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B Hacrosmieli paboTe npuBeIEHO MCCIeA0BaHUE KOMIO3UIIMOHHBIX (ritamenTtoB "ABS - yrinesonox-
HO" ¢ conepkanueM yrieBosiokHa 10 10 Bec.%. MccnenoBana MakpoCTpyKTypa MOIYYEHHBIX (DHIIAMEHTOB,
B YaCTHOCTH HauOoJblliee BHUMaHHE YJEJICHO HCCIEIOBaHHIO OPUCHTHPOBAHMS BOJIOKOH B o0beMe (uia-
MeHTa. OnucaHbl TEXHOJOTHYECKHE OCOOEHHOCTH IIpOILlecca IOJNyYEHUs] KOMIIO3MIMOHHOTO (HIaMEHTa,
IpuBe/IeHa HauOoyiee ONTHUMalbHAsI CXeMa IOJIydeHHsl (UIaMeHTa, B TOM YHCIIC ONKMCaHa ONTHMajbHas
TEXHOJIOTHS ITOJrOTOBKH YIJICBOJIOKHA JJIsl BBEACHUS B KOMIIO3HUT.

In the present work, a study of composite filam&ABS-carbon fiber" with a carbon fiber contentugf
to 10% by weight is made. The macrostructure offitaments is studied, in particular, the greagdtgntion is
paid to the study of fiber orientation in the filant volume. Technological features of the procésmmposite
filament preparation are described, the most optictzeme of filament production is given, besidesdptimal
technology of carbon fiber preparation for intradtut into the composite is described.

AKTHBHOE pa3BHTHE aI/TUTUBHBIX TEXHOJOTHH Havyajoch B Hayasie XX| Beka, OHAKO TEOPETHYECKHUE
U TEXHOJIOTMYECKHUE IPEANOCHIIKN WX MOsBJICHHs HaOII0amuch enie B npouuioM Beke. biaropaps passu-
THUIO aJIMTHBHBIX TEXHOJIOTHH MOSBHIIACH BO3MOXXHOCTD N3rOTABJIMBATh B OOJIee CxKAThle CPOKHU JICTAIH Pa3-
JIMYHOM (POPMBI, B TOM YHCJIE U3TOTABIMBATH M3/EJUs, KOTOPbIE HEBO3MOXKHO M3TOTOBHUTH KJIACCHYECKUMHU
Meronamu 00paboTku MarepuanoB. C pa3BUTHEM TEXHOJIOTWI MAIIMHOCTPOCHUS CTAIN Y)KECTOYaThCsl yc-
JIOBUS DKCILIyaTallid MEXaHM3MOB W MAIlWH, B CBSI3M C YE€M BBIPOCIN TPEOOBAaHUS K KOHCTPYKIHOHHBIM
MarepuasiaM. OJHUM M3 HAaWIy4IIMX Ha CErOMHSIIHMN JEHb CrIOCOOOB YBEIMUYECHHUS (PU3MKO-TEXHUUECKHX
XapaKTEePUCTUK MaTEpUallOB SIBISETCS CO3/aHUE U3 HUX KOMIIO3UTOB, ITyTE€M BBEJICHHUS B MOJIMMEPHYIO MaT-
pHIly YIPOUHSIONMX YacTHI, MO0 BOJOKOH. Takoi croco0 yrnpodHEeHHs! MPUMEHNUM, KaK JUIs MeTaJlInde-
CKHX MaTepHaioB [1,2], Tak U s MOJUMEPHBIX.

Hanydimim criocoGoM yBesmM4eHus IPOYHOCTHBIX XapaKTEPUCTHK TIJIaCTMACC SIBJISIETCS YIPOUYHEHUE He-
npepsIBHBIMU BostokHamu [3]. Hauboree pacnpocTpaHEHHBIM METOIOM MOMyYEHHUS KOMIIO3HTOB, YIPOUYHCHHBIX
BOJIOKHAMH, SIBJISICTCSI BBEJICHHE B JKHIKYIO MOJIMMEPHYIO MaTPHIy BOJIOKOH C IOCIIEIYIOIIEM OTBEp)KACHUEM
nosimMepa. KommuecTBo BBeneHHBIX BoJIOKOH He npeBbiaet 40 06.%, XoTst B OOJBIIMHCTBE CiIydaeB j00aBiie-
Hue 2-3%BOJIOKOH MPHUBOIUT K YBEINYCHUIO (PU3HKO-MEXaHHYECKHX MOKa3artenei Matepuana [3].

B pesynbrare uccnenoBanuit [4] comepxaHue yriaepoaHbIx BOJIOKOH B mpeaenax 5-30wmac.% B koM-
no3ute Ha ocHoBe ABS, yBennunBaeT npoYHOCTHBIE XapaKTepUCTUKK KoMIo3uTa. [lomnmo sroro, ussecr-
HO, 4TO Y KOMIO3UTOB Ha ocHOBe ABS, yripouHEHHBIX BOJIOKHaMH, CBbIIIe 2% yaaeTcs JOCTHYb HE TOJIBKO
MOBBILIEHUE (PU3UKO-MEXaHMYECKUX XapaKTEPUCTHK, HO YBEJIWYEHHE 3JIEKTPOIPOBOIHOCTH, IPH ITOM yBe-
JMYCHHE UTHHBI YTICPOJHBIX BOJOKOH CHHXKAET YICIbHOE COMPOTHBICHHE KOMITO3UTOB [5].

OpHOHN M3 Ba)KHBIX XapaKTEPUCTHK IOJIyYaeMbIX KOMIO3UIMOHHBIX MAaTEpHAJIOB SBISIETCSI OPUEHTHU-
POBaHHOCTb BOJIOKOH. [losMepHBIE KOMIO3UTHI C OPUEHTUPOBAHHBIMU BOJIOKHAMU JIEMOHCTPHUPYIOT Jy4-
e (PU3NKO-MEXaHMYECKUX XapaKTePHCTUKH, YeM KOMIIO3UTHI TAKOTO )K€ COCTaBa ¢ pa30pPHEHTHPOBAHHbI-
MU BOJIOKHamu [6], 0COOEHHO 3TO MPOSIBIACTCS NPU HCIBITAHUAX HA W3THO U PACTSHKCHHE KOMIIO3HTOB B
HAalpaBJjCHUN OPUEHTALMU BOJIOKOH. V3roTOBIEHHE M3AEIMH M3 TaKUX KOMIIO3UTOB IOJpa3yMeBaeT 3aja-
HHE Y HUX aHU30TPOIMH CBOWCTB B CBSI3U C HAJIMYHEM IPEIIIOYTHTEIILHOTO HANPABICHHS IPUIOKEHHS Ha-
I'PY3KH K M3JICJIUIO B COOTBETCTBHH C SKCILTYaTAlMOHHBIMHU YCIOBUSIMH.

[Tpn noxydeHun U3AENMA METOAOM aJIMTHBHBIX TEXHOJIOTHH, IPH MPABHILHOM 0A00PE PEKUMOB,
yaaeTcsi MOJYYHTh OPHEHTHPOBAHHOCTh BOJOKOH B H3AeiHd [3], YTO TakKe MPUBOAUT K YIYYLICHHIO
CBOHCTB Marepuaja B 3aJlaHHOM HamnpasiieHHU. JlaHHasi TeHAeHIUsT HAOII0JaeTCsl B KOMIIO3UTAX C pas3iiny-
HbIMU MaTepuanaMu Matpuipsl: CBMIID [7], ABS [8], PLA [9], nonukap6onat u monuamuz [10,11],a tak-
’Ke OMOCOBMECTHMBIC MaTepHaibl, Takiue Kak 3yOHoi rumc [12]. Bo Bcex 3TuX ciaydasx OOHapyXuBaeTcs
POCT MEXaHUYECKUX XapaKTEPUCTHK U3AEIHH.

OpHOH M3 BaXKHBIX XapaKTEPUCTHK, BIUSIONICH Ha CBOWCTBAa KOMIIO3UTA, SIBJISIETCS JUIMHA BOJIOKHA. B
cratbe [13] ucnonb3oBaiu BodokHa AmuHONH 640 MKM, HO aBTOPBI PabOTEI OTMEYAIOT, YTO CTOUT HUCIOJIB30-
BaTh OOJBLIYIO JJIMHY JUIS YBEIMYEHUs MPOYHOCTH OOpas3LOB, B TOM YHCIIC 32 CUET YBEJIMYCHUS aJIre3uu
BOJIOKHA K MaTepHaly MaTpHIbL.
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[Tpn u3yvyeHnH anpTepHATHBBI OOBEMHOMY apMHUPOBAHHUIO OBLIIO PACCMOTPEHO HENPEPHIBHOE apMU-
poBaHue yriepoJHbIM BosiokHOM. [Ipu cpaBHeHun obpasios 3D-newartn u3 ABS 6e3 copepkanust yriaepoa-
HOTO BOJIOKHA U C COJEPXKAaHUEM HENPEPHIBHOTO YIJIEPOJHOIO BOJOKHA, PACIOJIATAIOIIErOCs MO OCH CHM-
MeTpun ucxogaHoro ABS-ipyTka, HaOIro1aeTcst yBeJIMueHUE IPOYHOCTH HaredaTaHHbIX 00pasloB MpH pac-
TSOKEHHM B HAIpaBIICHUW pacrpejiesieHnsi BojokHa. [Ipu gopmupoBanun m3penusi ¢ pacupenesieHHeM yK-
JIaJIK¥ BOJIOKOH B MpOLIECCE NeyaTH B HANpaBJICHUM, OTIMYHOM OT pacTsDKEHMs, HaOiomaeTcs MeHee 3¢-
(EeKTHBHOE YBEINYCHUE MEXaHMYESCKUX CBOMCTB [14].

BaxxHbIM siBIIsIeTCS M BEIOOP MaTepHaia BOJIOKOH JUIsSl HEMPEPHIBHOIO apMHUPOBAHMS, UCIIOJIb3YIOIINX
Juist ynpodHeHusi. OCHOBHBIMU MaTepHajiaM#, KOTOPbIE HCIOIb3YIOTCS Ul YIPOYHEHHS TOJIMMEPOB, SIBIIS-
I0TCSl yIJICpOJHbIEC, CTEKJITHHBIE BOJIOKHA, apaMuaHas HUTh. B WccienoBaHWM, NMPUBEJAEHHOM B CTaThAX
[15,16] BunHO sIBHOE MPEUMYLIECTBO apMHUPOBAHHS YrJICPOAHBIM BOJOKHOM, MOCKOJBKY MPH MPOBEICHUH
UCMBITAaHUH HA M3rHO, NPOYHOCTH HA M3rH0O 00Pa3LOB, YIPOYHEHHBIX YIJIEPOAHBIM BOJIOKHOM BABOE 0OJIb-
11€e, YeM IIpu 100aBJICHUY apaMUIHON HUTH, U B TPH pa3a OoJIbIlIe, YeM NP HCIIOJIb30BAHUH CTEKIOBOJIOKHA
B oOpasuax. [IpoyHoCTs Ha pacTshHKeHUE M MOXYJIb YIPYTOCTH, 3apEerHCTPUPOBAHHBIC JUIsi 00pa3loB C yrie-
poaHBIM BOJIOKHOM, cocrtasiisuin 600 MIla u 12,991 T]a cooTBeTCTBEHHO, TOT/IAa KaK IPOYHOCTh Ha PacTs-
KEHUE U MOJYJIb YIPYTOCTH, 3apETUCTPUPOBAHHbIE U1l 00pa3L0B, YIIPOYHEHHBIX CTEKJIOBOJIOKHOM, COCTaB-
nstmi 450MIla u 7,20I TIa cootBeTcTBeHHO [17].

JlpyruM ynpouYHSIOIIMM MaTepHajoM SBISIOTCS yriepojaHble HaHOTpyOku. [Ipu cpaBHeHnn oOpas-
LIOB, M3TOTOBJICHHBIX M3 KOMITO3MLMOHHOIO MaTtepuana Ha ocHoBe ABS ¢ noGaenenuem yrieponHoro Bo-
JIOKHa M ¢ J00aBJICHUEM YIJIEPOJHBIX HAaHOTPYOOK, MOXKHO CZEJNaTh BBIBOJ, YTO 0Opasubl ¢ H00aBICHHEM
YTJICPOJHBIX BOJIOKOH OJIM3KU IO CBOWUM IIPOYHOCTHBIM XapaKTEpPHCTHKaM K oOpasuam ¢ 100aBjIeHHuEeM Ha-
HOTpYOOK [18]. Tak ke, B pa3MAr4eHHOM COCTOSIHHH, 00pasell, MPU HAIUYUK B COCTABE YIJICPOIHBIX BOJIO-
koH, umeeT Bbicokoe [ITP [19]. Takum 006pa3oM, ¢ TOUKH 3pCHUS MOTYYCHHUS HAMIYYIINX CBOWCTB UCIIOJb-
30BaHUE HAHOTPYOOK M YIJIEPOIHBIX BOJOKOH MPAKTHYECKH OJHO3HAYHO, OJTHAKO, C 3KOHOMHYECKOW TOYKHU
3pEHUS UCIOJIb30BaHUE YIIIEPOAHBIX U CTEKIIOBOJIOKOH 0oJiee NMPEIOUTHTENILHO, IIOCKOJIBKY OHU 00JIalaloT
CYIIECTBEHHO MEHbIIEH ce0eCTOMMOCTEIO, YeM HaHOTPYOKH.

CoBpeMEeHHOE COCTOSIHME MAIIMHOCTPOSHHUS TPeOyeT CO3/1aHMsl HOBBIX MaTepHajioB Ha MOJMMEpPHOU oc-
HOBE ¥ pa3pabOTKU TEXHOJIOTHH CO3/IaHUs M3EINH 13 TAKUX MaTepHualioB, B TOM YUCJIE U C IPUMEHEHUEM a Ui~
TUBHBIX TeXHOJOrHi. Camble pacpocTpaHeHHbIE B MAIIMHOCTPOESHNH HA CErOIHSIIHUN ICHb TEXHOJIOTHH aJUIu-
THBHOTO MPOHM3BOJICTBA, TAKKME KaK CeleKTHBHOE sasepHoe [20, 21]u snexTpoHHO-TydeBoe [22, 23] craBneHue
(SLSu EBM cooTBeTCTBEHHO), B OONBUIMHCTBE CITy4acB HEMPHUMEHUMBI LTSl IOIMMEPHBIX MaTtepuanos. Haunbo-
Jiee paclpoCTPaHEHHOW TEXHOJIOTUEH aJUIMTHBHOTO MPOW3BOJCTBA W3/IENMI U3 ITOJIMMEPHBIX MaTepUaIOB SBIIS-
ercss FDM-texnonorust (Fused Deposition Modeling MonenupoBanie METOIOM MOCIOHHOTO HATLIABJICHUS).
DTOT MeTOoX NO3BOJISIET PabOTaTh C MOJMMEPHBIMU MaTepUaiaMy, IIPH 5TOM 00JIaacT HU3KOH ce0eCTOMMOCTBIO
10 CPABHEHUIO C JPYTMMH METOZIAMH a/IIMTUBHOTO MPOM3BOJCTBA. J[iisi pabOTh! aJIUTHBHBIX MAlIMH 1O TOH
TEXHOJIOTHH TpeOyeTcsi co3aHne (punaMeHTa — IMPOBOJIOKM M3 MaTepHaia, KOTOPBI B JayibHelIeM Oyzier uc-
TI0JIb30BaH JUIsl co3anust u3aenust. Ha ceromHsmHmil geHp pacrpocTpaHeH (uilaMeHT IpoCTOro CocTaBa, B OC-
HoBHOM ABS 1 PLA, Torna xak HanGosiee NepCIeKTUBHBIMU SIBJISIOTCS KOMIIO3UIIMOHHBIE MAaTEPHAIIBI C MaTpH-
Lel U3 ITUX MaTepHalioB, HO JIOTIOJIHUTENILHO YIIPOYHEHHbIE BOJIOKHAM.

TexHosorus co3aHusl TAKMX KOMIO3UIIMOHHBIX (PUIAMEHTOB OTIMYAETCS OT TAKOBO JUIsSl HEKOMIIO-
3UIMOHHBIX MaTepHajoB 1 TpedyeT ocoboro uydenus. Kpome toro, kak ObIJIO yKa3aHO BbILIE, 11 oOecrie-
YEHUsI BBICOKUX CBOWCTB HEOOXOIMMO JOOUTHCS OPUEHTHPOBAHUS BOJOKOH BJIOJIb 3aJaHHOTO HANpaBICHUS
Kak B (hMjIaMeHTe, TaK ¥ B KOHEYHOM H3JICJINH, a TAaKXKe MCII0JIb30BaTh BOJIOKHA ONPEIEIICHHOIO pa3Mepa,
o0ecreunBaroNIero ONTUMaIbHbIC 3HAUCHUS (PU3UKO-TEXHUYECKUX CBOMCTB. B NaHHOM craThe McciienoBana
MaKpOCTPYKTypa KOMIIO3ULIMOHHBIX (uiameHToB «ABS-yrieBosokHO», a TaKkKe NMPHUBEICHBI PE3yJIbTaThI
ONTHUMU3AIMU TEXHOJIOTMYECKUX TAIlOB N3TOTOBJICHHS TAKUX KOMITO3UTOB.

Marepuainsl 1 METOJIbI HCCIICTOBAHUS

OCHOBHO 3a/1aueil HacTOsIIElH PaObOTHI ABJISIIOCH IOJy4YEHUE KOMIIO3UIIMOHHOTO (riaMeHTa Ha oc-
HoBe ABS miacTrka ¢ apMHpOBaHUEM YIIIEPOIHBIM BOJIOKHOM. B KauecTBe HCXOAHBIX MAaTEPHAIIOB HCIIOJIb-
30Bajicst BropuyHblii ABS mactuk, mosydeHHslit myrem pasmona msaenuii u3 ABS, u rpadurupoBaHHbBII
kpyuensbiit xryt [K-23/55Gk (OOO «Aprou», r. BanakoBo, Poccus) ¢ ¢akTiuyeckoil JTHHEHHON MIOTHO-
CTBIO KryTa 562 TeKc B Ka4eCTBE yrJIepoIHOro BosokHa. M3nenust n3 ABS Obliin nostyueHs! panee METOI0M
FDM u3 ABS miacTHKOB pa3inmyHOTO MPOU3BOJCTBA, Jajiee ObUIM MOJABEPTHYTHI HCKYCCTBEHHOMY CTape-
nuto B Teuenue 17000uacos. [lnst pazmorna ABS uznennii 1 M3MeIbYCHUS JKI'YTE UCIIOJIb30BATIaCh HOXKEBAs
poTopHas mensHuia PM-120 Bubpotexnuk, r. Cankr-IletepOypr, Poccus) mpu yactoTe BpalieHus poTopa
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150006/muH. [JMUTENbHOCTh TOMOJIA B TAHHOI MENIbHUIIE HE KOHTPOIUPYETCs, HOCKOIBKY TIOMOJ PEeatn30-
BaH HaCKBO3b 0€3 EMKOCTH JUIsl pa3MoJia.

[NoxyueHHBIE KOMIIOHEHTHI OBUIH NEpEeMEIaHbl 10 TOMOTEHHOW MacChl B BEPXHENPUBOAHON Mellal-
ke Hei-TORQUE Value 100 (Heidolph Instruments]lisa6ax, ['epmanus) B TeueHue 5 yacoB. OunaMeHT
it 3D-puHTEpOB, padoTaronux o TexHosorun FDM, nomkeH UMeTh MOCTOSTHHBIA AMaMETp Ha BCEM CBO-
€M MPOTSHKEHUH, U ITPU U3TOTOBJICHUH (pHUiIaMeHTa U3 CyXoi cMecH rpanys ABS 1 yriepoHbIX BOJOKOH He
yJaercsl HaJeXKHO KOHTPOJIMPOBaTh Auamerp (unamenta. [ToaTomMy nocie mosydeHust cMecu oHa Oblia rpa-
HYJMpOBaHa C MOMOLIBI0 JBYIIHEKOBOrO JKcTpydepa ¢ rpanymsropom (10mm Twin Screw Extruder
Microlab, Rondol®panius) rae cMech B yCTaHOBKE HarpeBanach A0 TeMIepaTypsl miasieHus ABS, nocine
Yero BOJOKHA BMELIMBAINCH B MOJMMEPHYIO OCHOBY. BBIX0/s M3 9KCTpy/epa, HOJIy4YeHHBIH KOMIIO3UT 3a-
CTBIBAJI M Cpa3y ke pa3pyOaiics Ha rpaHyibl. V3 MoJydeHHBIX IpaHysl TOTOBHWJICS (PHUIAMEHT JUaMETpOM
1,75 MM myTeM SKCTpYyIMPOBAHHUs Ha aBTOMATHYECKO# cucreme akctpyauposanus Filabot (Filabot,Bep-
moHT, CIITA) cocrosimieit u3 axctpyaepa Ex2 Filament Extrudekucremsr Bo3ayHoro oxnaxaenus Filabot
Airpath u cuctembl aBTOMaTHYECKOTO HaMaThIBaHus (GriaMenTa Ha KaTyiuky Filabot Spooler.

[MonyueHHBIH (pUIAMEHT MCIIOIB30BAJICS IS TIOJIyYESHHUS OIBITHBIX 00pa3LoB MPsIMOYTOJILHOTO ceve-
uus merogom FDM na 3D-npuntepe PrintBox3D One (RGTs. Mocksa, Poccust). [lnuamerp comia mpuHTe-
pa cocrasisin 0,40 MM, Ha BCceM NPOTSDKEHHH Mpoliecca IedaTH Temmeparypa coruia passsiiack 230 T.
Ckopocts meyatu coctaBisiia 1,2 m/MuH, toimmHa cinost — 200MkM. [I10THOCTE 3am0HEH s ObLia BHICTAB-
nena Ha 100 %,3anonHeHne — IMHEHOE, C TOCTOSIHHOW OpHEHTalueld BIOJIb JJIMHHONW CTOPOHBI MPSIMO-
yrojpHUKa. MakpoCcTpyKTypa rpaHyi, puiaMeHTa 1 Hale4aTaHHbIX 00pa3loB, B TOM YHUCIIE paclpeesicHue
BOJIOKOH M0 00bEMY, HCCIIEAOBANUCEH C TOMOLIBIO IIH(pPoBOro Mukpockomna-kamepsl MK-20 (OO0 «JIOMO-
Muxkpocuctemsr», r. Cankr-IletepOypr, Poccusi).

Pazmep sonoxna

Komrio3utsl, apMHUpOBaHHBIE BOJIOKHOM, MOJPa3/EISIOTCS Ha TPYIIBI B COOTBETCTBUU C BUIAMH BO-
JIOKOH, UCIIOJIB3YIOIIMXCS Ul apMUpOBaHus. B kinaccupukanny BOJOKOH OCHOBHBIM HM3MEHSEMBIM Iapa-
METPOM SIBJISIETCS JUTMHA BOJIOKOH. BOJIOKHA B KOMIIO3UTE MOTYT MMETh JUIMHY HECKOJIBKO MHJUIMMETPOB
(HampuMep, KOPOTKHE BBICOKOMPOYHBIE MOHOKPUCTAIIIBI — <«yChI»), MOTYT OBbITh HEMPEPHIBHO apMHUPOBAHBI
(To ecTh mNMHA BOJOKHA HE MEHbIIE TaOApUTHOM IIIMHBI M3ICNUs B HANPABICHHH apMHPOBAHHS), TAKKE
BO3MOJXKHBI Pa3JINYHBIC TPOMEKYTOUHBIC BAPHAHTEI.

B nanHO# paboTe MCHONB30BAIKCH YIIIEPOJHBIE BOJIOKHA, MOJIYYEHHBIE MyTEM pa3MoJjia HENpephIB-
HOTO BOJIOKHA. J[JIMHA BOJIOKOH ITIOCIIE Pa3MOJIOB M3MEHSJIACh M BaPbUPOBAJIACh OT HECKOJIIBKUX MHUKPOMET-
POB 10 HECKOJIbKMX MHJUIMMETPOB. Mcxoas n3 nurepaTypHbIX AaHHBIX, B JaHHOM JMana3oHe UIMH BOJIOKHA
JUISL KOMIIO3UIIMOHHBIX MaTepHaIoB IPUMEHUM NPUHIUI «4eM JJIMHHEE — TeM Jiydiie». B cBs3u ¢ aTum He-
00x01MMO OBIIO BHIOpPAaTh KOJMYECTBO MOMOJIOB, IIPU KOTOPBIX HE NMPOUCXOAMIO OBl CHIBHOTO M3MelIbye-
HHS, U TPEUMYIICCTBEHHAS JIMHA BOJIOKHA Oblia OM3Ka K 1 MM.

Br100p Tako# 1IHHBI BOJIOKHA 00YCIIOBIICH JBYMSI OCHOBHBIMHU IIPHYMHAMHU: BO-TIEPBBIX, IIPH [TOMOJIE
BOJIOKHA U JIaJIbHEHIIIEM €ro CMEIIMBAaHUY C TpaHyJIaMH IUIACTHKA P OOJIBIIOM KOJMYECTBE JJIMHHBIX BO-
JIOKOH (IJMHOI HECKOJbKO MUIUIUMETPOB M 0Oliee) MPOMCXOIHUT 3JICKTPH3ALHs BOJOKOH U 00pa3yroTcs
OoJIbILIE arJoMepaThl, KOTOPbIE HEraTHBHO CKa3bIBAIOTCS Ha CTAOMJIBHOCTH Ipolecca IoJydeHus ¢uiia-
MEHTa M €ro KadecTBe. B 4acTHOCTH, UCIIOIb30BaHHE HAICKTPU30BAHHBIX arJIOMEPaTOB BOJIOKOH IPUBOAUT
K (JopMHUPOBaHMIO MOPUCTOCTH B (pHIIAMEHTE, YTO B HEKOTOPBIX CIIydasiX MOXET IPUBOAUTH K Pa3pbIBYy (u-
JIaMEHTa, a B OOJIBIIMHCTBE CIIy4aeB IIPUBOJINUT K yXYALICHUIO OJHOPOJHOCTH MaTepHaia, MojJy4aeMoro u3
Takoro ¢unamenrta. Bo-BTOpbIX, NpH JIHHE BOJIOKHA Gonblue auamerpa ¢uaamenta (1,75mm) opueHTalus
BOJIOKHA B MPOLIECCE IKCTPYIUPOBAHUS NPOUCXOJUT TOJIBKO 33 CUET OTCYTCTBHSI CTeNeHel cBoOObI Y BO-
JIOKHA, ¥ 5TO OPUEHTHPOBAHME SIBJISAETCS BBHIHY)XICHHBIM. B nanHoit paboTe OCHOBHOM LIEJIBIO SIBIISETCS J10-
OUTBCS OPUEHTUPOBAHUS BOJOKOH BJIOJIb OJHOTO HAIPABJICHUS HE3aBUCHMO OT MX JJIMHBI, TI03TOMY Oojiee
WHTEPECHBIM SIBIISIETCSI M3yYCHHUE OPHEHTHUPOBAHUS BOJOKOH, MMEIOIIMX BO3MOXXHOCTH PAcHoOJaraTbcs B
J1000M HaIpaBJIEHUH OTHOCHTEIILHO YKEJIaeMOro, BIUIOTh JI0 MOJHOCTBIO MTONIEPEYHOTO.

[Mocne nepBUYHOTO pa3Molia BOJOKOH MoTydand (poTorpaduu BHEIIHETO BHJa BOJIOKOH IPH YBENH-
YEHUH JOCTATOYHOM JUIsl H3MEPEHMsI MX JUIMHBI. V3MepeHue AIMHBI BOJOKOH HPOBOIWIN C NPUMEHEHHEM
ABTOMAaTH3MPOBAHHOTO MIPOTrPaMMHOI0 0OecTieueHH s, Al KasKI0To IOMOJIa IPOBOMIIOCH HE MEHEE THICSIUH
n3MepeHuil. 3aTeM Bce BOJIOKHA BHOBb 3arpy’Kajlich B MEJIFHHILy 03 OTCenBaHMs MO0 100aBIeHNS HOBBIX
BOJIOKOH ¥ ITOBTOPSUIH ONMCaHHbIE Mpoueaypsl. Beero Obu1o mpoBeaeHo 6 moMosios.

Pe3ynbTaThl M3MepeHUs IJIMH BOJIOKOH ObLTH 00paboTaHbl B mporpamme StatisticaJlns Bcex momo-
JIOB pacrpeieieHue 10 JUTHHAM BOJOKOH TOJYHHSETCS JOTHOPManbHOMY pacipenencumio (R > 90% ms
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BCEX MOMOJIOB). Pe3ynbTaTel W3MepeHHs BOJOKOH a TaK)Ke MX BHELIHWI BUJ MpPUBEICHBI Ha pucyHke 1. bo-
nee 90% BOJIOKOH yXe IocJIe NepBoro nomoia umetot anuny He 6osiee 300 MkM. Hanbounbiee xonnuecTBo
BoJIOKOH nmeeT pazmep ot 20 10 100mkm. ITpu 5TOM KOJIMYECTBO OMOJIOB HE3HAUUTENBHO BIMSET Ha JUIH-
HY BOJIOKOH.
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a 0

Puc. 1. Busnue koauuecmea nOMOI08 Ha pacnpedeierue no Onune 60a0koH (@) u eHeutruil 6uo 6010KoH ()

B xoje mpoBeleHUs1 TOMOJIOB ObUIO YCTAHOBJICHO, YTO MPU KOJIUYECTBE MOMOJIOB OoJiee YeThIpeX,
BOJIOKHA CHJIBHO JJIEKTPHU3YIOTCS M 00pa3yloT ariioMeparsl, YTO KpaifHe HexelarenbHo. [l nampHewmeit
paboThl ObLTH BEIOPAHBI BOJIOKHA, MPOMIEAIINE Y€ThIPE TTIOMOJIA.

Takum 00pa3oM, NpU MOATOTOBKE YTIEPOIHBIX BOJOKOH KOJMYECTBO MMOMOJIOB HE UIPaeT CYyIIECT-
BeHHOW poiu. [y ycKopeHHs Mpolecca HONyYeHHs KOMIO3UIMOHHBIX (PUIaMEHTOB JOCTATOYHO MPOBO-
JIUTh OZIMH TIOMOJI JUTMHHOTO YIJIEBOJIOKHA, AaIbHEHIIINE TIOMOJIBI SIBJISIOTCS OMIMOHATIbHBIMU. [10TyueHHBIN
Pe3yNbTaT AEMOHCTPHUPYET BHICOKYIO CKOPOCTh M3MEJIbUYCHUS TIPH UCIIOIb30BAHUH POTOPHOTO TIOMOJIA — YKE
mocJe neporo nomoa aauaa 6osee 90% Bosokon He npepbimacT 300MKM Py AIMHE HCXOIHBIX BOJIOKOH
2010° mxm. JlanbHeiimas 06paboTKa B POTOPHON MENBHAIIE HE MPUBOANT K CYIIECTBEHHOMY H3MEIBUEHHIO,
HO 32 CYET MHTEHCHBHOI'O MEXaHHYECKOTO BO3/ICHCTBHUS BOJIOKHA HAdJIEKTPU3OBBIBAIOTCS, YEro IOMYyCKATh
HEXKeJaTebHO.

Opuenmuposanue 8010KHA

OnHUM U3 BaXHBIX [MAPAMETPOB B MOJIYYEHUH KOMIIO3UTOB, apPMHPOBAHHBIX BOJIOKHOM, SIBIISIETCS] OJHO-
CTOPOHHSISI OPHEHTHPOBAHHOCTH BOJIOKOH. J[jis1 00ecreueH st 3Toi OpUEHTHPOBAHHOCTH B MaTepHaliax, Moixy4eH-
HBIX C IPUMEHEHHEM a[UTUTHBHBIX TEXHOJIOIHH, HEOOXOMMO 00ECIIeUNTh OPUEHTUPOBAHHOCTD BOJIOKOH €IIIe 10
HETIOCPEICTBEHHOTO TPOBEICHMS Mporiecca nedat. B ciydae texHomorun FDM HeoOxoamMo obecriednTs o1
HOHATIPABJICHHOCTb BOJIOKOH B (riiamMenTe. B ciydae HCroip30BaHust BOJIOKOH C JAJIMHOMN, OOJIbILeH YeM AuaMeTp
¢unameHTa, 5T0 OPUSHTUPOBAHKE SIBJIICTCS BHIHYKJICHHBIM, B CIIy4ae KOPOTKHX BOJIOKOH MX OPUCHTHUPOBAHKE B
o0beMe IJIaCTHKA 3aBUCHUT OT TUIPOANHAMHUKH MPOLECCa TEUEHHUS TIACTHKA.

ABS-mnacTuk, 3KCTpyAMPYEMBbIid M3 LHIJIUHIPUYECKOTO COIJIA C MOCTOSHHOM CKOPOCTHIO, OMKCHIBA-
€TCsl KaK HeHBIOTOHOBCKAsI KHIKOCTh. [Ipn OnmucaHny SKCTPYAUPYEMBIX BSI3KHX HBIOTOHOBCKHX KUAKOCTEH
¢ momornsio ypasHennit Hasbe-Ctokca [24] mpu mpeAnonoKeHHn MOCTOSIHHOCTH BA3KOCTH 110 00beMy ObLIO
C BBICOKOW TOYHOCTBIO YCTAHOBJICHO M MaTEMAaTHYCCKH OMUCAHO [25], 9TO CKOPOCTH CABHTa MakCHMalbHa
BOJIM3M CTEHOK, a B LIEHTPE IKCTPYAUPYEMOH CTpyH OJM3Ka MO0 paBHseTCs HYJ0. J[1s HEHbIOTOHOBCKHX
KHUJKOCTEeH JaHHOE ONMHCAHUE MEHEE TOYHO, MOBBILIICHUE TOYHOCTH OMHMCAHHsI BO3MOXKHO C TIOMOIIBIO KOP-
pekin PabuHoBHYa 60 Koppekimu barmu [26], ogHAKO OCHOBHOW MPHHIMMIT OCTACTCS HEH3MEHHBIM —
CKOPOCTb C/IBUra BOJIM3U CTEHOK IKCTPYAEpa MaKCUMallbHa M CHIKAETCS TP MPUOIMIKSHUH K LICHTPY.

B mporiecce IKCTpyAUpOBaHUsT KOMIIO3UIMOHHOTO (DHIIAMEHTa MPOUCXOAUT HE TOJIHKO OPUEHTHPO-
BaHHE MOJICKYJ IUIACTHKA, HO U BOJIOKOH BJIOJIb HAIPABJICHUs YKCTPYAUPOBaHUs. BHeUHUi BH momepey-
HOTO ceueHust hraMenTa ¢ comaepskanneM BosiokoH 10 Bec.% npuBeeH Ha pUCYHKE 2.
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Puc. 2.H0n€pellH0€ cevyeHue KOMno3uyuoHnHo2o gbwlameﬂma CyZﬂepO()HblM B0JIOKHOM

Ha nonepeynoM cedyeHHM BHIHBI BOJIOKHA, OPHEHTHPOBAHHBIC BJIOJIb HANpPaBJICHUS 3KCTPYIUpOBa-
HUSI, B BHJE MEJIKHX YEPHBIX TOYEK, XaOTHUECKH OPHUECHTHPOBAHHBIC BOJIOKHA W KPYIHBIE MOPHI B BHIE
OoubIIMX YepHBIX OKpyxHocTel. [lopucTocTh dunameHnTa, U3MEpeHHas O IUIOLIAAHM ITOP Ha HECKOJBKHX
ceueHusx, coctasisieT 4%. boJBIIMHCTBO BOJIOKOH OPUEHTUPOBAHBI BIIOJIb HAPABICHUS IKCTPYAUPOBAHUS
— KOJINYECTBO BOJIOKOH, OPUEHTHPOBAHHBIX HE IEPIEHINKYJISIPHO IIIOCKOCTH cedenust, coctanisier 10%.

ITo onmcanHOl MeToaMKe OBLIM NONy4YeHBI (BUIaMEHTHI ¢ conepkanueM 3, Su 10 Bec.%, BHeIIHMHA
Bu/ (prtaMeHToB npuBeaeH Ha pucyHke 3. [lmacTikoBas MaTpuia Npy MajoM COJEPXKaHUH BOJIOKOH Mpak-
THUYECKH NPO3PAYHA, YTO MO3BOJISICT BU3YaJbHO HUICHTU(QHULIMPOBATH BOJIOKHA U ONPEEISATh UX OPUEHTHUPO-
BaHHOCTH Oe3 mpenapupoBaHust 00pas3nos. Ilpu yBenuueHnu colepkaHus BOJOKOH (DMIIAMEHT CTAHOBHTCS
TEMHEEe M WAEHTH(UKALUS BOJOKOH ycioxkHseTcs. [l BceX MOJy4eHHBIX COCTaBOB XapaKTepHa IpeuMy-
LIIECTBEHHAs: OPUEHTALMs BJOJb HANpABICHHS OSKCTPYIAMPOBAHMS Ha BCEM NPOTSDKCHMM (HUIaMeHTa, a
OOJIBIIMHCTBO XaOTUYHO OPUEHTUPOBAHHBIX BOJIOKOH UMEIOT JIMHY He Oosiee 50 MKM.

B nanpHeiiem U3 Moyyd4eHHBIX GuIaMeHTOB OyIyT U3roTOBIECHBI H3aenus merogom FDM Ha koto-
PBIX, IOMHMO HCCJIEIOBAHUSI MAKPOCTPYKTYPbI, OyAyT MPOBEJIECHBI HCCIICIOBAHMS MEXaHMYECKHX CBOWCTB B
3aBUCHMOCTH OT COJICPKaHHs BOJIOKOH B KOMIIO3UTE.

a ' o
Puc. 3. Buewnuii 6u0 ¢unamenmog ¢ cooepoicanuem y2iepooHozo
sonokna 3 (@), 5 ©) u 10 @) éec.%
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B pabote OblM MccnenoBaHbl KOMIIO3UIMOHHBIE (ritamenTsl "ABS-yriieBookHO" ¢ pa3IMyHbBIM coJep-
’KaHHUEM YTJICBOJIOKHA B KOMIIO3MTE JUIsl IPUMEHEHHS! B TEXHOJIOTHH aJINTUBHOTO IIPOM3BOACTBA MeTosioM FDM.
Brto ycraHOBIIEHO, YTO TIPY MOATOTOBKE KOPOTKUX YIVIEHUTEH W3 JUIMHHBIX ITyTEM IIOMOJIa B POTOPHOM Mellb-
HHIIE KOJIMYECTBO IIOMOJIOB HE OKa3bIBAET CYLIECTBEHHOIO BIIMSHHUS Ha pacrpelieieHUe 110 [UTMHE BOJIOKOH, Of1-
HAaKO I10CJIE YETHIPEX OMOJIOB HUTH HAYMHAIOT CHJIEHO HAaXJIEKTPH30BBIBATHCS M aryIOMEPHPOBATHCS.

[Tpn nonyuyennn ¢unameHra u3 cyxux cmeceid ABS rpaHya u MOJIOTOTrO YIiIeBOJIOKHA HE yHaeTcs
MOJIYYUTh CTaOWIIBHBII 1O pa3MepaM W OJIHOPOIHBIHN 10 CTPYKTYpe (QHIAMEHT, B CBS3U C YEM HEOOXOIHMO
NIPEABAPUTEIIHHO MOJYYUTh KOMIO3UIIMOHHBIE TPAaHYJIbl OOJIBIIOTO IMaMeTpa U UCII0JIb30BATh UX JUIS MOJy-
4yeHust puilaMeHTa HeoOX0IMMOT0 JUaMeTpa.

B nonydyeHHOM ¢rameHTe BOJIOKHA MPEUMYILECTBEHHO OPUEHTHUPOBAHBI BIOJIb HANPABIEHUS JKC-
TpynupoBanus. [IpeanonoxurensHo, B Ipoliecce neyaTu BOJIOKHA TaKkKe OyIyT NPEeMMYIECTBEHHO OPUEH-
THUPOBATHCS BOJIb 3TOTO HANPABIICHHUS, YTO HEOOXOAMMO YUUTHIBATh U MojienupoBaniy 3D 00bekToB 1ist
neyatd. B noxydenssix ¢unamenrax He 6onee 10% BoJIOKOH OPHEHTHPOBAHBI B HAIIPABJICHUH, OTIUYHOM
OT HarpasJICHUS SKCTPYIUPOBaHUS, OJJHAKO YIroJl OTKIOHEHUs OT HY>KHOTO HalpaBJICHHs ISl OOJIBIIMHCTBA
BOJIOKOH MeHbIle 45°. BoyiokHa, omnyaromuecs 1o opueHTauuu Ha yrou Oojee 45°, uMeroT pa3mepsl Me-
Hee 50 MkmM. [TopucTocTs nonyyeHHbIX (puiIaMeHToB coctabisieT 4%.
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COCTOSIHUE NIOBEPXHOCTU TUTAHOBOT' O CIIJIABA ITPU I'TYBUHHOM
HJIM®OBAHHUU BBICOKOIMOPUCTBIM KPYT'OM U3 KAPBUJIA KPEMHUSA
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Paccmotpen mpotiece rTyOMHHOro NUTU(OBAHKS TUTAHOBOTO cIuiaBa TiIBAI4Y BBICOKOMOPHCTBIM KPYTOM
n3 kapOuna kpemuus xapakrepuctuku 64CF80H12V Mopdonoruio n XuMUYeCKHid COCTaB MOBEPXHOCTEH, 110~
JydeHHBIX Ha ckopocTH numrdosanus 20-30m/c, Hccae0Baty HA ABYXTYYEBOM JIEKTPOHHOM MUKPOCKOIIE.

The process of creep-feed grinding Ti6AI4V titaniwatoy by highly porous silicon carbide wheel
64CF80H12V is shown. The research of morphologyciiednical composition of surfaces which were maethin
at 20-30 m/s grinding speed was carried out wiihgus twin-beam electron microscope.

OCHOBHOH NMPUYHMHOMN TIJI0X0H 00pabaThIBAEMOCTH THTAHOBBIX CILIABOB ITyOMHHBIM IITH(OBAHUEM SIBIISI-
eTCsl BBICOKAs a/Ire3MOHHAs aKTHBHOCTh THTaHa K aOpasuBHOMY Martepuany [1], 4To sBIseTCsS MPUYHHON HAJH-
naHust 00pabaThIBAEMOT0 MeTaJlla Ha BEPLIMHBI 3€PEH U MOCIIEAYIOIIET0 epeHoca JAHHOTO MeTalia Ha 00pabo-
TaHHYIO TOBepXHOCTh [2, 3]. B HauOosblIei cTeneHn HOAXOMIIUM i1 00paOOTKH TUTAHOBBIX CIUIABOB IILTH-
(oBaHueM SBJISCTCS MMEHHO MHCTPYMEHT M3 KapOuna xpemuus [4]. HeraTMBHBIM acmeKToM paboThl JaHHOTO
HHCTPYMEHTA SIBJISETCS [IAPKUPOBAHUE 00pabaThIBAEMO# MOBEPXHOCTH NPOayKTaMu u3Hoca [5]. B nanbHeiinem
9TO BIJIEYET 32 COOOM YCKOPEHHOE pa3pylLIeHHe MOBEPXHOCTHBIX CIIOEB METajlla, YTO HEAOIYCTHMO JUIsi 0c000
OTBETCTBEHHBIX Jertaneil [6]. B kauecTBe Mep obecriedeHus 3QHEKTUBHOCTH MPOLIECCa PACCMATPHUBAIOT MIPHME-
Henue crnetpanbHeix COX [7, 8], HenpepsiBayto npaBky [5, 9]. OnHuM U3 HaNpaBJICHUI TOBBILICHUS IPOU3BO-
JIUTEIFHOCTH LITM(OBAHKS TAK XKE SBISICTCS YBEIMUEHHE CKOPOCTH PE3aHUSL.

Hean padoTsl: nccienoBaHue Mop¢oIoruu 00pabOTaHHON MOBEPXHOCTH THTAHOBOI'O CIUIABA IPH
Pa3IMYHOM CKOPOCTH TITyOMHHOTO HMITH(OBAHUS.

Meroauka uccieioBanus. MeTooM BpE3HOI0 BCTPEYHOTO HUIM(GOBaHHUS Ha MpOQHIenuIn(OBalb-
HOM cTaHKe-aBromare Mozaenu SLS434c UIIY obpabarsiBany 3arOTOBKH W3 TUTAHOBOro crutaBa Ti6AI4V
umHoit 40 MM. B kauyecTBe aOpa3sMBHOIO WHCTPYMEHTA HCIIOJIB30BaIN BBICOKOIOPUCTHIN IITH(OBATIbHBIN
kpyr xapakrepuctuku 64CF80H12Viponssoacrea OAO «Bomxkckuii abpasuBHbIi 3aBoa». Pexumsbl oOpa-
6otku: ckopoctph nutudosanus V: 20 m/c, 25 m/c u 30 m/c; ckopocts mogaun ctona 100 mm/muH, riyOrHA
uumposanust 1 Mm; mogaua npassiero posuka 0,6 Mkm/06. CMa304HO-0XIaXKAAIOIIY0 KuaAKocTh Castrol
Syntilo 81 Enon napnenuem 12 Gap momaBanu ¢ IBYX CTOPOH Kpyra: B 30HY MPaBKU M Ha THAPOOYHCTKY
kpyra. Pacxox sxunkoctu — 2001/MuH. MOpGONOrHi0 1 XUMHYECKUH COCTaB NUTH(GOBAHHONW MOBEPXHOCTH
HCCIIEOBAIM HA JBYXJIY4E€BOM JJIEKTPOHHOM MuKpockore Versa 3D.Xumuuyecknii cocTaB onpenessuii B
MHUKpPOOOBEME TMOBEPXHOCTHOTO CJIOS CKaHMPOBAHMEM I10 IUIOWIAAHM. Pa3sMep muomany CKaHUPOBAaHUS
1000%x800mkM, konmvecTBO Touek ckanupoBanus — 400.
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