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Improving the fatigue and strength properties of structural materials involves various surface
processing methods. Laser shock peening (LSP), typically applied to the surfaces of metal components
and structures, is one of the widely used approaches. This study explores the potential application of LSP
to non-metallic composite materials produced via fused deposition modeling. The research
examines the physical mechanisms and fundamental principles of LSP, along with its effects on the
microstructure and mechanical properties of composite products. The structure of the composite
samples before and after LSP was analyzed by X-ray computed microtomography. Tensile tests
were conducted on samples treated with LSP, and different absorbing layers were compared,
namely aluminum foil, PVC tape, and gold coating. The results have shown that the mechanical
properties of the LSP-treated samples, regardless of the absorbing layer used, differ only slightly
from each other and from the untreated samples.

Keywords: X-ray computed microtomography, mechanical properties, production parameters, laser
shock peening
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VYiydiieHue yCTaJOCTHBIX U MPOYHOCTHBIX XapaKTEPUCTUK KOHCTPYKLMOHHBIX MaTEPUAIOB
BKJIIOYAET B ce0sl pa3sinyHble METO/Ibl 00pabOTKH MOBEpXHOCTH. OJIHUM U3 IIUPOKO UCIOIB3YEMBIX
MOJIXO/I0B SIBJsIETCS J1a3epHoe yaapHoe ynpouHeHue (JIYY), o0byHO mpuMeHsiemMoe 1715l 00paboTKu
MOBEPXHOCTEN METANIMYECKUX JEeTajeld M KOHCTPYKIMK. B MaHHOM umcciieoBaHUM paccMaTpuBa-
€TCsl BO3MOXHOCTb IpUMEHEHHd MeTona JIVY K HeMeTalaM4ecKMM KOMIIO3UTHBIM MaTrepHaliam,
M3TOTOBJIEHHBIM C MOMOUIBI0 MOJEIUPOBAHMS METOJIOM HaIUIaBJIEHHOTO ocaxJeHus. B xone wuc-
CJIeZIOBAaHMS U3y4aroTcs (PU3NYECKHe MEXaHU3MBbl U (yHAaMeHTainbHble NpuHIMIEl JIYY, a Takxke
€ro BJIMSHUE Ha MUKPOCTPYKTYPY M MEXaHHYECKHE CBOWCTBAa KOMIIO3UTHBIX m3aenuil. CTpykTypa
KOMIIO3UTHBIX 00pa3noB 10 u nocie JIYY Obuta npoaHalu3upoBaHa C MOMOUIbIO PEHTT€HOBCKOM
KOMITBIOTEPHOW MUKpOTOMOTrpaduu. bpuin mpoBeneHbl UCTIBITAaHUS Ha pacTsKeHHe o0paslos, 00-
pabOTaHHBIX JIa3€PHBIM yJIapOM, U CpaBHEHHE PA3JIMYHBIX 3aIMTHBIX MOKPHITHHA: aIIOMUHUEBON
¢onbru, [IBX-neHTs U 30J10TOrO MOKPBITUS. Pe3ynbTaThl MOKa3aal, YTO MEXaHUUYECKHUE CBOMCTBa
o6pa3uoB nocie JIYY He3aBUCUMO OT HUCCIIEOBAaHHBIX MaTepPHAJIOB 3aLIUTHOTO MOKPHITUS HE3HA-
YUTENIBbHO OTJIMYAIUCH JPYT OT Apyra U OT HeoOpabOTaHHBIX 0OPa3IIOB.

KiroueBble cji0Ba: peHTIC€HOBCKAs KOMITBIOTEpHAs MUKpPOTOMOrpadus, MEXaHHUECKHEe CBOMCTBa
KOMITO3UTOB, ITPOU3BOJICTBEHHBIE TAPAMETPBI, JIA3EPHOE yIapHOE YIIPOUHEHUE

1. BBegenue

[ToBblllIeHHE HAIEKHOCTH U JOJITOBEYHOCTH J€Tajel U KOHCTPYKIIMI MalluH — OJIHa U3 ca-
MBIX OTBETCTBEHHBIX 3a/1a4 B MAIIMHOCTPOECHUU. CTPEMUTEIBHOE Pa3BUTHE TEXHOJOTUM TPUBOIUT
K TOSIBJICHHIO HOBBIX MAaTE€pUAJIOB, MPEIHA3HAYECHHBIX IS YHUKAJIBHBIX YCIOBUW SKCIUTyaTallUu.
OnHako HEKOTOpbIE CTPYKTYpPHBIE XapaKTEPUCTHKH, TAKHE€ KaK BEC, KOPPO3MOHHAs CTOMKOCTD,
MPOYHOCTh U JAPYIUE, MOTYT OTPAaHUYMBATh UX IIPUMEHEHUE B TAKUX OTPACIAX, KAK adPOKOCMHUYE-
CKasi, aBTOMOOWJIbHASI U MEAUIIMHCKas. B Takux cCiiydasx HCHOJB3YIOTCS METONbI MOoIu(uKauu
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CTPYKTYpBl W/MIU TpeOyeMbIX CBOMCTB MaTepUalioB, HalpUMEp paziuyHble CIOocoObl 00paboTKU
noBepxHoctu [1].

OnHuM U3 TaKUX METOJIOB SIBJIsiETCs JlazepHoe yaapHoe ynpounenue (JIYY), pazpaboranHoe
JUISL TIOBBILLIEHUS] YCTAJIOCTHOM ITPOYHOCTH METAJUIMYECKUX KOMIIOHEHTOB U KOHCTpyKuui. JIVY —
3TO IPOLECC, B KOTOPOM KOPOTKUI BHICOKOMHTEHCHUBHBIN JIA3€pHBIA UMITYJIbC BO3JACHCTBYET HA MO-
BEPXHOCTh MaTepHualia, BbI3bIBAs INTyOOKHe miacTuyeckue nedopmanuu. B pezynbrate B mOBEpX-
HOCTHOM CJIO€ BO3HUKAIOT CKHMAIOIINE HAMPSIKEHUS, YTO MOBBIIIAET IPOYHOCTh, YCTOWUUBOCTD K
MOBPEKIACHUSIM U JTOJTOBEYHOCTh MaTepuaia [2]. OOmupHbIe SKCIIEPUMEHTHI, IPOBEICHHBIC B pa-
6otax [3] u [4], moaTBEepAMIIA, YTO BHIOOP MAaTEPHAIOB JIJIS 3alIUTHOTO MOKPBITUS U OTpPaHUYUBA-
IOLLETO CJI0s UMEET pellarollee 3HaUeHUE, IIOCKOJIbKY OHU BIIMSAIOT HA CUITY M IPOAOKUTEIBHOCTD
yaapHoro Bo3aeictBus. B mpornecce JIVY nns yBenuueHus aBjieHUs yIapHOW BOJIHBI MCIOJIb3Y-
I0TCS KaK 3allMTHOE MOKPBITHE, TaK U OTPaHUYMBAIOIINN cioi. B pabote [5] momuepkuBaeTcs Bax-
HOCTb HCIIOJIb30BaHUS OOOMX CJIOEB, MOCKOJIbKY Takas CTpPyKTypa oOecredyuBaeT TPHU KIIOUEBbIE
XapaKTepUCTHKH: 1) co3/1aHue CBEPXBBICOKUX JAaBIICHHUH, KOTOPbIE TPYAHO JOCTUYH MPH OOBIYHON
MEXaHHUYECKON 00paboTKe B TEUECHUE YPE3BBIUAHHO KOPOTKOIO Meprojia BpeMeHH, (OPMHUPYIOLTUX
OCTaTOYHBIE CKUMAIOLUE HANPSDKEHUS B MOBEPXHOCTHOM CJIO€ Ha OIPENEICHHYIO IIYyOUHY; 2)
ObICTpoe MpeoOpa3zoBaHUE JIA3ePHOM SHEPTUU B YIHEPTHIO MEXaHUYECKOW yIapHOU BOJIHBI B TEUCHUE
HAHOCEKYHJ; 3) BBICOKOCKOPOCTHAsl IUIacThdeckas aedopmarysi 1oJ BO3ACHCTBHEM yIapHO-
BOJIHOBOIT HATPY3KH IPH CKOPOCTH AedopMarti, focturaromeii 107 ¢

B oTnnume oT Ipyrux mporeccoB, OCHOBAaHHBIX Ha TEIJIOBOM BO3JIEHCTBHUM Jla3epa, 3alUT-
HBII CJIOM HE IO3BOJIAET JIA3€PHOM SHEPTHM MOBPEAUTH 3aroTOBKY, 4TO jAenaeT JIYY xomoaHbiM
nporieccoM [6]. JlazepHoe yaapHOe yIpouHEHHE UMEET PsiJi CYHIECTBEHHBIX MPEUMYILECTB MEpe/
IpoOecTpyHHBIM YIIPOUYHEHHWEM B PA3IMYHBIX ACMEKTaX: OHO MO3BOJISET CHU3UTH IIEPOXOBATOCTh
MOBEPXHOCTH, N30€KaTh BKPAIUIEHUH YacTHll, 00paboTaTh HEOOBIINE TANITENN, HEAOCTYITHBIE IS
IpobecTpyHHOTO YIPOYHEHHUs, BbI3BATh OoJiee TIIyOOKHE OCTATOUHbBIE CKUMAIOUINE HAMPSDKEHUS U
YMEHBIINTH AedopManioHHoe aBoiiHNKOBaHUE. Kpome Toro, B pabote [7] BBIIENSIOT CIEAYIONIHe
npeumymiectsa JIYY 1mo cpaBHEHHMIO ¢ JAPYIMMH TEXHOJOTMSIMU OOpabOTKH MOBEPXHOCTHU. Bo-
MEPBBIX, MOKHO MOJIYYUTh OCTaTOUYHbIE HANpsKeHHs Ha Oonbuiel (B 5—10 pa3) rinyOune, yeMm npu
napoOecTpyiiHOM yrnpouHeHHH. KpoMe Toro, B MOBEPXHOCTHOM Cllo€ 00pa3yloTcsi HaHO3EpHa, 3Ha-
YUTEIBHO MOBBIIIAIONINE YCTAIOCTHYIO IPOYHOCTh MaTepuana. Bo-BTOPBIX, TOUHBIH KOHTPOJIb HH-
TEHCUBHOCTH U IOJIOKEHMS JIa3epa MO3BOJISET ¢ nomolbto JIVY obpabateiBaTh AeTanu, HEIOCTYI-
HBI€ JUIsl APYTUX METOA0B. BO3MOXKHOCTh MHTErPUPOBATh KOMIIBIOTEPHOE YIIPaBICHHUE CIIOCOOCTBY-
€T BBICOKOI CTETIEHN aBTOMAaTH3aI[MH MPOMBILIUIEHHOTO MPOou3BoACTBa. B-TpeThux, JIVY — 310 Oec-
KOHTaKTHBIM Ipoliecc, KOTOPhIA MOXKET MPUMEHSTHCSI KO MHOTMM THUIIaM MTOBEPXHOCTEW Marepua-
70B 0€3 MpeABapuUTEeIbHON OArOTOBKH, UTO JIeJaeT €ro yHuBepcanbHbIM. Kak yroMuHaaoch paHee,
uccnenoBanus BIusHUA JIYY Ha MexaHnueckue CBONCTBA MaTEpUAIIOB B OCHOBHOM OBbLIN COCPEO-
TOYEHBI Ha Pa3JIMYHbIX MeTaiiax u cruaBax. Hampumep, Tanr u ap. [8] mokazanu, 4To TBEpAOCTh
obpasioB u3 cranu 42CrMo yBenuuunack Ha 25 % mnocne couetanus JIYY ¢ ObICTphIM MIa3MeH-
HbIM a3oThpoBaHueM. B npyrom uccnenoBanuu Jly u ap. [9] oOHapyXuiau, 4T0 MUKPOTBEPAOCTH
KomMmepuecku yrcroro tutana (CP-tutana) yBenuuuBaercs npumMepHo Ha 11 % mocne ool 06-
pabotku JIVY u Ha 28 % mocne Tpex mukioB. Yxan u np. [10] mokaszanu, 9To mpenen ycTaaoCTH
craBa Ti—6Al-4V yeenmuuics ¢ 216 MIla o 264 u 306 MIla nocne ogHoro u AByX 1ukios JIYY
COOTBETCTBEHHO. OHAKO, B OTVIMYME OT METAUIMYECKMX Marepuanos, BiausHue JIYY Ha npyrue
MaTepuasbl, TAKHE KaK MaTEpHaJbl, IOJyYEHHBIE C IOMOILBIO aJJUTUBHOTO MPOU3BOACTBA, OCTAET-
Csl IPAKTUYECKU HEM3YUYEHHBIM.

CoBpeMEHHbIE TEXHOIOTMH MPOU3BOACTBA KOMIIO3UTHBIX MaTE€pHalIOB, TAKUE KaK MOJEIH-
pOBaHKME METOJOM HAIJIABJIEHHOTI'O OCaXJI€HUs, OTKPHIBAIOT YHUKAJIbHbIE BO3MOXHOCTHU ISl CO3/1a-
HUS CJIOKHBIX U MHHOBAaLIMOHHBIX M3Jenuil. OqHaKko, Hapsaly ¢ IPEUMYIECTBaMU, 3TH MaTepUallbl
UMEIOT U crienuduyeckre npodaemMbl, CBI3aHHbIE C UX MEXaHMYEeCKMMU CBOMCTBAMHU U J0JITOBEY-

Studying the structure and mechanical behavior of acrylonitrile-butadiene-styrene samples after laser hardening / 1. V. Vin-
dokurov, M. A. Tashkinov, V. A. Mubassarova, I. A. Panteleev, O. A. Plekhov, A. Yu. Iziumova, A. N. Vshivkov // Diag-
nostics, Resource and Mechanics of materials and structures. — 2024. — Iss. 6. — P. 184-202. — DOI: 10.17804/2410-
9908.2024.6.184-202.



Diagnostics, Resource and Mechanics of materials and structures 190
Issue 6, 2024
I

Wty journal g http://dream-journal.org ISSN 2410-9908

HOCTbIO. [loBBIIIIEHNE UX TPOYHOCTH U YCTOWYUBOCTH K Pa3pyLICHUIO SBISETCS OCOOCHHO Ba)KHOM
3agaueil. [loaToMy OCHOBHOM MOTHBAIMed Ui pa3pabOTKU KOMIIO3UTHBIX MaTepHalioB B MHIY-
ctpun 3D-nedatu sBisieTcs MOCTHKEHHE BBICOKMX MEXAHUYECKUX CBOMCTB U JIOMOJHUTEIbHBIX
(YHKIMOHATBHBIX BO3MOXKHOCTEH, TAKUX KaK ONTHYECKUE, TEIJIOBBIC WM 3JICKTPUYECKUE, KOTO-
pble HEIOCTHKUMBI IIPU HCIIOJIB30BAaHMH YUCTHIX HojauMepoB [11]. B kommosute oauu (wiau He-
CKOJIPKO) KOMIIOHCHTOB CIIY)KUT apMHUPYIOIIMMH 3JEMEHTaMH, a JPYroil BBHICTYNAeT B KaueCTBE
MaTpHUILIbI, WIH CBA3YIOUIEro. JIJig JOCTMKEeHU sKeaeMbIX (DYHKIMOHAIBHBIX CBOWCTB HIIM COYETa-
HUSI HECKOJIBKUX CBOMCTB B OJJHOM KOMITO3UTE Pa3IMYHbIC apPMUPYIOIIHE KOMIOHEHTHI MOTYT OBITh
MHTETPUPOBAHbI B U3TOTOBJIEHHBIE METOJOM HAILIABJICHHOT'O OCAXXKJIEHUsI MaTepHaibl. B 3aBucumo-
CTH OT YCJIOBUH 3KCIUTyaTallU MOJMMEPHbIE KOMIIO3UTHI apMHUPYIOTCS MUKPO- WM HAaHOJAWCIIEPC-
HBIMHM YacCTHIIAMH, KOPOTKMMH WM JUIMHHBIMH BOJIOKHAMH M3 METAJJIOB WM HeMeTaioB [12].
BxiroueHne MeTauIMYecKuX 4acTHLl, TAaKMX KakK JKeJIe30, Me/b, HEpXKaBerolas CTalb WIM TUTAaH,
WM HaHOYACTUI, TAKMX KaK YIJIEpOJHbIE HAHOTPYOKH, rpad)eH Wi rpadur, B MOJIUMEPHYIO MaT-
pUILy TO3BOJSET CO37aBaTh BBHICOKOA(P(PEKTHUBHBIE KOMIIO3UTHI C PETYIUPYEMBIMH TETIJIOBBIMH,
3JIEKTPUYECKUMH, ONTUYECKUMHU U MEXaHUUYECKUMHM CBOMcTBaMH [13].

Komno3uTtHble MaTepuabl, 0COOEHHO apMUPOBaHHbIE BOJIOKHAMH, IEMOHCTPUPYIOT aHU30-
TPOIHIO U PE3KYI0 HEOJHOPOIHOCTh M3-3a Pa3IMuMii B CBOMCTBAX CBS3YIOIIETO M BOJIOKOH. JTa He-
OJTHOPOJHOCTbH BJIMSET Ha JiehOpMAIIMOHHOE TIOBEJICHUE MaTepHalla B 3aBUCUMOCTH OT OpUEHTAIHH
BOJIOKOH [ 14, 15]. IIpu nedopmarnuu Takux KOMIIO3UTOB HAKOIUIEHHUE 1e(PEKTOB MPOUCXOAUT B BU-
JIE€ CIOXHBIX PA3BETBIIEHHBIX TPEXMEPHBIX CTPYKTYp [16]. CumTaercs, 4To KOMIIO3UTHI, apMUpPO-
BaHHbIE BOJIOKHAMH, pa3pyILIAlOTCs, KOTJa KOJIUYECTBO Pa3pyLICHHBIX BOJIOKOH JOCTUTaeT KPUTH-
yeckoro uncia N [17]. Hanpumep, B pabote [18] cuuxpoTpoHHass MUKpoTOMOrpadus Iokaszania,
YTO MPOCThIE CTOXACTHUECKHUE MOJICIH pa3pylICHUs] HEIOOLEHNUBAIOT pealibHoe 3HaueHue N B 3-5
pa3. IlokanpoBblit ananu3 [16] mokasasn, YTO HOBBbIE pa3phbIBbl BOJIOKOH OOBIYHO IPOUCXOMAST B HO-
BBIX MECTaX, a He PSAJIOM C CYIIECTBYIOIIUMHU pa3pbiBaMu. VICIbITaHHUS Ha OJJHOOCHOE PACTXKEHUE
o6pasuoB komno3utoB C/SiC mokasanu, YTO MOBPEKICHUS NMEPBOHAYATHHO BO3HUKAIOT B MECTaX
nedexToB 00pabOTKH U 3aT€M PACIPOCTPAHSIOTCS BAOJb IPAHUL] pa3jiesia MEXy BOJOKHOM M MaT-
puueii [19].

HccnenoBanuss apMUPYIOIUX MOJMMEPHBIX MATPHI] MOXKHO Pa3leIUuTh Ha HECKOJIBKO OC-
HOBHBIX HaIlPaBJIEHUH, OJTHUM U3 KOTOPBIX SBIISETCS M3YUEHHE MEXaHUYECKHX CBOMCTB 3TUX Mare-
puanos. Hanpumep, B uccnenosannu [20] npoaHanu3upoBaHO BIUSHUE IUIOTHOCTH M3TOTOBIICHUS
Ha MexaHu4eckue cBoicTBa 3D-meyatHeix 00pas3ioB akpuioHUTpriIoyTaaueHctupoia (AbBC). B pabo-
Te [21] MexaHnYEeCKHEe CBOMCTBA HEMPEPHIBHBIX TEPMOPEAKTUBHBIX U TEPMOIUIACTUYHBIX KOMIIO3UTOB,
apMupoBaHHbIX yraepoaHbM BojokHOM (CFRTSTPCs), nccnenoBammch Nmpu pa3jiMuHbIX YCIOBHUSIX
00paboTKH, TaKMX Kak Temreparypa (HOpPCYHKH, MPOMUTKA BOJIOKHA M MEKCIIONHAs/BHYTPUCIIONHAS
pouHOCTh. CTarhs [22] MOCBSAIIEHA UCCIEIOBAHUIO BIMSHHS OPUEHTAIMM I€YaTH HAa MEXAHUYECKHUE
CBOMCTBa KOMIIO3UTOB, U3TOTOBJICHHBIX aJJIUTUBHBIM criocoboM. B pabote [23] nns 3D-npunTepoB
FDM 6511 pa3paboTaH MHHOBALMOHHBINA 3KCTpYAEp JUIsl IPOU3BOACTBA TEPMOIUIACTUYHBIX KOMIIO-
3UTOB, apMUpOBaHHbIX HenpepblBHbIMU BojokHamu (CFRT). B paGote [24] uccnenyercs BausiHue
OpPHEHTAIlMM BOJIOKOH M THIIA TMOJMMEPHOW MAaTpHIbI Ha CBOMCTBA NpPH PACTSKEHUU U H3THOe
3D-meyaTHBIX KOMITO3UTOB, apMUPOBAHHBIX HETIPEPHIBHBIMH 0a3JIbTOBBIMH BOJIOKHAMH.

JlaHHO€E HccieoBaHuE MOCBAIICHO BIUSHUIO JIYY Ha CTpYyKTypy U MEXaHUYECKHE CBOW-
CTBa KOMITO3UTOB, U3TOTOBJIEHHBIX METOJIOM HallIaBJIeHHOro ocaxjaeHus u3 AbC, apMupoBaHHOTO
KOPOTKHUMH YTJIEPOIHBIMH BoTOKHamMH (Y B).

2. MaTepuaJjbl M METOABI

B kauectBe monmumepHoro Matepuana ucnosb3oBanack AbBC-uuth FormaX (POLI, Poccus)
nuametrpoM 1,75 mm u motHocThio 1,11 r/em®. TIpodHOCTs Ha pa3pbiB U MOJYJIb YIIPYTrOCTH NPU
pactsbkenun coctaBisiin 35,52 MIla u 3,21 I'Tla cOOTBETCTBEHHO B CTaHJAPTHBIX JIAOOPATOPHBIX
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ycnoBusix. [lomumepnas matpunia AbC Obi1a apMupoBaHa KOPOTKUM Y B ¢ 00bEeMHBIM COJIepKaHH-
eM 15 % 1o oTHOLIEHUIO K MaTpHlie.

Kommo3utHbie 00pa3iel n3roraBnuBaivuchk Ha npuHTepe Raise3D Pro3 (Raise3D, CIIIA).
[TonnMepHast HUTh SKCTpyAHpoOBasiack yepes cormio guamerpom 0,4 mm. st ynaneHus: HaKoIJIeH-
HOHM BJIard TOJIMMEPHBIE HUTH TPEABAPHUTENIbHO BhICyIIMBAIMCH B kamepe Binder FP53 (Binder
GmbH, Tyrrnuaren, ['epmanus) npu temmeparype 80 °C B Teuenue 5 wacoB. st onpenencHus
MOCJIEZI0BATEIBHOCTHU CJIOEB M TPAEKTOPHH ABMKEHUS MHCTpyMeHTa 3D-npuHTepa UCHOoIb30BaNaCh
nporpamma ideaMaker. [Tapamerpsr 3D-nieuatu npuBeneHs! B Ta0u. 1.

Tabnuya 1
ITapameTpsl neyaTu
XapakTepucTuKa 3HavyeHue
CKOpoCTh NepeMeIeHus cormia, MM/MUH 1800
Temmneparypa cora, °C 290
Temneparypa crona, °C 110
BricoTa citos, MM 0,2
[upuna s3KCTpYy3UH, MM 0,4
3anojaHeHue IpSIMOJIMHENHOE
[InoTHOCTH 3acTpOiikH, Yo 100
[ToTok Bo3yXAa, % —

OO0pa3npl Ha pacTsHkeHHe ObUIM M3TOTOBIICHBI B COOTBETCTBUHU CO craHmaprom ISO 527-
2:2012, ux cxemaTuyeckoe U300pa’keHHue M OPUEHTAlMs CIIOeB MOKa3aHbl HA puc. 1. OpueHTanus
ObLTa BEIOpaHa BJIOJIb HAIIPABJICHUS MPHJIOKEHHOW HArpy3KH, TaK KaKk B ATOM HalpaBJICHUH MPOY-
HOCTh 00pasiia Ha pacTshKeHue Boiie [22, 25].

100

26 22,5 2

12,5

Puc. 1. 'eomerpust crannapTHoro odpasia Juis UCIIBITAHUN Ha pacTsKeHue (a) U MOJeNIbHOE
NpeJICTaBlICHNE PACIONOKEHUs cIoeB 00pasia Bo Bpems 3D-nieuaru (6)
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2.1. Memoo nazeprnozo y0apHo2o ynpouHeHus.

JlazepHoe ymapHOE YNMPOYHEHHUE MOJMMEPHBIX KOMIIO3UIIMOHHBIX MAaTEpHANIOB MPOBOMIOCH
¢ ucnonb3oanueM Nd:YAG nazepa (BeamTech Extra 10) B UHcTUTYyTE MEXaHUKHU CIUIONIHBIX CpPEJ
¥YpO PAH. [lnutensHOCTh 1a3epHOro UMIyjbca cocTtasisuia 10 He, S3HEprus J1a3epHOro U3ITyYEHUs —
1 JIx. dna dopmupoBanust mpoduist 1a3epHOro Jdyda MCIOJIb30BajJach ONTHYECKas CUCTEMa, B pe-
3yJIbTaTe€ 4Yero Ha MOBEPXHOCTH MaTepuaia Ja3epHbId Jiyd (OKYCHpOBAJICS B BHUJAE KBajapara co
ctopoHoit 1 mm. IIpu ommcaHHBIX XapaKTepUCTHUKAX J1a3epHOM ymapHOW 0OpabOTKH IJIOTHOCTH
momHocTH nocturana 10 I'Bt/cm? Ha puc. 2 npuseaens! ¢otorpadun KOMIIEKCa AJIs Ja3epHON
yaapHoii 00pabOTKU U CXeMaTH4YeCKoe M300pa)KeHHe IMpolecca J1a3epHOro yAapHOTo BO3ACHCTBUS
Ha Marepuai. s u3ydeHus: MEKpPOCTPYKTYPHI MIOJIMMEPHBIX KOMIO3UTOB nocie JIVY Obutu oOpa-
6otansl aBe cepun obOpasnoB ABC, apmupoBanubsix YB. Kaxnas cepust Obina paszienieHa Ha JBe
rpynnsl. B mepBoii rpymnme B KauecTBE 3alIUTHOTO MOKPBITUS HA TOBEPXHOCTh 00pa3iia KIeuaach
nenta [IBX Tommmnoii 0,11 MM, a BO BTOpOii METOAOM BaKyyMHOI'O HalbUIEHHs HA ITOBEPXHOCTH
HaHOCHJIOCH 30J10TO ToimuHou 30 HM. JlazepHast ynapHas oOpaboTka mpoBOaUIach Ha 00€Ux Mo-
BEPXHOCTSIX 00pa3lloB MOCIEI0BATEIbLHBIMU YAapaMU «BCTHIKY», 0e3 mepekpriTusi. B oboux ciydasx
B KaueCTBE OTPaHUYMBAIOIIEIO CJI0S UCIIOJIB30BAJICS CIOM JaMHUHAPHOTO BOJHOTO IOTOKA TOJIIHU-
Hot ok0110 0,5 MM.

ITna3ma

\

JlazepHslit 1y4

Orpa"anauBaroLInii oM

(Boma/cTeko) 3amuTHBIN CIIOI
(xpacka/ponsra/[IBX-nenTa)
Cnabas
yaapHas
BOJIHA

2

Puc. 2. YcranoBka i1 nazepHoit yaapHoi 00pab0oTKH MaTeprasioB: TBEPAOTEIBHBIN Jla3ep
Beamtech SGR-Extra-10 (@); pobor-manumnymistop STEP SR50 (6); npotiecc na3epHoii yaapHOi
00pabOTKH TUIOCKOM JIeTa (8); CXeMaTHIECKOE N300paKeHNE JTa3epHOTO YIaPHOTO
BO3JIeiCTBHUS Ha oOpaselr (2)
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2.2. Memoo peumeenosckoul momoepaguu

PentrenoBckas kommbiotepHas Mukporomorpadust (Mukpo-KT, pCT) — 310 Hepa3pyiaronmii
METOJl HCCIICIOBAHUS CTPYKTYPHI Pa3iMUHBIX MaTEepPHaoB, aeTajged W KoHcTpykmmid [17, 26-31].
PentreHoBckas MUKpoTOMOrpadus MO3BOJISIET BU3YaJM3UPOBAaTh BHYTPEHHIOIO CTPYKTYpPY HCCIIe-
yeMoro o0beKkTa, nmoyyduts 3D-mojenb, onpeneautb MophoIorui0, 0COOEHHOCTH paclpeIeIeHUs
U CTPYKTYpHBIE CBSI3U MEXAY PEHTTEHOKOHTPACTHBIMHU (ha3aMH.

UYro xacaeTrcs KOMIIO3UTHBIX MaTtepuasioB, To MUKpO-KT mo3Bosisier KOHTpoIMpOBaTh Kaye-
CTBO Ha BCEX HJTamax IPOU3BOACTBA Oyarofapsi HEMHBA3UBHOCTH PEHTTEHOBCKOTO HW3IYYEHUS,
ObICTpOMY cOOpY AaHHBIX U co3/laHuio 3D-mMofenei, B TOM 4HCie ¢ HEeNbl0 YHUCIEHHOTO MOJEIUPO-
BaHU JUISI IPOrHO3UPOBAHMS HEOOXOAUMBIX CBOMCTB JIeTajei U KOHCTPYKIIUH.

PentreHoBckuil MUKpOTOMOTpad COCTOUT M3 MHUKPO(POKYCHON pPEHTTEHOBCKON TpPYOKH, HC-
MyCKAOMIEH Y3KHid PEHTTCHOBCKUI ITyYOK, BPAIAIOMIETOCS CTOJHMKA C UCCIEAYeMbIM O0paslioM U
JIETEKTOpa, MPeoO0Pa3yIOUIero MPOXOSAIINE PEHTTE€HOBCKHE TyYH B AJIEKTPUYECKHUM CUTHAT, KOTOPBI
3areM ouu(pOBBIBAETCS U 3anuchiBaeTcs Ha KoMibtorep [17]. cxoqHble JaHHBIE MIPECTAaBISAIOT CO-
0011 HabOp PEHTIeHOBCKUX TEHEBBIX MPOEKIUH, MOTYYSHHBIX MPH MOCIEI0BATEIHLHOM ITOBOPOTE 00-
pasia BOKpYyTr BepTUKaIbHON ocu Ha 180/360° ¢ 3amaHHBIM YTJIOBBIM IIATOM M COJIEPIKAIIUX COBO-
KyIHYIO HHpopmMalirio 00 ocinabieHul peHTTeHOBCKOTO MyYka BO BceM o0beMe obpasua [17].

Crnenyrommii mar — peKOHCTPYKIMSI TEHEBbIX IPOEKLUN B MOINEpEYHbIe ceueHus odpasua c
MOMOIIbI0 MoAuduIMpoBaHHoro anroputma Penpakammna [32]. IIponece peKOHCTPYKIMK BKIHOYA-
eT B ce0s Habop MpoIeayp MPEIABAPUTEILHON 00paObOTKH U300paKCHHSI, TAKUX KaK MUHHUMH3AIUSI
KOJIBIEBBIX apTe(aKkTOB, KOMIICHCAIUSI OLIMOKHU TOJNIOKEHHsI 00pasua, (uibTpaius, MmoBOPOT U
crinaxuBanue uzoopaxkenus [17, 33]. PekoHcTpyupoBaHHBIE CEUEHUS UCTIOIB3YIOTCS JJIS CO3aHus
3D-Monenu uccneayeMoro o0beKTa u/uiu A1 MOp(OIOrHUecKOro aHallu3a ero KOMIOHEHTOB. J{is
KOMITO3UTHBIX MaT€pUAJIOB TAKUMU KOMIIOHEHTaMHU SIBJISIOTCSI HAIIOJIHAOIAS IIOJMMEPHAs MaTpu-
112, BO3MO>KHBIE TPOU3BOICTBEHHBIE JIe(DEKThI, TAKHE KAK ITyCTOThI, U ApMUPYIONINE YaCTULIBI H/UIIN
BOJIOKHA, Y KOTOPBIX, KaK MPaBUJI0, ONPEICIISIOTCS pa3mep, popma u yrioBast opueHTanus [34, 35].

PentreHoBckas cheMKa KOMIO3UTHBIX 00pa3iioB ABC, apmMupoBanHbIX Y B, npoBoauiacs B
Wucruryre mexanuku crutomubeix cpex YpO PAH wa mukporomorpade SkyScan 1272 (Bruker,
benbrus). CheMKka NpoOBOAMIIACH NMPHU CIEAYIOIIUX MapaMeTpax: HalpspKeHHEe Ha PEHTI€HOBCKOMN
TpyOke — 42 kB, Tok — 56 MKA, pa3penienue (JyIMHA Kpasi BOKcena) — 2 MKM, BpeMsl IKCIIO3UIIUHN —
1500 mc, mar nmoBoporta obpaszua — 0,1° ¢ nomydeHuem uzobpaxeHus Ha 360° u ycpeqHeHHEM
0 4eTblpeM Kajapam. IIpoaomkuTenbHOCTh MOJTydyeHus: U300pakeHusl 0IHOro oOpaslia cocTaBHIIa
5 gacoB 40 muHyT. BoccTaHOBNIEHME MPOEKIMM BKIIIOYANO B ce0si MOCTBBIPABHUBAHUE U MOJaBIIE-
HUE KOJIBLEBBIX apTe(aKkToB, MOCJIE YEro MOJy4yeHHbIe N300pakKeHUs IOINEPEUHbIX CPE30B (UIIb-
TPOBAJIUCH JJISl TIOBBIIIEHUSI KOHTpAcTa I'PaHUI] BOJIOKOH OTHOCUTEJIBHO MaTpUIlbl, OMHApU3UPOBa-
JMCh U YIAISUTUCh ITYMOBBIE KOMIOHEHTHI 00beMoM MeHee 512 Mxm®. Mopdosoruueckuii aHaims
BKJIFOYAJI OIpesieNieHne JUIMHbBl ¥YB 1 ux opueHTtanuu. /[nmMHa BOJIOKHA OLIEHMBAJIACh KaK PacCcTos-
HUE MEXJly CAMBIMHU YAAJICHHBIMH TOUYKaMU (ITUKCENISIMU) OTJIEIBHOTO OOBEKTA.

2.3. HUcnvimanue na pacmsdicenue

HcnplTaHuss Ha pacTsyKEHUE NPOBOAMIIMCH HAa YHUBEPCAJIBHON HCHBITATENIBHON MallllHE
Instron 68SC-5 ¢ matumkom Harpy3ku 5 kH mpu mocTtossHHON ckopoctu Tpasepchl 0,5 MM/MUH U
Temneparype okpyxaromiei cpenbl okoso 20 °C. TounocTs n3Mepenust Harpy3ku coctasisiia 0,5 %
OT U3MEPEHHOT0 3HaueHus B quana3zone ot 5 H no 5 kH, a pa3penienne cmenieHusi CEpBONpuBOIa —
0,0095 mxm. Jledhopmaniuu U3MepsITUCH C TTOMOIIBIO BuaeodkcTeHzomeTpa AVE2. JIBe KOHTPOIIb-
Hble Touku AVE2, paBHOyJalIeHHbIE OT CpeHE TOUKH, ObUIM PACIIONIOKEHbI Ha TTOBEPXHOCTH 00-
pasia BJO0Jb OJHOM OCH JUIS PErHCTpalluu YAJIHMHEHUs oOpasia. MexaHnueckre CBOWCTBA Ompejie-
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JISUTUCH TI0 KPUBOM «HampshkeHue — aeopmanusi». VcnplTaHusa npoBOIMINCh HE MEHEE YeM Ha Iisi-
TH 00pa3iax U3 KaxJI0i CepUH JUIS MOTYICHUS CTATUCTHUECKU 3HAYMMBIX PE3YJIbTAaTOB.

3. Pe3yabTaThl 1 00cyxaeHHE

3.1. Ananuz cmpykmypsi 00pazyos 0o 6osoeticmsusi JIVY

Jlns BBISIBICHHS BO3MOXKHBIX M3MEHEHHMH B CTPYKType M MEXaHMYECKUX CBOMCTBax, BbI-
3BaHHBIX JIYY, ObUIM IpOaHaIM3UPOBAHBI TOMOTpAapUUECKUE H300PAXKEHNUS UCXOIHOW CTPYKTYPHI
10 00pabOTKHU Ja3epHbIM yaapoM. AHamu3 00pa3loB C 30J0THIM MOKPHITHEM U 0€3 HEero mokasal,
YTO CTPYKTYpa Oblia CXOXKEH, MO3TOMY MPEACTaBICHBI PE3Y/IbTAaThl aHAIM3a TOJIBKO OAHOTO 00pas3-
na. Ha puc. 3 mokaszan oOuuii Buj oOpasia, Iie BHEIIHSS MOBEPXHOCTh (BHEITHUE CJIOU OCaXK]Ie-
HUS) MIPEJICTAaBISIET cO00H 000I0UKY M3 OIMMEPHOTO MaTepuana ¢ 6oyiee BBICOKOW PEHTI€HOBCKON
IUIOTHOCTBIO, YeM MOJUMeEp BHYTpU obOpasua. Cioii 30J0TOr0 MOKPBHITUS HE MOXET ObITh UJIEHTH-
(buUIMpOBaH Ha PEHTTCHOBCKOM CHUMKE, TIOCKOJIbKY BHEIIIHSS MTOJTUMEpPHast 000JI09YKa UMEET TaKyro
K€ PEHTT€HOBCKYIO IJIOTHOCTh. XOPOIIO BUIHBI Y B, NpeumMyIiecTBeHHO OpUEeHTHPOBAHHBIE BJIOJIb
Hanpasienus: 3D-nedatn. Hapsiny ¢ YB u mioTHo#i BHeNIHEH MOBEPXHOCThIO, B 00beMe 00pasima
IPUCYTCTBYIOT J1e(DeKThI MeYaTl B BUJE IYCTOT, OKPYKEHHBIX INIOTHBIMU (pparMeHTaMu MoJIuMep-
HOW MaTpuIbl. JTH NeEeKThl, KaK W yIUIOTHEHHAs! BHEIIHSS MOBEPXHOCTh 00pa3ia, 0OBICHIIOTCS
0COOCHHOCTSIMU cTekioBaHusi mnonuMepa ABC: ocaxaeHue mOCIeAyroUIero ciios B Ipoliecce
3D-neuatn Ha MpeNBITYIINI HE BCETAa MPOUCXOIUT PAaBHOMEPHO.

500 MM
—

a 7]

Puc. 3. O6muit Bua peKOHCTPYUPOBAHHOTO BEPTHKAIBHO OPUEHTHPOBAHHOTO 00pasiia (a) U TOT ke
BUJI C yJaJICHHON BHEITHEH MOBEPXHOCTHIO U BU3yaIM3allell apMUPYIOIIHUX BOJIOKOH (6)

AHann3 KOMIIOHEHTOB TOKa3ajl, YTO COJEpKaHUE YTIEPOJAHOTO BOJIOKHA B 00beMe 0Opasia
cocraBisieT 9,3-12,9 %. Ha puc. 4 npencraBieHsl pe3yabTaThl paclpeaeseHusl ATUHbBl BOJIOKOH
B IIBETOBOH MIKane MCXOMHOTO obOpasua. Beero Ob1 mmentudunuposan 33 021 o0bekT, BKIIOYAs
yIIIepOIHBIE BOJIOKHA, ()parMEHTHI MOJMMEPOB M BHEIIHIOI IMOBEPXHOCTh. YTIIEPOJHBIE BOJOKHA
¢ HOHU 10 250 MKM OBLTH B OCHOBHOM PaBHOMEPHO pacmpesielieHbl 0 00beMy, B TO BpeMs Kak
VILIOTHEHHBIE MTOJIMMEPHBIC ()ParMEeHTHI U BHEIITHSS TIOBEPXHOCTH JIEMOHCTPUPOBAIIN OoJiee Kpy-
HBIE 3HaYEHUs, 710 5 MM (puc. 4 6, 6 a).
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250 MKM

a 0

Puc. 4. O6muii BuJ peKOHCTPYHMPOBAHHOTO BEPTHUKAIBHO OpUeHTHUpoBaHHOro 0Opasua ABC+YB
C TPAJMEHTOM I[BETOBOM IIKaJIbI, YKa3bIBAIOIIUM Ha JITTUHY BOJIOKOH (&), U YBEJIIMUCHHBIN BU/T
ydacTka 00pasiia, OKa3bIBAIOIINI apMUPYIOIIHE BOJOKHA 1 AedexTsl 3D-nevyartu (6)

250 MKM

a 0

Puc. 5. O6muii Buj peKOHCTPYHMPOBAHHOTO BEPTUKAILHO OpUeHTHpoBaHHOro oopasua ABC+VYB ¢
I'PaJMEHTOM I[BETOBOM IIKaJIbl, YKa3bIBAIOIIUM yIoJl OPUEHTALNH (a), U YBEIMUYCHHBIH BUJ] y4acTKa
00pa3Iia, MoKa3bIBAIOIINI apMHUPYONIUE BOIOKHA U AedekTsl 3D-neuatn (0)
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Puc. 6. 'ncrorpammel pactipeaeneHus BookoH B o0pasue ABC+YB no anune (a)
U YIJ1y opueHTarmu (6)
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KonuuecTBeHHbI aHAIN3 OpUEHTALMKM BOJOKOH (puUC. 5 U 6 0) mokasal, 4To OOJIBIIMHCTBO
BOJIOKOH BBIPOBHEHBI oA yriaoM 0-15° k Hampasienuto 3D-neyatu, BMECTE C 3TUM HEKOTOPBIE OT-

ACJIBHBIC BOJIOKHA W COCAUHCHHBLIC CTPYKTYPbl OPHCHTHPOBAHBI II0[] 6OJ'II)HII/IMI/I yrilamu (BHJ'IOTB
110 90°).

3.2. Ananusz obpasyos nocie npumenenus JIVY

Jns crangapTHBIX 00pa3loB Ha PAcTSIKEHUE B KAYECTBE 3aIUTHOTO MOKPHITHS BMECTO
aJIOMUHUEBOM JIEHTHI UcCIONb30Basnachk JieHTa [IBX, mockonapky mMmnenaHc MOKPBITUS U KOM-
MO3UTHOTO MaTepHaia JOJDKeH ObITh OJIMHAKOBBIM, MHade ciabast yaapHas BOJHA, BbhI3BaHHAs
Ja3epHBIM HUMITYJIbCOM, OyIET OTpakaThCsl OT IpaHMIlbl pazaena. Bausuus JIYY Ha Mukpo-
CTpYKTypy oOpasuma ABC+VYB ¢ 3amuTHBIM MNOKpPBITHEM HE OBUIO OOHApYXEHO: IUIOTHAs
BHEUIHSAS MoJuMepHasa 00osiouka 1 YB He mpeTrepriein Ka4eCTBEHHBIX U KOJTUYECTBEHHBIX H3-
MeHeHuil. HanpoTtus, oOpaseln, MoABEprHYTHIN JiIa3epHON ymapHOW 00pabOTKe C 3aIlUTHBIM
30JI0THIM MOKPBITHEM, BU3YaJbHO U KOJIUYECTBEHHO MPOJEMOHCTPUPOBAN U3MEHEHUS B CBOCH
MHKpOCTpyKType. Kak mokazaHo Ha puc. 8, MUKpOCTPYKTypa moBepxHocTH obpasna ABC+VYB
npeTrepriena 3HaYuTeIbHbIe U3MEHEHUS, cTaB Oosiee MOPUCTON U GpparMeHTUpoBaHHON. UHau-
BHIYaJbHBIN aHaMn3 00BEKTOB IMOKAa3all, YTO, XOTsI BHEIIHSS MOBEPXHOCTH cTajia OoJjiee mop -
CTOH, €€ LIeIOCTHOCTh COXpaHuiachk. JIMHA U OpUEHTAIMS OCTAIUCh TAKMMU K€, KaK U J10 00-
paboTku ynazepHbIM yaapoMm (puc. 7-9). KonndecTBeHHBIN aHAIN3 BOJOKOH HE BBISBHJI CTATH-
CTUYECKU 3HAYUMBIX Pa3IUYUN MEXIy 00pas3loM 0 U MOCcie BO3AECUCTBUS J1a3epHBIM U3y e-
HueM. OJIHAKO aHaju3 CBA3HOCTH BOJIOKOH IOKa3aj, 4TO KOJIMYECTBO CBA3EH YBEIUUYMIIOCH
Oosiee yeM B 1Ba pasa, nocTturuyB 54 000 cBsazeil. MakcuManbHOE KOJIHMYECTBO CBSI3€il COOT-
BETCTBYET MMOPUCTOI MOBEPXHOCTHOH 000JI0UKe, HN3MEHEHHOU B pe3ysbTaTe 00paboTKu naszep-
HbIM ynapoM. HecMoTpsi Ha BU3yallbHbIE U3MEHEHUs, UCIIapeHusi MaTepuana 3a cueT JIVY nHe
MPOU30MIIO: 00bEMHOE COJepIKaHNE BOJOKOH U JACHCU(DHUIIMPOBAHHBIX (PArMEHTOB MOJIHUME -
HOW MaTpPUIIbI, BKIIOYAsl BHEITHIO 000JI0UKY, OCTAJIOCh TAKUM ke, Kak U J0 00paboTKwu.

Puc. 7. O6uuit Bua peKOHCTPYHPOBAHHOTO BEPTHKAIBHO OPUEHTHUPOBAHHOTO 00paslia,
MOJIBEPTHYTOI'O JIa3epHON yaapHOU 00paboTke (a), U YBEIMYEHHOE U300pakeHne
MMOBEPXHOCTHOM 00010uKK 00pasna mocie JIYY (6)
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250 Mxm

a o

Puc. 8. O0muii Bug peKOHCTPYHUPOBAHHOTO BEPTUKAIBHO OpUEHTHpOBaHHOTO oOpasua ABC+YB
C TPaMCHTOM I[BETOBOH IIKAJIbI, YKA3bIBAIOIIUM Ha JJIUHY BOJOKOH (a), U YBEIMYCHHBIH
BHUJI y4acTKa 00pasiia, MOKa3bIBAIOIIUI apMUPYIOIHe BOJOKHA U aedekThl 3D-nevatn (6)

250 MM
()

a o

Puc. 9. O6muit BU peKOHCTPYUPOBAHHOT'O BEPTHUKAIBHO OpUEeHTHpOoBaHHOrO oOpasua ABC+YB
C IPaJIMEHTOM I[BETOBOH IIKAJIbI, YKa3bIBAIOIIUM YTOJ OpUeHTaIMK (a), ¥ YBETHMUCHHBINA BT
ydacTka 00pasiia, MoKa3bIBaroIHi apMUPYIOIIUe BOJOKHA U nedekTsl 3D-nevatu (6)

3.3. Ananuz mexaHu4ecKux c8oUCme npu pacmaiCceHuu

PaccMoTpuM pe3yibTaThl HCTIBITAHUN KOMITO3UTHBIX 00pa3IoB Ha pacTskeHue. Ha puc. 10
MIpe/ICTaBjIeHa CpeAHss Auarpamma «HampspkeHue — Jnedopmanus» s cepud HeoOpaOOoTaHHBIX
00pas3IoB C YKa3aHHEeM JI0BEpUTEIbHOTO MHTepBana. Kak BUAHO U3 rpaduka, MaKCUMallbHOE PacTsi-
ruBaroniee HanpsikeHue pocturaet 70 MIla npu nedpopmaruu 4,6 %. B Tabin. 2 npuBeneHsl cpe-
HUE 3HAYCHUS CO CTAaHAAPTHBIMU OTKJIOHEHHUSIMH JUIsl He0OpaOOTaHHBIX 00pa3IOB MPH HCIBITAHUN
Ha pacTsHKCHHE.

Tabauya 2
[TapameTpsl 00pa3IOB MPH UCTIHITAHUN HA PACTSHKCHHUE
[IpounocTs Ha Monayinb Hedbopmarus mpu [Tornomenue
Tum obpazua paspeis, MlIla ynpyrocty, ['Tla | paspymenun, % DHEPIUH, I[)K'M_3
Heobpaboraribie | gg 57, 5 69 9,27+ 0,15 434+0,26 156,30 + 15,45
00pasIsl
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Tabnuya 3
[TapameTtpsr 06pa3iioB nocie JIVY npu ucnbiTaHUM HA PaCTSHKEHUE
Tum obpasna [Ipounocth Monyib Hedbopmarus [Tornomenue
(3amuTHOE Ha pa3phbiB, YIIPYTOCTH, MIPH pa3pylICHHUH, SHEPTHH,
TTOKPBITHE) Mlla I'Tla % JhkM >
ITocne JIVY
(30mo0TOC 95,45 £2,77 7,50 +0,38 3,65+ 0,18 105,90 + 5,30
IIOKPBITHUE)
Hoene IVY = 6530 +3.12 8,34 + 0,42 3,88+ 0,19 141,50 = 7,10
(IIBX-nienTa)

Ha puc. 11 noka3zansl pe3yibTaThl UCTIBITAHUN Ha pacTsHKEHHUE 00pa3loB IOCIE JIa3epHOTr0
YIApHOTO YIPOUYHEHHUS C PA3TUYHBIMU 3aIIUTHBIMUA MOKPBITUAMHU. J{J151 cpaBHEHUSI IPUBEICHBI 1aH-
HbIe 0a30BBIX 00pa3oB. Kak BuaHO U3 rpadukos, od6e cepun obpas3nos nocie JIYY nemoHCcTpHpY-
10T OoJiee HU3KKE 3HAUYEHUS MMPOYHOCTH Ha Pa3pbIB U JeopMaluy MO CPaBHEHUIO ¢ Oa30BBIMU 00-
pasuamu. JlaHHbIE UCIIBITAHUIN Ha pacTsDKEHUE MPEACTaBIeHb! B Ta0. 3. AHaNNU3 SKCIIEPUMEHTaNb-
HBIX Pe3yJIbTAaTOB Ul CTAHAAPTHBIX 00pa3I0B HA PACTsHKEHUE MOKa3bIBAeT, YTO JlazepHas yaapHas
00paboTKa MPH MCIIOJIb30BAaHUH PACCMAaTPUBAEMBIX 3aLIUTHBIX MOKPHITUH HE YIIydlIaeT MEXaHu4e-
CKHe cBOWCTBa. Pa3znuyHble 3alUTHBIE TOKPBITUS MPUBOIAT K PA3IMYHOMY MOBEACHUIO CTaHAAPT-
HBIX 00pa3LoB IIPU PaCTSHKEHUU: POYHOCTb Ha pa3phlB oTianydaercs Ha 20 % 171 3010TOro NOKpbI-
tusa v Ha 10 % ans [IBX-neHTsl Mo cpaBHEHUIO ¢ HEOOpaOOTaHHBIMU OOpa3laMu. 3HAYEHUS MOJTY-
7Sl yIIPYTOCTH JAEMOHCTPHUPYIOT TaKyro ke paszHuily. Jedopmarus npu paszpyiieHun cocraBiser 16
u 11 % g oOpa3ios ¢ 30510TeIM NOkpbiTHEM U [IBX-nenToii coorBercTBeHHO. Hanbonbiee pac-
XO0XJIeHHe HAOII0aeTcsl B CIOCOOHOCTH MaTepHaja MorjioMaTh SHEPTUIO TIPU YIpyroi nedopma-
uu (tab. 1, 2) u cocraBusier 32 % st odpasia ¢ 30JI0ThIM MOKphITHEM B 9 % it [IBX-11eHThI.

4. 3akaoueHue

B naHHOM HccnenoBaHMH HM3ydanach BO3MOXKHOCThH HMOBBIIIEHUS! HAJEKHOCTU U JOJITOBEY-
HOCTH KOMIIO3UITMOHHBIX MaT€pPHajIOB, N3TOTOBIEHHBIX METOJIOM TTOCIONHOTO OCAXKACHUS, a TAKKE
npuMeHuMocTb Merona JIVY k nonumepam. bbuin nosryueHs! pe3ynbTaThl HCIBITAHUNA Ha PacTsDKe-
Hue oOpa3uoB 3 ABC ¢ yriiepoJHbIM HamoJHUTENEM, MOoABEprHyThIX JIYY ¢ ncnosnb30BaHuEM
Pa3IUYHBIX MaTepPHAJIOB 3aIIMTHOTO MOKPHITUSA. CTPYKTypHBIE U3MEHEHHUs B oOpa3lax 70 U mocie
Ja3epHON yIapHOH 0O0pabOTKH OTCIICKHUBAIKMCH C TIOMOIIBI0 KOMITBIOTEPHON PEHTTEHOBCKON MHK-
poroMorpadguu. DKCIepUMEHTaJIbHbIE JaHHBIE IMO3BOJIMIM YCTAHOBUTH CIIEAYIOIIEE: 3HAYECHUs
MPOYHOCTH 00pPaOOTaHHBIX 0OPA3IOB 3aBHCAT OT THIIA 3AITUTHOTO IMOKPHITHS, OTKIIOHEHHUS OT CTaH-
JTapTHBIX 00pa31oB cocTaisAoT oT 10 10 20 %; ucnonb3oBanue [IBX-1eHTh B kKauecTBe MOKPHITUS
MPEANOYTUTEIbHEE 30JI0TOT0 MOKPHITUS M3-3a MeHbIero (10 %) oTKIOHEHHs] MPOYHOCTH Ha pac-
TSDKEHUE OT 3TOr0 TOKasaTelis Ul HeoOpaboTaHHBIX 00pa3IoB; HA OCHOBAaHMH KPUBBIX «HAIpsKe-
HUE — neopManus» MOKHO TPEANONIOXKNTh, YTO Ja3epHas yaapHas oOpa0OTKa aKTHBHPYET TO-
MOJTHUTEIbHBIE MEXaHU3MBbI JehopMaIly MJTH, BO3MOXKHO, (Da3oBble mepexosl B MaTepuaine. Ilo-
JTy4eHHBIE PE3yIbTAaThl MOTYT MTOCTYXKUTh OCHOBAaHHEM IS TPOBEACHUS AaTbHEUIITNX IKCTIEPUMEH-
TaJIbHBIX MCCJIEOBAHUI C LIENbI0 ONpeAeTeHUs ONTUMAIBHBIX napameTpoB JIYY u Bbibopa mare-
pHAJIOB 3aIIUTHOTO TOKPHITHSI, a TAK)KE PA3IMYHBIX KOMITO3UIIMOHHBIX MaTEPUAIOB. JTO TIO3BOJHT
copmupoBaTh 0a3zy JaHHBIX MO (U3UKO-MEXAHWYECKMM CBOMCTBaM 3D-TieyaTHBIX KOMITO3UTOB
MIPHU Pa3IMYHBIX 3alIUTHBIX MOKPHITUSAX W pekumax JIYY, 94To B KOHEYHOM HTOTE TOBBICUT HX
MIPOYHOCTb U YCTOHUMBOCTD K PA3PYyLICHUIO.
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