPUHBL VICIBITAHWA TPOBOAWIN IIPH IITH-
pune obpasna 30, 15, 10 u 5 mm, gauHy mposera
(100 Mmm) B xOm€ SECIIEpHMEHTa He maMmeHsau. Vc-
[I0JIb30BAHUE OJHOTO 06pa3sna B CEPUHU HCIBITAHUU
HEeOOXOUMO JIJI UCKJIIYEeHUA BJIUAHUA HA TPOTUb
TAKHUX CIIy4alHBIX (DAKTOPOB, KAK JIOKAILHEIE H3Me-
HEHUS MOALYJS YIUPYTOCTH, CBA3AHHBIE C BO3MOJKHBI-
MUy geeRTaMu B PasOpPUEHTAMEN BOJIOKOH B pas-
nmgHbIX ofpasnax. VcnsiTanua npoBogwiu HA Ma-
mmae INSTRON, Bxopsamen B niepedens o6opyrno-
paunma [TRII UMAI PAH «Hayroemkue TexHOIO-
THUH CO3JAHUA MAIHWH GyayIero».

Ta6auma 4. I[Iporu6 o6pasios IpM HAYAILHOU HAarpyske
100 H

Table 4. Deflection of specimens at an initial load of 100 N

w, MM IIporu6, mm Harpysxa, H
30 0,48 100
15 0,47 50
10 0,45 33
5 0,47 17

Ta6auma 5. I[Iporu6 o6pasmnos npu HaAYAILHON HAarpyske
200 H

Table 5. Deflection of specimens at an initial load of 200 N

w, MM IIporu6, Mmm Harpysxa, H
30 0,96 200
15 0,96 100
10 0,90 67

Pesynprarsr ucnsirannii 06pasmos ¢ pasiudaHON
UIMPHUHOU npuBeaeHs B Tabm. 4 u 5.

Ilony4ennsie npu pasnudHBIX HATPY3KAX U LIW-
puHax 06pasna 3HadYeHud Hporuba moKa3anu Hecy-
LIeCTBEHHLIN pasbpoc. fBHOro mameHenwus nporuba
He 06HAPYKEHO [IPY yBEINYeHUH IIUPUHLI 06pasia
Jae B IIeCTh Pa3 [PY HPOHOPIHUOHAILHOM YBEJIH-
geHuu HArpysku. Pasépoc B 3HadeHusx nporuba B
npegenax 5 % onpenenserci HeM3OEKHBIMH II0-
TPELIHOCTAMY H3MepEHN.

Brnisoabl

YTOYHEHHbIE AHAIUTUIECKUE U YUCIeHHBIe Pac-
9eTHI IIPUBEIN K OCHOBHOMY BBIBOZY: IIPH OLIpejeiie-
HHUM MOIYJA MEKCIOMHOTO CABUTA KOMIIO3UTOB 4e-
pes3 MOIIPaBKy K MPOru6y IIPU UCILITAHUAX HA U3THD
[PAMOYTOJIBHBIX HATIOK ¢ PA3IUIHON [JIMHOMU IIPOJIe-
T4 BIMSHHEM HEONHOPOZHOCTH KACATEILHBIX HA-
[PKEHUN [0 IIHPUHE GAJIKU MOKHO IpeHefpedsn.
Tarum of6pasoM, [OKazaHa KOPPEKTHOCTH METO0ja
OLIpeJeIeHUA MOLYJISA MEKCIOMHOTO CABUIA HA OC-
HOBE TPAJULIMOHHOU Teopuu usruba ¢ yaerom pac-
[peferleHns KACATENbHBIX HAIPIKEHUH B (opme
Rypascroro — Tumornenko. Pesynprarer ucnobira-
HHUPM KOMIIO3UTHBIX 0AJI0K HA TPEXTOYEIHBLIN U3THD
[OATBEPAUIN OTCYTCTBHUE BINAHUSA LIUPUHBI OAIKU
Ha OIpefie/igeMoe 3HAYEHHE MOJY/IS MEMKCIOHHOIO
caBura.
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The failure probability and the reliability index have been determined for a pipe submitted to
internal pressure, exhibiting a corrosion defect, embedded in a soil with a ground reaction, and
underwent the displacement due to seismic activity. Results are obtained by computing the
condition of failure: strain demand higher than strain resistance which is typically the Strain
Based Design (SBD) basis. From the probabilistic point of view, this condition results in the
overlay of the two probability distributions, namely, demand and resistance. An analytical
method is proposed to compute the common area between the strain demand and resistance
distribution and then to get the probability of failure. The strain demand is assumed to follow a
power-law distribution and the strain resistance is a Normal one. The strain demand is com-
puted assuming that the probability density of seismic waves follows a Gutenberg — Richter
distribution law. This simple method is also used to predict the failure probability of different
reference periods or seismic zone. It is also used to examine the influence of the coefficient of
variation of the strain resistance distribution when using vintage pipe steels.

Keywords: pipe; defects; seismic displacement; internal pressure; probability of failure; strain
based design; safety factor.

ratio of the ultimate strain and the strain demand
as illustrated in Fig. 1.

For a probabilistic approach, either SyBD or
SBD, the safety factor is defined from the statis-
tical distribution of the resistance and the demand
more precisely as the ratio of the mean value of the
resistance pp and the mean value of the demand

Introduction

The failure risk assessment can be done in two
ways, one determinist and the second probabilistic.
In a deterministic approach, one compares the
safety factor to a prescribed value. For a probabilis-
tic one, the failure probability is compared to a con-
ventional value. The safety factor is defined as the i
ratio of the resistance and the demand. Ba:

A more precise definition depends based on the
stress-based design (SyBD) or strain-based design
(SBD) [1, 2].

fs = Wr/hg. (1

For a stress-based design, the safety factor is
defined as the ratio of the yield stress o, and the
stress demand oy. For SBD, the safety factor is the

| SyBD | [ SBD |
Stress i Stress -
N
fs = auleq
Stramn & &1 Strain

Fig. 1. Schema of the principle of stress-based design
(SyBD) and strain-based design (SDB): yield stress o,, stress
demand o, strain demand ¢,, and ultimate strength ¢,

The prescribed value of the safety factor is gen-
erally f. = 2 for SyBD. The earliest information
about the use of this value is given in the code of
Hammurabi (Codex Hammurabi). The best pre-
served ancient law code was created in 1760 bc in
ancient Babylon. It was enacted by the sixth Baby-
lonian king, Hammurabi. The text covers the bot-
tom portion of a basalt stele with the laws written
in cuneiform script. It contains a list of crimes and
their various punishments, as well as settlements
for common disputes and guidelines for citizen con-
duct. It is mentioned that an architect, who built a
house that collapsed on its occupants and caused
their deaths, is condemned to capital punishment.
In addition, it is noted that “when a stone is neces-
sary to build a palace, the architect has to plan to
use two stones.” This was the first information
about the value of 2 for the safety factor.
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Density probability functions

by br

Demand op | Resistance

« .

{* Probability of failure

Fig. 2. Definition of the probability of failure

In codes that specifically allow strain-based de-
sign (DNV 2000, DNV-OS-F101 [3] ASME B31 [4],
CSA 7662 [5] AND API 1104 [6]), the safety factor
is a deterministic one f, 4, and generally estab-
lished by expert judgments. Table 1 gives the deter-
ministic safety factors according to the safety
classes for tension.

For failure risk, the admissible probability Py,
has to be less than a conventional value which de-
pends on the types of risk and equipment. If there
is no human risk P, = 10, with human risk
Pryg = 10 and for nuclear components Prog =
= 1075, This conventional value is a compromise
between the cost and the risk [7]. For pipes, the
traditional value is Py, = 107

The resistance (R) and the demand (d) func-
tions involve random variable (s) with different
density probability distribution functions (PDF).
One assumes that the resistance (R) and the de-
mand (d) are independent variables with respective
PDF p; and pg. The failure probability is repre-
sented by the overlay of these PDFs as indicated in
Fig. 2 [8].

A reliability index is an attempt to quantita-
tively assess the reliability of a system using a sin-
gle numerical value. The set of reliability indices
varies depending on the field of engineering, and
multiple different indices may be used to charac-
terize a single system. The loss of load probability
(LOLP) reflects the probability of the demand
exceeding the capacity in a given interval of time
(for example, a year) before any emergency mea-
sures are taken. It is defined as a percentage of
time during which the load on the system exceeds
its capacity.

If X is the performance of interest and if X is a
Normal random variable, the failure probability is
computed by P, = ®(-y), y is the reliability index.
When X is a nonlinear function of n normal ran-
dom variables (X, ..., X)), then the preceding for-
mula can be generalized, with some approximation.
One uses a nice property of the reliability index,

Probabality of failure

Hazrardows

| Unsatisfactory

Poor

Below average

Above average

High
4

Rehability index ¥

Fig. 3. USACE (1997) guidelines for reliability index and
the corresponding probability of failure [10]

to be the shortest distance of the origin to the fail-
ure region. This value is computed in FORM and
SORM methods [9].

USACE [10] made specific recommendations
on target reliability indices in geotechnical and in-
frastructure projects, Fig. 3.

When additional and accidental loading gener-
ated by either permanent or transient ground de-
formation are superimposed on the internal pres-
sure of a gas or oil pipe, large stresses and strains
are produced in the pipe wall. Seismic activity, soil
subsidence, slope instability, frost heave, thermal
expansion and contraction, landslides, pipe reeling,
pipe laying, and other types of environmental load-
ing can be caused by these additional loadings.
In these cases, the stresses and strains exceed the
proportional limit. For such loading cases, the
Strain Based Design (SBD) is the most appropriate
one [1].

Displacements due to seism are obtained from
Eurocode 8 [11] which gives these displacements as
a function of the criticality of the seismic zone on
the Richter scale. The distribution of the seism am-
plitude is given by a distribution of Gutenberg -
Richter [12]. The Gutenberg — Richter law (GR
law) expresses the relationship between the magni-
tude and total number of earthquakes in any given
region and period.

In this paper, the probability of failure of a pipe
submitted to stochastic displacements due to a
seism is calculated according to the method of over-
lapping the demand and the resistance distribu-
tion. This pipe exhibits a corrosion defect which is
for a conservative reason, considers a semi-ellipti-

Table 1. Safety factors according to the safety classes

Strain safety Ll
factor Low Normal High
Safety class 15 2 3
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Table 2. Chemical composition of API 5L X60 steel

Additives C Si Mn

S v Nb Ti

% 0.16 0.45 1.65

0.010 0.07 0.05 0.04

cal defect. This defect is considered a stress concen-
trator. Therefore a local approach is necessary and
the strain resistance is considered as the local ef-
fective critical strain e,,. The effective critical
strain takes into account the sensitivity of the criti-
cal strain to stress triaxiality § and Lode angle 6;
according to the Wierzbicki and Xue [13] model.
The distribution of this local critical strain is as-
sumed to follow a Normal distribution. The de-
mand distribution is assumed to follow the French
“low” GR distribution.

The two distributions (the local strain demand
and the local strain resistance) allow computing
the probability of failure and reliability index ac-
cording to the seismic zone. The influence of the
coefficient of variation of the resistance distribu-
tion particularly for vintage pipe steels and the ex-
pected life duration of the pipeline is also studied.

Effective critical strain according
to Wierzbicki and Xue model [10]

It has been seen that failure resistance is sensi-
tive to stress triaxiality  [14 — 19] and Lode angle
0; [20 — 22]. The influence of stress triaxiality and
Lode angle is taken into account in the Mohr —
Coulomb (MMC) fracture criterion [23]

J3
)

1+C2
x[ +31 co ngl ([3+ jsin%el], (2)

where C,, C;, C;, and C; are material constants.
Here, the influence of § and 0; on effective failure

€. B,0,) = {C+ a- C)sng}

a0

5 p=0.lmm
p=0.25mm
p=0.5mm
1 p=0.75mm
e=5mm

ﬁ_ﬂiﬂl‘ﬂ-_ﬁ.l)

140
)
R

>
\”

70

Fig. 4. Geometry of the DENT specimens

strain e, is more simply described according to the
Wierzbicki and Xue model [13]:

Sef,'c(ﬁ: el) = 8%“[3([3)“6! (el): (3)

s% is the reference strain, i.e., the strain resistance
for a stress triaxiality and a Lode angle equal to
zero (B=0; 6,=0). The strain dependence to
stress triaxiality pg(B) is given by:

1p(B) = Be P, @)

B and C are material constants. The strain depend-
ence to Lode angle and is represented by equation
[13]:

5 ©0)=5+0- o 8l0d)" ®)
L)

§ is a material constant defined by the ratio of the
fracture strain between generalized shear 0, = /2
and generalized tension (8; = 0) subjected to the
same hydrostatic pressure.

In the following, the API 5L X60 steel pipe
is studied. Table 2 shows the chemical composition
of this steel. It is composed of 0.16% carbon and
several alloying elements, such as titanium and
niobium.

The API 5L X60 steel pipe has yield stress o, =
= 510 MPa, an ultimate strength o, = 610 MPa
and a failure elongation A% = 29.1%. The con-
stants B, C, and % of the Wierzbicki and Xue model
[13] have been determined from tensile tests on
tensile notched specimens and shear tests on
smooth specimens (parameter §).

Four tensile tests have been performed on Dou-
ble Edge Notch Tensile (DENT) specimens with
different notch radius [0.1; 0.25; 0.5; 0.75 mm)].
The geometry of specimens is reported in Fig. 4.
Elongations at failure of the DENT specimens are
reported in Table 3 (mean values of three identical
tests).

Table 3. Results of fracture tests on DENT specimens
made in API 5L X60 steel pipe

Notch radius, mm Failure elongation, %

Stress triaxiality

0.75 1.87 0.80
0.5 1.98 0.82
0.25 2.08 0.89
0.1 2.40 0.98
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Fig. 5. Geometry of the pure shear specimen

Equation (4) is written with fitted values of pa-
rameters C and B:

pp(B) = 7.8¢71:38, )

One notes that the value of parameter C' = 1.38
is close to the value generally found in literature as
C = 1.50[13, 14].

The material constant § from equation (5) is
obtained from two tests, namely, a shear and a ten-
sile test. The first test gives shear elongation at
failure g, and the second one gives tensile elonga-
tion at failure e The 8 parameter is given by the
ratio of these two failure elongations:

6= Sﬁs/Sf.

The geometry of the pure shear specimen is
given in Fig. 5. The values of ¢, & (%), and 8 pa-
rameter are given in Table 4.

Equation 3 with £ = 1 (equation (5)) is used to
compute the effective strain resistance e,.(, 0).
The elongation at failure in tension e is a particu-
lar case of effective strain resistance

er =g = 0.33, 6, = 0) = 29.1%. (7)

This value gives the reference strain resistance
gl = 16.22%.

Strain demand distribution
of a pipe submitted to internal
pressure and seismic loading

A pipe made in steel API 5L, X60 with a diame-
ter of 610 mm and a thickness of 11 mm is com-
pletely embedded in soil with a ground reaction co-
efficient of 100 MN/m? (Fig. 6).

This pipe is submitted to two actions: a 70 bars
internal pressure and stochastically local seismic
displacement. This displacement is a power func-
tion on seism amplitude M (Richter scale) accord-
ing to [24]:

A = 10-48+0.69M) (8)

The pipe is clamped at an arbitrary distance
of 13 m and the local displacement is assumed to
be superimposed at an equal distance between
two clamped ends. The pipe exhibits a corrosion de-
fect at 3 o’clock. This defect is considered as a
semi-elliptical crack size of depth d = 0.55 mm and

Pipe with internal pressure of 70
bars buried in an elastic soil with
a stiffness of 100MN/m?

Ground
stiffness
100MN/m?

Fig. 6. Embedded pipe in soil with a ground reaction coeffi-
cient of 100 MN/m3

aspect ratio c/e = 18.5/31 = 0.59, where ¢ is the de-
fect semi-axis width and e is the defect semi-axis
length.

The local strain resulting from this displace-
ment is computed by the Finite Elements method
using Abaqus software. The pipe and the defect are
meshing with 3D hexaedric elements Fig. 7.

The stress-strain behavior of the material is as-
sumed to be elastic-plastic. It is obtained from a
tensile test and presented as the true stress-strain
curve (Fig. 8).

Figure 9 shows an example of the strain distri-
bution ahead of the corrosion defect where the lo-
cal strain is plotted versus the distance ahead of
the defect tip. The effective local strain is obtained
from the Volumetric Method (VM) procedure [25]
from this strain distribution. Using the VM proce-
dure, the effective distance X,; is determined at the
position where the relative stress gradient is mini-
mum. The corresponding value on the strain distri-
bution is the local strain demand according to the
concept of the effective strain criterion. This con-
cept assumed that the effective strain is not the
maximum strain because the process zone cannot
be reduced to one point.

Table 4. Results of shear and tensile test and value of 6

8f;s? % 8f? % 6
6.38 29.1 0.23
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Fig. 7. Meshing in the zone near the crack-like defect

700

(=]

True stress, MPa
B 88828
o & & & &

0 5 10 15 20 25
True strain, %

Fig. 8. The true stress-strain curve of APISLX60 pipe steel

Local strain for a
seismic displacement of 9 mm

ep = 0.250%
0.248

Local strain, %

IN,¢ = 0.72 mm
0.240 ;
0 1 2 3

Distance, mm

Fig. 9. Local strain distribution for a pipe displacement of
9 mm corresponding to a seismic wave of amplitude M = 4

The seismic distribution is described by the
Gutenberg — Richter (GR) [12] distribution accord-
ing to the following equation:

NM) = 10°-*M, C))

where N(M) is the number of seismic waves of M
amplitude during the observation time (one year).

Table 5. Parameters of the GR seismic distribution in the
considered seismic zone [24]

a b M

max

0.80 0.60 6.4

0.06
¢
0.05 |3
b 4
004 | @
.
S~ $
ooz |- @
Z L]
®
0.02 ..
I.N — O.lgA—O,SQ
0.01 Seq
*e.q
.-.-....
o0
0 20 40 60 80 100 120 140

A, mm

Fig. 10. Displacement distribution due to seismic waves
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Fig. 11. Strain demand distribution due to seismic waves
NM) = fley)

The GR distribution law is valid for M < M.,
where M. is the maximum seism amplitude for
the considered seismic zone. The parameters of the
seismic distribution are given in Table 5.

Figure 10 reports the number of seismic waves
of M amplitude versus the corresponding displace-
ment N(A) = f(A) according to the parameters of
Table 5 and equation (9):

N = f(A) = 0.19A7989, (10)

Figure 11 reports the number of seismic waves
of M amplitude versus the local strain demand
NM) = floy):

N(M) =0.22¢ 092, (11)

The strain demand distribution due to seismic
waves g; = f(M) is represented by a power distribu-
tion with mean value p; = 3.16% and standard de-
viation oz = 3.95%.

Distribution of the strain resistance

Ten tensile tests have been performed on ten-
sile specimens made with API 5L X60 pipe steel.
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Results of failure elongation ¢, are presented in
Table 6.

According to the value of kurtosis and skew-
ness, the assumption of a Normal distribution is
justified. The coefficient of variation of elongation
to failure COV, = 0.18 is higher than those of
yield stress COng = 0.05.

The strain resistance e5 is derived from the dis-
tribution of failure elongation in tension with a
triaxiality p = 0.33 and a Lode angle 6; = 0:

Sf = SR(ﬁ = 033, Gl = 0) (12)

The strain resistance e is computed for a cur-
rent stress triaxiality p* which is reported in
Fig. 12 versus the displacement A. The strain resis-
tance is associated with the studied component and
is not a material characteristic. Therefore, it is nec-
essary to compare the strain demand and the
strain resistance with the same triaxiality and
Lode angle. According to the model of Wierzbicki
and Xue [13], the ratio of strain resistance in ten-
sion under B* triaxiality is equal to:

ep(3=0.33) _ (B =0.33)pg,(0,,2)

: (13)
enB=P g =p g, 0))

The Lode angle in tension is equal to zero and
the current Lode angle 0] is close to zero. There-
fore, we assume that the Lode angle correction is
close to 1.

One notes that in the displacement range [20 —
90 mm] the stress triaxiality is practically constant
with an average value B* = 0.87. The correction
factor is

exp(-Cp*)

5 = _ _— 14
ERppr TERP-0.33 exp(-0.33C) (14)

with C = 1.38. The value of the average correction
is 0.47. The statistical parameters of the strain re-
sistance distribution for the studied case are re-
ported in Table 7.

ﬁ*
12
1.0
0.8
0.6
04
0 50 100 150
A, mm

Fig. 12. Evolution of the current stress triaxiality §* ver-
sus displacement A

Probability of failure

The difference between the strain demand and
the strain resistance represents the failure bound-
ary function (FBF) g(d, R). This FBF is given by

g(d, R) = d(gy) - R(eg), (15)

d(e,) represents the strain demand and R(g) is the
strain resistance. The resistance (R) and the de-
mand (d) functions involve random variable(s)
with different probability density distribution
functions (PDF). One assumes that the resistance
(R) and the demand (d) are independent variables
with respective PDF p,; and py. The failure proba-
bility is represented by the overlay of these PDF's
as indicated in Fig. 13. The probability of failure is
given by:

R
Pild>Rl= [p,d,RdddR,  (16)
d-R>0

pa r(d, R) represents the joint density probability
distribution function. In another way the probabil-
ity of failure P;is given by the following condition:

P;=P(g <0). (17

The joint density probability distribution func-

tion p; p has a mean value p, and a standard devia-
tion o, with:

He = Vg~ Ha» (18)

Bz, B are the mean values of the resistance and de-
mand distributions, respectively. The standard de-

Table 6. Statistical distribution parameters of elongation to failure of API5L X60

Mean, % Standard deviation, % Kurtosis

Skewness cov Number of specimens

29.03 5.26 -1.79

0.059 0.18 10

Table 7. Statistical distribution parameters of strain resistance g5 ; _ g« of API5L X60

Mean, % Standard deviation, % cov

Number of specimens

Kurtosis Skewness

11.58 4.43 0.396

10 -1.21 2.75 x 10-15
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-y P, = [ P, (R)P,(d)dd. (23)
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The cumulative probability Pg:
""—.
. Py(R) = PR < d). (24)
£
£ w P; = [[ Py (RP;(d)dRdd =
R<d
+oo[ 400 W
= L | B (d)dRJ P, (dR)dd, (25)
T 0 B ] § 10 12 4 ¥ i iS 0 R
&> % P, = [[1- P,(R)IP, (R)dR. (26)
Fig. 13. Failure probability =8
The cumulative probability P,:
viation of joint density probability distribution P,R) =P d<R)=1-P,d > R), 27
function o, is given by:
: - B an—x
6, =403 +02, (19) Pyleg) = meg", Py(R) =1~ 1-x "’ (28)

op and o, are the standard deviations of the resis-
tance and demand distribution, respectively. The
reliability index is defined as the ratio:

He _ Mp —Hg

G {2 2
g GR+Gd

Several methods are used for assessing the
probability of failure and reliability index. The
Monte-Carlo method and the first and second-
order reliability methods (FORM and SORM) re-
quire derivation of the limit state function. Here, a
simple analytical method is proposed assuming
that the resistance (R) and the demand (d) density
probability functions are represented by simple
functions:

Y= (20)

P/lg<0l=PIR-d<0]= [[ P, (R,d)dRd(d) =
R<d
= [[ P, (RP,(d)dRdd,
R<d
P; = [[ Py (R/P;(d)dRdd =
R<d

+oo’7 R
]

(21)

= [| [ Pr(RR

—00| —o0

}»d (d)dd, 22)

n and A are the parameters of the strain demand
distribution. The probability of failure is given by
the following equations

R
B an—x T
B _&1—{1— T jJPR(R)dR, (29)
+0 o 1(Rpg :
Pf:jl—[l—nf_l;j\/%e 2[ o de. (30)
0 R

Equation (30) has been computed using param-
eters given in Table 7. The GR distribution is lim-
ited to M, . M .x =6.2 in our case). The corre-
sponding strain demand is so high that an infinite
boundary has been chosen. Values of parameters of
equation (380) and the probability of failure are
given in Table 8. The failure probability is high
when it is compared with recommended values for
pipes P;< 10-°. Therefore, a maintenance opera-
tion is necessary to repair the corrosion defect. The
high values of the failure probability are explained
by the intensity of the GR distribution which corre-
sponds to a low seismic zone associated with a se-
vere defect. This defect is considered as not admis-
sible with traditional defect assessment and a de-
terministic safety factor less than 2.

Table 8. Values of parameters of equation (30) and the probability of failure

Pr Or

A

0.115 0.044

0.616

0.0007 1.8 x 104
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Table 9. Values of parameters of equations (31) and (32), reliability index and safety factor are given from a new definition

Pr, % Bao5 % og, %

og % v fe

11.30 3.165 4.47

3.95 1.36 3.57

Table 10. Values of parameters of equations (31) and (32), reliability index and safety factor from clean and vintage steels

Steel By, % B4, 0.05 % o4, % v* fe
Clean 11.30 3.165 3.95 1.36 3.57
Vintage 11.30 3.165 3.95 1.22 3.57

Safety factor

The safety factor f; [7] is for a stress-based de-
sign, generally it is defined by:

fs = Mr/hg- (31)
The following ratio give the reliability index y:

__Hr ~Hg
Y=
o +c2

The values of the mean and standard deviation
for the demand and the resistance are reported in
Table 9.

One notes that the definition of the safety fac-
tor (equation (31)) has been established for two
Normal distributions and stress-based design. In
our case, we compare a Normal distribution with a
non-symmetric GR distribution with very high
COV (COV,; = 1.41). For this reason, Equation (31)
is modified by using the median p;,5 (%). The
value of 11, 5 is reported also in Table 9

fs = Br/Maos (33)

The value of the safety factor is high and asso-
ciated with a low probability of failure P,=
= 1.8 X 10 The value of the reliability index y* is
compared with the value which is given by USACE
guidelines for the reliability index [10]. One notes
that the situation is between “poor” and “unsatis-
factory.” This means that the defect must be re-
paired during a maintenance operation.

(32)

Discussion

Influence of the COV of the pipe steel. 1t is now
admitted that the scatter of material properties is
also a material property. This scatter is appreciated
with the Coefficient of Variation (COV) which is
the ratio of the standard deviation and the mean.
The COV depends on the studied property of the
material. For example, for the pipe steel API5L
X60, the COV associated with the elongation of fail-
ure is higher than the one associated with yield
stress COVaf = 18% > COV% =5%. The COV

strongly correlates with the microstructure i. e the
grain size and the inclusions content. This is the
reason that for a vintage pipe steel, the COV_ is
generally more than two times the value of those of
recent and clean pipe steel. The reliability index
and the safety factor has been computed using
equations (31) and (32) assuming that the standard
deviation of a vintage API5S5L X60 steel is 20%
higher than the value of the same clean steel. In
this study, the COV of the strain resistance distri-
bution for the vintage pipe steel APISL X60 is
COVy = 0.39.

Results are presented in Table 10. One notes a
decrease in the reliability index (10%), but the
safety factor is unchanged. Therefore, the reliabil-
ity index associated with the probability of failure
is a better representation of the criticality of the
situation than the deterministic safety factor.

Influence of the reference period. As indicated in
equation (34), the probability distribution of the
strain demand follows a power-law:

Pyeg) = ms (34)

1 and A the parameters of the strain demand distri-
bution and have been established for a reference
period of one year. Assuming that the occurrence of
a seismic wave with a magnitude greater than M
is proportional to the reference period, the parame-
ter 1 is proportionally modified for the reference
period 10 years and 50 years, and the A parameter
is kept constant, (fifty years is the traditional refer-
ence period for a pipe). The probability of failure
is computed for the three reference periods (1, 10,
and 50 years) and the results are reported in
Table 11.

One notes a very strong increase in the failure
probability with the increase of the reference pe-
riod. One concludes the strong necessity of periodic
maintenance and repair operations when a pipe is
located in a seismic zone.

Influence of seismic zone. France is divided
into 4 seismic zones (very low, low, moderate and
average) as indicated in Fig. 14. The GR distribu-
tion (equation (34)) is different according to the
seismic zone. The corresponding GR distribution



78 «3aBoackasa maGoparopuna. [luarnocruka marepuanos». 2023. Tom 89. Ne 3

Seismic zone E %

1+ very low
2

ow
S53 moderate
¢ average

Fig. 14. Seismic zones in France

parameters are reported in Table 12. The studied
case corresponds to a “low “seismic zone.

The failure probability for the studied pipe (de-
fect + internal pressure) is sensitive to the seismic
zone and only the “very low” seismic zone satisfies
the criterion P, < 10-5.

CONCLUSION

Strain Based design is based on a comparison of
strain demand and resistance and takes into ac-
count material strain hardening. The probability of
failure consists to compute the common area of the
strain demand and resistance distributions.

A qualitative approach consists also to compute
the reliability index (RI) from formulae that incor-

Table 11. Parameters of equation (35) and probability of
failure for 3 reference periods

Reference period A n Py
1 year 0.62 0.00077 1.8 x 104
10 years 0.62 0.0076 1.7 x 103
50 years 0.62 0.039 102

Table 12. Parameters of equation (34) and the probability
of failure for 4 seismic zones for the studied pipe

Seismic zone A n Py

Very low 0.93 3.87 x 105 9.8 x 105
Low 0.62 0.00077 1.8 x 10+
Moderate 0.76 0.0041 2.1 x 103
Average 0.81 0.006 4.3 x 103

porate the mean and standard deviation of strain
demand and resistance. An acceptable value of RI
is given by the probabilistic Model Code (PMC) and
is over 3 for a reference period of 50 years. The an-
alytic tool is based on a simple method and the
strain demand distribution has been fitted by a
simple power function.

In the studied case, the reliability index is be-
tween poor and unsatisfactory (1.36), but the load-
ing conditions are severe, however, the seismic dis-
tribution is classified as “low,” and the corrosion
defect is classified as acceptable according to the
criterion of fracture mechanics. The proposed tool
for probabilistic SBD can be used for the less se-
vere situations.

Improvement of the method can be done
using FORM and SORM methods with a loss of
simplicity.
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The article develops an idea that the stress-strain curve for an arbitrary material is the
extremum of some functional. However, for irreversible processes, the using of the principle of
stationarity of some functional is incorrect, because due to the dissipation of the deformation
process, the possible work of internal forces is non-integrable. Therefore, it is proposed to use
the generalized variational principle of L. I. Sedov for modeling the stress-strain curve of
elastoplastic materials. A concept of sequential inclusion of certain deformation mechanisms
on different segment of the stress-strain curve is proposed. According to this concept, each sec-
tion of the stress-strain curve must correspond either to the stationary value of the correspond-
ing functional, or to the stationary value of the non-integrated form of variations of the corre-
sponding stress derivatives. The combination of naturally obtained spectra of boundary condi-
tions at the ends of each segment leads to a variation-consistent formulation of the system of
boundary and contact conditions of solutions of different differential equations on each seg-
ment of stress-strain curve. As a result, it is possible to construct a differentiable stress-strain
curve over the entire area of the stress-strain curve definition. The resulting solution, in con-
trast to the Ramberg — Osgood empirical law, has a strictly liner segment. The obtained mathe-
matical model was tested on experimental data of materials for various industrial purposes.
The achieved accuracy of the mathematical model is sufficient for engineering applications.

Keywords: Ramberg — Osgood law; empirical stress-strain curves; stress-strain curve as a so-
lution of the ordinary differential equation of the fourth order; stress-strain curves as an ex-
treme of functional; processing of experimental data.

its use, both in modeling the properties of materi-
als and in the design of structures from them.
First, the modulus of the tangent to the stress-
strain curve corresponding to the Ramberg -

Introduction

Several empirical models have formulated in
the literature that describe the stress-strain curve.
One of the most popular models is the Ramberg —

Osgood model [1]. This model is popular among sci-
entists involved in modeling the properties of ma-
terials [2-21] and among engineers who solve
problems of structural design of plastic materials
[22 - 29].

There are two approaches to modeling the
properties of elastoplastic materials. The first ap-
proach is the compilation of universal curves de-
fined by one formula in the entire range of strains
[1,4-9, 30].

The second approach is to formulate the
stress-strain curve as a multilink spline with two
[10 — 18], three [19 — 21], or four [15] segments.

The Ramberg — Osgood law corresponds to the
first approach.

It was shown [11] that the empirical Ramberg —
Osgood law has two significant drawbacks limiting

Osgood law for an engineering curve cannot take
on a value of zero at the point of ultimate strength.
Therefore, this law is incompatible with the condi-
tion of theoretical strength. Secondly, according to
the Ramberg — Osgood law, the tangent module is a
monotonically decreasing function, and therefore
the stress-strain curve has no linear segment.

1. In [11] an alternative empirical model was
proposed, which is not defined on the segment
0<e <1, but on the segment &, <e*<1. On the
segment 0 < e* <& postulated strictly linear law:

# =\ M
{E:?,* —(E; —1)[81 _iej €, Sg*< 1.

—&

JE:?,*,OS?,* <eg,
= 1)

€
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Here o* = o/o,, £* = ¢/e, and ,*; 0,*) — are
the coordinates of the point of ultimate strength of
the material on the stress-strain curve. This alter-
native empirical model is equivalent to the stress-
strain curve must be divided into two fundamen-
tally different segments, separated by a character-
istic point for each material — point, which is
called “proportionality limit” and has coordinates
(e;; o,). The first segment of the stress-strain
curve — strictly linear. The constant modulus of
elasticity E] =¢./c, and the parametern =
=(1-¢;)/(1~¢./c,) can be determined through
the coordinates of a point called the “proportional
limit.”

2. Developing this idea, it was assumed in [17]
that a solution of some ordinary fourth-order dif-
ferential equation can be used on a nonlinear seg-
ment, since the stress itself and its derivative (the
tangent modulus to the stress-strain curve) must
be specified at the ends of the nonlinear segment:

£20™"" + 42'0"" + (2-n)o™" = 0. 2)

The solution of (2) gives:

o* (e = 1Co +Clj* +sz:”2 +c§sn*”3 ’*Ogi* <er ()
Co+Ci€ +Cye " +cege C,e,<g <1
The boundary conditions (4) — (5) are:
G*(O)ZO . G*(ge*)zce*,OSe*Ssz, (4)
c '0)=E, |6 '(,)=E,

{G (€,) =0, {G w=1 . <e*<1, (5)

* * * 2 * ’86
o 'e,)=E, [c'1)=0

Satisfying the boundary conditions and substitut-
ing in (3) one can obtain the stress-strain curve.

3. The next step in stress-strain curve mathe-
matic modelling is the idea, that there is some
functional exist, the stationarity value of which
will give not only a kinetic equation for stress, but
a variation-coordinated spectrum of boundary con-
ditions on each segment of stress-strain curve. In
[29] it has been shown, that on different segments
desired functional has a different number of sum-
mands defining different “deformation mecha-
nisms.” As the result, each new “deformation
mechanism” change the structure or order of dif-
ferential equation on the current segment. For
nonlinear-elastic materials, such functional has the
form:

1% e 1% .
U==|A,c*c*de" += |[A,,c2c* c*" +
2.([ 11 2.[ 22

'Se

+2A,8"c* ¥ + Aj;0% % ]de”. (6)

The summand Ae*?0*’0*”, which is included
on the second segment of the stress-strain curve
and continues to act up to failure, defines the “sec-
ond stress-derived square” mechanism.

The summand 2A,,e*0*"0*" defines a “bilinear
on the second and first stress-derived” mechanism,
which includes on the second segment of the
stress-strain curve simultaneously with the “qua-
dratic” one and continues to act further.

The summand A;,0%'0* defines the only defor-
mation mechanism acting on the first segment and
corresponding to the linear Hook’s law equation. It
does not “turn off” and continues to operate on the
second segment. Naturally, the parameter value
A, defining this mechanism must have the same
value throughout the segments of stress-strain
curve on which this mechanism act. The require-
ment of stationarity of functional (6) gives

U = 0. (7

Unlike the previous approach, on different seg-
ments of stress-strain curve the curve defined by
different kinetic equations. Really, on segment of
linearity the kinetic equality is

o*" = 0. (8)
On segment of nonlinearity the kinetic equality is
e*2g™"" + 4e*o*" + (2 -n)o*” = 0. (9)

Here n — physical parameter, reflecting mechani-
cal properties of the material and connecting with
parameters Ay, Agq, Aqq. The variation principle (7)
gives a consistent system of boundary conditions
and conjugation conditions for solutions of kinetic
equations (8) and (9).

4. However, for irreversible processes, the us-
ing of the stationarity principle of some functional
is not correct, because, due to the dissipation of the
deformation process, the possible work of internal
forces is non-integrable. The non-linear segment
should divided into two segments.

On the first segment there is no dissipation and
the deformation processes reversible, but nonlin-
ear. In the second section, the dissipation process
starts and deformations become irreversible and
nonlinear. Both parts separated by specific point of
material (¢,.*;6,*). This point will called the “re-
versibility limit.” Really, before this point stress-
strain curve describes reversible process of deform-
ing. If process of deforming pass through this
point, it becomes irreversible. That is, the process
of dissipation is “turned on” behind the “reversibil-
ity limit” point (¢,*;0,*), and some sort of dissipa-
tion process start to act.

This article dedicated to the realization of this
idea.
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Formulation of dissipative model
as principle of stationarity
of non-integrated linear variation form

In [22], a generalization of the L. I. Sedov vari-
ation equation for modeling irreversible processes
was proposed. The essence of generalization is that
Sedov’s variation equation represented as the sum
of variation of the functional of the reversible part
plus the set of dissipation channels. The simplest of
non-integrated linear variation form called the
“dissipation channel.” Its arguments formed by
one of the bilinear terms in the functional of the re-
versible part. In the present case of the reversible
part of the functional, there is only a single dissipa-
tion channel can be:

olUy = j B, e*(6*'8c¥—-c*8c™ )de*.  (10)
Behind the point (¢};5 ), the variation princi-
ple of stationarity of functional (7) becomes incor-
rect and replaced by the variation principle of
stationarity of the non-integrated variation form:

U +oU,, =0. (11)

This variation principle can simulate stress-
strain curve of elastoplastic materials. We follow
the concept of sequential inclusion of various defor-
mation mechanisms on different segments of the
stress-strain curve. According to this theory, the
stress-strain curve will divided into three seg-
ments: linear reversible segment 0 <e* <g, non-
linear reversible segment &, <e*<g, and nonlin-
ear irreversible segment e, <e*<e..

Constructing stress-strain curve
as a conjunction problem
for three solutions

Linear reversible segment 0 <e* <g,. Modeling
the stress-strain curve with the simplest quadratic
functional, we obtain a linear strain model:

U =%IA116*'G*'d8 *, (12)
0

Here A;; — a physical parameter reflecting the
mechanical properties of the first deformation
mechanism.

The stationarity condition of (12) gives the
kinetic equation of the stress-strain curve as well
as the natural boundary conditions:

SU = j A, 0%3c™de™* = j -A 0" 86 *de* +
0 0

#

% =0, (13)

+A;0%3c*

Kinetic equation, follows from (13):
o*" = 0. (14)
The solution to kinetic equation (14) is as follows:
ot = & ¥, (15)

According to (13), assuming that stresses are
set at the ends of the segment (stresses variations
are zero), we obtain:

c*(0)=0 Cy =0
F * * L (16)

c*(e,) =0, Gy =E;
Here E, =6, /¢, — dimensionless Young’s modu-

* * . . . .
lus; e,,0, — dimensionless coordinates of a point
of proportionality limit on a stress-strain curve.
Linear Hooke’s law on a stress-strain curve on
* .
segment 0 < e* <g_ as a result received:

o* = E, e*. amn

Nonlinear reversible segment &, <g*<g,. As
already noted in the introduction, on a nonlinear
segment, the differential equation must be a
fourth-order equation. Accordingly, an additional
component containing the square of the second
stress derivative should appear in the functional.
We will treat the appearance/disappearance of the
additional deformation mechanism in the func-
tional as “on/off.”

When passing through the proportional limit
point, on the second section of the stress-strain
curve, the simultaneous activation of two new de-
formation mechanisms postulated, and the func-
tional becomes:

o
1%
U:§J‘[Azze*2 c*o*+2A,e* ™ 0¥+

'Se

+ A o¥ ¥ lde*. (18)

The deformation mechanism, determined by
physical parameter A,,0*"0*", which is start to act
on the second segment of the stress-strain curve
and continues to act further, is defined by the “sec-
ond stress-derived square.”

The deformation mechanism, determined by
physical parameter A, 0*'0", defines a “bilinear
on the second and first stress-derived” deformation
mechanism, which start to act on the second seg-
ment simultaneously with the “quadratic” one and
continues to act further.

The only deformation mechanism acting on the
first segment and corresponding to the linear
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Hook’s law equation, does not “turn off” and con-
tinues to act on the second segment. Otherwise,
the functional (18) would not positively defined,
and the corresponding solution would not be the
only one. Naturally, the parameter A, value, defin-
ing this mechanism, must have the same value
throughout the segments of stress-strain curve on
which this mechanism act.

The variation equation on the second segment
of the stress-strain curve is:

8U = [[Age?c"" + 4Apec"" +

'Se

+(2A, + Ay — A )o"180de +

+(Age?0” + Ay e0')00"

& _ 2 _rrr ”
iy [Agye“c"" +2A,,60" +

+(A,, — Ay )o'Bo

=0, (19)
Kinetic equation:
8*20*”” + de*o*'" + (2 _ I])O*” =0. (20)

Material parameter

(21)

The solving of kinetic equation (20), taking into
account (21), is as follows:

0%(e*) = ¢g + c18% + cye™2 +cge* . (22)

According to (19), assuming that stresses are
set at the ends of the segment (stresses variations
are zero) and tangent modulus are set in addition
(stresses derivative variations are zero), we obtain:

the boundary conditions for solution on
nonlinearity reversible segment when e* = ¢,

(23)

*ng—1 £

* * #ng *ng *
6*(g,)=cy +Cci€, +Cye, +Cge, =0,
sr * _ *ng-1
6*¥(e,) =cy +Ccqnge,  +cCgnge,  =E;;
the boundary conditions for solution on non-
. . . *
linearity reversible segment when ¢* = ¢,

%« N * *ng #ng __#
c*(g,)=cy +Cci&, +Cye, +Cge,. =0, 24)
*r £ *ng-1 *ng—1 #*
0¥ (e, ) =cy +Cqnge, +cegnge,  =E..

Nonlinear irreversible segment €, <e* <g,. As
already noted in the introduction, that on a nonlin-
ear interval two segments must exist. The first, de-
scribed above, defines the deformation process
throughout is reversible. The second should take
into account irreversible deformation processes,
which determines the plasticity property. This
means, that when crossing the reversibility limit

point, a new, dissipative deformation mechanism
(10), turned on. At the same time, all previous
mechanisms also continue to act. A generalization
of the L. I. Sedov variation equation becomes as
(11). Taking in account the structures (10) and
(19), the stationarity requirement of this non-inte-
grated variation form (11) yields the following vari-
ation equation:

SU +8U5; = [[Age*? 6% +(4A5 ~2By) Je* o' +

87‘

+@Ay + Ay — Ay —3By )™ 86 *de* +

+[Age*? 6*" +(Ay — By Je* ¥ 150" |% -

—[Age*2 6*" +2(Ay, — By )e*c* +

+(Agy Ay —321)0*’]66*@ =0. (25)

Together with the already introduced parame-
ter (21), we introduce a new physical parameter of
the material

E = le/Azz. (26)
Kinetic equation, follows from (25):
2% + (4 - 28)e*0™" + (2 -1 -380* = 0. (27)

The solving of kinetic equation (27), taking into
account (21) and (26), is follow:

0*(e*) = ap + a18* + ag ™™ +a,e*s. (28)

According to (25), assuming that stresses are
set at the ends of the segment (stresses variations
are zero) and tangent modulus are set in addition
(stresses derivative variations are zero), we obtain:

the boundary conditions for solution on non-
linearity irreversible segment when e* = ¢,

(29)

ro?

* * *n *n *

{G*(sr)=(lo +age, a8t +a48," =0,

skr (N *ng—1 *ng—1 _ p*,
o (e,) =a, +ayn,e, +agnge, =E

the boundary conditions for solution on non-
linearity irreversible segment when e* =g, = 1

{G*(1)=a0+a1+a2+a3=02 (30)

¥ () =ay +ayn, +agns =E,.

Ten parameters Cy; Cy; cg; €15 Ca; Cs; Qg; Q3 Ag; A3
are determined from the solution of the problem of
conjugation of the stress-strain curve at the con-
tact points (16), (23), (24), (29) and (30). Thereaf-
ter, the stress-strain curve can plotted from known
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Fig. 1. Theoretical stress-strain curve and experimental

data for 30CrMnSiNi2A armor steel (16532 CSN): 8; =

= 0.14199, o, = 0.79231; ¢, = 0.20081, o, = 0.91154; E; =
= 5.60; S = 0.0048

physical parameters or determine these parame-
ters using a sample of experimental points

Cy+Ce*for0<e*<e)
* *
C*=qcy +C1e* +c8™™2 +ege*s fore, <e*<e.  (31)

* *n *n * * *
@y +ae*+ae™™ +aque*s fore, <g*<g .

Tangent modulus:

E*=c%=

C, for0<e*<e)
=4q¢q +02n28*nr1 +03n38*n371 forg: 38*38: (32)

. - * *
ay +ayne* ™l taznge*s Tl fore) <e*<el.

Formally, physical parameters, determining
mechanical properties of elastoplastic material, are
coordinates of three characteristic points of stress-

. & 2 * %, s * 4 *
strain curve (e,;0,),(,%0,%), (&, €.), as well as
parameters, characterizing acting deformation
mechaniSmS A22, A213 All’ B21:

C; =0, ,0,)
¢; =c¢;(e,,6,,6,,00,Er E, ,ny(n),ngy(n) (33)
a’i :a'i(gj':cj:E::E::n4(§:n):n’5(éan))‘

However, in the model under consideration,
due to the normalization, the absolute values of the
coordinates of the ultimate strength point (¢}; o)
are not included in the curve equation. In addition,
between four parameters A,y Ay, Ajj, By, only
two their linear combinations &, n are included in
the curve equation.

® A selection of 469 experimental points
——Theoretical curve

Normalized stress o*
o
=5

0.2 ® Proportional limit point
0.1 © Reversibility limit point
0.0
0 0.2 04 0.6 0.8 1

Normalized deformation *

Fig. 2. Theoretical stress-strain curve and experimental
data for 40Cr2Ni2MA armor steel (4340 ASTM): &
= 0.65885, o = 0.82437; ¢ = 0.76546, o" = 0.92473; E|

= 1.25; § = 0.0033

As a result, the constructed theoretical curve
(31) is an eight-parameter curve:

C; =C;e,0,)
¢ :ci(gz’czagiaciaE::E::n) (34)
@, =a,} 00, E} B} n,).

Special attention should paid to the parameter
E; that is most likely to be associated with other
physical parameters, by analogy with E, =c, /s, .
Moreover, it may be possible to formulate three ad-
ditional restrictions, either local or integral, that
allow as to express physical parameters through
the coordinates of the curve’s feature points. As a
result, the number of physical parameters will de-
termined solely by the number of characteristic
points on the curve and the values of the tangent
moduli at these points.

Thus, the result obtained suggests that, in gen-
eral, all properties of elastoplastic materials deter-
mined by the geometry of the stress-strain curve.
The proof of this hypothesis will be the subject of
further research.

Methodology for processing
experimental data

There is used a Gradient Descent Method to
processing the experimental data, based on a nu-
merical search for the minimum sum of the qua-
dratic deviations theoretical stress-strain curve as
a function of seven parameters on a finite number
of sample data points [12, 14, 17].

The analysis of the predictive power of the con-
sidered theoretical model carried out on materials
from four groups, two materials from each group.
Armor steels were chosen 30CrMnSiN2A (16532
CSN) and 40Cr2Ni2MA (4340 ASTM); aerospace
alloys D16A (2024 USA) and BT6 (6Al-4V Gradeb);
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o A selection of 469 experimental points

Normalized stress o*

——Theoretical curve
@ Proportional limit point
© Reversibility limit point

0 0.2 04 0.6 0.8 1
Normalized deformation £*

Fig. 3. Theoretical stress-strain curve and experimental
data for aluminum alloy D16 (AA2024 USA/ANSI H35.2):
g, = 0.01706, o, = 0.57955; ¢, = 0.12580, o, = 0.79545;
E; =28.00; S = 0.0105

e A selection of 158 experimental points

Normalized stress o*

——Theoretical curve

@ Proportional limit point

© Reversibility limit point
0 0.2 0.4 0.6 0.8 1
Normalized deformation *

Fig. 4. Theoretical stress-strain curve and experimental
data for VT6 titanium alloy (Ti-6A1-4V USA/AMS): 8; =
= 0.21592, o, = 0.72725; ¢, = 0.27963, o = 0.88397; E, =

= 3.40; § = 0.0123

*
=3
23
723
9]
~
8
w
=
5]
"
£
= 03 ® A selection of 537 experimental points
Z 0.2 ~——Theoretical curve
’ @ Proportional limit point
0.1 O Reversibility limit point
0.0
0 0.2 0.4 0.6 0.8 1

Normalized deformation *

Fig. 5. Theoretical stress-strain curve and experimental
data for pipeline steel 08X18H10 (304 USA/ASTM): 8; =
= 0.01676, 5. = 0.35336; £ = 0.06890, o". = 0.45583; E} =
= 18.00; S = 0.0124

® A selection of 470 experimental points

Normalized stress o*

——Theoretical curve

@ Proportional limit point

© Reversibility limit point

0 0.2 0.4 0.6 0.8 1
Normalized deformation e*

Fig. 6. Theoretical stress-strain curve and experimental
data for pipeline steel 20XTP (1.5526 DIN): &, = 0.02553,
ol =0.76033; " = 0.11489, o" = 0.92975; E} = 24.00; S =
= 0.0089

e A selection of 412 experimental points
——Theoretical curve

Normalized stress o*

@ Proportional limit point
© Reversibility limit point

0 0.2 04 0.6 0.8 1
Normalized deformation *

Fig. 7. Theoretical strain curve and experimental data for
steel for general engineering St3sp (A414 GradeA): 8;
= 0.09269, 5" = 0.53903; ¢". = 0.17784, 5. = 0.73209; E{
= 5.70; S = 0.0086

® A selection of 582 experimental points

Normalized stress o*

——Theoretical curve
@ Proportional limit point
© Reversibility limit point
0 0.2 0.4 0.6 0.8 1,
Normalized deformation *

Fig. 8. Theoretical strain curve and experimental data for
steel for general engineering 35 (A682 Grade 1035
USA/ASTM): 8;, = 0.06750, o, = 0.46288; &, = 0.21000,
o, = 0.68996; E; = 7.30; S = 0.0278
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pipeline steels 08X18H10 (304 ASTM) and 20XGR
(1.5526 DIN); steels for general engineering St3sp
(A414 Grade A) and steel 35 (1035 ASTM).

Theoretical stress-strain curves construct in
accordance with (31) after determining the physi-
cal parameters of materials (Figs. 1 — 8).

CONCLUSION

The article develops the idea that stress-strain
curve is an extreme of some functional. According
to the concept of activation of different deforma-
tion mechanisms on different sections of stress-
strain curve, each segment of stress-strain curve
must correspond to its functional. The naturally
obtained spectrum of conjunction problems for
these functionals leads to a variation-consistent
formulation of the system of boundary and con-
junction conditions of solutions to different differ-
ential equations on each segment of the stress-
strain curve. This approach extends to dissipative
deformation processes. In accordance with the gen-
eralization of L. I. Sedov, the variation of the func-
tional on the nonlinear irreversible segment com-
plemented by a non-integrable linear variation
form that determines the dissipation process. The
principle of stationarity of the functional replaced
by a more general stationarity principle of non-in-
tegrable linear variation form. For verification,
curves constructed for two types of armor steel,
two aviation alloys, two pipe steels and two types of
steel for general mechanical engineering. The stan-
dard deviation of the theoretical curve for samples
of armor steels did not exceed 0.5 %, for aerospace
alloys it turned out to be about 1 %, for pipe steels
a little less than 1 %, for machine-building steel
without a hardening zone less 1 %, and for ma-
chine-building steel — less than 3 %. The achieved
accuracy of the mathematical model sufficient for
engineering applications.
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