TEOPETHYECKHE OCHOBbBI XHMHYECKOH TEXHOJIOTHH, 2023, mom 57, Ne 3, c. 340—345

YIK 621.762,51.73,532.135

OCOBEHHOCTHU KUHETUKHA YIUVIOTHEHUA KOMITIOZUIITNOHHOTI'O
MATEPUAJIA HA OCHOBE ITOJIUTETPA®TOPOTUWIEHA B PEXKNME
IMMOCTOAHHON CKOPOCTHU ILTYHXEPA ITPECCA

© 2023 1.

A. M. Cromun® *, JI. C. Creapmax*

“Pedepanbroe cocyoapcmeerHoe Or00xcemuoe yupexcoeHue Hayku MHcmumym cmpyKkmypHoOi MAKpOKUHEMUKU
u npobaem mamepuanosederus um. A.I. Mepocanosa Poccuiickoit akademuu Hayk,
ya. Axkademura Ocunvsna, 8, e. Yeproeonoexa, 142432 Poccus

*e-mail: amstolin@ism.ac.ru

IMoctrynuna B penakuuio 28.03.2023 r.
IMocne mopa6otku 30.03.2023 1.
IMpunsra xk nyomukanuu 30.03.2023 1.

B HacTost111eii paboTe IpoBeaeH TeOpEeTUYECKMIi aHAIU3 MTPOoLecca OMJHOCTOPOHHETO IPECCOBAaHUS B YCIIO-
BUSIX TIOCTOSIHHOI CKOPOCTH Ha IUTYHXXepe IIpecca U ¢ y4eTOM BHEIIHErO TPEHMSI IOPOIIKOBBIX KOMITO3HK-
LIMOHHBIX TTOJIMMEPHBIX MaTepHuaaoB Ha ocHOBe nosuterpadropatuiieHa (ITTDD) ¢ MmanbiMu 1o6GaBKaMu
(menee 5%), TakuMU, Kak ATMOKCUI KpeMHMs Si0,, kaonuaut Aly[SiO,9)](OH)g, yriaeponHsie HaHOTPYyOKH,
yriieBosiokHO. [IpoaHanu3upoBaHO BAMSIHME HA MPOLECC YIUIOTHEHUSI MaTepUuaioB CKOPOCTU TUTIYHXepa
npecca, Ko3dduirmeHTa BHEIITHET0 TPEHHSI, COCTaBa IIPeCCyeMOro Mareprasa B 3aBUCMMOCTH OT 1O0aBOK.
Ha ocHoBe cucTeMbl UCXOMHBIX YPaBHEHUI ¢ UCITOJIL30BAaHUEM JIarPaHXKEBBIX TIEPEMEHHBIX U YCPEeIHEHUS
10 paInyCy IPOBeIeHBI YMCICHHBIC pacuyeThl 3aBUCUMOCTHU HAIIPSKEHUS Ha IUTYHXKepe IIpecca OT BpeMeHU
IUIST pa3IUYHBIX 3HAYeHUM KoahdUIMEeHTa TPEeHUSI, TeOMETPUYECKUX pa3MepoB oOpaslia, CKOpPOCTel Ha
IUTYHXKepe Impecca. YCTaHOBJICHBI HOBBIC HANISIAHBIC IIPEICTABICHNS O KUHETUKE YIDIOTHEHMSI IIOPOIIKOBBIX
MaTepUaoB Ha OCHOBE IOJUTETPa(TOPITUIICHA B YCJIOBUSIX ITIOCTOSIHCTBA CKOPOCTHU ILTyHXKepa IIpecca.
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BBEAEHWE

Ki1rouoMm K pa3BUTHIO TEOPUHU MPOLIECCA TTPECCOBA-
HUSI SIBJISIETCS TTOJTyYeHMe HANISIAHBIX MpeacTaBlIeHUi
O KMHETUKE YIUIOTHEHUSI MaTepuasa, BbISIBJIEHUE Ka-
YEeCTBEHHBIX OCOOEHHOCTEN pacripoCTpaHEHWST BOJTHbBI
YIUIOTHEHUSI TI0 00beMy MaTepuaia, 00yCIOBJIEHHbIE
MHOTOMEPHBIM HECTallMOHAPHBIM XapaKTepoM Ipo-
1iecca nmpeccoBaHusi. BaXXHbIM I1aroM B 3TOM HaIlpaB-
JICHUU CTaJIu UAEW MaKpOpeoJOrnyecKoro noaxoaa B
U3YyYEHU U MEXaHUKU MOBENECHUS MOPUCTBIX T, chop-
mynupoBaHHble B.B. Ckopoxomnom [1, 2] B 70-e ronsl
MPOIIJIOTO CTOJIETUSI

DTOT IMOAXON OCHOBAH Ha KOHTUHYaJILHOM pac-
CMOTPEHUU TIOPUCTOM cpenbl M MCHOJIb30BaHUU
¢dopMaIbHOrO CXOICTBA YPaBHEHUIA TEOPUM YIIPYTO-
CTU TBEPAOTO Tella U BSI3KOTO TEUEHMSI XKUIKOCTHU.
ITpu 5TOM, ecliu TBEpIOE TEJIO U XKUAKOCTh U30TPOTI-
HBI, TO TEH30py JedopManuu TBEPAOIO Tejlaa B TEO-
pUU YIIPYTOCTU COOTBETCTBYET TEH30P CKOPOCTH Jie-
¢dopMaliiu B TEOPUU BSI3KOTO TEUYEHUSI, MOIYJIIO
COBUTA COOTBETCTBYET KO3(MOUIMEHT CIBUTOBOI
BSI3KOCTU, a MOZIYJIIO BCECTOPOHHETO CXATUSI — KO-
a¢dduieHT 00BbeMHOM BI3KocTH. CyTh MOIX0Ha CO-

CTOUT B pellIeHNHU Pa3IMYHBIX KpaeBbIX 3a1a4, LeJIbIO
KOTOPBIX SIBJISIETCSI pacyeT HampsikKeHHO-aehopMu-
POBaHHOI'O COCTOSIHUS IIPECCOBKU B 3aBUCUMOCTH OT
YCJIOBUI €€ HarpyXKeHMUSI.

Ha navyanbpHOM 3Tare 3agadyu 00 0CeBOM OTHOCTO-
POHHEM CXKaTUHU IIOPUCTOrO MOPOILIKOBOIO MaTepraia
paccMaTpuBaIMCh MPU JOMYIIEHUN 00 OMHOPOTHOCTA
TUIOTHOCTH [3, 4] 1 OTCYTCTBUM OOKOBOTO TPESHUS Ha
cTeHKe Tpecc-popMbl. Takoe MpeamnoiokeHue Mpu-
BEJIO B KOHEUHOM UTOTe K TOMY, UTO B TIPAKTHKE TIpeC-
COBaHUSI 3a4aCTYIO MCCJIEIYETCS JINIIb CPEIHSIST MHTE-
rpajibHas IJIOTHOCTh 10 00beMy MaTepuaja. YUeT He-
ONHOPOJHOCTH pacHpeAcieHUsT IUIOTHOCTU IIpU
MPECCOBAHUU MTOPOIIKOBBIX MaTEPUAJIOB U3ydJaics B
[5, 6]. B oTux paboTax B pe3yabTaTe YMCIEHHOIO pe-
IIEHUSI POBEAECHO OMUCAHUE IBYX OCHOBHBIX PEXM-
MOB YIJIOTHEHUSI: PETyJISIPHBIA OTHOPOIHBIN peXXUM
VJIA BOJTHOBOM pEXMM, TP KOTOPOM BOJIHA YILIOT-
HEHU TTepeMelaeTcs Imo obpasiny. HalineHb! KpuTte-
puaJibHble YCJIOBHUS peaju3aluy 3TUX PEeXUMOB U
MOJIy4EHbI COOTBETCTBYIOIIME KMHETUYECKUE ypaB-
HEeHMUSs YIUIOTHEHUA [6].
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M3 Bcero pazHoOOpa3ust UCCIeAOBATEILCKUX Pa-
00T B 00J1aCTU TEOPUU MPECCOBAHUSI MOPOIIKOBBIX
MaTepHraioB CIeAyeT BhIACIUTh pPEelIeHHE ITPOOIeMBbI
BANSHUS BHeNTHeTro TpeHns [7—13]. B atux paborax
BBIBEIICHBI YCIIOBUS, TIPU KOTOPBIX OTHOCTOPOHHEE
IIpeccoBaHMe IPAKTUYECKU IPUTOTHO IS ITOJIyde-
HUS KAYeCTBEHHBIX ITPECCOBOK.

Jns coBpeMeHHOro 3tana pa3BUTUSI TEOPUU TIPO-
1IECCOB TPECCOBAHUS XapaKTEPHO CTPEeMJIEHUE TIONy-
YUTh HAVISIAHBIE TIPEACTABJICHUST O KWHETUKE YTIJIOTHE-
HUs Matepuana. B cBsi3u ¢ 3Tum 3¢ GheKTUBHO UCTIONb-
3yeTcsl KOMIIbIOTEpHasi aHUMallUsl C TMPUMEHEHUEM
CHELMATM3UPOBAHHBIX TpaMUYECKUX TMPOrPaMMHBIX
nakeToB [ 14]. Takoii mogxon IpMMEHUTENIBHO K 3TariaM
pa3BUTHS TEIUIOBOl TEOpUM TOpPEHUSl aKaleMUK
A.T. MepxaHOB, OCHOBaTe/Ib TEXHOJIOTUU caMoOpac-
npoctpansoomerocsa cunre3a (CBC), Ha3Bal KoM-
MBIOTEPHOM TMarHOCTUKOM [15].

XapakTepHOIf 0COOEHHOCTBIO Mpoliecca Ipecco-
BaHUsI, SIBJISIETCS BO3pacTaHUE COINPOTUBIICHUS Oe-
¢opMUpoOBaHUIO TIO Mepe YIUIOTHEHUsI Marepuana,
CBSI3aHHOE C yBeJIMUeHEeM 0ObeMHOI BSI3KOCTH TO-
POIIKOBOTO MaTepuaja B 3aBUCUMOCTU OT IIOTHO-
cti. OHAKO 3Ta OCOOEHHOCTD MO-pa3HOMY MPOSIB-
JIsieTcs IS PEKMMOB 3aIaHHOTO JaBjieHus P = const
Ha TUTyHXepe IIpecca WIM 3aJaHHON ero CKOpoCTH
V= const. B cBsI3u ¢ 3TUM BO3HUKAET HEOOXOIU-
MOCTb B Pa3BUTHUU TEOPUU MTPECCOBAHUS TOPOIITKOBBIX
MaTepuaJioB C 1IeJIbIO BbIOOpA Hanbosiee paluoHalIb-
HBIX €ro PeXUMOB B 3aBUCUMOCTH OT TEXHOJOTUYEe-
ckux rapameTpoB. HacTosiiiasi paborta HarpaBieHa Ha
YCTAHOBJICHUE pallMOHAJIBHBIX PEXHWMOB OTHOCTO-
POHHETO TIPeCCOBaHUSI MOPOIITKOBLIX KOMITO3UIIMOH-
HbIX MaT€pUaJIOB Ha OCHOBE MOJUTETpa(GTOPITUIIEHA
C PpasauYHbIMU (YHKUIMOHAIBHBIMU Od00aBKaMU
[16—18] B pexxuMe TTOCTOSTHHOM CKOPOCTHU IUTYHXKepa
npecca.

Pemrenne 3Toii mpoGiaeMbl paccMaTpuBaeTCd B
CBSI3U C MEPCIIEKTUBHOCTHIO pa3paboTOK SKOJIOrnYe-
CKHM YHCTOI U pecypcocOeperarolieii TeXHOIOTnYe-
CKUX TIPOILIECCOB TBepIoda3HOl TEXHOJIOTUHU ITOJY-
YeHUSI 3aTOTOBOK U U3ACINI U3 3TUX MaTepUaioB. 3a
STUMMU TEXHOJIOTUSIMU O0JIbIIIOE OyayIee U X Ha3bl-
BatoT TexHojorusaMu XXI B. DTo gocTuraercs 3a cueT
pa3BUTHUS TUIACTUYECKOI OedopMaluu U OPUEHTA-
UM LIETei MaKpOMOJIeKY/ B 3aJaHHOM HaIpaBiie-
HUU B YCIIOBUSIX BBICOKOTO TMIPOCTATUYECKOTO TaB-
JieHus1. [laHHOE MPEeUMYIIEeCTBO, BMECTE C SKOJIOTHYe-
CKOM 4YMCTOTOIl TMPOM3BOACTBA U CHIXXEHHBIM
SHEpPronoTpedIIeHneM, AeaaeT TBepAO(da3ZHYIO TEXHO-
JIOTUIO M3roToBJIeHUs maneuii u3 ITTDD nepcnek-
TuBHOI. OTCYTCTBHE CHCTEMHBIX MCCICOOBAaHUII B
3TOM 00JIaCTU HE MTO3BOJISIOT UCITOIb30BaTh ITUPOKIE
BO3MOXXHOCTH TBepAO(DAa3HOMN TEXHOJIOTHM.

TeopeTnueckuii aHAIM3 KWUHETUKHN YIUIOTHEHUS B
MpoIecce OMHOOCHOTO MTPECCOBAHUS KOMIIO3UIIMOH-
HBIX MOJIMMEPHBIX MaTepraioB Ha ocHoBe TTTDD ¢
MabIMu 1o6aBkamMu (MeHee 5%) B pexkxume P = const

TEOPETUYECKUE OCHOBbl XUMUWYECKOUW TEXHOJIOTUU

npoBoIUJICS aBTopaMu B cTarbe [19]. OnHako 3KcIie-
pUMeHTaIbHBIC uccienoBanus [20] mpoliecca ogHO-
CTOPOHHEr0 MPEeCCOBAHUS ITOPOIIKOB HACBIIMTHOM
IUIOTHOCTA 3TUX KOMITO3ULMIA B CITEIUATbLHOM
npecc-gopMe ITyTeM HarpyKeHUs B PeXXKUME MOCTO-
STHHOI cKopocTu V' = const moka3am 1ejiecoodpas-
HOCTh WCIIOJIb30BaHUSI HMMEHHO 3TOTO peXuma
yiuiotHeHus1. ITlpoBeneHHBIT B HacTosIeir padoTte
COITOCTABUTEIBHBIII aHaJM3 3TUX JBYX PEXMMOB
MpPeCCOBAHUS TTO3BOIMJI BLISIBUTb UX IIPUHIINITUAIIb-
HbIe KaYeCTBEHHBIE Pa3Inuus.

B pesynbrare coBmectHoro npoekrta ®IrAOY BO
CeBepo-BocrouHblit  denepadbHblii  YHUBEPCUTET
M. M. K. AMmocoBa u MHCcTUTYyTa CTPYKTYpHOI MaK-
POKMHETHKHM W TIpoOieM MarepuanoBeneHus PAH
MpearnoaracTcsl Ha OCHOBE paHee MPOBEACHHbBIX UC-
ciaenoBanmii [10—12, 14, 16—19] u3yuaunTs moBeaecHUe
KOMMO3UIIMOHHBIX IIOJIMMEPHBIX MaTePUAJIOB HA OC-
HoBe [IT®D B yciioBUsIX TBepaA0(Pa3HOIr0 OMHOOCHO-
ro npeccoBaHus. BaxHellmMMy napaMeTpaMy 3TOTO
mpoiiecca SIBJISIIOTCS TeEMITepPaTyphl 3aTOTOBKH, BPEMSI
BBIIEPKKM MO/ JaBJICHUEM, a TaKXKe BeJUYMHA J1aB-
JIEHUSI U CKOPOCTh IIPWJIOXEHUS naBieHus. OOIuM
pe3yIbTaTOM MPOEKTa MOJLKHBI CTaTh HOBBIE pEllle-
HUS MO CTagusIM U pexkumaM TBepaodasHoro gop-
MOBaHUSI MNOJUMEPOB M, COOTBETCTBEHHO, 3HA4MU-
TEJIbHOE YIy4IIeHNEe OCHOBHBIX 3KCILTyaTallMOHHBIX
CBOWCTB U3AECIUMA.

ITOCTAHOBKA 3AJAYN
N OCHOBHBLIE JOITYIIIEHHUA

TeopeTnueckuii aHanu3 pacrpeneeHus MI0THO-
CTU, CKOPOCTU 1 HaIPSDKEHU B TEOPUM MPECCOBAHMS
OCHOBBIBAETCs Ha M3BECTHOM IMOCTAaHOBKe 3adad [21],
MOJIYYEHHOM M3 MpPENCTaBJI€HUI O MOPOILIKOBOM 3a-
TOTOBKE KaK O BSI3KOM CIUIOLIIHOM MaTepuaje, COCTO-
SIIIEM U3 Xa0TUUYECKOI cMecUu HeckuMaeMoit (asbl 1
MMYCTOTBHI.

MaremaTuueckass (OpMyIUpPOBKaA 3aJa4yMd B LIM-
JIMHAPUYECKOM CUCTEME KOOPAWHAT BKJIIOUAET B Ce-
0s1 ypaBHEHUSI HePa3pbIBHOCTH, IBUKEHMSI I PEOJIO-
TMYEeCKre COOTHOIICHMSI, KOTOPbIE COBMECTHO C Ha-
YaJlbHBIMU M TPaHWYHBIMU YCJIOBUSIMHU 0OOpasyioT
3aMKHYTYIO CHUCTEMY, IIO3BOJISIIOIIYIO OIIPEASINTh
MCKOMBIE 3aBUCUMOCTHU pacIIpeAeIeHUM INIOTHOCTH,
CKOPOCTH 1 HaMpPsIKEHM I 0 00beMy MaTepualia M OT
BpemeHu. [TonpoOHO MaTeMaTUYecKasi TOCTaHOBKA
3aIa49y OIMCaHa B peXMUMe 3aJJaHHOTO MOCTOSHHOTO
JlaBJIEHUS Ha TLUTyHxXKepe rmpecca P = const [19]. [1pen-
JIOXXEHHOE HIDKE PaCCMOTPEHHE 3a1a4ll OTHOCHUTCS K
JIPYTrOMYy PEeXKMMY YIUIOTHEHMsS 3aJaHHOW CKOPOCTU
Ha TUTyHXKepe rpecca V= const. JIj1s1 3TOTO Cydas 3a-
JIaloTCs CAeAyIONIe TpaHUYHbIC YCIIOBUSI:

T"Z r=ry = Tﬁ” VZ|z=H(r) = VO’ VZ|Z=0 = 0.

[IepBoe cooTHOIIEHUE ONpEnesIeT YCIOBUE IIPO-
CKaJb3bIBaHUSI MaTeprajia OTHOCUTEIbHO OOKOBOIA
Ne 3
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creHKU IwmHApa. CorllacCHO NPUHSITOMY TOITYIIEe-
HUIO0, CUJIa TPEHUSI pacCMaTpuBaeTcs Kak 3 eKTuB-
Hasl XapaKTepUCTUKA B3aMOICUCTBUSI MaTepraia co
CTEHKOH M IMPUHUMAETCS IMOCTOSHHOM BEJIMYMHOIA,
JIOCTYITHO [IJTS1 9KCIIEPUMEHTAIbHOTIO OIpeaeIeHMSI.
Ha BepxHeli rpaHuile IPUHUMAETCS YCIIOBUE, COOT-
BETCTBYIOILIEE 3aJaHUIO IOCTOSIHHOII CKOPOCTU Ha
IUTYH3Kepe Tpecca (BTopoe cooTHolleHue). Ha Hik-
Heli TpaHulIe peccyeMoro obpasua (z = 0) npumMem
YCJIOBUE TIPUINIIAHUS (TPEThe COOTHOIICHUE).

®dopmyna, cBs3bIBalOIIasi CKOPOCTb U JABJICHUE
UMEET CJIeAYIOLINIA BU;

v __ 1
% (gwé)p

3agaga cuuTajiach YMcJIeHHO. B pesyinbpTaTe umc-
JICHHOTO pEeIIeHUsT HaXOASITCS HEU3BECTHBIE OTHOCH -
TeNbHAas IJIOTHOCTBL (P), ckopocThb (V), masneHue
(P(7)) v nanpsxeHus (6,,0,,,0gy), KOTOPbIE ABJIA-
10TCSl GYHKIIMSIMU HE TOJIBKO KOOPAMHATHI BpEMEHU
(t), HO 1 MaccoBOit KOOpAMHATHI (q).

B pacyeTax ncrnojb30BaMCh CICIYIONINE JaHHbBIS
st cocraBa [ITDD texHomorMyeckue rmapaMeTphl, B
ClIeayIoLIMX TTpeaeiax: CKOpOCTb Ha TUTYHXXepe Mpec-
caV=1x10"*=10"3 m/c, TUIOTHOCTb HECKMMAEMOIA
OCHOBBI MaTepuaina p; = 2.25 X 10° kr/m>, BA3KOCTb
HecxKruMaeMoii ocHOBBI Wy = 10°—10'° [Ta ¢, Havab-
Hast BBICOTA 3ar0TOBKU Hy = 25 X 1073-70 x 1073 m,
auaMeTp 3arotoBku Dy = 12 X 107350 X 1073 m.

—P(W)+ 21, (g — q)
HPo

PE3YJIBTATbBl YU CJIIEHHBIX
NCCIEOJOBAHNU

OCHOBHOI 3aa4eil YMCIIEHHBIX UCCISIOBAHUN B
HacTosIeil paboTe OBLJI COTIOCTAaBUTEIbHBIN aHaINU3
KVWHETUKN YIUIOTHEHMsSI MOPOIIKOBOrO MaTepHaja
JUISI IBYX PEKMMOB MPECCOBAHMUS B 3aBUCUMOCTH OT
TPAHUYHBIX YCJIOBUM Ha BEPXHEN T'paHULIE MMpeccye-
MOIO MaTepuraia: pexXXnuM 3aJaHHOKM CKOPOCTH IIepe-
MEIICHUS TTOPIIHSI M PEXUM 3aIaHHOIO YCUJIMS Ha
nopiurHe. O4eHb BaxKHO MTOHUMAaTh, YTO XapaKTEPHOM
OCOOEHHOCTBIO IIpoliecCa IIPECCOBAHUS SIBJISICTCS
CITOCOOHOCTH COITPOTHUBIIEHUS K JIe(hOpPMUPOBAHUIO
YBEJIUYMBATHCS MO MEPE U3MEHEHUSI OOBEMHOM BsI3-
KOCTHY B 3aBUCUMOCTHU OT IIJIOTHOCTHU.

Panee 6bu10 MOKazaHo [19], yTo B ycJIOBUSIX MO-
CTOSIHHOTO [JIaBJICHUSI IIPOMCXOAMUT yMEHBIIEHUE
CKOPOCTH BO BpeMeHU (pHc. 1a), KoTopast aCUMIITO-
TUYECKU CTPEMUTCS K HYJIIO (TOYHEe K MaJloi BeJIM-
YyMHe, OJIM3KOM K HYJIIO) U CBSI3aHHOE C 3TUM 3aMell -
JICHUE TIpollecca YIIOTHEHUS.

Ha npaktuke usz-3a 60JbIIMX 3HAYEHU OO0BEM-
HOIi BSI3KOCTU TTOPUCTOTO MOPOIIKOBOTO MaTepuana
JIOCTUKEHUE OECIOpUCTOTO ONHOPOAHOIO COCTOS-
HUS TPOUCXOJUT 3a BpeMsl, MHOTOKPATHO MpeEBbIIIa-
IOLIET0 JJIMTEIbHOCTh TMPOBENEHUS 3KCIIEPUMEHTA.

TEOPETUYECKUE OCHOBbI XUMHWUYECKOUW TEXHOJIOTUU
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Puc. 1. 3aBucuMocTb cKopocTH (a) TryHXkepa npecca (V)
u nasnenHust (P) (6) ot Bpemenu (f). [Tapametpor: Hy =5 %

X 1072 M, dy=2.5 % 1073 m, V= 1.33 x 10~ m (8 MM/ MuH).

C o0111eit TOYKU 3peHUs1, BpeMsl HaOII0IeHMST 3a IKC-
MEePUMEHTOM JIOJDKHO COOTBETCTBOBATh BPEMEHM Ca-
MOTO TIpoliecca 00pa3oBaHMsI OECITOPHUCTOTO KOMIIAKT-
HOro Matepuasa rnpeccyemoii 3aroroBku. CobtoneHue
5TOTO YCJIOBUSI MOXET OKA3aThCsl TPYIO0EMKUM U ITO3TO-
MY I TPaKTUIECKUX 3a/1a4 1IeJIeCO00pa3HO BBECTU
YCJIIOBHYIO TpaHMUIly, OIPEACsIONIyl0 OKOHYaHUE
SKCIIepUMEHTa. B pexXuMe 3aJaHHOTO TaBJIEHUS 3TO
BpeMsI TIPECCOBAaHUS TIPAKTUUYECKU MOKHO OTHECTU K
MOMEHTY, KOTjla BbICOTa 3arOTOBKHU IOJ JEHCTBUEM
BHEIIHEr0 CXKMMAIOIIETO OaBJIEHUSI C TOYHOCTBIO
SKCIIEPUMEHTAIBHOIO OIpeAeICHUSI OCTaeTCs I0-
ctostHHO¥ [19]. OmHako mpolecc YyINIOTHEHUST HUK-
HHUX CIIOEB MOXET MPOIOJIKATLCS U MPU HETTOIBUXK-
HOM IUTYHXepe. DTa CTaaulo Ipoliecca IIpecCoOBaHUS
Ha3bIBAlOT BBIAEPKKOM ITOPOIIKOBOTO MaTepuasa
non JaBjieHUeM. BpeMs BbIIepXKU MO JaBlIeHUEM
MOXET 0Ka3aThCs OUEHbB IOJITUM. DTa CUTyallus BHO-
CUT HEOIpeNeJIeHHOCTb B OIlpelesieHUe BpEeMEeHU
OKOHYAHUS SKCIEpUMEHTA.

ITpu MOCTOSTHHOUW CKOPOCTU TIPOUCXOIUT YBEJIU-
yeHue JaBiaeHUs Bo BpeMeHH (puc. 10). Ha atom pu-
CYHKE TMpPEICTaBJICHA 3aBUCUMOCTb HAaBJICHUS Ha
Ne 3
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Puc. 2. 3aBUCUMOCTh CpeaHEeil OTHOCUTEIbHOM MIOTHO-
cTu (P) OT BpeMeHH (f) U1l 3HAYEHU I NaBJICHUS BbLIEPXK-
ku (P): 1— 120, 2— 60, 3 — 40 MIla.

TUIyHXepe mpecca OT BpeMeHU ISl CKOPOCTHU
8 MM/MUH (3Ta CKOPOCTb UCIOIb30BaIaCh B 9KCIIE-
pumenTe [20]). BugHo, 4To 1ocie ompeneaeHHOro
nepuoia BpeMeHu okoJio 40 ¢ 1aBjieHUE MPOTrpecCuB-
Ho HapacTaeT 1o 120 MIla, cooTBeTcTBYyIOIIEH IIPOY-
HOCTH MaTepHajia 00KOBOM CTEHKHU IIpecc-(POpPMBI.

OnHako, 3a 9TO BpeMs IUIOTHOCTh HE JTOCTUTAET
CBOETO MaKCUMaJIbHOTO 3Ha4YeHus (puc. 2). [ToaTtomy
HeoOxoauMa BblIepXKa Ion gaBiaeHueM 120 MIla
emre 200 ¢, Korga IUIOTHOCTh Marepuaja JOCTUTaeT
MakcumyMa (puc. 2, kpusas ). Eciau BblIepXuBaTh
MaTepuall Hod MeHbIIUM naBiieHueM 60 MIla (puc. 2,
kpusBas 2) unu 40 MIla (puc. 2, kpuBas 3), To cpen-
HS$IS1 TUIOTHOCTD OCTUTAeT MaKCMMyMa 3a 6oJiee -
tenbHOEe BpeMst (600 u 1000 ¢ cooTBeTcTBeHHO). Ta-
KMM 00pa3oM, MOXHO ONpEIeInTb ONTUMAaIbHOE
BpeMsl 9KCIIEpUMEHTA JJIs1 TIOJy4eHUs] KOMIAKTHOM
3arOTOBKMU.

MOXXHO cliejlaTh BBIBO, YTO B PEXMME ITOCTOSH-
HOTO JaBJIEHUSI COMPOTUBIIEHNE He(POPMUPOBAHUIO
10 Mepe YIUIOTHEHUS MaTepurajia OKa3bIBaeT OTpHLIA-
TeJIbHOE BIUSHUE Ha MPOLECC MIPECCOBAHMSA, a B pe-
XKUMeE 3aJaHHOM CKOPOCTH M3-3a IPOTPECCHUBHOTO
HapacTaHUs OaBJIeHMSI BO BpEMEHU COIMPOTUBIIEHHE
1e(OPMUPOBAHUIO OKA3BIBAET ITOJIOXUTEIBLHOE BIIU-
STHIE Ha TIPOLIecC.

Ha puc. 3 nmokaszaHbl pe3yabTaThl UCCAEIOBAHUS
BIUSHUS KO3 dULIMEHTa TPEeHUS Ha 3aBUCUMOCTD
JaBJeHUSI OT BpeMeHU. BumHo, 4yTo mpu OOJbIIOM
KoaddpunueHTe TpeHus (puc. 3, Kpusas 3) BpeMsI 10-
CTUXXEHUS NaBJeHUsI, COOTBETCTBYIOIETO IMPOYHO-
CTU MaTepuaja 00KOBOI CTeHKHM Mpecc-(GOpMBbI, yBe-
JINYMBAETCS.

Kaxk rokassiBatoT pacueTsl (puc. 4), Tp1 OOJBIINX
3HaueHUsIX KoaddulimeHTa TpeHus (Tg > 0.05P), 06-
pasell He 1OCTUraeT MakCuMalibHOM mioTHocTu. I1o-
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P, MIla
100 3 2 1

80

60

40

20

0 5 10 15 20 25 30 35 40
1, C

Puc. 3. 3aBucumocTsb napieHust (P) ot BpeMeHu (f) mpec-
COBaHMSs IJIs1 pa3IMYHbIX 3HAaYeHU1 KO3 dUIIMeHTa Tpe-
Hus: 1 —0.05P, 2—0.075P, 3 — 0.1P. ITapametpsr: [1apa-

Metpbi: Hy=5 % 1072 M, dy=2.5% 1073 m, ¥=2x 10"*m
(12 MM/MUH).

ckoJibKy st ITT®D 3nHayeHue koadduLeHTa Tpe-
Hus 0 cTaib (T, < 0.05P), cienoBaTesIbHO U3 9TUX Ma-
TepPUAJIOB MOXHO MOJIYyYaTh IUIOTHBIE 3aTOTOBKMU.

Ha puc. 5a mpeacraBiieHbl 3aBUCUMOCTH JABJICHUS
OT BpeMeHH 1jid 1ByX cocTaBoB [ITPD ¢ ManbiMu 10-
6aBkamu (MeHee 5%): I — nuokcun kpemHus SiO,, 2 —
YIJIEpOIHbIE HAHOTPYOKU, YIJIEBOJIOKHO. BuaHo, 4To
IIJIsI cOCTaBa C HaHOTpyOKamu (puc. 5a), KpuBas 2)
TpeOyeTcsl 0oJIbllle BpeMEHU JIJIsI JOCTMXKEHUSI MaKCH-

100} g————

095 \
0.90 - ]
0.85
0.80

0.75

0.70 |-

0.65

0.10
Ttr

0 0.02 0.04 0.06 0.08

Puc. 4. 3aBUCMMOCTb MaKCMMaJIbHOTO 3HAYEHMST OTHOCH -
TEJIBHOM TUIOTHOCTH (P) OT 3HaYeHUs1 KoadduimeHTta tpe-

st (Tg,). Tapamerper: Hy=5 % 1072 M, dy=2.5 X 107> m,
V=2 % 10~* M (12 MM/Mun).
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CTOJIMH, CTEJIIbMAX

P, MIla (a) 7 F, kN (©)
100 2 607 —a— PTFE+@ F=A1)
—&— PTFE+@
50 F —A— PTFE+CNT
80 —%— PTFE+CF
40 +
60
30 +
40 - 20 -
10
20 +
1 1 1 1 1 1 1 J 0 1 1 1
10 15 20 25 30 35 40 45 50 1 2 3 4 5
7, C t,c

Puc. 5. 3aBucumocts nasnenus (P) (a) n ycunus Ha ripecce (0) [20] ot BpeMeHH (7) Tl IBYX COCTaBOB (hTOPITOJIMMEPOB C Ma-
JIBIMU 1oGaBKamu: 1 — quokeun kpeMHus SiO,, 2 — yriaeponHble HAHOTPYOKH, YIJIEBOJIOKHO (MeHee 5%).

MaJIbHOTO JaBjieHMs (Ha 2—2.5 ¢), YTO Ka4eCTBEHHO CO-
IacyeTCs ¢ 3KCIIepuMeHTOM (puc. 50), [20]).

3AKJIIOYEHHME

XapakTepHoii 0COOEHHOCTBIO Mpolecca MPecco-
BaHMS SIBJISIETCS YBEJIMYEHNE COIIPOTUBJICHUSI MaTe-
puaga K aedOpMUPOBAHUIO IO Mepe WM3MEHEHUS
00BEMHOIT BSI3KOCTU B 3aBUCUMOCTH OT TIJIOTHOCTH.
Kak cnencTtBue »Toii CIIOCOOHOCTHM HMOET XKECTKasl
KOHKYPEHIINS MeXAy 1e(OpMAIIMOHHBIMY (paKTOpa-
MU M TOpPMOXEHMEM (3aMeljieHHueM) IIpoliecca
yIuioTHeHus1. IIpoBeneHHBII COMOCTaBUTEJILHBIM
aHaJIM3 Mpoliecca MPeCcCOBaHMsI MMO3BOJWII BbISIBUTH
NPUHLIMUIINAIbHBIE KAa4eCTBEHHbIC pa3IMuus KUHE-
TUKM YIJIOTHEHUSI IIOPOIIKOBOIO MaTepHajia B 3aBU-
CHUMOCTHU OT TPaHMUYHBIX YCJIOBUI HA BEPXHE I'paHU-
1ie MepeMellaloierocs MmopiHs (B pexxuMax 3a1aH-
HOM CKOPOCTU MepeMEILICHUS U 3aJaHHOTO YCUIIUS
Ha MOPIIIHE), YTO COIIACYeTCs C 3KCIIEPUMEHTaJlb-
HBIMU JaHHBIMMU.

PacueThl BBINMOJIHSJINCH Ha OCHOBE YCPEOHEHMUSI
VICXOMHBIX ITBYMEPHBIX YpaBHEHWI C yJ4eTOM paau-
aJbHOTO NeOpMHPOBAHUS MaTepuayia U HATUIUS
CYXOTO BHEIIIHETO TPEHMS U UCITOJIb30BaHMsI JlarpaH-
JKEBOI CHUCTeMBbI KOOPAWHAT, MO3BOJISIONINE COKpa-
TUTH 0OBEM BBIYMCIICHUIA.

IlokasaHo, 4TO B peXuMe 3aJaHHON CKOPOCTH
MMPOUCXOAUT IMPOrPECCUBHOE HapacTaHUEe IABJICHUS
BO BpeMeHH, T.e. meopMalivsi OKa3bIBaeT MOJIOXKK-
TeJIbHOE BIUSIHUE Ha Mpolecc mpeccoBaHus. B aToM
peXurMe TIpecCoBaHUE MO3BOJISIET TOJYYUTh OoJjiee
OIHOPOOHOE paclipelesieHre IIOTHOCTU UM OCy-
IIECTBIISIETCST 3a MeHbIee BpeMs. [IpoBeneHbI yuc-
JICHHBIC pacyeThl 3aBUCUMOCTU HAIIpSDKEHUS Ha
IUTYHXKepe TIpecca OT BpEMEHU IS Pa3IMYHbIX 3Ha-
yeHUl Koa(hGULMEeHTa TpPEeHUs, T€OMETPUYECKUX
pa3MepoB 00pasiia, CKOpOCTEil Ha IUTYHXepe mpecca.

TEOPETUYECKHME OCHOBBI XUMUWYECKOMN TEXHOJIOTUU

YuciaeHHO ucCclenoBaHO BIMsSIHME Ko3(dduireHTa
OOKOBOTO CYyXOTo TPEHUS U pa3HbIX CKOPOCTEM Mepe-
MEIIAIOIIEerocsl MOPIIHS Mpecca Ha 3aBUCUMOCTD
naBjeHusi oT BpeMeHU. [Ipu Gosbiiom Koahdum-
€HTe TPEeHUSsI BpeMsl TOCTHMXKEHUST KOMITaKTHOM 3aro-
TOBKU YBEJIMUYMUBAETCS. BBITIOJIHEHO CpaBHEHUE TO-
JIY4EHHBIX YUCJIEHHBIX PE3YJIbTAaTOB C W3BECTHBIMU
paHee dKCIepuMEHTaAIbHBIMU JAaHHBIMU 1711 KOHEY-
HOTO MOMEHTa TipeccoBaHus. B cBs3u ¢ mpencras-
JICHHBIMU B TAaHHOU CTaThe pe3ybTaTaMu 0O0OCHOBA-
Ha BO3MOXHOCTb peaau3aliui pallMOHaIbLHON TBEep-
noda3HON TEXHOJOTUU MPECCOBAHUS TTOPOIIKOBBIX
maTepurajioB Ha ocHoBe [TTMD mist nosydyeHus 3aro-
TOBOK U u3neauii. B nanpHeiimx padoTtax riaHUpy-
I0TCSl Pa3BUTHE MPENCTABIEHHbBIX UCCIENOBAaHUI Ha-
MPSKEHHO-Ae(OPMUPOBAHHOTO COCTOSIHUSI Y KUHE-
TUKU YIUIOTHEHUS TIPU OMHOCTOPOHHEM MPECCOBAaHUY
MOPOIIIKOBbIX MaTepUajioB B Pa3HbIX TEXHOJOTUYE-
CKUX yCJIOBUSIX.

HccnengoBanue BBITTOJHEHO 3a cyeT rpaHTa Poc-
cuiickoro HayyHoro ¢Qonma Ne 22-13-20056,
https://rscf.ru/project/22-13-20056.
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OCOBEHHOCTU KMHETHUKHA YIINIOTHEHHWA

HanpstkeHue TpeHust, MIla
CKOPOCTb, M/C

BBICOTA, M

o0BeMHasI BSI3KOCTH MaTepuaia, I1a c

MHIEKCHI

HayaJbHOE 3HAYCHME
MaKCHMAaJIbHOE 3HAYEeHHUE
XapaKTepHOE BpeMs
TpeHue (friction)
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