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The narrow fractions of microspheres with a size of —0.4 + 0.2 mm with a low bulk density in the
range of 0.34—0.64 g/cm’ were separated from cenosphere concentrates of fly ashes and fly ash from
local selection obtained from pulverized coal combustion. The main components of the chemical
composition in obtained narrow fractions are SiO, — 55—66 and Al,O; — 21-40 wt. %. The part of
amorphous glass phase are 63—93, the mullite phase are 1-34, the quartz phase are 2—8 and the calcite
phase are 0—1 wt. %. It is found that microspheres, characterized by maximum values of bulk density
0.64 g/cm’® and apparent thickness of the shell 20 um, has the best strength properties. The successive
twofold compressive loading the particles by increased strength were selected, for which the values of
bulk density and apparent shell thickness increased to 0.86 g/cm® and 29 um, respectively. It is shown
that the spheres with the single-ring structure are primarily subjected to destruction; the particles
with network and solid structure provide improved strength characteristics of narrow fractions of

microspheres.
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XapakTepucTHKA y3KHX (paKuui MUKpocep JieTyqdux 301

KaK OCHOBbI 00J1er'YeHHbIX BBICOKOIIPOYHBIX MaTE€pPHUAJIOB

E.C. Porosenko, O.A. Kymneposa, E.B. ®omenko
Huemumym xumuu u xumuyeckou mexnonoauu CO PAH
QUL «Kpacnospckutl nayunsiii yenmp CO PAH»
Poccus, 660036, Kpacnoapck, Axademeopoook, 50/24

U3 xonyenmpamos yenocgep nemyuux 301 U 301bl-YHOCA JTOKAIbHO20 OMOOPA, NOIYYEHHLIX OMm
NbLICBUOHO20 CoHCUSAHUSL Yenell, 8bloelienbl y3Kue @paxyuu muxpocpep pasmepom —0.4+0.2 mm
¢ Huskou HacvinHoti niomuocmvrlo 6 unmepsane 0.34—0.64 e/cm’. Ochogublmu KomMnoHeHmamu
XUMUYECKO20 COCMABa NOIYYeHHbIX y3Kux gpakyuil siensiomest SiO; — 55—66 u ALO; — 21—40 mac. %.
Jlons amopguoii cmexnogazvl cocmasnsiem 63—93, paszvt mynruma — 1-34, keapya — 2—8, kanvyuma —
0—1 mac. %. Yemanosneno, umo 1yuuumu RPOYHOCTHLIMU NOKA3aMeNAMU 001a0aiom MuKpocgepbl,
Xapaxmepusylouwuecss MakCUMAIbHbLM 3HayeHuem Hacvinnot niomuocmu (.64 2/cm® u kascyweiics
monwunsl 06010uku 20 mxm. [lociedosamenvHbim 08YKPAMHBIM 6030UCMEUCM CHCUMAIOWECU HAZPY3KU
8b10€IeHbl YACMUYbl NOBLIUUEHHOU NPOYHOCU, Ol KOMOPbIX 3HAYEHUS HACLINHOU NJIOMHOCMU U
Kadicyweiics monuunsl 00on0uxu yeeaudunucs 0o 0.86 o/cm® u 29 mxm coomeememeenno. Iokaszano,
YUMo pazpyuleHuio 8 nepeyr ouepedb N008ep2alomcs chepvl Koabyeso2o CMpOeHUs, d cemuamole

u maccueHvle dacmuyvl obecnequsarom YAY4YUleHHble NpPpOoYHOCMHblEe ceoticmea Y3KUux gbpam;uﬁ

Mukpocgep.

Kuroueswvie crosa: muxpocgepnl, yenocgepul, nemyuas 301a, y3kas Qpaxyus, 6biCOKONPOUHbIE

obnezuennvie mamepuaiivl, cpanyibl NPONaHmoes.

Beenenne

B neTyunx 30/1aX OT MBUICBHIHOTO CKUTAHUS SHEPreTUYCCKUX YIIICH COmepIKaTcs [ICHHBIC MU-
KpocgepruecKre KOMIIOHEHTHI — TIOJIbIE aTFOMOCHINKAaTHBIE MEKpocdeps! (tieHocdepsn) [1-3], koTo-
pBIE 10 CBOUM CBOMCTBAM HE YCTYIAOT JOPOrOCTOSIIIMM CHHTECTHIECKHIM MUKpOchepam, a B HEKOTO-
PBIX CITydYasxX WX IMPEeBOCXOMAT. biaromaps 3ToMy B Mupe OONBIION HHTEpEC BEI3BIBAIOT Pa3paboTKH
TEXHOJIOTHii MOJYYCHHS Ha OCHOBE MUKPOC(HEPUUSCKUX KOMIIOHEHTOB, BBIJICICHHBIX U3 JCIICBOrO U
JOCTYITHOTO CBIPBs, PYHKIIMOHAIBHBIX U KOMIIO3UTHBIX MaTEPHAJIOB C YIYUYIICHHBIMU CBOHCTBAMU
JUTSL Pa3audHBIX 00acTell MPUMEHEHHUS — aJcCOPOCHTOB, KaTaln3aTOPOB, HOCHUTEIICH, KEPAMHUECKHUX
MaTepualioB, LEOIUTOB [3, 4].

Heo0xoauMbIM yCIOBHEM TSI TIOYYEHUST HOBBIX MATEPUAJIOB C IIPOrHO3UPYEMBIMH M BOCIIPO-
W3BOAMMBIMH CBOWCTBAMH SIBJISCTCS OINPEACICHHBIH XUMHUUYECKUU, (Da30BBIN COCTaB U CTPOCHUE
UCIIONB3yeMbIX MUKpochep. Hcrnonab3oBaHne TEXHOJIOTHYECKOM CXEMbl pa3[elieHHs], BKIIOYArONeH
CTaIU¥ T'PaHyJIOMETPHUECKOTO PAa3LAEICHUS, adPOAMHAMIYCCKON KIACCU(PUKAIINA U MAarHUTHOH ce-
napanuu [5—7], HO3BOJIACT MOJYYHTh U3 KOHIIGHTPATOB IICHOCHEP JIETYUUX 30J1 OT CIKUTAHUS Pa3HBIX

THIIOB DHEPTeTHYCCKUX YIIIEH y3Kue (pakiuu B MHTepBayie pasmepoB 50—250 MKM HMOCTOSHHOTO
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XMMHYECKOT0 ¥ MHHEPAIbHO-(ha30BOr0 COCTaBa C MPeodIaJaroliuM COAEpKAHUEM ITI00y ompene-
neHHoro Mopdoinoruueckoro tuna. Ha ux ocHoBe pa3paboTaH psi GyHKIHOHAIBHBIX MaTepPHaJIOB, K
KOTOPBIM OTHOCSITCSI BRICOKOCEJIEKTUBHbIE MEMOpPaHbI 151 11 (Y3HOHHOTO BBIJCICHUS TS U KOH-
TeHHepHl U1 XpaHeHus Bogopoaa [8—10], ceHcHOMIU3aTOpEl AMYIECHOHHBIX B3PHIBUATHIX BEIICCTB
[11], kancynupoBanHble pH-4yBCTBUTENBHBIE CIIMHOBBIE 30HABI JUIsI UCCISOBAHUSI OHOJIOTHYECKUX
00BeKTOB [12], KOMIIO3UTHBIE COPOSHTHI /ISl M3BJICUCHNS PAJAHOHYKINIOB U3 KHUAKUX PaJnOaKTHB-
HBIX 0TX070B [13, 14].

OnHMM M3 NEePCIEeKTUBHBIX HaNpaBJICHUH HCIIOJIB30BAHMS MOJIBIX MUKpocdep JIeTydux 307,
6narogaps ux HuU3Ko# 06bemHO# mmotHocTH 0.2-0.8 r/em® [1, 2, 5-7], mpeacraBusieTcs: moxyde-
Hue OOJIEr4YeHHBIX MaTepHaJIOB Pa3JIMYHOr0 Ha3HayeHHs. HOBBIM THIIOM JIETKMX M BBICOKONPOY-
HBIX MaTepHaJIOB SIBISIOTCS MPONAHThl — chepruuecKkre TpaHylibl, KOTOPbIE BBIMOIHSIIOT QyHKIHH
PacKIMHUBAIONIETO areHTa, MPeA0TBpallas CMbIKaHHe 00pa30BaBIIMXCS TPEIIMH B COBPEMEHHOM
100bI4e HePTH ¥ ra3a Mo TEXHOJIOIHHU THAPABINYCCKOro pa3phia miacta [15, 16]. Ixs 6omee riay-
OOKOro IPOHUKHOBEHHS B TPELIMHY TPaHyJbl IIPOMAHTOB JOJKHBI HAXOAWTHCS BO B3BELICHHOM
COCTOSIHUH, MOITOMY HE00XOIMMO, YTOOBI MX IJIOTHOCTH Oblja OJMM3Ka K IIOTHOCTH XUAKOCTH
TrUApopaspeiBa. Mcnonas3oBaHne 0OJETYCHHBIX NPONAHTOB MO3BOJIIET IPUMEHATh MEHEE KOHIICH-
TPUPOBAHHBIE XUJIKOCTH THAPOPA3PHIBA, a B HEKOTOPHIX clIydasx (IIpH HCIOIb30BAHUHU T'PaHyJI
¢ mwioTHOCTEI0 < 1 r/cM®) mpoBeneHHE THAPABINYESCKOr0 pa3pbiBa IJIACTa U AOCTABKa MPONAHTa
MOXET OBITh OCYIIECTBIIEHA BOJIOM.

TpaauunOHHEIH c110cO0 yMEHBIIEHHUS HACHIITHOM INIOTHOCTH PACKJIMHUBAIOIINX I'PaHyJl — BBeE-
JICHHE B UX COCTAB Pa3INYHBIX HATIOJIHHUTEINEH, B TOM YHCIIE MOJIBIX CTEKIISHHBIX UIIN KEPAMHUUECKUX
Mukpocdep [16, 17]. Oqraxo, Takoi HOAXOX paccMaTPUBAET MOJIbIE MUKPOC(EPHI TOIBKO KaK KOMIIO-
HEHT HU3KOM IIOTHOCTHU 0€3 yueTa UX COCTaBa U OCOOCHHOCTEH CTPOCHUS M TEM CaMbIM HUCKIIIOYAeT
BO3MOXXHOCTH HAIIPABJICHHOTO BO3JCHUCTBUS Ha (PM3MKO-XUMHYECKUE XaPAKTEPUCTUKH IOy YaeMBIX
MaTepuajoB U MPAKTHUECKOT0 YIPABICHUS UX CBOIICTBAMHU.

[lenbio paboOTHI CTAJIO BBIICJICHHE U3 JISTYUNX 30J1 Y3KUX Ppakiunit MUKpochep s [eJIeHaIpaB-
JICHHOTO TOJTyYeH U CHepUUECKUX I'PaHyJ IIPOMAHTOB, ONpeiesieHHe HX (U3NKO-XUMUYECKHUX XapaK-
TEPUCTHK, YyCTAHOBJIEHUE B3aUMOCBSI3U COCTaB — CTPOCHHE — IPOYHOCTHBIE CBOMCTBAa MUKpochep 1
OLIEHKA MEePCIEKTHBHOCTH HCIOJIB30BAHUSI MUKPOC(Ep KaK OCHOBBI OOJIEIrY€HHBIX BBICOKOIIPOYHBIX

MarepuaoB.

JKcHepuMeHTAIbHAS YaCTh

B kadecTBe ChIpbs JUIsl MONy4eHUs y3KUX (pakuuii mukpocdep pasmepom —0.4+0.2 MM uc-
MOJIH30BAJIN KOHIIEHTPATHI IIeHOC(hep JIETYUHX 30J1 aJIIOMOKpeMHHCTOrO (Sialic) THma, moy4eHHbIe
OT MBUIEBUIHOTO COKUTaHUS Pa3HbIX TUIIOB SHEPTeTUYECKUX yTJIel Ha KPYITHBIX TEIJIOBBIX CTAHIIUIX
Poccun: kamenHoro yrist Kysuenkoro 6accetina mapok I" u /] Ha HoBocubupckoit TOL-5 (ppaxmus H)
u Mapku T Ha Mockosckoii TOLI-22 (bpakuust M), kamenHoro yriis Mmapku CC Dxubacty3ckoro 6ac-
ceifna Ha Perunckoit 'POC (ppakunn R, HM-R-5A, R/A25 GG), a Takxe 3051y-yHOCA JIOKAJIBHOTO
ot6opa 1 nosst anexrpopunsrpa Pedrunckoit 'POC (ppaxuus R/B16 GG).

Beinenenne y3kux ¢ppakiuii MUKpocep IPOBOANIIH C HCHIOIb30BAaHUEM TEXHOIOTHYECKON CXe-
MBI [5—7, 18], BKItoUaromei cTaauu adpoAMHAMUAYECKOTO Pa3/IeIeHHs], TPaHyJIOMETPUUECKON Kiac-

CI/Iq)I/IKaLII/II/I, MarHUTHOM cenapanuu, pasAaciiCHUs IO IJIOTHOCTU B I'€KCAHC, T'MAPOCTATUYCCKOTO
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OTJENICHUS Pa3pyIllIeHHbIX U MeppopupoBaHHBIX 00y, CTaaus adpoJUuHAMHUYECKOTO pa3zelieHus
OblJ1a pean30BaHa Ha IIEHTpoOexHOM abopaTtopHoM KiaccuduraTtope 50 ATP (Hosokawa ALPINE,
I'epmanus), TO3BOJSIONIEM MOJYYaTh OAHOPOJHBIE (QPAKIMH C ONPEICICHHBIM MaKCUMYMOM pac-
npeneneHus. [loqpoOHO cxema knaccudukaTopa v MPUHITUT €T0 ASHCTBUS H3JI0KEHBI B padoTte [18].
Ha craguu rpanysiomerprueckoil kiaccuuKaluuu JUisl pa3zeieHus riolys no pa3Mepy ¢ BBICOKOI
BOCIIPOM3BOJIMMOCTBIO OBLJIa MCIOIb30BaHA YCTAHOBKA BO3JYIIHO-cHTOBOrO IpocenBanus €200 LS
(Hosokawa ALPINE, I'epmanus). MarauTHas cenapanus Obliia IpOBeICHA Ha JTa0OPATOPHOM 3JICK-
TpoMarauTHoM cenaparope COM-1 (Poccus).

J1uist Kax 101 Moy 4eHHO y3K0# (pakiiiu ObLIN ONpeeNieHbl Cileayoure pu3nKo-Xx MMHYECKUe
rapaMeTphl: XHMUYEeCKUH 1 ()a30BBIH COCTABBI, HACKIITHAS IUIOTHOCTD, pacIIpe/iesIeH e 10 pa3Mepam,
CpPENHUN ITHaMeTp MI0O0YJ, KaXyInasicsl TONIIHHA 000J0YKH, COlepKaHue TI00y ONmpeaeeHHOTo
Mopdonorngeckoro Tuma. [logpoOHBIE METOAMKH ONpENeNICHHUs] STHUX MapaMeTpoB, BKIIOYAst KOH-
TPOJIb YUCTOTHI BbIIETIEHHBIX (ppaKiuii, npuBeaeHs! B padbotax [5-7, 9].

XHUMHYECKHH COCTaB, BKIIOYAIOIINHN coep)KaHne OKCUIOB KPEMHHU S, aTIOMHHHS, JKeJe3a, Kallb-
U5, MArHUSI, KaJIMsl U HATPUSl, & TAKXKe MOTEPH MPH MPOKAINBAHUY (ILILIL.), ONPECIISIIA METOJaMH
xumuueckoro ananuza corinacHo [OCT 5382-91 [19], ycranaBiauBalomero METOAUKU ONPENEICHUS
KOMIIOHEHTOB M HOPMBI TOYHOCTH BBINOJIHEHUs aHanu30B. Da30BbIil cOCTaB BBISABISUIN C IpUMe-
HEHUEM TOITHONPOMUIBFHOTO aHalu3a nmo Metony PurBenpma [20] ¢ MUHUMHU3anuen MPOU3BOJHON
Pa3HOCTH MO METOJUKE, HCIOIb3yeMOil panee Juist eHocdep seryuux 301 [6, 9]. Audpakiuonuble
JaHHBIC OBLITN MTOTYYCHBI HA TopomTkoBoM nudpaktomerpe X Pert Pro MPD (PANalytical, Huoepnan-
Ovl) ¢ TBepaOoTeNbHBIM neTekTopoM PIXcel 1 BropuuHbIM rpaduToBeIM MOHOXpOMAaTOpOM st Cuy,-
W3y YeHHUSI.

HacrimHyro IUIOTHOCTH ONpeNeNsuli Ha AaBTOMaTH3MPOBAaHHOM aHajgu3aTrope Autotap
(Quantachrome Instruments, CLIIA). Mopdosnoruro rio0yi ucciieoBalin Ha MOPOLIKOBBIX 00pasnax
C IPUMEHEHHNEM CKaHUPYIOIIETo IeKTpoHHOro Mukpockona TM-1000 (Hitachi, Anonus).

DU3NKO-XUMHUYECKHE TOKA3aTeIH COOTBETCTBUS Y3KHMX (paKkIui MHUKpocdep TEeXHHYECKHM
TpeOOBaHUSM, PENBSIBISEMBIM K T'PaHyJIaM aJTIOMOCHIMKATHBIX TPOMAHTOB, BKJIIOYAsl COIPOTHBIIE-
HUE pa3aBlIMBaHUIO, PACTBOPUMOCTH B KUCIOTAX, CHEPUIHOCTD, OKPYTIIOCTH OBUIH OIIPEEIICHBI 110

CTaHJapTHBIM MeTonuKaM ucnbitanuii cornmacio 'OCT P 51761-2013 [15].

Pe3yabrarsl u 00cyxaeHne

K ¢u3uko-xuMuUecKHM ITOKa3aTensiM aJIOMOCHIMKATHBIX MPONAHTOB, BIUSIOMUX IPU UX
HCIIOJIb30BaHUU HA MPOBOAMMOCTH TPEIIUH, OTHOCITCS I'PAHYJIOMETPUUECKUH COCTaB, HACHIITHASL
IIJIOTHOCTH, MaccoBoe conepxkanue Al,O;, chepuuHOCTh, OKPYTIOCTh, PACTBOPUMOCTD B KHCIIOTAX,
CONIPOTHBIICHHE pa3AaBiuBaHuio [15]. B 3aBUcHMOCTH OT pa3Mepa YacTHI[ IPOMAHTHI HoApa3e-
JSFOTCS Ha HECKOJBKO (Ppaknuii B mHTepBaie oT 2.0 1o 0.2 Mm. B yacTHOCTH, TpaHyIBI, KOTOPHIE
npoxoaat yepe3 cuto Ne 40 u 3amepkuBarorcs Ha cute Ne 70, 00pa3yioT (Gpakiiuio ¢ pa3Mepom
gactun —0.425+0.212 mm. i1 ynoBiaeTBOpeHHs TpeOOBaHHS K T'PaHYJIOMETPHIESCKOMY COCTaBY
nponaHToB [15] U3 KOHLIEHTPATOB 1IEHOC]EP JIETYYUX 30JI U 30JIbI-YHOCA JIOKaJILHOI'0 0TOOpa ObLIN
BbII€TICHBI Y3Kue ppakunu Mmukpocdep pazmepom —0.4+0.2 MM, COOTBETCTBYIOIIHE (HPAKIIUN IIPO-
nanToB 40/70. Cpennuii quameTp riio0yJl MONYUYEHHBIX Y3KUX (Qpakilfil HAXOAUTCS B MHTEpBaje

235-328 MkM (Tadm. 1). CaenyeT OTMETUTD, YTO B SHEPTETHYCCKUX 30JIaX OT MBIJICBUHOTO CKHUTA-
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Tabnuua 1. Pu3nko-XxMMUYECKUE XapaKTePUCTUKH Y3KUX (paknuit Mukpochep —0.4+0.2 Mm

Table 1. Physical and chemical characteristics of narrow fractions of microspheres —0.4 + 0.2 mm

[MapameTpst H M R HM-R-5Ang R/A25GG R/B16 GG
XUMUYECKHH cocTas, Mac. %
IT.m.m. 1.00 2.00 0.74 0.80 0.06 0.40
SiO, 64.52 6594 5522 54.82 55.42 57.58
AlO; 21.23 2556  37.36 39.80 3795 30.07
Fe,0; 6.79 2.0 2.80 1.10 2.60 7.99
CaO 2.90 1.54 1.63 1.54 1.54 1.45
MgO 231 1.60 0.83 1.09 1.22 1.09
SO, 0.40 0.20 0,05 0.17 0.07 0.21
Na,O 0.30 0.49 0.46 0.30 0.39 0.35
K,O 0.40 0.32 0.90 0.21 0.61 0.50
®da3zoBeIi cocTaB, Mac. %
Creknodasza 927 93.4 66.4 64.1 67.5 62.6
Myunnut 1.2 3.8 31.0 34.0 30.0 27.0
Kaapn 5.5 2.2 24 1.7 2.3 7.6
Kanpuut 0.6 0.6 0.2 0.2 0.2 0
deppounuHens 0 0 0 0 0 2.8
dusnueckue XapaKTepPUCTHKH

Cpennuii zuamMeTp, MKM 328 241 235 241 245 242
Kaxymasics TonmuHaa 0007109KH, MKM 15 10 10 13 12 20

HUs yriiedl TPaKkTUYECKU OTCYTCTBYIOT MUKPOC(HEpPUUECKHE YaCTHIIbI, COOTBETCTBYIOLINE APYTHM
pa3sMepHBIM (QpaKIUIM MPonaHToB [2, 3].

DU3NKO-XUMUYECKUE XaPaKTEPUCTHKH y3KUX (ppakuuii Mukpocdep —0.4+0.2 MM npezncrasie-
HEI B Ta0I. 1, 3HaUCHUS PU3NKO-XUMHUYCCKUX ITOKa3aTeIeH UX COOTBETCTBHUS TEXHUUYECKUM TpebOoBa-
HUSIM K alTIOMOCUJIMKATHRIM mpornanTam cornacHo ['OCT P 51761-2013[15] — B Tabm. 2.

OpmHIM U3 KITFOYEBBIX MapaMETPOB MPOMAHTOB SBISETCS HACHIITHAS IIOTHOCTH, 00ECTICYNBAFO-
I1asi pPABHOMEPHOE pacIpeiesieHUe I'PaHyIl | JUINTEIFHOCTD UX IPUCYTCTBHS BO B3BEIIEHHOM COCTOS-
HUH B XXUJAKOCTH THAPOPA3phIBa. DTO 00JEryaeT yAaJieHHUE KUIKOCTH U3 TPEUIUHBI U €€ OYHCTKY,
yBenuuuBaeT 3Q(EKTUBHYIO IIMHY U JAPSHAKHYIO IUIONIAb POIYKTUBHOTO IUIACTa, TEM CAMbIM
MTOBBITIIAS YPOBEHB OTAauX CKBaXXUHEI [21]. [TomyueHHBIE U3 30J MUKPOCHEPHI XapaKTePU3yIOTCS HU3-
KMMH 3HAYEHHUSIMHM HACBIITHOM MI0THOCTH B uHTepBaie 0.34—0.64 r/cm? (Tabin. 2). D10 onpenenser
MIEPCIIEKTHBHOCTh MX MPUMEHEHHS B KA9eCTBE OCHOBHI OOJIETYCHHBIX MaTepHajoB, a B Ciiydae Mpo-
MaHTOB MO3BOJHUT UCIOIB30BaTh B Ka4€CTBE KUAKOCTH THIPOpaA3phIBa BONY, CYIIECTBEHHO CHUXKAs
3aTpaThl U CIIOCOOCTBYS POCTY SKOHOMUYECKO# 3(h(heKTHBHOCTH Iporiecca.

Beinenennsie hpakiun MUkpochep XxapakTepu3yroTcs MIHUPOKUM AHANIa30HOM U3MEHEHHS XU-
MHYECKOT0 1 (pa30BOro cocTaBOB. OCHOBHBIMH KOMITOHEHTAMHU XUMHUYECKOT0 cOCTaBa SBISTIOTCS Si0,
u Al,O; (55-66 u 21-40 mac. % coOTBETCTBEHHO, Tabi. 1), CyMMapHOe COAepKaHHE KOTOPBIX H0-

crturaet 86—95 mac. %. Conepxxkanue Fe,O; cocraBnsier 1-8 mac. %. Ilo 1aHHBIM KOJIMYECTBEHHOTO
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Tabnuua 2. PU3nKo-XMMHYECKHE IIOKa3aTeNu y3KuX ¢ppakunidl Mukpochep —0.4+0.2 MM cornacHO TEXHUYECKUM
TpeboBaHUsM K anroMocriukaTHeIM nponantam o 'OCT P 51761-2013 [15]

Table 2. Physical and chemical characteristics of narrow fractions of microspheres —0.4+0.2 mm according to the
specifications of GOST R 51761-2013 for aluminosilicate proppants [15]

HaumenoBanue nokasarens
Mm o
ooy “ o X
E - ém \"E’ E g <
ES 5 e 3 = = SN
=
06 = 2 S 20 5 £ 2 25
pasen IS = S & X £ 9 EEn
9 = = 8 = E =z ° 2=
8 @) % a = O . L E (=¥ g Ll
s = 2 228 s e 5325
S < O o & 5 = asil= O AaE
Tpe6oBanmst TOCT P 51761-2013 [15]
H5877a(;{ T ae meree 50  He menee 0.7 He menee 0.7 He Oonece 8.0 He Gomee 1.9  He 6omaee 5.0
H 21.23 1.0 1.0 31 0.37 85
M 25.56 1.0 1.0 26 0.34 94
R 37.36 1.0 1.0 27 0.36 85
HM-R-5A ng 39.80 1.0 1.0 26 0.44 80
R/A25 GG 37.95 1.0 1.0 30 0.39 80
R/B16 GG 30.07 0.8 0.9 21 0.64 53

peHTrenodasoBoro aHanusa (tadi. 1), mosst amopdHo# crekiodassl coctaBisieT 63—93, hassl MyJTH-
ta — 1-34, kBapua — 2—8, kansaura — 0—1 mac. %; Bo ¢ppakuuu R/B16 GG npucyTCTBYeT ele30co-
JieprKalas nnuHeabHas ¢asza Ha ypoBHe 3 mac. %.

Kaxxymrasics TonmmHaa 060109KH TI100y y3KuX (hpaknuii neHocdep cocrapisier 10—15 mxwm. Jls
¢bpakuun mukpocdep R/B16 GG, xapakTepu3yOnIencss MaKCHMaJIbHBIM 3HAYCHUEM HACBIITHOM IJ10T-
Hoctu — 0.64 r/cM?, 3HaUEHUE KaXYIIEHUCs TOMIIMHBI 0007104k qocturaet 20 Mmxm (tabi. 1).

Amnanu3 COM-CHIUMKOB U3y4Y€HHBIX (DpaKIIMii TOKa3aJj, 4TO OHHU COlepkKaT MUKpochepsl ¢ Hero-
PHUCTOH TIHaAKOH MK penbedHON BHEITHEH TOBEPXHOCTRIO (pHc. la,b), TI00YIIBI C MOPUCTON 000TI0Y-
KO 1 BCIIGHEHHBIE YaCTUILIbI C KPYITHBIMH OTKPBITHIMH [TOPaMH Ha BHELIHEH NOBepXHOCTH (puc. 1c—f),
IIJIOTHBIE OeJIble MaCCHBHBIE ITI00YJIBI M TeMHBIe ryouaTsie yacTuisl (puc. 1f). Chepuanocts u okpy-
[JIOCTh YaCTHIL TIOJIHOCTBIO COOTBETCTBYET TEXHMUECKUM TPEOOBaHUSIM, MPEIbIBISIEMbIM K TpaHy-
JIaM aJTFOMOCHJIMKATHBIX TIPONAHTOB (Tab. 2).

C ucrosib30BaHMEM OINTHYECKOH MUKPOCKOIUHU B MCCIEAYeMbIX (ppakuusx MUKpocdep HaeH-
THGUIUPOBAHBI OCHOBHBIE MOP(OIIOTHYECKUE TUIHI TI00YNI (Tadid. 3), OTIHYAromuecss CTPOCHHUEM
o6osouku. Ha CHUMKax MONMPOBaHHBIX CPE30B BHJHO, YTO 00OJIOYKA MOXKET UMETh XapaKTEpPHOE
KoubIeBoe (puc. 2a), cetdatoe (puc. 2b), maccuBHOe (2¢) niu ryduaroe (2d) crpoenue. Cpenu chep
KOJIBLIEBOTO CTPOCHMS Pa3JIMYaOT IMI00YJIbI CO CILIONIHOMN HIIH MOPUCTOM 00oaoukoit. Chepsl ceTua-
TOT'0 CTPOEHHS MOT'YT OTIMYATHCSI KOJIMYECTBOM BHY TPEHHHX HOJIOCTEH U BKITIOYAIOT MEHEE IUIOTHBIE
NEHUCTBIE WK 00Jiee TIOTHBIE MEJIKOsSYenCThie YacTullbl. Tak, y3kue dpakiuu nenocep cepun H
1 M 1npencTaBieHbl TOJIBKO MI00YIaMH KOJIBIIEBOTO CTPOEHUS, A0CONIOTHOE OOJIBIIMHCTBO KOTOPBIX
cdepsl ¢ mopucToit 00009K0i — 95-98 006. %. Y3kue dpakiuu neHochep cepuu R, Hapsay ¢ riody-

JIJaMH1 KOJIBLIEBOTI'O CTPOCHUS C HOpI/ICTOﬁ 060H0‘IKOI>'I, BKJIFOYAIOT OKOJIO IMOJIOBUHBI WJIHW YYTh Ooiee

— 253 —



Elena S. Rogovenko, Olga A. Kushnerova... Characteristics of the Narrow Fractions of Fly Ash Microspheres as the Basis...

Puc. 1. COM-cuuMku y3kux ¢paxiuit mukpochep —0.4+0.2: (a) H, (b) M, (c) R, (d) HM-R-5A ng, (e) R/A25 GG,
(f) R/B16 GG

Fig. 1. SEM images of narrow fractions of microspheres —0.4+0.2: (a) H, (b) M, (c) R, (d) HM-R-5A ng, (¢) R/A25
GG, (f) R/B16 GG

YyacTul ceTyaToro crpoenus (47—60 06. %) (tabdmn. 3). @paknus mukpochep R/B16 GG, BbineneHHas
u3 30116l cepuu R, oTnuuaercs pasHoobpasuem Mopdonorundeckux TuoB. Cdepsl KOIbLEBOTo CTpoe-
HUS ¢ IOPUCTOI 0007104KO0i1 (puC. 3a) COCTABNAIOT YETBEPTh PPAKLINHU, YACTUIIBI CETYATOTO CTpOe-
Hus (puc. 3b) conepxarcst B konmdectse 39 00. %, AOMOIHUTENBHO HASHTHU(GUINPOBAHBI MACCUBHbBIE
moTHBIE cdepsl Oenoro nsera (puc. 3¢) u ryduarsie TeMHbIE YacTuIs! (puc. 3d), cocraBiustomue 25
u 11 06. % cooTBeTcTBEHHO (Ta01. 3).

I'maBHOW mpoOJIeMOH MpPH M3rOTOBICHUH OOJETYEHHBIX MPOIAHTOB SBISICTCS HAJIHYNE TaKUX
B3aMMONCKJIIOUAIONINX [TapaMeTPOB, KaK HU3KOE 3HaYeHHe HACHITHOW NMJIOTHOCTU U TpeOyemas BbI-

COKas MPOYHOCTH I'paHylJI. Cpezu/l HCCIENYEMBIX MI/IKpOC(i)ep JIy4IIUM IDPOYHOCTHBIM ITOKAa3aTeIieM
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Tabnuna 3. Copepxxanue ri100ys1 pa3aInuHbIX MOP(OIOrnYecKUX TUIOB (00. %) B y3kuX (pakuusx Mukpocdep
—0.4+0.2 Mmm

Table 3. Content of globules of different morphological types (vol. %) in narrow fractions of microspheres
—0.4+0.2 mm

Konbuesoro crpoenus
O6pa3se 7 i Ceruaroro MaccupHbie I'y6uarsie
pasen CO CIJIOIIHOU C MOPUCTOMN cTpoeHus y
000JI04KOH 000J109KO#

H 1 99 0 0
M 4 96 0 0 0
R 3 50 47 0 0
HM-R-5A ng 2 38 60 0 0
R/A25 GG 3 45 52 0 0
R/B16 GG 0 25 39 25 11
R/B16 GG/2 0 7 58 29 6

Puc. 2. CHuMKH ONupoBaHHBIX cpe3oB Mukpochep —0.4+0.2 ¢ ob6omoukoit koneresoro (a) H, ceruaroro (b) R,
maccuBHoro (¢) R/B16 GG u ry6uatoro crpoenns (d) R/B16 GG, nmo naHHBIM ONTHYECKOH MUKPOCKOIIHN

Fig. 2. Optical images of polished sections of microspheres —0.4+0.2 with a shell of a ring (a) H, net-work (b) R,
solid (c) R/B16 GG and spongy structures (d) R/B16 GG

(53 %) obnanaet y3kas ¢paxuus R/B16 GG (tabia. 2), xapakTepHu3ylolascs MaKCUMaJbHbIM 3Ha-
YeHHEeM KaXyIIeHCs TONIUHEI 000I0uKH (Tabn. 1) U B oTiIHYKE OT APYTHX (paKkiuil comepkamas
IJIOTHBIC MACCHUBHBIC M T'y0OUaThie YacTUIlbl (Tadi. 3, puc. 3). Jlus BeiaeneHust 100yl MOBBIIICHHON

MIPOYHOCTH 3Ta (pakuus OblIa MOABEPTHYTa IOCIEAOBATEIBHOMY 2-CTaAWHHOMY BO3ACHCTBHIO
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[, . .

Puc. 3. CHumku mukpocdep paznuyasix Mopdonorunueckux Tunos ¢ppakunu R/B16 GG, no gaHHBIM ONTHYECKO
MHUKpPOCKONHH: (a) KOJIBLIEBOIO CTPOEHHMsA C HOPHCTOH oOosoukoi, (b) cerdyaToro crpoeHus, (C) MIOTHAas
MaccuBHasi, (d) rybuaras yacTuua

Fig. 3. Images of microspheres of different morphological types of the fraction R/B16 GG according to optical
microscopy data: (a) a single-ring structure with a porous shell, (b) net-work structure, (c) solid structure, (d)
spongy particle

cxuMaromel Harpysku npu 51.7 MIa ¢ nocnenyromuM OTAECIEHHEM pa3pylIeHHBIX 4acTHIl. YCTa-
HOBJICHO, YTO YaCTHIIbI, OCTABIIHECS HEpPa3pyIICHHBIMH TOCIe mepBoro Bosaeicteus R/B16 GG/1
(puc. 4a), xapakTepu3yIOTCsi OONBITNMY 3HAYCHUSIMH HACHIITHON TUNIOTHOCTH M KAXYIIEHCS TOIIINHBI
000JIOYKH 110 CPAaBHEHHUIO C MCXOAHOM (paxiueii: 0.81 r/cm® U 26 MKM, I UCXOIHOU (paKIuu —
0.64 r/cM® 1 20 MKM COOTBETCTBEHHO. [IpH 3TOM npodHOocTHBIE mokazatenu R/B16 GG/1 yny4minch
10 41 %. lns rno0ys1, COXpaHUBLIMXCS TIOCIIE BTOPOrO BO3JCUCTBHS CxKUMatomiell Harpy3ku R/B16
GG/2 (puc. 4b), 3HaueHNs HACHIITHON IJIOTHOCTH M KQXKYILEHCS TOMIIUHBI 000IOYKH YBEITHUNIINCE JI0
0.86 r/cM® 11 29 MKM COOTBETCTBEHHO. AHAJIN3 OCHOBHBEIX MOP(OIOTHYECKUX TUIIOB III00YT (hpaKkiuu
R/B16 GG/2 nokazai (Tabm. 3), 4To paspylICHHUIO B IIEPBYIO OYEpEb MOABEPraroTcs cepsl KOIb-
LIEBOTO CTPOCHHMs, & CETYAThle ¥ MACCHUBHBIE YACTHIIbI CIIOCOOHBI OKa3bIBaTh COIPOTHBIICHHE Pa3-
JABIUBAHUIO Jake IPH IMOCIIEA0BATEIIEHOM BO3ACHCTBUY CKUMaroIei Harpy3ku. Ha COM-cHuMEKax
(puc. 4) BUTHO, YTO JJISI COXPAHUBIINXCSI HEPA3PYIIEHHBIMH CETYATHIX TTI00YII XapaKTEPHO MIOTHOE

MEJIKOSTYCUCTOE CTPOCHUE, 06€CHC‘II/IBaIOH.Iee IIPOYHOCTHBIC CBOMCTBA YaCTHII.
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022 =00 S00um

023 =00 Sgum

Puc. 4. COM-cHumkn y3koii ¢pakumm mukpochep R/B16 GG mocie mocnenoBateabHOrO BO3ACHCTBHS
cxumMaromeit Harpysku rpu 51.7 MIla u otaeneHus pa3pyueHHbIX o0y (a) R/B16 GG/1, (b) R/B16 GG/2

Fig. 4. SEM images of a narrow fraction of microspheres R/B16 GG after successive exposure to compressive
loading at 51.7 MPa and separation of destroyed globules: (a) R/B16 GG/1, (b) R/B16 GG/2

YcTaHOBIICHHBIE (PU3MKO-XUMHUYECKHE MOKa3aTenu y3kux ¢pakuuii Mmukpocdhep —0.4+0.2 MM
VIOBJICTBOPSIIOT TEXHUYESCKUM TPEOOBAaHUSIM K TPaHyJIaM aTFOMOCHIIMKATHBIX IPOMAaHTOB [15] mo Ha-
CBIITHOM MJIOTHOCTH, CHEPUIHOCTH U OKPYTIIOCTH, IPEBBIILAs TOMYCTUMbIE 3HAYCHHUSI JJISl PACTBOPH-
MOCTH B KHCIIOTaX M COIMIPOTUBIICHUS pa3iaBiuBanuio (Tabi. 2). biraromapss HU3K0OH HACHIITHOH IIIOT-
HOCTH U BO3MOXXHOCTH BBIZCJICHHUS YaCTHII TOBBIIIEHHON MPOYHOCTH, TOJIy4eHHBIE y3KHe (hpaKkIuu
MHKpochep MOTCHIHAIEHO TPUTOIHBI ISl TOTYyYeHUS OOJErYeHHBIX KOMITO3UTHBIX MaTepHAaJIOB, B
TOM YHCJI€ PA3TUIHBIX THIIOB CHHTAKCUUECKUX TIEH Ha OCHOBE MOJUMEPOB [22, 23], METaJIIOKOMIIO-

3UTOB [24, 25], KepaMUUuecKUX MaTepualos [26, 27].

BoiBoabl

W3 KOHIEHTPATOB 1IEHOC]Ep JETYUUX 30J1 U 30JIbI-yHOCA JIOKAJIBHOTO OTOOpA, MOJY4YEeHHBIX
OT IBUICBUIHOTO CKUTAHUS Pa3HBIX THIIOB SHEPreTUYECKUX YTJIed Ha KPyIHBIX TEIJIOBBIX CTaH-
uusx Poccun, Boigenens! y3kue ¢ppakunu Mukpocdep pazmepom —0.4+0.2 MM ¢ HU3KOM HACHIITHOM
JIOTHOCTHEO B nHTepBaje 0.34—0.64 r/cm®. YCTaHOBICHO, YTO OCHOBHBIMH KOMIIOHEHTAMH XHMH-
YECKOI'0 COCTaBa MOJIYYCHHBIX Y3KHUX (pakuuii siBisrores SiO, — 55-66 u AL,O; — 21-40 mac. %.
Hons amopdHOit cTexmodassl coctaBusier 63—93, paspr mynnura — 1-34, kBapia — 2—8, KaJbIu-
ta — 0—1 mac. %. OCHOBHBIMH MOP(OJIOTHYECKUMH THUIIAMH TJIO0YJ SIBASIOTCS Chephl KOJIBIIEBO-
T'0 CTPOCHHMSI C TIOPUCTOM 0O0JIOUKOM, YaCTUIBI CETYATOT0 CTPOCHHS, MACCHBHBIE TUIOTHBIE CHEPbI
U TyOuaTeie yacTuubl. [lokazaHo, 4YTO JyYIIMMHU IPOYHOCTHBIMH MOKa3aTelsiMU o0NanaeT y3Kas
¢paxuus mukpocdep R/B16 GG, xapakTepusyromascs MaKCHMaJbHbBIMHA 3HAaYEHUSIMH HACBIITHOM
IUIOTHOCTH M KaxkyIeics Tonmuusl o6omouku — 0.64 r/em® u 20 MM cootBeTcTBeHHO. [locneno-
BaTeJbHOE 2-CTaluiiHOE BO3IeHCTBUE CxUMaloLel Harpy3ku npu 51.7 MIla no3Boiusao BEIIEIUTH
YaCTHIBI TOBBIIIEHHON MPOYHOCTH, ISl KOTOPBIX 3HAYCHHUS HACBHITHON IUIOTHOCTH M KaXyIuencs
TOJIIIHUHBI 000I0UKH yBeTHIHIUCH 10 0.86 r/cM® 1 29 MKM COOTBETCTBEHHO. YCTAHOBJICHO, UTO Pa3-
PYLIEHHUIO IPEUMYIIECTBEHHO MOJBEPratoTcs chepbl KONbLEBOrO CTPOCHHUSI, & CETYAThIe U MaCCUB-
HbIE YaCTHIBI OKa3bIBAIOT OOJIbIIEE CONPOTUBICHUE Pa3AaBINBAHIIO, OOeCIIeYnBas yiIydlIeHHbIC
NPOYHOCTHBIC CBOMCTBA y3kuX (ppakunii mukpocdep. biaronapss HU3KOW HACHIITHON MIOTHOCTH H

BO3MOXHOCTH BBIJACIICHUA YaCTHI] MOBEIIIEHHOM HOPOYHOCTH, IOJTYUCHHBIC Y3KHC @paxunn MHUKPO-
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cq)ep MOTCHIUHAJIbHO IPUTOJHBI JJId MTOJTYUYCHUA 00JIErYEHHELIX KOMITIO3UTHBIX MaTepualioB pasjiny-

HOI'O Ha3HA4YCHMH .

BaarogapHocTn

ABTOpHI BeIpaxatoT OnarogapHocts cotpyqHukam MXXT CO PAH JILLA. ConoBbeBy 3a mpo-
BEJICHHE KOJMYECTBEHHOTO pEeHTreHOo(a3oBoro aHammsza, E.B. Ma3ypoBoii 3a cheMKy 00pa3IoB Ha
CKaHUPYIOIIEM ICKTPOHHOM MUKpockore, E.B. PabueBckoMy 3a umccienoBanust 00pa3iioB Ha ONTH-

YCCKOM MUKPOCKOIIC.

Hccneoosanue evinonneno npu punancosoit noodepicke Poccuiickozo ¢ponoa gpynoamen-
manvublx uccneoosanuil, Ilpasumenscmea Kpacnoapckozo kpas, Kpacnoapckozo kpaeeozo gponoa
HAYKU 8 pamKax HayuHo20 npoekma Ne 18-43-240002 «Pazpabomxa 001e24eHHbIX 6bICOKORPOYUHBIX
RPONNAHMOE HA OCHOGE Y3KUX (YpaKyuil MUKpocgep snepzemuyueckux 301» u 6 pamKax nPoeKma
dynoamenmanvuvix uccnedosanuiit CO PAH V.45.3.3 «Dopmuposanue HO6bIX PYHKYUOHATbHBIX

Mukpocd)epuuecxux U KOMRO3UMHbBLX Mamepuaioes c 3A0AHHBIMU CEOUCHIBAMU).
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