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Bansinue MexaHu4eckoii akTuBanum Ha ¢a3oBbIil cOCTaB
U CTPYKTYpPY mnuHeabcogepxamux CBC-nurmeHTon

Memodom camopacnpocmpanaowe2ocs 8blCOKOMeMNepamypHo20 CuHmesda ¢
UCNONL308AHUEM MEXAHUYECKOU aKMUBAYUU UCXOOHbIX KOMNOHEHMO8 HNOLYYeHbl
KepamudecKkue nuemeHmol wnuxeibho2o muna ¢ cucmemax ZnO-CoO-A41,05 u ZnO-
MgO-CoO-Al,0;.  Vemanosneno, 4wmo Mmexamoakmugayusi WuUxm NUSMEHMO8 8
nnanemapmnol menvhuye M3 ¢ yckopenuem 45g 6 meuenue 60 c npusooum K
CHUdICEeHUto HauanvHou memnepamypsl CB-cunmesa na 170°C. Yeenuuenue nonnomol
cunmesa winunenei hoomsepoicoeno MK-cnekmpockonuyeckum, penmeenopazosuim,
MUKPOPEHM2EHOCNEKMPANbHbIM AHATU3AMU, CBEMOB0U U CKAHUPYIOWell JeKIMPOHHOT
MUKpockonuei.

KiroueBble cioBa:  wnunens,  Kepamuueckue — NUSMEHMbl;  ANOMUHULL
CamopacnpoCmpaHsIoOWUiics biCOKOMeMNEPamypHoiil CUHMES.

KoGanpToBBIC IIMTIHETBCONEPIKAIIIE TUTMEHTBI OTHOCSATCS K JYUIINM ITHT-
MEHTaM CHHE-TOIyOOi raMMBbI B KepaMHUYECKOM Mpon3BoacTBe [1]. OOBIYHO UX
CHHTE3UPYIOT TIEYHBIM WIH 30J1b-Telb Meromamu. C ITOMOIIBI0 METOHa CaMo-
pacrpocTpaHsomEerocs BeicokoremmnepaTypHoro cuate3a (CBC) Obutn moyue-
HBI TIMTMEHTHI MIMUHENIBHOro Tuma B cucteMax ZnO-Co0O-Al,O; u ZnO-MgO-
Co0-Al,0O3. BeicTpoTa MpOTEKaHHUs MPOIECCOB, MPOCTOTa 00OPYAOBaHHS, BbI-
COKHE TEeMITepaTyphl, JOCTUTAEMBbIE 3a CUET WCIONb30BaHNS BHYTPEHHEH XUMH-
YECKOW DHEPrWH CHUCTEMBI, SBIIOTCS JOCTOMHCTBAMH NaHHOro Mertoma. Jlis
VITy4IIeHHs Ka4ecTBa IOyJaeMbIX IATMEHTOB IIPAMEHSUIIACH MEXaHOAKTHBALINS
(MA) cMmeceit HCXOIHBIX KOMIIOHEHTOB.

Hens nanHO#N paOOTHI — H3yUCHHE BIISIHUS MEXaHOAKTHBAIIMHA HA OCHOBHBIE
napamerpbl CB-cuHTE32, (ha30BBId COCTaB, CTPYKTYPY M IUCHEPCHOCTH ITUTMEH-
TOB Ha OCHOBE LITMHENEH.

JKcnepuMeHTAIbHAS YaCTh

B kauecTBe MCXOOHBIX KOMIIOHEHTOB HCIIONB30BAICH ITOPOIIKH OKCHJIOB
kob6anbTa (C0,03, C030,), IMHKA, MarHUs, ATFOMAHUS, HUTpAT MarHus ¥ TIOpO-
mok amomuHus ACJ[-4. Mexanndeckasi akKTHBAIMSI UCXOMHBIX PEAKIIMOHHBIX
cMecell OCyIEeCTBISUIACh B BO3AYIIHOW CpeJie B IIAPOBOW IUIAHETAPHOW MEIb-
Hue M3 ¢ yekoperuem 45 g. Vcrons3oBamuch Gapabadbl oobemoM 10 am’,
Macca 3arpy»aeMoi MUXThI cocTaBisuia SO T Tpu COOTHOIIIEHUH MacChl TOPOII-
Ka K Macce IapoB, paBHOM 1:6.

26



Bnuanue mexanuueckoii akmueayuu na azoeulii cocmas u CmpyKmypy

Cunre3 murmentoB mMerogqoM CBC mpoBommics B yCTaHOBKE MTOCTOSHHOTO
JaBJICHHS C TIOIOTPEBOM Ha BO3IyX€ IpH aTMOc(hepHOM aaBiieHuH. CMecH 3achl-
MAJTA B CETYAThIC CTAKAHYMKY W3 HEPXKAaBEIOIIEH cTany muamMeTpoM oT 2,0+ 107 o
8,0:107 m, KOTOpbIE TIOMEIATH B TIEYh COMPOTUBIICHUS YCTAHOBKHU. 3aKUTAHHE
00pasIoB OCYIIECTBIBUIOCH C TOPLEBOW ITOBEPXHOCTH OOpasla OT IOIKHUTA0-
meit cupanu. Temrepatypa KoHTponupoBaiiack ¢ momorisio W-Re tepmorap,
MTOMEIIEHHBIX B EHTP 00pa3IoB.

Nnentndukanuio HCXOAHBIX H TOTOBBIX MPOmykToB CB-CHHTE3a MPOBOANIH
¢ nomonipo peHTreHodaszosoro ananuza (mudpakromerp IPOH-YMI1, ¢wib-
tpoBarHOEe Co K,-n3mydenne), MUKpOPEHTICHOCTIEKTPaIBHOTO aHan3a (aHaJH-
3arop Camebax-Microbeam) m uH(pakpacHoit crnekrpockonuu (MK-Dypbe
cnektpomerp Nicolet 5700). Jlnsg HW3y4eHHUS MHKPOCTPYKTYPBI IMONYyUEHHBIX
MMATMEHTOB HCIOJh30BAIUCh ONTHYEeCKass MHUKpockomus (Axiovert 200M) u
pactpoBast 3nekTpoHHass Mukpockonus (Philips SEM 515). Tepmuueckuii aHa-
JIU3 MCXOAHBIX IMHUXT mUrMeHTa cucteMbl ZnO-MgO-Co0O-Al,O3 no u mocie
MEXaHOAKTUBAIMKU mpoBoAwmics Ha aHanu3atope SDT Q600 B mHTEepBaie TeM-
niepatyp 25-1 200°C co ckopoctbio Harpea 20°C/MuH Ha Bo3myxe. Jlucmepc-
HBI COCTaB NMHUTMEHTOB OMNPENEeIUICS METOJOM IHMHAMHYECKOr'0 CBETOpacces-
Hus Ha pudope ZETASIZER NANO ZS (Malvern «Mastersizer-2000).

[MurMeHTH MIMIHETBHOTO TUTIA CHHE-TOY0Oi raMMBI MTOTyYeHB Ha OCHOBE
anmroMokobanproBor muHe CoAlyOy. Iy yimydmieHus IBETOBBIX XapaKTe-
PHCTHK U TOIXYYEHISI pa3IAIHBIX OTTEHKOB B COCTAB IIMXTHI BBOAWINCEH H00aB-
K{ — OKCH/IBI WJTH HATPATHI IIMHKA W MAaTHHS.

Pe3yabTarhl u ux 00Cy:KaeHHNE

B mponecce CB-cuHTE3a MATMEHTOB OKUCIICHHE ATFOMHHUS, OCYIIECTBIISIC-
MoOe depe3 MpsSMOoe OKHCICHUE ATIOMUHHS M TEPMHUTHYIO PEAKIHIO C OKCHIOM
K00OabTa, MPUBOJUT K CAMOPa30rpeBy MUXTHI 10 Temreparypsl Boimie 1 000°C,
ocyie KOTOPOW HaYWHAETCS Ipoliece 00pa3oBaHus IuHeNeH [2, 3]:

3C00+2Al = 3Co+ALOs+1196,8 K/Tx (1)
4A1+30,= 2AL05+3350 Kk )
Co0+ALO; = CoAl,0,+74,6 k]l 3)
ZnO+ALO; = ZnALO4+42,8 kI (4)
MgO+ALO; = MgAlL,O,+31,2 kI (5)

Kak BugHO 13 puc. 1, mpomecc cuHTe3a KOOAIBTCONEPKAIIINX ITUTMEHTOB CH-
crembl ZnO-MgO-Co0O-Al,O; B pexxuMme TemioBoro B3peiBa meromom CBC
MPOTEKAET B TEUCHHE 3 MUH.

Ucnonp3oBanne MA cHmXaer Hayalio ciHTe3a murMeHToB ~ Ha 170°C — ot
TemnepaTypbl 650°C, 613K0i K TeMITepaType TUIaBlieHus amroMuHus, 10 480°C
(Ty). MakcumanbHas temnepatypa cuHTe3a (Ti.x) Tocie MA Takxke HE3HAUH-
tenbHO yMeHbImaeTcs. M3menenne AT = To—Tp,c ¢ 1 100 mo 1 250°C ykassiBaet
Ha yBEJIIMYEHWE TIOTHOTHI CHHTE3a MIMWHENeH. TepMUYECKUU aHaIn3 MIMXTHI
nurmMeHTa cucteMbl ZnO-MgO-CoO-Al,O; 10 U mociie MeXaHOAKTHBAIlUM B
IIaHeTapHor MenpHUIE M3 mokaszan, 4ro nu3MenpueHue B reueHue 60 ¢ mpuBo-
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T K pasnoxkeHuro okcupa Co3;O4, O UYEM CBHICTENBCTBYET OTCYTCTBHE
suA03(dekTa pu Temneparype 912,8°C na kpupoit ICK (auddepeHnmanbHOM
CKaHUpYyolIel kanopumerpun) ¢ MA (puc. 2).
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Puc. 2. ®parment kpusoit JJCK Tepmuyeckoro ananusa MKUXTHL U1 CHHTE3a
murmenta cucrembl ZnO-MgO-Co0-Al,O; ¢ MA (—) u 6e3 MA (- - -)
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OKuCIIeHUE YaCTHII aJJIOMAHHSI B MEXaHOAKTUBUPOBAHHOH IINXTE HAYMHACT-
cs ipu 850°C, B oTIMUMe OT IUXTHI MUrMeHTa 6e3 MA — 950°C. BreiaensroTes
nBa HEOONBIUX MakcumyMa mpu 901,5 u 926,7°C, cBsizaHHBIC ¢ OKHCICHHUEM
QTIOMUHHASA Yepe3 TEPMUTHYIO PEAKIHIO U IPSIMOE OKUCIICHUE.

Omnmure B TeMIIepaTypax Hadajla OKACIICHHsI allfoMHHUSA (cM. puc. 1, 2), BXOo-
JIAIIETO B COCTaB IMUXTHI, HA TepMoaHamm3aTtope u B CBC ycTanoBke cBs3aHO ¢
Pa3IMYHBIMA CKOPOCTAMH HarpeBa o0pasmoB. [Ipr BEICOKMX CKOPOCTSIX HarpeBa
cmecn (CBC mporiece) OKCHIHBIN CITOW Ha YacTHIAX aATFOMUHHS HAaYdHAET pac-
TPECKUBATHCS BCIEACTBAE HEPABHOMEPHOTO 00BEMHOTO pacmmpenust. 3BecTHo,

6 -1
aro KOd(pduumMent Tepmmueckoro pacmmpenust f,,, = 8,6:107 rpan, a

Bar= 33,5 10°° rpajfl [4]. TenmoBbIAENEHAE 32 CUET PEAKIIMIA OKMCIICHHUS METAIIA
HAYMHAET IPEBHIIIATH TEINIONOTEPH B OKPYKAIOIIYIO CPELY, UTO BEI3BIBAET CYIIIE-
CTBEHHBIN CaMOPa30TrPEB YaCTHII.

Otnuyne TemmepaTyp Hadaiga CHHTE3a 110 U rmociie MA CBSI3aHO HE TOJNBKO C
H3MeNbYeHHEeM KOMITOHEHTOB HIMXTHI, 00pa30BaHUEM Pa3IMYHOTO poja Jedek-
TOB, HO ¥ C BOSHHKHOBEHHEM 3apOJIbIIIei HOBBIX (a3 (puc. 3, 8), 4TO JOKa3hIBa-
etcst Taxoke MerogoM UK-criekrpockonmm.

B npoaykrax cuHTe3a 6€3 MCIOIb30BaHUS MA TPUCYTCTBYIOT YaCTHIIBI KO-
0anbTa, OKPY)KEHHBIE OKCHIHON 000j0ukoi (puc. 4, a). Pearrenoda3oBeiii u
MUKPOPEHTT€HOCHEKTPAITBHBIN aHATN3BI IIOATBEPIKIAIOT 3TO.

Puc. 3. Mukpodororpaduu mmxtel murmenta cucremsl ZnO-MgO-CoO-Al,O3 6e3 MA (a)
u ¢ MA - 60 c (6, 6) (Philips SEM 515)

Puc. 4. Mukpodororpaduu nvmpos nponykroB CB-cuHTE3a MMrMEHTa CUCTEMBI
Zn0-MgO-Co0-Al,O3 6e3 ucnonb3oBanust MexanoakTusauuy mmxtel (Camebax, X1000)
(a), ¢ uCroNIb30BaHUEM MEXaHOAKTHBAIMH IMXTHI B TedeHue 60 ¢ B I1aHeTapHON
menbruie M3 (Axiovert 200M) (6) u (Philips SEM 515) (8);
rae I — Co, 2 — Co0, 3 — mmnuHenb
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B pesynbraTte MexaHoaKTHBAIIMM pa3Mep 3€peH MIMUHENH B mpoaykrax CB-
CHHTE3a YMeHbIaeTcs U coctaBiisieT ~1 MM (Philips SEM 515) (cwm. puc. 4, g).

Merannmueckne BKIIOUEHHUS K0OalbTa, BRIACIHMBIIETOCS B Pe3yibTaTe Tep-
MHUTHOW peakllny, He 0OHAPYKUBAIOTCS, UTO yKa3bIBaeT Ha ogHOopoaHocTs CBC-
npoaykra (cMm. puc. 4, 6). 9T0, BO3MOXHO, CBA3aHO C 3a()POHTAILHBIMHU IOCT-
MPOLIECCaMU, B PE3yIbTATe KOTOPHIX MPOUCXOIAT OKHCICHUE MEIKUX JaCTHUYCK
KobGanbTa 1 oopazoBanue mmuHEeTH CoAl,Oy.

OTcyTcTBHE MOMIUIABICHHBIX U CIIEKIINXCS YIACTKOB IOBEPXHOCTH Ha MHK-
POCTPYKTypax MUTMeHTa rmocie MA moATBepKaaeT To, UTO MPH UCIIOIE30BAHUH
MEXaHOAKTHBAIIUH PEaJN3yeTcsl MPEHMYIIECTBEHHO TBEpAO(a3HBI MeXaHH3M
oOpa3oBanus mmuHeNeH. [IpoayKT mpencraBiser coOol pacchImuaThlii MENKO-
JCIIEPCHBIH IMOPOIIOK, YTO sIBJIseTCs OonbimuM nocTrkeHueM B CBC mporec-
cax. CpemHuil onpenensieMplid TMaMeTp YaCTHUI] MTOCIIe U3MENbYEHUS MTPOAYKTa B
mapoBoii MenpHUIE B Tedenwe 30 muH cocraBiser 5,33 mrm. Jlomst cambix
KPYIIHBIX YaCTHI] pa3MepoM 28 MKM He3HauuTeNbHa U He npebimaer 0,2%.

brmuzocts mapamerpoB pemrerok mmmuHened CoAl,O4 MgALO4 u ZnAlO4
CrocoOCTBYeT O0pa30BaHHUIO MEXTy HHMH TBEPOBIX PACTBOPOB 3aMEIICHHS
ZnMg,Co;_yAl,O4, Tae 0 < (xt+y) < 0,3. YBenuuenue cofepKaHHs alOMO-
MarHe3uallbHOW M aJIOMOIIMHKOBOW MITTMHEICH B MUTMEHTE M3MEHSET I[BET Ha
0oJree CBETIIBIN.

UK-criekTpockonmuyeckne HCCIEOBaHUsT O0pasloB IMHTMEHTa CHCTEMBI
MgO-ZnO-Co0-Al,O3, cHHTE3MPOBAHHOTO 0€3 MCIOIB30BaHu MA, TIoka3aim,
YTO MPOIYKT CHHTE3a HMEET HEOTHOPOIHBINA cocTaB (pHcC. S5).
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Puc. 5. UK-ciekrpsl iurmenra cucrembl MgO-Zn0-Co0-Al,0;
C HCTIONb30BaHUEM MexaHoakTuBaluu (/) u 6e3 Hee (2)
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Tak, npu 670,9 1 566,5 cM ' HAGIIOAOTCS KONEOGAHMs CBSI3EH TETpadapHe-
CKH KoopauHupoBaHHOTO KoOanbTa [CoO4] U OKTAdIPUIECKH KOOPAMHUPOBAH-
Horo amoMuHus [AlOg] COOTBETCTBEHHO, OTHOCSIIMECS K aIiOMOKOOaIbTOBOM
mmuHenn. [Ipu 802,9; 1021,9 u 1061,7 em ! TIPOSIBJISIFOTCST KOJICOAHMsI CBSI3EH
obpamenHoi mmuHENMH AlC0,04. IMomockl mornomenus npu 1100,2; 601,9 u
467,5 cM ! oTHOCSATCS K a-Al,Os;. Konebanus terpasapuueckoro nuHka [ZnOy4] B
ZnAl,O4 Habmogarotest pu 531,9 oM .

[Ipumenenne MA mMXTHl yBENTMYHMBAET OJHOPOJHOCTH MUTMEHTA, MPEICTAB-
JsroILero codoi TeepabLil pacteop mmuHenel cocrapa Zn Mg Coi AL Oy, Ilpn
689.4 cM ' HabnroaeTCs KOIeGAHHE CBA3CH TETPadAPUIECKH KOOPIUHUPOBAH-
Horo kobanpra [CoQ4]. Yactnunas 3ameHa [CoO4] Ha [MgO4] B cTpyKType
IIMTAHENTN TPUBOINUT K CMEIICHUIO 3TOH ITOJIOCHI ITOTJIOMIEHHSI B BEICOKOYACTOT-
Hyro obnacte MK-cniektpa. Konebanus kopyHna He HaOmoxarotes [5]. Pentre-
HO(A30BBIN aHATH3 ITOATBEPKAACT HATMIHE dTUX (a3.

3akiroueHne

Ucnonbs3zoBaHnue MexaHoaKTHUBaUKMK MMXThI Ipu CB-cuHTE3€ NMUrMEHTOB Ha
OCHOBE QJIFOMOKOOAIBTOBOH ImuHemn cucteMbl ZnO-MgO-Co0O-Al,O5 npuso-
JINT K CHIPKCHHIO HadalbHOU TeMrepaTypsl cuate3a Ha 170°C, cuHTe3 mUTrMeH-
TOB HauMHAETCS B TBepHoi (ase, rryOrHa MpeBpanieHns] KOHEYHBIX MPOIYKTOB
yBenmuuBacTcs. [INTMeHTH Ha OCHOBE aJIFOMOKOOAIBTOBOM INMTUHENN B MEJKO-
JWcIiepcHoM coctostHuH B Tiporiecce CBC monydeHbl BIiepBble H MOT'YT OBITH
HCIIOJIB30BAHEI B COCTABE CHHIX M TOMYOBIX KEPAMHUECKHX KPACOK.
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INFLUENCE OF MECHANICAL ACTIVATION
ON PHASE COMPOSITION AND STRUCTURE
OF SHS SPINEL PIGMENTS

Ceramic spinel pigments were produced in the ZnO-CoO-Al,O; and ZnO-MgO-
CoO-Al,O; systems by the self-propagating high-temperature synthesis method using
mechanical activation of initial components.

The powders of cobalt oxides (Co,0; Co3;0,), zinc, magnesium, aluminum,
magnesium nitrate and SDA-4 aluminum powder were used as initial components.
The SHS synthesis of pigments was conducted in the constant pressure installation
heated in air at atmospheric pressure. The samples were ignited from the frontal
surface of the sample by an igniting spiral. The temperature was controled using W-
Re thermocouples placed in the center of the samples.

Mechanical activation of initial reactionary mixtures was conducted in air in the
M3 planetary ball mill with an acceleration of 45 g. The volume of milling drums was
10 dm’, the mass of the green mixture was 50g, the ratio between the mass of the
powder and the mass of balls was 1: 6.

The initial and finished products of SH-synthesis were identified using X-ray
diffraction analysis (DRON-UMI, filtered Co K,-radiation), electron microprobe
analysis (Camebax-Microbeam analyzer) and infrared spectroscopy (IR-Fourier
spectrometer Nicolet 5700). Optical microscopy (Axiovert 200M) and scanning electron
microscopy (Philips SEM 515) were used to study the microstructure of pigments
obtained. Thermal analysis for the green pigment mixtures in the ZnO-MgO-CoO-Al,0;
system was carried out before and after mechanical activation using the SDT Q600
analyzer in the temperature range of 25-1200°C at a heating rate of 20°C/min in air.
The dispersed pigment composition was determined by the dynamic light scattering
method using the ZETASIZER NANO ZS device (Malvern «Mastersizer 2000).

Oxidation of aluminum realized through direct oxidation of aluminum and a
thermite reaction with cobalt oxide during the SH-synthesis of pigments was found to
result in self-heating of the green mixture up to a temperature above 1000°C and the
formation of spinels. Grinding of the green pigment mixtures in the M3 planetary mill
with an acceleration of 45g for 60 seconds leads to a decrease in initial temperature of
SH-synthesis (Ty) at 170°C, i. e. from 650°C to 480°C. The maximum temperature of
synthesis (T,,..) also slightly decreases afier mechanical activation. The change AT=T;—
Tax from 1100°C to 1250°C indicates an increase in conversion efficiency of spinels.

The difference in the synthesis temperature before and after mechanical activation
is connected not only with grinding of green mixture components and the formation of
various defects, but also with the occurrence of new nucleating phases.

Thermal analysis of the green pigment mixture in the ZnO-MgO-CoO-Al,O;
system after mechanical activation in the M3 planetary mill has shown that there is
decomposition of Co;0, oxide to CoO during grinding, as evidenced by the absence
of endoeffects at 912.8°C on a curve of differential scanning calorimetry. Metal
inclusions of cobalt formed during a thermite reaction are not detected. The absence
of the submelting and sintered surface in the finished pigment confirms the fact that
mechanical activation of the green mixture leads to the solid-phase mechanism of
spinel formation.

Keywords: spinel; ceramic pigments; aluminum,; self-propagating high-
temperature synthesis.
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