MUHHCTEPCTBO HAYKH U BBICIIETO 00pa30BaHUs
Poccuiickon ®enepanun
SpocnaBckuy rocynapctBeHHbIM yHuBepcuTeT uMm. I1. I'. JlemnaoBa
Kadeapa MUKpPOIJIEKTPOHUKHY U 0011IeH PU3HKU

MATEPHAJIBI
3JIEKTPOHHOHU TEXHUKHU

[IpakTukym

SpocnaBnb
Apl'y
2019



VIK 621.38(076.5)
BBK 385173
M34

Pexomenoosano
Peoaxyuonno-uzoamenvcxkum cosemom ynusepcumema
8 kauecmee yuebHoeo uzoanus. Ilnan 2019 2ooa

PenienseHnt
kadeapa MUKPOIICKTPOHUKHU U ob1Iel dhuzuku SApl'Y

CocraBurenu:
C. IL. 3umumn, E. C. I'opnaues

Marepuajbl 3JIEKTPOHHOH TEeXHUKH . TMPAKTHKYM
M34 /[cocr.: C. II. 3umun, E. C. T'opmage ; Spocn. roc. yH-T
um. I1. I'. lemunoBa. — Spocnasins : SApl'Y, 2019. — 20 c.

[IpakTHKyM TOMOJHSIET HOBBIMU J1aOOPATOPHBIMU pado-
tamu uznaHHoe 2012 r. «PykoBOACTBO MO MPOBEJACHUIO Jia-
OopaTtopHbIX paboT «Matepuanabl SJIEKTPOHHON TEXHUKH.
CoJlepKUT TEOPETUUECKUE CBEJICHUS U MTOPSIOK BBITIOJIHEHUS
Ja00PaTOPHBIX PAdOT MO U3YUCHUIO MATEPHUATIOB MOJIONKEK
JUIsl THOPUIHBIX UHTETPATIBHBIX CXEM M OMHUCAHWUIO METOJOB
ONpEe/CJICHUs Pa3MEPOB 3€pEH B Marepuanax ¢ MOJTUKpPH-
CTAJUINYECKOU CTPYKTYPOU.

[IpenHazHaueH 19 CTYIE€HTOB, HW3y4alOlIUX JUCIIHU-
IIMHY «Martepruansl 3JIEKTPOHHON TEXHUKNY.

VIK 621.38(076.5)
BBK 385173

© Spl'Y, 2019



JlabopaTopHas pao6ora 1/1

MaTepuaJjibl NOAJI0XKEK
AJISI THOPUAHBIX UHTErpaJjibHbIX CXeM

Ilenvy pabomwr: aHanu3 MOJUIOKEK TUOPUAHBIX HHTErPATBbHBIX
CXEM, IIPOBEJICHUE UX KiIacCU(PUKAIMU, U3yYCHHUE MOJI0KEK METO 1A~
MU ONITUYECKOM MUKPOCKOTIUH.

IHpuboper u npunaonexcnocmu: OINTHYECKUM MHUKPOCKOI
MMUIP-12, obOpa3usl momnoxkek crekia, cutamia CT-50, monmkopa,
anroMuHueBoi kepamuku 22XC, candupa.

Kpamkas meopus k pabome

[Tonmnoxka rudpuaHoit uaTerpaibHor cxemsl (IUC) sBusercs eé
KOHCTPYKTHBHBIM OCHOBAaHHMEM, Ha IMOBEPXHOCTH KOTOPOro (hopMu-
PYIOTCSl IACCUBHBIE M aKTUBHBIE 3JIeMEHTHI. [lommoxku ['MIC Hemo-
CPEACTBEHHO HE y4acTBYIOT (3a uckioueHuem CBU-cxem) B mpeo0-
pa30BaHUU U Nepesiaye CUrHaioB. OHU U3TOTaBIUBAIOTCS U3 JUAJIEK-
TPUYECKUX MATEPUATIOB, OOECIEUYUBAS AJICKTPUUCCKYIO H3OJSAIIUIO
AJIEMEHTOB M OTBOJ TeEIjla, BBIACISEMOro Ipu padotre cxembl. ['u-
OpUIHBIC UHTETPAIBHBIE CXEMbI U3rOTABIUBAIOTCS MO JABYM TEXHOJIO-
russM. TonkoreHounsle ['MIC co3maroTcst mocinenoBaTebHBIM HAHE-
CEHHMEM Ha TOJJIOXKKY TOHKUX IUICHOK TOJIIHWHON MeHee | MKM
IIpY MOMOIIM HaNbUICHUS B BaKyyM€ WA HWOHHOTO pPacHbUICHUS
¢ hopMHUpPOBaHUEM PUCYHKA B Ka)KJIOM CJIO€ METOJOM (POTOIUTOIpa-
¢bun. B toncromenounbix ['MIC mijieHOYHBIE TTACCUBHBIC AJIEMEHTHI
tonmuHoM 10-50 MKM co3maroTcsi METOAOM TpadapeTHOW IeyYaTu
C IIOCIIEAYIOIIEH  omepaluer  BXUTaHUA  [pU  TeMIeparype
600-1000°C. Pa3znuuHble TeMIlepaTypHbIE PEKHUMBI ISl ABYX TEXHO-
JIOTHI ONpEeNeNaoT BBIOOP MOMJIOKEK C pa3HbIMU cBoiicTBamu. K Ma-
TepUaly MOAJIOKKHU MPEIBABISIOTCS CIETYIONINE TPEOOBAHHS.

1. Xopormiue 3JeKTPOU30JIAIMOHHBIE CBONCTBA: BHICOKOE YJI€Ib-
HOE CONPOTHUBIIEHUE Py > 10" Om-M, manas JTUADJICKTpUYECKask TPOHU-
naemMoctb € < 10, mManpli TAaHTEHC Yrila AUAIEKTPUYECKUX TMOTEPH
(tgd). DTu cBoOMCTBAa 0OCCICUMBAIOT HAJCKHYIO DJICKTPHUYSCKYIO M30-
JISILIUIO U OTCYTCTBUE MAPA3UTHBIX EMKOCTHBIX CBSI3€HA MEXKY JIEMECH-
TaMH HHTErpajabHol cxemsl (MC).

2. Boicokass uncToTa O0O0paOOTKM MOBEPXHOCTH MOJJIOKKH
(12-14 xmacc), HeoOXommmas IJIsi OOECIEUYCHHUS OIHOPOIHOCTH
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¥ BOCIIPOM3BOAMMOCTHU JJICKTPHUUECKUX TTapamMeTpoB dineMeHToB MC.
HecoBepiiieHcTBa MOBEPXHOCTH MOJJIOKKH MEPEAAOTCS B HAHECEH-
Hble Ha HUX IUICHKH. Ha 6osee rpyObIX MOBEPXHOCTSX IOJYUYarOTCS
MJICHKW C OOJBIIMM COMPOTHUBICHHEM M HHU3KOW CTAOMJIBHOCTBHIO.
Oco0eHHO YYBCTBUTEIBHBI K Ae(PeKTaM IMOIOKKHA JTUIJICKTPUYIC-
CKHE€ IUICHKM. YMEHBIIEHHE TOJIIMHBI AUAJICKTPUUYCCKON IICHKH
KOHJIEHCATOpa HAa MHMKPOHEPOBHOCTSX MOIJI0XKH MOXET BbI3BATH
npo6oit. Mcxonst U3 3TOr0 BHICOTa MUKPOHEPOBHOCTEH MOIJIOXKKHU
He noJbkHa npeBbimath 0,025 MM 11t TonkomieHouHbsix MC, Torma
Kak 1 TojictomieHoYHBIX MC oHa MokeT pmocturath 0,5 MKM.

3. Bricokast MIIOCKOCTHOCTh IS 00€CTeUYCHUs TUIOTHOTO IIpHJe-
raHus 1mabjgoHa (Mackd) K IOJJIOKKE B ToHKomuieHOoYHbIx ['MC
(£1MKM/MM) B PaBHOMEPHOCTH 3a30pa MEXIy TpadapeTroMm U TOA-
70koi B TojicrorieHouHbIX [ IC (0,04 Mm/MMm).

4, Huzkass TIOPHUCTOCTh IIOBEPXHOCTH M 0O0BEMa IOJJIOKKHU
JJIs1 UICKJIFOYEHUSI MHTEHCHBHOI'O Ta30BBIJICIICHUS, U3MEHSIONIEro Ia-
pametpsl anemenToB VC.

5. Beicokasi TErmaonmpoBOAHOCTh MaTepHraia MOJJI0KKH yMEHbIIIa-
€T pa3orpeB AJIEMEHTOB CXEMbI, MO3BOJISIET JTIOCTUTHYTh 00JIE€ BBICO-
KOM IJIOTHOCTH YNAKOBKH M IMOBBIIIAET JONMYCTUMYIO PACCEUBAECMYIO
MomHocTs I UC.

6. Boicokas tepmoctoiikocth (600...1000 °C) u cTOHKOCTH K Tep-
MoyJapaM 00eCHeurMBalOT BO3MOXHOCTh HarpeBaHUs IOJJIOKKHU
npu uzrorosyiiennu 'MC (B mporiecce HaHECEHUs MJICHOK WJIM BBICO-
KOTEMIIEPATyPHOTO OTXKHUTA).

/. XuMu4eckass MHEPTHOCTb K OCaXKJIaeMbIM MaTepuajiaM U XH-
MUYECKHM PacTBOpaM-TPaBUTEISIM HEOOXOJauMa MJig CTaOMIHLHOTO
BOCIIPOMU3BEICHUS MAPaAMETPOB CXEMBI.

8. TemnepatypHble KOI(POUIIMEHTHI JUHEWHOTO PaCIIUPEHUS
(TKJIP) moasioKKu AOJKHBI OBITH MPENEbHO COTJIacOBAaHBI C COOT-
BETCTBYIOIIMMHU MapaMeTpaMU TUICHOK Il MUHUMHU3AIlUM MEeXaHuYe-
CKHMX HANPSIKEHUI B IJICHOYHBIX CTPYKTypax.

9. Beicokast MexaHM4YecKash MPOYHOCTh TMPU MajbIX TOJIIUHAX
CIIOCOOCTBYET COXPAHEHUIO ILIEJIOCTHOCTH TMOJIJIOKEK MPU U3TOTOBIIC-
HuM 1 skcruryatamnuu ['NC.

10. HeBrIcOKast CTOMMOCTE MOUIOKKH 00eCIIEYNBaET DKOHOMMUYE-
CKYIO 11€JI€CO00pa3HOCTh BBIOOpA THUIIA MOIJIOXKKH.



MartepuanoB, KOTOpbIE HACAIBHO YAOBJIETBOPSUIA OBl BCEM Tpe-
OOBaHUSIM, OYEBUIHO, HE CYIIECTBYET, MOATOMY BBIOOp MaTepuaia
MOJIOKKH TTPOU3BOJAUTCS C YUETOM TPEeOOBAHUIN TEXHOJIOTUU U 00Jia-
CTU TIpUMEHeHUs. J[JI1 MOJUITOKEK HCIONB3YIOT HEOPTaHUYECKUE JU-
MEKTPUUYECKUE MaTepUalibl, aMOP(PHBIE U MOTUKPUCTAULTNYECKUE —
CTEKJIO, CUTAJLJI, KEPAMHUKY .

OTAMYUTENBHON OCOOEHHOCTBhIO MOJIOKEK MHUKPOIMOJIOCKOBBIX
CBY-cxem (3-30 I'Ty) siBisieTcst TO, YTO AUDIIEKTPUUECKAsT MOJIOKKA
HE TOJIbKO CIY>KUT MAaCCUBHBIM OCHOBAaHUEM, HO M MUMeeT (PYHKIIHO-
HalbHOE Ha3HaueHue. [loslockoBas nWMHHUS miepegadyum oOpazyercs
B TOJIIIE MEXKy HUKHEN METAITIM3UPOBAHHOW MOBEPXHOCTHIO U MPO-
BOJTHUKOM, HAHECECHHBIM Ha BEPXHIOIO MOBEPXHOCTH, MIO3TOMY OCHOB-
HBIM KpUTepUeM npu BeiOOpe noayioxek aisa cxeM CBY sBusiercs co-
YETAHUE BBICOKOUN JTUAIIEKTPUUYECKON MPOHUIIAEMOCTU C MalbIMU JIU-
NEKTPUUECKUMH TTOTEPSIMHU (tg0 ~1O_4).

CpaBHUTEJIbHBIE XAPAKTEPUCTHKH MATEPHUAJIOB,
NMPUMEHSIeMbIX ISt M3roToBJeHns nomuaoxexk ['MC

B xauectBe momioxkek myis TOHKOIIEHOUHbIX ['MC ucnonb3yroT
CTEKJIO Y CUTaJ, a JJIsl TOJICTOTIEHOUHBIX — KEPaAMUKY.

Homyoxku u3 crexkiaa. IlepBpiMu MaTepuagamu, UCHOIb30BAH-
HBIMU JUIsl MOJJIOkKEK TOHKOIuIeHOUHbIX [MIC, Obum crekna. OHu
MPEACTaBISAIOT COO0OM HEOpraHuYecKrue aMop(HbIE TEPMOIIIACTUYHBIE
MaTepHalbl, MOJy4aeMbI€ IMyTEM MEPEOXIKACHUS )KUAKOTO pacijiaBa
okuciioB (Si0,, B,0s3, Al,03, Na,O, CaO u np.). K mocromncTBam
CTEKJIIHHBIX TOJJIOKEK OTHOCUTCA BO3MOKHOCTb MOJIyYEHHUS BBICO-
KOW YHCTOTHI MTOBEPXHOCTH M BBICOKOW IIOCKOCTHOCTH (1 MKM/MM),
OTCYTCTBHE IOP U BIAronpoOHUIIAEMOCTH, HU3Kasi CTOUMOCTh. OJTHaKO
HU3Kasg MEXaHUYEeCKass MPOYHOCTh M HU3Kas TEIIONPOBOJHOCTh
(cM. Tabin. 1) orpaHUYMBAIOT UX TPUMEHEHHE.

Ioanoxku u3 curauia. OCHOBHBIM MaTepHaliOM ISl MOIJIOKEK
ToHkorieHoUHbIX [ MC sBisitotTest cutamibl. K cutamiam oTHOCST mate-
pHUalibl, TOJy4Yaemble, MOJOOHO CTEKITy, CIUIABJIEHHEM HEOPraHWUYECKUX
OKHCJIOB, HO MOJIBEPracMBbIE 3aTE€M YIIPABIIEMON KpucTaumsauuu. Kpu-
crajuinyeckas paza y cutaiuioB coctanisger 60-95% odbvema. B pesyiib-
TaTe (popMHpyeTCs NPOAYKT KPUCTAIUIM3ALMH CTEKIA C OUYEHb MEJTKUMU
(0,01-1 MxM) 1 paBHOMEPHO pacIpeelIiCHHBIMU 110 00hEMY KPHUCTAIUIA-
MU, COEIMHEHHBIMHU aMOP(HBIMU MPOCIOMKAMHU OCTATOYHOT'O CTEKIIA.



MukpokpucTainyeckass CTpyKTypa CUTaUIOB OOYCJIOBJIEHa CO-
OTBETCTBYIOIIMM COCTaBOM cTekia. Kpome Toro, B HUX €1ie BBOJAT
CHeIaIbHbIE KaTalM3aTOPhl KPUCTAUIM3AIUA, KOTOPHIMH MOTYT
ObITh OJAaropoJHBIE METaJUIbl (30JI0TO, cepedpo, TUIaTHHA), a TaKKe
quCTasi Me/ib. DTH KaTaJIM3aTOPbI, BBOAUMBIC B OU€Hb MAJIbIX KOJHUYe-
CTBaX, BBI3BIBAIOT KPHUCTAIIM3ALMIO MMPH OOJyYESHHUH yIbTpa(uoaeTo-
BBIM CBETOM WJIH Y-TydaMmu. Tak momydarT porocurtanisl. Karanuza-
TOpaMu MOTYT ObITh U OKHCIBI MeTauioB (Ti0,, ZnO u ap.), XOpoIio
pacTBOPUMBIE B CTEKJIC. DTH KaTaJu3aTOPhl BHI3BIBAIOT KPUCTAIM3A-
[MI0 MPU CTYyNEHYATOM TepMUUYECKON 00paboTKe MpH TeMmrmeparypax
550-1100 °C. Tak monywaror TepMocuTaibl. braromapsi BBICOKOM
CTENEHN KPUCTAJUIM3AIIMA CUTAJUIBI 00JIaal0T IIEHHBIM COYeTaHHUEM
(U3UKO-XMMUYECKUX CBOMCTB: MEXaHHMYECKON MPOYHOCTHIO, TBEPIO-
CTBhIO, TEPMUYECKOM U XUMUYECKOU CTOMKOCTHIO, a TAKKE XOPOIIUMHU
IEKTPUICCKUMH CBOKCTBaMU. J|OCTYIMHOCTh CBHIpbSI M IMPOCTas TEX-
HOJIOTHSI 00€CTICUMBAIOT HEBBICOKYIO CTOMMOCTD HU3CIIHIA.

CUTanasl 3aHUMAIOT MTPOMEKYTOYHOE TMOJIOKEHUE MEXKIY OOBIY-
HBIMU CTEKJIaMH W KepamMukoi. CHUTa/Ibl — TUIOTHBIE MaTepHalbl
OT 0€eJI0ro 10 KOPUYHEBOTO 1IBETa, COYETAIONINE BHICOKHE AUAIICKTPH-
YeCKHUe U TeMIepaTypHble cBoicTBa. CuTamn xopouio oopabaTsiBacT-
csl, TIOJIMpYyeTCs, 001agacT Majol Ta30NMPOHHMIIAEMOCThIO. bonbImH-
CTBO CUTAJUIOB MPEJICTABIISIIOT COOOM KOMITO3HUIIMU HA OCHOBE CTEKJIA
SiO, u oxucu amomunusg Al,O3 ¢ no6asnennem TiO,, MgO u mp.

YcinoBHoe 0003HAaUE€HHWE MapOK CTEKJIa W CHUTalla COCTOUT
u3 OykBenHoro koma (C — crekno, CT — curamn), ciuemyromas
3a HUM [U(dpa — 3HAYECHHE TEMIEPATYpPHOTO KO3(P(UIIMEHTA JTUHEH-
Horo pacmmpenus TKJIPx 10" 1/°C, nanee cieayeT HoMep pa3paboT-
k. Hanmpumep, CT-50-1, curamn, TKJIP = 50-107" 1/°C, nepas pas-
pabotka. Jlns mnommoxek WC mnpumensitorcs cutamibl CT-50-1,
CT-50-2, CT-32-1 u apyrue.

Hommnoxkku u3 kepamuku. Kepamnka — marepuan, nojry4yacMblid
CIICKaHWEM TIOJT BBICOKUM JIABJICHHEM MAcChl, COCTOSIICH U3 OKHCIIOB
METaJJIOB, HUTPUIOB WM KapOmmoB. Kepamuka SIBISICTCS ITOJIUKPH-
CTALTUYECKAM MaTepuajoM, MPOYHOCTh U MOHOJHMTHOCTH KOTOPOTO
00€eCIeYnBaIOTCSl CTEKJIOBUJIHOM MPOCIOMKOM MEXKIy KpHUCTaIaMH,
a CBOMCTBA 3aBHUCAT OT XHUMHYECKOT0, ()a30BOTO COCTABOB U TEXHOJIO-
MM W3TOTOBJIEHUA. [|Jsi TOoMydeHus] KepaMUYECKUX TOIJIOKEK C YH-
CTOTON TIOBEpXHOCTH 12 Kilacca HeoOXoauma KepaMHKa MEIKOKPH-



CTATUYECKON CTPYKTYpHI C pa3MepaMu 3epeH He Oosee 3 MKM, OJIHO-
¢da3Has, ¢ MUHUMAJIbHBIM COJIEpKAHUEM CTEKJIa. JTUM TPeOOBaHUIM
YJOBJICTBOPSIFOT YUCThIE OKUCIIBI. B HacTosiliee BpeMs OCHOBHBIM Ma-
TEPHATIOM UL NOJIOKEK ABIAECTCS OKUCH anmfoMuHusa Al,O3 (monukop);
B OCOOBIX CTy4asx MpuMeHsieTcs: okuck oepusutus BeO (6pokepur).

Mapku KepaMU4eCKuX MaTepUalioB JJIsl MOIJIOMKEK:

1) 22XC — 96 % A1,03, xpuctayunueckas daza 89 %;

2) nmomkop — 99,7 % A1,03, kpucramummyeckas daza 99 %;

3) 6pokeput — 95-98 % BeO + (3-5) % A1,0,, Ca0, SiO..

OC00EHHOCTBIO MOJJIOKEK W3 OKUCU OCpUIUIHS SIBIISIETCS UX BBI-
COKasl TEIUIONPOBOAHOCTH BenMunHou A0 325 BT/(M:Tpan), mpeBocxo-
JsIasi TeTUIONPOBOJHOCTh YUCTOIO0 OCpUIUIMS U JIaKe aTIOMHUHUS.
[Tostromy mx ucnoab3yroT mais MouiHbix ['MMC. HemoctaTkoM Oepuii-
JIMEBOU KEPAMUKH SIBIIETCS TOKCUYHOCTh OEPUILTMEBOM TBLIH.

BONBIIMHCTBO KEPAMHUYECKUX MOMJIONKEK MMEET 3aMETHYIO KpH-
Bu3Hy (~0,04 MM/MM) U IIEPOXOBATOCTb MOBEPXHOCTH, BO3HHKAIO-
nyto npu oxure. st obecnedeHnss HEOOXO0AMMOUM YHCTOTHI TOBEPX-
HOCTH TOJJIOKKY TMOJBEPraroT NUIMGOBAHUIO C TOCICAYIONUM MOJIH-
poBanueM. OHAKO KEPAMUUYECKUE MOJJI0KKN YCTYNAIOT CTEKISTHHBIM
U CUTAJVIOBBIM IO YHCTOTE MOBEPXHOCTU M IJIOCKOCTHOCTH, & TAK¥Ke
UMEIOT 00Jie€ BBICOKYIO CTOMMOCTh, OCOOCHHO TOJIOKKUA U3 OpOKe-
puta. [loanoxku u3 GpokepuTa B CTO pa3 IOPOKE MOMTI0KEK U3 CTCK-
Ja, 4TO OOBSICHSETCA BBICOKON CTOMMOCTBIO CBHIPbSl U CJIOKHOCTBIO
npousBojAcTBa. [loMpoBKa KEpaMUUECKUX MOJTIOKEK YBEIMUMBAET UX
CTOMMOCTb B TPH pasa.

OCHOBHBIE JOCTOMHCTBA KEPAMUYECKUX MOJIOKEK:

1) BeICOKasl TEIUIONMPOBOIHOCTh (Ha 1-2 TOpsaka BBIINIC, YeM
y CUTAIIJIOBBIX);

2) BbICOKash MEXaHHUECKas IIPOYHOCTD;

3) BBICOKas TepMHuueckas cTabuiabHOCTh (J10 2000 °C);

4) MaJIbIid TAHTEHC YIJIa TUAICKTPUICCKUX ITOTEPD.

[TapameTpsl OCHOBHBIX MaTepuanoB mis nojioxek I'MC npuse-
JIEeHbI B Ta0I. 1.

Jpyrue BUabI NOAJI0KeK. Hapsiny ¢ onMcaHHBIMU B TEXHOJIOTUU
['MIC moryT OBITH KCHOIB30BaHBI Apyrue Moasioxku. [Ipexnae Bcero,
TO METAJUTMYECKUE TIOIJIOKKH, TOKPBITHIE CJI0EM JTUAJICKTPHKA.
OOBIYHO TMPUMEHSIOT MOMJIOKKH AITIOMHUHUEBBIC, MOKPBITHIE CIOEM
JTWRJICKTpUKA TOMHUHON 40—60 MKM WK SMaTupPOBaHHbBIC CTaIbHBIC.
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X npuMeHstoT 11 u3rotosyieHust TonkoraeHounsix ['MC, koraa
TpeOyeTcs 00eCHeYnTh XOPOIINH TEIUIOOTBOI, BBICOKYIO MEXaHHYE-
CKYIO ITPOYHOCTb.

B TOHKOIIJIEGHOYHON TEXHOJOTHH MOTYT OBITh MCITOJIB30BaHBI I10-
JIMuMHuAHbIEe TICHKU ToamuHou mo 100 mim. Ilommmmma — Kiace
TEPMOCTONKHUX MOJIUMEPOB ¢ paboTocnocodHocThio A0 200 °C. Heno-
CTaTKOM MaTepuayia SIBJISIETCSI CPAaBHUTEJIBHO BBICOKOE BJIArOIOTJIO-
IIEHHUE, TTOATOMY NOJMHUMUIHAS TICHKA HYXJAETCS B TEXHOJIOTHYE-
CKOU CYIIIKE W 3aIUTE.

st TUC, pabotaromux B CBY-amana3zone, MOXET ObITh MpHUMeE-
HEH candup — MOHOKPHUCTAJUTMYECKUN okcua amoMunus. OH o0amaer
MaJlbIMU JTU3JIEKTprudeckuMu notepsimu B CBY-nnana3zone, BBICOKOM
TEIJIONPOBOIHOCThIO, MEXAHMYECKON ITPOYHOCTHIO, YCTOWYHMBOCTHIO
K BO3JCHCTBUIO BBICOKOM TemIepaTypbl. MaTepuana XopoIo MoJupyeT-
csi 10 14 xmacca unctoThl. CTOUMOCTD canUpOBBIX MOIOKEK KpaiHe
BBICOKA, YTO OIPAHMYHUBACT 00JIACTh UX MPAKTHICCKOTO IPUMCHEHHUS.

Ilopsaook evinonnenus padomot

1. O3HaKOMUTBCS C MPEATOKEHHBIM HA0OPOM IIOJJIOKEK, OIpe-
JIenuTh UX marepuan. [IpoBecT m3MepeHHE reoMeTpUYeCcKUX Iapa-
METPOB TOJJIOKEK (COOTBETCTBUE CTAHIAPTY).

2. Ha ontmueckom Mukpockorne «MUWP-12» paccmoTpers oco-
OeHHOCTH paboueil U 00paTHOM CTOPOH MPEJI0KEHHOTO0 Habopa Mo-
JI0%KEK, OMMUCAaTh OCOOCHHOCTH CTPYKTYpPbl HOBEPXHOCTH paboyel cTo-
POHBI M1 OOPAaTHOM CTOPOHBI MOJIOKEK.

3. ChopMynrpoBaTh BBEIBOJBI 110 paboTe, B KOTOPHIX yKa3aTh OC-
HOBHBIE 0coOeHHOCTH nooxek s ['NC.
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JlabopaTopHas pao6ora 2/1

OnpejesieHHe pa3MepPoOB 3epeH B MOJMKPUCTALIAX

Ilenv padbomobi: 03HAKOMIJIEHUE C OCHOBHBIMH METOJaMHM OMpEe-
JICHHSI pa3MEPOB 3€PEH B MOJUKPUCTATIIMYECKUX MaTepualiax, OlleHKa
pa3MepoOB 3epeH KOHKPETHBIX MOJUKPUCTAIIIOB HA OCHOBAaHMH aHAJIM-
3a DJIEKTPOHHO-MUKPOCKOIMMIECKUX U300paKECHHUH.

Ilpuéboput u npunaonexcnocmu: HadOpP NEKTPOHHBIX MUKPOGO-
Torpaduil MOJUKPUCTAIINYESCKUX 00pa3IIOB.

Kpamkas meopus k pabome

OcHOBHbIE TEPMHUHBI
JJIS1 ONMUCAHMS MOJUMKPHUCTAIINYECKON CTPYKTYPbI

Kpucrammuaeckue TBepAple TeJla MOTYT UMETh MOHOKPHUCTAJIIN-
YECKOE€ WM MOJUKPUCTAIUIMYECKOE CTpoeHue. Monokpucmanivl —
TBEPJABIEC TENA, AaTOMBI KOTOPBIX MPUHALIECKAT €AUHOW KPUCTAILIAYE-
CKOW pemerke. [loaukpucmannbl — TBEpABIE Tena, COCTOSIINE
Y3 MHOKECTBA PA3JIMYHO OPUEHTUPOBAHHBIX 3€PEH, OTAECIEHHBIX IPYT
OT Jipyra rpaHuuaMu. I panuyeii Ha3bIBA€TCA TMOBEPXHOCTh, MO 00€
CTOPOHBI OT KOTOPOM KPUCTAJIMYECKUE PELICTKU PA3JINYAIOTCA IPO-
CTPAaHCTBEHHOM OPHUEHTALIMEN: OPTOTOHAJIbHAS CUCTEMA KOOPAMHAT
OJIHOTO M3 COCEJHUX 3€PEH NMOBEPHYTA OTHOCUTEIBHO CUCTEMBI KOOD-
IUHAT Apyroro 3epHa. ['paHuua 3epeH npeacrasisieT coOON nepexoi-
HbI CJIIOW IMPUHOW |-5 HM, B KOTOPOM HAapylIE€HAa MPaBUIbLHOCTH
PAaCIIONIOKEHNSI aTOMOB, UMEIOTCS CKOIUIEHHS TUCIIOKAUA W TOBBI-
[I€Ha KOHLEHTpauus IpuMeceld BHEIPEHUs (aTOMbI KHCIOPOA, yrie-
poaa, a3oTa u T. A.). ['paHUIIBI MEXIy 3€pHAMH MOJUKPUCTAIIOB SIB-
JSIFOTCSL 001bUEY2NI08bIMU, YTO PA3OPUCHTAIIUU TTPU ITOM COCTABJISIET
oosiee 15 rpanycoB. Ecinu BHYTpH 3€peH MOIUKpPHUCTAIa HaOI01a0T-
csi Oosiee MEJKHUE pa3OpPUEHTUPOBaHHBIE 00JACTH, TO TOBOPST O CyO-
3epEeHHOM, (h)parMEeHTUPOBAHHON U 01104HOM cyOCcTpyKType. Eciu yron
B3aUMHOM Pa30pUEHTALUN MEXAY COCEIHMMH OJIOKamMu, CyO03epHaMH
Wik ¢pparMeHTaMud He MpeBbIIAeT 15 rpaaycoB, TO TaKUE T'PAHUIIBI
Ha3bIBAIOT MAI0Y2/I08bIMU.

BennunHa 3epHa CyIIECTBEHHBIM 00pa3oM BJIUSET Ha CBOMCTBA
MaTtepuaioB. Takne MEXaHMYECKUE CBOMCTBA METAJJIOB M CIUIABOB,
KaK Mpeaen TEKYy4eCTH U TBEPAOCThb, TeM OOJIbIIE, YEM MEHBIIE pa3-
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Mep 3epHa. s psia MeTalioB M CIJIaBOB MPU YMEHBIIIEHUU pa3mepa
3epHa (MeHee 10 MKM) mpuU ONpEAETEHHBIX TEMIIEPATYpPHO-CKO-
POCTHBIX YCJIOBHSX JedopMamnmu peanu3yercs siBJICHHE aHOMaJbHO
BBICOKOH TUTACTUIHOCTH (ceepxniacmuunocmu). Pazmep 3epeH BIusCT
Takke Ha ¢u3uveckue cBoMcTBa. Tak, B (peppOMarHUTHBIX CILIaBax,
yeMm OOJIbIIe CPeTHUM pa3Mep 3epeH, TeM OOJIbllle MarHUTHAs MIPOHU-
aeMocTh. Bionb rpanuil 3epeH ObicTpee, 4eM B o0beMe KpucTasia,
nporekaer auddy3us, ocobeHHO Tmpu HarpeBe. ['paHuUIB 3epeH
1 OCOOCHHO CTBIKM HECKOJIBKHUX 3€PEH SIBJISIIOTCS MECTaMH IPEUMY-
IIECTBEHHOT'0 00pa30BaHUs 3apOJbIIICH PEKPUCTATUIM3AMKN U HOBOM
¢da3bl. PazMepsl 3epeH CylIeCTBEHHBIM 00pa3oM BIIUSIOT Ha AJIEKTPO-
MIPOBOJTHOCTh MOJUKPHUCTALINYECKUX TUICHOK, a Ha TpaHHUIaX TOJy-
MIPOBOTHUKOBBIX MAaTEPHAJIOB MOTYT BO3HUKATh 00JIACTU C MHBIM TH-
IIOM TMPOBOJMMOCTH, YeM B 00BbEME 3epHa, YTO OOYCIOBIMBAET IO-
TIOJIHUTEIIBbHBIC IOTCHIIMAIbHBIC Oapbephl I HOCUTENEH 3apsa.

Pa3mep 3epeH MOKET MEHSATHCS B OUEHb IIUPOKUX Mpeseax, 00-
mas Kiaccupukanysa MOJUKPUCTALINYECKUX MaTepUajoB MpUBEACHA
B TaOJI. 2.

Tabmuna 2
Knaccugpukayua noaukpucmaniog
6 3a6UCUMOCIU OM PA3MEPOE 3ePeH
Tun 3epeHHON CTPYKTYPBI Pa3mep 3epen

Hanoxpucrasmibl 10...100 M
MuxkpokpucTauibl 0,1...1 mxm
Menko3epHUCTBIN MOJIUKPUCTAILIT 1...10 MxMm
[Tonmukpuctamn 10...100 MM
KpynHO3epHUCTBIN TOTUKPUCTAILI 100 MKM. .. HECKOIBKO MM
MoHokpucrami HECKOJIBKO MM...BeCh 00paszely

KosmyecTBeHHbIE XaPAKTEPUCTHKH 3€PeH

B uneanuzupoBaHHOM 0AHO(A3HON CTPYKType MOIUKPUCTAIIIU-
YEeCKOro Marepuasia 3epHa (KpUCTaJUIMThI) UMEIOT (opMy, KoTopas
ONPENEIACTCA YUCIOM 3apOoAbIIIeH (HampuMmep, IEHTPOB KPUCTATIIU-
3aIluM) U JIMHEHHOW CKOPOCThIO UX pocTa. Ecnu 1eHTphl KpucTauin-
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3alK OBLJIM PABHOMEPHO pacipeiesieHbl B 00beMe U CKOPOCTH UX PO-
CTa B pa3HbIX HANPaBJIEHUAX OJMHAKOBBI, TO B UJICAJIbHOM Clly4yae 00-
pasyromuecss 3€pHa OKaXyTCS BBIMYKIBIMH MHOTOTPaHHHUKAMH,
no opme OIM3KUMH K KyOmueckomy oktadapy (puc. 1 a). [Ipu atom
CPEOHHUM YrOJl MEXKAY TpPaHsMHA B IUIOCKOM ceyeHuu paseH 120°,
a 4UCIIO 3€PeH, UMEIONIUX olIee pedpo, paBHO TpeM. DTO O3HAYAET,
4TO TIJIOCKOE CEUCHHUE 3e€PEH Yallle BCero uMmeeT popmy Oosiee mim Me-
Hee MPaBUIIBHOTO MIECTUYTOIBbHKKA (pHC. 1 6).

<=
,;i fk;f: Z EJ;‘;E.EF{

Q) 0)

Puc. 1. CeueHue 3epeHHON CTPYKTYPHI:
a — ujeanu3upoBaHHasi oObeMHast opMa 3epHa; 6 — CEUCHUE 3ePEHHOU
CTPYKTYPBI CIy4ailHOTO IUIOCKOCTHIO (1uuda) mo A-A

st konuuecmeenHou oyerKy MOTUKPUCTATUNIMYECKOU CTPYKTYPbI
UCIIOJB3YIOT CIEAYIOIINE TapaMEeTPBhl:

1) cpenuuii pasmep (auameTp) 3epHa Ha IUIOCKOCTH mumkda d
(MKM WJIA MM);

2) cpenuuii 00beMHBIN pazMep (00beMHBIN quameTp) — Dy (MKM
WJIA MM );

3) ynenpHas TOBEPXHOCTh TPAHUIL 3epeH (B eauHUIle 00beMa) —
Sy (MM“/MMY);

4) yucio 3epeH B eauHuIle oobema — Ny, (1/MM3).

Bce nepeuucneHHble XapaKTEPUCTUKU €CTh CPEIHUE BEIUYUHBI,
KOTOpPBIE HE OMHUCHIBAIOT BO3MOKHOE Pa3HOOOpa3ue pa3MepoB 3€PEH.
Jlnst oncaHusl CTPYKTYPHI C Pa3IMUHBIMU pa3MepaMu 3€peH HCMOJb-
3yI0T QYHKIHIO pacnpeaeneHus 3epeH mo pazmepam Ny (D).

BaxxHo oTtmeTuTh, 4yTO O0OBEMHBIN nuamerp D Bcerma Oosblie,
YeM IUIOCKUH auamerp O, T. K. IUIOCKOCTh NIIM(a JIMIIb B PEIKHX
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ClIlydasiX IPOXOJIUT uepe3 HeHTp 3epHa (puc. 1 6). Benuuunsr Dy, u d
CBSI3aHbI MPUOJIU3UTEIHHBIM COOTHOIIICHUEM:

d~3 D, ~085D,. 2.1)
3

MeToabl KOJIMYECTBEHHOM OLICHKU CPeIHUX pasMepoB 3epHa

CyniecTByeT HECKOIbKO METOAOB OMHUCAHUS Pa3MEPOB 3EPHA MOJIU-
KPUCTAJUIMYECKOW CTPYKTYPbI, OCHOBHBIE U3 HUX PACCMOTPUM JIAJIEE.

Memoo nodcuema 3epen 3aKJIIOYACTCS B OINPENCICHUU KOJIMYE-
CTBa 3€pEH Ha €IUHMIIC MOBEPXHOCTU HUIM(A C MOCICAYIOIIUM BbI-
YUCJICHUEM CPEHEW IIIOIMIau 3€pHA W CPEAHEro pa3Mepa 3epHa.
B aToM meToe n3obpakeHne UcciaeayeMo CTPyKTypsl (MUKpOdOTO-
rpaduu) odyepuMBaETCS NPSIMOYTOJIBHUKOM HW3BECTHOW Iuiomanu F
(puc. 2). IlogcunrtaB cpegHee YMCIO 3EPEH BHYTPH MIPSIMOYTOJbHUKA

N, JJErKO ONPEACIUTh CPEAHIOO TIOMIA b OJTHOTO 3epHa A’

— F
A= (2.2)

ITo memoouke [[pcechppuca aucno 3epeH N, MOMaBIIUX B IIps-
MOYTOJIBHUK (KBaJpaT), MOJCYUTHIBAIOT MO (popMyie

n:p+%g+L (2.3)

I P — YMCIO0 3€PEH, LUEIMKOM HAaXOIAIIUXCS B KBaApare; § — YUCIIO
3€pEeH, MepeceKaeMbIX CTOPOHOHN KBajpaTa (B CpeAHEM MOXHO CUH-
TaTh, YTO MOJIOBUHA 3€pHA HAXOJUTCS B KBAJpaTe); €AUHUIIA YUUTHI-
BACT YETBIPE 3€pHA, HAXOMSIIMXCS B Yrjax KBaJpara U B CPEAHEM
Ha 1/4 npuHannexanmx emy (puc. 2).

B ciydae paMku Kpyriiol gopmbl pacyeT yrciia 3epeH MPOBOIUT-
cst 1o hopmyIie

n=p+%g. (2.4)

B pamkax memoouxu Canmwvixoga 4UCIO N TOACUYUTHIBAIOT, UC-
MOJIB3ysl YUCIO y3JI0B N3, T. €. YMCIO CTBIKOB TPEX TPAHUIl 3E€PEH.
M3 mpoCThIX COOOpaKEHU CIIEyEeT, UYTO
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n=—N,. 2.5
o\ (25)
/4
/
4 [ w2 ] vz HE
7/2-4- 7 il
7 7
1/2 o
7 7 7
p 1/2
- 7 /
4 744
/2 7
. 72 | 17/2 |\1/4
/4

Puc. 2. Cxema onpezeneHus: yucia 3epeH,
MOTIABIIIMX B MIPSAMOYTOJIBHHK (MeToauka Jlxeddpuca)

[Ipu moacyeTe 3epeH WiIu CTHIKOB PEKOMEHIyeTCS BEIOMPATh pas-
MEpBI paMOK TaKMMH, 4TOObI B HUX momnagano Ha meHee 10-20 3epeH.
Cpennuii pa3mep 3epHa OIpeaesseTcs B JTaHHOW METOIUKE Kak

d=+A.

Memoo noocuema nepeceuenuil epanuy 3epeH COCTOUT B TOM, YTO
Ha UCCIEayeMyl0 MHUKpO(poTorpaduio HAaHOCAT HECKOJIBKO OTPE3KOB
B Pa3HBIX HamNpaBJCHUSIX C cymMmMapHoW jiuHOoM L. [lamee cuuraercs
YUCJIO NEPECEeUCHU 3TUX OTpe3KoB ¢ rpanunamu 3epeH N. Cpennuii
pa3Mep 3epHa BBIYUCIISIOT 110 (hopmylie

d=—. (2.6)

Ilocmpoenue pacnpedenenus 3epen no pasmepam Memooom us-
Mmepenus Onun xopo (memood xopo Cnexmopa) TOTYUYWIO HAUOOIb-
1iee MPUMEHEHHE B Cllydae pa3HO3EPEHHON CTPYKTYpHI, Te 00Iee
yCpeaHeHue SBIAeTCS HempuemieMbiM. Ha m3oOpakeHne HaHOCAT
HECKOJIbKO JIMHWK B pa3HbIX HampaieHusx. [locimemoBaTenbHO H3-
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MEpSIFOTCS JUTMHBI X0p[ |j, 00pa3oBaHHBIX TIepeceueHUEeM ClIydalHOM
CeKyllel ¢ rpanunamu 3epeH (puc. 3). Ha ocHoBaHUM MOITYy4YEHHOIO
MacCcuBa 3HAYECHUI MPOBOAUTCA MOCTPOECHUE TUCTOTPAMM pacIpeie-
JeHud 3epeH no pazmepam. OOIee 4nciio TpeOyeMbIX U3MEPEHUN 3a-
BUCHUT OT OJJHOPOJHOCTH Pa3MEpOB 3epHa U TpeOyemMoill TOYHOCTH.
Tak, npu nocroBepHoctr 90 % u npu ommodke 10 % yuciao nepece-
YEHHBIX 3€peH JOJDKHO ObITh He MeHee 250, mpu ommbke 5 % —
He meHee 1000. [yt omHOPOAHBIX MOJUKPUCTAIUIMYECKUX MaTepra-
JIOB YHCJIO U3MEPEHUM MOKET ObITh MeHbIIIe. CpeTHUM pa3Mep 3epHa
OMpEeNeNISIETCA B 3TOM Clydae Kak cpelHee apuMeTHYeCKoe Hh3Me-
PCHHBIX 3HaYeHUH ;.

Puc. 3. CnyualiHas cekyllas, HAJIO)KEHHAsl Ha 36pEHHYI0 CTPYKTYpY,
U JUIMHBI XOPJ OTACIBHBIX 3epeH |15

Hopaook evinonnenusn padomaot

1. O3HaKOMUTBCSI ¢ METOJIMKAMU OIpEJETICHUs pa3MepoB 3€peH
B MMOJIMKPUCTAJUIMYECKUX 00pa3lax.

2. [lonyunTs y mpenonaBaTess HHAUBUIYATbHOE 3aJJaHUE U OIle-
HUATHh pPa3Mepbl KPUCTALUINTOB PA3HBIMU METOJAMM JJIsi KOHKPETHBIX
o0pa3IioB Ha OCHOBaHUM M300pakeHUH (MPHIIOKEHUE, @ — 3), TIOTY-
YEHHBIX METOAOM PACTPOBOM DIIEKTPOHHOU MUKPOCKOIIHUH.

3. ChopmynupoBaTh BBIBOJIBI 1O padOTe, B KOTOPBIX AaTh IOJI-
HYIO XapaKTEPUCTUKY UCCIEIYEMBIX B 3aJaHUU MTOJUKPUCTAIIIOB.
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