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OCOBEHHOCTH INPOLECCA CTPYKTYPOOBPA3OBAHUA HAHOKOMIIO3UTOB HA
OCHOBE II0JIM3TUJ/IEHA IIPU ETO HAITIOJTHEHHUMU YTJIEPOJAHBIMH HAHOTPYBKAMHU

Y cTaHOBJICHBI 3aKOHOMEPHOCTH CTPYKTYPOOOPA30BaHUS IPH KPHCTAIUIU3AIMH MTOJHMMEPHBIX HAHOKOMITIO3UTOB Ha OCHOBE ITOJIH-
JTHJICHA, HATIONIHEHHOTO YIJIEPOJHBIMU HaHOTpYyOKamu. BeIsBIeHBI 3()(eKTHl BIMSHAS Ha JaHHBIC 3aKOHOMEPHOCTH TaKuX (hakro-
POB, KaK MaccoBasi IOJsI HATIONHUTENS », CKOPOCTh OXJIAXKICHHUS V; U METOJ MONTYYEHHsS KOMIIO3UTOB. PaccMOTpEHUIO MoIeKanu
HAaHOKOMIIO3HTHI, MOTYYCHHBIC METOJIOM, 0a3HPYIOIIUMCS Ha CMCIICHHH KOMIIOHCHTOB B CYXOM BHJC M B pacIulaBe moiuMepa. Boi-
MIOJTHEHO COTIOCTABJICHHE SKCIIEPUMEHTAIBHBIX 9K30TEPM KPHCTAINTU3AINHA IS UCCIECIyEMBIX KOMIIO3UTOB MPU YKa3aHHBIX METOIax
ux monmydeHus. C UCIONB30BAaHMEM 3K30TEPM KPHCTAIUIM3AllMA W YPaBHCHHUS HYKJICALIUH IOJIYYCHBI JaHHBIC 00 OCOOCHHOCTSIX
CTPYKTYpoOOpa30BaHUsl Ha HAYAJIBHON CTaUH KPUCTANTA3AUN KOMIIO3UTOB. Y CTAHOBJICHO, YTO Ha JAHHOH CTaJWU MMEET MECTO
IUIOCKOCTHOW M OOBEMHBIM MEXaHH3MBI CTPYKTYPOOOpa3oBaHUs MPH HEKOTOPOM MpeoliIaJaHuy MOCIeAHEer0. BrIssBICHO, 94TO 1Iist
paccMaTprBaeMBbIX MMOMAMEPHBIX HAHOKOMIIO3UIIMOHHBIX MaTEPHAaJOB, MOJYYCHHBIX CMCEIICHHEM KOMIIOHCHTOB B CYyXOM BHJIE, YKa-
3aHHOE MpeodIIaaHue SBISCTCS OTHOCHTEIFHO HEOOMBIINM U HE3HAYUTEIBHO 3aBHCHT OT MACCOBOM JOJH HAMOMHUTENS. J{s KoM-
MTO3UTOB, MOJTYYCHHBIX HA OCHOBE CMCIIICHHSI KOMIIOHEHTOB B pacillaBe MOJINMepa, peodiaganue 00beMHOTO MEXaHH3Ma HaJl TIOC-
KOCTHBIM CYIIECTBEHHO YBCIIMYMBACTCS MPH TOBBIIICHUM MACCOBOH JONHM HAMOMHHTEINS. BEHITONHEH aHaIW3 3aKOHOMEpPHOCTEH
CTPYKTYpoOOpa30BaHUs Ha CTAJWU KPHCTANTH3AIMH B 00bEME KOMIIO3UTOB B IICJIOM B MPEANON0KCHHN HAIMYUS ABYX MEXaHH3MOB
KPHUCTAINIO00pa30BaHUsl, IEPBBII M3 KOTOPBIX CBS3aH C KPUCTAIUTU3ANUCH Ha QIYKTYalHsX IIOTHOCTH MOJTHMEpPa, BTOPOU — ¢ KPHC-
TaJUTU3alUCH, B KOTOPOH POJIb €€ IICHTPOB BBHIMOMHIIOT YaCTHUYKH HAMIOTHUTENS. Y CTAaHOBJICHO, YTO MEXaHU3M KPHCTAJUTU3allMU Ha
(GIyKTyalHsx MIOTHOCTH MOJIMMEPOB SIBISIETCS OOBEMHBIM TIPH UCTIONB30BAHUU 000MX METOJIOB MOTYyYCHHsSI KOMIIO3UTOB U HE 3aBH-
CHT OT CKOPOCTH UX OXJIaXICHHS U MAaCCOBOH J0yH HarmonHuTens. [loka3aHo, 4To Ha MEXaHU3M KPUCTAJUTU3AIMY HA YaCTHYKAX Ha-
TIOJTHHUTEIIS CYIIECTBEHHOE BIIMSHUE OKA3bIBAIOT KaK METOJ| IMOJIYYCHHs KOMIIO3UTOB, TaK U BEJIMYHMHEI V; ¥ . BpIsiBICHO, 4TO TpH
HCTIOJIb30BaHUH METOJa CMEIICHUS] KOMIIOHCHTOB B CyXOM BHUJI€ JaHHBIH MEXaHWU3M SBISIeTCS 00beMHBIM. /)11 HAHOKOMITO3UTOB, I0-
JYYCHHBIX METOJIOM CMEUICHHUSI KOMIIOHCHTOB B pacIUIaBe MOIUMEPa, OH 3aBHCUT OT MacCOBO JTOJIM HAITOIHHUTEIS ¥ TpaHCHOpMUpy-
€TCs OT 00BEMHOTO K CTEP)KHEBOMY C POCTOM MACCOBOI TOJIHM HAITOJHUTEIS.

Knroueswvie cnosa: momuMepHbie HAHOKOMIIO3UTHI; 3K30TEPMBI KPUCTAILTH3ALUI; PAa3MEPHOCTH CTPYKTYPOOOpa30BaHHUS; YTIIEPOI-
HbIC HAHOTPYOKHU.
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Beenenne. CoBpeMeHHBIE TEXHOJIOIMH MTOJIYYCHUS T10-
JIMMEPHBIX MHUKPO- U HAaHOKOMITO3UTOB JAIOT BO3MOXKHOCTh
CO3/71aBaTh MaTepHANIbI C ONpEIeTICHHBIM COUYeTaHnEM (HhU3H-
YECKUX CBOMCTB, OpPUEHTHPOBAHHBIC HA KOHKPETHOE IIPUMe-
HeHue. B kauecTBe XapaKTepHBIX CBOMCTB JaHHBIX MaTepH-
aJIOB MOXHO OTMETHTh HMX MOBBIIICHHYIO KOPPO3HOHHYIO
CTOMKOCTb, MIMPOKHH JHana3oH TEIUIONPOBOISIINX CBOMU-
CTB, OTHOCHUTEIIFHO HU3KUH ynenbHbIi Bec u mp. (Dolinskiy
et al,, 2015a; 2015b; 2015¢c; 2015d; Fialko, Dinzhos &
Navrodska, 2016; Fialko et al., 2017a; 2017b; Dinzhos, Fial-
ko & Lysenkov, 2014). 3To H0O3BOJSET UCIIONB30BATH JaH-
HBIE MaTepHallbl IPH CO3AaHUH TEIIOOOMEHHOTO 000pYI0-
BaHMS Pa3IMYHOTO Ha3HAYEHMs, B YACTHOCTH, JUIS yTHIIN3a-
LINH TETUIOBBIX BHIOPOCOB YHEPTETUUECKUX M TEXHOJIOTHYec-
knx o0bekToB (Dolinskiy et al., 2014; Zimin & Fialko,
2008; Fialko et al., 2000a; 2000b; 2003; 2012; 2014).

Co3ianue IOJMMEPHBIX MHKPO- M HaHOKOMIIO3UTOB
TpeOyeT NpOBEeIeHHsI BCECTOPOHHMX HCCIICAOBAHUM 3aKo-
HOMepHOCTel pOpMUPOBAaHUS NX CTPYKTYPHI, H3YUCHHUS Xa-
PaKTEPUCTHK MpoLecca KPUCTAJUIN3AMHU U3 pacilaBa MpU
BapbUPOBAHUN B MIMPOKHUX IPEAeIax OCHOBHBIX OMpeness-
IOIIMX apaMeTpoB.

B mnacrosmmieii craThe JaHHBIE BOIPOCHI paccMaTpuBa-
I0TCS IPUMEHUTENBHO K MOJIMMEPHBIM HAHOKOMIIO3UTaM Ha
OCHOBE IOJIMATHIICHA, B KOTOPBIX B KAYECTBE HAIOJIHUTEIS
HCTIONB3YI0TCA yrieponusie HaHoTpyOku (YHT).

Memoouka nposedenus uccredoéanutl. IKCIIEPUMEH-
TaJbHO-pacyeTHasi METOJMKAa HCCIIeOBAHHUS MPOIIECCOB
KpHCTAJUIM3alMK BKJIIOYaa aBa dtana. [lepBolif aTam coc-
TOSI B TIOCTPOCHHH AKCIIEPUMEHTAIBHBIX JK30TE€PM KpHC-
TAUTA3aLUKA KOMIIO3UTa IIPH €r0 OXJIAXKICHUH U3 paciulaBa
C 3aJaHHON TIOCTOSIHHOW CKOpOcCThIO. IIpm 3ToM oOpaser,
MIOMEIICHHBIN B TYeHKy, HarpeBaJics 10 TeMIeparypbl, rpe-
BBIINIAIOIIEH TeMIlepaTypy IulaBiaeHust noinuMepa Ha 50 K,
BBIICPKUBAJICS IIpH JaHHON Temmneparype 180 ¢ u nmanee
oxnaxcaaincs 10 temreparypsl 400 K npu ¢ukcrupoBaHHOM
ckopoctu ero oxjaxaenus (V; 0,00833...0,333 K/c).
VY aensHbI TEIUIOBOM MOTOK, OTBOAMMBIA OT KOMIIO3UTA,
OIpeIeTsUICS B aTMocdepe Cyxoro azora MeroaoM audde-
PEHLMATIBHON CKaHUPYIOUIEH KaJIOPUMETPHHU C UCTIONB30Ba-
nueM npudopa Ilepkuna-Ommepa DSC-2 ¢ mogudumpo-
BaHHBIM HporpaMMHBIM obecniedenueM or IFA GmbUIm.
Bropoii atan 3axmodancs B TEOPETHIECKOM OIpeIeSICHUH
Ha OCHOBE MNOJIYYCHHBIX JKCHEPUMEHTAJIBHBIX JAHHBIX Xa-
PaKTEPUCTHK Tpoliecca KpUCTAININ3ALNN:

a) Ha CTa/IMN 3aPOXKACHUS OT/CNBHBIX CTPYKTYPHO-YIIOPSIO-

YEHHBIX MM0J00JACTe! ¢ UCHOIb30BaHHEM YPaBHEHHUS HYK-

Jeanuu
Tt K, anlyi .
ln{V, [(m+1)TN_TM]7}%,A7’”’“}: o TeAT™ (1)

0) Ha craguu (OPMHUPOBAHUS TaKHX CTPYKTYP BO BCEM 00B-
eMe KOMIIO3HTA C IIPHUMEHEHHEM CTaHJapTHOTO H MOAU(H-
LUPOBaHHOrO ypaBHeHui KonMoroposa-Aspamu:

a m

a(r)zl—exp(—K,,r") , )

a(r)= f[l - exp(—K;, r"'ﬂ +(1-f)- [1 —exp(—KZ r""ﬂ , 3
rze: a,, — NPUBEICHHBIN ITapaMeTp HyKJIealuH; f — OTHOCH-
TenbHass 00beMHas J0JIs1 KPUCTAJUINIECKOH (ha3bl, COOTBET-
CTBYIOIASl KPHUCTAJUIM3AIMU Ha (IIYKTyalusX IUIOTHOCTH
noiauMmepa; K, — IpUBEICHHBIH TpPaHCHOPTHBIN Oapbep;
K, — >pdexTrBHAS KOHCTaHTa CKOpPOCTH; m — Oe3pa3mep-
HBII mapamerp Qopmsl; n — nceBnonapamerp ¢opmsl; 7 —
temreparypa; Ty, Tx - TemrepaTypa Hayajla i KOHIA KpHC-
tammzanun; AT — TeMnepaTypHBI MHTEpBal KPHCTAJIIH-
3anun; 1) — TeMmepaTypa paciulaBa, COOTBETCTBYIOIIAS
MaKCUMaJIbHOMY 3HAQUEHUIO YJEIBHOrO TEILIOBOTO MOTOKA;
0. — OTHOCUTENbHAs 00BEMHas OIS KpUCTAINIecKon (a-
3bl; T— IPUBEJEHHOE BpeMs, T = V, - f; t — BpeMsl; BEpXHHE
uHAekcsl "™ m "™ OTBEUaroT MEXaHW3MY KpHCTaJLIU3alud
Ha (IYKTyalusx IUIOTHOCTH IIOJIMMEpPa M HAHOYACTUIAX
HAIIOJTHUTEIS.

OTHOCHUTENBHO JKCIEPUMEHTAIBHBIX METOAOB IOIy4e-
HUSL TTOJIMMEPHBIX KOMITO3UTOB, TO B pabOTe MPUMEHSUINCH
JIBa METOJa: METOA I, OCHOBAHHBIN Ha CMEIIEHUH KOMIIO-
HEHTOB, KOTOPBIE HAXOAATCA B CyXOM BHJE, C IPUMEHEHH-
€M MarHUTHOM MEMIAJK{ M YJIbTPa3ByKOBOTO JUCIIEPraTopa
IIPH JAJIBHEUINEM ropsYeM MPECCOBAHUU MOJYYEHHON KOM-
no3unyy, 1 Merox I, KoTopelii Gasupyercss Ha CMENICHUH
KOMIIOHEHTOB B PacILIaBe MOJIMMEPa ¢ IPUMEHEHUEM UC-
KOBOT'0 DKCTpyJiepa NpHU JaJbHEUIIEM MPUIAHUU KOMIIO3U-
Ty HE0OX0ANMOI (POPMBI METOZOM TOPSTUETO ITPECCOBAHUSI.

Hcnonb3yeMble B KaueCTBE HAMOJHUTENS YIIIEPOAHBIE
HaHOTPYOKH M3TOTABIMBAINCH METOJOM XHMHUYECKOTO Ia-
padazoBoro ocaxnenust (anrs. Chemical vapor depositi-
on — CVD). Buemnnit quamerp YHT cocraBisn 20 HM,
aiauHa — 1,5 MKM, ToNnmuMHa cTeHoK — 5 HM. Ilpu uccneno-
Banuu maccoBas nonst YHT @ usmensutace ot 0,2 10 4,0 %.

AHanu3 pe3yJbTaToOB HcCeN0BaHMil. TunmuuHsle pe-
3yJIBTAaThl IEPBOTO ATAla UCCIECAOBAHUM, CBS3AHHOIO C IK-
CHEPUMEHTAIBHBIM HOMYYEHUEM DK30TEPM KpUCTaJUIH3ALUN
paccMaTpuBacMbIX HAHOKOMITO3UTOB M M3yYEHHEM HX Xapak-
TEPUCTHK, IIPEJCTABICHBI HA PUCYHKE U B Ta0i. 1. M3 mpuse-
JICHHBIX JIAHHBIX CJIEIyeT, YTO HauOOJblIee BIMSHUE Ha Xa-
PAKTEPUCTHKU IpoLEcca KPUCTAJUIU3ALUU OKA3bIBAET CKO-
poctb oxnaxaenus V. C poctom V, CHmKaroTCs TeMIepary-
pel Hauana Ty u koHua 7k kpucramnusanuu. [Tpu aTom B Hc-
CIeIyeMOM JHamna3oHe U3MEHEHus V, 3HadeHus Iy yMEHb-
mrarorcst npumepHo Ha 15 K, a Ty — Ha 20 K, remneparypHbIii
WHTEepBall Kpucraummzamuu AT Bo3pacraeT NpUMEpHO Ha
5 K. YBenuuenne CKOpOCTH OXJIAXKIEHUS CKa3bIBACTCSA TaK-
xe Ha ronokeHnn (7)) 1 BEMYMHE MaKCUMyMa yIEIbHOTO
TEIJIOBOro MIOTOKa QO (CM. pUCYHOK | Ta0i. 1), mpuBOIs K
CHIDKEHUIO TeMrepaTypsl 7), Ha 16-18 K u cymectBeHHOMY
yMeHbIIeHNI0 O (B 4,3—6,3 paza).

Ta6ua. 1. XapakTepHCTHKH Npouecca KPUCTALIN3ANMH MOJUMEPHBIX HAHOKOMIIO3UTOB HA OCHOBE MOIMITHIIEHA,
HAMNOJIHEHHbIX YIVIEPOIHbIMH HAHOTPYOKAMH, IPU PATHYHBIX MeTOAAX MX MOJyYeHHUs

max max
©,% | Tyv.K Tu, K T, K AT, K o ©,% | Tv.K Tu, K T.,.K | AT, K e
Bm/xe Bm/xe
Meton 1 Meton 11

¥,=0,00833 K/c

0,2 3822 3762 372,7 95 13,7 0,2 | 3821 3762 372,6 95 13,8

0,3 382,1 376,1 3725 9.6 13,4 0,3 | 3823 376,6 373,7 3,6 15,8

1,0 380,6 376,0 3712 9.4 12,8 1,0 | 3808 3763 3723 3,5 15,1

4,0 380,3 375,0 371,0 9.3 12,7 4,0 | 3806 3755 372,1 3.5 15,0
¥,=0,0333 K/c
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0,2 379,2 3732 3682 11,0 10,3 0,2 379,3 373,3 368.4 10,9 10,4
0,3 379,1 373,1 3683 10,8 10,5 0,3 379,1 3733 369,2 9,9 11,6
1,0 3779 3734 367,0 10,9 9,7 1,0 3779 3734 3682 9,7 10,8
4,0 377,7 3732 366,9 10,8 9,6 4,0 377,7 373,1 367,9 9,8 10,7
V,=0,0833 K/c
0,2 3758 369,5 363,5 12,3 5,7 0,2 375,6 369,4 363,4 12,2 5,6
0,3 375,6 3694 363,5 12,1 5,6 0,3 375,6 3704 365,1 10,5 6,7
1,0 374,7 3682 362,5 12,2 5,5 1,0 374,7 370,5 364,1 10,6 6,5
4,0 3743 368,0 362,3 12,0 5,4 4,0 374,5 370,3 363,8 10,7 6,4
V,=0,3333 K/c
0,2 366,5 358,8 351,8 14,7 2,5 0,2 366,5 359,0 352,0 14,5 2,3
0,3 366,4 358,7 351,6 14,8 2,4 0,3 366,4 360,7 3540 12,4 3,7
1,0 365,6 358,1 350,9 14,7 2,1 1,0 365,6 360,5 3533 12,3 3,3
4,0 3654 357,9 350,6 14,8 2,0 4,0 365,3 360,2 352,9 12,4 3,2
15 15
1
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PucyHok. DK30TepMbI KPUCTAILTH3AIMN TOTMMEPHBIX HAHOKOMITO3UTHB HA OCHOBE MOJM3THICH, HanmoHeHHbIX YHT, npu ux MaccoBoii

none o = 0,2 % (a, 1), 0,3 % (6, €), 1,0 % (B, k), 4,0 % (T, 3) B YCIOBHAX MONy4eHHS KOMITIO3UTOB MeTonoM I (a-r) u meronom II (1-3) must

Pa3TUYHBIX CKOPOCTEH MX OXJNaxkaeHus u3 pacmiasa: 1 — V,=0,00833 K/c; 2 — 0,0333 K/c; 3 — 0,0833 K/c; 4 — 0,333 K/c

OTMeueHHBIE TCHACHIIMU XAPAKTCPHbI JJId paccMaTpu- Ha XapaKTCPUCTUKHU IK30TCPM KpUCTAJIIU3allUH, TO OHO B
BaCMbIX HAHOKOMIIO3UMTOB HC€3aBHUCHUMO OT MCTOAOB HX IIO- OCJIOM HEBCIIHMKO. TeMnepaTypa Ha4dajla KpUCTAJUIN3allluH
JIydcHUA. Yto ke Kacaercs BIUSHHUS COOCTBEHHOIO METOJa TN MPAKTUYCCKU HC 3aBUCUT OT MCTOJA IMOJYYCHHA KOMIIO-
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surta (oramuus He mpebimaioT 0,3 K), TemmepaTtypa koHIa
Kkpuctauzauuu Ty st metona Il HeckonbKo BbIIIE, YeM
st merona | (otmmumst cocrasistor 0,1...2.4 K). Coorser-
CTBEHHO, TEMIIEpaTypHBIA MHTEpBaNl KpucTauzauuu AT
s meroaa II yxe, uem ans meroga 1.

Temneparypa 7T), COOTBETCTBYIOUIasi MaKCUMyMY
YAEIBHOTO TEIUIOBOro MoToka OF* | st meroaa Il Beie,

geMm mius Metona I; HamOonbIIe OTIHYUS MMEIOT MECTO
mpu OONBIIMX CKOPOCTAX OXJAXKICHUS U COCTABIISIOT
2,3...2,4 K nipu MaccoBoit morne HamomuauTens w > 0,3 %.
BnusHue MeToa noayyeHusi KOMIIO3UTa HA BETHUUHY O

OKa3bIBACTCS HAHMOObIIMM MPU MATONH CKOPOCTH OXJIAXIIe-
nus (V, = 0,00833 K/c); nmpu stom s merona 11 3navenus
Omx pprme, yeM it merona [ wa 2,3...2,4 Br/kr. [Qns

JPYTUX TPUBEICHHBIX B Ta0MI. 1 ckopocTed V; 3TH OTIn4us
MeHbIIe u cocTaBIsioT 1,0 ... 1,2 BT/KT nipu 3HAYCHUAX @ >
0,3 % u ne npessimator 0,2 Br/kr mpu w = 0,2 %.
OTMETUM HEKOTOPBIC OCOOCHHOCTH BIIASHHUS MacCOBOM
JIOJIA HAIIOJTHUTENSL (0 HAa XapaKTEPUCTUKHU IK30TE€PM KpHC-
TaJUTU3AIWH, TIPEACTaBICHHEIC B Ta0. | 1 Ha pucyHke. Kak
CJeyeT U3 MOJYyYEHHBIX NaHHBIX, YBEJIUUEHUE (0 TIPU HEU3-
MEHHBIX OCTAJIBHBIX IapaMeTpax MPUBOAMT B LIEJIOM K HEKO-
TOpoMy CHHKeHUI0 Temneparyp Ty, Ty, Tx. I3MeHeHue xe
HMHTEpBajia TeMieparyp Kpuctaumzauud A7 3aBUCUT OT HUcC-
[0JIb3YEMOr'0 METO/1a MOJTYUYEHUS] KOMIIO3UTOB U COCTABIISIET
0,1...0,3 K gna meroga [ u 1,0...2,2 K ansg merona 11. Biu-
SIHUE (0 HA MaKCUMAaJIbHOE 3HAYEHHE YIIENbHOIO TEIIOBOIO
MOTOKa O™ TarxKe 3aBUCHUT OT METOJA ITOIYYEHUSI KOMIIO-

suroB. Ecimu ans merona I 3aBucumocts O™ OT @ SABISIET-

csl B [1eJIOM MOHOTOHHO yObIBaroIei, To mist merozaa Il ona
MIpHUOOpeTaeT AKCTPEMAJBHBIN XapakTep, AOCTHIas MaKCH-
myMma nipu @ = 0,3 % BO BceM HCCIIEAyeMOM JIHaIa3oHe HU3-
MEHEHUsI CKOpocTH V,. BemumunHa 3TOr0 MakcUMyMma IHpe-
BOCXOJUT 3HaueHne QP mpu w =0,2% B 1,1...1,6 paza.

Ha 06a3e moxyueHHBIX SKCHEPUMEHTAIBHBIX JAHHBIX,
KaK yXe OTMEYaIoCh, OBIIIM POBEJCHBI TEOPETHYECKUE HC-
CJICZIOBAHUS MO ONPEACICHUIO XapaKTEPUCTHK CTPYKTYPO-
00pa3zoBaHUs MOJUMEPHBIX HAHOKOMIIO3WTOB Ha pPa3Jivy-
HBIX CTaJusX WX Kpucramnmzauuu. Ha HagampHOW craauu
JUISL 3TOM IeJTH UCTIONB30BAIOCH ypaBHEHHE HyKiearwu (1)
U ONIpENeIUINCh BXOMSIUE B HETO IIapaMeTphl: IPUBEICH-
HBIH KO3(GHUIMEHT HYKJICALUUH d,,, NPUBEACHHBIH TpaH-
cropTHbI Oapbep K, u 0e3pa3MepHbIil mapamerp (HopMbl
m. Tlory4eHHble TaHHBIC MIPEACTaBICHHI B Ta0M. 2 I 000-
HX paccMaTpPUBAEMBIX METOJOB IMOJIYYEHHS HaHOKOMIIO3H-
TOB, PA3JIMYHBIX 3HAYEHUH MacCOBOW JIOJIM HATIOIIHUTEIS
W IBYX 3Ha4€HMH mapamerpa (OpMBI /71, OTBEUAIOMINX Pa3-
JUYHBIM MEXaHU3MaM CTPYKTypooOpa3oBaHUs — ABYMEp-
HOMY, TJIOCKOCTHOMY (71 = 1) U TpexMepHOMY, 00bEMHOMY
(m = 2). IlpuBenennsie B Tabx. 2 3HaUeHUS KO3(huUIMEH-
TOB KOppeysluu R, CBHIECTEIBCTBYIOT 00 YyJOBJIETBOPH-
TEJIFHOM COTJIACOBAHMH PACUETHBIX M AKCIIEPUMEHTAIIBHBIX
JTAaHHBIX. AHaJIM3 MPEACTAaBICHHBIX B TaOJ. 2 JaHHBIX I103-
BOJISIET CAETaTh BHIBOA O TOM, YTO Ha CTAJUH HYKJICAUH
peanu3yrorcst 00a OTMEUEHHBIX BBIIIE MEXaHU3Ma CTPYKTY-
pooOpa3zoBaHus, NPUYEM IOCKOJIBKY JUIS BCEX paccMaTpH-
BaeMbIX BapuaHToB KoddduimeHt R, mpeBbmmaer R;, TO
MIPe00JIaIAI0IIUM /ISl HCCIIEAYEMBIX YCIOBHH OKa3bIBAETCS
00bEMHBIN MEXaHN3M KPUCTAILIH3ALIH.

Crnenyer OTMETUTH BIIUSIHUE Ha CTEIICHB NPeo0IagaHus
00bEMHOT0 MEXaHU3Ma CTPYKTYpooOpa3oBaHUs HaJ IUIOC-
KOCTHBIM TakHWX (PakTOpOB, KaK METOJ IMOJy4YEHHsS HAHO-

KOMIIO3UTOB M MAaccoBasl [0S HamoinHuTens o. Ilpu uc-
MOJIb30BaHUU MeTOoAa | yBenuueHue o NpUBOIUT K HE3HA-
YUTEIILHOMY HM3MEHEeHHI0 Kod(p¢uumentoB R u R, (cm.
Ta6m. 2). [Ipu aTOM 3HaueHns R, ymeHsIaiores, a R, — yBe-
JIMYUBAIOTCS, TaK YTO CTENEHb NpeoliagaHuss 00beMHOTO
MEXaHN3Ma CTPYKTYpooOpa3oBaHMS Ha INIOCKOCTHBIM Hec-
KOJIBKO BO3pacTaer.

Taoua. 2. [lapameTpsl cTPYKTYP0o0Opa30BaHUS HA HAYATLHOI
CTAIUU KPUCTAJUIU3AUUH MOJTUMEPHBIX HAHOKOMIIO3UTOB Ha
OCHOB€ MOJIUITUWICHA, HAMTOJTHCHHBIX YIJICPOAHBIMHA HAHOT-
pyOKaMu, IPH Pa3JINYHBIX METOAAX HX MOJTYYeHHUs!

, % | ai, K |K1, 1/C| Rl | a2,10'°K | Kz, 1/¢c | Rz
Mertoa I
0,0 | 0,149 [0,0590[0,7900] 2,621 | 0,114 | 0,943
0,2 0,156 10,0485]0,7850| 2,694 0,103 0,934
0,3 0,176 10,0395(0,7795| 2,721 0,097 0,949
1,0 0,184 10,305 [0.7602| 3,125 0,079 0,964
4,0 0,238 10,0120]0,7450| 4,384 0,046 0,971
Mertoa 11
0,0 0,149 10,0590(0,7900| 2,621 0,114 0,9430
0,2 | 0,156 [0,0502[0,7920] 2,901 | 0,104 | 0,9517
0,3 0,164 10,0269(0,6911| 2,979 0,096 0,9828
1,0 0,175 10,0178(0,6799| 3,342 0,085 0,9897
4,0 0,199 | 0,089 [0,6617| 4,722 0,039 0,9981

JI71s1 HAaHOKOMITO3UTOB, MONTy4aeMbIx MeTogoM II, crnen-
CTBHEM IOBBIIICHNS BEJIMYMHBI (@ SBISIETCS BECbMa CyIIle-
CTBEHHOE CHIKEHHE KOd(QHIEeHTa R| 1 3aMeTHOE TIPEBHI-
menue R,Hanm R, (nmpu w = 4 % Benmumua: R; = 0,6617;
R,=0,9981), uTo cBUACTENBECTBYET O Bce Ooiyiee cyie-
CTBEHHOM IIpe00J1alaHii 00BEMHOTO MEXaHU3Ma KpHCTall-
JIU3alMY HaJ IJIOCKOCTHBIM C POCTOM MAacCOBOM IOJIM Ha-
TIOTHUTEIISL.

[Ipn TeopeTnyeckoM aHaIM3€ SKCIIEPHUMEHTAIBHBIX K-
30T€pM KPHCTAJUIM3AIUN HA BTOPOH CTaluM CTPYKTYpOOO-
pasoBaHMs — CTaguM KPHUCTAJUIM3alMK BO BceM oObeMe
KOMITO3HUTa — U3YYEHHUIO TIOAJICKAIIHN JIBa MEXaHU3Ma CTPYK-
TypooOpa3oBaHusl. [1epBblif U3 HUX CBSA3aH C KPUCTAIIN3A-
1Mel cCoOCTBEHHO ITOJIMMEPHON MaTPHIIBI; €0 aHaIn3 0a3u-
pyerTcst Ha UCIIONb30BaHNH ypaBHeHnH KoimoropoBa-ABpa-
MU (2). Bo BTopoM MexaHH3Me CTPYKTypOOOpa3oBaHUs Cy-
IIECTBEHHYIO POJIb MIPAlOT YacTHIbI HAIOJHHUTEIS, I0C-
KOJIbKY OHH PAacCMaTpuBAIOTCS B KaUeCTBE LEHTPOB KpHUC-
TAUIA3aIUA. AHAIM3 OCOOCHHOCTEH JTOr0 MeXaHHW3Ma
CTPYKTYypOOOpa30BaHMs NMPOBOJAWIICS HA OCHOBE MOIU(HU-
MpoBaHHOTO ypaBHeHHs1 KonMoropoBa-ABpamu (3).

B pesynbTare BBINOTHEHHBIX HCCIENOBAHMI OMpeness-
JIUCh TAaKHe XapaKTEPHCTHUKHU IIpolecca CTPYKTypooOpaso-
BaHMs, Kak 3((eKTHBHAsI KOHCTAaHTa cKopocTH K, IiceBo-
napameTp (HopMbl 1, 00bEMHAs OIS KPUCTAIITMYECKON (ha-
3B, OTBEYAIOINAS KPUCTAIM3ANMKU HA (UIYKTyalusx IUIOT-
HocTH noauMepa u ap. COOTBETCTBYIOIINE PACUETHBIE JAH-
HBIE TIPEJCTaBICHB! B TabJd. 3 I pa3IMYHBIX 3HAYCHUH
CKOPOCTH OXJa)KACHUS, MAacCOBOM [OJU HAMNOJIHUTENIS U
JIBYX PAacCMaTpUBAEMBIX METOJIOB ITOJYYEHHUs] KOMIIO3UTOB.
W3 npuBeneHHBIX TaHHBIX CIEAYeT, YTO 3HAUCHHS IICEBJI0-
napameTpa GOpMBI /1, XapaKTEPU3YIOLIETo MEPBHIA U3 OTMe-
YEHHBIX MEXaHM3MOB KPHCTAJUIM3AIMH, BO BCEM HCCIIEIO-
BAHHOM JMAIa3oHe @ U V; U3MEHAIOTCS HECYILECTBEHHO U
nexart B npenenax n = 3,0...3,3. OTo cBUmeTENsCTBYET 00
00bEMHOM, TPEXMEPHOM XapaKTepe pacCMaTPpHUBAEMOI'0 Me-
XaHU3Ma KPUCTAIIM3alHA KOMIIO3UTOB HE3aBUCHMO OT HC-
MOJIb30BAHHOTO METOJA UX MOJIyYEHHs], CKOPOCTH OXJIaXKIe-
HUS ¥ JIOJH HATIOJHUTEIISL.

B ornuume OT HM3JI0KEHHOTO Ha XapakTep BTOPOrO H3
paccMaTpruBaeMbIX MEXaHM3MOB KPHUCTAILIM3ALMK (LIEHTpa-
MU KOTOPOH CIIy’KaT YacTHIbl HAIIOJHWTEIS) CYyIIECTBEH-
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HOE BIJIMSIHUE OKAa3bIBAIOT KaK METOJ IOJIYYCHHS! KOMIO3H-
Ta, TaK ¥ MAaccoBasi JIOJs HAIlOJHUTEISL.

JI71s1 KOMIIO3UTOB, MOTYYEHHBIX METOAOM I, ykazaHHBIN
MEXaHN3M KPHUCTAUTM3aLUK SBISETCS O0beMHBIM (n" =
2,7...3,1) BO BceM HcclieAyeMOM Anana3oHe H3MEHEHNS T1a-
pametpoB @ u V,. Ilpu ncnone3oBanuu meroaa Il msyqa-
eMBIi MEXaHU3M KPHCTAJUIM3AIUN OCTAeTCsl OOBEMHBIM
TOJBKO TIPM MallbIX JOJsAX  HamonmHurens (n' =
3,0...3,1 mums mpu w = 0,2 % (cM. Tabm. 3)) u craHoBUTCS
ONMM3KMM K CTEp>KHeBOMY, omHomepHoMy (n” = 1,1...1,4)
pu OoNbIUX AonsaX HanomauTens (o = 0,3...4 %).

BeiBoabl. BrinonHeHo uccieqoBaHHE OCOOEHHOCTEH
CTPYKTYpOOOpa30BaHMs MOJMMEPHBIX HAHOKOMIIO3UTOB Ha

Pa3IMYHBIX CTaIMsIX WX KpUCTAJUIM3AlMU U3 paciuiaBa. [lo-
Ka3aHo, YTO Ha HAYaJIHOW CTaJuH (CTaJnuK HyKJICalluH) pe-
AIM3YIOTCSl JIBA MEXaHMW3Ma KPHCTAJUIM3AIUK — IIOCKOC-
THOM 1 00BEMHBIN — C TIpeodIajaHneM OCIIEHETO0. Y CTa-
HOBJICHO BIIMSTHAE METO/A ITOJTy4EeHUs] KOMIIO3UTOB Ha CTe-
TIIeHb 3TOTo Npeobyananus. {1 KOMIO3UTOB, MOIYYEHHBIX
CcMelIeHHeM KOMIIOHEHTOB B cyxoM Buze (Metoxn I), orme-
YeHHOE Mpe00J1alaHue HEBEJIMKO U cl1abo 3aBUCHUT OT Mac-
COBOW JIOJIM HAIIOJHUTENS @. J[Ii KOMIIO3UTOB, IMOJTydeH-
HBIX CMEIIEHHEM KOMIIOHEHTOB B paciuiase (merox I1), npe-
o0raganre 0ObEMHOTO MEXaHNW3Ma SBIsIeTCs OoJiee 3HAUH-
TEJIFHBIM M CYIIECTBEHHO BO3PACTaeT 110 MEPE YBEIUUCHUS
.

Taoua. 3. [lapameTpsl cTPYKTYP00OPA30BaHMS HA CTATUU KPHCTAIN3ALMH B 00beMe NMOJUMePHbIX HAHOKOMIIO3UTOB HA OCHOBE
MOJIMITUIeHA, HAMOJIHEHHBIX YIJIePOAHbIMH HAHOTPYOKAMH, MPH PA3IMYHbIX MeTOAAX HX MOTYYeHHSs

o Ypasuenue (2) VYpasrenue (3)
®% | VaKe — [ K, 10°K" | /4100 7 | K,I0°K" [ n" | K, 10°K" [ A 10°
Mertoa I

0,0083 3,2 297 89 0,74 100 3,1 374 2

0.2 0,0333 33 275 81 0,75 88 3,0 358 3

’ 0,0833 3,2 261 77 0,76 71 3,1 313 3

0,3333 3,2 196 94 0,75 79 3,0 289 4

0,0083 33 421 101 0,75 99 2,8 559 1

03 0,0333 3.1 395 86 0,74 98 2,7 534 3

’ 0,0833 3,0 343 95 0,73 88 2,8 493 4

0,3333 3.1 300 89 0,72 90 2,9 453 6

0,0083 3,2 285 101 0,71 97 2,9 524 8

1.0 0,0333 3,2 302 85 0,74 101 2,8 509 6

’ 0,0833 3.1 305 79 0,73 102 2,7 497 5

0,3333 3,2 345 94 0,70 99 2,8 485 9

0,0083 3.1 275 112 0,77 146 2,8 487 11

4.0 0,0333 3.1 270 104 0,78 141 2.9 467 9

’ 0,0833 3,0 264 102 0,75 135 2,9 451 8

0,3333 3.1 245 95 0,73 124 2,7 423 10

Mertoa 11

0,0083 3,2 292 98 0,73 92 3,0 317 6

0,0333 3,2 254 92 0,75 67 3,1 301 2

0,2 0,0833 33 238 86 0,73 84 3,1 274 4

0,3333 3.1 201 84 0,74 97 3,0 247 3

0,0083 3.1 400 94 0,77 80 1,2 504 2

0.3 0,0333 3.1 384 82 0,76 69 1,2 461 2

’ 0,0833 3,2 375 79 0,76 88 1,3 433 1

0,3333 3,2 354 83 0,74 79 1,2 373 2

0,0083 3,0 401 79 0,79 94 1,3 497 3

1.0 0,0333 3,0 387 85 0,78 92 1,3 485 2

’ 0,0833 3.1 365 59 0,79 84 1,2 462 9

0,3333 3.1 302 97 0,78 80 1,2 450 8

0,0083 3,0 452 97 0,81 85 1,1 425 4

4.0 0,0333 3,2 416 95 0,80 87 1.4 419 4

’ 0,0833 3,2 397 88 0,79 86 1,3 402 6

0,3333 3.1 384 87 0,78 80 1,2 397 8

Ha BTOpoit cTauu kpucTamuu3anuu (CTpyKTypooodpaso-
BaHOUS BO BCeM O0bEME) MEXaHHM3M KPUCTAUIM3AIMU Ha
(GIIyKTyanusix IUIOTHOCTH MOJHMEPa HUMEET TPEXMEPHBIM
XapakTep Jyisi 000X PacCMaTPUBAEMBIX METOJOB BO BCEM
JIMANa30He U3MEHEHHs mapamerpoB V; u w. MexaHu3m xe
KPHUCTAJUTU3AIMY HA YaCTHIAX HAMOIHHUTEIS CYIIECTBEHHO
3aBUCHUT OT METoja moyydeHusi monumepa. s merona I
YKa3aHHBIA MEXaHU3M SIBIISICTCSI 00bEeMHBIM, Jitst metoza 11
MEXaHU3M KPUCTAJUIU3AIMU OJIM30K K CTEPKHEBOMY, OJTHO-
MEpHOMY TIpH OOJbIIMX JOJsX Hamoiauutens @ > 0,3 % u
OKa3bIBACTCSI OOBEMHBIM, TPEXMEPHBIM JIUIIL NPU Mo
KoHIeHTparuu HanowHATeNs (o = 0,2 %).
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OCOBJIMBOCTI IMTPOLIECY CTPYKTYPOYTBOPEHHA HAHOKOMITO3UTIB HA OCHOBI
INIOJIIETUJIEHY 3A UOT'O HAITOBHEHHA BYTJIEHEBUMH HAHOTPYBKAMU

BcraHOBIIEHO 3aKOHOMIPHOCTI CTPYKTYpPOYTBOPEHHS MiJl Yac KpUcTaji3anii mojiMepHuX HAaHOKOMIIO3UTIB Ha OCHOBI HOJieTHIIE-

HY, HalIOBHEHOT'O BYIJIEIIEBUMH HaHOTpYOKaMu. BusiBIIeHO e)eKTH BIUIMBY Ha i 3aKOHOMIPHOCTI TaKuX (akTopiB, SIK MacoBa 4acTKa
HAIlOBHIOBAYa, MIBUJKICTh OXOJIOKEHHS 1 METO/ OTPHUMAHHS KOMIIO3UTIB. Po3rismy mimisrany HAaHOKOMIIO3UTH, OTpUMaHI MeTo-
JIOM, 10 0a3yeThCsl Ha 3MINIYBaHHI KOMIIOHEHTIB y CyXOMY BHIJISZL 1 B pO3IUIaBi moiiMepy. BHKOHaHO 3icTaBIeHHS eKCIIEpHMEH-
TaIBHAX €K30TEePM KpHCTaTi3awil JuIst JOCIIPKyBaHUX KOMIIO3HTIB 3a 3a3HAYEHHX METOAIB IX OTPHMaHHS. 3 BUKOPHUCTAHHSIM €K30-
TepM KpHCTaji3anii i piBHIHHS HyKJealil OTpIMaHO JaHi PO 0COOIMBOCTI CTPYKTYPOYTBOPEHHS HA IOYATKOBIH cTamii kpucramiza-
1ii KoMIIo3uTiB. BcTaHOBIEHO, 110 HA il CTail HAsSBHUI IUIOIMHHKY 1 00'€eMHUI MEXaHi3M CTPYKTYpOYTBOPEHHS 3a JESKOTO Mepe-
Ba)KaHHS OCTaHHBOTr0. BHKOHAHO aHali3 3aKOHOMIPHOCTEH CTPYKTYPOYTBOPEHHS Ha cTalil KpucTaiizamnii B 00'eMi KOMIIO3UTIB y Ii-
JIOMY B IPUITYIICHH] HAsBHOCTI JBOX MEXaHI3MiB KPHCTAIIOYTBOPEHHS, IEPIIUH 3 SIKUX ITOB'I3aHMI 3 KpUCTaTi3alielo Ha (IIyKTyarli-
SIX TYCTHHH HOJIMepY, IPYrui — i3 KpHUCTali3ani€ro, B AKili poib ii HeHTPIiB BiAIrparoTh YacCTHHKM HanoBHIoBa4a. [TokaszaHo, mo me-
XaHI3MH KpHCTali3alii Ha 4aCTHHKAX HAIlOBHIOBAuYa iCTOTHO 3aJIeXaTh BiJl HOro MacoBOi YAacTKH i METOXY OTPHUMAaHHS KOMIIO3H-
LiHHUX MaTepiaiiB.

Kniouogi cnoga: moniMepHi HaHOKOMIIO3UTH; €K30TEPMHU KpHCTalli3alii; pO3MipHICTE CTPYKTYPOYTBOPEHHS; BYIJIENeBl HAaHOT-
pyOKu.
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SOME PECULIARITIES OF THE PROCESS OF STRUCTURAL FORMATION OF NANOCOMPOSITES
BASED ON POLYETHYLENE WITH ITS FILLING BY CARBON NANOTUBES

The patterns of structure formation during crystallization of polymeric nanocomposites based on polyethylene filled with carbon
nanotubes have been established. The effects of such factors as the mass fraction of the filler w, the cooling rate V;, and the method
for obtaining composites have been revealed. Nanocomposites obtained by a method based on mixing the components in dry form
and in the polymer melt were subject to review. A comparison of the experimental exotherms of crystallization for the investigated
composites is performed with the indication methods of their preparation. Using exotherms of crystallization and the nucleation
equation, data on the features of structure formation at the initial stage of crystallization of composites were obtained. It is revealed
that at this stage there is a planar and three-dimensional mechanism of structure formation with a certain predominance of the latter.
It is found that for the considered polymer nanocomposite materials, obtained by mixing the components in a dry form, this
predominance is relatively small and slightly depends on the mass fraction of the filler. For composites obtained on the basis of
mixing of components in a polymer melt, the predominance of a volume mechanism over a planar mechanism substantially is
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growing with an increase of the filler mass fraction. The authors analysed of the patterns of structure formation at the stage of
crystallization in the bulk of composites as a whole under the assumption of the existence of two mechanisms of crystal formation.
The first of them is associated with crystallization on polymer density fluctuations, the second with crystallization in which the filler
particles play the role of its centres. It is defined that the mechanism of crystallization on polymer density fluctuations is volumetric
when using both methods of composites production and does not depend on the rate of their cooling and the mass fraction of the
filler. It is shown that the mechanism of crystallization on the filler particles is significantly influenced both by the method of
obtaining composites and by the values of V; and w. It is found that when using the method of mixing components in dry form, this
mechanism is volumetric. For nanocomposites obtained by mixing components in the polymer melt, it depends on the mass fraction
of the filler and is transformed from volumetric to core with the increase in the mass fraction of the filler.
Keywords: polymeric nanocomposites; crystallization exotherms; dimensionality of structure formation; carbon nanotubes.
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