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MeTogaMi TEPMHYECKOTO aHAIN3Aa U PAaCTPOBOIl AIEKTPOHHOH MUKPOCKONHU HMCCIENOBAHA TEPMOAECT-
PYKUHA NOPHCTHIX MOJHMETAKPHIIATOB, HANOMHEHHBIX HAHOYACTHHAMH cepebpa, a Takxke Mopdomorus

NPOAYKTOB X pa3noxenus. [Tokasano, 4To

OBOCCTAHOBJICHHE HAHOYACTHI( cepebpa in situ IPUBOAUT

K CHHKEHMIO TEPMOCTa0HIBHOCTH HAHOKOMNIO3UTa. OGHapyKeHa 3aBUCHMOCTB Pa3MEPOB CEpPeOpsHbIX ar-
JIOMEPATOB, NMOJNYYEHHBIX B MPOLECCE PA3IOKCHHA, OT MApPaMETPOB MOPHCTONH CTPYKTYpBI MOJHMEpa.
IpepoxeH MEXaHU3M, ONMUCHIBAIOIHIT 00pa30BaHKe ME3OCTPYKTYP cepebpa B mpoLecce pa3iokeHHus Mo-

PHMCTBIX HAHOKOMIIO3HTOB.

BBEJIEHUE

HanouacTuusl, ob6nagamoimue yHHKaJILHBIMH
CBOMCTBaMHM, aKTUBHO HCIIONB3YIOTCS B pPa3IHMYHBIX
obGnactax Hayku H TexHukH. HanopasmepHbie yacTu-
bl METAJLJIOB, HFMMOOU/IN30BAHHBIEC HA MOBEPXHOCTH
(bYHKUHOHANBHBIX MOTHMEPOB, YYaCTBYIOT BO MHO-
CHX KaTaNMUTHYECKHX peakuusx [1]. Yactuupr kata-
JH3ATOPOB CHHTE3UPYIOTCA in Situ Ha MONHMEPHOM
MOAIOKKE, POJIb KOTOPOil YaCTO BHINOIHAIOT IOPHC-
Thbie HOHOOOMEHHHKH (B YaCTHOCTH, MaKpOCETYAThIE
MOJMHAKPUIAThl ¢ KAPOOKCH/IBHBIMH (PYHKUHMOHAIb-
HBIMH TpynnamMu), 06ecneynBaouEe 060’bEMHYIO 10~
CTYNHOCTb /I PEarcHTOB W BHICOKYIO YACIBHYIO IO~
BepxHOCTb. [TOCKONEKY peakuuy HAyT, KaK NpaBHIIO,
NpH HarpeBaHUH, HCCIEHOBAHUA TEPMOCTOHKOCTH MO-
NOOGHBIX MATCPHAJIOB ABMAIOTCA aKTYaIbHBIMU, Meskay
TeM, paGoThI B 00J1aCTH TEPMOPA3IOKEHHS TOTUAKPH-
JMATHBIX HAHOKOMIIO3HTOB TMOCBAIICHB! MPEUMYLLECT-
BEHHO TEPMOJECTPYKIMHU MOJIHMEPOB, B KOTOPbIE ObI-
7M1 BBEEHBI NPEABAPUTENLHO CHHTE3HPOBAaHHBIE HAa-
HOYACTHIILI MeTaJIOB. KpoMme TOro, uccnenoBaHHbIC
KOMIIO3HTBI HE COJEPKAIM CTPYKTYDHBIX HEOHHO-
popHocreii [2, 3]. B To ke BpeMs HMEIOTCA IaHHbIE O
TOM, YTO MOpHCTasg CTPYKTypa MOJHMEPA MOKET

E-mail: taina@mail.tomsknet.ru (M3aak TaTeana UBa"woBHa).

OKa3bIBaTh BIMSHAE HAa MOPQOJOrHI0 MPOAYKTOB
TEPMHYECKOrO pa3aoxeHus [4].

B Hacrosieii pa6oTe NpeacTaBIeHbI PE3yNbTAThI
HCCNEeAOBAHUI MMPOLECCOB TEPMOACCTPYKLHH TOPUC-
TOrO METAKPIIOBOI'O COMOMMMEPA H COMOJNNMEPA, Ha-
MOJIHEHHOr0 HAHOYACTULIAMH cepebpa, 06pa3oBaBLLIH-
MHC B 00beME MOMMMEPHOI MATPHULIbI, HCCIETOBAHO
BJIMSIHME CTPYKTYPbI NOPHCTOrO COMOJIMMEpa-MaTpH-
Ibl HA MOP(OIOTHIO METAILINYECKHX arJiOMEpaToB,
SIBJIAIOIMXCA KOHEYHBIM MPOAYKTOM Pa3NIOXKEHUs Mo-
JIMMEPHOrO HAHOKOMITO3UTA HA €€ OCHORE.

SKCITEPUMEHTAIJIbBHAA YACTb

[TonuMepHyI0 MaTpHLy, KAK OCHOBY METAJI-MO-
JUMEPHOrO KOMIIO3UTA, ONyYanu 6JIOYHOM COMOH-
Mepusanued MMA ¢ MeTakpnunaToM Kanus B NpH-
cyrcTBud pasbaBurtens — [I23I-200 npu 65°C. B ka-
YeCTBE HHMUHMATOPA MOMMMEPH3AUMH UCMONb30BANH
nepokcup 6ensouna (0.1 mac. %). Tomuuna o6pas-
IJOB, 3allOJIAMEPU30BAHHBIX MEXK/Y ABYMS CHIMKAT-
HbIMH CTEKJIaMH, cocTraBasana 2.5 mM. ITopucras
CTPYKTypa comojinMepa (PpOpMUPOBANACH NMPH IKC-
Tpakuuu [I3I' menonusoBanHO#ll Bopmoil B ammapare
Cokcnera. Pa3Mep # KOJNHYECTBO MOP B HAGYXIUHX
o6pa3uax onpeaesiiy, HCMONb3YyA ONTHYECKH MUK~
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XapakTepHCTHKH UCHONB3YEMBIX B paboTe 06pa3ion

HU3AAK u gp.

Ppakuus nop B 06pasuax, 00. %
Obpazen, Ne MMA Pa3smep nop, ‘Incn4o nop2 Cag
Inar JIO CYIIKH TOCNE CYIIKH MKM Ha 10 MM
1 1:037 62+34 2+04 1-3 173£15 33
2 1:0.66 83+45 10+0.3 7-9 3414 4.0

pockon MUM-7. ITopucryio CTPyKTypy BBICYIICH-
HBIX 06pa3noB H MOPGOIOTHIO MPOAYKTOB TEPMUYEC-
KOTO Pa3JIOKECHHSA HCCICAOBANH C IOMOILBIO PaCTPOBO-
ro 3JeKTPOHHOrO Mukpockoma BS-350 (“Tesla™).
TTonumepHbie 06pa3upbl FOTOBIWIN IO METORUKE XPYH-
KOrO paspyHICHHS B XKHAKOM a3oTe. Ppakuurio mop
PACCYATHIBAIIM MO PA3TAYHIO IUIOTHOCTH MOPHCTOrO
M HEMOPHUCTOro 06pa3loB OAMHAKOBOrO cocTaBa. He-
NOPHCTBIE OGpa3Lbl TOTOBHIIM MO TOH XK€ METORHKE,
YTO M MOPHCTBIE, HO 0€3 HoOGaBiCHUsA pa30aBUTENA
(I131).

CopOuuio HOHOB cepebpa B 00BEM NOIMMEpa
nposogunu u3 0.3 M pacrBopa HuTpaTta cepebpa.
HaHouacTuuei cepe6pa 06pa30BbIBANIHMCE in Situ MpH
doTtoBoccraHoBeHnH comu (A = 350 HM, BpeMs 4 4);
MeToaHKa onucaHa B pa6ote [5]. Conepxkanne cepe-
6pa B HAHOKOMIIO3UTE ONpeacsnu ¢oroMeTpudec-
KH 110 CTaHAapTHOH MeToauke [6]. B TaGnnue npuse-
ACHBI XapaKTEPUCTHKH HCCIEAOBAHHBIX B paboTe 06-
pasiLoB.

INonumepHas MaTpuua nocine BbiMbiBanus [19T
cofiepxajia OTHAC/IbHbIE MAaKpOMNOpbl, COEAMHEHHBIE
CHCTEMOM NMPOHHMLAEMBIX /ISl PEATEHTOB OTKPhIThIX
MuKponop. PasMep u KOIHYECTBO MaKpOMNOp 3aBH-
CAT OT MOJILHOTO cOOTHOLIeHHus pa36asurens (II3I)
1 MoHOMepa (MMA) B nonmuMepusyeMoit cMecu (Tab-
auua). [Tosbumenne comepxkanus I3 B cucreme
NPUBOAMT K YBEJIMYCHUIO pa3Mepa Makpomnop B 1o-
JTUMEPHON MATPHIE H YMEHBIICHHIO HX KOJIMYECTBA.
IMpu cymke mpoOMCXOAMT KOJLIANC MHKPOMOp; pas-
Mep Makponop ymeHewaercs. Hanouactuupi cepe6-
pa, oO6pa3oBaBlIHecd in situ npu poTroBocCTaHOBIE-
HHM, OKPAIIKBAIOT O0pa3lbl B TEMHO-KOPHYHEBBIH
useT. OHH PACMONIAralOTCA BHYTPH MaKpO- ¥ MHKPO-
nop. Konnanc MUKpONOp Mpu CyLIKE BbI3bIBAET W3-
MEHEHUE B PACNpeficICHHH HAHOYACTHI] — YaCTh U3
HHUX OKa3bIBAETCA HEMOCPEACTBEHHO B (pase monu-
Mepa.

XoTs cOCTaB NOMUMEPH3IYEMOH CMECH MpPEIBapH-
TEJNBHO ONTHMHU3HPOBATH ISl MONy4YeHNs 06pa3loB
C OMMHAKOBOH OOMEHHON €MKOCTBIO, €€ 3HAaYCHHA H,
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CIIEAOBATENLHO, COiepXKaHue cepebpa B ABYX HCCIE-
ROBaHHBIX 00pa3lax HECKOJIBKO OT/INYATHUCh.

HccnepoBaHue TEpMHYECKOro pa3iiOXKEHUA Io-
JMMMEPOB U HAHOKOMITO3HTOB IPOBOIMIH B aTMOC(e-
pe BO3AyXa H a30Ta C MOMOIUBIO jepuBaTorpada
“ITaynuk-ITayauk-Ippei” (Q-1500) mpu ckopocTH
HarpeBanua 10 rpap/muH B unrepBane 25-700°C u
BEJIMYMHE HaBeCOK 4045 Mmr.

PE3YJIbTATBI U UX OBCYXIEHHE

TunuyHele TEPMOrpaMMbl, OTpasKalollye MOBe-
geHue OoOpa3UOB NIpH HArpPEBaHHM, NMPHBENCHBI HA
puc. 1. BugHO, 4TO TEpMOCTORKOCTH HCXOAHOM MOJIH-
MEpPHOM MAaTpHUBI U KOMIIO3HTA C cepeOpoM pa3iu-
qaroTcs. B ucxopnoil nosumepHoi MaTpuue (puc. 1,
kpusbie /) B o6nactu 130-170°C npoHCcXOmUT NaB-
nenue nonuMmepa. HesnayurenbHas noTepst Macchl
npu 150-270°C, BO3MOXKHO, CBA3aHa C pa3pbIBOM [ie-
(heKTHBIX CBSI3€ll THMNA “TOJIOBA K roNoBe” H ACTOINH-
Mepu3anueid o06pa3oBaBIIMXCS MAaKpOPajgMKaloB.
OHeprus Nogo6HEIX cBsseil Ha ~83 k[I:k/MOJb HIXKe
sHepruu 0oObI4HbIX cBA3ell C—C B OCHOBHOM LEMH
(260-270 k[Ix/Monb), pa3pbIBy KOTOPBIX MO 3aKOHY
cnyyas Ha puc. 1 orBeyaeT Hau6onee HHTCHCUBHBIA
muk ¢ T, = 375°C [7]. Tennosoit a¢p¢eKT N U3IMEHE-
HHE MacChl, COOTBETCTBYIOLIME Pa3phiBy B-CBA3M NpU
KoHueBoM 3eeHe IIMMA (T, = 250°C, cormacHo
RaHHbIM [7]), Ha TepMorpamMMax He OOHApyXKEHbI.
B 10 ke BpeMs HaOmOgacTCs BLICOKOTEMIEpATYP-
Hblii muk npu T > 400°C, xapakTepHblil A pa3io-
skeHusi cononumepoB MMA ¢ MeTakpuiaTaMi 1e-
JIOYHBIX METAJIOB H COOTBETCTBYIOILME NpOLECCY
MEXKMOJIEKYIAPHOH LUKIH3aLMH COCENHHX TPy
MMA u meTtakpunara Kanus [8].

TepMorpamMMbl, ONUCHIBAIOLIHE JECTPYKIHIO Ha-
HOKOMITIO3HTA, PECTABISAIOIIECrO CO00H MOMHUMED C
3aMKHYTHIMH MaKpONOpaMH, HANOJIHEHHbIA HaHO-
pa3MepHBIMH YacTHLIaMH cepebpa (puc. 2a), npuse-
meHbl Ha puc. 1 (kpusbie 2). [TnaBneHne KoMnosuta
TakXKe mpoucxomgutr B puamasone 130-170°C. Ilo-
CKOJIBKY IPH MIABJICHAM COXPAHACTCA OIMXKHUH MO-
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PANOK, HA MECTE JUCIOKALNH MAKPONOp B paciiaBe
oGpasyroTcs monoctd. Pa3peiB nedeKkTHBIX CBA3el
npoucxoput npu 150-215°C. IIpu 3TOM MHTEHCHB-
HOCTb COOTBETCTBYIOILIETO 3HO-NHKA 3HAYHTEJILHO
BBILLE, YEM MPH PA3IOKECHUH NOTMMEPHOR MATPHIbL.
B03MOXHO, 3TO CBA3aHO C YBEJIHYECHUEM MO CPaBHE-
HHIO C MOJIMMEPHOH MATPHUEH KONHYECTBa CBA3CH
THNA “TOJIOBA K ronose”: npu Y $-061y4yeHnH B mpo-
gecce (POTOBOCCTAHOBIICHHA cepeOpa NPOHCXOMUT
pa3phbiB MOJTMMEPHBIX IENel ¢ 06pa3oBaHUEM pafH-
KAJIOB, NpU peKOMOUHALMK KOTOPBIX MOTYT 00pas3o0-
BaThbCd HOBbIE fedeKkTHble CcBa3d. CiemyeT OTMe-
THTh, YTO BO3HHKHOBEHHE IHAO-MHUKA, XapaKTEPHOI0
IS 3TO CTaUM AECTPYKIHH, MPOHCXOAUT OJHOBpE-
MEHHO C HE3HAYATENBHBIM (~2.5%) yMEHBLICHHEM
MAacchbl, T. €. TOJIBKO He6OIbI0oEe KOIHYECTBO ra30006-
pa3HbIX MPOAYKTOB Bhbifensercd B atMoctepy. OT-
PBIB JIETY4HX (PparMeHTOB NPHBOAUT K HHTEHCHBHO-
MY ra3oBBIICNCHUIO. BU3yansHo HaGmopacTes BCme-
HUBAHUE PAcCIUIaBa ¢ yBEIHYECHHEM 00 beMa o6pasia
B HECKOJILKO pa3. B mpoliecce niasneHns U BCICHH-
BaHUs MOJNHMEPA UMEET MECTO MeEpepacnpeic/icHue
HAHOYACTHI[ cepebpa, KOTOpPbIE KOHUECHTPHPYIOTCS
Ha IrpaHMIE pa3fena paclliaB-ras3 [o CTeHKaM obpa-
30BaBIUKXCA My3bIpeit (puc. 26) [9].

TNocnepyrolue Npoueccsl pa3iokKeHnsI KOMIIO3H-
Ta HOJIHOCTBIO OTAWYAIOTCA OT HPOLECCOB, IIPOHCXO-
OALIAX MPH TEPMOAECTPYKLNH MOJIHMEPHOH MaTpH-
1el. MakcMManbHOE H3MEHEHHE MACCHI H BhIICTICHHE
Temnaa B CIy4yae pa3/IOKEHAS KOMIO3HTAa MPOUCXO-
aut BOmu3u 220°C. Dk30-3dypekT npeanoiaraer
OKHCIIUTENBHBIH XapaKTep PeakUuu U HaOMI0JaeTCs
TaKKe MMPH MPOBEACHHN TEPMHYECKOTO Pa3iOKeHHs
KOMIIO3HMTa B TOKE a30Ta (pHc. 1, Kpussie 3). B To xe
BpeMs [IpH Pa3JIOKCHAN NOPHCTOH MONHMMEPHOI Ma-
TPHIIbI HICHTHYHOrO COCTaBa 3k30-3¢pEKTOB HE Ha-
6monaeTcs. MbI npeanonaraeM, YTo B pOJIH OKHCITH-
TeNsd BBICTYHAIOT MPOAYKThI (POTO/NN3a HUTPAT-HO-
Ha, BBEICHHOTO B CHCTEMY COBMECTHO ¢ HOHAMH
cepe6pa [10].

Ilpu TepMOOKuCIeHHH 0Opa3yOTCs HOBBIE MOMe-
peYHbIe CIUMBKH, MOJHUMEDP YIUIOTHAETCA, Iy3bIpH
cxnonbiBatoTca (puc. 2B). TepMopecTpyKuuad HaHO-
KOMIIO3UTA MPHU TeMOEpaTypax Bbliie 265°C He co-
MPOBOXKAAETCA BCIIEHHBAHHEM; HAGIIOJAIOLUKECS
IPH 3TOM 3HJIO- H 3K30-3¢heKThI MOTYT GLITH OTHE-
CEHbI COOTBETCTBEHHO K CyOIMMALUH U HCIAPESHHIO
NPOAYKTOB JECTPYKUHH H K OKHCIEHHIO YIJIEPOACO-
aepxkaumx KOMNoHeHToB. [Ipu 415-420°C npogykThi
pa3oxeHus1 NPUOOPETAIOT XapPAKTEPHbINH METAILUTHYE-
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Puc. 1. TepMorpaMMbl TOpUCTOI MOMUMEPHON Ma-
Tpuubl (/) # HAHOKOMIIO3UTA B aTMOCc(epe BO3-
myxa (2) u azora (3). a— TTA, 6 - ITA.

CKMH GJIECK, HAHOYACTHIIBI METAJLNIA CIICKAIOTCA, 00pa-
3ys cpepononoGHeie arnomepartsl (puc. 2r). ITpocnoii-
KH HE HICHTH(HIMPOBAHHBIX HAMH YIVIEPOACOEpKa-
LMX COCAMHEHMHA, OCTABLINECA MEXKIY arjioMepaTaMu,
NPENATCTBYIOT CHEKAHHIO HAHOYACTHIL cepebpa B eau-
Heii 6nok. B unrepBane 440-630°C stu npocnoiiku
BBIFOPAIOT € BbIIEICHHEM GOJIBIIIOrO KOTHYECTBA TEll-
Na; paHee 00pa30BaBILHeECH cepeOpsHbIC arlioMepaThl
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HN3AAK u mp.

® HaHouacTHIbI cepedpa

O arzomeparsl cepebpa

Puc. 2. CxemaTuyeckasi MOJIENb IIepepacnpeesIeHus U ClIeKaHUsd HAaHOYacTHIL cepeOpa B MPOLECCE TEPMUIECKOTO
pa3noXkeHusl KOMIIO3UTA: [IOCTIE CYIIKH (), BCreHnBaHus (6), KoJanca my3sipei (B) U ciekanus (T).

Puc. 3. Pororpacdun KOHEUHBIX IPOAYKTOB TEPMHYECKOrO PA3JI0KEHHA KOMIO3UTA C GOMBIIMM (a) ¥ C MEHBIIHM
(6) KOIMYECTBOM IOP COOTBETCTBEHHO 11 00pa3uos 1 u 2.

NpH 3TOM IO-NPEXKHEMY HE CMEKAIOTCs, COXpaHss
BBICOKYIO YNEJIBbHYIO IOBEPXHOCTb. Ha QJIEKTPOHHO-
MHUKPOCKONMUYECKUX CHUMKAX KOHCYHBIX IIPOAYKTOB
TEPMHUYECKOrO pa3niokeHus (puc. 3) BHAHBI ME30CT-
PYKTypbI pazmepoM 0.3—1.5 MKM B 3aBUCHMOCTH OT IO-
PHCTOCTH HCXOJHOTO NOTMMEPHOro MaTtepuana. Mare-
pHaj C MEHBIIMM YHCIOM U OOJIBIINM Pa3MEPOM MOpP
(cootHomenune [MMA] : [TIOI'] = 1 : 0.66 (Tabnuua))
pasnaraeTcsi ¢ 00pa30BaHHEM arjaoMepaToB OOJIbILIE-
ro pasmepa. BiusiHue CTpyKTyphbl IOJUMEPHON MaT-
PHLBI Ha pa3Mep arjoMepaToB cepebpa 00yCIOBIECHO
TEM, YTO NEpBasi CTafUsl TEPMUYECKOrO Pa3JIOKEHHU,
CONpPOBOXKAAOILASCA BCICHUBAHUEM, HAYMHAETCS Ha
MOBEPXHOCTH MMEIOLIMXCS B paciulaBe CTPYKTYPHbIX
HEOHOPOOHOCTEH, 0OPa30BABILMXCS HA MECTE IUCIIO-
Kauuu Makponop. Ha aToii craguu onpepensiercs Ko-
JIMYECTBO, a IPH OJUHAKOBOM COJIEP>KaHUH METaJlIa
TakKe M pa3Mep cepryecKux arioMepaToB, oopa-
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30BaHHBIX CNEKIINMHCS HAHOPAa3MEPHBIMH YacTHIA-
mu. [Ipoueccel nepepacnpeneneHnss HAHOYaCTHUI Me-
Tauua, CHeKaHus M OOpa3oBaHUS ME3O0CTPYKTYD,
NPOTEKAIOIIUE B MOPUCTON MaTpUIE NMOJ BIUSHUEM
TeMIlepaTypbl, MOXKHO ONpPEJEIUTh KaK caMoopra-
HHM3ALHIO Ha HAHO- U MUKPOYPOBHE.

PesynpTaThl HCCNIEOBaHNS BIUSHUA IAPaMETPOB
MOPHUCTON CTPYKTYPbl HCXOHOTO NOJUMEPA Ha XOf
TEPMHYECKOTO Pa3IOXKEHUs NMOKAa3aaH, YTO JJIs He-
HANOJHEHHBIX NOJIMMEPOB Pa3HON MOPHCTOCTH TEP-
MOTpaMMbl IPAKTHYECKH HACHTHYHBI, a NPH Pa3J0-
JKEHUH KOMIIO3MTOB CYIIECTBYET JIMIIL HEOOJbIIOE
OT/IMYHE B TEMIEpPATypax BTOPOM CTafiu pa3joxKe-
HUS ¥ BEJINUNHE TEIUIOBBIX 3(P(EKTOB; IPH 3TOM 00-
IIMA XOJi KPUBBIX OCTAETC HEM3MEHHBIM. YKa3aH-
HbIE€ PAa3/INYMsl CBA3aHbI, BEPOATHO, C pa3HHLEH B
TEIJIONPOBOAHOCTH OOpPa3LOB M KOJHYECTBE Je-
(EeKTHBIX YYACTKOB IIOJIMMEPHOH LIeNH ¥ 00yCIIOBJIE-
Ne 6
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Hbl Pa3/IMYHbIM COfiEP>KAaHHEM HAHOYACTHI cepebpa

OCOBEHHOCTH TEPMHUYECKOI'O PA3JIOXEHUA

B IIOJTHMEPAX Pa3HOi MOPHCTOCTH (TaGauua).
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Features of Thermal Degradation of Porous Polymethacrylate Nanocomposites

T. L. Izaak*, O. V. Babkina*, A. N. Salanov**, N. E. Strucheva***, and G. M. Mokrousov*

*Tomsk State University,
pr. Lenina 36, Tomsk, 634050 Russia

**Boreskov Institute of Catalysis, Siberian Division, Russian Academy of Sciences,
pr. akademika Lavrent’ eva 5, Novosibirsk, 630090 Russia

***Alrai State University, pr. Lenina 61, Barnaul, 656099 Russia

Abstract—The thermal degradation of porous poymethacrylates filled with silver nanoparticles and the mor-
phology of their degradation products were investigated by thermoanalysis and scanning electron microscopy.
It was shown that the photoreduction of silver nanoparticles in situ results in a decrease in the thermal stability
of nanocomposites. A dependence of the size of silver aggregates resulted from the degradation process was
found to be dependent on the parameters of the porous structure of the polymer used. A mechanism describing
the formation of silver mesostructures upon degradation of the porous nanocomposites was proposed.
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