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IMPEAVCJIOBUE

B HacTosimiee BpeMst HOBBIE AJIEKTPOTEXHIUUECKHUE MaTepHaIIbl CO3AIOTCS B
pe3yabTaTe Kak TTyO0KOro u3ydeHus (PU3HKO-TEXHUIECKIX XapaKTEPUCTHK, TaK
COBEPIICHCTBOBAHUS TEXHOJIOTUN U3TOTOBJICHUS M IIUPOKOTO MCIIOIH30BAHUS HO-
BBIX, paHHEE HE MPUMEHIEMBIX B TEXHUKE BUJIOB ChIpbs. Ha mepBoe mecTo B oTe-
YECTBEHHOM JIEKTPOTEXHUKE CTABUTCS OBICTPOE YCOBEPIICHCTBOBAHNE KaueCTBa
MaTepUaIoB, MPAaBIWIBHBIA UX BBIOOP, KOTJa OHU UCTIONB3YIOTCS KaK MIPOBOJIHUKH,
JAVSTICKTPUKH, TIOTYIIPOBOIHUKH WM MarHUTHBIE MaTepuanbl. [loaTomy ams mo-
HUMAaHWUsI SJIEKTPHUECKUX, XHMUYECKUX U MEXaHUYECKUX CBOMCTB MaTepHaliOB, a
TaKXe JPyrux 0COOCHHOCTEH HaJ 0 UCCle0BaTh UX CTPYKTYpy U coctaB. Couera-
HUE OCHOBHBIX TPEOOBaHUI C peaTbHBIMU BO3MOKHOCTSMHU MPOU3BOJICTBA obecre-
YHBAIOT KAY€CTBO MATEPHAIIOB, UX TEXHOJIOTMYHOCTh U BHICOKHE MapaMeTpHl.
JlanpHeimas pa3paboTka Hy)KHBIX POMBIIINIEHHOCTH AIEKTPOTEXHUYECKUX MaTe-
pHAJIOB BO3MOYXKHA TIOCJIE M3YUYCHHSI POTPAMMBI KypcC «DJIEKTPOTEXHIUUECKOEe Ma-
TepUaIOBEICHUE».

B yueOHoe mocoOue BKIIOUEHBI Pa3/ienbl, pa3padoTaHHbIE 110 Pa3IHYHBIM
HUCTOYHHKAM: OCHOBHBIM Y4€OHUKaM, CIPABOYHUKAM M HEKOTOPHIM HAYYHO- HC-
CJIeIOBATENbCKUM pa3paboTkam. B mocoOuu obpaiieHo BHUMaHuE Ha GU3HUECKHE
MIPOIIECCHI U SIBJICHHUS, MPOTEKAIOIIUE B JIEKTPOTEXHUYECKUX MaTepraiax, TaeTcs
OO0JIBIIION TTepeueHb HOMEHKIIATYPhI IIPOBOTHUKOBBIX, a TAK)KE MPHUBENICH pa3iei
“HcnpITaHus THAJIEKTPUKOB” . KOTOPBIN TIO3BOJISIET TIO3HAKOMUTHCS C KOHTPOJIEM
W30JIAIIAY 32 €€ KaYeCTBOM B DKCIUTyaTaIlMH C TIOMOIIBIO BEICOKOBOJIBTHBIX yCTa-
HOBOK.

ABTOpBI OI1arofjapHbl COTPYAHUKAM, TPUHUMABIINM Y9acTHE B COCTABICHUH
U peJaKiiui y4eOHOTO OCoOusI.



BBEJIEHUE

[MuBnnuzauus U MaTepuagIOBEACHUE 10 ONPEAECIEHUI0 aMEPUKAHCKOTO y4e-
Horo Xunmess — 5To kameHnbIi Bek 108 met 710 HaIel pbl (MajacoauT, ME30JIHT,
HeoauT), meanbiit Bek 1800 et 0 Harei 3pbl, OpoH3oBbIit Bek 700 jeT 10 Hamei
9PBI, )KEJIE3HBINA BEK Hailla 3pa, XX BeK, BEK OyMaru u miacTMacc.

Hayxka 00 snexkrpomarepuanax u3ydaeT CBOMCTBA, COCTaB U CTPYKTYPY, UTO-
OBl BIMATH Ha pa3audHbie (haKTOPhI MaTepuasa U MPOTHO3UPOBATh MAaTEPUATIBI C
Y4E€TOM Ka4eCTBa M CPOKA CIIYXKOBI 111 HAJIS)KHOCTU 000pYAOBaHUS. DIEKTPOTEX-
HUYECKHUI MaTepuas B IIUPOKOM CMBICTIE — JIFOOOM MaTepuas B TPOU3BOJICTBE
AIEKTPOTEXHUYECKUX U3JICNIHI, B Y3KOM CMBICJIE — UMEIOIIUN CIIelIMalbHbIE CBOM-
CTBA B OTHOIIEHUH IJIEKTPOMATHUTHOTO TOJIS.

CTPOEHHME BEIIECTBA. Bce u3BeCTHBIE BEIIECTBA COCTOAT U3 DJIEMEH-
TApHBIX YACTHUII: IPOTOHOB, HEUTPOHOB U JIEKTPOHOB. 13 IPOTOHOB 1 HEUTPOHOB
COCTOSIT aTOMHBIE sI/Ipa, SJEKTPOHBI 3aMOTHSAIOT 000JI0UYKH aTOMa, KOMIUICKTYS +
3apsij aapa. B KBaHTOBOM MEXaHUKE IBUKEHHE 3JIEKTPOHA OMMUCHIBAETCSI BOJIHOBOM
dbyHkImel, obaanaroiiei B M30JUPOBAHHOM aToMe ChepUIECKOr CUMMETPHUEH, Tak
YTO 3apsij AJIEKTpoHa U Gy3HO pacnpesescH, 00pa3ys paarnaibHOE 001aKo.

B BemnecTBax 00beIMHEHUE HECKOJIBKUX aTOMOB B MOJIEKYJTYy JOCTUTAeTCsI
3a CUET 3JIEKTPOHOB, CTAHOBSIINXCS OOIIMMHU I BCeX aTOMOB, [Ipu 3TOM Mm1oT-
HOCTB AJICKTPOHHOTO 00JIaKa MEXKTy TIOJIOKUTEIBHO 3apsKCHHBIMU SIIPaMU CTa-
HOBUTCSI HAUOOJIbIIIEH, UTO CBA3BIBAET UX MOJICKYJIY — 3TO KOBaJleHTHas CBsi3b. B
COOTBETCTBUU C CHMMETPUYHBIM U aCHMMETPUYHBIM CTPOCHUEM MOJIEKYJIBI C KO-
BaJICHTHOM CBSI3bI0 MOT'YT ObITh HeWTpasibHble pucyHOK 0.1 u mossipHbIe (IUIMOIb-
HpIMK) pucyHOK 0.2. EClii 1IEHTPBI MTOJIOKUTEIBHBIX M OTPUIIATCIIBHBIX 3aps/I0B B
BJIEKTPUYECKOM I10JI€ COBIAJAIOT MO HAIPABICHUIO CUJIOBBIX JUHHUM, TO MOJIEKYJIBI
HeWTpasbHble. ECNii LIEHTPHI 3aps/10B HE COBNAJAIOT U HAXOJATCS HA HEKOTOPOM
PacCTOSIHUU IPYT OT APYra, TO TAKUE MOJIEKYJIbl HA3bIBAIOTCS MOJSAPHBIMU UJIU JIU-
MOJBHBIMHU. DTH MOJIEKYJIbI XapaKTEPU3YIOTCA BEIIMUMHOMN JUIIOJILHOIO MOMEHTA
PaBHOIO IPOU3BEACHUIO 3apsifia HA PACCTOSHUE MEXY LIEHTpaMu + U — 3apsJIOB.

Pug. 0.1 HelTpane-an
KDBENEHTHSA GBAI -

Pus .2, MNanapHas
KRBAMNSHTHEA GBASS

C KOBaJICHTHO# CBsI3bI0, HaIIpuMep, MoJiekyJia xiopa Cl,, Habmogaercs 3ta
CBSI3b U Y KPUCTAJUTMYECKUX BEIIECTB HEOPTAHUYECKOTO MPOUCXOXKICHHUS, PEIIeT-
KM KOTOPBIX TIOCTPOEHBI U3 aTOMOB, HalPUMED ajiMa3s.
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PucA)3. ILuwvrnas Puc 0.4 11 wiwrnas

YIlAS0OHKd WOHHOQHW CHLSH VILAKDBKY HOHHOT CHL3H

HoHHAas CBA3b — ONPE/IENAETC CUIAMH IPUTKEHNS Mexay A u © nona-
Mu. TBepabIe Tena HOHHOW CTPYKTYPhl XapaKTePU3YIOTCS MOBBIIIIEHHOW MEXaHU-
YEeCKOM MPOYHOCTHIO M OTHOCUTENILHO BBICOKOM TemmepaTypoi riasieHus. Tako-
BBIMU SIBJISIFOTCS KOJUTOMIHBIE COJIM IIEJIOYHBIX METAJIOB. B CTpyKType XJIOpHOTO
HaATpHsl TUIOTHAs yHakoBKa HOHOB pucyHOK 0.3, a y XJIOpHOTO 11e3usl — He TUIOTHas
ynakoBka pucyHok 0.4

Prcdli

MOTATTHICCEAT B35k Fuc.0.5.Cenak Bad-gep-

Baaneca

Meranaundeckasi CBA3b, IPUBOASAIIAS TaKKe K 00pa30BaHUIO TBEPJbIX KPH-
CTAJUIMYECKUX TeN. MeTaulbl pacCMaTPUBAIOTCS KaK CUCTEMBI, TOCTPOCHHBIE W3
A wmoHOB, HaxOAAIMEXCA B y371aX KPUCTAIMUECKOH PEIETKH M YAEPKUBAIOLINE
cpelly cBOOOJHBIX 31eKTpOHOB pucyHok 0.5. Hamnuue cBOOOAHBIX 3JEKTPOHOB
MPUBOAUT K BBICOKOM 3JIEKTPOIPOBOAHOCTH M TEIUIONPOBOAHOCTH METAIa, a
TaK)Ke SIBJSICTCS MPUUYMHON Osiecka MeTasuia npu cpese. KoBkocTs MeTamia oObsic-
HSETCS IEPEMEILICHUEM U CKOJIbKEHUEM OTAENBbHBIX CIOEB MOHOB. HekoTopsie o11-
HOBAQJICHTHBIE METAJUIbl KPUCTALTU3YIOTCA B T'€KCAaroHajibHOM M KyOMuYecKoW pe-
HIETKAX.

Haubonee cnaGoit cBs3bl0 SBISETCS OCTATOYHAS CBSA3b WM CBSA3b BaH-
nep-Baaabca pucynok 0.6. 3to BemiecTBa, kak napaduH, UMEIOIMIMA HUZKYIO TEM-
repaTypy IUIaBJIEHUs, C HEPOUYHON KPUCTAIIMYECKONW MOJIEKYJIIPHON PELIETKOM.

IIo 30HHOM TeOpMM CTPOCHHMS BEIIECTBA BCE TENA, B 3aBUCUMOCTH OT HX
ANEKTPUUECKUX CBOMCTB, MOTYT OBITh OTHECEHBI K TPYIIE TUAIEKTPUKOB, MOITY-
MIPOBOJIHUKOB Y MPOBOJHUKOB. JHEPreTUUYECKAs TUarpaMMa 30HHOW TEOPHH TBEP-
JBIX TEJI HATJISIIHO MOKa3bIBaeT pasnuuue Mexxay Humu no pucynkam 0.7 - 0.9. Ec-
JU OTCYTCTBYET JJIEKTPHUUYECKOE IOJIE, TO HET HAKIOHA YPOBHEN SHEPreTUUECKUX
30H: 30HBI IPOBOAMMOCTU 1, HOPMaNbHON 30HBI 2 M IIMPOKUI MOTEHIIUATBHBIN
Oapbep, YTO XapaKTepHO Uil AMAJIEKTpUKOB pUcyHOK 0.7. Eciam ausnekTpuk mo-
MECTUTh B DJIEKTPHUUYECKOE IOJIE, TO YEM BBILIEC HANPSKEHHOCTh MOJIs, TEM BbILIE



HAKJIOH YPOBHEH 30H M yKe MOTeHIHANbHBIN O0apbep pucyHok 0.8, mpuueM MUHU-
MaJibHa 3HEPrus 3JIEKTPOHA, KOI/Aa OH HAaXOJWUTCS HAa HUKHEM YPOBHE 30HBI IIPO-
BOJAMMOCTH WJIM Ha BEPXHEM YPOBHE HOPMaJbHOM 30HBI. CBOOOAHBIM AJIEKTPOHOM
(criocoOHBIM BO30YAUTh HEUTPATBHYIO MOJICKYJIY O aKTa MOHHU3AIMH) CUUTAIOT
TOT BJIEKTPOH, KOTOPBIA B PE3YJIbTATE CTOJKHOBEHHUN B 3JIEKTPUUYECKOM IOJIE JOC-
TUT BEPXHEr0 YPOBHS 30HBI MPOBOJUMOCTH 1 MIIM HUXKHETO YPOBHSI HOPMAaJIbHOM
30HBI 3. J{J1s1 MOTYNPOBOIHUKOB XapaKTEPeH y3KUi MOTEHIMANbHBIN Oaphep pucy-
Hok 0.9, a 1711 MPOBOJIHUKOB — HET MOTEHIMAILHOTO 0apbepa, MOITOMY AJIEKTPOHBI
B MeTaJlJIe CBOOOJIHBI M MOTYT TIEPEXOJIUTh C YPOBHS HOPMaJbHOM (3aMOJTHEHHOM )
30HBI HA HE3aHATHIC YPOBHH 30HBI MPOBOJUMOCTH ( CBOOOIHOI) TOJ BIHSHHEM

cJ1a0BIX HaHpH)KeHHOCTeﬁ MMPUIIOKCHHOT'O K ITPOBOAHUKY 3JICKTPHUUCCKOTO II0JIA.
1

" L
— —
+ * - + \
_ 2 — o
— T
i e
3 T

Fuc 0.8 Quanes-puk a
Puc 4.7, ﬂnanem’pnu Bag JNEKTEHYELKOR NON2
ANEKTRHMECLDID NONnA

Fuc.d.9. I'Iu:un'g?n poECgHLI B
ANEKTEH-ECEDE NON2

KIJACCHOUKAIUSA MATEPUAJIA. [In3/1eKTPUKH Pa3JIMYaOT HA Tra-
3000pa3HbIe, KUIKUE U TBEPAbIC, KOTOPHIE MOTYT OBITh MPUPOAHBIMU U CUHTETH-
YECKUMH, a TAK)KE€ OPraHMYEeCKUMH U HeopraHnuueckumu. [lo pazmepam Moseky
JIEJISITCS. HA HU3KOMOJIEKYJIIPHBIE U BBICOKOMOJIEKYJISIPHBIE, TTO (hOpME MOJICKYJT U
MOBEJICHUIO TIPU TEMIIEpAType — Ha TEPMOILIACTUYECKUE U TEPMOPEAKTUBHBIE, TI0
AIEKTPUYECKUM CBOMCTBAM KJIACCU(UIIUPYIOTCS Ha MOJSPHBIC U HETOJISAPHBIE, U3-
3a MMUPOKON 3aIPEIICHHON 30HbI HET JICKTPOHHOMU 3JiekTpornpoBogHocTH. IIpo-
BOJHUKH MOTYT OBITh KJIACCUYECKUMU, KPUOTIPOBOJHUKAMHU U CBEPXIPOBOIHUKA-
MU, B KOTOPBIX CUCTEMa KPUCTALTNYECKONU PEIICTKH COCTOUT U3 Y3JIOB C A wonowm,
HaxXOJISIIIMUXCS B CPeie CBOOOIHBIX DJIEKTPOHOB, TIOCJICTHUE OTPEIETSIOT BEICOKYIO
AIEKTPOIPOBOIHOCTh U TETUIOMPOBOIHOCTH MPOBOAHUKOB. I10J1ynpoBoAHUKH
KJIACCU(PUIMPYIOTCS Ha XUMHUYECKHE JIEMEHTHI (TPOCThIC) U XUMUYCCKUE COCIIH-
HEeHUS (CI0XKHBIE), TPUYEM MTOCIICIHHIE 110 KOJIMYSCTBY COCTOBIISIOIIUX HOTYT
OBITh: IBYXdJeMEHTHbIC (OMHAPHBIC), TPEXIIEMEHTHBIE U MHOT'0O3JIEMEHTHBIC; 110
THUITY AJIEKTPOTPOBOIHOCTH : TUMA N — 3JIEKTPOHHAS MPOBOJUMOCTD, TUIIA ) — «IIbI-
POYHAs» MPOBOJUMOCTD; Pa3IMYAIOT OPraHUYECKUE U HEOPraHUYECKUeE, a 1o Xa-
paKkTepy AIEKTPOIPOBOTHOCTH — AJIEKTPOHHBIE U HOHHBIE; TIO CTPYKTYpPE - KpH-
crtajuinueckue u aMmopdHbie. MarHuTHbIe MATEPUAJIBI 10 CBOUM  (U3UUYECKUM
CBOMCTBaM JENIATCA Ha (heppoMarHuThl U GUppUMaruHutThl ((GUPPUTHI), IO TPHME-
HEHUIO — MAarHUTOTBEP/IbIE U MATHUTOMSITKUE, TIOCTIETHUE BBIJICIISIOTCS C MPSMO-
YTOJBHOM TeTJIeH TUCTEpe3nca U C TOCTOSTHHOW MarHUTHON MTPOHHUIIAEMOCTHIO;
c1abOMarHUTHBIC MaTepHaIbl — 3TO TuaMarHeTukd ME 1 u napamarsetuku m3 1,
CUJILHOMArHuTHbIE M>> 1, KOTOpBIE 3aBUCAT OT HAINPSHYKEHHOCTH MarHUTHOTO TI0-



a1 (Kenes3o, HUKeJb, KOOAJIbT, CIUIaBhbl (XpOM-MapraHell ur.1.)) u ¢ m<< 1, He 3a-
BHUCSAIIME OT MATHUTHOTO 10Jis1 (MeJib, IIMHK, cepedpo, 30J10TO, BACMYT, PTYTh)

I'JIABA 1. JUDJIEKTPUKH
11 O6ue mo10KeHUs

CormnacHo 'OCT-19880-74 nusnekTpuk — BeleCTBO, OCHOBHBIM CBOMCTBOM
KOTOPOTO SIBIIIETCS CIIOCOOHOCTH TOJIIPU30BATHCS B AJICKTpUUYECKOM Tose. [(u-
anektpudeckue marepuaisl mo 'OCT 21515 -76 — sTo maTepuasl, npeaHa3Ha-
YCHHBIC JUTSI UICTIOJB30BaHMS MX JUAJICKTPUUYSCKUX CBOMCTB. [Iporecc momnspusa-
IIUU 3aKJTFOYAETCS B U3MEHCHUH PACIIONIOKCHHSI B TPOCTPAHCTBE YACTHII JTUDJICK-
TPHUKA, UMEIONIUX JICKTPUICCKUE 3apsIIbl, IPU MPUIOKCHUHN K TUIICKTPUKY dJICK-
TpUIecKoro noJjist. [Tociie CHATHS MOl YacTUIIBI BO3BPAIIAIOTCS B HCXOIHOE CO-
crostaue. [Ipy IPHITOKEHUH 3JIEKTPUICCKOTO OIS TUDJICKTPUK MPUOOpETaeT Ha-
BEJICHHBIN 3JIEKTPUICCKUIT MOMEHT, U B KOHJCHCATOpe, 00pa30BaHHOM JIHAJICK-
TPUKOM H 3JICKTPOJIaMH, 00pa3yeTcsl SEKTPUICCKUN 3apsi]T

Q=CU,

rae Q - anexkrpuueckuit 3apsia, Ki ; C - anexkrpuyeckas eMKOCTh KOHAeHcaTopa, @;
U - npunoxxeHHoe HanpsbkeHue, B.

9H€pI‘I/ISI QJICKTPUICCKOTO I10JIA, I[}K, 3allaCCHHAA HA YYACTKC U30JIALIMU, OIT-
PEACIICTCA KAaK

W =QU/2=CU?/2..

[Tpu npusIoKEHNM K AUAIEKTPUKY MEPEMEHHOTO CHHYCOUAAIBHOIO HAMPSKEHUS
Yyepe3 ydacToK H30JaiuH, eMKOCThi0 C (D) mpoXoauT eMKOCTHOM TOK

| =UwC=2pfC,

rae U - meiicTByrolee 3HaYeHNE TIPUIIOKEHHOT0 Hanpsbkenus, B; f - vactora, I'm;
V - yrjioBas 4yacTtora, pau/ c.

HpI/I mapauIeIbHOM BKIIFOUCHHH N KOHACHCATOPOB UX PE3YIbTHUPYIOIIAsA €M~
KOCTb Cp paBHa CyMMC €MKOCTEH KaXXJIOTO OTJECIbHOTO KOHICHCATOpPA, a IIpH 110~
CJICOAOBATCIIBHOM HUX COCIMHCHUUN PC3YIIbTUPYIOIIAs EMKOCTDb Cs OIIPCACIIUTCA KaK

1/Cs =& (1/Cy).

HpI/I IIOCJIICAOBATCIIBHOM COCAUMHCHHUHN CMKOCTD Cs MCHBIIC, YEM CMKOCTDH KaKJ10I'0
OTACIIBHOTO KOHACHCATOpPA, a IIPpH MapaJICIIbHOM BKIIFTOUCHUUN Cp 6y):[eT 60HBH_IC,
4EM CMKOCTb KaKIO0T'0 OTACIIBHOT'O KOHACHCATOPA HJIKN paBHA UX CYMMC.



1.2. llonsipu3aums AM3JIeKTPUKOB

[Tonsipu3anust — 3T0 OrpaHUYCHHOE CMEIIIEHNE CBSI3aHHBIX 3apsI0B WA OPH-
CHTAITUS JTUTIOJIBHBIX MOJICKYJI B AJICKTpHUYECKOM Tosie. [1oa BIUSHUEM CHIIOBBIX
JUHUHN 3JIEKTPUICCKOTO TOJIS 3apsJIbl TUAJICKTPUKA CMEIIAIOTCS 10 HAIPaBJICHUIO
JCHUCTBYIOIIMX CHJI B 3aBUCUMOCTH BEJIMYMHBI HANPSOKEHHOCTH. [Ipu OTCyTCTBHH
AIIEKTPUYECKOTO OIS 3apsbl BO3BPAIIAIOTCS B MIPEKHEE COCTOSTHUE.

Paznuuaror aBa BUAA MOJSIpU3AIMK . TIOJSPU3allds MTHOBEHHAS, BIIOJIHE YII-
pyrasi, 6e3 BBIICJICHUS SHEPTHHM paccesHus, T.e. 0e3 BBIICICHUS TEIUIa, 3a BpeMs
10 -10" C; TIOJISIpU3alldsl HEe COBEPIIAETCS MTHOBEHHO, a HapacTaeT Wi yObl-
BaeT 3aME/JICHHO W COMPOBOXKJIACTCS PACCESTHHEM DHEPTUU B JHUIJICKTPHKE, T.C.
€ro HarpeBaeT - 3TO pelaKCallMOHHAs MOJIIPU3alMs 38 BpeEMs OT 10°® no 10° c.

K mepBoMy BUAY OTHOCSATCS JCKTPOHHASI M MOHHAS TIOJISPU3AIIUH.

DaexTponHas noJsipusanus (C,, Q,) — ynpyroe cMmemieHue u aedopmanus
JIEKTPOHHBIX 06OIOUYEK aTOMOB M HOHOB 3a Bpemsi 107 c. HaGmromaercs: Takast
MOJIIPU3AIIMS JIJIT BCEX BHUJIOB JMAJICKTPUKOB M HE CBS3aHA C MOTEPEH dHEPTUH, a
JTURJICKTPUYECKasl MPOHHUIIAEMOCTh BEIIECTBA YMCICHHO paBHA KBaApaTry MoKa3a-
TeJIsl IPEJIOMIICHHS CBETa N-.

Honnasi nonspuzamus (C,, Q,) xapakrepHa I TBEPAbIX TEJI C HOHHBIM
CTpOCHHEM M OO0yciaBiIMBaeTCs cMmerleHueM ( KolebaHHEeM) YIPYro CBS3XaHHBIX
FOHOB B y3J1aX KPHCTA/UIMYECKOil pemetky 3a Bpems 107 ¢. C HOBBILICHHEM TeM-
nepaTypbl CMEIICHUE YCHIIMBACTCS W B PE3yJIbTaTe OCIA0JCHUS YIPYTUX CHI Me-
Ky HOHAMH, a TEMIIEPATYPHBIA KO3POUIIUESHT AUIICKTPUICCKON POHUIIAEMOCTH
WOHHBIX JIMDJICKTPUKOB OKA3bIBACTCS MOJIOKUTEIBLHBIM.

Ko BTOpOMY BUIY OTHOCSAT BCE pelaKCallHOHHBIC TIOJISPU3AIIUH.

JAunoJibHo-penakcanuonHas noiasipusanus (Cp, I yp, Q,p) CBA3aHa ¢ Tel-
JIOBBIM JIBMOKCHHEM JIUIIOJICH MPH MOJSPHON CBS3U MEXIy MojeKyyiamu. [ToBopoT
JUTIOJNICH B HANPABJICHUH 3JICKTPUYCCKOTO TOJII TPEOyeT NMPEo0JIeHUsT HEKOTOPO-
IO CONpPOTHUBIEHHSA, BBIJCICHUS YHEpruu B Buie Temna (I ). Bpems pemaxcanuu
sneck mopsiaka 10° —10° ¢ — 910 mpoMeskyTOK BpeMeHH, B TedeHHEe KOTOPOro YIIo-
PAIOYHOCTh OPHUEHTHUPOBAHHBIX 3JICKTPUYCCKUM TIIOJIEM JIMITOJICH TOCIE CHATHS
TIOJISI YMEHBIITUTCS BCJICACTBUEC HAIMYMS TEIUIOBBIX JIBMKCHUH B 2,7 pa3a OT mep-
BOHAYAJILHOTO 3HAYCHUS.

Honno-penakcanuonnas noaspusauus (C ,p, I' wp, Q 4p) HaOmoOmaerca B
HEOPTraHUYECKUX CTEKJIaX U B HEKOTOPBIX BEIIECTBAX C HEIUIOTHOM YIMaKOBKOW HMO-
HOB. C1a00CBsI3aHHBIC MOHBI BEIIECTBA T0JT BO3JICHCTBHEM BHEIIHETO 3JICKTpUYC-
CKOTO TOJISl CPEIM XaOTHYCCKUX TEIJIOBBIX JIBFOKCHUH MOYdYaroT U30BITOYHBIC Ha-
OpOCHI B HaIIPaBJICHUH TOJIS U CMEIAIOTCS 10 CHJIOBOM JTUMHUH ero. ITocie cHITHs
AIIEKTPUYECKOTO TIOJISl OPUECHTAIIMSI HOHOB 0CJIa0CBAET 110 AKCITOHCHITHAIIBHOMY 3a-
KoHy. BpeMs penakcammu, SHEpPrus aKTHBAIlMM M YacTOTa COOCTBEHHBIX KoyeOa-
Huii nporcxoaut B Tedenne 10° — 10 ¢ u cBs3ano 3aKoHOM

W
_ 1 kT

to zfe , G,



rae f —yacrora cOOCTBEHHBIX KOJICOAHUI YaCTHUIL; V - DHEPTUs aKTUBaIuu; K —
nocrosiHHas Bombimana (8,63 10”° DB/rpan); T — abcomtoTHas Temneparypa mo K°,

JJIEKTPOHHO - pesiakcanuoHHas nosasipusanus (C,p, I,p, Q,p) BO3HUKAET
3a c4eT BO30YKICHHBIX TEIUIOBBIX YHEPTHI M30BITOUHBIX, 1e(DEKTHBIX AIEKTPOHOB
N «IBIPOK» 3a Bpems 10° — 10 ¢c. Ona xapakTepHa UIs IUDIEKTPHKOB C BBICO-
KHMU TTOKA3aTeNISIMU MTPEIOMIICHUS, OOJIBIIIM BHYTPEHHUM TIOJIEM H SJIEKTPOHHOK
AIIEKTPOTIPOBOIHOCTHIO : IBYOKHCHh TUTaHa ¢ ipuMecsimu, Ca+2, Ba+2, psaa co-
eIMHEHUI Ha OCHOBE OKMCJIOB METAJIOB MIEPEMEHHON BaJICHTHOCTH — THTAaHa,
HUOOUS, BUcMyTa. [Ipu 3TO# nonsipu3anmu IMeeT MECTO BBICOKAsI TUDIICKTPHYe-
CKasi MPOHUIIAEMOCTh U TIPY OTPHUIIATEIBHBIX TEMIIEpaTypax HaIHIue MaKCUMyMa
B TEMIIEPATYPHON 3aBUCUMOCTH € ( TUDIICKTPUYCCKON MPOHHUIIAEMOCTH). € JIJIsl TH-
TAHOCO/IePIKAIICH KepaMHUKH YMEHBIIACTCS ¢ BO3PACTaAHUEM YacTOTHI.

CTpyKTypHBbI€E NOJSIPU3ALHHN PA3ITAYAIOT:

Murpanuonnas nossipusamus (Cy, r,, Q,) npoTekaer B TBEpIbIX Telax
HEOJTHOPOTHOM CTPYKTYPHI IPH MaKPOCKOITNYECKUX HEOJTHOPOAHOCTSIX, CIIOSX,
IPaHMII pa3fiena WK HaTHIuy IpuMeceii 3a Bpems mopsiaka 10% ¢.9ta momsiprsa-
IIUS TIPOSIBIISIETCS TIPU HU3KUX YaCTOTaX M CBsI3aHA CO 3HAYMTEIHHBIM PacCesTHIEM
sHeprud. [IprarHaMu Takoi MOJIAPU3AIUH SBIISIOTCS TPOBOISAIINE U MTOITYIIPOBO-
ISIIIKE BKIIIOUEHUS B TEXHUUECKUX, CIIOKHBIX JUAICKTPUKAX, HATMYUE CIIOCB C
pa3IMYHON MPOBOAMMOCTHIO U T.J. Ha rpanniax pasaena Mexay CIOSMU B IH-
DIIEKTPUKE U B TIPU DJICKTPOIHBIX CIIOSX UICT HAKOIJICHHE 3apsI0B MEIJICHHO JBH-
KYIIUXCSI HOHOB — TO 3((HEKT MEKCIOEBOM MM CTPYKTYPHOU BHICOKOBOJIBTHOM
noJsipu3anyn. [Jis CerHeTOAIEKTPUKOB Pa3InYal0oT CHOHTAHHYK) HJIH CaMOIPO-
U3BOJIBbHYI0 moJsipu3anuio,(Cey, I e, Qen), KOTIA HICT 3HAYUTEIBHOE PACCESIHUC
SHEPTUU WU BBIJCICHHUE TEIIa 32 CUET JOMEHOB (OTACIbHBIC 00JIACTH, Bpalllato-
IIUXCS AIEKTPOHHBIX 000JIOUEK) , CMEIIAIOMINXCS B JICKTPUIESCKOM TI0JIE, T. €.
eIle B OTCYTCTBHH AJICKTPUICCKOTO TOJISI B BEIIECTBE €CTh AJICKTPUISCKUE MOMEH-
ThI, & IPU HEKOTOPOW HAPSHKEHHOCTH BHEITHETO TIOJISl HACTYIAeT HACKIIIECHUE U
HaOII0JaeTCs BO3pacTaHHUE MOJSIPU3ALINH.

Kaaccnpukanusi 1M3J1eKTPUKOB M0 BUAY MOJISIPU3AIHH.

[TepBast rpymmna — QUAIEKTPUKH, 00JIaJaI0NINe SJICKTPOHHONW U MOHHOM
MTHOBEHHOM mosisipu3anusiMu. CTpyKTypa TaKUX MaTepHaliOB COCTOUT U3 HEM-
TPaJLHBIX MOJIEKYJI, MOKET OBITh CTAa0OMOJISIPHON 1 XapaKTepHa IS TBEPABIX
KPUCTAJUTMUECKUX ¥ aMOP(HBIX MaTEpPHAaNIOB TaKUX, Kak mapaduH, cepa, MOJIHCTU-
pOJI, a Tak)Ke KUIKKE U Ta3000pa3Hble MaTepHaIbl Kak OCH30J1 BOJIOPOJ U AP.

Bropas rpynmna — AM3iIeKTpUKH, 00JadaroIre SIEKTPOHHON U TUTIOIEHO-
pellakCcallMOHHON MOJISPU3AIMSIMEI — 3TO TOJISIPHBIE OPTaHUYECKUE KUIKHE, TTOITY-
’KHUJIKHE, TBEPJIbIC BEIIECTBA KaK MaCIOKaHN(OIbHBIE KOMIIAYHAbI, STIOKCHTHBIC
CMOJIBI, IIEJITI003a, XJIOPUPOBAHHBIE YTIIEBOJIOPOABI U T.II. MATEPUAJIHI.

TpeTss Tpymnma — TUAIEKTPUKU TBEPIble HEOPTaHUYECKHUE, KOTOPBIC ENSTCS
Ha JIBE TOATPYIIIIbI, OTIIMYAIOLINECS IO AICKTPHUUSCKUM XapaKTePUCTUKAM — a) JTU-
AIIEKTPUKH, 00TaIaI0NIIe JIEKTPOHHONW U AUITOIBHO-PETaKCAIMOHHON TOJsIpH3a-
IIUSIMH, TAKUE KaK KBapll, CI0/a, KAMEHHAS COJIb, KOPYH/I, PYTHII; 0) AUAJICKTPUKH
C DJICKTPOHHOW W MOHHOM pelaKCallMOHHBIMU TOJSIPU3ALUsIMU — 3TO CTEKJIa, MaTe-



puaibl co cTekioBuaHON (azoit (hapdop, MUKaIEKC U T.I1.) U KPUCTAILTHUECKUE
JIUBJIEKTPUKH C HETUIOTHOM YIaKOBKOW HOHOB.

YerBepras rpyIira — 3T0 AUIEKTPUKH , 00JIaJatoue 3IEKTPOHHON U MOH-
HOUM MTHOBEHHBIMH U CTPYKTYPHOMU MOJISIPU3ALMSAMEU, YTO CBOUCTBEHHO MHOTOKOM
MO3UILIMOHHBIM, CIIOKHBIM, CIIOUCTHIM M CETTORJIEKTPUKAM MaTepHajaM.

1.3. JAudjiekTpryecKasi NPOHUIIAEMOCTh

O sBIECHUY NOJIAPU3ALNU CYAT TI0 3HAYCHHUIO AUAJICKTPUICCKON IPOHUIIAL-
MocTH €. [TapameTp €, XapakTepH3yIOIIHi ClIOCOOHOCTh MaTepuana oOpa3oBbIBATh
€MKOCTh, Ha3bIBAETCSI OTHOCHTEIBLHOM JAMAJIEKTPUICCKON MPOHUIIaeMOCThI0. CIio-
BO “OTHOCHUTENbHAsA” OOBIYHO OmmyckaeTcs. Hamo yuecTsb, 4To 2JIeKTpHUECKas eM-
KOCTb y4acTKa M30JIAIHUU C 3JICKTPOJIaMH, T.€. KOHACHCATOPa, 3aBUCHUT OT I'EOMET-
PUYECKUX pa3MepoB, KOH(PHUTypaluK 3JIEKTPOJIOB U OT CTPYKTYphI MaTepuaia, 00-
Pa3yIONIETO JUAICKTPUK ITOTO KOHIAEHCATOPA.

B Bakyyme € = 1, a mo6oro quanektpuka Beerna oonbiue 1. Ecnu Cop - em-
KOCTb, MEXTy OOKJIaJIKaMH KOTOPOTO HaXOAUTCS BaKyyM, IIPOU3BOJILHON (hOPMBI U
pa3MepoB, a C - eMKOCTh KOHACHCATOPa TaKUX K€ pa3MepoB U (hOPMBI, HO 3aIT0JI-
HEHHOTO JMAJIEKTPUKOM C JTUAICKTPUUECKON MPOHHUIIAEMOCTHIO €, TO

C=eC(C,.
O003HauuB uepe3 Co MeKTprUecKyto nocrosiHuyto (D/Mm), paBHyro
Co = 8,854.10,
HaleM a0COTIOTHYIO JUAJICKTPUUICCKYIO MPOHUIIACMOCTD
€ =g.6e
OnpenenuM BeTUIHMHBI EMKOCTEH TSI HEKOTOPBIX (hOPM TUIJICKTPHKOB.
JIJ1s TIII0OCKOTO KOHJIeHcaTopa
C=e eSYh=885410"eSh.
rae S- IUIOM[ab MONMEPEYHOr0 CEUYeHMs MIEKTPOAa, M N - paccTOSHHE MEXIY
AJIEKTPOJAMH, M.
JUIs MATMHIPHYECKOT0 KOHICHCAaTopa
C=ee2plin(di/dz)=eye2p/in(ry/ i) =242 10 e 1/ Ig(ry/ ry),
riae 1 - oceBas mvHa, M; d1, rl - COOTBETCTBEHHO AMAMETP M PaNyC BHYTPEHHETO
IIEKTPOJIA, M; dy, Iz - THAMETP U PaaUyC BHEIITHETO 3JIEKTPOa, M.

C HekoropsiMu jonyiieHusmu npu dp, — d; << d; umeem
C=gepl(d+d)/(d—d)=eepl(ra+ry)/(r—ry)
=2,7810" el (r, + 11) / (ro—ry).

Jliis m3omAnmun Kabemnel - CHCTeMbl MapaJlIeIbHBIX TTPOBOOB BBOJAT IOHSI-
THE yICTHLHOMN WIIM TTIOTOHHOW €MKOCTH

K=C/lI,
rae C eMkocTh u3osiuu kabens nmuHoi 1, Mx®; 1 - mnunHa, kM. PazmepHocTu B
sToM ciyuae apyrue: K - mx®/km = HO/wm.

OTHOocHTeNbHAS AMAJIEKTPUICCKAs MPOHUIIAEMOCTh € - 3TO OKa3bIBACTCs OT-
HolleHue 3apsaaa Q, MoTydeHHOro MpH HANPSDKCHWHM Ha KOHJEHCATOpe, K 3apsmy



QO, KOTOpBIN MOKHO TMOJIYYHTh Ha TOM >K€ KOHJIEHCATOpPE MPHU TOM K€ HaIpsiKe-

HUH, €CIIM MEK]Y DJIEKTPOJIaMH HAXOJUTCS BaKyyM.

_ Q _ QO+Qg —1+ Qg —14+ Q3 +Q1/1 +Qﬂp +Q1/1p +Q3p +QM +Qc1'[

- - - ~ 1
QW Q Q

rae Qg —3apsa, KOTOpPbIil 00yCIIOBIIEH MOIApU3alell BeniecTBa (PaKTUIECKU pa3-

JEJISIONIETO AIEKTPOAbI, TO3TOMY B OOIIEM BU/JIE, CTPYKTYypa MaTepuaa ornpeje-

asieT cymMMapHoe Qg. € Bcerga Oombiue 1, a uid BakyyMa pasHa 1

[IpakTHueckoe 3HAUYEHHE IUDIEKTPUUECKON MPOHUIAEMOCTH OYEHBb BEJHUKO,
Omna omnpefenseT He TOABKO CIIOCOOHOCTh MaTepuana 00pa3oBbIBaTh EMKOCTh, HO U
BXOJIUT B PAJl OCHOBHBIX YPaBHEHH, KOTOpPbIE XapaKTepU3YIOT (PU3NUYECKHUE MPO-
LIECCHI, TPOTEKAIOIINE B JUIIECKTPUKE.

J{M3y1eKTpruyecKas NPOHUIAeMOCTh I'a30B, BCIECICTBUE UX MaJOi IJIOTHO-
ctu (13-3a OONBIINX PACCTOSIHUN MEXy MOJICKYJIaMHU) HEe3HAUYUTENIbHA U OJIM3Ka K
eaunuiie. OOBIYHO MOJSPU3ALMS ra3a IEKTPOHHAS UM TUIOJIbHAS, €CIIM MOJIEKY-
JIbI TIOJISIPHBIE. € Ta3a TEM BBhIIIE, YeM OoJiblle pajnyc MOJIeKyJibl. 3MeHeHue unc-
Jla MOJICKYJI ra3a B eIMHUIlC 00beMa rasza (N) mpu U3MEHEHUH TEMIIEPATyPhl U JaB-
JIEHUS BBI3BIBAET U3MEHEHUE NHUAJIEKTPUUECKON MpPOHULAeMOCTH Ta3a. Yucno mo-
nexyn N MmpomnopiuoHanbHO AABICHUIO U 00OpaTHO MPOMOPIMOHAIBHO aOCOJIOT-
HOU TemIeparype.

[Ipy U3MEHEHNH BIIAXKHOCTU IUAJIEKTpUUYECKask MPOHUIAEMOCTh BO3/lyXa He-
3HAYUTEILHO MCHSETCS MPSIMO MPOMOPIUOHAILHO W3MEHCHHIO BIKHOCTH ( TpH
KOMHATHOU Temrieparype ). [Ipu MOBBIIICHHOW TEMIIepaType BIMSHUE BJIAXKHOCTH
3HAUMTENIBHO YCUJIMBAETCS. TeMneparypHas 3aBUCUMOCTb JTUAJIEKTPUUYECKOW IPO-
HULIAEMOCTH XaPaKTEPUIYETCS BBIPAKEHUEM

TKe=1/g(de/dT).
ITo 3TOMYy BBIpaKEHUIO MOYKHO BBIUYHCIUTH OTHOCHTEIIBHOE W3MEHEHHE IUAJICK-
TPHYECKOH MPOHMUIAEMOCTH MPH M3MeHeHnH Temmeparypsl Ha 1° K - Tak HasbiBae-
MbIil Temnepatypubiil koaduurent TK ausnexTpudeckoil IpOHUIIAEMOCTH.
3navyenue TK HemonsspHOro raza HaxoauTcs 1o Gopmylie

TKe=(e-1)/dT.

€

rae T - remneparypa. K.

JM3j1eKTpruyecKass MPOHMLIAEMOCTh KHUAKOCTEH CHIBHO 3aBUCUT OT HX
CTPYKTYpbl. 3HaUEHUS € HEMOJISIPHBIX XKUAKOCTEH HEBEJIMKH U OJIM3KU K KBaJApaTy
TOKa3aTeINs PEIOMICHHs cBeTa N°. JIHdIIeKTpHYecKast IPOHHIAEMOCTb OISPHBIX
KUIKOCTEN, KOTOPBIE HUCIIOIB3YIOTCS B KQUECTBE TEXHUYECKUX AUIEKTPUKOB, JIE-
KUT B TIpesieax oT 3,5 10 O, YTO 3aMETHO BBIIIE, YEM Y HEMOJSPHBIX JKUJIKOCTEH.
Tak nmonspuzaums KUAKOCTEU, COAEPKAIIMNX TUIIOIbHBIE MOJIEKYJIbI, ONPEACISIET-
Cs OJHOBPEMEHHO JJIEKTPOHHOW W JIUIMOJBHO-PENAKCALIUOHHON MNOJIIPU3ALUSMU.
CWIBHONIONSPHBIE KUJIKOCTH, XapaKTEPU3YIOTCS BBICOKMM 3HAUYEHHEM € M3-3a UX
6omb1Ioi npoBoarMocTy pucyHok 1.1. TemneparypHas 3aBUCUMOCTb € B JAUIOJb-
HBIX KUIKOCTSIX UMEET 00Jiee CIOXKHBIM XapakTep, 4eM HEeUTpalbHbIE JKUIKOCTH.
[TosTomy € Ha wactore 50 I’y mist xjopupoBanHoro audenua (caBoi) PUCYHOK
1.2 ObIcTpO BO3pacTaeT U3-3a Pe3KOro MajeHusi BI3KOCTU JKUJIKOCTH, a TUTIOJIbHbIE



MOJICKYJIbI YCIICBAKOT OPUCHTUPOBATHCA BCJIICA 3da HU3MCHCHUCM TCMIICPATYPLI.
VYMeHb1IeHHE € MPpOUCXOOUT BCJICACTBUC YCHIICHHA TCIIJNIOBOI'O ABHIKCHUA MOJIC-
KYJI, IPCIATCTBYIOIICTO UX OPUCHTAIIUN B HAIIPABJICHUHN JJICKTPUICCKOTI'O IT1OJIA
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Fic. 1. 1. 33ENCMMECTh Fic. 1.2, 338ncrmocTh
AWEMNEETRHHECKD A ANENE KTRHHECKD A
NPOHY LASMACTH 0T NPOHWLASMOCTH 9T
YECTOTH AMA COBCN3 TEMNERETYRR ANA COEDMA

Yacrora, 1pu KOTOPOU € CHUKAETCS HAaXOAUTCS
o= KT
rie h -BSI3KOCTB; I — pajinlyC MOJICKYJIBI.
Bpems penakcariu MoieKyd to cBs3aHO ¢ 4acToToi fo BeIpaskeHneM
1
fO : 2 L]
P 70

Ta6muma 1.1. usnextpudeckoit nmporuraeMoctu npu 20 °C u 50 'y st
TIOJISIPHBIX KHUIKOCTEH

HaumeHnoBaHue KHIKOCTH e
KacTtopoBoe macJio 4,5
CoBoa 5
CoBTO04 3.2

JAudjieKTpryecKas NPOHULAEMOCTh TBEPAbIX AMIJIEKTPUKOB , B KOTO-
PBIX BO3MOKHBI BCE BU/IBI MOJISIPU3ALUAN, UMEET HAUMEHbIIEE 3HAYECHUE, €CITU
CTPYKTypa MaTepuasa NoCTpOeHa U3 HEUTPAbHBIX MOJIEKY U 00JIaJIaeT IJIeK-
TPOHHOM MOJISIpU3alUen, TOraa € = n. TemneparypHasi 3aBUCUMOCTb € OIpeAeIIs-
€TCsl U3MEHEHHMEM YHCJia MOJICKYJI B €IUHHIE 00bema. JIJisi HeHTpalbHOM MOJIEKY-
JIbl, HETIOJIIPHOTO MapaduHa, CHIDKEHHUE € 0KUIAeTCs TP TeMIlepaType IiaBlie-
Hus pucyHoK 1.3. J[Ji1 HOHHBIX KPUCTAJUIOB C IJIOTHOM YITaKOBKOW MOHOB , dJIEK-
TPOHHOM U MOHHOW MTHOBEHHBIMU TMOJISPU3ALUAMU HEKOTOPOE IMOBBIIIEHUE € TIPU
3HAYUTEJIHLHOM IMOBBIIICHUH TeMIIepaTypsl, T. K. TKe > 0 pucynok 1.4. Jis HOHHBIX



KPUCTAJJIOB C HEIJIOTHOM YIaKOBKOM U 3JIEKTPOHHOW M MOHHOM pellakCcalluOHHBI-
MU MOJIAPU3AIMSAMU XapaKTePHO HEOOJBbIIOe H3MEHEHHUE € U TI0JI0XKHUTEIbHOE TKE.
[Ipu BeICOKHX TeMIlepaTypax 3HAUUTENIbHOE YBEIUUYCHHE € CKa3bIBAETCsl M3-3a
MPOSBIICHUS PEIaKCAMOHHBIX MOJIgpu3aluii pucyHok 1.5. [y 1eniton03bl Uiu
MOJIAPHBIX OPTaHUYECKUX AUDIIEKTPUKOB YBEIMYEHHE € XapaKTEepHO M3-3a KaK Obl
OTCIICKUBAHUS U3MEHEHUS TEMIIEPATyPhl IUIOJIBHO — PEAKCAIIMOHHOMN MOJIApH-
3anuein pucyHok 1.6.

TREfSTHE

MR A
1 1

Y -
L 5:
FPuc.l. ! TeMnepaTypraA 38BASUMOCT S Pus.l 4. TerMNepaTypHAa R 28ENSIMOCTS

AWSNEETENYECKEEA NPOHK 45ar3cTH AWENSHTREHHESCHEA NPOHH 48Era5TH
napagr-a WEHHEMD KEVETEMT A

| " d : /

o 1

; //
t t
o i EEB H N R i « £
Fuz. 1.5, TemnepaTypHA R 3REWCIMOCT S Fuz.1.5. TeMnepaTypHaA 338 SUMOGT S
AWANSETEWHSCHCA NEDHWLESMACTH hapdopa LWMANARTPHHEGICH NPCHWLAEMEETI LEMKNeae0d

i “ ﬂ
00 /
400 /f— \\_ T
— .
-40 i 40 I 120 140 hL

Puc. 1.7. TemnepaTypHaa 38BHCHMOCTE QU3NEKT DUUYSCKOA
NPoHHLASMOCTH SErHETI3NeKTRMRS

JIJIs1 CErHETORJIEKTPUKOB € OKa3bIBAETCS B MIPSAMOITPONIOPLUOHAIBHHON 3a-
BHCUMOCTH OT HANPSHKEHHOCTH AJIEKTpUYecKoro noiist. [lagenue € ot BpemeHu
BO3JICMCTBUS HANPSHKEHHOCTH — 3TO CTapEHUE NUAJIEKTpUKa. [IpuunHoil cTapenus
ABJISIETCS IEPErPYNIMPOBKA JOMEHOB, KOTOPask MPOUCXOIUT MPU TEMIEPATYPaAX
BbIIIE TOUKU KIOpHU M pacTeT € ¢ pOCTOM HANpPS)KEHHOCTH WM MOBBIILICHUH TEMIIE-
patypsl 10 Touku Kiopu pucyHok 1.7. 3T0 HellMHENWHbIE TUTIEKTPUKH.
3HaYeHUE OUAIEKTPUUYECKON MPOHUIAEMOCTH BAKHO 3HATH I PACUETOB MHOIO-
CJIIOWHBIX JHUAJIEKTPUKOB. HanpsKeHHOCTh 3ieKTpruyecKkoro nouss B cnoax E u Ha-
npsbkeHre Ha Hux U onpenenstores: cneayomumM o0pa3om:



Ei=eU/(hhe+h e,
Ex=etU/(h e+ hye;
Ui=ee U/ (hy e+ hye);
U=eth, U/ (hy &+ hyey),
rae hy, ho - TommmHa c0eB audIIEKTpHKA;;, € - AMIICKTPUYCSCKas MPOHHUIIAC-
MOCTh Marepuaina audiektpuka;, Ei, E, - nHanpspkenHocts mossa B cnosix;Up,U; -
HaIpsDKEHUE, MPUIIOKEHHOE K cliosiM; U - ToJIHOe HampshKeHHe MEXy oOKiIaaKa-
MH KOHJIEHCAaTOopaA.

B ciayuae mHorocioiinoro konjaeHncaropa ( IUIOCKUH, N ¢j10eB ) OyaeM UMETh

IS 1-TO CITOSI

E=U/(e|Sh|/a), U, = E h;,
rae U - monmHoe HampspkeHHe Ha KoHaeHcarope, B; Ui, Eij, hj, €, - cOOTBeTCTBEHHO
HanpsHKEHUE, HAMPSHKEHHOCTh 3JIEKTPUYECKOTO TOJIsl, TOJIIMHA U JAUDJIEKTpUYe-
CKasl MPOHUIIAEMOCTh KaXKJI0TO CJIOS.

To ecTh crmon nuAIEKTpUKA C OOJIBIICH AUIICKTPUIECKON TTPOHUIIAEMOCTHIO
CTPEMSITCA “ pa3TPy3UThCS U MEPETIOKUTh YaCTh JICKTPUUECKOTO HAMPSIKCHUS Ha
CJIOU C MEHbIIIeH MPOHUIIAEMOCThI0. OCOOEHHO B TSAKENBIX YCIOBUSX OKA3bIBACTCS
BO3/YIIIHAsI MPOCIIOMKA MEXIY JIBYMS CIOAMHU M30Jsuuu. biaromaps manoi mpo-
HULIAEMOCTH ¥ MJIOW 3JIEKTPUYECKOW MPOYHOCTH ra30B B HUX BO3HUKAIOT YACTHUY-
HbIe pa3psaabl. Kpome TOro, s MHOTOCJIOMHOTO IUJIMHIPUYECKOTO KOHAEHCATOpa
0JIe OKAa3bIBACTCS PE3KO HEOJHOPOIHBIM, M HANPSKCHHOCTh B I-M CJIO€ Ha pac-
CTOSIHUHU X OT ocH KoHjaeHcaTopa (rj < X <[y ) 3aBUCHUT OT 3HAYCHUH € MaTepua-
JIOB CJIOEB:

E=U/(e SLn(rz /1) / &),

IJIe T'1, I'2 - COOTBETCTBEHHO BHYTPEHHUIN M BHEIIHUH PaIUyChl 1-TO CIIOA.

B aToM cityuae nopsiok ciioeB BiusieT Ha 3HaueHUE E B oTaenbHBIX ciiosx. UToOb!
MOJIyYUTh HamOoJiee BBITOJHOE pacHpe/e/iCHHEe HANpsHKEHHOCTEHM, HYXKHO TOoMe-
IaTh BO BHYTPEHHHUE CJIOM MHOT'OCJIOWHOTO HWIMHIAPUYECKOTO KOHAEHCATOpa JIU-
DIIEKTPUKU ¢ OOobIMMK € ( rpaJupoBaHue HM30JIKH). B HepaBHOMEPHOM ITOJIE
JUISl YMEHBIICHUS 3JIEKTPUYECKOW HArpy3KH 3JIEKTPOU3OJALMOHHBIX MaTEpUaioB
cieayeT B MecTa C HauOOJBIIUM 3JIEKTPUUECKUM CMEIIEHHEeM IOMellaTh MaTe-
pHUajbl ¢ HauOOJbIIEH €.

JAM3JIeKTPUKHU 10 BUAY NOJISIPU3ALMH JeJATCH HA YeThIpe IPyNIbl.

[lepBas rpynmna — 0JHOKOMIIO3UIIMOHHBIE, OAHOPOAHBIC, YUCThIE Oe3 100a-
BOK, JUAJIEKTPUKHU, Y KOTOPBIX B OCHOBHOM 3JIEKTPOHHASI MO pU3alvs WK IJI0T-
Has yrakoBKa HOHOB. K HUM OTHOCATCSI HEMOJISIPHBIC U CJIA00TOJIIPHBIE TBEPIbIE
TUAJICKTPUKH B KPUCTAITMYECKOM HJIM aMOP()PHOM COCTOSIHUH, a TaK)Ke HETOJISAP-
HBIE U C1a00MOSPHBIC KUIAKOCTH U Ta3bl JUIsl TAKMX MATEPUATIOB
Qs +Qy

Q0

Bropas rpynmna — TEXHUYECKHE TUDIEKTPUKHU C DJICKTPOHHON, HOHHOM U OJI-
HOBPEMEHHO C JAMMNOJIbHO-PEIaKCAllMOHHOW moisipu3anusamMu. K HUM OTHOCSTCSA
noJisipHbIe ( AMITOJIBHBIC) OpraHMYECKUE TMOJYXKHIKHE W TBEpAbIC BEINECTBA, Ha-

e<30=1+



mpumMep MaCJ'ISIHOKaHI/I-(l)OJIBHBIC KOMITaYHABI, OCJUII0JIO3d, 3IIOKCUAHBIC CMOJIBI H
KOMITO3UITMOHHBIC MATCPHUAJIbl, COCTABJICHHBIC N3 3THUX BCUICCTB, IJIA HHUX

Qy *+ Qu + Qp

Qo

TpeTBH rpyHHa — TCXHHUYCCKUC HHSH@KTPI/IKI/I C HOHHOﬁ U 3JIeI<TpOHHOI7I I10-
JISIpI/IBaL[I/ISIMI/I; HHSH@KTPI/IKI/I C 3JIeI<TpOHHOI7I, HOHHOﬁ peJ]aKcaI_[I/IOHHBIMI/I HOHHPI/I'
3aluiaMu ACIIUTCA HA IBC HO)Iprr[HBI. K HepBOf/'I HO)Iprr[He OTHOCATCA B OCHOB-
HOM KPHCTAJUIMYECKHE BELIECTBA C IUIOTHOM ynakoBkoit nonos € < 3,0. Ko Bropoii
HO)Iprr[He OTHOCATCA HeopFaHquCKI/Ie CTCKJIa U MaTepHaJIBI, CO):[ep)KaHlI/Ie CTCK-
noBuAHYIO (asy, a TakkKe KPHCTAIMYECKHE BEIECTBA C HEIUIOTHOM YIIaKOBKOM
HNOHOB.

30<e<45=1+

Qo
quBepTyIO prHHy COCTABJIAKOT CerHeTOBJIeKTpI/IKI/I, HMCHKOIIINEC CIIOHTAH-
HYIO, 2JIEKTPOHHYIO, HOHHYIO, DJIEKTPOHHO-HOHHO-PEIAaKCAIIMOHHBIE TOJISPU3ALIUH,

d TAK)KC MUTPATUMOHHYIO MJIM BBICOKOBOJIBTHYIO JISI KOMIIO3UITUOHHBIX, CJIOKHBIX
N CJIIOUCTBIX MAaTCPUAJIOB, OJIA KOTOPHBIX

Q3 +QI/I +Qﬂp +Q1/1p +Q3p +QM +Qc1'[
Qo '

30<e<40=1+

e>40=1+

1.4. D71eKTPONPOBOAHOCTH THIIEKTPUKOB

[Tonspu3aliiOHHBIC MTPOIECCHl CMEIICHHUS CBSI3aHHBIX 3apA0B B JIUAJICKTPH-
K€ MPOTEKAI0T BO BPEMEHU JI0 MOMEHTA YCTAaHOBJICHHUS PABHOBECHS M CO3/aI0T TO-
K{ CMeEIIEeHus. B ciaydae 3JeKTpOHHOM W MOHHOM MOJIAPH3ALNi 3TH TOKU MPaKTH-
4eCKH HE yaaercs 3auKCUpoBaTh nprubopamu. TOKH CMEIIEHUS Pa3IUYHBIX BUIOB
3aMeJUICHHOM TOJISApU3alliK, Ha0II01aeMble B OOJIBIIMHCTBE TEXHUYSCKUX JHUIJICK-
TPHUKOB, Ha3bIBAIOT TOKaMu abcopOuuu. IIpu MPHIOKEHHH TOCTOSHHOTO HaIpsi-
’KEHHsI OHM HaOJIFOMAlOTCs MPH BKIIOYEHWH W BBIKIIFOYCHHH, MCHSSI CBOE Halpas-
acaue. Hanudre B TEXHHUYECKHX IUAJIEKTPHKAX HEOOJBIIOrO YHCIa CBOOOIHBIX
3apsIIOB MPUBOJUT K BOSHUKHOBEHUIO MAJIBIX 10 BEJIMYMHE CKBO3HBIX TOKOB.

[T10THOCTH TOKA YTEUYKH B JUDJCKTPHKAX OMPEACIACTCS CYMMOM CKBO3HOTO
TOKa ¥ ToKa abcopouun (A/m?)

ijl = jCKl + ja6c1-
DTOT TOK pa3uyaeTcs Kak MepeMeIleHNe 3apsA0B 10 TTOBEPXHOCTH U BBIPA3UTCS
inl = iCKl + ia6cl-

[T10THOCTH TOKA CMEIICHHS ONPEACACTCS CKOPOCThIO M3MEHEHHUS BEKTOpa

AIIEKTPUUECKOTO CMEIICHHUS
jCM2 =dD/dt= ja602v

rae D — BekTop asekTpudeckoro cmemieHus, Ki/c; t — Bpewms, c.

[Tocne OKOHYAHHUS MPOLIECCOB MOJSPU3AIMKA BHYTPH CTPYKTYPBI Uepe3 JIH-
AJIEKTPHUK MPOTEKAET TOJIBKO CKBO3HOU TOK. [I09TOMY TOK CMEIIICHHUS pa3IndaeTcs
KaK [epeMeIleHIe 3aps 0B BHYTPH CTPYKTYPBI JUJICKTPUKA U BBIPA3HTCS



iCM2 = ic1<2 + ia602-

Ha mpaktuke B ciiydae M3MEpPEHHUS CONMPOTHUBIICHUS HW3OJISIIIMM U3MEpPEHUE
TOKa MPOU3BOJAT IMOCJIC BBIICPKKHA BPEMEHH B TeueHWE 1 MHUH, CUMTas, YTO IMPO-
IIECC 3aMEJUICHHOW TMOJIAPU3AIMK YXkKe 3aKoHYMICS . OCOOCHHOCTBIO 3JICKTPOIPO-
BOJIHOCTH JMDJICKTPUKOB SIBJICTCS €€ MOHHBIN ( HE DJIEKTPOHHBIN ) XapakTep. Ta-
KM 00pa3oM, HCTUHHOE CONPOTHUBJICHUE JMIJICKTPUKA WIIM CONPOTHUBIICHUE H30-
JSAIUN IS SJICKTPOM3OJIAIIMOHHBIX MaTEPHAJIOB, OIMPEACIISIONIee CKBO3HOM TOK,
BBIYHUCIISETCA 110 (popMmyie

_ U U
R.. =- . =,
U3 A |
cMm - Algge ek
rac U - HpI/IJIO)KeHHOC TITIOCTOSHHOC HaHpH)KCHHe, B, | - CYMMa TOKOB a6COp6HI/II/I

OT pa3HbIX BUJIOB 3aMEJICHHOMN MoJIApu3anuu, A.

[lo arperaTHOMy COCTOSIHHIO BCE AMDJIEKTPUKH, KaK MU3BECTHO, JEIATCS Ha
TBEpbIe, KUAKUE U ra3oo0pazHble. Jig TBEpAbIX TUAIEKTPUKOB, UCIIOIb3yEMbIX B
KauecTBE 3JIEKTPOU3OJSALMOHHBIX MATEPHUANIOB, Pa3IUYalOT OObEMHYIO MPOBOIM-
MOCTb u3oisuu Gy, onpenenseMyto Kak OTHOIIEHHWE CKBO3HOT'O TOKAa CMEIICHHMS
WIN YTEUKH K MPUIIOKEHHOMY HAMPSIKEHUIO U MMOBEPXHOCTHYIO MPOBOAUMOCTH G,
M30JISIUH, KOTOpasi XapakTEepU3yeT HAJIMYUe CJI0s MOBBIIIEHHON MPOBOJIMMOCTH Ha
MOBEPXHOCTH pa3fiesia TBEPAOH H30JIALMHU C OKPYXKAIOIIEH ra30BOM cpenoi - 3To
BO3/IyX, TJIe TOK 3aBUCUT OT COCTOSIHUSI MOBEPXHOCTH: YBIAXKHEHHUS, IIEPOXOBATO-
CTH U 3arpsi3HeHus. Jljis cpaBHUTEIBHOM OLEHKM OOBEMHON M IMOBEPXHOCTHOM
MIPOBOJUMOCTEH MONB3YIOTCS 3HAYEHUSIMU YACIBHOIO OOBEMHOTO [y U yIETBHOTO
MOBEPXHOCTHOTO [ CONPOTHUBIICHUSs, OIpPEAEsis MO HHUM COOTBETCTBYIOIIHUE
ylenbHble 00BEMHYIO U TTOBEPXHOCTHYIO MPOBOJAMMOCTH .

B cucreme CU ynenbHOoe 00beMHOE CONMPOTUBICHUE YHMCIEHHO PAaBHO CO-
MPOTUBIIEHUIO KyOa ¢ pedpoM | M, MBICIEHHO BBIPE3aHHOI'O U3 JAHHOTO JMUDJIEK-
TpHKa, eciii ToK B 1 A mpoxoaut ckBo3b KyO OT OJHOM IUIOIIAJN TPaHU K MPOTHU-
BOIIOJIOKHOM.

Jis miockoro oopasia B OJJHOPOJHOM 3JIEKTPUYECKOM I10JIE:

(= -9 S [om],

Loy |
U
rIe |—= R, - o0beMHOe compoTuBieHue obpasua, OM; S- 1Iomaab AIEKTPOoaa

on
WJIU TUIOIA/Ib TPaHH, M2; 1 - TonuuHa 06pasiia UM JuiMHa pedpa, M.

VYaenbHOe MOBEPXHOCTHOE COIMPOTHUBIICHHUE IIOCKOTO TUAJICKTPHUKA PaBHO
COIIPOTHRIICHHUIO KBaJpaTa IMHUYHBIX Pa3MEPOB, MBICJICHHO BBIJICJICHHOTO Ha I10-
BEPXHOCTH JMDJIEKTPUKA, €CIIU TOK B 1 A mpOXoauT 4epe3 KBajapar OT OJHOH ero
CTOPOHBI K MPOTHBOITOJIOKHOM.

VY aenbpHOe TOBEPXHOCTHOE COMPOTUBIICHUE PACCYMTHIBACTCS 1O (hOpMYJIe

U
rne —= RS - IIOBCPXHOCTHOC COIIPOTUBIICHUC 06pa3ua AUDBJICKTPHUKA MCKIY I1a

lyT



paljIeIbHO MOCTABJIICHHBIMU 3JIeKTpoAaMu, OM; 1 - mMpuHa 3JeKTPoA0B, M; d —
pPacCTOsSTHUE MEXTY AJIEKTPOJAAMHU, M.

Ecau Tok 37eKTpOonpoBOHOCTH — 3TO CyMMa TOKOB CKBO3HOW MPOBOJUMO-
CTU U a0COPOIIMOHHBIX TOKOB, TO TOK IO MIOBEPXHOCTH WJIU 110 00bEMY BBIPA3UTCS

| = Ia + II/I + I;[p +II/Ip + |3p+ IM + Icrn

/i€ SIBHOE MEPEMEILICHUE B AJICKTPUUECKOM T0JIE AJIEKTPOHOB U MOHOB COOCTBEH-
HOM CTPYKTYpHI, a TaK K€ JIUIOJIEH, MOHOB U AJICKTPOHOB PeJIaKCAIlMOHHOM TMOJIs-
pHU3aIii ¥ BO3MOXKHBIX MOJISIPU3AlUA MUTPAIIMOHHONW M CTIOHTAHHOM, COCTABJISIOT
oOIIMIA TOK B AUDJICKTPHUKE MO MOBEPXHOCTH UJIU MO 00BEMY B 3aBUCUMOCTH OT €T0
CTPYKTYPHI.

Takum oOpazoM, BeT4MHA Iy OKAXKETCS .

- JUTSL YUCTHIX, OJJHOKOMITO3UITHOHHBIX , OJTHOPOAHBIX MAaTEPHAIOB (KpHCTaII-
JIbI, TIOJTUMEPBI ¥ UM T10I0OHBIC TUAICKTPUKH) I\ < 10" — 10" Om M B 3aBuCHMO-
CTH OT TOKOB CKBO3HOH MPOBOJANUMOCTH;

- JUTSI TEXHUYECKUX JUAJICKTPUKOB YK€ TOKH CKBO3HON MPOBOJAUMOCTH U OT
peNaKCallMOHHBIX MOJISIPU3ALMI ONpenesnar I < 10 - 10" Om M,

- JUTSL CJIOKHBIX TUDJIEKTPUKOB, KOMIIO3UIIMOHHBIX U CJIOUCTBIX MaTepUaIoB
ry < 10 Om M.

OTH nmapaMeTpbl HAXOAATCS NMPU COOTBETCTBYIOIIEM YHUCIIE CIaraéMbIX TO-
KOB, MPOTEKAIOUTUX M0 00BEMY CTPYKTYPBI IUDIESKTPUKA.

VY nenpHOE COMPOTUBIICHUE TIO TOBEPXHOCTH I g, OYJET 3aBUCETh OT BOCIIPH-
MMYHBOCTH MOBEPXHOCTH K BJIare C y4€TOM 3arpsi3HEHUS U IIEPOXOBATOCTH:

- JUTSL IUDJIEKTPUKOB C BOJIOOTTAIKMBAIOIIEH MOBEPXHOCTHIO, HEPACTBOPH-
MOl HIIM He BIMTHIBafoLIeH Biary s < 10" —10™ Ow;

- JUTSL TUDJIEKTPUKOB YaCTUYHO TOTJIOMIAIONINX U PACTBOPSIONIUX BJIAry, a
TAKXKE€ C HEMPOBOASIIUM 3arpA3HEHUEM [ g < 10t — 10% Ow;

- JUTSI MaTE€pUaJIOB TOTJIOMIAIONINX BIIAry WA BIUTHIBAIOIINX, PACTBOPSIIO-
mux ee g < 10° Owm.

OTH MapaMeTphl OIEHUBAIOTCS COOTBETCTBYIOIIUM YHUCIIOM CIIAaraéMbIX TO-
KOB, MPOTEKAIOIIUX 0 TTOBEPXHOCTU MaTepHaa.
B skcrutyaramnuu Juisi ydacTka U30JISIUH MEXKIY SJEKTPOJaMU, UMEIOIIUMHU
BU/JI IBYX KOAKCHAJIBHBIX IIJIMHAPOB C OCEBOM TMHOM 1 M, AuameTpamMu BHYTPEH-
HETO M BHEIIHETO 3JIEKTPOJIa COOTBETCTBEHHO 1, o, M (MM pajnycamu Iy, I'z, M),
T.€. JUISl U30JISIIUUA KOAKCUAJIBHOTO Kalessl WK JTUAJIEKTPUYECKOr0 KOHIEHCaTopa,
00bEMHOE COMPOTUBIICHUE
R=ry/(2pl)Ln(di/dz)=r,/(2p 1) Ln(ram). (1.1
[Tpu d; — d; << dy; (rz — 11 << 1) HOAYYUM
R=r,/ (p |) (d2 - d]_) / (d2 + d]_) =ry/ (p l) (I‘2 - I‘l) / (r2 + I‘l). (12)
Otu GopMyIIbl CIIPABEITIUBbI, €CIIU MOKHO MPEeHEeOpeyb pacTeKaHUEM JIMHUN TOKa
OT KpaeB dJIEKTPOJOB B 4aCTh 00bEMa M3OJISALMK, KOTOpPas HE OXBATHIBACTCS DJICK-
Tpogamu. 3Hauerns R nexar B npexenax ot 10° OM i HU3KOKAaYECTBEHHBIX Ma-
TEpUAJIOB U J0 10" - 10" Om mnst HETOJISIPHBIX MaTepUasIoB TUMa GToporiacta u
JPYTHX.



JIis OAHOPOIHOTO SJEKTPUYECKOTO TOJS B MaTrephalie MOXKHO HCIOIb30-

BaTh 3aK0H OMa B 0000111eHHOH (hopMe, BBIpaKEHHOW Yepe3 IIOTHOCTh TOKa!
j=gE=E/R,

TIe | - IUIOTHOCTh TOKA MPOBOJUMOCTH YTCUYKH ISl AJICKTPUUECKOW H30JISIINH,

A/m; E - HanpsHKEHHOCTD AJIEKTPUYECKOro mosist, B/m.

JIsl M30NIAIIMOHHBIX MaTEepPHAIOB KaOelel pa3nuyaroT yJeNbHOE Tomeped-
HO€ COIPOTHUBJICHHE CJIOS M YACIHHOE COMPOTHBICHHE wu3oisuu. [lomepednoe
COIPOTHBIICHHE CIIOSi Ry €CTh CONMPOTHBICHHE yYacTKa IUIOMAABI0 S, M” H CIOS
JMDJICKTPHUKA MIOCTOSTHHOM TOJIIKHBI N, M, CKBO3b KOTOPBIH MPOXOIUT TOK.

Ri=r h/S=r18,
OTKYJa ONIPEIEIUTCS YACTHbHOE MOMIEPEIHOE COMPOTUBIICHHUE CIIOST
ri=R;S=r h.
YaenpHOE COMPOTUBICHHWE HW30JALMKM CHMMETPHYHOTO KaOens WM mpoBojaa I,
T.€. 00bEMHOE COIPOTHUBIICHUE M30JIAINH, HAIPUMEP, MEKIY ABYMS JKUJIAMH - 3TO
R, OM, oTHEceHHOe K eIMHUIIE JUTMHBI Kabens L, M, onpenensercs o ¢popmyrie
Re=r«/L,otkynar,=R./L.

Jlnst omHOXMIBHOTO Kabens muamerpoM d i (paanycoMm Ty) ¥ BHYTPEHHHM
JAMaMETPOM MeTaTndeckor 000s10uku d; (rz ) MOKHO MOJIB30BAThCS (hOpMyIaMH
(1.1) u (1.2). 1151 TOBEPXHOCTHOTO COMPOTHUBJICHHUS B CiIydae 3JCKTPOIOB B BHJIC-
KOHIICHTPUYECKUX OKPYKHOCTEH MOBEPXHOCTHOE COMPOTHUBIICHHUE KOJBIIEBOTO 3a-
30pa paBHO

Rs=rs/(2p)Ln(dx/dy) =rs/(2p) Ln(rz/ 1),
rae d; (ry) - amamerp (paanyc ) BHyTpeHHeEro, a d; (I2) - BHEIITHET0 3JICKTPOIOB.
[Mpu d; - d; << d; umeem
Rs=rg/ p (d2—d1)/(d2+ dl) =rs/ p (I‘2—I‘1) / (I‘2+ I‘l).

[Tpu nnutenpHON paboTe MUAIEKTPHKA IMOJ HANPSHKCHUEM TOK 4yepe3 JKH/I-
KHE€ W TBEPJbIC AMIJICKTPUKH MOXKET YMEHBIIAThCS WM yBEIWYMBAThCA. B ciydae
YMEHBIICHHSI TOKA MPOUCXOIUT TaK Ha3bIBaeMasl dJICKTpUUYECKasi OUMCTKa oOpasIa,
T.K. CJIa003aKpeTJICHHBIE HOHBI TPUMECEH OCAKIAIOTCS Ha SJEKTPOAaX U CKBO3HON
TOK, TIOATOMY YMEHBIIIACTCS. YBEIMUYEHHE TOKA UAET BCICACTBUE CTapEHUS MaTe-
puana, mpoIecc 3TOT HeoOpaTHM M B KOHIIE KOHIIOB MOXKET MPHUBECTH K MPOOOIO.
[TpousBeneHne COMPOTUBICHUS W3OJSIIMHA AUAJICKTPUKA KOHJIEHCATOPA U €ro eM-
KOCTH Ha3bIBAIOT MTOCTOSTHHOW BpEMEHU camopaspsjia KOHIACHCATOpA.

to= Rm C
3nauenue t0 onpeaensoT U3 BEIPAKCHHUS
U=Ug exp(— t/ to),
npuHsB t = tp, mosryunm
U= Uo CXp(- to/to) = Uo/ c,

rae U - HanpspKkeHue Ha 3JeKTpoAax KOHJIEHcaTopa CIycTs Bpems L mocie ero or-
KJIIOYCHHS OT MCTOYHHKA HampspkeHus, B; U - HampspkeHue, 70 KOTOPOro 3apsi-
xeH koraencatop (t = O), B; C - emkocth kKoHaeHcaTopa, @; R - comnporusicHue
M30JIS1IUKM CKBO3HOMY TOKY, OM; e = 2,718.

thr=RC=r ge



Takum 06pazom, onpeaenuB MOCTOSIHHYIO BPEMEHH, KaK BpeMs, [0 UCTEYEHUH KO-
TOPOro HaNpsHKEHHE Ha BBIBOJAX KOHJIEHCATOPA IMOCJE CHATHUSA IO YMEHbIINUTCS
BCJIEICTBUE camopaspsaa B € pa3 (e = 2.718...), 3Has BUJ MaTepuaia U ero €, yuu-
ThIBasi HAJIMYKE TOJIbKO OOBEMHOrO0 TOKA YTE€UYKH, MOKHO OINpPEACNIUTh YIEIbHOE
COTPOTHBJICHUE HCIOJIb30BAHHOTO JuAJIeKTpuKa. [Ipu MmoBbIIEHUH TeMIepaTyphbl
yI€BbHOE COMPOTUBIICHUE TUAIEKTPUKOB, KaK MPABUIIO. YMEHbBIIIAETCS
TKr =TKR + a,
rae a = TKL - temneparypHblii K03QPUIUEHT JJIMHBI MaTEpHaa.
OueBUIHO, YTO
TKr¢=TKR..
OOBIYHO IS MHOTHX 3JIEKTPOU3OJISLIMOHHBIX MATEpUaIOB 3aBUCUMOCTH I
OT TepMOJIMHAMUYECKON TeMriepaTypsl T onuckiBaeTcst Gopmyoit
r =Aexp(B/T),
rae A u B - nmocrosgunsie. MHaue
Luop=LnA+B/T
WIH
r =aexp(- bt),
re a u b- MoCTOsHHBIC BeIMdrHbL, t - Temmeparypa, °C.
B sTtom ciyuae
TKr =-b.
[ToHsITHO, YTO yCIIOBUS paOOTHI U3OJIALIMU IIPU BHICOKMX TeMIIEpaTypax OKa-
3BIBAIOTCS TSKEIIBIMU, T.K. COIMPOTUBIICHHUE U30JISILUU MTPU 3TOM YMEHBIIAETCS .
[Ipn GOABIMIMX HAMPSKEHHOCTSIX DJIEKTPUUYECKOTO MOJsI HEOOXOIUMO YUH-
THIBaTh MOSIBJICHHE B KPUCTALTMYECKUX AMDIEKTPUKAX AJIEKTPOHHOTO TOKA, KOTO-
pBIii OBICTPO BO3pacTaeT ¢ yBeIU4YeHHEeM HampsbkeHHocTu noisisi E. B pesynbraTte
yero Hapymaercs 3akoH Oma. [Ipu HanpspkeHHOCTsIX modisi Beimie 10 - 100 MB/m
3aBUCUMOCTb YJIEJIbHOM MPOBOJAUMOCTH BBIPAXKAETCA SMIHUPUYECKON (hopmyoit
Jix. Ilyns
g = gexp(b VE)

WM, €CITU HampsbKeHne OJU3Ko K MpoOouBHOMY, TO 10 (opmyre S.U. Openxens:

& = gexp(VE)V2),
rac gg- HpOBOI[I/IMOCT]':: JII/IBJ'I@KTPI/IK& B CHUJIBHBIX HOJISIX; g— HpOBOI[I/IMOCT]':: JAHUDJICK-
TpUKa B 00JaCTH, MOIUUHSAIOIIEHCS 3aKkoHy OMa, b - yucnosoit kod(pdunueHr, xa-
PAKTEPU3YIOLIUN MATEPUAI TUDJIEKTPUKA.

I'a3bl ipu HEOONBIIUX HAMPSKEHHOCTSX 3JIEKTPUYECKOTO MOJIsS 00J1aatoT
OYCHb MAJIOH AJIEKTPONPOBOAHOCTHIO prcyHOK 1.8 (kpuBas 1). Tok B razax MOXeT
BOSHHKHyTB TOJIBKO HpI/I HaJIMUUU B HUX UOHOB UIIN CBO60}1HBIX 3JICKTpOHOB. I/IO-
HU3al s MOJ'IeKyJI ra3a BO3HHUKACT IIO IIBYM HpI/I‘II/IHaM: JII/I60 BCJICACTBUEC BIIMAHUA
KaKI/IX-JII/I60 BHCIIHUX Q)aKTOpOB, JII/I60 BCJICACTBHUC COYI[apeHI/Iﬁ BapH}KCHHBIX gac-
tull (CBOOOJHBIX DJIEKTPOHOB) Ta3a ¢ HEUTpalbHBIMH MoJieKysiamMu. Ha kpusoii 1
paBJII/I‘IaIOT: a0 VH HecaMOCTOHTeJIBHyIO HMOHU3AalIUK0, KOorga € YBeJII/I‘IeHI/IeM KOH-
I_IeHTpaI_II/II/I 3ap$u:[a n HIacT YBeJII/I‘IeHI/Ie TOKaA | A0 HACBIIICHUA €TI0 nH , 3ACCh BHCIII-
HEC 3JICKTpI/I‘I€CKOC ITIOJIC UBMCHIJIACT BeJII/I‘II/IHy TOKA (Ha JII/IHCﬁHOM yqaCTKe 10 3a-



koHy OMa, Ha HEJIMHEHHOM — HE BBIMOJIHAETCA 3aKkoH OMa); 3aTeM BBIJCIIACTCS 00-
NacTh HACBIIEHUS TOKa (OT Ny 0 Nyp1), KOTZA SBICHUE PEKOMOMHAIIMN HE IPHBO-
JIMT K BO3PACTAHHMIO TOKA XOTsI KOHIICHTPAIUS 3apsa0B pacTeT (IHPOKHIA yIacTOK

A

—_—— — — — = ]

Yoo Vi Y2 ¥l
Puc.1.8. GnekTponposogHOCTs rasa 1, ¥uakoctv 2 u
TEEPAOrD NUINEKTPUKOE 3

ATON KPUBOW XAPAaKTEPEH AJIA Ta30B, T.€. Il MAaTEPUAJIOB, Y KOTOPBIX MaJIOE KO-
JIMYECTBO MpUMeEcei); y4acToK KpuBoi 1 3a mpenenamu Ngy; — 3TO CAMOCTOSATENb-
HBIM MpOIECC MOHU3ALMHU, KOTJ]a BHEITHUE (PAKTOPhI: KOCMUYECKOE U3JIyYeHHE a U
b nmyueit, ynprpaduoneToBbie yud, pEHTTCHOBCKOE U3JIyYCHHUE U CBETOBOC JIaB-
JICHUE, a TAK)KE 33 CYET COOCTBEHHOW YHEPTHU MEPBUYHBIX MPOIEcCOB ((hOTOHOHHM-
3aiusi B 00beMe MPOMEKYTKA), 3TH (HAKTOPBI 3HAYUTEIHHO YBEIUYHUBAIOT JJICK-
TPOMPOBOIHOCTH ra3a. MHoraa, 0COOEHHO B CHIIBHO pa3pekEHHBIX ra3ax, BO3MOXK-
HO TOSIBJIEHUE DJIEKTPONPOBOAHOCTH M3-32 MOHOB, 0OPAa30BABIIMXCS B pe3yjbTaTe
COyJlapeHUs 3apsHKEHHBIX YACTHUI] C MOJIEKYJIAaMH ra3a. Takas MOHU3alusl Ha3bIBa-
ercsl ynapHoi. OHa MOXET BO3HUKHYTh B I'a3e, €CJIM KUHETUYECKAsl SHEPTHS dJIEK-
TPOHA 3a BpeMsi CBOOOHOTO Mpodera B pe3ysbTaTe CTOJIKHOBEHUH (yHnpyrux wiu
HE YIPYrux) MOJ ISHCTBUEM DIICKTPUYCCKOTO OIS, OKAKETCS JIOCTATOYHO OO0JIb-

2

LIOM W IIPEBBICUT JHEPIrUI0 MOHU3ALMU HEUTPAIBHOU MOJIEKYJIBI >W,. B

ATOM CIIy4ae 3JEKTPONPOBOJHOCTh Ia3a, BbI3BAaHHAs YJIapHON MOHMU3ALMEM, HA3bI-
BAETCS CAaMOCTOSITENIbHOU. B caObIxX 3JEKTpUYECKUX MOJNSX YJApHOW HOHU3AIUU
HET U COOTBETCTBEHHO HET CAMOCTOSITENBHOMN 3JEKTPOIPOBOIHOCTH.
DIIEKTPOIIPOBOAHOCTD KMAKOCTEN CBSI3aHA CO CTPOCHHEM HX MOJEKYJ pHU-
cyHok 1.8 ( kpuBas 2). B HEMOJSAPHBIX KHUIKOCTIX SJIEKTPOIPOBOTHOCTh 3aBHCUT
OT HaJIM4Ms TUCCOLUMMPOBAHHBIX IPUMECEN, B TOM YHUCIE U OT BOABI. B moJIsIpHBIX
KUIKOCTAX JIEKTPOIPOBOJAHOCTD OINPEAENSIETCS HE TOJIBKO NPUMECSIMHU, HO U JIUC-
COLIMalel MOJIEKYJI CaMOW »KMJKOCTH KpUBas 2 y4acTOK OT Ny 10 Ny , IPUYEM,
yeMm OoJbllle MpUMeEcei, TEM YK€ 3Ta 30Ha, a TOK B JKUJKOCTSAX BbI3bIBAETCS J[BU-
KEHUEM HOHOB WJIM TepeMellleHneM Oosiee KPYMHbIX Kojuioua. HeBo3MOXKHOCTD
MOJIHOTO YAAQJICHUS U3 KUJKHUX JTIUAJIEKTPUKOB MpUMecei, CIOCOOHBIX K IUCCOIUa-



LMW, OCJIOKHSET IMOJYYEHHE BBICOKOKAYECTBEHHBIX AJIEKTPOU3OISLUUOHHBIX KH]I-
KOCTEH ¢ Majioil yJIeIbHOU 3JIEKTPONPOBOIHOCTHIO. CHUIIBHOMOMAPHBIEC KUJIKOCTH C
BBICOKOW YJEIBHOMN AJIEKTPONPOBOJHOCTBIO OTHOCATCSA K MPOBOAHUKAM C MOHHOU
AIEKTPONPOBOJHOCTEIO. YMEHBUIUTh YJEIbHYIO IPOBOJAMMOCTh MOXHO ITyTEM
OUYHCTKH KUAKOTO AUAJIEKTpUKa. [Ipy IIUTENbHOM NPOIYyCKaHUU 3IEKTPUUYECKOTO
TOKa 4epe3 HEMOJSPHYIO >KUJKOCTh HaONIOAAEeTCs] YMEHBIICHHE 3JEKTPOIPOBOJI-
HOCTH U3 - 3a IepeHoca CBOOOJHBIX MOHOB MPHUMECEH K 3JeKTpogaM. ITOT Ipo-
LIECC HOCUT Ha3BaHUE DJIEKTPUUECKON OUMCTKHU JMAJIEKTPHUKA. Y A€NbHAs MPOBOIU-
MOCTb JIFOOOHM KUIKOCTH 3aBUCUT OT TemrepaTypbl. C ee yBeJIMYE€HUEM BO3PaCTaET
MOJABUKHOCTh MOHOB M3-3a YMEHBLIEHUS BS3KOCTH KUAKOCTH, a TAK)KE HU3-3a yBE-
JUYEHUSI CTENEHU TEIUIOBOM AUCCOIMALMN, YTO IPUBOAUT K YBEJIMYECHHIO DJIEK-
TPOINPOBOJIHOCTH KUJKOTrO AudJeKkTpuka. Hanbonee TouHOE BBIpaskeHUE IJI OM-
peneneHus yaelIbHOW MPOBOJAUMOCTH MPU U3MEHEHUHN TEMIEPATYpPhl OMUCHIBAETCS
bopmyoi
g=Aexp(-al/T)

rie A U a - NOCTOSTHHBIE KO3(P(PUIIMEHTHI 1Sl JAHHOU >KUKOCTH.
YacTo nns BBIpaXKEHHUs YIEIbHON MPOBOJUMOCTH XKUAKOCTU OT TEMIIEpATyphl HC-
MOJIB3YIOT (OopMyITy

g= o exp(a t),
IJie U & - MOCTOSHHbBIC BETHYHMHBI I JAHHOM KHAKOCTH; t - Temmeparypa, “C.

VY nenpHas MpOBOAUMOCTB KUIAKOCTH 3aBHCUT OT €€ BSI3KOCTH, 3TO MOYKHO
JI0Ka3aTh, BOCIIOJIb30BABIINACH 3aKOHOM CTokca ( IBMIKCHHUE IIapa B B3KOU cpejie
TI0JT ICHCTBHEM MOCTOSIHHOW CWIIbI ). Toraa yCTaHOBHUBILASCS CKOPOCTh

u=F/(6prh), (1.3
rie F - cuna; r - paguyc mapa; h - muHaMuveckast BI3KOCTb YKHUIKOCTH.

Cuita, neicTByOlIass Ha HOCHUTEIb 3apsa M BbI3bIBAIOLIAs €r0 HaIpaBJICH-
HOE IIEpEMELICHHUE,

F=qE, (1.4)

rae g —3apsa Hocutens; E - HalpsyKEeHHOCTh 3JIEKTPUYECKOTO TOJIS.
Hcnonp3ys BeIpakeHHUE I YIETbHON MTPOBOAMMOCTH U3 3aKOHAa OMa, MOoIyYuM

g=noqu=nyqu/E, (1.5
riae U, M7/c B - MOXBIKHOCTH HOCHTEEH 3apsna, paBHas CpeAHEN CKOPOCTH Ha-
MIPABJICHHOI'O JABUKEHUS HOCUTEJIEH B IMOJIE C HAIPSKEHHOCTBIO, PABHOM €IMHMIIE;
Ip - KOHUEHTpaUusl HOCUTEIIEH 3apsija.
[ToncraBuB B Gopmyiy (1.5) Beipakenus (1.3) u (1.4) nodayduM BBIpaKCHHE IS
IIPOBOJIMMOCTH

g=noq2/(6prh).

Otcrona cienyert, 4YTo MPU HE3aBUCUMOCTH OT TeMIlepaTypshl N, U T, T.€. NpeHeo-
peras TEIJIOBOM AMCCOLMAlMEN, MOYKHO YTBEPXKAaTh, YTO MPOU3BEACHUE YIENb-
HOM MPOBOJUMOCTH U BSI3KOCTH >KMJIKOCTH €CTh BEJIMYMHA MOCTOSHHAS IPHU pas-
HBIX Temnepatypax (mpasuio JI.B. I[Tucapxkesckoro u [1.1. BanbpjaeHa ):

gh=no g’/ (6rry). (1.6)
N3 popmysl (1.6) BUIHO, YTO MPOBOJUMOCTHh BO3PACTACT MPU YMEHBIICHUH BSI3-
koctd. C y4eToM TEIUIOBOM UCCOIMAIMU YaCTHIl XKUIKOCTH Mpou3BeaeHue gh



pacTeT C yBeluueHuWeM Temmneparyphl. [Ipy oueHb OOJBIIUX HAMPSKEHHOCTIX
DIIEKTPUUECKOro mmouist, BenuurHoi nopsaka 10 - 100 MB/M, TOK B KHAKOCTH HE
noAunHsETCs 3akoHy OMa, 4TO CBSI3aHO C YBEJIMYEHUEM YHCJIA JBWKYIIUXCS TOJ
BIIMSIHMEM TI0JIS1 MOHOB. Y >KHJIKOCTEH B KPHUBOW 3aBHCUMOCTH TOKa OT HaIpsikKe-
HUS HET TOPU30HTAIBHOTO y4acTKa. XOTs ISl KUIKOCTEH OYeHb BBHICOKOMW CTere-
HU OYHMCTKH OH MOXKET U OBbITh, YTO COOTBETCTBYET TOKY HachIleHus B (yBeauue-
HHE y4JacTKa Ny - Ny, KpUBOH 2 pucyHok 1.8).

B kommongHbIX cucTeMax MOXKET ObITh MOJMOHHAs WM dJIeKTpodopeTnde-
CKasi MpOBOAMMOCTh. HocuTenu 3apsiia B 3TOM ciydae TpyIbsl MOJIEKYJ ( MOJIHO-
HbI). DJIeKTpodopeTHUecKas MPOBOIUMOCTh MOXET HaOII0AaThCsA B TpaHchopMa-
TOPHOM MacJjie, CoepIKaIleM dMYJIbIHPOBAHHYIO BOY (IIJICHKA BOJIbI).

DIEKTPONPOBOJHOCTh TBEPJBIX JUAIEKTPUKOB CKJIAJBIBACTCS M3 DJIECKTPOH-
HOW ¥ MOHHOW MPOBOJUMOCTEN, MpUUEM MepBasi HaOIIOAeTCS B CUIIBHBIX MOJISX.
Tox MPOBOAMMOCTH OT HAIPaBJIEHHBIX HOHOB OOYCJIABIMBAETCSA IEpeMelieHueM
HMOHOB TMpHUMECEHd W MOHOB CaMOH CTPYKTYpHI, TTOATOMY ONPEAEISCTCS KPUBOU 3
pucyHka 1.8 mnm y3koii 00nacTbiO HachIIEHUs OT Ny 10 Ng3. B mudnekrpukax c
ATOMHBIMH U MOJICKYJSIDHBIMH PEIIETKAMH TOK MPOBOJUMOCTH OIICHUBACTCS
TOJILKO MOHAMU Pa3JIMYHON MPUMECH, MIPUYEM TIPU HEKOTOPOU TeMIepaTrype numMe-
€M BBIpaKE€HUE

0= q Nog Ut [OM™ em™Y,
r1e g — 3apsia HOCUTENS; Nog - YUCI0 HocuTened B 1 o0beMma, CM3; Ut - IOABWXK-
HOCTB, cM/c.

B MOHHBIX KPUCTAIITUYECKUX TUDJEKTPUKAX TOK MPOBOAUMOCTH OMPEIes-
eTCs MepeMEIIEHUEM HOHOB 0JTHOTO 3Haka, Hanpumep, NaCl rie mo HamnpasieHHIO
CHJI DJICKTPUYECKOTO TOJISl IBUXKYTCS TOJIBKO MOJOXKUTEIHHO 3apSKEHHBIE HOHBI
HaTpwus. [Ipy BRICOKMX TeMIepaTypax B TOKE MPOBOJIUMOCTH PUHUMAIOT y4acTHE
WOHBI JIPYyroro 3Haka. B 3TOM Mpeanoioxenuu B 3aBucumoctu |ng = f(1/T) Gonee
KpyTO# criajy mpsIMOM yKa3bIBaeT Ha TO, YTO TOK MPOBOJUMOCTH MPHU BHICOKUX TEM-
nepaTypax co3/laeTcsi HOHaMU 000X 3HAKOB M MIPH CHJIBHOM T0JIe HaOJII0/1aeTCs
AIIEKTPOHHAS MPOBOAUMOCTh, KOTOpas uamepsiercs no Gopmyse [yns

. _ - bVE
g=ge ,
rjie E — HanpsokeHHOCTh Modis; g - yAeldbHasi TPOBOJAMMOCTh B 00JIaCTH HE3aBUCH -
MocTH got E nmu, korga ckopocTh nepeMenieHus: HOCUTENIEH 3aps 0B MPOTop-

nroHasbHa E; b - yncnoBoit ko3 UIMEHT, XapaKTepu3yIOLIHid MaTepHrall.
[Ipu HanpsKEHHOCTH TOJIsA, OJIM3KOM K MPOOMBHBIM 3HaUYE€HUAM OoJjiee ToY-

HOM oka3biBaeTcs hopmyna OpeHkens
« _ - byVE
g=g€e€ \/_ .

1.5. InyaekTpudeckue noTepu B AUIJIEKTPUKAX

1.5.1. OcHOBHBIC TOHATHUSA



JIM3JIeKTPUYEeCKUMH TOTePSIMHM Ha3bIBAa€TCS MOLIHOCTb, paccerBaeMas B
JIUDJIEKTPUKE MO ACHCTBUEM MPUIIOKEHHOTO K HEMY JIEKTPUYECKOTO TOJIS U BbI-
3bIBAIOIAs €ro HarpeB. PaccMaTpHUBalOT MOJIHbIE TUANIEKTPUUECKHE MMOTEPU BbI3bI-
BaeMbl€ KakK IpU MEPEMEHHOM, TaK U MPU MOCTOSHHOM HAMpPsDKEHHSX 32 CUeT
CKBO3HBIX TOKOB, 00YCIIOBIEHHOI'O MPOBOIUMOCTHIO.

[Ipupoaa AMAIEKTPUUYECKUX MOTEPh B U3OJISIIIMOHHBIX MaTepuaiax pa3inyHa
Y 3aBUCHUT OT arperaTHoro COCTOSIHUS BEIECTBA: ra3000pa3HOro, KUAKOTO U TBEP-
noro. IIpy n3ydeHUn AMDIEKTPUUYECKUX MOTEPb, CBSI3aHHBIX C SIBJICHUEM MOJSPU-
3allMM JURJIEKTPUK MOXKHO OTOOpas3uTh B BHJIE KPUBBIX 3aBHCHUMOCTEN 3apsna Q
Ha OOKJIaJKax KOHAEHcaTopa C 3aJaHHBIM JUAJICKTPUKOM OT HAIpPSKEHUS IJICK-
Tpuueckoro noist pucynku 1.9 —1.11. [lotepu, BbI3BaHHBIE MTHOBEHHBIMH MOJIS-
pU3aLUAMH, HE PAa30rPEBAIOT AUAJIEKTPUK U Tpaduyeckoe OTOOpakeHHUEe UX — JIU-
HeiiHas 3aBucuMocTsh ( pucyHok 1.9). Ilorepu, BbI3BaHHBIE JIFOOOW 3aMeICHHON
MOJIAPU3ALMSIME, BBIPAXKAIOTCS IUIOLIAJbI0 OBaJa MPOMOPLHOHATIBLHON SHEPrUH
paccesHUsI Ha TEIUIO 3a OJWH meproia HanpsokeHus (pucyHok 1.10). s auasiek-
TPUKOB C CIIOHTAHHOW MOJIApU3ALMEN MOTEPHU SHEPTUU 3a OJIMH NEPHUOJ] OIpese-
JISIFOTCS TUIOIAIbE0, OTPAaHUYCHHOM meTiel rucrepesuca (pucyHok 1.11).
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[Tpu noctossHHoM Hanpspkenud U ( B) Ha ydacTke M30JSI[MM CONMPOTHBIIC-
nueMm R,; (OM) 3HaueHne akTUBHBIX moTeph P, ( BT) onpenenutcs kak
2 2
P.=U/R;=UIl=I"Ry,



riae | - CKBO3HOM TOK yTeUKH yepe3 AUDIEKTPUK WM U30JSIUI0, A.
[Ipn nepeMeHHoOl (opme HampsKEeHUs UMEEeM 3HAaueHHE DHEPruu paccesHus Ha
terio W, wiu aktuBHble notepu P,, BT, Ha yuactke m3zonsuuu emkocteio C, nd,
Ipy JICHCTBYIOIIEM 3HAYCHUU TpUIIoKeHHoro Hanpsbkenus U, B, gacrore f, I'ig
wim W=2 pf(kpyroBas gactoTa). 37eCb HCOOXOAUMO M3 BEKTOPHBIX JHArpamMm
MOCJIEIOBATEIbHON U MapaJlIeIbHOW CXeM 3aMEIIeHHs] U30JSIUN HallTh yroi ¢a-
3B | MEXIy OOIIMM TOKOM M OOIIMM HAMpsDKEHHEM H, DomoiHuB ero 1o 90°, Ha-
XOAAT yroi d - yroj AU3JIEKTPUYECKUX MOTePh, Mo pucynkam 1.12 u 1.13. [Tpuyem
, YeM OOoJIbllIe paccessHue MOIIHOCTU B JMUAJIEKTPHUKE, MEePeXoslleil B TEIIo, TeM
MeHbIIe yroi caura ¢a3 | u TeM Ooibiie yrou d u, ClieIoBaTeIbHO, €ro (PYHKIUS
tgd - TaHreHC yria JUAJICKTPUUECKUX MOTEePh, TAKUM 00pa3oM,

W,=P,=Ulcos =Ultgd=UwCtgd.

Jl1s1 mocie1oBaTeIbHOM CXEMBI 3aMEICHUS .

o - U2rg _ U%g  _U2%wCgtgd U Urg
a= o 2 2 - 2. "7 Tz
EHXS 204 1+tg“d
2

rae tgd = w Csrs.
JIns mapasnienbHON CXEMbl 3aMEILICHUS |

P,=U?g=U?btgd = U?w C, tgd,

1
rnetgd= ————; b=1/1/w Cp =WCp.
WCprp

[TpupaBuuBas 3HaueHus tgd nmpu mocae0BaTeILHON U MapaieIbHOM cxe-
Max 3aMEIIeHNs U30JISIMU, €CJIM OHHM DKBUBAJICHTHBI M MOIITHOCTH P, 0JMHAaKoBa,
MOJTyYUM

r
CS — 1 1 — P
5 nrs—rp(+ 5) = 5
1+tg-d tgcd 1+tg<d
2
rJie B IEpBOM IpHOImKeHuH, npeHeoperas tg°d mo cpaBHeHHIO ¢ «1>», MOXKHO CUH-
tath C, » Cs » C, Torga akTuBHas MoImHocTs OyauT pasHa P, = U | tgd.
MoxHo BbIpa3uTh tgd U3 BEKTOpHBIX quarpamm pucynkos 1.12. 1.13:
tgds = Ua/ Ucmtgd, = 14/ 1.

Yron noteps d - 3T0 MapamMeTop Kak caMoro Marepualia, Tak U U3IeIus 13
JTUAJICKTPUIECKOT0 MaTepuaia. YacTo Mmoib3yloTcsl TEPMUHOM “ TOOPOTHOCTDH U30-
JAUUKA” - 9TO BETMYUHA, 00paTHAs TAHTEHCY yTia JUICKTPUUYECKUX MOTEPh,

Qs=1/tgds=Uc/ U, mmm Q,=1/tgd, = I/ I,

3naueHus tgd 17151 BBICOKOKAYeCTBEHHBIX MAaTEPUAIOB COCTABIISIOT THICSIY-
HBIE U JaXKe ACCATUTHICSYHBIC T0JIU €UHUIIBI, HO MOTYT OBITh M OOJIBIIIE JJISI DJICK-
TPOTEXHUYCCKUX MaTEpHaIoB 0oJiee HU3KOIO KauecTBa (HECKONIBKUX COTHIX JT0JICH
CIMHMIIBI).

Jlist pacdeTa TUAIIEKTPUUECKUX TIOTEPh B €IMHUIIC 00BeMa, Ie HAMPSKEH-
HOCTb 10J1s1 paBHa E, B/M u 5mro0as kapTHHA 3JCKTPUYCSCKOro mosis (paBHOMEpHas,
PE3KOHEOTHOPO/IHAS, CITA0OHEOIHOPO/IHAS ), & TAKXKe JII000H HEOIHOPOIHBIH JT1-
ANIEKTPUK, MPUHUMAETCS IMIUpHUUEcKas Gpopmyia

CS = Cp(1+ tgd) NN Cp =



P, = 5,56.10™. E*f etgd.

[IpousBeieHNE OTHOCUTEIBHOM AUAICKTPUUECKON MPOHUIIAEMOCTH U TaH-
reHca yria JudJIeKTpudeckux mnoreps (€ tgd) HassiBaeTcs kodhGumeHTOM IH-
ANIEKTPUYECKUX MOTeph Matepuaina. Ecnu BenmnuuHa g= 5,56 10" tgd, Om ™ siB-
nsieTcss 0ObEMHOM YIeIbHOM TPOBOIMMOCTBIO MaTepualia Toraa P, mpumer Buj

Pa=gE.

[Tpu nepeMeHHOM HaANPSIKEHUU MMOTEPU OOBIYHO OOJIBIIE, YEM Ha IMOCTOSH-

HOM HaIpsDKEHUH, YTO OTPaXKaeTCsl HEPaAaBEHCTBOM

fr etgd> 1,8.10%.
DTO HEPABEHCTBO CBS3BIBACT YJIebHOE 00BEMHOE COMPOTHUBJICHUE I, U3MEPEHHOE
IIPH MIOCTOSTHHOM HAIpPsDKEHUH, ¢ MapaMeTrpamu € u tgd Ha mepeMeHHOM Hamnpsbke-
HuM rpu vactore f.

B razoo0pa3Hbix AMAIEKTPUKAX MPH MaJlbIX HaIpspKeHHOCTAX mouist E, B He-
MOJISIPHBIX JKUJKOCTSX, TAKUX KaK CyXoe TpaHC()OpMaTOpPHOE Maciio, B HEMOJISp-
HBIX TBEPJIbIX JPJIEKTPUKAX MOTEPU MPHU MOCTOSHHOM M MEPEMEHHOM HaIPsKEHU-
X oiMHaKOBbI. Clie10BaTeNIbHO, HA TIEPEMEHHOM HAMPSIKEHUN UMEEM PaBEHCTBO:

tgd= 1,810/ (fer)=1,8.10" g/ (ef).

JIist THAJIEKTPUKOB € OOJIBIIMMH TIOTEPSIMU PACUETHOE 3HAYEHHUE €MKOCTH
3aBUCUT OT BbIOOpA CXEMBbI 3aMEIICHUS U TOTJa € TAK)KE OKAKETCS 3aBUCAIIEH OT
CXEMBI 3aMEIICHUs, T.€. OKKETCS BEITMYMHON HEONpEeIeICHHON, a BeJTMYMHA yTiia
noteph ¥ tgd OT 3TOro HE 3aBHUCHT.

1.5.2. Cxema 3aMelieHHs JUIEKTPUKA

B nmo6oM auaniekTpuke, MOMENIEHHOM B AJIEKTpUYECKOe ToJie, HaOI01at0T-
Csl SIBJIGHUSI. CMEIICHHUE 3apsiI0B PAa3IUYHBIX BHUJIOB TMOJISIPU3ALIUMA, MEpEMEIICHHUE
3apsIoB WKW TOK MO O00BEMY CTPYKTYpPBHI WM MO MOBEPXHOCTH €€ M HarpeB -
AJIEKTPUKA OT SHEPTUU PACCESHUS — BCE ITH SBJICHUS MPOUCXOMST B HAMPABICHUH
CUJIOBBIX JUHUH 3ekTpuuyeckoro nois. Ha pucynke 1.14 oroOpakeHbl 3TH siBJIE-
HUS U MPEJICTABJICHBI KaK CXEeMa 3aMEIICHHS W30JIAIIMOHHOT0 MaTepHuaa.
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Puc. 1.14. Cxema 3aMEWEHIA AUANSKTPKE & yMETOM AEMEHWNA NONAPHALNY,
SNEKTRONPQBGAHICTA 11 AWINSKTRWHECKWX NOTE PR

1.6.2. Buabl AM3JIEKTPUYECKUX NOTEPh
JusnekTpuyeckre IoTepu Mo CBOeH npupojie U (GU3NYeCKO CYIIHOCTH WU
BO3JICHCTBHUIO DJIEKTPUUYECKOTO TMOJISI IETISATCS Ha YEThIPE OCHOBHBIX BHJIA:



1) nusneKTpudecKre noTepu, 00yCIOBICHHBIC BCEMU BUIaMU MTHOBEHHOW U
3aMEJIJICHHOU NOJIsIpU3alven B IUAJIEKTPUKAX;

2) MOTEepH OT CKBO3HOM 3JIEKTPOIIPOBOIHOCTH;

3) HOHM3AIMOHHBIC TIOTEPH;

4) oTepH, BhI3BAHHBIC HEOJIHOPOJIHOCTHIO CTPYKTYPBI

Takum 00pa3oM, Tpu SIBJIEHUS BJIEKTPUUYECKOTO TMOJIS ONPEACISIOT WIH BbI-
3bIBAIOT HArpeB JAUDJICKTPUKA: MOJIAPU3ALINS ,, DJIIEKTPOIIPOBOJHOCT U MOHU3ALMS .

Monsipuzanus oOycnosiuBaeT n3MeHeHune d u coorBercTBeHHO tgd B Bele-
CTBaX, OO0JANAIOIIUX PENAKCAIMOHHBIMU MOJSAPU3ALUIMU WM B JTUAJIEKTPUKAX
MOHHOU CTPYKTYpPBI C HEIJIOTHOM YIIAKOBKOM MOHOB WJIM JMUIIOJIBHON CTPYKTYPHI C
KOBAJICHTHOW CBS3bI0 MEXAYy MousieKyjaaMu. [lomspusanust BbI3bIBa€T HapyllICHUE
TEIUIOBOI'O JIBMKEHMS YACTHUI] I10 HAIIPABIICHUIO DJIEKTPUUECKOIO I10JIS U IIPUBOJIUT
K PaCCEsIHUIO YHEPTUM WIM HArpeBy AMAJIEKTpUKa. Takue noTepu BO3pACTAIOT IIPU
YBEJIIMYCHUU YACTOTHI IIPUIIOKEHHOIO HANPSKEHUS U MOTYT PE3KO IIPOSIBUTCS Ha
BBICOKOM yactoTe. OIHAKO, €CIU MPU BBICOKOW 4acTOTE MOJIApU3aLUs HE MPOSBIIA-
etcst (MOHBI WIIH JTUTIOJIA HE YCIIEBAIOT CMECTUTHCS BCIIE]] YaCTOTE HIICKTPUICCKOTO
noJjst), To tgd mamaer. ITO0 XapakTEpHO i OOJBIIMHCTBA TEXHUUCCKUX JIHUAJICK-
TPUKOB CO CTEKJIOBUJIHOM (ha30il B CTPYKTYpE.

B cernerosnexkTpukax. mOT€pH OT CIIOHTAHHOW MOJSpHU3aLUs HAOIIOAAI0TCS
3HAUYMUTENIBHBIMH 10 TOUYKH KropH, Tak Kak yCIeBarOT CMEIIAThCS 3apsAapl WM OT-
CIEKMBAIOT HW3MEHEHHE TEMIIepaTypbl. 3a ImpeaenamMu Toykun Kropu mnorepu
YMEHBIIAIOTCS U 3HAYUTENBHO, TaK KAK HE IPOSIBISAETCS MOJSApU3ALIASL.

B paguorexHnueckux mMarepuanax IPU CBETOBBIX YaCTOTAX, 3a IpeaeslaMu
MI 11, mpoSBISIOTCS pE30HAHCHBIE MOTEPU. DTO HAOIIOJAETCS B razax, Korjaa uiaer
VHTEHCUBHOE IIOIVIOIIEHUE JHEPIUM AJIIEKTPUUECKOrO IOJIA. U B TBEPABIX AUIIICK-
TPUKax, KOI/Ia YacTOTa BBIHY)KJICHHBIX KOJEOAHMI, BBI3BAHHBIX AJIEKTPUUECKUM
II0JIEM, COBIIAJIAET C YACTOTONW COOCTBEHHBIX KOJECOAHUN YaCTUILl BELLIECTBA.

JsnekTpuyeckue MoTepu OT IJAEeKTPONPOBOIHOCTH OOHAPYKMBAIOTCS B
3aBUCUMOCTH OT OOBEMHOM WJIM MOBEPXHOCTHOM yAETbHON MPOBOAMMOCTH Bellle-

CTBa, O3TOMY
1,81012

tgd = ef p

(1.7)

3nech d He 3aBUCUT OT YacTOThI ouis U tgd yMeHbIIaeTcsl ¢ yBETHYCHUEM
yacToTsl f o runepbonnyeckomy 3akony. TemnepaTypHas 3aBUCUMOCTh B 3TOM
cllydae OIpeneisieTcsl Kak SKCIIOHEHTa BU1a
b

—An T _p at
PT—Ae AN Pt_POe ,

rae A, b, a —nocrosinable Matepuana; Pt — notepu npu remnepatype T; Py — nore-
pu ipu Temnepatype t, °C; Po — motepu mpu 0 °C.

HNonu3zanuonHble TOTEPU XapaKTEPHBI AJI1 ra3000pa3HbIX U HEOJHOPOIHBIX
TBEPABIX JUDJIEKTPUKOB C Ta30BbIM BKIIIOUEHHEM. B HEOTHOPOAHOM 3JIEeKTpUye-
CKOM T10JIE MTPU HAMPSXKEHHOCTSIX MPEBBIIIAIONINX 3HAYEHHE, COOTBETCTBYIOIIEE
HayaJly MOHU3AIUU ra3a, UMeeM

P,= A, f(U=-U,)}



rae Aj - MOCTOSHHBIM KO3 UIIMEHT, 3aBUCIIIMA OT BUa MaTepuana; U- mpuiio-
*KeHHoe HarnpshkeHnue; U,- HanpsbkeHne nonnsanuu, eciau U > U,; f- yacrora mos.

Bennunna U, 3aBUCHUT OT IaBieHMs ra3a, MOCKOJIbKY MOHMU3ALMS ATO COYJa-
pEHME MOJIEKYJ IIPU CBOOOJHOM IPOOEre 3JIEKTPOHOB, U MPONOPLUOHAIBHO yBeE-
JUYEHHIO €rO.

JsekTpuyeckue MoTepu, CBSI3aHHBIE C HEOJHOPOAHOCTBIO CTPYKTYPbI
JIUDJIEKTPUKOB, HAOIIOJAIOTCA Y MHOTUX TEXHUUYECKHUX JUAJIEKTPUKOB - CIOUCTBIX
MJIACTUKOB, MPONUTAHHBIX OyMar, MIaCTUYECKUX MacC C HalOJHUTENSIMU, B Kepa-
MHUKE, Marepuajgax Ha OCHOBE CIIOJbl, acOECTOBBIX Marepuaiax u T.n. Bumy
00Jb1I0OT0 pa3zHOO0pa3us CTPYKTYPbl HEOJAHOPOJHBIX IUANEKTPUKOB U COJAEpHKa-
IIMXCA B HUX COCTAaBIISIONINX, 001Iel GopMyIIbl AJi pacyeTa uxX AUAJICKTPUUYECKUX
noTeppb He cymecTByeT. OHAKO, BOZMOXHAs OI[EHKA JUAJIEKTPUYECKUX MOTEPh B
KOMITO3ULIMOHHBIX MAaTEPUAJIOB CBA3aHa C BBIJCICHUEM TEIUIa MPU IBYX SBICHUSIX
AIIEKTPOMPOBOJHOCTh M OAHO W3 SIBJICHUW MOJISIpU3AIMs WIM MOHU3aLuUs, a TO U
BCEX TpeX SBJICHUI OJHOBPEMEHHO. DTO OOYCJIOBJIECHO MPUMECSIMH WIH OTAEIb-
HBIMH KOMIIOHEHTaMH, BBEJICHHBIMU B TUAJIEKTPUK ISl U3BMEHEHUSI €r0 CBOMCTB.

Ju3JieKTpu4YecKue NMoTepu B ra3ax Ipu HANpsHKEHHOCTH MOJIsI, HUKE He-
00X0JIMMOM /111 BOBHUKHOBEHHS yIapHOW MOHU3ALMKM MOJEKYJ, OYeHb Majbl. B
TaKOM CJIy4ae ra3 - UAealIbHbI TUAJIEKTPUK. VICTOUHUKOM JTUANEKTPUUECKHUX IO-
TEphb B ra3ax SIBJSETCS B OCHOBHOM JJIEKTPONPOBOJHOCTH, MOTOMY YTO OPHUEHTA-
1Usl TUTOJIBHBIX MOJIEKYJI B razax IMpU UX MOJIAPU3ALMU HE COMPOBOXKIACTCS JIU-
ANEKTPUUYECKUM MOTEpsiMU. Bce ra3pl HMEIOT 0YeHb MaIyIO 3JEKTPOIPOBOIHOCTD,
MO3TOMY YIOJl IMAJIEKTPUYECKUX MOTEPh Yy HUX Mall , OCOOCHHO Ha BBICOKHX Yac-
TOTaX U BBIPAKAIOTCS 3aBUCUMOCTHIO (1.7)

Jlu3JIeKTpU4ecKue MOoTepH B KUJAKOCTSX CYILIECTBEHHO 3aBUCAT OT CTpOE-
HUSI KHJKOCTU: B HEMOJSIPHBIX XHUIKOCTAX (0€3 MpUMecel ¢ JUIMOJIbHBIMU MOJIe-
KyJIaMH), OHU OOYCIIOBJICHBI TOJIBKO AJIEKTPOIPOBOJHOCTBIO. Y IebHAs TPOBOIH-
MOCTh UX TOXKE OUCHb Majla U Mallbl IUAJICKTpUYecKre oTepu. B aTom ciyuae tgd
OYCHb MaJl 1 MOXET ObITh paccuutad 1mo Gopmyie (1.7). IoasspHbIe KUIKOCTH B
3aBUCUMOCTU OT YCJIOBUH MOTYT 00janaTh OONBIIMMH MOTEPSIMH, CBA3AHHBIMU C
JUTOJIBHO-PEIAKCATIMOHHON MOJsIpU3aleil U MOTEepsIMU OT AJIEKTPOIPOBOHO-
cti. Ilpumensiemble B TEXHUKE AMDIEKTPUKH MOTYT MPEACTaBIATH CMECHU HETO-
JSPHBIX U TOJISIPHBIX BEIIECTB, HANPUMEP, MAC/ISHO-KaHU(OJIbHbIE KOMIAYH]IbI,
WIX MOTYT OBITh MOJISIPHBIMU SKUIKOCTAMHU. JKuJKHE TOJSPHBIE TUAJIEKTPUKH
UMEIOT 3aMETHYIO 3aBUCUMOCTH JAMAJIEKTPUUYECKUX MOTEPh OT BSI3KOCTHU. JIUIJICK-
TPUYECKHUE MOTEPU B HUX B OCHOBHOM OOYCJIOBJICHBI MOJIIPU3AIMEN U HA3BIBAIOTCS
JIUTOJIBHO-PEIaKCAllMOHHBIMU MOTEpsIMU. JUmonu, cienys 3a U3MEHEHHUEM dJIeK-
TPUYECKOTO TOJIsI, TOBOPAUYMUBAIOTCS B BSI3KOW Cpe/ie U BBI3BIBAIOT MOTEPH DJIEK-
TPUYECKOW PHEPTUH HA TPEHHUE C BBIJCIICHUEM TEIUIOThI. ECIU BSI3KOCTh KUIKOCTH
BEJIMKA, TO MOJIEKYJIbl HE YCIEBAIOT CJIEN0BaTh 32 U3MEHEHHUEM I10JI U MOTEPU OT
MOJIApU3ALMU OyAYyT Majbl. TUIOJbHBIE TOTEPU MaJbl TAKXKE B KUIKOCTSIX C MaJION
BA3KOCTBIO, T.K. TOBOPOT AUIONEH mpoucxoaut 6e3 Tpenus. [Ipu cpenneit Bs3Ko-
CTH JMIMOJIbHBIE TOTEPU MOTYT OBITH IOCTATOYHO BEIMKHU M IIPU HEKOTOPOM 3Haye-
HUU BS3KOCTU MMEIOT MakcuMmyM. PaccemBaemas mouiHocth P, mpu aumnosibHO-
PENaKCAIMOHHBIX MOTEPSIX B KUJIKOM JMAJIEKTPUKE BO3PACTAET C YaCTOTOM J0 TeX



op, TOKa MOJISIPU3allMsl YCIeBaeT caeAoBaTh 3a u3MeHenuem mnoss. Koraa ke gac-
TOTAa CTAHOBUTCS HACTOJILKO BENMKa, YTO JUIOJBHBIC MOJICKYJIBI HE YCIIEBAIOT
OPHCHTHPOBATHCS B HampaBjcHUH 1oJis, ¥ tgd mamaeT, moTepu CTaHOBSTCS MOCTO-
sHHBIMH. [Ipu paboTe nuPIEeKTpUKa Ha CHHYCOUJAIBLHOM IMEPEMEHHOM HaIpsiKe-
HUH C YIJIOBOH 4acTOTOW W TOK abcopOumu (OT mospu3aiiu) OyAeT TaKKe CHHY-
COMJTAJIbHBIM M UMEET JIBE COCTAaBJISIONIUE - aKTUBHYIO U peakTUBHYI0. Uepes au-
ANIEKTPUK B ATOM CJIydae MPOTEKAIOT TPH TOKa!

€MKOCTHOM TOK, OTIEPEXKAIONIUN Ha 90° Hanpspbkenue: | c=U w C, rne C -
reoMeTpuUecKas €eMKOCTh, U3MEpPEHHas MPHU BBICOKOM 4acTOTe, KOrja HET perak-
CallMOHHOW TOJISIPU3ALIUS;

TOK a0COpOLMM C aKTUBHOW M PEAKTUBHOM COCTABJISIONIMMHU BBIYUCIISETCS
o Gopmyiiam:

luage = U G WA 2/ (WP 12 + 1);

lrase = U G Wt/ (W2t + 1),
rae U — mpusokeHHoe HanpsbkeHue; G — MpoBOAMMOCTH JUIsl CKBO3HOT'O TOKa M3
BeipakeHust G = U / iy ipu TaHreHce yriia ¢a3sl paBHOM 1g] = W ;

CKBO3HOM TOK HaXOAMUTCS U3 BeIpakeHus i = U G=U /[ Ry,..

JuajiekTpruyecKkue MoTepu TBEPABIX AMIIEKTPUKOB. C MoJIeKYJISAPHOIi
CTPYKTYPOIi IOTEPH 3aBUCIT OT BUJAa MOJICKYJ. B HEMOJISIPHBIX MOJIEKYJIaX U He
ycroituuBoii (Ban-nep-Baasbca) cBA3bI0, BEllleCcTBa, HE UMEIOIIHE TpuMecH, tgd
OYCHB MaJl, OLICHUBACTCS MIEKTPOIPOBOIHOCTBIO, O3TOMY mopsiaka 10™. Ato BbI-
COKOYACTOTHBIC JAUDJICKTPHUKHU, Kak cepa, napadus, nmoaumepsl u ap. s Texaude-
CKUX MaTE€pHUajoB C MOJSIPHOM MOJIEKYJIOM W JUIOJbHO-PEIAKCALIMOHHOW TOJIS-
pu3aiei moTepu 3HAUYUTEIbHbBIC, T.€. SBICHUS JICKTPOIPOBOAHOCTH M MOJISpHU3a-
UK OBBIIAT ux 10 107, K TakuM IUAIeKTpPHKaM MOKHO OTHECTH: LEILTIOI030-
CoJiepyKalllie MaTepHalibl, MaTepuajabl CO CTEKIOBUAHON (ha3oi ( opraHndyecKue
CTEKJIa); MoMaMuIbl (KapoH | Jp.); KaydyKoBble MaTepuaisl (300HHT), heHoo-
dbopmanbaeruaHbie cMosIbl (0aKeIuT u Ip).

JIMBEeKTpUKU ¢ MOHHOM CTPYKTYPO#l CBsA3aHbI C YIIAaKOBKOW HOHOB B pe-
merke. Tak tgd < 107 s JIUADJIEKTPUKOB C KPUCTAJUIMYECKOW PEIIETKOM M IIJIOT-
HOM YIMAaKOBKOM MOHOB IMPH OTCYTCTBUU IPUMECEH, KOT/a MPOSBIACTCS SBICHUE
AIIEKTPONPOBOTHOCTH. DTO XapaKTEPHO ISl KEpaMHUKU U KaAMEHHOU COJu. A Tpo-
SIBIICHUE PEJIaKCAIMOHHBIX MOJsipu3anuii ( HOHHON M 3JIEKTPOHHOM) B MaTepuaiax
C He IUIOTHOM YHAKOBKOil MOHOB 3HaunTebHO moBbimaet tgd < 107, korxa mpo-
SIBJISIIOTCSI DJIEKTPOIPOBOIHOCTh M MOHHO- M 3JIEKTPOHHO- pellaKCaIllMOHHBIC TOJIS-
puzanuu. Tepmuueckas o0OpaboTka (00xwr, 3akajika) cTekia cHmxkaer tgd, a Hamu-
yHhe MIEJOYHBIX OKHCIIOB (NZO, KZO) IpH OTCYTCTBUHU TsKeNbIX MeTamioB (BaO,
PbO) Bei3biBatoT mnoBbiieHue tg d, 0JHAKO, BBEJCHUE TOIBKO TSIKEIBIX OKHCIIOB
METAJJIOB CHIKaeT tQd, Tak Kak MPOSBISIOTCS SIBJICHUS JJCKTPOINPOBOJHOCTH U
AIIEKTPOHHO-PEIAKCAITHOHHON TTOJISIPU3ALIUH.

CerHeTOodIEKTPUKH U CIIOKHBIC, HEOJHOPOAHbIE CTPYKTYPbI OLICHUBAIOTCS
Goree BHICOKMMH JMAICKTPHUCCKUMHI TIOTepsME, Topsiaka tgd> 10", 3xeck, Haps-
Ay C 3JCKTPOIPOBOJAHOCTHIO, MPOSIBISACTCSA JIMTCIIbHAS CIIOHTaHHAs ( CETHETOBA
COJIb THE303JICKTPUKH, KepaMHKa) WKW MUrparronHas ( BBICOKOBoybTHAs) ( rere-



HAaKC, TEKCTOJUT, (uOpa, MIACTHYCCKHE MACChl, MUKAHUT U Jp.) TMOJISPHU3AIHH.
Ecnu B cTpyKType CI0KHOM KOMIO3UIMHU 3aJI0’KEHO Tra30BOE BKIIIOUEHHUE, TO €Il
MO>KET MPOSBIATHCSA U HOHU3AILMOHHOE ABJICHUE, TIOATOMY ISl KOMITO3ULIMOHHBIX,
CJIIOMCTBIX WJIM CJIOXHBIX JIUAJIEKTPUKOB BO3MOKHAa KOMOWHAIMS SIBIICHUMN: 3JIEK-
TPONPOBOJIHOCTh U MOJSPU3ALMS; IEKTPONPOBOAHOCTD, TOJMSPU3aLUd U UOHU3A-
IHsI; 3JICKTPOIIPOBOIHOCTh, M MOHHM3AIIUs, KOTOPBIC BBI3bIBAIOT OOJIbIION tgd.
1.6.3. DakTOpPHI, BJAUAIINE HA JUIICKTPUYECKHE NTOTEPH
TemneparypHasi 1 4acTOTHasi 3aBUCUMOCTH JTUAJIEKTPUUECKON MPOHUIIAEMO-
CTH MpuBe/ieHbl Ha pucyHkax 1.15 u 1.16.

tns
tns 3
3
1
2
t
Pue.1.15. TemnepaTypHaA 3aEUCHMOCTE Puc.1.16. HarToTHad 3aeMcHMOCTR
OW2NERTHIYECKNXE NOTERE GAHORoOLHOMD 1, HE JRZNSKTRHHeCIdy NoTERL GOHOROAHGMD 1, He
CAHOPROHOMD 2 K KGMNOZALNOHHBID JN2NETHKE QAHGRGAHOID 2 B KOMNRIMUNOHHDMR JR2NekTpyia

Temmnepatypa. [loBbiieHue TemnepaTypsl Bei3biBaeT poct tgd, ecnu morepu
00yCIJIOBJIEHBI TPOBOAMMOCTBIO, T. K. MPU HArpeBaHUM AUDJIEKTPUKA BO3pPACTaECT
WHTCHCUBHOCTh CMEIICHUS WIN TiepemenieHus 3apsanoB (kpuBas 1 pucynka 1.15).
Ecnu motepu o0yclioBlieHbI MOJIsIpU3aLueii, TO Mpu pocte TeMiepatypsl tgd mpo-
XOJUT Yepe3 MAaKCUMyM. JTO OOBSCHSAETCS TEM, YTO MPU HUBKUX TeMIlepaTypax
BS3KOCTh BEJIMKAa W MOTEPh HET, a MPU BBICOKUX TEMIIEpaTypax BS3KOCTb Majia U
JIMIIONI CMEIAIOTCS, He UCTIBbIThIBast TpeHus (kpuBas 2 pucynka 1.15). [Tpu Ham-
YUH JBYX BUJIOB MOTEPh, PE3YIbTUPYIOUIUE MOTEPU OMPEIEIISIOTCS CI0XHOU KpH-
BoM 3 pucynka 1.15.

Yacrora. YBenMueHHE 4YacTOTHI BBI3bIBACT CHWXeHHUe tg d, ecim motepu
o0ycioBieHbl TpoBoAUMOCThIO (KprBast 1 pucynka 1.16). B atom ciyuyae akTuB-
Hasl COCTaBJISIONIAsl TOKA, BhI3BAHHAS YTEUKOW depe3 NUAJICKTPHUK, HE MEHSETCS C
U3MEHCHHUEM YaCTOThI, a PeaKTUBHAs (EMKOCTHOM TOK) pacTeT MpOMOPIHUOHATIBHO
Y4acTOTEe, MOATOMY OTHOIICHHE aKTHBHOTO TOKa K peakTUBHOMY, T. €. tgd, Oyzer
CHI)KAThCSl C yBEJIMYEHUEM 4acToThl. Ecli moTepu BhI3BaHBI MOJSpHU3ALUEH, TO
tgd , Oyner umers MakcumyM (kpuBasi 2 pucynka 1.16). IIpu HU3KKX YacToTax Io-
TEpH MaJbl, T. K. CKOPOCTh IOBOPOTA JUIOJIEH U CMELIEHUE NOHOB MPU HETUIOTHOU
YIaKOBKH HEBEJIMKO, a, CIIEIOBATENbHO, MaJio U TpeHue. [Ipu oueHsb OoapIImx vac-
TOTaxX AUIOJIM U MOHBI HE YCIIEBAIOT MOBOPAYMBATHCS WM CMEIIATHCSA BCIEI 3a
YacTOTOM 3JEKTPUUECKOro MOJISI U MO3TOMY MOTEpPH, Majibl. B CIOXKHBIX TUANIEK-
TPUKAX CYIIECTBYIOT MOTepH 000uX TUMNOB M tgd mosyvaercss myTeM CyMMHpOBa-
HUsI 000uX TUMOB 1o KpuBoit 3 pucynka 1.16. CienoBatensHo, tgd ¢ yBenuueHnem
4acTOThI MAJaeT, 0JIHAKO, 3TO HE 03HAYAET, YTO aKTUBHBIE MOTEPU CHIKAIOTCS, T.



k.P,=Ulcos),rmel »l.=U wC; cog =sind»tgd, t.e. P, = U2 w C tgd. Cuu-
xenue tgd ¢ pocTOM Y4acTOTHI MEHBIIIE COOTBETCTBYET YBEIMUYCHHIO YACTOTHI, a
CJIEJIOBATEIBHO U TIOTEPh C POCTOM YaCTOTHI.

BuraxknocTn. [losiBacHME Bi1aru B JIl0OOM arperaTHOM COCTOSTHHM (3MYJIbIH-
POBaHHOE, MOJICKYJIIPHOPACTBOPUMOE WJIM ra3000pa3Hoe) BeI3biBaeT pocT tgd. Do
OOBSCHSICTCS TEM, YTO Y OOJIBIIMHCTBA AMIJICKTPUKOB IPH YBIAKHCHUH CHIKACT-
Csl YJICJIbHOE CONPOTHUBIICHHUE, T.€. YBEIIMUYUBACTCS MIPOBOIUMOCTD.

Hanpsikenune 3j1eKkTpudeckoro mojs. Eciu morepu o0yclIOBICHB HOHH3a-
e, To tgd yBenuuuBaeTcs ¢ pocToM HampspkeHus, HauuHas ¢ Uy, T.e. ¢ Hamps-
’KCHHs MOHM3AIMK ra30BOro BKIOYeHus. [Ipu orcyTcTBHM BKiIoueHui tgd He 3a-
Bucut ot U. Tlostomy kpuBas 3aBucumoctH tgd=f(U) mo3Boisier ycTaHOBHUTS,
acTh JIM BO3AYIIHbBIC BKJIIOYCHUS B H30JISIUH.

1.7. IIpo6oii AU3JIEKTPUKOB

JINDINEKTPUK, HAXOIACh B DJIEKTPUUECKOM II0JIE, MOXKET MOTEPSITH CBOMCTBA
ANEKTPOU3OISIHMOHHOTO MaTepuaia, €Clid HalpsSKEHHOCTh MNOJIA MPEBBICUT HEKO-
TOPO€ KPUTHYECKOE 3HAYEHHUE, KOTJA Pa3pylIaloTCs MOJEKYJSPHBIE CBS3U. JTO
aBieHue HocuT HazBanue [IPOBOS nuanexkTpuka niam HapylmIeHUsl €ro dJIeKTpuye-
CKOM MPOYHOCTH; 3HAYEHUE HAMPSHKEHHs, TP KOTOPOM IPOUCXOJIUT MpoOoi 1u-
anektpuka, HazpiBaercss [IPOBMIBHBIM HanpsbkeHnem, a 3HaueHHE HANPSHKEHHO-
CTH DJIEKTPUYECKOTO TIOJIs, COOTBETCTBYIOILEE MPOOMBHOMY HANPSHKEHUIO, -
DJIEKTPUYECKOM IMTPOYHOCTEIO mmdnextpuka. 1Ipo6oii (UIMTENbHBIA 1K
KPaTKOBPEMEHHBIN ) ITUAJICKTPUKA MPUBOAUT K MOTEPE AMIICKTPHUUCCKUX CBOWCTB
1 00pa30BaHUIO KaHalla ¢ BBICOKOM 3JIEKTPUYECKONW MPOBOJAUMOCTBIO. DJIEKTpHUYe-
CKasg MPOYHOCTh AMAJIEKTPUKA ONpelessieTcss MPOOMBHBIM HANpPsKEHUEM, OTHE-
CEHHBIM K TOJILIHUHE TUAJIEKTpUKa B MecTe mpobos. Kak mpasuio, mpoOuBHOE Ha-
MPSKEHNE U3MEPSETCS B KWIOBOJIbTAX.

E.,=Uy/h, (1.8)
rae E;p - anekTpuueckas IpoYHOCTb AUAIEKTpHKa, KB/M; U, - mpoOuBHOE Hampsi-
keHue, kB; h - Tonmuba ausnekrpruka B MecTe mpooos, M.

Ha mpakTuke 4yacTo MOJb3YyIOTCS 3HAYEHUSIMU NMPOOUBHOIO HAMPSKEHUS,
BBIPQ)KEHHBIMU B METaBOJIbTaX, KMJIOBOJIbTAX WIM BOJIbTAX. TOraa 3jeKTpuyecKas
npouHocTs Ey, Oyznet Beipaxatsest Tak: 1 MB/m = 1 kB/Mm = 10° B/wm.

[IpoxosxaeHue Toka yepe3 U300 TpeICTaBIeHO Ha pucyHke 1.17.

Touka “n” Ha rpaduke pucynka 1.17, nias kotopoii dl / dU ® ¥, coorBercT-
ByeT npo6oro0. JlanpHelre sBIeHus B TUAIEKTPUKE MOCie Mpo00st ONpeaestoTCs
XapaKTEpPOM IEKTPOTEXHUUECKOTO MaTepHaia U MOITHOCTBIO UCTOYHHKA. B Mecte
po0Osi BOZHUKAET MCKpa WU Jyra, KOTOPbIE MOTYT BBI3BaTh OIUIABIIEHUE, O0OTO0-
paHue, paCTPECKUBAHKUE WM pa3jiokeHue ( I MOJMMEPOB) KaK JUAICKTPHUKA, TaK
U 3JIEKTpOJ0B. Ilocne cHATHS HanpsHKEHUS MPOCMATPUBAETCS CIIEN B TBEPAOM JIU-
ANIEKTPUKE B BUJIE MPOOUTOrO, MPOIIABICHHOTO WU MPOXKKEHHOTO OTBEPCTHS.
JUJig 3JIEeKTpUYECKUX ammapaToB MPoOOM M30MAIMHM, KaK MpaBWIIo, SBICHHE aBa-
pPUITHOTO XapaKTepa, BBIBOJAILEE UX U3 CTPOS U TpeOyrollee peMOHTa WU 3aMEHBI.
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Fue.1.17. EoneTamrapHag Fue.1.18. MpodueHce

XEPAKTEPHCTIIG HICNALKMK 1P NpoEoe HANPAKEHAE NP TEMNSEIN
drakTape

[Tpo6oii B ra3000pa3HbIX U KUAKUX AUICKTPUKAX OTINYAETCS OT Mpobos B
TBEPABIX JUAJIEKTPUKAX TEM, YTO B CHJIY MOJBUKHOCTHU YACTHIl MOCIIE€ CHATHUS Ha-
MPSKEHUS TPOOUTHIA MPOMEXKYTOK JUAJIEKTPUKA TMOJHOCTHIO BOCCTaHABIMBACT
CBOM JHUAJICKTPUYECKHE CBOMCTBA, T.C. MEPBOHAYAIILHOE 3HAYEHWE MPOOHMBHOIO
HanpsokeHus U ,, IpU yCIIOBHH, YTO JUIMTEIBHOCTh M BEINYMHA JJIEKTPUYECKOU
JyTU HE OBUIM CTOJIb BEJIMKH, YTOOBI BBI3BATh HEOOPATUMBIC U3MEHECHHS B JUDJICK-
TPUKE WUJIM B TOKOMTPOBOAIIMX YACTAX alapara.

B GosnbIMHCTBE CilydaeB HpU BO3PACTaHWM TOJIIMHBI N IHANIeKTprKka 3Ha-
yeHue ymenpmaercs, a U, pacrer HenuHelHo. [ HaneKHOW paOOTHI AMAIIEK-
TPUKa B JIOOBIX YCTAaHOBKAaX 3Ha4eHUE pabouero HanpsukeHUs U p,s JOIDKHO OBITH
CYLIECTBEHHO MeHbIe MpoOuBHOTO Uy, OTHOmEHUE Uy, / U6 Ha3bIBaeTCs KO-
(bULMEHTOM 3amaca 3JEKTPUUYECKOW MPOYHOCTU U3OJSALUU. DIICKTpUUECKas Mpou-
HOCTh BBICOKOKAQYE€CTBEHHBIX TBEPJIBIX IUAJEKTPUKOB, KaK MPaBWIO, BBIIIE, YEM
ANIEKTPUYECKAsT TPOUYHOCTh KUJIKUX U Ta3000pa3HbIX JUAIEKTPUKOB. [ToaTomy ec-
JIM PACCTOSTHUE MEXKAY OMDKAUIIUMKU TOYKaMH 3JIEKTPOJIOB IO MMOBEPXHOCTH TBEP-
JIOM U301 HEHAMHOTO MPEBOCXOAUT PACCTOSHUE 110 00beMY U30JISINU, TO NPU
MOBBIIIICHUU HAMNPSDKEHUS B MEPBYIO 04Yepeib TPOOUBACTCS HE U3OJIALIMS, & IPOUC-
XOJIUT TIOBEPXHOCTHBIA TPOOOH - MEPEKPBITHE H3OJISAINHU, T.C. pa3psi B Ipuiie-
raloieM K TBEPJON U30JSIUU CJIOE Ta3000pa3HOro AUAICKTPUKA, HAIIPUMEDP BO3-
nyxa (nepekpbitre GpaphopoBBIX U30JIATOPOB).

[To ¢usnueckoil mpupojae pazauyaroT HECKOJIBKO, BUAOB MPOOOS IUIIICK-
TPUKOB, OCHOBHBIMHU M3 KOTOPBIX SIBJISIIOTCS CJIEAYIOIIUE:

- JJICKTPUYECKUN;

- 3JIEKTPOTEIIOBOM;

- 3JIEKTPOMEXAHUYECKUN;

- JIIEKTPOXUMHUYECKUH;

- MOHU3ALIMOHHBIM.

JIJ1st TBEpABIX AUAJIEKTPUKOB SIBHO BBIPAYKEHBI YETHIPE BHUJIA MPOOOSL:

AIEKTPUUYECKUN MPOOON MaKpOCKOIMUYECKH KaK OJHOPOIHBIX, TaK M HEO[I-
HOPOJHBIX AUAJIEKTPUKOB, 3JEKTPOTEIUIOBOM, JIEKTPOXUMUUYECKUN U MOHU3AIU-
OHHBIN TIPOOOIA.

B o6miem ciyuae yucTo 3jeKTpuyeckuil mpo0oi npeacraBiser coOol He-
MOCPEJICTBEHHOE Pa3pYyIICHUE CTPYKTYPhl AUAIEKTPUKA CUJIAMU DJIEKTPUUECKOTO



IIOJIs1, BO3/ICMCTBYIOIIMMH Ha DJIEKTPUYECKU 3apSyKEHHBIE YaCTULbI JUAJIEKTPHUKA,
OH pa3BUBAETCA NMPAKTUYECKU MTHOBEHHO. [loaTOMy, eciu npoOoii He mpou3oien
cpa3sy I0CiIe MPWIOKEHUS IEKTPUUECKOIO IO K AUAIEKTPUKY, OH JOJIKEH BBI-
AepKaTh 3TO Mmoje anurensHo. McximodenueM siasercss HanpstkeHHE U pouun K
MPOOMBHOMY HANPSLKEHUIO JITUTENIBHOTO BO3JCHCTBUSL Ha3bIBaeTcs Kod@uimeH-
TOM nMIyJibca K, 115 TaHHOW U30JISI1IUN

KI/IM]‘[ = Ul‘IpI/IMl'I/ Unpz[n-

Koapdunment ummynbsca 3aBUCUT OT BUJIa MaTepHralia U30Js1uu, (GOpMbl U
pa3MepoB aAudiekTpuka. s razos K, B HEOJHOPOAHOM 101€ OO0JbIle PHU IPO-
YUX PaBHBIX YCIOBUSX.

DJIEKTPOTEILIOBOI NPO0OoIi (TeNJI0BOM) CBSI3aH C HArPEBOM H30JIALIUN B
ANEKTPUUYECKOM MOJIE U JUAIEKTPUYECKUMU MOTEPSMU. Pa3BUTHE TEILIOBOTO MPO-
0051 UJIET N0 CIEAYIONIEH cXeMe: TPU HEKOTOPOU pa3HOCTH MOTEHIIMAIOB Ha AJIEK-
tpoaax (Hampumep, Upal) B IUAIICKTPUKE BBIICISICTCS TEIUIOBBIC TOTEPH, €r0
TeMIepaTrypa IOBBIIIACTCS, YBEIUYUBAKOTCS IIOTEPU U IPOLIECC MPOIAOIIKACTCS 10
TEX TOP, MOKa TUAJICKTPUK HE OIUIABUTHCS HJIM MPOU30MIET ero o0yriuBaHue (B
3aBUCUMOCTH OT TOTO TEPMOIUIACTUYHBIN MM TEPMOPECAKTUBHBIA MaTepHall) U €ro
COOCTBEHHAs JIEKTPUYECKasi MPOYHOCTh YHAAET 10 TAKOW BEJIMYUHBI, YTO MPO-
M30MIEeT MpoOoi auaniekTpuka. TemnoBoil mpoOoi, Tak ke KaK U 3JIEKTPUUECKUN
MOXKET ObITh MECTHBIM. Eciii yienbHast akTUBHASI MPOBOJAMMOCTD JTUAJIEKTPUKA
Maja u TemrneparypHbiil KoahuuneHt Tye HEBETUK, TO MPU XOPOIIUX YCIOBUAX
OTBOJA TEIUIA B OKPYKAIOIIEE POCTPAHCTBO YCTAHABIUBAETCS TEILUIOBOE PABHOBE-
CUE€ MEXKy BBLACISIOIMMCS B JUAJIEKTPUKE TEIJIOM U €r0 OTBOJOM B OKPYKaro-
HIYIO CPEey, U JUAIEKTPUK OYAET ATUTENbHO paboTaTh MPU JAHHOM HAIPSKEHUU.
ITpu reroBom npo6oe U, 3aBUCUT OT YaCTOTHI IIPHUI0KEHHOTO HAIIPSKEHUS,
YMEHBIIASACHh IPU 3HAYUTEIBHBIX YaCTOTAX U TAK K€ CHUKASACh MPU BO3pACTaHUU
TEMIIEPATYPHI.

DJIEKTPOMEXaHUYECKHH MPOOOH COMPOBOKIAETCA MEXaHUUECKUM Pa3py-
HIeHHUEeM U 00pa30BaHUEM MUKPOTPEILMH MO/ AEUCTBUEM 3JIEKTPUUYECKOTO OIS U
MEXaHUYECKOI'0 JIaBJIEHUS 3JIEKTPOIOB.

DJIEKTPOXUMHUYeCKHI MPoOOI — BU]I MEUIEHHO pa3BUBaroUIerocs npooos,
BBI3BAHHOTI'O XUMHYECKUM U3MEHEHUEM MaTepHalia Mo AEHCTBUEM AIIEKTPUUYECKO-
ro noJist. IIponecc 3T0T 4acTo CBA3aH CO CTaPEHUEM JUDIJIEKTPUKA U SBIISIETCS HE-
o0paTUMBIM, 0COOEHHO, B 00J1acTH edeKTa.

HNonuzanuonnblii mpodoi oObsICHSAETCS NEUCTBUEM Ha AUDJIEKTPUK XUMHU-
YECKU arpecCUBHBIX BEIIECTB, 00PA3YIOIIMXCS B Fa30BbIX MOpax AUAIIEKTPUKA MPU
YAaCTUYHBIX pa3psgax B rase, a TAKKe 3pO3UeH NUNIEKTPUKA HA TPAHULE IOpP HO-
HaMH rasa.

[IpoGoii B razax - pacrnpocTpaHEHHBIH MPOOOW, T.K. BO MHOTHX 3JIEKTpHYe-
CKHX aIllaparax, Ha JUHUAX 3JEKTPONEpeaad BHEIIHEW U30JISIUEN CITYKUT BO3IYyX
WM KaKoW-HUOy b ra3. [Ipo6oii ra3oB 00ycCiOBIEH SIBICHUSIMHU YJapHOU U POTOH-
HOM HMOHH3aUUU. DJIEKTpUYECKas MPOYHOCTh BO3JyXa HEBEIMKA B CPABHEHHUH C
KUJKOCTH M TBEPHABIX JAMAJIEKTPUKOB. SIBIeHue mpoOosi raza 3aBUCUT OT CTEHEHH
OJIHOPOJHOCTHU TOJsI, B KOTOPOM OCyIlecTBIsieTcs npooboii. [Ipoboii raza B onHoO-
POJIHOM TIOJI€ - SBJICHHE MEHEeEe paclpoCcTpaHEHHOE, YeM IMpoOoil raza B HEOJIHO-



ponHoM mone. OIHOPOIHOE MOJIE MOJYYAETCS MEXAY IUIOCKUMH DJEKTPOJaMU C
3aKPYTJICHHBIMU KPasiMH, a TakXKe MEXKIY chepamu MpH PACCTOSHUU MEXKIY HUMHU,
COM3MEPUMBIM C AuaMmeTpoM chepsl. [Ipoboii B 3TOM ciiyyae BOZHUKAET MpaKkTuye-
CKM MTHOBEHHO IO JOCTHMKCHHMM HAIPSHKCHUEM 3HAYCHUs 3aBUCALIErO OT TEMIIe-
paTypsl U JaBiIeHUs rasa. Mexay 3JeKTpoaMu BO3HUKAET UCKPA, NEpEeXOasIlasl B
OYTy, €CIIM UCTOYHUK HANPSHKEHUS JOCTATOYHO MOUIHBIN. C MOMOIIBIO IIapOBOTO
pa3psiAHUKA U3MEPSIOT BBICOKOE HAIIPSIYKEHUE UCKPOBOIO paspsaa.

IIpn MasbIX pacCTOSHUAX MEXKIY IEKTPOAAMU JJIEKTPUUYECKAask MPOYHOCTH
BO3/yXa 3HAYUTEJIbHO BO3PACTaeT, T.K. IPU MAJIBIX PACCTOSHUAX MEXKIY DIECKTPO-
namu pazpsag GopMHUpPYETCs ¢ TPYJAOM. DJIEKTpUUecKasi MPOYHOCTh ra3a 3aBUCHUT OT
ero IUIOTHOCTH, T.€. JaBlicHHs (Tpu HOpMayibHOW Temmeparype 20 °0), [I03TOMY
JUIS pacyeTa NpoOMBHOTO HANPSKEHUS BO3AyXa UCIOIB3YIOT (OpMYITy

Unp = UnpO d1
rae U, - TpoOMBHOE HamlpsKEHWE NIPU JaHHOHM Temmeparype M gaiaeHuu; U o -
poOMBHOE HarpsiKeHue npu HopMmaibHoM aasienud P = 0,1 MIla u HopManbHOM
temriepatype t = 20 °C; d - orHOCHTETBHAS IOTHOCTD BO3/yXa, pacCUUTAHHAas I10
bopmyie
d=0,386 P/ (t +273),

rae P - naBnenue, I1a (MM pr. cTonba); t - remneparypa, °C. IIpu HOpMaJIbHBIX ycC-
noBusix d = 1.

B HEoqHOPOIHOM MOJIE, KOTOPOE CO3AAETCA MEXKAY OCTPUEM U INIOCKOCTBIO,
B CJ1a00 HEOJAHOPOJIHOM MOJIE - MEXKY JBYMSI OCTPUSIMU WM IIPOBOJAMH BBICOKO-
BOJIbTHBIX JIMHU# aektponepenad ( JIDII), mexay chepamu npu paccTosiHUM Me-
KTy HUMH, TIPEBBILIAIONIEM AUAMETp chepbl, 3aKOHOMEPHOCTH OKa3bIBAIOTCA APY-
ruMu. OCOOEHHOCTBIO MPOOOs B HEOJHOPOJAHOM 34EKTPUUYECKOM TIOJIE SBIISIETCS
BO3HMKHOBEHHE YAaCTUYHOI'O Pa3psijia B BUAE KOPOHBI B MECTaX HamOOJbIIEH Ha-
MIPSKEHHOCTH T10JIs1, JOCTUTAOIINX KPUTHYECKUX 3HAYCHUH; Jajee KOPOHa MOXKET
neperTy B MCKPOBOM paspsn M Jyry, €clii HampsbkeHue Oyner Bo3pactarh. [lpu
MOJIOXKHUTEIBHOM TMOJIIPHOCTH AJICKTPOAA HWIJIbI ( B CHCTEME JJICKTPOAOB HIJa-
IUIOCKOCTh) TIPOOOI POUCXOIUT TPU 00JIee HU3KOM HANPSIKCHUH, YeM B CUCTEME
C OTPULATEIILHOW MOJIIPHOCTBHIO Ha wrie. Ha BBICOKMX YacTOoTax HampsiKEHHUE KO-
POHBI MOYTH COBHAAAET C MPOOUBHBIM, B OTJIMYME OT HAMPSIKEHUS MPOMBIIILICH-
HOM YaCTOTHI.

IIpo6oii KNAKUX AHIIEKTPUKOB IIPOUCXOJUT MpH O0JIee BBHICOKUX, YEM B
rase, 3Ha4YeHUsX MPOOMBHOIO HAMpPsDKEHMs, MPU NMPOYUX paBHBIX ycnoBusix. [lo-
BBIIICHHAS JIEKTPUYECKasi MPOYHOCTh KHUAKOTO IMAJIEKTpUKAa OOYyCIIOBJIEHA 3Ha-
YUTEJIbHO MEHbIIIEH JITMHON CBOOOJHOrO Mpodera 3JeKTPOHOB B KUJIKOCTH, YEM B
razax. [IpoOoii TeXHUYEeCKUX >KHIKOCTEH MOXKET OBbITh CBSI3aH C ra30BBIMHU BKIIIO-
YEHUSIMHU, YTO BBI3BIBACT MOHU3ALMIO Ia3a U MECTHBIW IEpErpeB XUIKOCTH, MpPU-
BOJSIICH K 0Opa30BaHMIO ra30BOTO KaHana B Hel. Bona B AMAJIEKTpUKE Takxke
CUJIBHO CHUAET DJIEKTPUYECKYIO0 MPOYHOCTh. DIEKTPUUYECKAS MPOYHOCTh CyXOro
TpaHC(OPMATOPHOI'O Maclia HEe 3aBUCUT OT TEeMIIepaTyphl, KOrja HAUMHAIOT HCTa-
pAThCA Jerkue (ppakuuu macia, o0pa3ys My3bIpbKH raza B XKUAKOCTH. TpedoBa-
HUsl, NIPEIBbABISIEMbIE K H30JLSIUMOHHBIM MacjiaM, HOPMUPYIOT BCE ITIOCTOPOHHUE



npuMmecH B Macie. ¥ cyxoro macna E,, =20-25 MB/m, a y macna, ObIBIIETO B
dKcITyaTanuu, E,, =4 -5 MB/m. [Ii1s1 TOBTOPHOI'O HCIIOJIb30BaHUSA MAaciio IO/I-
BEPraloT pereHepaIuu.

IIpo6oii TBepaABIX TMIJTEKTPUKOB MOXKET OBITH JIFOOOW W3 YETBHIPEX BHUJIOB,
B 3aBHCHMOCTH OT XapaKTepa AIEKTPUIECKOTO MO, CTPYKTYPHI TUAJIEKTPUKA, Ha-
anuns 1eeKToB, YCIOBUI €ro OXJIKIACHUS M BPEMEHH BO3JICHCTBHUS HA HEro Ha-
MPSOKCHHS. DJIEKTPUICCKUN TIPOOOH MaKPOCKOTIMYECKH OHOPOIHBIX TBEPABIX -
AIIEKTPUKOB - TO YHCTO DJCKTPOHHBINA MPOOOH, BpeMsl pa3BUTHSI KOTOPOTO OKOJIO
JIecsiTKa MC, OH He OOYCJIOBJIEH TEIUIOBOM »Hepruer. YncTo ANeKTpUYecKuii mpo-
0ol HaOmIOJaeTCs, KOT/Ia MCKIIIOUEHO BIUSHUE AIIEKTPOIPOBOAHOCTH U JAHMIJICK-
TPUYECKHUX IMOTEPh M OTCYTCTBYET MOHM3AIIMS Ta30BbIX BKIIFOUCHHA. Takoi mpoooi
OTMEYAeTCs Y MOHOKPHUCTAJUIOB IIEJIOYHO-TAJUIOUIHBIX COCTUHEHH U y HEKOTO-
pbIX moaumepoB. B atom cimydae E;p, = 100 MB/M u naxe 6ombuie. 1 oxHOpOA-
HBIX MaTepUAJIOB 3HAYCHHS TMPOOMBHOTO HANPSOKCHHUS B OJHOPOJHOM M HEOJHO-
POTHOM BJIEKTPUIECKOM TI0JI€ 3aMETHO OTIIMYAIOTCS APYT OT APyTa.

Jlnist cimydast SIeKTPUIECKOro MpoOosi HEOAHOPOIAHBIX TUAIEKTPUKOB Pa3BU-
THE €ro TOXe JOCTATOYHO OBICTpOE, HO 3HAYCHUS JJI1 HEOJHOPOIHBIX TUAIICKTPH-
KOB (B TOM YHCJIC U C Ta30BbIMU BKJIFOUCHUSIMH ) B OJJHOPOJAHOM U HEOTHOPOIHOM
DIIEKTPUYECKOM ITOJIE OTIAUYAIOTCS JIPYT OT APYyra HE3HAUYUTENBHO.

DnexTpudecKas MPOYHOCTh MPH IEKTPHUUECKOM MPOOOe HE 3aBUCHUT OT TEM-
nepaTyphl, HO TOCIE TOCTIKEHUS TEMIIEpaTypoil HEKOTOPHIX OMpEeeIEHHBIX 3Ha-
YEHHUI 3aMETHO YMEHBIIIAETCS: ATO TOBOPUT O HATMYHUU TETUIOBOTO MPOOOSI.

Huskast anekrpudeckasi MpOYHOCTh HAOIIOAAETCS y AUAJICKTPUKOB C OTKPHI-
TBIMHU TIOpamH (JepeBa, OyMaru, Herjia3ypoBaHHOW KEPAMHUKH) U MAJIO OTIHYACTCS
OT Ta30B. JlJi1 TUDIIEKTPUKOB C 3aKPBITBIMU TOPAMU - IUIOTHON Oymaru, riaszypo-
BaHHOH KEPaMUKH - XapaKTEPHA BBICOKAS JICKTPUUCCKAs POYHOCTD.

TemoBoit mpoOo¥ OTAMYAETCA OT INEKTPUUECKOr0 TEM, UTO dJIEKTpUUecKas
MPOYHOCTh TPU TETUIOBOM IMPOOOE SBISCTCS XapaKTEPUCTUKONH HE TOJBKO DJICK-
TPOTEXHUYECKOIO MaTepuaia, HO U U3Jelus U3 Hero, Toraa kak Eg, npu anextpu-
4eCKOM Mpo0oe, SABISAETCS XapaKTEPUCTHUKOW TOIHKO CaMOT0 MaTepHala.

[TpobuBHOE HampsDKEHUE, 00YCIOBICHHOE HATPEBOM TUDJICKTPHKA, CBSI3aHO
C YaCTOTOW TOJsI, YCIOBUSMHU OXJIXKICHUS IUAJICKTPUKA, TEMIIEpaTypoul OKpYy-
KarolIel cpellbl; OHO 3aBHCUT Tak)Ke OT HarpeBOCTOMKOCTH MaTepuana. C MOBBI-
IICHUEM TEMIIEPATYPHI AIEKTPHUISCKasi IPOYHOCTh YMEHBIIASTCS.

JI7is OTHOPOAHBIX TUIOCKUX JUAJIEKTPUKOB, 00JIaal0NMUX MOTEPSMHU, CyIIle-
CTBYET MPUOJIMIKEHHBI METOJT pacdyeTa MpOOUBHOTO HATIPSKCHUS.

Jlns pacuera U mp monaraem, 9To MpoOOi MPOUCXOAMT MPH MOBBIIICHHBIX
TEeMIepaTypax M B IUAJICKTPUKE MPEOOIagaloT MOTEPU OT CKBO3HOHM AIIEKTPOIPO-
BOJHOCTH. TakuM 00pa3oM, yUUTHIBas SKCTIOHEHITMATLHYIO 3aBUCHMOCTh TaHTE€HCA
notepsb (tgd) or Temmeparypsl U ucmonb3ys Beipaxkenne Pa=U w C-tgd, nmocie
npeoOpa3oBaHU MOTYUYUM

P,=U?feStgd ") /(1,8 10" h),
rae U - npuioxeHHoe HanpsbkeHue; f - gacTtoTa; €. - quasekTpuieckas MpoHHUIac-
MOCTh MaTepHuaia; S- IUIomaab 3IekTpona; tgd- TaHreHC yria MmoTeph JAUAJICK-



TpuKa 1pu to - Temneparype oKkpykaroOei cpesipl; a- TeMIepaTypHblid Koddduru-
€HT TaHTeHCa yrja MoTeph; I - TeMreparypa HarpeToro 3a C4eT JUAJIECKTPUUECKHUX
noTeph Marepuana; to- TeMmmeparypa 3JeKTpOJO0B, MPUOIUZUTEIHHO paBHAsI TEM-
neparype OKpysKaroiei cpe/isl; h - ToMIMHA TUAIeKTPHKA.

TennonpoBogHOCTE MaTepuala JIEKTPOJOB OOBIYHO Ha J[BA - TPU MOPsIKA
OoJblle, YeM TEIIONMPOBOJHOCTh JAUAIEKTPUKA, TIO3TOMY IOJaraeM, 4To TerjioTa
W3 HarpeBarlierocs oobema JUAJICKTPUKA MepeaacTCsl B OKPYKAIOIIYIO Cpely ue-
pe3 dAeKTpoabl. MOITHOCTh, OTBOAMMAS OT JUAJIEKTPUKA, BhIpakaeTcsi hopmyion
Hrrorona

P,=2s S(t -ty).
rjae S - KoopPUIMEHT Tesuionepeadyl CUCTEMbl TUAJICKTPUK - METaJUT SJIEKTPOIOB.

Ha pucynke 1.18 uzoOpaxkensl: npsivas teronepenaun P = F(t); skcmo-
HEHTBI TesIoBbIACHeHUS P, = O(t) mig Tpex pa3inuyHbIX 3HAYCHUH MPUIIOKEHHOTO
HanpspkeHus. [Ipy 3HaueHun HanpsokeHus U 1, TipsiMas TETUIONepeadu SBIISCTCS
CeKyleld KpUBOM TEIUIOBBIICTESAUs, U, CIEAOBATEIHHO, AUDICKTPUK HArPEeeTcs N0
TeMIeparypsl iTemMnepaTypbl COCTOSIHUS YCTOMYMBOTO paBHOBecus. Hampsokenue
U; Oyzaet HeomacHbIM JJisi 00paslia, eciiu siarpeB /10 3TOi TeMIiepaTypbl HE MpuBe-
JET K MEXaHUYEeCKOMY W III XMMHUYECKOMY pa3pylIEHUIO CTPYKTYphl Marepuasa
obpasma. [TosTomy yBenuuuM HampspkeHue 10 3HaueHus: Uj, pu KOToOpoM KpuBast
TEIJTOBBIACIICHHS] CTAaHET KacaTeJIbHOW K MPSMOM Terlonepeiadd, 4To IpUBEACT K
COCTOSIHMIO HEYCTOMYHMBOTO TEIJIOBOTO paBHOBecus mpu temmeparype t. [lpu 3Ha-
YeHUM HanpsokeHus U, KpuBas TEIUTOBBIICICHIMS MTPOUIET BBIIIE MPSAMOM TEILIO-
nepejavyu, a 3TO O3HA4YaeT OTCYTCTBUE TEIJIOBOTO paBHOBECHUS, T.€. TEMIIEpaTrypa
OyJzleT Bo3pacTarh J0 pa3pylIeHUs TUAIEKTPUKA - O TETIOBOTO MPOOOs.

Taxum o6pazom, HampstkeHue U, Mpu KOTOPOM MMEET MECTO HEYCTOWYH-
BBII PEXXUM - T'DAaHUYHBIH PEXXUM, MOKHO IPUHATH 3a HampshkeHHe 1npoodos U .
Ero 3HaueHne MOXHO ONPEETUTh MO0 JBYM YCIOBHUSIM:

Pa = Pt,
dP,/ dt = dP,/ dt.

Pemiast 5tu 1Ba ypaBHeHUs1 oTHOCUTEIRHO U; ¢ yuyeTom BhIlIe 0003HAYCHHBIX 3HA-
yenun 1 P, u Py, monyvaem:

U?fetgdSe** ') /(1,810 h) =2 S(t—to),

U?fetgdSe** ')/ (1,810°h)=2s S.
PasnenuB 3T 1Ba BeIpakeHus, moayuum 1/ a =t—to, Toraa, moacTaBuB €ro B
MOCJIeIHEE BBHIpaXKEHUE U PEIIUB €ro OTHOCUTENbHO U, momydum
U%,=1810"2s h/(f etgd a)
WIn
Uy, =K (s h/(fetgda)’,

rae K —uancnoBoit koaddunuent, papusiii 1,15 105, €CJIM BCE BEJIMYMHBI BBIPAXKE-
HBI B equHunax cucremsl CH.
OTcroma cieayeT, YTo MPOOMBHOE HAMpsKeHHE OyAeT BbIie (M3MEHSICTCS IO 3a-
KOHY 9KCIIOHEHTHI), €CJIM JTUAJICKTPUK OyaeT TOJIIE, YCIOBUS TEIUIOOTBOAA JTyYIle
(s Gomblie), yacTora HIKE, a € U tgd menbie. [Ipu Oonpmux €, tgd u npu BeICO-



KMX YacTOTaxX, a TaKXe MpU OOJIBIIOM TeMIIepaTypHOM K03 (UIIMEHTE TaHTEHCa
yTiia IoTeph MPOOHMBHOE HANPsHKEHUE OyAeT HUXKE.

DTOT pacyer, MPUrOAHBIN TOJIBKO Uil OHOMEPHOTO IMOTOKAa TEIJIOThI, Ha-
3pIBaecsl rpadoaHaTUTUYECKUM M SBJISICTCS NPHUOJIMKEHHBIM, B HEM He ydTeHbI
nepernaj TeMIEpaTyphbl MO TOJIIUHE JUAICKTpUKa ( MCKaKEHUE SJCKTPHUYECKOTO
10JI1 M TIOBBIIICHHE TPaJMEHTa HAMPSDKEHUS B IMOBEPXHOCTHBIX CIIOAX), a TaKXKe
TEIJIONMPOBOIHOCTh MaTepHuana 3JeKTpoaoB. [loaTomy TemioBod mpoOoil vacTo
HACTYyIIAeT IPU HAIPSHKEHUM HHUXKE PacueTHOro. boisiee TOYHBIE METOIBI pacueTa
pazpabotansl akagemukamu H.H. CemenoBbsiM 1 BA. ®okoM TOIBKO AJis U3ICTUN
npocreiieil KoHpUrypamnuu.

1.7. dnexkTpuyeckuii npo6oil TBEPABLIX IMITEKTPUKOB
1.7.1 OnHo ¥ MHOTOKOMIIO3MIIMOHHBbIE U30JIIHNOHHbIe KOHCTPYKIMHU

N3onsunoHHbI MaTepran OgHON CTPYKTYpPbl, UMEIOIINI HEU3MEHHBIE DJICK-
TPOU3OJISIIMOHHBIE CBOMCTBA, Ha3biBaeTcsi OJHOKOMI|O31moHHON KOHCTPYKITHU-
eit. K takuM Marepuanam OTHOCSATCS B OCHOBHOM KpucTaiisl ( CIr0a, CTEKIIO,
dbapdop, kepamuka u T.m.). B Texuuke OIHOKOMITO3UIIMOHHBIC MaTepuanbl B
UM CTOM Buze OpUMEHSIIOTCS OYEHD PEJIKO.

TexHu4eCKnid TUAIEKTPUK - ’TO MHOTOKOIIIIO3UIIMOHHBIM MaTepuai. Xapakrep-
HBIM TEXHUYECKUM AUIEKTPUKOM MOKET CITYKUTh U30JSLHUS JIEKTPUUECKUX Ma-
muH. B ee coctaB BXOAAT: M30NISILIMOHHBIN Oapbep ¢ BHICOKOM 3JIEKTKUECKOU
MPOYHOCTHIO - CIII0J1a, MYCKOBUTHI, (DJIOTONMUTHI, CTEKIOTKAHH, CTEKIOPOTOXKKH;
MeXaHUUECKUil Oapbep (MOUI0KKH) AIEKTPOKAPTOH, OyMaru, XJom4aro0yMaKHbIe
MaTepualbl, CTEKJIOJIEHTBI, CTEKIOTKAHU, KIYThl; CBI3YIOIINE WIN KOMIIayHbI
(cxienBarolIye U MPOMUTHIBAIOIINE) - SMOKCHIHBIE, TOAMAI(QUpPHBIE, HopMab/e-
TUJIHbIE, OUTYMHBIE H T.J., CMOJIbI U KoMIayHbl. Paznuuator uzomnsuuto TEP-
MOIIJIACTHYECKYIO (MukaneHTa) - ¢ MOBBIIICHUEM TEMIICPATypPhl TaKast
M30JIEHTA Pa3MAT4aeTCsl U MUTPUPYET, TEPSAET MOHOJIUTHOCTD, HO CO CHUKEHHUEM
TEeMIIepaTyphl 10 padOYUX BOCCTAHABIMBAET CBOU AJIEKTPOU3OISIIUMOHHBIE CBOMCT-
Ba; TEPMOPEAKTHUBHYIO c noBsllieHHEM TEMIIEpATyphl TaKask U30JSALNS
pa3pylaeTcsi U TepsieT CBOM CBOWMCTBA, a MPU CHUXKEHHUH €€ 10 padounX OHU HE
BOCCTaHaBIMBaOTCS. Hanpumep, U301 115 SNEKTPUUECKUX MAILIUH 3TO CIIO-
norepM, MOHOIUT, BOC # T.1., KOTOpas yCHENHO SKCIUIYyaTUPYETCS B HACTOSIIIIEE
BpeMsl. DJEKTPOU3OISLUOHHBIE CBOMCTBA TEPMOIUIACTUYECKON U30JISLUU JOCTa-
TOYHO BBICOKHM ¥ UMEIOT CPOK CITY>KObI 60Jiee 50 JieT, 0JHaKO OCTalOTCs JOPOTO-
CTOSILIMMU C HEBBICOKUMHU (PU3UKO-MEXAaHUUECKUMH XapakTepuctukamu. Tepmo-
peakTUBHAS U3OJISLMS 001a1aeT 00siee BBICOKUMHU IIEKTPUUECKUMU, HU3HKO-Me-
XaHWYECKUMU CBOMCTBAMHU U MEHbLIE cTapuTCsA. OTHAKO MO BO3AEHCTBUEM SIBIIC-
HUS KOPOHBI B HEW MOTYT pa3BUBAThCA JACHAPUTHI - 3TO TEPMUYECKAs IECTPYKLIHS -
pa3pylLIeHuE MaTepraa B BUAE HAYTJIEPOKEHHBIX TOPOKEK. Takue N3MEHEHUs
Marepuasna yBeIUYUBaOT IPOBOJIUMOCTh U30JSLUOHHOIO MPOMEKYTKA.



1.7.2. Teopuu 3J1eKTPUIECKOT0 NMPOOOsA

OaHopoanbiii (3IeKTPUK. OU3NUECKUI MPOLECC IEKTPUUYECKOTO MPo0Oost
B OJTHOKOMITO3UIIMOHHOW U30JIALMU JOCTaTOYHO XOPOIIO U3ydeH. B ero ocHose
JICKUAT MOJIEKYJIIPHOKUHETUYECKAsl TEOpHUsl, KOTOpast UCXOAUT U3 U3BECTHBIX Kilac-
CUYECKUX U KBAHTOBOMEXAaHUYECKUX IIPEICTABICHUN O BHYTPEHHEM CTPOCHUU
BEILIECTBA U B3aUMOJECHCTBUM MEXKy YaCTULIAMU M KBasuyacTulaMu. Iloatomy Bee
TEOPUHU OIMUPAKOTCS HA METOABI TEOPUU BEPOSATHOCTU U UCIIOJIB3YIOT 3aKOHBI MOJIE-
KYJISIPHOM AJIEKTPOAMHAMUKUA U CTATUYECKON (PU3UKH.

KBaHTOBbBIE TeOPUHM HOHH3AINHT JIEKTPOHHBLIM yaapoM. Teopust Xum-
nejst — KoJuteHa WM Teopusi y1apHoOi HOHH3AIMU Me/IJI€HHBIMH YJIEKTPOHA-
mu. Ee kputepuem sBisieTcs yClIoBHe, JOCTATOYHOE JIsi 00pa30BaHUsI JIABUHBI
DIIEKTPOHOB B TBEPJIOM JAMAICKTPUKE MPU BO3JCHCTBUN BHEIIHETO 3JICKTPUICCKOTO
HOJIS1 CBOOOIHBIX AJICKTPOHOB; YHEPTUS TAKUX JIEKTPOHOB PACTET JI0 SHEPTHH HO-
HU3AIMH B PE3YJIbTATe HECKOJILKUX CTOJIKHOBCHUH JPYT C IPYTOM M HEHTpaIbHBI-
MH MOJICKYJIaMH B DJIEKTPUYECKOM IT0JI€ 32 BpeMsi CBOOOIHOTO polera Mex1y
nByMsi cronkHOBeHmsiME: We=mu®/2=4hn.

Teopuss @Ppensixa WM TeOPUs YIAPHON MOHU3ANNH OBICTPBIMH JJICK-
TPOHAMM, COIVIACHO KOTOPOM B OTCYTCTBHUE BHELIHErO AIEKTPUUECKOIO IO UME-
€TCsl HEKOTOpasi BEPOSITHOCTh HAJIMYUS AJIEKTPOHOB C SHEPTUSMU, OIU3KUMH K
HHEPTUU MOHU3ALMHU, U UMEHHO 3TH 3JIEKTPOHBI CTAHOBSITCS CBOOOTHBIMH, €CIIU
OHM II0IIaJIAk0T B 3TO JIEKTPUUYECKOE I10JI€, UMEHHO OHU YCKOPSIOTCS U IIPOBOMST-
[IPOLECC MOHU3ALMH, T.€. PE3KO YBEINYUBAIOT IIPOBOAUMOCTD U IIPUBOJAT B 1AJIb-
HEHIIeM K 3JIeKTPUYEeCKOMY MTPOo0oIo.

KBanToBOMexaHMYeCKHEe TEOPUH YJIEKTPUIECKOro npodosi. Teopust
3JIEKTPOCTATUYECKON MOHU3ALMUM [IPEAINOJIAracT CyIIeCTBEHHOE YBEIMYCHUE
AJIEKTPOHHOU IIPOBOAUMOCTH TBEPIOIO AUAIEKTPUKA B CIEACTBUE MIEPEX0Ja dIICK-
TPOHOB B 30HY MTPOBOJAMMOCTH 32 CUET TYHHEIbHOTO 3(dekTa KaK u3 HopMaJlbHOU
30HBI, TaK ¥ M3 30HBI IPOBOJIUMOCTH; 3/1€Ch IIUPHUHA 3aMPEIICHHOM 30HbI (TOTCH-
[IHAJIbHBIN O0apbep) 00paTHO MPOMOPLIHUOHAIbHA HAMIPSHKEHHOCTH BHEIITHETO JJICK-
TPUYECKOTO TOJISI U YMEHBIIAETCS C YBEJIMYEHUEM HANPSIKEHHOCTH, IIPX 3TOM pac-
TET yroJl HAaKJIOHA YPOBHEN 30H. Teopus yIapHOM MOHU3ALMHU ITPU JOCTATOYHO
OOJIBIIION BETMYMHE HAMPSHKEHHOCTH BHEIITHETO AJICKTPUYECKOTO TOJIS U IIepeMe-
LICHUU DJIEKTPOHOB B 30HE MPOBOJAUMOCTH C HAYKHETO YPOBHS HA BEPXHUM WU B
HOPMaJIbHOW 30HE C BEPXHETO HA HUKHUM YPOBEHB. TOrna, pacTeT uxX SHEPrus U
MPU YaCTUYHBIX MTOTEPSIX €€ MPU B3aUMOJCUCTBUU C KPUCTALIMYECKON PEIIETKON
BO3HHUKAET BCE K€ JIABUHHBIN Tporiecc. CTOTKHOBEHUE ABYX JIEKTPOHOB HA HUXK-
HEM YPOBHE 30HBI ITIPOBOJIUMOCTH WJIM HA BEPXHEM YPOBHE HOPMAJIbHOW 30HBI
MPUBOJUT K TOMY, YTO OJWH JJIEKTPOH IEPEAAET APYTOMY IHEPIHUIO, TOCTATOYHYIO



JUIS IPEOI0JICHUS MOTEHIIMAILHOTO Oapbepa U nepexoja B APYTyro 30HyY, T.€. B IU-
AIEKTPUKE PACTET MPOBOJUMOCTH U (POPMHUPYETCs KaHa IPOOOst TUAJIEKTPHKA.

KoMno3unuoHHbIi AW3JIeKTPUK. B HacTosmiee BpemMs B OLIEHKE AJIEKTPU-
YECKOT0 PpOo0O0st CII0KHOW KOMITO3UIIMM HE TPEJICTABISETCS BO3MOKHBIM IIPOBECTU
pacyeThbl U3-3a OTCYTCTBHS UCXOJHBIX JaHHBIX JJI MOJOOHBIX pacyeToB. [1o aToi
MIPUYMHE UMEET MPABO HA CYIIECTBOBAHUE METO] KOJMYECTBEHHOTO YHEPTETHYE-
CKOT0 aHanu3a Wik peHomeHonornyeckas reopus 0. H. Bepmmnauna. 3tot meroa
OCHOBAH Ha MPE/ICTaBICHUN (PU3NYECKUX TIPOLECCOB B Pa3psaHBIX MTPOMEKYTKAX,
KOTJ]a MEXaHU3M AJIEKTPOHHO-IBIPOYHOM MPOBOAUMOCTH MPUBOIUT K BO3ZHUKHO-
BEHUIO Ha PACCTOSHUU HECKOJIBKO COT MUKPOH OT OCTPHS 3JIEKTPOa 0OBEMHOTO
3apsija Wik 00JIacTH JIOKAJIBHOTO MOJIsl, OTPAHMYEHHOTO BHICOKOUW HAMPS>KEHHO-
CTh0. HanpsKEHHOCTh HCKPUBJISET SHEPIETUUECKUE 30HBI, CO3AaBasl yCIOBUS s
TYHHEJIBHOTO IIEPEX0/1a N0 HAIIPABJIEHUIO K OCTPUIO OCHOBHBIX HOCUTENEH 3aps-
JI0B: CBOOOAHBIX AJIEKTPOHOB K MOJIOKHUTEIBHOMY AJIEKTPOY, IbIPOK - K OTpUIIA-
TeIpHOMY. B3anMozelncTBre B porecce yaapHOd HOHU3ALNN SJIEKTPOHOB U JIbI-
POK IPOBOAMMOCTH C 3JEKTPOHAMHU, YUACTBYIOIIMMH B 0Opa30BaHUU XUMUYECKUX
CBA3€H, IPUBOJIUT K HAPYLIEHUIO COOTBETCTBYIOIINX CBSA3EM U NMEPEXOY TBEPAOTO
BEILIECTBA B COCTOSIHUE YaCTUYHO MOHU3UPOBAHHOW ra30BOi IIa3Mbl B HAIpaBJie-
HUU JB)KEHUS ITOTOKA HOCUTENEHN 3apsiiOB.

OO6pa3oBaHue ra30BoM IJIa3Mbl PACCMATPUBACTCA KAK TEPMOJUHAMUYECKUN
OaslaHC SHEPTUU B TUANEKTpUKE. TakuM 00pa3oM, KUHETHYECKasi JHEPTUsl HOCUTE-
JIeH 3apsI0B 3aTpauyMBacTCs HA U3BMEHEHUE BHYTPEHHEN SHEPTUU A €JUHULIBI
o0beMa TUAIIEKTPUKA, MPU KOTOPOM BO3HUKAET HAa4YaJbHbIM y4acTOK KaHalla He-
MOJIHOTO MTPOOOS - 3TO IHEPreTUUECKU KpuTepuid mpo0os audekrpuka. [Ipoous-
HOE HaIPSKEHUE TUAJIEKTPUKA BBIPAKAETCA UMIIEPUUECKUM BBIPAKEHUEM

Unp = Ko K, K(t, d) A

riae K, - koo uruenT. yauThiBaronuii ¢opMy 3JIEKTPUISCKOTO OIS U TOJISP-
HOCTB AJICKTPOJIOB: I “ +” 3HaKa Ha OCTPHE AJIEKTPOJaA U “-’ - Ha IJIOCKOCTH
anektpoaa K, = 1; nnst o6patHoi nosisipHOoCcTH AekTpoaoB K, = 1,52; nis snek-
TpooB map - miockocts Ky, = 1,82; K, = 0,75 + 0,5 P - koo dunuenT BeposTHo-
ctu mpobos min npobdoitaoro HanmpsoxeHus P(Up); K(t, d) = 3,55 d®*% % - oagh-
(UIMEHT, 3aBUCSIIHUNA OT TOJIIMHBI TUICKTPUKA, MM U BPEMEHHU BO3ICHCTBUS Ha-
MPSOKCHMS, MKC; A, - yIeTbHAs SHEPTeTUYECKas XapaKTePUCTHKA JTUAJICKTPHKA,
KKaJl CM°, HHMBHyaIbHAS IS KAXKIOTO BHA JUIICKTPHKA CIOKHOM KOMITO3H-
IIUU ¥ HAaXOJUTCS C Y4ETOM (PU3HUYECKUX CBOHCTB U OCOOCHHOCTEH MOJICKYJISIPHOTO

€ro CTpOEHUs
Ae = 1,08 Y / M (DHa + n anin)1

rae 1,08 - koaddunreHT, yuuThIBarONui CUJIbl OTTAJKUBAHUS B TIJIOTHOM ra30BOM
. 3. o .
1J1a3Me; Y - TUIOTHOCTh JUAJICKTPUKA, T ¢M™; M - MoJieKyJisipHbIi Bec, T'; DH,- cyMm-



MapHas SHEprus CBsI3eil aTOMOB B MOJIEKYJIE€, KKaJ MOJIb; N - YKCJIO aTOMOB, 00J1a-
JAIOIIUX MUHUMaJIbHOU dHeprueit nonuzauuu Wmin.

PacuetHoe npobuBHOE HanpsikeHre Uy, XOpOIIO COraacyercs ¢ SKCIepH-
MEHTaJIbHBIMU JTAHHBIMU JJI UCCIEAYEMOIO CJI0KHOTO JUAJIEKTPUKA, €CIIU UX
Opath npu HanpspkeHUU paBHOM S50% MpoOMBHOTO, MOIYyYaeMOro B CJI1a00HEOTHO-
poaurom mosie pu d =1 MM u t = 1 MKc.

1.7.3. KpaTkoBpeMeHHAasi U O/THOMMHYTHAS JJIeKTPUYECKAS] NPOYHOCTH

DneKTpudecKuil MpoOoil TBEPIbIX TUAIEKTPUKOB OJHOPOJHOU CTPYKTYPbI
0 CBOEH MPUPOJIE CBA3BIBACTCS C MOSIBICHHEM CBOOOAHBIX 3JIEKTPOHOB, T.€. TAKUX
AJIEKTPOHOB, KOTOPHIE 00JIaIal0T JOCTATOYHOM SHEPTHeH, YTOObI BO30OYAUThH HEM-
TpaJIbHbIE MOJIEKYJIBI 10 UX nOHU3aluuu. CBOOOAHBIE 3JIEKTPOHBI CTAHOBSTCS MPH-
YUHOW JIJABUHHOTO IMPOLIECCa B CTPYKTYPE U B pe3yibTaTe 00pa3yeTcst KaHal Mpo-
00s1. DIeKTpUYECKUl MpoOOil OTHOPOIHONU CTPYKTYPHI - 3TO SIBJICHHUE, IPU KOTO-
POM HCKIIOYAETCS BIUSHUE ITOTEPh, BBI3IBAIOIINX HAIPEB IUDJICKTPUKA, & TAKKE
OTCYTCTBYET MOHHU3AIIMS T'a30BbIX BKIIOUeHMI. Takum oOpa3om, AJis TaKOro Ju-
AIEKTPUKA AIIEKTPUUYECKUN MPOOOH OyIeT MEepoi AIEKTPUUECKONW MPOYHOCTH Ma-
Tepuana. B clioKkHOW KOMITO3UIMH (TEXHUYECKUH AMAICKTPHUK) KaHa mpo0os pas-
BHUBAeTCs OBICTPO, KaK U B OJTHOPOAHON CTPYKType. Eciiu KoMmo3uiroHHbIi MaTe-
pyal HAXOAUTCS B PABHOMEPHOM WJIM HEPABHOMEPHOM JJIEKTPUUYECKOM I10JIE, TO
MPOOUBHBIE HANIPSKEHUS MaJIO OTJIMYAIOTCS IPYT OT Apyra. Y CTAaHOBJIEHO, YTO
AIEKTPUYECKAS IPOYHOCTH TBEPABIX HEOAHOPOIHBIX IUDJICKTPUKOB HE 3aBUCUT
WJIM MaJIO 3aBHCHUT OT TOJIIMHBI MaTepualia, u OyleT OIleHUBAThCS HAJTUYUEM Jie-
(beKTOoB, T.€. HEOJHOPOAHOCTHIO CTPYKTYPHI 10 pucyHKy 1.19. CHuxeHnue siek-
TPUYECKOM IPOYHOCTHU C YBEIUYEHUEM TOJIIUHBI TBEPAOTO AUAJIEKTPUKA — 3TO,
MIPEXK]IE BCETO YBEIMYEHUE BEPOATHOCTH MOSBICHUS JedeKTa Ha yHacTKe AUDJICK-
TPHUKA, KOTOPBIX IOJABEPraeTCsl BO3AECUCTBUIO BHEIIHETO JIEKTPUYECKOTO IOJIS.
[ToaToMy paznuyaroT 06J1acTh BBICOKOM AJIEKTPUUYECKON MPOYHOCTH JTUAJIEKTPHUKA
WM BEPOSATHOCTH OTCYTCTBUSA Jie(heKTa B CTPYKTYpE U 00JIaCTh HU3KOM AIIEKTpUYe-
CKOM IIPOYHOCTH, T/I€ BEPOATHOCTh NPUCYTCTBUS JeeKTa OUeHb OOJIbIIas.

DneKTpuuecKasl MPOYHOCTh TBEPAOT0 TEXHUYECKOTO AUDIICKTPUKA HAXOUT-
Csl U3 HAIPSDKEHHOCTEN BHEIIHETO Eyy 3JIEKTpUYECKOro noJist ¥ CyMMapHOM Ha-
IIPSKEHHOCTU BHYTpPEHHEN E;, BOZHMKAIOLIEH IO AEHCTBUEM CUII DJIEKTPUUECKO-
IO TIOJISI MEX]Ty JIEKTpoJaMu 2, 3 BHYTPH JAUAJICKTpHUKA 1. mosspu3anuii (JUmnoss-
Has E;, murpanmonnas E; u E3 Ha rpanuiax pasjesna) 1 HOHU3AIMKA B Ta30BOM
BKioueHun E4 o pucynky 1.20. PesynbTupyromas Hanps>KeHHOCTh BBIPA3UTCS

Ey = Eyp = Epy—E,.

PacueTHoe 3HaUEHHE JICKTPUUCCKON MPOYHOCTH HaxoauTcs ¢popmyse (1.8).
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EHYTPEHHAA E¢ 0T PESHOCTM TCTEH JMEN0E HANE AIKEHUH

DnexTpudeckuil mpoOoil mpu 0JHON U TOM K€ TOJIIUHE TBEPAOTO JUAJICK-
TPUKA MOJYUHAETCS CTATUCTUYECKUM 3aKOHOMEPHOCTSM M UMEET 3HAUUTENbHBIM
pa30poc TMCKPETHBIX 3HAYEHUH MPoOUBHOro HanpskeHus Uy, U3- 3a BEpOsATHO-
cteil nedextoB. [loaToMy BEpOATHOCTH OSYUYEHUS OJJHOTO U TOTO K€ 3HAYEHUS
U, IpH MHOTOKPaTHOM Ipo00€ OOJIBIION IIIOIAAN AUIIEKTPUKA MaIOBEPOSATHA,
YTO BUJHO U3 pucyHka 1.21

BeposTHOCTB NOSIBIECHUS MUHUMAIBbHOTO 3Ha4eHHUs U pmin TOBOPUT O 0OJIb-
IIOM KOJIMYECTBE ACPEKTOB B 00bEME HCIBITYEMOTO IUAJIEKTPUKA, & BEPOSITHOCTD
HOSIBJICHUS MAKCUMAaJIbHOTO 3Ha4EHUs HANPSHKEHUA U pmax - IIPEXKIE BCETO 00 OT-
CYTCTBHH J1€(DEKTOB B ’TOM MECTE TBEPJOr0 AUDIEKTPUKA, T.€. O €r0 OJHOPOAHON
CTPYKTYype 1moj anektpoaamu 2, 3 u3 pucynka 1.20. 50%-Hoe wiu npu BEpOSTHO-
ctu 0,5 npoObuBHOE HANPSKEHUE UCTIONIb3YETCs AJI BbIOOpa paboyero Hampsike-
Hus U, anmapaTa, B KOTOPOM MOKHO HCIIOJIb30BaTh U30JIALMOHHBIN MaTepHual,
noJBeprarouuiics ucneitanuio. C 3Toi 1enbto cHavana o Gopmyie (1.8) Haxoxasr
AIEKTPUUYECKYIO MPOYHOCTh JUAJIEKTPUKA, a 3aTE€M MOIYYSHHBIA PE3yNbTaT JEHSIT
Ha YeTbIpe, MpeArnoaras, 4ro 3amnac 3J1eKTPUUeCKOW MPOUYHOCTH U3O0JIALIMOHHOM
KOHCTPYKIIMH JIOJKCH ObITh B 4 pa3a Bhllie padouero (HOMHUHAIBHOTO) HAPsDKe-
Hus anmnapara. HalinenHoe 3HaueHue, paBHOE WM OJIM3KOE K MEHbIIEH BEIUYUHE
CTaHJApPTHOTO pabouero (HOMHUHAIBHOTO) HAMIPSDKEHHS arapaTta, pEeKOMEHIYIOT
Kak pabouee HaNpsHKEHHE IS JJAHHOTO TUAJICKTpUKa. Paboune (HOMUHAIBHBIC)
HaIpsUKEHUs dIEKTpuueckux anmnapaToB U,s B kB: 0,22; 0,4; 0,6; 1,0; 3,0; 6,0;
10,5; 15,75; 20; 35; 110; 220; 500.

OmnpeneneHue AMEKTPUUECKON MPOUYHOCTH TBEPIBIX TUIIEKTPUKOB TPOBOISAT
no 'OCT 6433.3 - 71. I3mMeHeHue HAPSHKEHHUST MOXKET OBITh TUTaBHBIM (KpaTKo-
BPEMEHHBIM) WJIM CTYNEHYAThIM (OJHOMUHYTHBIM). [IpH M1aBHOM M3MECHEHUH Ha-
NpsDKEHHE MOBBIIAIOT OT HYJIS A0 MPo00si paBHOMEPHO, YTOOBI TPOOOIA TUIIeK-
Tpuka npousomen yepe3 10 - 20 ¢ mociie Havana noBkIeHus1 Hanpspkenus. [1o pe-
3yJIbTaTy MPOOUBHOTO HampsikeHus o ¢popmyde (1.8) HaxoaaT KPaTKOBPEMEHHYIO
AIEKTPUUYECKYIO MPOYHOCTH. BO BTOpOM ciyuae HanpspKeHHE MOJHUMAIOT OT Be-
mmanHel 0,5 oxxugaemMoro mpoOMBHOTO HAIPsDKEHUs cTyneHsMu. Ha kaxmoit cry-
MIEHU BBIJCPKUBAIOT HANIPSDKEHUE B TeueHUE 1 MUH. YBenMueHNE HAMPSHKSHUS



npon3BoaAT yepe3 0,2 oT BEIMYUHBI HANIPSDKEHUS TIEPBOM CTYIICHU W YBEIUYHBa-
10T €r0 J0 Mpooos.

Takum 00pa3zom, pu MPoOUBHOM HampspkeHuH 1o Gpopmysie (1.8) Haxomat
OJTHOMUHYTHYIO JICKTPUUECKYIO MPOYHOCTh, KoTopas Ha 20 - 25 % Huxe kpatko-
BPEMEHHOM MO MPUYUHE BO3MOKHOT'O 3JEKTPUUECKOr0 CTAPEHUS TUIIEKTPHUKA 3a
BpEeMsi OLICHKU WJIU UCTIBITAHUS.

1.7 4. ®axkTophl, BIUAIOIINE HA YJIEKTPUYECKYI0 IPOYHOCTDH THIJIEKTPUKA

Toammna uzoasiuuu. Jiro0as u3oALMs anmnapara onpeaessieTcs: paccTos-
HUEM MEXAY deKkTpoaamu. [Ipy yBeInYeHnn 3TOro pacCTOSHUS PacTET U TOJIIIHU-
Ha h m3ossiimu. YBenuueHue N u30JsIUK IPUBOIUT K BO3PACTAHUIO JIOMYCTUMBIX
3HaueHui HanpskeHUd Uy, B U055, COOTBETCTBYIONIMX TPEOYEMBIM BEPOSTHO-
CTSIM TIPOOOS TIPU MAJION ¥ MaKCUMaJIbHOM MOBPEXKAAEMOCTH JUAIeKTpUKa. Jlis
OCHOBHBIX BHIOB M30JISILIMK BBICOKOBOJIbTHBIX alllapaToB KPyMHOTabapUTHON KOH-
CTPYKIIUHU JOITyCTUMbIE HAIPSDKEHHOCTH cOCTaBIAIOT: By < 400 kB/em, Ejpos <
200 kB/cMm. XapakTepHblii BUI 3aBUCUMOCTH HAIIPSDKEHUS M PACIIPEICIICHUS Ha-
NPSHKCHHOCTU OT TOJIIIUHBI U30JISAIIUKM B KOHCTPYKIIMU B/B ammapara npecTaBicH
Ha pucyHke 1.19. 3amennenue pocra HanpsHKEHUs IO MEPE YBEIUUYECHUSI TOIIIUHbI
M30JISLIUH CBA3aHO C UBMEHEHUEM DJIEKTPUUECKOTO I0JIsl B CTOPOHY HEPaBHOMED-
HOCTH WJIM YBEIMYEHUEM BEPOSITHOCTH NpUCYTCTBUs NedekToB. 1o aToit mpuumnHe
BBOJAIT KO3 (ULIMEHT HEOAHOPOIHOCTH K|, ¢ ncnonb3oBaHeM MpaBuiia MaKCu-
MaJIbHOM HAIPSY)KEHHOCTH, IO KOTOPOMY B M30JIAILIMOHHOM IIPOMEKYTKE ITPH JIFO-
00l 3a1aHHOM BEPOSITHOCTU MPOOOS MIIH MOBPEKACHUS U30JISILIMU HET 3aBUCUMO-
ctu oT TomHbl h v o1 kosddunmenta Ky, Eciin MakcuMabHas HalpsKEHHOCTh
B m3oJsiiuu Emg = U / h K, To 13 yka3aHHOTro mpaBuiia BEITEKAET CICAYIOIIEE CO-
OTHOILIEHHUE JIOITyCTUMBIX HANPSKEHUMN ISl IBYX KOHCTPYKUNW C U30ISIUUEN OX-
HOTO U TOTO € BHUJIA:

Unp1/ Unp2 =hy Knp / hy K.

VY 10BIETBOPUTENIBHBIC PE3YJIHTAThI H3OJISIITUOHHBIX KOHCTPYKITUH, pado-
TAIOLIMX B HEOJHOPOIHOM 3JIEKTPUUECKOM T0Jie, Tosmydarores npu K, < 3.

Inomansb 3iekTpoaoB. C yBeTUYEeHUEM TUIOMIAIN AJIEKTPOIOB dJIEKTpUUe-
CKasi TPOYHOCTh CHIKaeTcs. Eciu paccMoTpeTh 3aBUCUMOCTH BEPOSITHOCTEN MPO-
001 WM MOBPEXKICHUSI U30JISAIMU 110 pUCYHKY 1.1 B 3aBUCMMOCTH OT TUIOIIAIN
AIIEKTPOJIOB, TO OKKETCS, YTO HANPsHKEHUE OYJIeT CHIKATHCSI. DMITUPUIECKOE
BBIpaKEHUE, CBSI3bIBAIOIICE JOMYCTUMbIC HANIPSHKEHUS I KOHCTPYKITUH C TLJI0-
A MU 3JIEKTPOJIOB COOTBETCTBEHHO S M Sy’ 3aIUIIIETCS KaK

Uan_Unp1: \/6 /p (S In(SQ/S]-))1



r7ie y IepBOi KOHCTPYKIMH TUIOMIAAb 3JIEKTPOIOB Sy, a y BTOpoid S3 = N S npu
N> 1; S - cpeaHEeKBaApaTUIECKOE OTKIOHEHUE MaTEeMaTHYECKOr0 OXUAAHMS Ha-
NpsDKEHUsS TIPOo0O0o4.

1.7.5. IIpo6oii TBepABIX IMITEKTPUKOB B IKCIJIyaTAllUH

9J'I€KTp0TeXHI/I‘ICCKI/Ie CBOMCTBA TBCPABIX AUIJICKTPUKOB B SJICKTPUICCKOM

noJie 00yCJIOBIIEHbI BPEMEHEM UX KCIUTyaTalluu WU «KPUBOW KU3HU [0 PUCYH-
Ky 1.22.
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PG, 112% «KPHBEA HMIHN (pRIPECCIM) e MhH A
TEEPASrD QA3MEETIMES Puec.1.23. BoneTEpemeHHaA 28 BACKMMOETE NPaBoa W2aNa0Me
1 - npupa oToUHEIR Nepway, 2 - pad ound ANeKTROABORY qOBAHWA

Ha usonsanuto 3a BpeMs dKCIUTyaTallud BO3JIEHCTBYIOT: 3JIEKTPUUECKOE 110JIE
paboyero HampsHKeHHs!, TOBBIIEHHOE UCTIBITATEIbHOE U MePEHANPSIKEHUS ; TeTIO-
BOM M MEXaHUYECKUI (PaKTOPBI; INEKTPOIUTHUECKHE TPOLIECCHI U Ap. BO3JIEHCT-
BUs. Bech komIuiekc (hakTOpOB MPOSIBISETCS B COCTOSTHUU U3OJISIIMU B IpUpado-
TOYHBIN NIEPHUOJI, KOT/Ia OTMEYaeTCs HauOOoJIbIlIee YUCIO OTKA30B U30JISALIUU DK~
TpoamnmnapaToB. B pabounii nepuoa npobou U30JSLUHU - PEIKOE SBIICHUE; B 3TO
BpeMsI JIEKTpUUECKasi IPOYHOCTh U30JISILIUKA KOHTPOJIUPYETCS ITyTEM HUCIIBITAHUS
€€ TIOBBILIEHHBIM HANpsKEHUEM B TeueHue 1 MuH. 3a nepuoJ1 SKCIuTyaTalii MOX-
HO BBIJICIUTH CJIEIYIONINEe TPOOOU U30JISLUHU 10 PUCYHKY 1.23. MMIyJIbCHBIM, KO-
r7la pa3pylieHue U30JS1UU TPOUCXOIUT B OUYEHb KOPOTKUI Mepruo BpeMEeHH
(MUKPOCEKYH/IbI) TIPU 3HAYUTEIBHON aMILTUTYIC BO3JICHCTBYIOIIETO HAMPSKCHUS,
IPO30BOT0 WJIM KOMMYTAlIUOHHOTO XapakTepa, U 0€3 BBIJCICHUS TeIia; 3JIeKTPH-
YecKHii, KOTJ]a aMIUIMTY 1a HAPsDKEHUS ellie Bhilie padouero (HOMHHAIBHOM) U
BpEMsi €€ BO3JICHCTBHS CPABHUMO C SIBJICHUEM CTPYKTYpHOU (MHTPaIlMOHHON ) TIO-
JSpU3ALUU B U30JSIUU U OTCYTCTBYET BbIIEJICHUE TEIlIa MpU MpoOoe; TenJa10Boi,
JUISL KOTOPOTO XapaKTEPHO SIBHOE BBIJEICHHUE TEIJIa WU Pa30rpeB U3OISILIUY MPU
HaIpPsHDKCHUH HE BBILIE UCIBITATEIbHOTO KOMOMHMPOBAHHBINA NPOOOH MpU 1J1U-
TEJIHbHOM BO3/IEMCTBUM pab0O4ero HanpsLKeHUs, KOPOHHBIX SIBIIEHUN M YaCTUYHBIX
Pa3psa0B C SIBHBIM JIEKTPOJIUTUYECKUM MPOLECCOM M U3MEHEHUEM CTPYKTYPHI
TBEPAOTO TUIIEKTPUKA.

1.7.6. YacTuuHble pa3psiibl B H30JIILHH

IlonsaTre yacTUUHBIC paspAaabl (‘{. p) B TBEPAOM OUIJICKTPHUKEC - 9TO MCCTHBIC IIPO-
Ooou Ha MMOBCPXHOCTH WJIM BHYTPH U30JIALINMU allllapaTa B BUJAC KOPOHBI CKOJIb3AIIIC-
ro paspsaaa UJIN 9aCTUYHOTO HpO60$I QJICMCHTA HU30JISA1IHU. XapaKTepI/ICTI/IKI/I q. p.



MO3BOJISIFOT BBIOMPATH JOMYCTHMbIC PabOYMe U HMCIBITATENILHBIC HANPSHKEHHOCTH
U30JISIIMOHHON KOHCTPYKIIMH allapaTa BBICOKOTO HAaIpsDKeHHs. BO3HUKHOBEHHE
4. p. COMPOBOXKIACTCS KaK HEWTpaau3aluell HEeKOTOPOro 3apsiia ( B TOJIIUHE JTU-
9JIEKTPUKA, TaK U U3MCHCHUEM HANPSIKCHUS Ha BHEIIHUX JJICKTPOax oOpasiia eM-
kocTeio Cy Ha BemmuuHy DUy =(q 4, / C «. DKBUBaneHTHas cxeMa MOXET OBbITh
npeacTaBieHa TpeMs emkoctsaMu, rae C, = Co+ (Cy, Cqy/ (Cy + Cy)), nnm cymmoit
nojHoi eMkoCTu Cp M MOCIIe0BATEIbHO BKIIOYCHHBIX €MKOCTEH: €MKOCTH 3JIe-
MeHTa audnekTprka Cy, ¢ Ta30BBIM BKIIFOYCHHEM, T Pa3BUBACTCS Y. P., U OCTaB-
mieiics yactu auanexktpuka Cqy o pucysnky 1.24.

B pe3ynbraTe MOKHO MOJTyYUTh
C,C _  C,
c.+c, Jc +c,

Heiirpanu3anus 3apsiia ¥ CBsI3aHHOE C 3TUM U3MCHECHHUE HANPsHKCHUS Ha 00-
pasiie IPUBOJAUT K BHICOKOYACTOTHBIM KOJICOAHUSIM B JICKTPHUYCCKON CXEME B BU-
Jie BCIUICCKOB TOKA, CHIIKCHHS BHEIHETO CETCBOTO HAIPSDKEHHS W TOSBICHUS
DIIEKTPOMArHUTHBIX KOJICOAHUH B OOJACTH Y. P. U3OJAIMH. Takue W3MCHCHHS B
U30JISIIIUA MOTYT OIICHUTh PErHMCTPHUPYIOUINE YCTPOWCTBA B BUC WHIAMKATOPOB W.
p. (WYP) unu paguounsnydenus 4. p. (MPU). Ecnu k TBepoMy ITUAIEKTPUKY MPH-
KJIaJIbIBaTh KPATKOBPEMEHHBIC MMITYJIbChI HANpsKeHUs (rpO30BOr0 WJIM KOMMYTa-
IIMOHHOTO XapaKTepa) aMIUTUTY IO BBIIIE paOd0Yero HaIpsHKCHUs, TO B HEM pa3BH-
BAIOTCSl MHKPOCKOITUYECKUE TPEIIUHBI. B HEKOTOPHIX aMOpP(HBIX JUAICKTPUKAX
(cTexiio, KaHU(OJIb, NELTYJION) TPEIIMHBI CAMO3aJICUNBAIOTCS M TIPU TTOBTOPHBIX
UMITyJIbCaX BO3HUKAIOT B HOBOM MeCTE. B OOJIBIIMHCTBE TBEPIBIX TUIICKTPUKOB
M UMITYJIbCAX Y. P. Pa3BUBACTCS IO IYTH MPEIBIIYIIET0, BCIACICTBUE YETO MUKPO-
TpeuuHa (edeKT) yBennunBaercs. SIBieHue, oTpaxkaroliee HaKOIUICHHE NedeKTa
B M30JISIMH, HA3bIBACTCS KyMYJIATUBHBIM 3P dpekToM. CHIDKEHHE MPOOMBHOTO Ha-
NPSDKCHUST U30JISIMKA B 3aBUCUMOCTH OT YKCJIa BO3JCHCTBUI XapaKTepU3yeTcs KO-
3 PUIHEHTOM KYMYISATUBHOCTH Ky, paBHBIM OTHOIICHHIO MPOOUBHBIX HATpsIKE-
HUI IIPU €AMHUYHBIX U MHOTOKpATHBIX Bo3aeHcTBUAX: Ky = Upp1 / Uppn.

W3BeCTHBI CIIEYIOIINE BUJBI Y. P. B H30JISIIUU 110 pUCyHKY 1.25:

HavajbHbIE 4. P., ciladas HHTCHCUBHOCTh KOTOPBIX HE MPUBOJIUT K 3aMeET-
HOMY pa3pyIICHUIO M30JISAIUU WIA YMCHBIICHUIO HANPSDKEHHS Y. P. MPH KPaTKO-
BPEMEHHOM BO3/ICHCTBHH;

KPUTHYECKHE Y. P., 3HAYUTEIbHAS WHTCHCUBHOCTh KOTOPBIX BBI3BIBACT 3a-
METHOE paspylieHue ( KyMyJasSTHBHBIH 3((eKT) W30AIK, CONPOBOXKIAOIICE
CHIDKCHHEM HAmpsDKEHUS 4. P.

B 06oux ciayuasx UMEIOT MECTO HANPSDKEHUs] BOSHUKHOBEHUS Uy, U TOTa-
canus Uy, , 4aCTUYHOTO pa3psiga ¥ HNPH HOCTOSHHOM HANpPSHKEHUU BO3HUKAOIIUE
4. p. OKa3bIBAIOT CYIICCTBCHHOC BJIMSHUC HA CTAPCHUE HM3OJSAIMU. 37€Ch, KaK U
IpY TIEPEMCHHOM HANpPsHDKEHUH BO3MOXHBI TIPOOOH YYaCTKOB U3OJSIUH C ITOHH-
’KCHHOM 3JICKTPUUCCKOM MPOYHOCTHIO (ra3oBbie BKItOUYCHMUs). OHAKO, TIPU MTOCTO-
SSHHOM HAmNpsDKEHUM MHTCHCUBHBIC Y. P., THIIA KPUTHYECKUX, OTMEYAIOTCS TOJBKO
IpY BKIIFOYCHUW HATIPSKCHUS WM TIPU €r0 OBICTPOM M3MEHEHHH BO BpeMeHH. [1o-
3TOMY 4. p. 00pa3yIOTCsl Ha TPaHMIAX T'a30BBIX BKIIIOYCHHUN B BHUJIE MOBEPXHOCT-

d,, =DbY,C, =DU,



HBIX 3apAJ40B OT MOHU3AIUU ITPOLUCCCOB, HAIIPAKCHHOCTU HOIIOJHUTCIIBHOTO I10JIA,
KOTOPOC HAIIPABJICHO IMPOTHUB OCHOBHOI'O, U BbLI3bIBACT ocjiabieHue PE3YIbTHUPYIO-
H_Ieﬁ HaIIPSKCHHOCTHU. Paznuuaror HaAIIPSOKCHHOCTh ITOraCaHus 4. p., KOraa HUACT
CTCKAHHUC IMOBCPXHOCTHBIX 3apAd0B 4YCPC3 MPOBOAMMOCTL H30JLIIUHU U IIPOIIUTHI-
Baromue COCTaBbl MOBCPXHOCTU, U HAIIPSIKCHHOCTDL BKIIFOYCHUA Y. P., 3dBUCAIIUC
OT IIPUIIOKCHHOT'O HAIIPSAKCHUA.

1.7.7. daekTpuyeckoe cTapeHue U30JsIIUM MPHU JJIUTEILHOM BO3/1eHCTBUHU
padoyvero HanpsiKeHU st

JlnutenbHOE BO3/EHCTBIE pabouero HampsHKEHUs anrmapara onpeesser
CIIOCOOHOCTD €T0 U3OJISIIUU BhIICPKATh BIUSHUE BCEBO3MOXKHBIX (DAKTOPOB 32
BpeMsI BCEr0 CpOoKa IKCILTyaTalliy U YUCICHHO OIEHUBACTCS JIEKTPUUECKOM
npouHocThio yepe3 20 - 30 sieT myTeM UCTIBITaHUS U30JISIIUU TTOBBIIIEHHBIM Ha-
npsbkeHreM yactoroi 50 I'ip B Teuenne 1 MuH. J{muTenpHas SKCIUTyaTamus U30Jis-
[IMU TPUBOJIUT K €€ CTAPEHUI0, CHIYKEHUIO JICKTPUUECKON MTPOUYHOCTH U YXY/IIIIe-
HUIO DJIEKTPUUCCKHUX XapaKTEPUCTUK (IUIICKTPHUCCKON MPOHUIIAEMOCTH H I10-
Tepb). [IpuunHaMK M3MEHEHHUS STUX XapaKTEPUCTHK SBJISIOTCS . JJIeKTPHIECKoe
cTapeHHe BCJCACTBHUE PA3BUTHUSA U. P. MPHU MepeHANPsKCHHUIX (TPO30BOr0 U BHYT-
PCHHETr0 XapakTepa) WK MpU pabodyeM HaMpsHKCHUH; TENJIOBOE CTapeHne U OKKC-
JIEHWE U30JISAINH; YBIAXXHEHUE U3O0JISIIIUH, & TarKe MPUIMHBI MEXaHHYECKOTO Xa-
pakTepa (3JEKTPOJMHAMUYCSCKUE TOJYKH IIPH KOPOTKHUX 3aMbIKAaHHUSX, BUOPALIUN U
T.I1.); XHMHYeCKOe CTapeHue WK JICKTPOIMTHIECKOe OKHCIeHue. B mporecce
CTapeHUs YBEIMYUBAIOTCS IUAJICKTPUUECKUE TOTEPU B U3OJISIIIUU, YTO MPUBOJIUT B
nanpHeneM K ee mpo6oro. OCHOBHON MPUUYMHOM 3JIEKTPUUECKOTO CTAPECHHUS SIBIIS-
€TCsl Pa3BUTHE U.p., SHEPTUSI KOTOPBIX TPATUTCS HA pa3pyIlIEHUE MOJIEKYJ U MOHU-
3aIMI0 aTOMOB, HarpeB IUAJIEKTPUKA U U3JIyUEHHUE DJIEKTPOMAarHUTHBIX Kojeba-
Huii. HeoOpaTumoe yacTUYHOE pa3pylleHue JUAICKTPUKA HAKaIIMBaeTCs, CO3/1a-
Basi KyMYJISITUBHBIN d(PPEKT B U30JSALNUM, HA YTO TPATUTCS HECKOJIBKO MTPOIIECCOB
BCEM DHEpruu 4.p. XapakTep U CTENEeHb pa3pyILICHUs B TBEPJIOM TUIICKTPUKE CBSI-
3aHBI C Pa3pbIBOM MOJIEKYJIIPHBIX CBS3EH U 00pa30BaHUEM PaJMKAJIOB WU 00pat-
HBIX MPOIECCOB: 0Opa30BaHUEe MOJIEKYJ WM IPUCOCAMHEHUE paaukanoB. B opra-
HUYECKHUX IUAJIEKTPUKAX Y.p. BHI3BIBAIOT BBIJICJICHUE BOJOPO/IA WIIH IPYTUX Ta30B
(MeTaH, alleTUIICH, YIJIEKUCIIBINA ra3 v Ap.), a TAKXKe YIIEePOAUCThIX COCIUHEHUH CO
3HAYUTEIHLHOU MPOBOAMMOCTBIO (ICHIPHUTHI B STIOKCHIHOM 00pa3yIoIeM TepMO-
PEaKTUBHOM M3OJISALIUH, DPO3HS UIH YTIEKHUCIbIe 00pa30BaHUsl IO TOBEPXHOCTHU
KepamMHuuecKoi, papdopoBoit MK CTCKISTHHON U30J1KK). Bo MHOTHX cliydasx
SIBJICHUE Y.p. MOXET BBI3BATh MUKPOTPEIIUHBI B IUDJIEKTPUKE.

Crapenne macio0apbepHOi U OyMaKHOUM U3OJSLUU TPOSBISIETCS B U3MEHE-
HUU DJIEKTPUYECKUX U (PU3UKO-XUMUUYECKUX XapaKTEPUCTHK, KaK CaMOTr0 MUHE-
pajIbHOTO Maciia, Tak M OyMaru wiu 3jeKTpokapToHa. [Ipyu 3ToM mpoBOIUMOCTh U
TUDJICKTPUYECKUE TTOTEPU YBEIIMUUBAIOTCS, B JaIbHEHIIIEM CTapEHHE 3aBEePIacTCs
AIEKTPUYECKUM HJIU TEIJIOBBIM ITPOOOEM MU30JIAIMH arrapara. ['a3oBbiaeneHue B
MacJie CBS3aHO C JACHCTBHEM CHIIBHOTO 3JieKTprueckoro mois (okoso 3 9B), moc-
TaTOYHOTO, YTOOBI CBOOOIHBIE AJIEKTPOHBI PA3pyIIMIN MOJEKYYy yriepojia ¢ OT-



HIEMJIEHUEM aTOMa BOJOPOAa. IHTEHCUBHOCTD ra30BBIICICHUS IPU HATUYHH Y.P.
WJIU B €0 OTCYTCTBHE 3aBUCUT OT XMMUYECKOI'O COCTaBa Macja, MO3ATOMY KOJIn4e-
CTBO TpaHC(HOPMATOPHOI'O Macia OIMpeAesieTCs MECTOPOKICHUEM HedTH, BO3-
MO>KHBIMU MPUCAJKAMU U €r0 OUUCTKOM.

TemoBoe cTapeHue TUANEKTPUKA CBA3aHO ¢ paboyel TeMnepaTrypoi arra-
paTta. Bo3M0O>XXHOCTb MOBBIIIEHUS TEMIIEPATYPbl OTPAHUUYUBAETCS CBOMCTBAMU U30-
JSIUUY, TaK KaK 4YeM BBILLE TEMIIEpATypa, TeM ObICTpEee MPOUCXOAUT XUMUYECKOE
CTapeHUE U OCYIIECTBIISIETCS MPOLECC XUMHUUECKUX peakunii. Hanmpumep, npu no-
BBIIIEHUN TEMIIEPATYPBl XUMUYECKOE PA3JIOKEHUE LIEIUTIOJIO3bl XapaKTEpU3yeTCs
YMEHBILIEHUEM CTENEHHU MMOJUMEPHU3AIUH, IIPU 3TOM YKOPAUMBAIOTCS LETIOYKH MO-
JIEKyJ1, yMEHbIIaeTcsl THOKOCTh U MEXaHUYecKasi MPOYHOCTh OyMaru u KapToHa.

N3onsumoHHast KOHCTPYKIIMSI BO MHOTHX ammaparax B pabodyeM pexume co-
MIPUKACAETCS C BO3AYXOM, IIPU 3TOM BO3MOXHO yBiaxkHeHue. [Iponecc yBnaxHe-
HUS Macja B TpaHC(POpPMATOpPax MOKET OBITh OT TPEX arperaTHbIX COCTOSIHUMN Blla-
T'H: OMYJIbTUPOBaHHOE (TUICHKA), MOJICKYJIIPHOPACTBOPEHHOE (IUTIOJH) U ra3000-
pa3Hoe (MoJieKyJia BJIard B Ta30BO# MOJIOCTH). PacTBOPUMOCTH BOJIbI 3aBUCHT OT
XUMHYECKOro cocTtaBa Maciia. Haubomnpiel pacTBOpUMOCTbIO 00J1a1at0T HEMpe-
JIeJIbHBIE U apOMAaTUYECKUE YIIIEBOJOPO/Ibl, HAUMEHbIIEeH — napaduHoBbie. Hanu-
Yue BOJBI B MACJIE€ CHUKAET €r0 JJIEKTPUUECKYIO IPOYHOCTh U YBEIUYUBAECT JIU-
ANEKTpUYECKHe noTepu. [Ipruem BiIMsHUE BOJIBI CUIIbHEE CKA3bIBAECTCS, KOTJA OHA
HaxOJUTCS B AMYJIbIMPOBAHHOM COCTOSIHUH, UEM B MOJIEKYJISIPHOPACTBOPUMOM .
BnaxHOCTh YBETMUMBAETCSI CKOPOCTh TEPMUYECKOTO CTAPEHUs], CHOCOOCTBYET
pa3pyLIEHUIO MOJIEKYJI OPTaHUYECKOTO IUAIEKTPHUKA, YXYAIAeT (PU3NKO-TEXHHU-
YECKUE XapaKTePUCTUKH.

I''TABA 2. KOHTPOJIb 3A KAYECTBOM HN30JIs1IHNA
2.1 KayecTBO H30J9IUH

KadecTBO TeXHMYECKON H3OJAIMH OMPEACNSICTCS HE TOJBKO KYJIbTYpPOi
MPOU3BOJICTBA, HO M HAJIAXXEHHOW CITY>KOOW KOHTPOJIS WM MPOBEPKH COOTBETCT-
Bus kauectBa m3ossnuu ['OCTy unu 3aBojckum HopMaM. KoHTpoIb 3a KauecTBOM
M30JISIMKM Ha MPOU3BOJICTBE MPU U3TOTOBJICHUU M BBITYCKE JIEKTPOTEXHUYECKOTO
o0opyioBaHMsS U TMPO(PMIAKTAKA H3OJISIIIUK B DKCIUTyaTalliyd HalpaBJeHbl HA BbI-
ABJICHUA €€ Je(PEeKTOB ¢ MOCIEAYIONeld 3aMEHON UM BOCCTAHOBJICHHEM IMOBPEXK-
JIEHHOTO U30JISIIMOHHOTO y4acTKa.

B u30sI1TMOHHON KOHCTPYKIIUM Pa3IMYatOT MECTHBIE M 00IHe e(PEeKTHI.

MecTHble aedeKThI COCPEIOTOUCHB Ha HEOOJIBIIIOM yYacTKE U3OJIALUN U
MPOSBJISIOTCS B BHJIE Ta30BBIX ( BO3AYIIHBIX IMOJOCTEH) M METAJUIMYSCKUN BKJIIO-
YeHUH, IPUMECcei, a TaK)Ke B BUJIE MEXaHUUYECKUX U TEXHOJOTHUECKUX HapyIICHUIN
(MHKpOTpEILMH, 3ayCCHHMI], MOPIIUH, CMEIICHUH CJIOCB JICHTHI, BMATHH U T. IL.).
Oo6mue nedexThl HanOOJIEE PACIIPOCTPAHECHBI, CPEIM HUX Yalle OOHAPYKUBACTCS
MIPOHUKAIOIIAs BJIara B W30JISAIIMIO, PEXKE BBISIBISIOTCS J1e(PEKThI pa3BUTOTO ra30BO-
r'o BKJIFOUCHHS U TIPOBOJISIICH MPUMECH.



PaspyrmieHre M3041IMM B Hadajie SKCIUTyaTallMK MPOTEKaeT MEIJICHHO, a B
KOHIIE - HOCUT CKauYKOOOpa3HBIN XapakTep.

MeToabl KOHTPOJISI 32 KAUECTBOM H3OJISAIUH - 3TO Pa3pyIarONIue METOJIbI
IIPY UCTIBITAHWH TIOBBIMICHHBIM HAIPSHKCHUEM M OOHapyKeHue Me(eKTOB oI BO3-
JCHCTBUEM HANPSOKCHUS HIDKE HOMHUHAJIBHOTO YPOBHS WIIM PAaOOYHMX HAIPSHKCHHM
0e3 pa3pyIieHus U30JISAIHH.

OneIT MpUMeHEHUs TMPO(PHIAKTHUESCKUX WCIBITAHUNA BBICOKOBOJBTHOM H30-
JISIIUW CBOJUTCS K TOBBIIIICHUIO HAJIC)KHOCTH M3JCIUH B pad0Te WIH K CHIDKCHUIO
BEPOSATHOCTEH OTKA30B 3JIEKTPOOOOPYAOBAHUS .

3.2. UcnbiTanue HU30JISIIMH MOBBIIICHHBIM HAIIPHAKCHUEM

N3onsmust 351eKTpoo0opyA0BaHMs B YCIOBHSIX 3KcIuTyarauuu [loasepraercs
BO3JICHCTBUIO pab0OYero HAMPsLKEHUsI, IEpeHANPXKEHUI BHEIIHETO U BHYTPEHHETO
XapakTepa ¥ (PU3MKO-MEXaHUYECKUX (PAKTOPOB - TEIJIOBOTO IMOJsl, BUOpalu,
ANEKTpOAMHAMUYECKUX ycuiuid u T.1. [loomepannoHHble MCHBITAHUS TOBBILICH-
HBIM HaIpsDKEHUEM IO3BOJISIOT OLEHUTHh CIIOCOOHOCTh M30JILIUUA TPOTUBOCTOSTH
TaKUM BO3JCHCTBUSM.

IloBblIeHHOE MCNIBITATEIbHOE HATIPSIKEHHE JOJIKHO!

- 3(hpexTUBHO OOHAPYKUTH BCE BUABI J€(PEKTOB;

- HE CTapUTh U30JIALIUIO, T.€. HE Pa3BUBaTh A€(PEKT, €CIIH OH BbIAEpIKal
UCIIBITAHUS;

- 1aTh pacrnpezesieHne HANpsHKEHHOCTH TOJIs 10 U30JISUU BO BPEMSI UCIIbI-
TaHUs UJIECHTUYHOE MEPEHANPSHKEHUIO BO BpeMsl IKCILTyaTalllH;

- YCTAHOBKH IMOBBIIIEHHOTO HAMPSKEHUS JOJKHBI OBITh TPAaHCHIOPTAOEIbHBI.
MPOCThIE B OOCITYKMBAHUU U 3JIEKTPOOE30IACHBI.

B nousarue 3¢ ¢GeKTUBHOCTH UCHBITAHUS BKIIAJBIBAIOT Pa3IMYHOE COJIEpKa-
HUE, BCJIEICTBUE YETO CpaBHEHHE d(PPEKTUBHOCTU UCIBITAHUM, IPOBOJUMBIX pa3-
JUYHBIMU CHEUUATNCTaM 3aTPYJHUTENIbHO, a OPOl HEBO3MOXKHO. OHU OLEHU-
BalOT 3((HEKTUBHOCTb HUCIBITAHUI OTHOIIEHWEM YHCIIa BBISABISEMBIX J€(PEKTOB K
YHCIIy UCTIBITAHUI MAIllMH, APYTUEe ONPEACISIOT OTHOLIEHWE YMCIA BBISBICHHBIX
nedeKTOB MPHU UCIBITAHUIX K YUCITY MAIIMH, U30JSIUS KOTOPHIX MOBPEXKIEHA B
AKCILTyaTalluy 3a MEePUOJl BPEMEHH MEXY JIBYMs UCTbITAaHUSAIMU B 060oux ciyyasx
Takoi mojxoJ ¢popManbHbIi. B psne ciydyaeB naercs oneHka 3pGEeKTUBHOCTU HC-
NBITAHUNA C MPUMEHEHHUEM HECKOJIBKUX (POPM UCHBITATEIbHBIX HANPSKEHUN U MpU
HEONPAaB/IaHHO 3aBBIIICHHBIX BEMYMHAX UCTBITATEIHLHOTO HarpsikeHus. Hapsany c
OOJIBIIMM YHMCIIOM MPOOOEB M30JSLUU BO BPEMsI UCHBITAHUNA OXKUIACTCS KyMYyJIs-
TUBHBIN 3P (DEKT B HEl U, KaK CIEJICTBUE, ABAPUUHOCTh U30JISIUU B SKCILTyaTal|H.
He CHIbKaeTcs. Bce BbllleCKa3aHHOE OTHOCUTCS KakK K TPAJAULMOHHBIM HCIIBITAaHU-
SIM TIOBBIIICHHBIM HaNpsDKEHWEM, CYIIECTBYIOIIMM B HacTosiee Bpems B Hopmax
u ['OCTax (3TO MOBBINIEHHOE TIEPEMEHHOE HAMPSHKEHUE TPOMBIIIJICHHOW 4aCTOTBI
B TeueHue 1 MUH U BBIIpSMIIEHHOE B TeueHue 5 MuH, a Takke UMITYJIbCHOE Ha-
npsbKeHue cTanaapTHoit BosHbl 1,5/40 Mkc u cpe3anHoi - 1,5/2 MKc — «Tpex yaap-
HBIA METON»), TaK M K HETPAIUIIMOHHBIM - 3TO JAPYrHe (GOPMbI MOBBIIICHHBIX Ha-
NpsODKCHUIN: TpanerenaaibHas (3aBoj « AJIeKTpocuia»), ceepxauskoyactotnas 0,1



I'u (CIHA). nonynepuon nanpspkenust 50 'y (Hunepmauasr, JIIIM um. M.A. Ka-
JWHUHA). AHaTU3 (HOPM HCIIBITATSIILHBIX HANPSDKEHH CBEICH B Ta0mity 2.1
Tabnuma 2.1. IToka3aTenu pa3nuIHBIX (OPM TOBBIIICHHBIX HATPSHKEHUIH

®opmbl  moBm. Jpdexk Ia. cra- Humaen-  Tpancen.,, mpocrt. Ilp

Hanpsik, e1.C1  TUB-TH peHHe THY- 00- ume
HOCThH CJIy:K.,3J1./6e30m. q
Ilepemen. 50 I'm O 0 + + 3aB

B TeueHue 1 MmuH

IKC
Beimpsama. 5 0 + - - -«-
MHH.
Nm- + + 0 - -«-
MyJIbC.HAMPIK.
1,5/40 mxkec
Moaynep. 59 I' + + 0 + -
CHY 0,1 T + - - - ~«-
Tpaneneuganabu. + 0 0 - -«-

[IpuMedaHue: «+» - MOJHOCTHIO YIOBJICTBOPSIET TPEOOBAHUIO; «-»- HE
ya0BIIeTBOpAET; «0» - YaCTUYHO YIOBJIETBOPSIET

2.2. YcrpoiictBo noaynepuoga 50 I'u 1Jis1 mosrydeHHs1 BHICOKOTO HANPSIKEHU S

B oOmactu paspymaromero Meroja JJICKTPHUYECKHX HCIBITAHUM BBICOKO-
BOJIBTHOW M3OJISAIIUM DJICKTPUYCCKUX MAIMH HM3BECTHBHI JBa CIOCO0a OICHKH ee
kadecTBa. JIJIs Ma30BOM M3OJISAIIMN HUCIIBITAHUS BEIYT MMOBBIIICHHBIM ITEPEMEHHBIM
HaIPsHKCHUEM TPOMBIIIIJICHHOW YacTOThI B TEUCHHE 1 MUH, a JIOOOBYIO U3OJISIIHIO -
MOBBIIICHHBIM BBITIPAMJICHHBIM HamNpsokeHHEeM B TeueHue 5 MuH. OJHAKO ycra-
HOBJICHO, YTO TIEPEMEHHOE HAIPSHKCHHUE BBI3BIBACT SBJICHUE YACTHUYHBIX pa3psIoB
B obnactu jAedekTa, 4TO CHOCOOCTBYET Pa3BUTHIO IJIEKTPUUYECKOTO CTapeHHUsS B
n3oisauu. Kpome Toro, 0HO MOKET MPUBECTH K PAa3BUTHIO CKOJIB3SIICTO pa3psia
10 MTOBEPXHOCTH M3OJISIIHMH JIOOOBOH YacTH. IMEHHO TI0O3TOMY B 3aBOJICKUX YCJIO-
BHUSX MCIBITAHUE HW30JISAIUU JIOOOBOH YacTH OOMOTOK KPYIHBIX 3JCKTPUYCCKUX
MAIITUH MTPOBOJISAT IMOBHIIIICHHBIM BBIIPSIMIICHHBIM HalpsOKCHUEM. HO TIPH 3TOM Jie-
(eKThI U30JISIIIMHN TTA30BOM YaCTH HE BBISBIISIOTCS.

HckmounTh HEOCTATKU ABYX (POPM HANPSDKCHHA MOYKET YCTPOHCTBO, CO3-
Jarollee MOBBIIICHHOE HAMPSDKEHHE Torynepuoaa yactotou 50 I'.



B mepBbIX, Takas ¢opMa HampspKEHUS XapaKTepHa i OOJIBIIMHCTBA aM-
IUTUTY]] BHYTPCHHHUX TICPCHAIPSKCHUI, HAIlpUMeEpP, MOCTYIAIOMUX Ha BBOJBI BbI-
COKOBOJIbTHBIX MAIlIMH COOCTBEHHBIX HYXJ KPYIHBIX 3JIEKTpOoCTaHIMii. Bo BTO-
PBIX, aHAIH3 OOJBIIOTO CTATUCTHYECKOTO MaTepHala IO AJIEKTPUIECKON MPOYHO-
CTH JIJISl Pa3HOM M3OJISIIUM JICKTPUYCCKUX MAIIUH MOKa3all, YTO BO BPEMs HCITBI-
TaHUW TaKUM HaNpPsOKCHUEM W30S He cTapuTcs, a 3QpGEeKTUBHOCTh 0OHApYKe-
HUs JedeKkTa HEe Xy)Ke, YEM IPH HCIBITAaHUH TMOBBINICHHBIM HANPsHKCHHEM IIPO-
MBIIIJIEHHOW 4YacToThl. Hampsbkenuem momymnepuoga 50 'l MOXKHO HCIIBITHIBATH
W30JISIUIO0 CTEP)KHEH KPYIMHBIX T'C€HEPAaTOPOB ¢ HOMHHAJIBHBIM HaIpsDKCHHEM 23
kB, ipu 3TOM He HaOIFOAAaeTCs MEPEKPHITHSI IO JJ000BOM YacTH 0OMOTOK, HECMOT-
ps Ha TO, YTO aMIUIMTY/Aa HanpsbkeHus B 1,5 - 2 pasa BhIle, YeM MPH UCTIBITAHUSIX
MEPEMCHHBIM HaNpsDKCHHEM. Pe)XuM WCTBITaHUs HanpspKeHHeM mosyrnepuosaa S50
I'm ycranaBnuBaercs 50 - 80 moaynepro 0B ¢O CKBaXXHOCTBIO 1 ¢ M ¢ BEJIMUUHON
UCIIBITATeIILHOTO HANIPSDKCHHSI COTJIacHO Tadnwuie 2.2.

Tabnuna 2.2. HopMbI TOOINEpPaIMOHHBIX HCIBITATCIBHBIX  HAMPSIKEHUH
nosynepuoza 950 Iy

NCIHBITAHUSA Hanpsixxenne nonynepuoaa 50 I'n

3aBoackue

1. Crepxnm (katymku) a0 ykaaagkn 1,5 (2,75 U, + 6,5)
2. To :xxe mociie ykaaaku ux B nazel 1,3 (25U, +4,5)
3. To xe nocyie maiikn u n3oaupon- 1,3 (2,25 U, + 4,0)

KH COeIMHEeHU

4. IIpueMo — c1aTOYHOE 1,3(2,0U, + 3,0
IIpoduiaakruyeckue

1. ITociepeMOHTHBIE 1,3(2,0U, + 3,0
2. IKCIUTyaTallMOHHbIE 15(1,5-1,7) U,

B cootBercTBHM C TaHHBIME Ta0JI. 3.2 MPOBOMSAT UCIIBITAHUS CTepP)KHEH (KaTyIIek),
BBOJIUMBIX B JKCIUTYaTallMIO 3JIEKTPUYECKUX MAIlWH, a TAKKE HAXOISIIMXCS B
skcrryaranuu. M3omsuus kaxxaoi (a3l WM BETBU HCHBITHIBAETCS OTIEIBHO MPHU
Apyrux (a3ax Uiu BETBSIX, COEIMHEHHBIX C KOPITYCOM MAILIUHBI.
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Puc. 2.1 @yHELWCHANEHA A SN2ITRMHECKEA CHEME BhICOKD ICNETHOW YCTAHGEIM nammepasga 51y
C HANPAREHPEM NAnynesaega 3y

N

OyHKIMOHAFHAS CXEMa BBICOKOBOJIBTHOTO YCTPOWCTBA C HAMPSIKCHHEM
nosynepuoza 950 ['11 mo pucynky 2.1 MoxkeT ObITh BbITIOJIHEHA Ha 0a3e JIF0O0ro BbI-
COKOBOJIFTHOTO HCIIBITaTeNIbHOr0 Tpancpopmaropa tuna MOM winu cramuonap-
HBIX HCIBITATENBHBIX 3aBOJCKUX YCTAHOBOK MOBBIIICHHOTO HATPSHKEHUS ISl KOH-
TpoJsi m3oisuuu, Hamnpumep, tuna AWN-70. B cxeme onHodazHoe nepeMeHHOoe
HanpspDKeHUH ¢ coOmtojieHneM (pasHOCTH OJHOBPEMEHHO MOJAETCA Ha PETyJIATOp
HanpsDKeHUs 2 1 Ha 00K ynpaBieHus 7. Perymsrop 2 menser HanpspkeHue ot O
70 MaKCUMAaJIbHOT'O 3HaU€HHUs, a OJIOK / MO3BOJISET OCYIIECTBUTH 3aJEPHKKY BXO]I-
Horo HamnpsbkeHust yacroroit 50 I'u. Tupucrop 3 paboTaer B KIOUYEBOM PEKUME C
yriioM 3azep:kku a = 60° Vipapusromuii curaai ¢ 611oka 7 mo3BOJISET IIABHO Me-
HSTh BpeMsi MEXIy MoiynepuoaaMu ( CKBaKHOCTh) OT JOJICH CEKyHIbI 0 He-
CKOJIbKHX ceKyHHA. Tupuctop 3 mpomyckaer B TedeHHe 1 MUH ONTUMAIBHOE YHUCIIO
nosyrnepro o Ha ypoBHe 50 - 80 monmoxuTenbHO# (OTpHUIIATEIBLHOMN) MOISPHOCTH.
BricokoBonbTHBIN TpaHchopmaTop 1 mepesacT BO BTOPUIHYIO [T HCIIBITYEMOTO
o6bekTa MO mnoBeillIeHHOE HanpspkeHue, 6auszkoe noaynepuoay 50 ' Ocrumio-
rpad, MOAKIIOYEHHBIN K aenuTento HanpspkeHus JIH, mokaspiBaeT dopMy Hampsi-
KCHUS, KOTOpask IPUBOJIUTCS HA PUCYHKE 2.2.

AMIUTHTYTy MCTIBITATEIHHOTO HANPSDKEHUS MOXKHO M3MEPHUTh OCIHILIOTpa-
dbom wm mapoBeiM pazpsaaaukom LIP. Bo Bpems mpo6os M30s1Iuu, Ha UCTIBITYE-
MoM 00bekTe MO, B mepBUYHON 1ienu 0OMOTKU TpaHchopmaTopa 1 pacTeT TOK.
JUisg 3aiUThl TUPUCTOpPA 3 M TEMIIEpaTypHOM KOMIIEHCALlMW OT BO3PACTAIOIIErO
TOKa B MEPBUYHON LIENH BKIIOYEH auon 4, a mapajuieibHO BKIIOYEHHBIE U0 D U
pe3ucTop 6 UCKITI0YAIOT MEePEXOHBIN mpolecc B 00MoTke TpaHchopmaropa 1.

[Ipu oneHke KauecTBa U30JSALUMU COOIOIAETCS HUKEIPUBEACHHAS] METOIH-
Ka u3MeHeHHus1 HanpsikeHus nmoaynepuona 50 I'n Ha BbIX0/1€ yCTaHOBKH.

HanpspkeHnue moBbIIaeTcst CTyMeHsIMHU 4epe3 S kB 10 3HaueHns mpoOUBHOTO
WIH HUCTIBITATEIPHOTO HAIpPsDKeHUs cornacHo Tabmuie 2.2. [lpu sTom Ha Kaxmoi
CTyNEeHU MOTYT ObITh nojaH oauH ik 50 - 80 momynepruo 0B HaANPsKEHUs, KOTO-
pbie PUKCUPYIOTCS CYETYUKOM. Y CTPOMCTBO BBICOKOTO HAMPSIKEHHSI MOTYTIEpHOIa
50 I'y mpeacTaBisieT HHTEPEC ISl PHEPTOCUCTEM, SHEPTOPEMOHTHBIX MPEANPHUITHIA
¥ 3aBOJIOB- M3TOTOBHTENCH, /i€ MPOBOIAT DICKTPHUSCKHUE HCIBITAHHUS BBICOKO-
BOJIbTHOW M3OJISILIUU, YTO MO3BOJIUT, C OJHOU CTOPOHBI. HCKJIIOUHUTH DJIEKTPUUYECKOE



CTapeHHE W CKONB3AMIMA pa3psi BO BpPeMs HCIBITAHWNA HM3OJALUU, a C IPYroi
- 3aMEHUTH JBE (OPMBI HCIBITATEIBHBIX HAMPSKCHUH MPU KOHTPOJIE H3OJSIIHH
aneKTpudeckux MammH (nepeMeHHyro 59 'l 1 BRIIPSAMIICHHYIO) OJHOHN hopMoii —
HanpspkeHreM nonynepuoaa 90 I,

2.3. Hepa3pymawuuii MeTol KOHTPOJISI U30JSIIIUN

Takoil KOHTPOJIb MOCTPOEH HA OLIEHKE MPOLIECCOB MEJICHHOW MOJISPU3aLuu, KO-
TOpast MPOUCXOAUT B UOISIIUU. V30111111 MOKET OBITh Mpe/icTaBlIeHa Mapai-
JIeNbHON CXeMOM 3aMelleHusl, TpuBeIeHHON Ha pucyHke 2.3. IlepBast BETBb ee co-
ctout u3 eMkoctd C; (MTHOBEHHBIC TIOJISIPU3AIMK C UMITYJIbCHBIM TOKOM |j), BTO-
past - u3 emkocTi C 1 CONpOTUBIICHUS I' (peslakcallOHHbIE TOJISpU3aIuu C ad-
COPOIMOHHBIM TOKOM | ), TPEThS - U3 COMPOTHUBRIICHUS R, KOraa nmpoTeKarT TOKH
pOBOAUMOCTH | ,p. CyMMapHas eMKOCTh CXEMBI PaBHA

Co=Ci +C,

rae C = Cq - C; - eMKOCTb NOJISIPU3ALMOHHBIX MTPOIECCOB B U30JISLIUS, 10 KOTOPOU

(9] —_ 't/T (V] (v
TedyeT aOCOPOIMOHHBIN TOK |6 = (U /T) e” ', N3MEHSIOUINIICS C MOCTOSHHOM Bpe-
meHu T.

- M - O T )
L h,

Prg 2.3, SNerTpH-eckan CHE Ma JAMSLEHIIA AS0NALKMH

FHs. 2.4, TPHHYHNHANEHAA SNEETRWYBCKRRA CXERra
WS P2 HAA ERETGTH

UYepes emkxocTh Cj mpoTeKaeT UMITYJIbC TOKA |; 3apsiia eMKOCTU UM TOKH MOJISIPU-
3aIuH, KOTOPhIE CYNTAIOTCS MTHOBEHHBIMH. PenakcarimoHHbie mosspu3anus xa-
PaKTEePHBI ISl OIICHKH HE TOJbKO a0COPOIIMOHHBIX TOKOB, HO U TOKOB CKBO3HOM
npoBoauMocTH |, = U / R, mpotekaromux uepe3 conporuierue R u o0ycnos-
JIEHHBIX CKBO3HBIMH MyTSAMU YTCUKH B U30JSIUU TIPU 0Opa30BaHUN MOCTHKA U3
Biaru. Ha cxeme 3aMenieHus MOXHO pacCMOTPETh MHOTHE U3 CITIOCOOOB KOHTPOJIS
M30JISLUK HEpa3pyIAIM MeToIoM. [lonspu3alioHHbIe SIBICHUS, KaK ¥ KaHAJIbI
CKBO3HOU MTPOBOJMMOCTH, CBS3bIBAIOTCSI B OCHOBHOM C YBJIQXKHCHHEM H3OJISALINH.
[ToaTOMY KayecTBO M3O0JIALIMH OINPEACIISAETCS MO OIIEHKE TOKOB B CXEME 3aMELICHUS

2.3.1. U3mepeHue cONPOTHBJIEHUS] U30JIAIIUA WIN CKBO3HOW MPOBOAUMOCTH

ComnpoTHBIIEHUE U30JIALIMU U3 pucyHKa 2.3, onpenensemoe kak R, = U /1,
rae | = Ii + lu6c + lyp, pacret, eciu Tok | magaeT Bo BpemeHnu. K MoMeHTy BpeMeHH
T = 1 mun nocne npwioxenus HanpsbkeHus:t U conporusnenue Ry, qocturaer yc-



TaHOBUBIIIETOCS 3HAYCHMS. Pe3Koe majieHne COnpOoTUBIICHUS TTOKa3bIBaeT Ha Jaje-
KO 3allle/IIiee pa3BUTUe AeeKTa Wi HAIMYUE CKBO3HOU IMPOBOJIUMOCTH B U30JIs-
1y, YeM OoJIbIe N30SI COMCPKUT TTOCTOPOHHUX BKIIFOUCHUH, B YACTHOCTH,
gyeM OO0JIbIlIe OHA YBIIAKHEHA, TEM MEHBIIE OTHOIICHHE Rgg K Ri5 B MOMEHTHI Bpe-
MeHu t; = 15 ¢ u t; = 60 ¢, xorna u3MepsroTCss CONPOTUBIIEHHS OT TOKOB ly6¢ 1 |yyp.
H3mepeHre COnpOTUBIICHUS U30JISIIUN OCYIIESCTBISETCS MEraOMETpaMu, COACP-
IIIIMH MAJIOMOIIIHBIN T€HEPaTOp IMOCTOSIHHOTO ToKa HanpspkenueM 0,5 - 2.5 kB ¢
PYYHBIM WJIH 3JICKTPOHHBIM TTPHBOJIOM.

2.3.2.3mepeHne yria qu3j1eKTPUYECKHUX NMOTEePh

[TonspuzanroHHbIe TOKH, MIPOTEKAIOIINE YEPe3 TUAIEKTPUK. pa30rpeBaroT
€ro, 4YTO COOTBETCTBYET MOTEPE HHEPTUH, HA3bIBAEMOM auasiekTpuueckou. [Ipu
MPOMBIIIIEHHOM YacTOTE TaKKe MOTEPU MPOUCXOMST 3a CUET pelaKCallMOHHBIX MO-
JAPU3ALUI UM TOKOB |l 46c ¥ |y 110 pHCYHKY 2.3, T.€. aKTUBHOM U EMKOCTHOM CyM-
MapHOW COCTaBJISIOLIUX TOKOB, & B BEKTOPHOM JUarpaMMe MeKIy 3TUMU COCTaB-
JSIFOINUMHU TOSIBUTCS yroui d. OTHOIIEHHE TOKa aKTHBHOTO |, K TOKY eMKOCTHOMY |
paBHO tgd, 4TO SIBISETCS XapaKTEPUCTUKOW TUICKTPUICCKUX ITOTEPh B U3OJISIIHH,
KOTOPBIE MOKHO ONPEEIUTh U3 BBIPAKEHUS

W=UIlcos] =U I tgd.

ITockonbKy TOKM CKBO3HOM MPOBOJMMOCTH MaJjibl, U3BMEPEHHUE YTiia TUAJICK-
TPHUYECKUX TOTEPh ONpeeiisseTcs napamerpamu BeTBu r C, T.e. yrou d sBisercs
MOKa3aTeJIeM MOCTOPOHHUX BKJIFOYEHHUU U, B YaCTHOCTH, YBIIAXKHEHUS U30JISLIHH.
Benuunna tgd He 3aBUCUT OT aOCOIIOTHOTO 3HAYCHHSI EMKOCTH O0BEKTA. a 3aBUCHT
ot otHotenust Co/ Cj . ITosTomy tgd craHOBUTCS YHHBEpCAIbHBIM IMOKa3aTeIeM
KauyecTBa U30JISIIIUU, HE 3aBUCUMBIM OT €€ TabapuToB.

Jlnst MaoraGopuTHBIX 00BeKTOB eMKOCThIO mopsiaka 200-300 nd (nampu-
Mep, BBOJbI TPAHC(POPMATOPOB TOKA MM BHEUTHSS U30JISALUS, PA3TUYHbIEC U305~
TOpBI) 3HaueHue tgd xapakTepusyeT odiiee COCTOSTHHE U30ISIIUU H MOXKET OTMe-
TUThH Pa3BUBAIOLINIICS MECTHBIN AedeKT. [1Jis KpymHOraGopUMTHBIX OOHEKTOB EM-
kocThto Bbilie 2000 n®, HanpuMep, U30JSAIUS KPYIHBIX T€HEPATOPOB. IIEKTPO-
JABHTaTENeH. TpaHchopMaTopoB, kadenel u T.1. 3HayeHue tgd ykaspiBaeT Ha yB-
JTa)XHEHUE W30JISIIMHY, Ha 00Ilee CTapeHne, YaCTUUHOE paspyleHue (MUKpoTpe-
muHa) U T.11. Takue AedeKThl B M30JI1MU KaK BEChbMa Pa3BUThIE METALTUUCCKUE
BKJIFOUEHHUSI WJIM MOCTHKH MOBBIIIEHYOH MPOBOAUMOCTH, MOTYT OBITh OOHApPYKEHBI
Y Ha TIOCTOSIHHOM TOKE.

Benununna tgd u conpoTuBiieHNE CKBO3HON MTPOBOUMOCTH PACTyT C yBEIIH-
yeHueM Temneparypsl cBbilie 40 oc, MO3TOMY 3TH NapaMeTPbl HOPMUPYIOTCS MIPU
temmeparype 20 °C. M3mepenne tgd H30IIs11H OCYIECTBISETCS BHICOKOBOIBTHbI-
Mu MocTtamu 1o cxeme llepunra tuna P-5026 ¢ pabounm Hanpsixenuem 5 - 10 kB
MPOMBIIIIEHHON 4aCTOTHI.



2.3.3.A3mepeHne eMKOCTHBIX XapaKTePUCTHK U30JIAIHA

[Tpu HEM3MEHHOM TeMIIEpaType U 9acTOTE EMKOCTh 00BEKTa OCTAETCS T10-
cTossHHOU. Ecii 0Ha M3MEHseTcs CKaYKooOpa3Ho, TO 3TO KPYITHBIN pa3BUTHIN Jie-
(GeKT B M30JIALINH, TAKOK KaK XOPOIIIO MPOBOJSINEE BKIIOUCHHE, IITYHTHPYIOIIEE
4acTh M30JIAIUA. [[J15 yBIIaXKHEHHOM M30JIAIMH B KPYITHBIX O0BEKTaX OICHKA M-
KOCTH MOYKET 0Ka3aThCs 3aBUCSIIEH OT 4acTOThl. T.K. Cj, MunumanbpHa ipu W ® ¥
u muauMaibHa ip W = 0. C 1pyroii CTOPOHBI, TOCTOPOHHHUE BEFOUYCHHS HE
BIIUSIOT MPaKTHYECKH Ha eMKOCTh C. M3uepeHne eMKoCTH 00beKTa MOYKHO BECTH
pH ABYX 4yacToTax:. Hu3koi C, u Beicokoit C,, a otHomeHue C, / C, mokaxer Ka-
yecTBO u3ossuu. [ cyxoit uzonsuuu C, / Cy, = 1,2 — 1,3, a mo Mepe ee yBiIax-
HEHHUsI OTHOIIIEHUE, u3MepeHHoe Ha yactoTax 2 u 50 I'1, Bo3pacTaer.

[TpuHIMNIMaNbHAS 3JIEKTPUYECKas CXeMa U3MEPEHUsI eMKOCTH MpUBEIeHA Ha
pucynke 2.4. [lepexnrouatens || B neBoii yactu 3apspbkaet eMKocTh Cy (00BEKT
,M30JISIIUH) OT UCTOYHUKA MTOCTOSIHHOTO HAMPSHKCHHS B HECKOJIBKO COTEH BOJIBT, a
B npaBoii yactu || paspsixaer emkocth Cy Ha ranbBaHometp G. [lepexntouenue
nporcxoauT Ha yactotax 2 u 50 ' (Mexanudeckuit BUOparop mim ympopmep).
Cpeanuil TOK pa3psaKi eMKOCTH U30JISALMA HAaXOJUTCS KaK

|=qf=CwUfT.

DTOT Cocob M3MEPEHHMS MTOTyUNIT Ha3BaHHE «€MKOCTh — YacTora». M3me-
peHne abCcopOLMOHHOM eMKOCTH BO3MOYKHO U CIIOCOOOM «€MKOCTh - BpeMsI», KO-
Ir/1a U3MEPSeTCsl MTHOBEHHOE 3HaueHue eMkocTH yepe3 1 mxc u 0,5 - 1 ¢ mocne
NPUIOKEHHUS 3aPSIHOTO HAIPSOKEHUS WK Tocje paspsaa. Takum o6pa3oMm, orie-
HHUBAETCS B IIEPBOM CJIydae T€OMETPHUECCKas EMKOCTh M30Jsuu C, a BO BTOPOM -
abcopormonHas eMkocTh (Co - C;). Otnomenue DC / C; = (Co—C;) / C ciy»xu xa-
PaKTEPUCTUKOM M30JISAIUHU TaK K€ KaK U CII0C00e «EMKOCTh - 4aCTOTa».

2.3.4. A3mepeHne YaCTHYHBIX Pa3psa0B U3 U30JISIIIUH

BozayiHbie 1 ra30BbIe BKIIOUEHUS SBIISIOTCS PACIPOCTPAHEHHBIMHU COCpE-
JOTOYEHHBIMU -B.JlePpexkTamu B u3ossiius. [lockonbKy qusnexkTpudeckas mpoHH-
11aeMOCTb BO3/lyXa MEHBIIIE, YeM y IUAJIEKTPUKA, TO HANIPSKEHHOCTH IMOJIS B ra30-
BOM TOJIOCTU 3HAYUTEIHLHO MIPEBOCXOIUT CPEIHIOI0 HAPSHKEHHOCTH TOJIS B T10-
JocTH u30isuu. [loaToMy B ra30BoM MOJOCTH Aake TPU pabodyeM HANPSHKCHUH U
BO3HHUKAIOT MOHU3AIIMOHHBIC TIPOIIECCHI, UTO HA3BIBACTCS YACTUUHBIM Pa3PsIOM.
TaKoii pa3psi/i BBI3BIBACT UMITYJIbC TOKa mopsiaka 107 — 10 ¢, cHmkenne amruim-
TyAbl paboydero HaIpsHKEHUs U paclpoCTpaHEHUE B OKPYIKAIOIIEe MPOCTPAHCTBO
ANeKTpOMarHuTHLIX BoJIH yacToToit ot 10 kI'iy mo 100 MI'11. Bo BHemHel smek-
TPUYECKOM LIETH Takue PaKTOpPbl MOTYT OBITh OOHAPYKEHBI M U3MEPEHBI ITyTEM -
OlleHKM HANPSIKEHUs HA 00bEeKTe, PerucTpanun MMIYJbca TOKA B e,
OlleHKM UHTEHCMBHOCTb JIEKTPOMATHUTHBIX BOJIH.



Oo6napy:xeHue KoueOaHui HampsHDKEHHs WIM TOKA BO BHEITHEH AJIeKTpUYe-
CKOM LIETIH OCYUIECTBISIOT MHAMKATOPBI YaCTUYHBIX pa3psanoB MYP, koTtopeie
BKJIFOYAIOTCSI HETTOCPEACTBEHHO B UCIIBITATENbHYIO cXeMy. Hannune yacTuaHBIX
pa3ps0B MOKHO OOHAPYKUTH MO/ pabOYUM HAIPSKEHUEM BO BpeMsl IKCILTyaTa-
AW W30JIALIMOHHOW KOHCTPYKUHUHU. J{JIs1 3TOro NpUMEHSIOT BBICOKOYACTOTHBIE J1e-
(EKTOCKOIIbI, KOTOPbIE UMEIOT C 00BEKTOM MHAYKTHUBHYIO CBA3b YEpe3 CIEIHAIb-
HBIH 1yn. Tok, mpoxoAsiuii B ey 3a3eMJIeHUsI 00bEeKTa, HABOJUT B paMKe Iyna
AIIEKTPOJBIKYIIYIO CHITY, KOTOpasi U3MEPSIETCs C MMOMOIIBI0 OcLuyuIorpada win
AIIEKTPOHHOTO BOJIBTMETPA.

Jlpyrast pa3HOBHIHOCTh IPUOOPOB MO3BOJISIET OOHAPYKUTh YACTUYHBIN pa3-
P ¢ TOMOIUIBIO MHAMKaTOpa paauousnydenus 4.p. UPU. [1pu rakom criocobe
AJIEKTPOMAarHUTHBIE BOJIHBI, U3JIy4aeMbI€ 4.p., BOCIPUHUMAIOTCS C IIOMOILBIO aH-
TEHHBI, T.€. YETKO NEJEHTYETCS UCTOUYHUK M3sieueHus. OHAaKO, IpU U3MEPEHUN
napamMeTpa UCTOYHHMKA U3ITy4YEeHHs BO3MOXKHA OLIMOKA B paclioO3HaBaHUU TOTO, KO-
POHHOE 3TO SIBJICHUE WJIM YaCTUYHBIM pa3psl B Ta30BOU MOJIOCTH, a TPYIHOCTH,
CBSI3aHHBIE C HAJTM4YKMEM OOJIBIIOTO KOJMYECTBA MOMEX, YCIOXKHSIOT paciin(poBKy
pe3yJibTaTta. B mocieqHue ropl B 3KCILTyaTaluy Uil KOHTPOJIS Ka4eCcTBA U30J1s-
UM IIUPOKO UCIIOIB3YIOT aKyCTUYECKUI METOJ, ONPEAEIISIIOIINMI HE TOJIBKO HAIU-
Yye YaCTUYHOIO pa3psiga, HO U MECTO , T/I€ OH Pa3BUBACTCH.

I'JIABA 3. IPOBOJHUKH
3.1. Knaccudukanus npoBOIHUKOB

Ha coBpeMeHHOM 3Tare HEeT OOIICNPUHATON KIacCH(PHUKAIUN POBOJTHUKO-
BBIX MaTepuasioB. CyIliecTByeT, MpaBjia, JCICHHE IMPOBOJHUKOB IO MEXaHHU3MY
MPOXOKIEHUS ToKa. Eciu ToK 00yCIIOBICH apei(oM CBOOOIHBIX AJICKTPOHOB IO/
BO3JICHCTBAEM DJICKTPHUYECKOTO IIOJIsI, TO TAaKWE IMPOBOJHUKH HA3BIBAOTCS TIPO-
BOJHUKAMHU C 3JICKTPOHHOHN 3JIEKTPOIPOBOJIHOCTHIO HWIIM TPOBOJAHHKAMHU TEPBOTO
pona. ITpoBogHMKaMH BTOPOTO pOJA SIBJISIFOTCS AJICKTPOJIMTHI, MMPOXOXKICHUE TOKA
gyepe3 KOTOPhIe 00YCIOBJICHO MOHHOW 3JICKTPOIIPOBOIHOCTHIO, a OHA, KaK M3BECT-
HO, CBsI3aHa C IEPEHOCOM BEIECTBAa B COOTBETCTBHU ¢ 3akoHamm Dapanes. [lo-
ATOMY COCTaB 3JICKTPOJIUTA MOCTCTICHHO MEHSCTCS, a Ha 3JICKTPOJIaX BBIICISIOTCS
MPOYKTHI DJICKTPOJIU3A.

[TpoBOTHUKH C 3JIEKTPOHHOU 3JIEKTPOIPOBOJTHOCTHIO, KaK U3BECTHO, ATO Me-
TaJUTBl M CIIaBbl METAJUIOB. MeTauIMYeCKHe MPOBOAHUKU B (U3HMKE, XHMHH, TEX-
HUKE KJIACCH(PUIMPYIOT IO pa3HbIM IMPU3HAKAM |

1) mo cocrtaBy ( YMCThIC METAJIbI M CILIABHI );

2) 10 3HAYCHHUIO MPOBOJAUMOCTH ( MPOBOJHUKKA BBICOKOH IPOBOJAMMOCTH,
uMeronue yaensHoe conpotusiienue npu 20 oc He 6omee 0,05 MxOm M, u mipo-
BOJHHUKH BBICOKOT'O COIPOTHBIICHHS, Y KOTOPBIX 3HAYCHUE YJEIHHOTO COMPOTHB-
aeuus npu 20 oc He meree 0,3 MkOM M);



3) 1o MOJIOKEHHIO B TIeproInUecKkol cructeMe nemMeHToB J[.1. MeneneeBa
(1eouHbBIe METAILIBI, OJArOPOAHbIC, MMIETOYHO3EMEIbHbIC, MHOTOBAJICHTHBIE TIPO-
CThIC, AKTHHH/IBI, IEPEXOIHBIC U PEIKO3EMEIbHbIC);

4) o 0COOCHHOCTSIM CTPOCHUS JCKTPOHHBIX 000J0YCK: HOPMAJIbHBIC U I1e-
pexoaHbie MeTalibl. K mepBoil rpyIine OTHOCITCS METaNIbl, UCIOIb3YEMbIE JJIs
MIPOBOJIOB, TOKOIPOBOJSIIMX XKW KaOesaed, OOMOTOK AJIEKTPUYECKUX MAIlUH U
TpaHc(HOpPMaTOPOB.

Ko BTOpoii rpynme npuHaaiexkaT 3JIeMEHThI S TPYIIbl IEPUOTUYECKON CHC-
TEMBI 3JIEMEHTOB (BUCMYT, CypbMa, MBIIIbSK), KOTOPBIC IUIOXO MPOBOJAAT TOK (HMX
Jake MHOT/Ia Ha3bIBAIOT MOJiyMeTa/uiaMu). K 3Tol ke rpyImne OTHOCITCS METalIbl
U CIUIaBbl BBICOKOT'O COMPOTHUBJICHHUS, IIUPOKO MPUMEHSEMBIE ISl U3TOTOBIICHUS
PE3UCTOPOB, IEKTPOHATPEBATEIHHBIX MPUOOPOB. HUTEH JIaMIT HAKAJTUBAaHUS U T.1.

Tpethst rpynma BKIIOYAET IIEIOYHBIC MeETasUibl ( HATPHM, Kaluid W JAPYyTUe
noArpynmel 1a) u 6aropoiHbie, K KOTOPBIM B (DU3HKE OTHOCSTCS TOJBKO OJHOBA-
JICHTHBIE METaJUIbI ToArpynmel 10 u T.1.

UYersepras rpymnma. [lo Mepe yBenudeHusl MOPSIAKOBOTO HOMEpAa XUMHUE-
CKMX 3JIEMEHTOB B MEPUOJUYECKON CHUCTEME MPOUCXOAUT 3AMOJHEHUE AJIEKTPOH-
HBIX 000JIOYEK B MOCIEI0BATEILHOCTH, OINpEeIsieMOl KBAaHTOBOMEXaHUUYECKOM
teopueil. OIHaKo, MPU HEKOTOPBIX MOPSAIKOBBIX HOMEPAX SHEPTUU JABYX COCEIHHUX
000JI0Y€K OKa3bIBAIOTCSI OYEHBb OJIM3KM, Ojarojaps 4eMy CHauaja 3arojHsAeTCs He
ouepeaHas, a mocjieayromas 000J04Ka. DJIEMEHThI C TAKUM «COOEM>» Ha3bIBAIOTCSI
nepexonubiMu. OHU 00pazyroT B Tabnuie MeHneneeBa HECKOIBKO PSIOB. OT
CKaHIUs A0 HUKEJS UTTPUH - MAJUIaINM, JAHTaH - IJIATUHA, a TAKXKE PEAKO3EMENb-
HbIe WK JJaHTaHOUABI (OT 1epus 10 Jotenus). OcTalbHbIC METaJIbl Ha3bIBAIOTCS
HOpPMaJIbHBIMH.

Bce rasel 1 napel, B TOM 4uCJi€ Tapbl METAJUIOB, MPU MaJIbIX HAIMPSXKEHHO
TSX MOJIA HE SIBIAIOTCS MPOBOAHUKAMHU. OIHAKO €CIM HANPSKEHHOCTh IMOJs Ipe-
BBICUT HEKOTOPOE KPUTHUYECKOE 3HAUCHUE, MPU KOTOPOM HaunmHaeTcs GOTOHHAs U
yaapHas MOHU3alMs, TO Ta3 CTAHOBUTCA MPOBOAHUKOM C JIEKTPOHHOW M MOHHOMU
AJIEKTPONPOBOJHOCTHIO. CHUIIBHO HMOHU3UMPOBAHHBIM Ta3 MpPU PABEHCTBE 4YHUCIA
AJIEKTPOHOB YHCIY IMOJOKUTEIbHBIX UOHOB B €IMHUIIE 00heMa OKa3bIBACTCS OCO-
00if MpoBOAIIEH CpeIoi, TaK Ha3bIBAEMOM ILJIa3MOM.

3.2. DJIeKTPONPOBOHOCTh METAJJIOB

[Tpu BO3ACHCTBUM HA METAJLT DJIEKTPUIECKOTro (MJIM MAarHUTHOTO) mouis (Min
Pa3HOCTH TEMIIEPATyp ) B HEM BO3HUKAIOT MOTOKH 3aPSDKCHHBIX YaCTHUI[ U SHEPTHH.
SIBneHNs BOSHUKHOBEHUS 3TUX MOTOKOB WJIM TOKOB IIPUHATO HA3bIBATh KWHETHYE-
ckuMHu 3 deKTaMu UK SIBICHUSIMHU TepeHoca, HHaue - TPaHCIOPTHBIMU 3 dexTa-
MH, UMes B BUAY BO3JCHCTBHE CTAllMOHAPHBIX IOJIEM HA HEMOABUKHBIE MPOBOJI-
HUKHU. B TakoM cilydae TOK WJIM MOTOK MPONOPLMOHAIIEH Pa3HOCTU NMOTEHI[MAIOB
(wn pa3HOCTH TeMIepaTyp), a KOAGGUIMEHT MPOMOPIIUOHATILHOCTH ONPEILIICT-
Csl TOJIbKO TE€OMETPUUECKUMH pa3MepaMu MPOBOAHUKA U (U3MUECKUMH CBOMCTBa-
MU camoro metaija. [Ipyu eMMHUYHBIX T€OMETPUUECKHX pa3Mepax 3TOT Ko3pdu-
IUEHT 3aBUCHUT TOJBKO OT CBOMCTB JAHHOTO METajula M SIBJISETCS ero (pyHIaMeH-



TaJbHOU (PU3NYECKON XapaKTEPUCTUKOM, KOTOpas HOCUT Ha3BaHWE KUHETUYECKOTO
koa¢pdunmenta. [Ipu HaxoXJI€HUU MPOBOJHUKA B MEPEMEHHOM I0J€ BO3HUKAIO-
I[1e B HEM TOKHU 3aBUCSAT HE TOJBKO OT F€OMETPUUYECKUX pa3MEepOB M KUHETHUYE-
CKOTo K03 duIMeHTa, HO U OT YaCTOThI IEPEMEHHOT0 TOJIs, (OPMbI MPOBOJIHUKA,
B3aMMHOT'O PACIHOJIOKEHHSI DJIEMEHTOB JJIeKTpuueckod uenu. ComnpoTUBICHHUE
MIPOBOJIHUKA MPHU MEPEMEHHOM TOKE CYIECTBEHHO 3aBUCUT OT €ro 4acTOThl, 00Yy-
CJIOBJIEHHOW CMHA(P(EKTOM - BHITECHEHHEM TOKa U3 LIEHTpa MPOBOJHUKA HA Tie-
pudeputo. 13 MHOTUX BO3MOXHBIX KHHETUYECKUX SIBJICHUI HanOoyiee W3BECTHHI B
TEXHUKE JBa. 3JIEKTPONPOBOAHOCTb - CIOCOOHOCTh BEIIECTBA MPOBOJAUTH MOCTO-
SIHHBIN AJIEKTPUYECKUM TOK MO/ ACHCTBUEM HE U3MEHSIOIIEr0Cs BO BPEMEHU JJIEK-
TPUYECKOTO TOJISA, U TEIIONPOBOAHOCTD - AHAJIOTMYHO 10 OTHOLIEHUIO K Pa3HOCTH
TEMIIepaTyp U TEIUIOBOMY MOTOKY. O0a 3TH SIBJICHUS BhIpaXkatoTcs ( KOJUYCCTBCH-
HO ) 3akoHamMu OMa u dypbe COOTBETCTBEHHO:
j=9gE, w=KkT.

TIe | - IUIOTHOCTh TOKa, A/M; - KHHETHYCCKHHA KOIPPHUIIMEHT SICKTPUUCCKOM
npoBoAUMOCTH ( CM. B pazzene « JIM3JeKTpUKU», TJe ero Ha3BaHHUE - yjejbHas
AIIEKTpUYECKass IPOBOIUMOCTb); E - HaNpsDKEHHOCTh AJIeKTprueckoro mons B/wm;
W - TUIOTHOCTH TEIJIOBOro MmodToka; T — pazHocTh Temmnepatyp; K — ko3ddurment
TEIJIONPOBOIHOCTH.

Ha npaktuke OOBIYHO HCIHONB3YIOT YJIEIBHOE AJIEKTPUUYECKOE COMPOTHBIIE-

HUE WIH NMPOCTO yAENIbHOE conpoTuBienue, OM m
r=1/g

Opnaxo, 1751 MPOBOJHUKOB pa3periaeTcsi MoJb30BaThCsl BHECUCTEMHOM €IMHUIICH
m3Mepernst OM MM?/M, WIH PEeKOMEHIYETCS IPUMEHSATh PABHYIO 1O Pa3sMEPHOCTH
enuaniy CHU mxOwm/m. Tlepexon oT OnHOW €AMHUIBI K JPYrod B 3TOM Cllydae:
1 Om M = 10° MxOM M = 10° OM Mm?/Mm. ConpoTuBieHre MPOBOJHUKA TPOU3BOJIb-
HBIX Pa3MepOB C MOCTOSHHBIM MOMEPEUYHBIM CEUYEHUEM ONPEIEISATC:

R=rl/S
rie | — [uIiHa IPOBOAHMKA, M; S — IUIOMAb TPOBOIHAKA, M-,

MeTanibl OOBIUHO XapaKTepU3YIOTCS KaK BEIIECTBA TUIACTUYHBIE C Xapak-
TEPHBIM «METAITMYECKUM» OJIECKOM, XOPOUIO MPOBOJIAIIUE ANEKTPUUECKUM TOK U
TEII0Ty. JJs ANeKTpOnpOBOJHOCTH METAIIJIOB TUITUYHbI: HU3KOE 3HAYEHUE Yy IeThb-
HOT'O CONIPOTHUBIICHUSI IPU HOPMAJILHON TeMIlepaType, 3HaUYUTeNIbHBINA POCT COMpO-
TUBJICHUS MIPU TOBBILIEHUU TEMIIEPATYPBI, TOCTATOYHO OIM3KUMA K IPSIMOI Mpo-
MOPLUOHANBHOCTH ; IPU MOHMKEHUH TEMIIEPaTyphl A0 TeMIIepaTyphl, OJU3KUX K
a0COIOTHOMY HYJIIO, COMPOTUBIICHHE METAJIJIOB YMEHBIIIAETCS JI0 OYEHb MaJbIX
3HAYEHHUH, COCTABJIAIONINX I HAUOOJIee YUCTHIX MeTaLioB 1o 107 mwim naxe
MEHBIITYO JOJTIO0 COIPOTHUBICHUS NPy HopManbHbiX, + 20 °C, Temmeparypax. s
HUX TaK)X€ XapaKTepHO HATMYKE CBSA3H MEX]Y YJIEIbHOU 3JIEKTPONPOBOIHOCTHIO U
yAETBHOM TEeIIONPOBOAHOCTHIO, KOTOPAsi OMUCKHIBACTCS IMIUPUYECKUM 3aKOHOM
Bunemana — ®@paniia, kak oTHomeHue K / g IpHOIMKEHHO OJMHAKOBO IS Pa3HbIX
MaTepHaJioB MPH OJMHAKOBOH Temreparype. YactHoe ot nenenus K / gHa adbco-
arotHyto Temmepatypy T (LO=k/(gT)). HaseiBaercs ynciom JlopeHiia, sBisiercs
(1151 BceX METaJIOB) BEJTMYMHON MaJlo OTJIUYAIOIIMXCS TIPU BCEX TEMIIEpaTypax.



Teopust KHHETUYECKUX SIBJICHUN B METAJIaX MOXKET OOBSICHUTH (hopMy 3a-
BUCUMOCTEH KMHETUYECKUX KOIPPUIIMEHTOB OT TEMIIEpaTyphl, JaBJICHUS U APY-
rux (hakTOpoOB, C €€ MOMOIIbIO TAKXKE MOKHO BBIYUCINUTD U UX 3HaYeHus. i aTo-
ro pacCMOTPUM BHYTPEHHEE CTPOEHUE METAILIOB.

dynmaamMeHTanabHas Haest TOro pasiesna (UMK BO3HUKIA Ha pyOexke 19 —
20 ro cToneTusi: aTOMbl MeTajlla HOHU3UPOBAHBI, a OTJACIMUBIIUECS OT HUX BAJICHT-
HBIE 3JIEKTPOHBI CBOOOIHBI, T. €. IPUHAAJIEKAT BCeMY KpHucTaily. MoHBI cTporo
yHOPSAA0YEHBI, 00pa3yIOT NPAaBUIIbHYIO0 KPUCTANTMYECKYIO PEIIETKY; UX B3aUMO-
JeICTBUE C OTPULIATENBHO 3apSXKEHHBIM 00JIaKOM CBOOOJIHBIX 3JIEKTPOHOB TAaKOE,
YTO JleJIaeT KPUCTAJUl CTa0MIIbHBIM, YCTOMUMBBIM 00pa3oBanueM. Hanuuue cBo-
OOJIHBIX AJIEKTPOHOB XOPOIIO OOBSICHSAET BHICOKYIO AJIEKTPOMPOBOJHOCTh METaI-
JIOB, a UX JIeJIOKaIN3alusl 00ECIeYnBaeT BICOKYIO MIACTUYHOCTh. 3HAYUT, Han0o-
Jiee XapaKTepHOM 0COOCHHOCTHIO BHYTPEHHETO CTPOCHUS METAINTUYECKUX MPOBOJI-
HUKOB SIBJIICTCA HAJIMYUE KOJUIEKTUBU3UPOBAHHBIX 3JEKTPOHOB, YTO MOATBEPKIa-
€T UX DJIEKTPOHHOE CTpoeHue. B ee mpocreiiiieil Moienu COBOKYMHOCTh KOJUIEK-
TUBHU3UPOBAHHBIX 3JIEKTPOHOB OOBSACHSIOT KaK 3JIEKTPOHHBIN ra3, B KOTOPOM Yac-
THUILBI HAXOASTCS B XaOTUYECKOM TEIUIOBOM JIBU)KEHUU. PaBHOBEcHE ycTaHABIUBA-
etcs (ecau nmpeHeOpedb CTOJKHOBEHUSMH MEKIY dJICKTPOHAMH) 3@ CUET CTOJIKHO-
BEHHUS 3JIEKTPOHOB ¢ HOHAMU. [10CKOJIbKY TETIOBOE IBHKEHUE MOJTHOCTHIO HE
YIOPSZI0YCHO, TO, HECMOTPS Ha 3apsKCHHOCTh DJICKTPOHOB, TOKA B IienH (MaKpo-
CKOITMYECKOT0) He HaOmonaeTcs. Eciii K IpOBOJHUKY TPUIIOKUTH BHEIIIHEE JICK-
TPUYECKOE T0JI€, TO CBOOOIHBIE AJIEKTPOHBI, MOJIYYHB YCKOPEHUE, BEICTPAUBAIOTCS
B YIOPSAJOUYEHHYIO COCTaBJISIONIYI0, KOTOpas OpUEHTHPOBaHA BJI0JIb 1oss. [1o-
CKOJIbKY MOHBI B y3JIaX PEIIETKH HETOBUKHBI, YIIOPSIA0UYEHHOCTh B ABUKEHUU
AIIEKTPOHOB MPOSBUTCS MAKPOCKOMMYECKUM 3JIEKTPUUECKUM TOKOM. Y IeibHas
MIPOBOJUMOCTH B 3TOM CITy4ae MOKET ObITh BhIPaXKE€HA C yUE€TOM CPeIHEHN JUTMHbI
cB0OOIHOTO TIpodera | 3yiekTpoHa B YCKOPSIOIIEM I0JIe HATPSHKEHHOCTRIO E:

| =eEt/(2m) kak g=e°nl /(2mv),
I7ie € - 3aps] dJEKTPOHA; N - YHUCIO CBOOOJHBIX 3JEKTPOHOB B €IMHUIIE 00beMa
metamia; | - cpemHss JyiMHA CBOOOTHOTO MpoOera AJIEKTpOHA MEXIY JBYMS CO-
yIapeHusiMU; M - Macca 3JEKTPOHA; V- CPEIHsA CKOPOCTh TEIJIOBOIO JBMXKECHHUS
CBOOOIHOTO 3JIEKTPOHA B METAJLIE.
C y4eToM MoJIOKEHUH KBAHTOBOM MEXaHUKHU
g=Ko?/1l ,

rae K - yucnoBoit koadduiimrenr.

Jlnana3oH yAeNbHBIX COMNPOTHUBICHUNA METANIMYECKUX MPOBOJHUKOB MpPU
HOPMAJILHOM TeMIepaType 3aHHUMAaeT BCEro TpH mopsiaka. s pa3nuyuHbIX MeTai-
JIOB CKOPOCTHU XAOTHYECKOTI'O TEIUIOBOTO ABM)KEHHS 3JIEKTPOHOB IPHU OIpEAeICH-
HOI Temneparype NpuMepHO OJUHaKOBbI. KOHIIEHTpalnu CBOOOIHBIX 3JIEKTPOHOB
pa3IUYaOTCs HE3HAYUTENIbHO, MO3TOMY 3HAY€HHUE YJNIETBbHOTO CONPOTUBIEHUS B
OCHOBHOM 3aBHUCHUT OT CpPEJHEH IJTUHBI CBOOOJIHOIO Mpobdera 3MeKTPOHOB B JaHHOM
MIPOBOJIHUKE, a OHA OMpeAeNaeTca CTPYKTypol maTepuaina npoBoAHuka. Bee uuc-
Thle METaJIbl ¢ HauboJee MPAaBUIBLHON KPUCTAIIMYECKOW PEHIeTKOM MMEIOT MHU-



HUMAaJIbHbIC 3HAYCHUS YACIBHOTO CONPOTHBIICHHS. [IpuMecH, MCKaas peleTKy,
MIPUBOJIAT K YBEIIMYCHUIO YICIBHOTO COTPOTUBIICHUS

Temneparypubiii K03 (QHUIMEHT YIETHHOTO CONMPOTUBICHUS WM CPETHUN

TEeMITepaTyPHBIA KO3POUITUEHT YACIBHOTO COPOTUBIICHUS BBIPA3UTCS
a=1/r(dr/dt); a =1/r (ro-ry)/(T,—=Ty),

rjie 1 U I, — yIeIbHBIC COMPOTHUBIICHHS MPOBOIHUKA MpHU Temmeparypax T u To

COOTBETCTBEHHO Ipu T > T;.

B TexHHYEeCKHX CIIpaBOYHHKAX OOBIYHO MPHBOIUTCS BEIMYMHA & , C TIOMO-
IIbI0 KOTOPOW MOYKHO MPHUOJIMIKEHHO OMPEICIIUTD I TIPH MPOU3BOIBHONW TeMIIepa-
Type T:

r=ry(1+ a, (T-Ty)).

DTO0 BBIpaXXCHHE AA€T TOYHOE 3HAYCHHUE YJIETHHOTO COMPOTHUBIICHUS P TOJb-
KO JUIst JinHeHHoU 3aBucuMOcTH I (T). B ocTambHBIX Ciydasx 3TOT METOJ SIBJISCTCS
NPUOTMKCHHBIM; OH TEM TOYHEE, YeM YK€ MHTEpBaJI TEMIIEpaTyp, KOTOPBIA HC-
NOJIb30BaH JJIsl ONPENCICHUS 8, . YACIbHOE CONPOTHBIICHUE OOJIBIIIMHCTBA Me-
TaJUIOB, YBEIIMYUBAIOIINX CBOW 00BEM IPH IUIABJICHUH, YMEHbBIIAET TUIOTHOCTD. Y
METAIIJIOB, YMEHBIIAIONINX CBOM 00BhEM MPH TUTABIICHUH, YACIbHOE COMPOTHBIICHUE
YMEHBIIIACTCS; K TAKUM METaJllIaM OTHOCST TaJJTUH, CYpPbMY M BUCMYT.

YaenpHOE COMPOTHBIICHUE CIIABOB BCETJa OOJbINE, YEM y YUCTHIX MeETal-
70B. OCOOEHHO ATO 3aMETHO, €CIU NPU CIUIABICHUH OHU 00pa3yloT TBEPAbIN pac-
TBOP, T.€. COBMECTHO KPHUCTAJUITM3YIOTCS TIPH 3aTBEPJICBAHUN U aTOMBI OJHOTO Me-
Tajula BXOJAAT B peweTKy Apyroro. Eciau cmiiaB IByX METaJJIOB CO3AAaeT pa3fielib-
HYI0 KPUCTAJUTH3AIMIO M 3aCTHIBIINNA PAacTBOP - CMECh KPUCTAIIOB KaXKIOW U3 CO-
CTaBIIAIONINX, TO yAeIbHAsI MPOBOJUMOCTh J TAKOTO CIUIaBa U3MEHSETCS C U3MEHe-
HHEM COCTaBa MOYTH JIMHEHHO. B TBepAbIX jke pacTBOpax 3Ta 3aBUCUMOCTH (OT CO-
JepKAHUS KaXKJIO0r0 M3 METAJJIOB) HE JMHEHHA M MMEET MaKCUMYM, COOTBETCT-
BYIOIIUH ONpPEIEICHHOMY COOTHOIIEHHI0O KOMITOHEHTOB cIuiaBa. MIHOrma mpu om-
pPEICIIEHHOM COOTHOIIICHUH MEXAY KOMIIOHEHTaMH OHHM OOpa3yloT XUMHUYECKUC
coequHEeHNs (MHTEPMETAUIH/IBI), TIPH TOM OHH OO0JIaIal0T HE METAJUTMYSCKUM Xa-
paKTEepOM 3JICKTPOIIPOBOHOCTH, & SBIISIOTCS DJICKTPOHHBIMH ITOJTYTIPOBOTHUKAMH.

TemneparypHblii KO3DPHUITUCHT THHEHHOTO PACIIUPEHUS MTPOBOJIHUKOB OII-
penensieTcs Tak ke, Kak U s JUIEKTPUKOB 10 popMyJie

TK,=a(l)= 1/1(dl /dT), (3.1
rae TK, = a(l) - remnepatypHblii KO3GOUIMEHT JIMHESHHOTO paCIIUPEHUH K™

O10T KO3 PUIIMEHT HEOOXOAUMO 3HATh, YTOOBI UMETh BO3MOXKHOCTBH Olle-
HUTh PabOTy COMPSDKEHHBIX MAaTCPUAJIOB B PA3JIMUYHBIX KOHCTPYKIIHMSX, a TaKXKe
UCKITIOUUTh PACTPECKUBAHUE WJIM HApYIICHWE BaKyYMHOT'O COCIWHCHHUS MeTallia
CO CTEKJIOM WJIM KepaMUKOW MPH M3MEHEHUHU TeMmIeparypbl. Kpome Toro, oH BXo-
JUT B pacueT TEeMIIepaTypHOTo Kod(@HUIIMEHTa AIEKTPHUUECKOTO COMPOTHBIICHUS
MIPOBOJIOB

TKr=a(R) =a(r) - a(l).

JIns yucThiX MeTauioB o0brgHO a(r) » a(l), moaToMy MOXKHO MPHOJIFIKEH.
HO cuuTaTh, 4ro a(R) ~ a(r), HO 1T HEKOTOPBIX CIIABOB, MMCIOIIUX MaJIble 3Ha-
yeHus a(r), caemyer nojiab3oBathes Gpopmyoit (3.1).



3.3. TepmoI/AC npoBOIHUKOB

Tepmo3IC BO3HUKAET MPU COMPUKOCHOBEHHUH ABYX Pa3IUYHBIX MPOBOIHU-
KOB ( MUJTH TIOJYIPOBOJHUKOB), €CIIM TEMIIepaTypa HX CllaeB HeoauHakoBa. Eciu
JIBa Pa3IMYHBIX MPOBOJHUKA COMPHUKACAIOTCSA, TO MEXKIYy HUMH BO3HHKAET KOH-
TaKTHas Pa3HOCTh MoTeHIManoB. Jyist metamioB A u B

Usp-Uc+ KT/ eln(ng/ Nyy),
rie U, u Uy - moTeHIuManbl CONMpUKACAIONIUXCS METaUIOB; KOHIICHTPAIUS JIeK-
TPOHOB B COOTBETCTBYIOIMX MeTamiax; K - mocrosunas bombsumana; T - Temnepa-
Typa; € - abCOTI0THAS BeTMYMHA 3apsia JIEKTPOHA.

Ecnu temneparypa cnaeB MeTauioB OJMHAKOBA, TO CYyMMa Pa3HOCTH MOTEH-
1IMaJIOB B 3aMKHYTOM IIeNU paBHa Hyit0. Ecim ke TeMmmeparypa ClIOeB pa3jiudyHa
(T2 u T4, HanipuMep ), TO B 3TOM ClIy4ae

U=K/e (T1-T2) In(nc/ m). (3.2

Ha mnpaktuke Boeipaxkenue (3.2) He Bceryga coOJrogaeTcs, U 3aBHCHMOCTb
tepMoD/IC oT Temmeparypsl MOXKeT ObITh HeauHeHHOH. [IpoBoja, cocTaBieHHBIN
U3 JIByX M30JMPOBAHHBIX MPOBOJIOK Pa3HBIX METAIOB WM CIUJIAaBOB, HA3bIBACTCS
TEPMOIIApON M MCIOJIB3yEeTCs JJIsi U3MEpeHus Temmeparyp. B takux ciaydasx cra-
paroTcs MCHOJIb30BATh MaTEpHUalibl, UMEIOIIKME OOJBIION M CTaOMIbHBIA KO3 hU-
neHT TepModaC. Il U3MEPEHUs] BBICOKHX TeMIlepaTyp HWHOT/A TPUXOJIUTCS
(0COOCHHO TTPH M3MEPEHUHU TEMIIEpaTyp B arpeCCHUBHBIX Cpelax) MPUMEHSITh Tep-
Mornapsl ¢ MeHbIIUMH KO3 dunueHTamu TepMoIaC, HO BBIICPKUBAIOITUMU BbI-
COKHE TeMIIepaTypbl U HE OKHUCISIONIMECS B arpecCHBHBIX cpenax. Bo MHormx
CIydyasx TepMONaphbl MPUXOIUTCSA 3alIUINATh METAUIMUYECKUMU WM Kepamu4e-
CKMMH KOXyXamu. KaTyku u3MepuTeNnbHbIX TPUOOPOB, 100aBOUHBIE PE3UCTOPHI
W IIYHTHl B HUX MPUXOAMUTCS MOAOHPATh ¢ MUHMUMAIbHBIMH KOd(uimeHTramu
TepM0oD1C OTHOCUTEIBLHO MEIH, YTOObI M30€XKaTh IMOSBICHUS MAapa3sUTHBIX Tep-
M0D1C. KOTOPbIE MOTYT BBI3BAaTh JOMOJIHUTEIbHBIC TOTPEITHOCTH U3MEPEHUSI.

CmuiaBel JyIsi TEpMOIap UMEIOT Pas3IMyHbIE COYETaHUs, B TOM YHCIIE OIUH
AJIEKTPOJI MOXKET OBITh M3 YHCTOro MeTaiia. Hambosee pacnpocTpaHEHHBIMU SIB-
JISIFOTCSl HUKEJIEBbIE M MEIHO-HUKEJeBbIe CIIaBbl. [[1s Temmeparyp B mpejaesiax
1000 — 1200 °C ucrons3yrorcs Tepmonapsl xpomels — amomens (TXA), mpu 6o-
Jiee BBICOKUX TeMIEpaTypax MPUMEHSIOTCS AJIEKTPOJIbl TUIATHHA — TUIATUHOPOIHH;
B 3THX CIUIaBaxX pojus cocTarisieT ot 6,7 g0 40,5 %. Mapku Takux TepMoriap clie-
nytotue: [InPn-7, InPa-10, [TnPx-30, T1nPxa-40.

3.4. MaTtepuaJjbl BHICOKOH NMPOBOANMOCTH

Cpean MeTaioB BBICOKOM MPOBOJUMOCTH HanOoJiee MIUPOKO MPUMEHSIOTCS
MeJlb ¥ aIFOMUHUI. Meab M3-32 MaJIoro yIEIbHOTO COMPOTHBIICHHS (HAMMEHBIIIE-
TO Cpear METaJUIOB, UCKITIOYasi cepedpo) MCIOIb3YIOT B Ka4eCTBE MPOBOIHUKOBO-
ro MaTepuaia; KpoMe TOro, oHa o0jajaeT AOCTAaTOYHO BBICOKOW MEXaHMYECKOU
MPOYHOCTHIO, BHICOKOM KOPPO3MOHHOM CTOMKOCTBIO M Xopoleld o0padaThiBaeMo-
cThiO (MPOKAT, BOJIOYCHHUE, KOBKA, a TaKkXKe Maiika u cBapka). [Ipou3BoACTBO Meau



OCHOBaHO Ha NepepadOTKe MEAHBIX PYJ - OKCUAHBIX U CYIb(UIHBIX COCAMHEHUM
MEJIH, XOTSI MEb MOKET BCTPEUATHCS B IPUPOJIE U B CAMOPOJIHOM COCTOSIHUH.
[To MmexaHnYeCKON MPOYHOCTH PA3IUYAIOT MEb TBEPAYIO HE OTOXOKEHHYI0 - MT u
MSTKYIO OTOXKEHHYI0 Mellb - MM. [lo conep:kannio XUuMHUYECKUX TpUMecei Meb
noapaznensercs Ha mMapku o 'OCT 859 - 78. Dnekrpuueckue XapaKTepUCTUKH
MU CIeAyIollre: yleabHas MPOBOJAUMOCTh HaubOojee YUCTOW 3JIEKTPOIUTHYE-
ckoit Memu mpu 20 °C - 59,5 MCM/M; yaenbHas TPOBOANMOCTH OTOXIKEHHO!
cranaapTaoit meau npu 20 - 58 MCwm/M; ynenbHOE CONPOTUBIICHUE CTaHIAAPTHOM
meu ipu 20 °C - 0,017241 MkOM M; TeMIepaTypHbIii Kod(bHIHEHT YIeIbHOro
conporusieaus mpu 0..150 °C a(r). 10 - 4,3 1/ K; oTHoIIEHHE YASIBHOTO COIPO-
TUBJICHUSI PACIUIABICHHOW MEIU K COMPOTUBJICHUIO TBEPJOM Meau mpu t ruiasie-
Hus - 2,07; Tepmo2aC OTHOCUTENBHO TUIATHHBI MPU TEMIIEpAType XOJIOAHOTO crias
0 °C - 0,14 mB; pab6ora Beixoga 35ekTpoHoB - 4,07...4,61 kB u3 Meranna; uucio
Jlopenna L o. = 2,45.10-8 B?/K®. IIpy HU3KHX TeMIIEpaTypax yAEIbHOE COMPOTHB-
JIEHUE MEIU CTAaHOBHUTCS BECbMa MallbIM, OJHAKO CBEPXIIPOBOJUMOCTBHIO OHA HE
obnanaer. Yucno JlopeHua He MOCTOSIHHO U NPH YMEHbBIIEHUU TEMIepaTyphl Io-
Hmkaercs, oqHako npu T < 100 °K cHoBa BospacraeT. B 2IeKTPOTEXHHKE MeIb
MPUMEHSIETCS Ui M3TOTOBJICHHSI MPOBOJHUKOB, IIMH PACHpE/ICIUTENbHBIX YyCT-
pOICTB, TOKOBEAYIIMX YacTei MpUOOPOB U ANEKTPUUECKHUX amnmlaparoB, aHOJOB B
raJibBaHOIIACTUKE. B 31eKTpOHHOI TEeXHHMKE U3 MEAW M3rOTaBIMBAIOT: aHOJbI re-
HEPATOPHBIX JIaMIl ( C MPHHYIUTEIBHBIM OXJIAXKICHHEM); CTOMKH aHTHKATOJOB
TpyOOK PEHTIE€HOBCKOTO H3IyYEHHUS; TPaBEPChl CETOK NMPUEMHO-YCHIUTEIbHBIX
JlaMIl, BCE€ BHEIIHUE TOKOIMOABO/ISAIINE BBOJIbI; TPOBOISAIIYIO YaCTh MI€YATHBIX IJIAT
u T.J. Meab ucnonb3yercs B cHasx co CTEKJIaMH, XOTs y Hee KOd(PPUIMEHT Ju-
HEHHOT0 paciiupeHus: OOJbIIE, YeM Y CTEKOJ, H 3aTO OHa 00JajaeT HU3KUM TIpe-
JICJIOM TEKY4€CTH, MATKOCTBIO U BBICOKUM KO3((PHUIIMEHTOM TEIIONPOBOIHOCTH.
JlJis BamBaHUsl B CTEKJIO MEIHOMY 3JIEKTPOJY MpHUAaeTcs creluaibHas Gopma B
BUJIC TOHKOI'O paHTHKa (Tak Ha3pIBaeMbIC PAHTOBBIC crau). JIJisi MOBBIIICHUS Me-
XaHUYECKOU MPOYHOCTH Meb IPUMEHSIETCS B BUJIE CIIJIaBOB OPOH3 U JaTyHEH.
[Ipy U3roToOBICHUH KOHCTPYKIMOHHBIX M MPOBOASIIMX YacTe mpuOOpoB U
anmaparos, (B TOM 4YMCIIE Ui MIETKOJCPKATENEeH U KOJUICKTOPHBIX IIACTUH) HC-
MOJIBL3YIOT CIIeAYIoIIe OPOH3bI: OJIOBSIHHBIC, 00padaThiBaeMble aaBieHueM (I'OCT
5017 - 74); o6ponssl aurerinbie ('OCT 613 - 79); OpoH3bI OS30JIOBSHHBIC JTUTCH-
Heie ([OCT 493 - 79). IIpoBOAHUKOBBIC OPOH3bI IPUMEHSIFOTCS JIJISI U3TOTOBIICHHS
KOHTaKTOB, TPOJUIEMHBIX MPOBOJAOB, 32KMMOB M 3JEKTpoJ0B. JlaTyHu npeacras-
JSIOT cO00M MeIHO-IIMHKOBBIE CIUJIaBBI U TaK ke, Kak U OpOH3bI, 001aaaoT Ooliee
BBICOKOM MEXaHMYECKOW MPOYHOCTHIO U MOBBIIIEHHBIMU 3HAYEHUSIMHU YJIETBLHOTO
AIEKTPUUYECKOTO COMPOTUBICHU. JIaTyHU nensiTcs Ha oOpabaThiBaeMble JaBICHU-
eM U nuTeiiHple. OOBIYHO OHU MASsFOTCSI MATKAMHU M TBEPIBIMH MPUIIOSMHU U JI0-
MyCKAaIOT 3JIEKTPUYECKYIO M Ta30BYIO CBAapKy. Mapku JiatyHeil, 00pabaThiBaeMbIX
nasnenueM, onpenenensl ['OCT 15527 -70, a nuteinbix - [OCT 17711-80. Bro-
pPBIM IO 3HAYEHMIO YJIEJIBbHOM S3JEKTPUYECKOM MPOBOJAMMOCTH TMOCIEe MEAU MpHU
HOPMAJILHOM Temmeparype sBiseTcs amoMuHuil. [Ipy HM3KHX Temmeparypax OH
CTaHOBHTCS Jaxke Oojiee MPOBOASIINUM, YeM Me/b; 3TO MPOUCXOIUT NPHU TeMIlepa-
Type okomo 70 °K. Kiaccel ¥ MapKu MEPBHYHOTO aTIOMHHHS YCTAHABIIHBAIOTCS B



3aBUCHMOCTHU OT CII0CO0a MOJYYEHHUSI M €r0 XMMHUYECKOro coctaBa. Oco00 YHUCThIM
saBisieTcss amoMuHUN Mapku A999, B KOTOpOM MPUMECH COCTaBIISIIOT BCETO
0,001%, a yuctoro amomuHusl coaepxutcs He mMeHee 99,999 %. cymiecTByer ue-
TBIPE MapKd XUMHUYCCKH YHUCTOTO ATFOMHHMS, B KOTOPBIX KOJUYECTBO KaXKIOH
MPUMECH HOPMUpPYETCs, HanpuMmep, Mapka A995; yucToro amoMHHHS HE MEHEE
99,995 %, npumecu (He Ooee); xene3o 0,0015%, kpemuwmii - 0,0015 %, wmeapb -
0,001 %, muuk 0,001 %, Tutan - 0,001 %. ITpu 3TOM OO6IIIEE KOTUYECTBO MIPUMECEH
He noipkHo mnpesbimaTh 0,00 5%. TexHUYECKH YHUCTOrO aJTIOMUHMS CYIIECTBYET
BoceMb Mapok. Hambonee pacnpoctpanen amtomuuuii mapku AE, KoTopbIid 1011-
KEH 00€CIeunBaTh I U3rOTOBJICHHOW M3 HEr0 M OTOXOKCHHOW IIPH TEMIIEpaType
350 - 20 ° C mpoBOJIOKH YJIETBHOE JICKTPUUYECKOE COMPOTHUBIICHUE MPU TEMIIepa-
Type 20 °C He Gomee 0,028 MxOM M. Cormacuo TOCT 4784 - 74, CruaBsl aio-
MUHHEBBIE JTePOPMUPYEMbIE UMEIOTCS YEThIPEe MapKH CILIABOB, MPEICTABIISIONINX
co0oil allfOMUHUII C HOpMUpYEMbIM KojudecTBoM mnpumecein. Mapku AJIOC,
A1O, Anl u An, B KOTOpPBIX aTlOMHHHS JOKHO OBITH He MeHee 99, 7%, 99,5%,
99,3% u 98,8% CcOOTBETCTBEHHO.

DIEKTPUYECKUE XapaKTepUCTUKH amroMuuus ciaenyromue: nmpu 20 °C yaenb-
Hasi MPOBOAMMOCTh YKCcTOro amomMuuus (otoxokennoro mnpu 320 °C B TeueHue 3 4
) coctaBisier 38 MCwm/M; yaenbHoe conpotusicaue p amomuans Ab 0,028 mxOM-
M; TeMIIepaTypHbIii k09 UIUeHT yaenbHoro compoTusieHus npu 0 .... 150 °C
a(r) 10 =4 1/ K; otHOmIEHNE COIIPOTHRBIICHHS PACILIABJICHHOTO AJIFOMHHHS K CO-
MIPOTUBIICHUIO TBEPJOTO AIIOMHUHUS TPU TeMIlepaType TuiaBiieHus - 1,64; pabota
BbIX0J1a - 4,25 3B; uncno Jlopenna LO = 2,1 108 BYK2

[Ipy HOpMaNBEHOUM TeMIlepaType, OJUHAKOBBIX CEUYCHHSX M JUIMHE DJICKTPH-
YECKOe COMPOTHBJICHUE aFOMHUHUEBOr0 IMPOBOAa OoJibllie, yeM MeaHoro, B 1,63
pa3a. 3HaYMT, YTOOBI MOJYYUTHh ATFOMHUHHUEBBIN IPOBOJ TaKOTO K€ COMPOTHBIIC-
HUS, YTO WM MEIHBIM, HY)KHO B35AThb e€ro cedeHue B 1,63 pasza OonblIuM, T.e. €ro
JTUaMETp JTOJDKEH OBITh Oosbiie B 1,3 pasa. [Ipu orpaHMUeHHBIX pa3Mepax HU3aeauit
3aMEHA B HMX MEJY Ha aIFOMUHUN HEBO3MOJKHA, HO 3aTO Macca JIBYX OJJMHAKOBBIX
10 JUTMHE M AJICKTPHYECKOMY COMPOTHBICHHIO METHOTO M aJIFOMHHHEBOTO IPOBO-
JIOB TIOKAQ3bIBAET, YTO ATIOMUHHUEBBIN, XOTS U TOJIIE MEIHOTO, HO BECUT IPUMEPHO
B 2 pa3a MEHbIIIE.

B anexTpoTexHuke arOMUHUN 3aMEHUJ JOPOTOCTOSITY0 Meab. OH HUCITOJb-
3yeTCsl JJI M3TOTOBJICHUS JJICKTPHYECKHX IPOBOJIOB, KAOCIBHBIX, TOHKOIUICHOY-
HBIX M JPYTHMX TOKOMIPOBOMSIIUX H3JEIHA, B KauyeCTBE OOMOTOK aCHHXPOHHBIX
JBUTATENCH, IS MPOM3BOACTBA CIUTABOB, JJII WM3TOTOBJICHUS KOHICHCATOPOB W
KOH/ICHCATOPHOU (OJIbIH, I 3JECKTPOBAKYYMHON TEXHUKH ( 3JICKTPOABI B pas-
PSTHHUKAX, KATOJbI B HOHHBIX PEHTTEHOBCKUX TPYOKax) H T.J.

[TpokaTka, MPOTSHKKA M OT)KUT ATFOMHHHS aHAJIOTHYHBI 3TUM OIepaIusM
HaJl MEJbIO; ATFOMUHUN XOPOIIO BapHUTCsI, HO OOBIYHBIMH METOJaMH HE TaseTCs.
Ha Bo3ayxe OH aKTUBHO OKHCISETCS, TOKPHIBAsICh TOHKON OKCHJIHOHM IUICHKOW C
OOJIBIIAM 3JIEKTPUYCCKUM CONPOTUBIICHUEM. DTa IUICHKA, MPEAOXPAHSS aTFOMU-
HUW OT JajgbHEWIeld KOPpO3WH, CO3/1aeT OOJBIIOE MEePEXO0IHOE CONMPOTUBIICHUE B
MeCTaX KOHTaKTa aJFOMUHUEBBIX JCTalled W JeNNaeT 3aTPYIHUTEIBHOW WX TalKy.
JIJIs TTaliKu aJTFOMHHMSI OOBIYHO HCIIONIB3YIOT YJIBTPa3BYKOBBIC MAsSIbHUKH, CIIEIHU-



aJNbHbIC MPUIION. B MecTax KOHTaKkTa MeAH C allOMUHUEM, OCOOCHHO MOJ BO3/EH-
CTBUEM BJIarv, o0Opa3yeTcs MeCcTHas rajlbBaHUYeCcKas mapa, Ipu4eM HoJspHOCTD ee
Takast 4T0 TOK MIET OT ATOMHUHMS K Meau ( IO BHEIIHEH MOBEPXHOCTH ), U allio-
MUHUN paspyliaercs Kopposuen. s 3ammTbl OT KOPpO3UM HEOOXOIUMO TIA-
TEJILHO M30JMPOBATh MECTAa COCAMHCHHSI MU M ATFOMHUHUS (TOKPBIBAThH JIAKOM,
Hanpumep). HecMoTpss Ha TO, YTO aJIOMHHUN HMEET HHU3KYK) MEXaHHUYCCKYHO
MPOYHOCTD, €TO CIJIaBbl 00JaAAI0T MOBBIILIEHHON MEXaHUYECKON MPOYHOCTBIO.

CrutaBel jgensitces Ha amomuHueBbie aedopmupyembie ([TOCT 4784-74) wu
amomunueBbie JuteiHbie ([TOCT 2685-75). IlepBbie mpeaHa3HAYCHBI I WU3rO-
TOBJICHUS T101y(hadpukatoB (MPyTKOB, Mpoduiieii, mojoc, JUCTOB, MPOBOJIOKH, Ia-
Henelt, TpyO, 11ITaMIoBOK M MOKOBOK ) METOJaMH XOJIOJHOW WM ropsiaed oOpa-
00Tku. BTOpsie - 11 U3roToBieHUs (PaCOHHBIX OTJIMBOK.

K martepuanam BBICOKOM NMPOBOJMMOCTH OTHOCHUTCS OoJiblasi rpyrma me-
TAJIJIOB, IPUMEHICMBIX B JICKTPOTEXHHUKE (C HUMH MOYXHO O3HAKOMHUTCS B COOT-
BETCTBYIOIICH JIUTEpaType), HO IO MAacCCOBOCTH NMPUMCHCHHUS, OHH HE WAYT HU B
KaKO€ CpaBHEHHUE C aJJIOMUHUEM U MEJIbIO

3.5. KpuonpoBogHMKH U CBEPXIPOBOAHUKH

K kpuonpoBogHMKaM U CBEPXMPOBOJAHMKAM OTHOCSTCS METailibl, paboTao-
I MPH OYCHb HU3KUX (KPUOTCHHBIX) TEMIIepaTypax, MPUOIMKAIONIMXCS K a0co-
JIOTHOMY HYJIO. SIBJIeHHE CBEpPXMPOBOAUMOCTH ObLIO OTKpbITO B. Kamepnuur-
Onnecom B 191l r. Vim Obu10 00HApPYKEHO, YTO MPU OXJIAXKACHUH A0 TEMIIEPaTyphl
COKIDKEHUS TeHsl COMPOTHUBIICHUE 3aMOPOKEHHOM PTYTH PE3KHM CKAayKOM MaJaeT
MPAKTUYECKU 10 HYJISA, BO BCIKOM cllydae, 10 3HaU€HHUs CTOJIb Majoro, 4To OHO He
MOJJIaeTCsl U3MEPEeHUI0. B HacTosee BpeMs M3BECTHO 35 TaKUX METAJIOB U 0OJIb-
10€ KOJIMYECTBO CIJIABOB M XMMHUYECKUX COSAMHEHUH, Y KOTOPHIX MPH OYEHb HU3-
KHX TeMIeparypax yjelbHas MPOBOJUMOCTh CTAHOBUTCA MPAKTUYECKH OECKOHEY-
HOM BenuuuHOM. Hanmuume y BemiecTBa TakoW MPOBOJMMOCTH Ha3bIBACTCS
CBEPXITPOBOAMIIMOCTBIO, a Temneparypa, npu KOTOpPOMl BEIIECTBO Iepe-
XOJUT B CBEPXIIPOBOJISAIIEE COCTOSIHHE, HA3BIBACTCS TEMIIEPaTypod CBEPXIPOBO-
nsmero nepexona (T.). BemiecTsa, nepexonsiiyue B CBEPXIPOBOISIIEE COCTOSHHE,
HA3bIBAIOTCS CBEPXIPOBOJHUKAMHU. DTOT MEPEXO/ SBISCTCS OOPaTUMBIM: TPHU TI0-
BBIIIICHUH TEMIEPATYPbI 10 3HaUeHus1 T, CBEpXMPOBOAUMOCTh MCUE3aET U BEILECT-
BO NEPEXOJUT CHOBA B OOBIYHOE COCTOSIHME C KOHEYHBIM 3HAYEHHEM YIEJIbHON
anekTponpoBogHoCcTU § COBpeMEHHAsl TEOPHs CBEPXITPOBOJHUKOB OOBICHSET 3TO
SBJICHUE B3aUMOJICUCTBHEM JJIEKTPOHOB APYr C IPYrOM 4epe3 MOCPENICTBO KpH-
CTALTUYECKON pElIeTKH W O0pa3oBaHUE CBSI3aHHBIX Map AJIEKTPOHOB, T.€. KyIle-
poBcKkux map. M3-3a 35eKTpoCcTaTHueCcKOro MPUTSKEHUS SJIEKTPOH ClIeTKa MPUTS-
ruBaeT OJKaluuii Kk cebe MOH, TOT, B CBOIO OYepe/Ib MOATITUBAET K cebe Apyrou
AIIEKTPOH ( HAXOMASIIMICS 1O JAPYTYI0 CTOPOHY HOHA). DTH JIBa DJICKTPOHA MMEIOT
NPOTHUBOMOJIOXKHBIC CIUHBI (M UMIYJIbChI). OJHOBPEMEHHO OHU OTTAJIKMBAKOTCS,
OyAy4u OTHOMMEHHO 3apsHKEHHBIMU. B HEKOTOPBIX MeTaiaX MpH BeChbMa HHU3KUX
TeMIiepaTypax HpPUTSDKEHHE 4Yepe3 MOCPEACTBO PELIETKH OKa3bIBAETCS CUJIbHEE
ATOTO OTTAJKWBAHUS, W AJIEKTPOHBI CBS3BIBAIOTCS TOMApHO. T.K. SHEPrusi CBS3M



SJICKTPOHOB B Iape HEBBICOKA, TO KaXKIas Takas mapa CYIIECTBYET OIpaHHYCHHOEC
BpEeMsl. 3aT€M pa3pyllaeTcs, OJHAKO B IEJIOM DHEPIHsl dJCKTPOHHOUW CHCTEMBI U3-
3a 3TOrO Mpollecca ClapUBaHUs YMEHBIIACTCS W METAUI MEPEXOJUT B CBEPXIPO-
BOJIAIIEe COCTOSTHUE. [Ipr 3TOM 3JIEKTPOHHBIC Hapbl HE MCIBITHIBAIOT PAaCCESHUs,
YTO M MPHUBOJUT K MOYTH MOJHOMY HCUE3HOBCHHIO CONMPOTHBICHHS. TOK, HaBe-
JICHHBIN B 3aMKHYTOM KOHTYPE M3 CBEPXIPOBOJIHUKA, MOXKET CYIIIECTBOBATh CKOJIb
yrogHo moiro. Ilpu 3TOM CBEpXIPOBOJHUKH MPEACTABISAIOT COOOH HcalbHbIC
JMaMarHeTHKU. MarHUTHOE II0Jie, MPOHU3BIBAIOIICE MPOBOJHUK IPH OOBIYHOM
TEMIIEpaType, BHITAIKMBACTCS U3 HETO B CBEPXIPOBOIAIIEM COCTOSHHM MPH YCII0-
BHH, YTO HANPSHKCHHOCTh BHEIIHETO MArHUTHOTO IOJIA HE IMPEBBIIIACT OIMpeje-
JICHHOT'O KpUTHYeCcKoro 3HaueHusi H.. B mpoTHBHOM ciiy4yae CBEpXIPOBOIAIICE CO-
CTOSIHUE pa3pylIUTCs. B 3aBUCHMOCTH OT xXapakTepa mepexoja U3 CBEPXIIPOBOJIS-
IIET0 COCTOSHHUS B OOBIYHOE MPH YBEIMYCHHH MATrHUTHOTO IOJIA Pa3InyaroT
CBEPXNPOBOJIHUKH 1-T0 pojaa - CBHHEI, PTYTh, HHAMMA, OJOBO, aIIOMUHUH, Y KO-
TOPBIX MEPEXO0JI B HOPMAIBHOE COCTOSTHUE MPOUCXOIUT CKAYKOM, i CBEPXIPOBO/I-
HHKH 2-T0 PojAa, y KOTOPBIX 3TOT IEPEX0]] MPOUCXOAUT MOcTeneHHo (HuoOui, Ba-
HAJWH M TEXHEIMi, a TaK ke OOJIBIIIOE YHCIIO CIUIABOB U XMMHUCCKHUX COCIUHE-
Hui). SIBJIeHHE CBEPXITPOBOJAMMOCTH OOHAPYKEHO Y HEKOTOPHIX BEIIECTB, HE 00-
Ja1alonuUX 3TUM 3PGEKTOM MPH HOPMAIBHOM JIaBJICHHUH, TIPH BO3JICHCTBUHU BBICO-
KOI'0 THAPOCTATHYCCKOro jaaBiicHUS. CBEPXIPOBOMASAIINE CBOMCTBA OTMEUEHBI Y
MOJIYIPOBOHUKOB, HANlpUMEpP y aHTUMOHMIA MHIUA INSD, U mgaxke y AUIIEKTpH-
KOB - cepbl U KceHoHa (Tabnuma 3.1).

Tabnuua 3.1. [TapameTpbl CBEpXIIPOBOIHUKOB

CBepXnpoOBOTHUKH Temneparypa mnepexona Kputmueckoe 3Haue-
T, K HUue uHAyKuuM, B¢, T,

Amomunuii Al 1,2 0,01

Ou0B0o Sn 3,7 0,031

HNuaumii In 34 0,03

PryTs Hg 42 0,46

Csunen Pb 7,2 0,08

IToMruMO CBEpPXIIPOBOJMMOCTH B COBPEMEHHOM 3JIEKTPOTEXHUKE HCIOJIb3Y-
ercss KPUOITPOBOJUMOCTD, T.e. pabota MeTaia npyu KPUOTEHHBIX TeMIIepa-
Typax, KOrjia yJAeJIbHOE COPOTUBICHUE CTAHOBUTCS OYEHb MAJIO, HO SIBJISIETCS KO-
HEYHOU BeIM4YMHOW. MeTabl, 001aiaroniue TaKuM CBOMCTBOM, HO 6€3 mepexoja
B cBepxImpoBojsdiiee coctosinue, HazpiBatoTcss KPUOIMPOITPOBOJAHNKAMMN.
JUTSL TIOJTy4eHUS KaueCTBEHHBIX KPHUOMPOBOJHUKOB TPEOYETCS BBICOKAsl YMCTOTA
Metauia. Kak mpaBuio, MCHONB3YIOTCS METAIIbI, UMEIOIIUE MPU KPUOTEHHBIX
temneparypax ( KOTOpbIE BBIIIC TEMIIEPATyp CBEPXIPOBOJMMOCTH) HAMMEHBIIICE



yAEIbHOE CONMpOTUBIIeHHE. K HUM OTHOCSATCS: MPU TeMIepaType KUIKOTO BOJIOPO-
Ja - alFOMMHHUHN, a IPU TeMIieparype kuakoro asora oepummii (20.3 u 77,4 K co-
OTBETCTBEHHO).

3.6. MaTepuajbl BICOKOTO CONPOTUBJICHUS

K marepuanam BBICOKOTO COMPOTHUBIEHHS OTHOCSTCS METaJUIbl U CIUIABHI,
UCIOJIb3YyEeMbIE JUISI 3JIEKTPOU3MEPUTENbHBIX MPUOOPOB, PE3UCTOPOB. Y HUX IO-
MHMO BBICOKOTO YJAEIBHOTO COMPOTHBICHHS JOJIKHBI OBITH BBICOKAsh CTaOWIIb-
HOCTbH COTIPOTHBIICHHUSI BO BPEMEHH, MAJIBIN TeMIEpaTypHbId KO3()PHUIMEHT yaeib-
HOro comnpoTuBieHus, manas TepMol/IC B mape ¢ Menapto. MlHOrIa OHU JTOJIKHBI
paboTaTh MpU BBICOKHX TEMIIEPATypax, ObITh TEXHOJIOTHYHBIMUA M TIO BO3MOXHO-
CTM HE COJAepX aThb JOPOTOCTOAIIMX KOMIOHEHTOB. Pe3uCTHUBHBIE MaTepHabl
JOJKHBI UMETh BBICOKOE YJIE€IbHOE CONMPOTHUBIICHHE. 00J1a/1aTh BHICOKOM KOPPO3U-
IIMOHHON CTOMKOCTHIO, BBICOKOM CTaOMJIBHOCTBhIO M Majo TepmoIJIC B mape ¢
Meapio. OueHb Ba)XKHO, YTOOBI 3TU TPEOOBAHMS BBHIMNOJHSIIMCH, €CIM MaTepuai
MpelHa3HauYeH ISl M3TOTOBJICHHUS 00pPa3lOBBLIX M J100aBOYHBIX Pe3UCTOPOB U
IIYHTOB 3JIEKTPOU3MEPHUTEILHBIX MTPUOOPOB. ISl IEPEMEHHBIX HU3KOOMHBIX PE3H-
CTOPOB HAJI0 MMETh BEChMa Majoe U CTaOWiIbHOE ( BO BPEMEHHU) KOHTAKTHOE CO-
MpOTUBJIEHUE. B 3aBUCMMOCTH OT Ha3HA4YEeHUSs, YCIOBUM IKCIUTyaTallld, C y4eTOM
HOMHWHAJIBHOTO CONPOTHUBIICHUS B Kau€CTBE MATEPHUAJIOB ISl PE3UCTOPOB IMpUME-
HSIFOT METaJUTbl U CIUIABBI C BRICOKHM YACITBHBIM COIPOTUBIICHUEM, a TAK)KE OKCH-
Jbl METAJIJIOB, YIJIEPOJ, KOMIIO3UIIMOHHBIE MaTepHaibl (MHOT/Ia Ha OCHOBE OJaro-
POJHBIX METAJIJIOB - IUIATUHBI, MAJUIaANs, 30J0Ta U cepedpa). KoHcTpykTHUBHO pe-
3UCTOPHI BBITIONHSIOTCS B BHJE OOBEMHBIX 3JIEMEHTOB, MPOBOJIOKH DPA3IUIHBIX
JAMaMETPOB U TUICHKH, OCAXKIaeMOU Ha JUIJICKTPUUECKOES OCHOBaHHE (IOIIOKKY).
JUIS TUIGHOK BBEJIEH MapaMeTp - CONPOTUBIICEHUE KBapaTa, WM CONPOTUBIICHUE HA
KBaJpaT (WM YICIbHOE MOBEPXHOCTHOE COMPOTUBIICHUE), YMCICHHO PaBHOE CO-
MPOTUBJICHUIO YYacTKa IJICHKH, JUIMHA KOTOPOTO paBHA €ro IIMpPUHE, NPU MpOoTe-
KaHMM TOKa MapajljieIbHO OBEPXHOCTH MOAN0KKH. CONpPOTUBIIEHHE KBajpaTa OIl-
peaenserca no popmyie

Rk =r/d , (33)
rae I - yaelbHOe 00beMHOE CONPOTURIICHUE TUICHKU TOJIIHHOM d.

Jlis pe3ucTopoB M TepMmomnap Haubosee paclpoCTPAHEHHBIMH SBIISIFOTCS
CIUIaBbl THUIIAa MAHTAHWHA. DTO CILJIaBbl HA HUKEJIEBOW M MEJHO-HUKENIEBON OCHOBE.
CoOCTBEHHO MaHTaHUH - HauboJiee PacHpOCTPAHEHHBIN CIUIaB MPU W3TOTOBIICHUU
TOYHBIX pe3ucTopoB. Manranun mapku MHMu3-12 conepxur: mapranma 11,5 -
13,5 %, nukens u kobanbta 2,5 - 3,5%, ocranbabie % - Meap. OOBIYHO TPHU TIO-
BBIIIIEHNUN CTAOMJIBHOCTH XapaKTEPUCTUK €ro oTkuraioT mpu temmneparype 400 °C
B TE€YEHHUE 2 U B BAKyyMe WJIH B HEUTPAJIbHBIX razax ( apros, a3or ) ¢ MEJICHHBIM
oXJaxJIeHneM. XOJIOAHOTSAHYyTasi MpoBosioka mnojasepraercs 10- yacoBomy crape-
Huro mpu Temmeparype 140 °C. Kpome Toro, Tpebyercs UIHTEIbHAs BBIICPKKA
MaHraHMHa TpPU KOMHATHOW Temrmeparype, mpuMepHo okojo 1 rojga. OCHOBHbIE
CBOJCTBA MaHTaHWHA 3TOif Mapku TakoBbl: ipr 20 °C yielbHOe COMPOTHBICHHE



r = 0,48 MmxOM M: TemnepaTypHbIil KO3QPUIHEHT yAeTbHOTO CONPOTUBICHUS MpU
Toi %e Temmeparype a, = (5 - 30) 10° V/K, tepmoJIC OTHOCHTEIBHO MEM PaBHA
1 MKB /K +1: Tyuess = 960 °C, HauGomsimas momycriMasi paGodas Temieparypa
(mmurensro ) TP 300 °C.

KoHcTaHnTaH TakXe OTHOCHTCS K 3TOH TPYMIE CIUIABOB, HO B €r0 COCTaBe
Maprania Bcero 1 —2 %, nukens - 39 —41 %, ocranbhabie %- Mens. Mapka KoH-
crautada - MHMn40-1,5. Ero ocnosuble cBoiictBa: I =0,48—-0,52 wMkOwMm M;
a,=(5-25) 10° VK; Tpas = 450 °Cc: tepmMo/IC B mape ¢ MEJIbIO IOCTATOYHO BbI-
coka u coctasisier 45 - 55 MxB 1/K. 4ro siBIIsieTCSI HEIOCTATKOM TPU MCIOI30Ba-
HUU €T0 B U3MEPUTEIBHBIX CXeMaX, HO JOCTOMHCTBOM B TEpMOIIapax.

Pe3ucTtopsl Ha OCHOBE KpeMHUS, KaK MPABUJIO, TOHKOILIEHOUHBIC. JIJI HUX
MCII0JIb30BaHbI cienyromue Mapku criaBos: PC-4800, PC-370, PC3001, PC-1714,
PC-1004, a taxxe cIriaBbl MHOTOKOMIIO3UITMOHHBIE, COCTOSIIUE U3 KPEMHHS, JKe-
je3a, XpoMa, HUKeJIs, allloOMUHUSA U Bojbppama (turma MJIT). B o603HaucHnn ma-
pok OykBbI 03HauaroT. PC pe3nCTUBHBIN CILIaB, 1BE MEPBbIC MUQPPHI - HOMHHAIb-
HOE€ COJIep’KaHhe OCHOBHOTO JIETUPYIOIIETO KOMIIOHEHTA, JBE OCTAJbHBIC - TO XKe
I BTOporo kKoMmoHeHTa. CIIaBbl B BHJIC TIOPOIIKOB MPETHA3HAYCHBI IS M3T0-
TOBJICHHMSI METOJIOM HWCHApEeHHs] M KOHACHCAIIMM B BBICOKOM BaKyyMe TOHKOTLIC-
HOYHBIX PE3UCTOPOB M JIPYTHUX BCIIOMOTATEIBHBIX CJIIOEB B JJICKTpOHUKE. Pe3ucto-
pel u3 cmwiaBoB MJIT moaydaroT TEpMHUYECKMM BaKyyMHBIM WCIapeHHUEM U3
BOJIb()PAMOBBIX HCIIAPUTENICH ¥ MyTeM KOHACHCAIMH TJICHOK Ha JUAJICKTPUYCCKUC
MOJJIOKKH. JIJIsI yBEIWYECHHs YACIBHOTO CONPOTHRBIICHHUS CIIABOB B HHUX YacTO
BBOJISIT OKCHIBI METAIIIOB. JJIs TIOJTydeHHUsT HY)KHBIX CBOWCTB TUICHKH ITOCJIC OCaX-
neHus TepmooOpadarsiBatoT. [Ipu Tonmmmue mwieHok ot 0,1 1o 1 MKkM MOXHO TI0-
JYYUTh CONMPOTUBIICHHE KBajapaTa oT AecatkoB OM M 10 35 kOm npu @, = (2,5-%
4)-10* 1/K. B mMuKpocxeMax pacmpoctpanes ciuiaB MJIT-3M, y Hero compoTus-
nenue kBagpaTta R = 200 -500 Owm.

CrmaBbl Ha OCHOBE JKeJie3a, HUKENS, XpOMa M alFOMHHHSI B OCHOBHOM TIPH-
MEHSIOTCS JIUISl DJICKTPOHATPEBATEIIBHBIX 3JIEMEHTOB. OHU OTHOCSTCS K JKapOCTOM -
KM C BBICOKUM VJCIBHBIM CONPOTUBICHUEM M TOJAPA3JCISAIOTCS Ha. HUKEIb-
XpOMOBBIC ( HHXPOMBI); HUKEIb-XPOMOBBIC, JCTHPOBAHHBIC ATIOMHUHHEM, XKEJIe30-
XPOMOHHUKEJICBBIC U XKEJIC30XPOMOATIOMHUHHIEBBIC (XpoMalin). Y BceX 3THX CILIaBOB
XapaKTePUCTUKH 3aBUCAT OT UX XMMHYECKOTO cocTaBa. Tak, JUIsi HUIXpOMa MapKH
X20H80 (xpom - 15— 18 %, uukens - 55— 61 %, mapranerr - 1,5 %, ocranbabie %
- 5Kene30) yaenpHoe comporusierne I = ( 1,1-1,2) MxOwm M; r = (100 - 200) 10 °
VK; npenensHas Tps = 1000 °C. s xpomamu mapku X235 (xpom- 22 -25 %,
Hukesb - 0,6 %, mapraner - 0,7 %, agromunuii - 4,5- 5,5 %) yaenbHOe COMPOTUB-
aeane r =(1,3-15) mxOm M; a, =65 10 SUK, a npenenbHas Tp,s = 1200 °C.
HuxpoMbl CTOHKHM K OKHCIICHHIO Ha BO3JyX€ IMPH BBICOKMX TeMIlepaTrypax, T.K. Ha
UX MOBEPXHOCTU 0oOpa3yercs 3amuTHas ieHka okcuaoB CrO + NiO ¢ temmepa-
TYpPHBIM KO3()(QUIIMEHTOM JMHEWHOro paciupenus, Onu3kuMm kK a, =1 cmaga.
OpHako J1st 3TOTO CJI0SI OKCHJIOB OIMACHBI TEPMOYAaphl, MPU 3TOM IUIEHKA TpecKa-
eTCs, TyJla TMPOHHKAET KHUCJIOPOJ - MPOUCXOJUT JOIMOJTHUTEIHHOE OKHUCICHUE W
CpPOK chyXObI cIutaBa yMeHbInaeTcs. JKene30XpoMOaTlOMUHHUEBBIE CILJIaBbl BCEX



MapOK CTAaHOBSITCS XPYIKHMH B MHTepBaie Temmeparyp or 450 mo 500 °C, uro
CBSI3aHO C BBIJIEJIEHUEM B CTPYKTYype 0Opa30BaHHI C MOBBIMICHHBIM COJIEP)KAHUEM
xpoMma (ropsinka 80 %). DTa XpymKOCTh MOXKET OBITh YCTPaHEHA HATPEBOM cQiiaBa
1o 750 - 800 °C ¢ nocneayomuM OXJIaKICHHEM B BOJIE.

JlJis Bcex CIJIaBOB arpecCUBHBIMM SIBJISIOTCA (ocdopcoaepkaiiue Cpenbl,
raJIou/ibl U cepa, KpoMe KeIe30XpOMOATIOMUHHUEBbIE CIUIABOB, /ISl KOTOPBIX rasbl,
coJieprKallue cepy, J0MyCTUMBI.

JIJis KapoCTOMKUX MaTepuajoB U HarpeBaTeIbHBIX AJEMEHTOB MCIOIb3YIOT
OOBIYHO KapOUbl U CHIIMLK/BI TYTOIUIABKUX METAJJIOB - HUOOUS, IIUPKOHMUS, TaH-
tana u radpuus. M3 kapOuga HUOOMS METOJOM MOPOIIKOBOM METALTYprUH HM3I0-
TaBIIMBAIOT TpyOuaThie, CTepKHEBBIE U Y -00pa3Hble HarpeBareian aiuHoi g0 600
MM, Hapy>KHbIM JuaMmeTpoM 110 18 MM u TonumHoM creHku 2 - 3 MM. [leun ¢ ta-
KAMH HarpeBaTeisiMi paGotaroT B Bakyyme 10 2500 °C, a B aprose - mo 3000 °C.
Kap6ua nupkonust pabotaet NpuMEPHO MPHU TaKUX ke TeMiiepaTypax. Touka rias-
neHust kapOuna HuoOwst Munyc 3760 °C, mupkonust - 3530 °C, TanTana - 3880 °C, a
raduus - 3890 °C. IIpn KOMHATHBIX TeMIEpaTypax KapOuIbl HHEPTHEI K IIeI0YaM
U kucinoraMm. M3 HeMeTaIIMYeCKuX HarpeBaresieil, Jaie BCero MCIoiab3yloTcs ce-
JUT U 1100ap U3 KapOuaa KpEeMHHs, KOTOpbIE SBISIOTCS MOJYHPOBOAHUKOBBIMU
coenunenusamu. Mx Ty, = 1400 - 1500 OC; mpu 9T0it TemmepaType CpoK CIyKObI
Takux HarpeBaresiel coctapisger okoyio 1500 - 2000 y. Cunuiuasl NpeicTaBIIsiiOT
co00il coeIMHEHHs] KPEMHHSI B OCHOBHOM C METaJulaMH. DTU COSIUHEHUS IIUPOKO
UCIIOJIB3YIOTCSl B DJIEKTPOTEXHUKE, METAJUIypPruu, KOCMUYECKOU, DJIEKTPOHHOU B
aTOMHOM TexHuke. B anekTporepmun Hauboliee MOMYJSPeH TUCUIUIMA MOIUO/Ie-
Ha (Mo - Si), KoTOpbIi B U3enusIX MokeT paborats npu 1700 °C B oxucauTENIDL-
HOM cpejie. D7IeMEHTHI BBIMOIHIIOTCS TaKKe METOAOM MOPOIIKOBOW METaJLTypruu.
CpoiicTBa gucuiauIMaa MojauoOaeHa: yaenbHoe compotuBieHue I = 0,2 MxOm m
npu 20 °C; mpm 1600 °C r = 0,8 MKkOM M; TeMrepaTypHbli Kod(hHIHEHT THHEi-
HOTO pacmmpenns a; = 8,25 10 ° UK. ITpu paboTe B BaKyyMe CHJTHIIHIbI MOJIHO-
JieHa JTUCCOLIMHUPYIOT, MOATOMY MX MCHOJIb30BAaHUE OTPAaHMYECHO M 3aBUCHUT OT Map-
[UATBHOTO JIABJICHUSI KUCIOPO/IA.

3.7. TenzomeTpsbl

CmuiaBbl. IpUMEHSAEMbBIE B MpeoOpa3oBaTesax AeGopMaivi pa3IudHbIX H3-
TN TOoJT ACMCTBUEM MEXaHMUYECKUX CHJI, Ha3bIBAIOTCS TEH30METpUUYECKUMU. B
OCHOBY pabOThl TEH30IpeoOpa3oBaTeIeii MPUHIUI W3MEHEHUs] COMPOTUBICHUS
npu aedopmalii KOHCTPYKIIUM, HAa KOTOPYIO HakJeeH TeH3onaaTtuuk, Koadduiu-
€HT T€H30YyBCTBUTEJIILHOCTH OIICHUTCS

d=DR/R/DL/L. umu d=1+Dr /(r ES)/F+2m (3.4)
rae DR - u3Menenue conporuBieHuss R npu usmenenuu DL jpymHbl 35eMeHTa L
Dr - u3MeHeHHe YJeIbHOTO COMPOTUBICHUSI I MaTepualia TEH30JaTuuka TOJ
BIIMSHUEM Harpysku F; S- miomaas monepeyHoro cedeHus MpoBOJIOKHU Mpeodpa-
3oBarens: E - mogyne |Onra; m- koaddunuent [lyaccona marepuana npoBOJIOKH.



Haubonee yacto ajig TEH30METPOB MPUMEHSIETCS POBOJIOKA, HAKJIEUBaeMas
3UI3aro00pa3HoO Ha JIAKOBYIO MJIM OyMa)KHYIO OCHOBY (HMaMeTp MPOBOJIOKU IMPH-
mepHo 0,02 0,05 mm ). K koHIIaM MPOBOJIOKU MAWKON MM CBAPKOW THOJICOCIMHS -
FOTCSI BBIBOAHBIE IPOBOJIHUKH, KaK MMPAaBUIIO, MeIHbIEe. CBEPXY NAaTYUK JIAKUPYETCH.
W npuxienBaeTcs K u3enuio. Marepuanamu Juisi IPOBOJIOKH MOTYT OBITh pa3iiny-
HbIE METaJulbl U CIUIABbl. HAPUMEDP MAHTAHWH, KOHCTAHTAH, HUXPOM, HUKEINb,
BHUCMYT, IUITATUHOCEPEOPSIHBIE WM TUTAHOATIOMUHHUEBBIE CIUIABBI, XOTS OHM Yallle
NPUMEHSICTCS JIISl U3TOTOBJICHUSI TJICHOYHBIX TeH3oMeTpoB (cmiaB AJII9. /120 u
ap.). [lneHoYHbIC TEH30METPBI MOIYYAOT MyTEM BaKyyMHOW BO3TOHKH MaTepualia
U TOCTEeAYIOIIel ero KOHJIeHcaluend Ha MoI0okKKy. YacTo nmpuMeHstoTest posbro-
BbI€ TEH30METPhI M3 BeCbMa TOHKON (osibru TONmUHON 4 -12 MKM, Ha KOTOpOii
YyacTh METaJjula BhIOpaHa TpaBJIEHUEM TaKMM O0pa3oM, YTO OCTaBLIASICS 4YacTh 00-
pa3yeT Tak Ha3bIBAEMYIO “ PELIETKY - 3Ur3arooOpa3Hblil TEH30METP.

3.8. KoHTaKkTHBIE MaTepPHAJIbI

B kauecTBe KOHTaKTHBIX MATEPHAJIOB MCIOJIL3YIOTCS UYUCTBHIC TYTOILUIABKHC
METaJ/UTbl ¥ PA3IMYHbIC CIUIaBBl, & TaK)KE METAUIOKEPAMHUYECKHE KOMITO3HUIIUH.
Haunbosee oTBETCTBEHHBIE KOHTAKTBI CITY)KaT JJIsl MEPUOJIUYECKOTO 3aMBIKaHUS U
pa3MBIKaHUS AJICKTPUUECKHUX IeTeld, 0COOCHHO CHIIBHO TOYHBIX. 1o yciioBusM pa-
0OTBhI KOHTAKTHI JICTISAT Ha HEMOJABH/KHbIE, PAa3PbIBHbIE HJIH CKOJIB3SIIIHE, K HAM
MPEABSBIAIOTCS pa3Hble TpeOOBaHUS, W, CICAOBATEIBLHO, UCIOJB3YIOTCS pa3HbIC
Matepuaibl. [1o 3HAaYeHHIO KOMMYTHPYEMOT'0 TOKa KOHTAKTHI JCIAT Ha CJIad0TOY-
HbI€ - JIO CIMHUILl aMIIepa U CHJIbHOTOYHBIE - JJII TOKOB OT €IMHHUII JIO THICSY aM-
nep. KoHTakT moipkeH OBITh HAJACKHBIM COCIMHEHHEM JIBYX IMPOBOJHHUKOB, CIIO-
COOHBIX TPOBOJUTH JJICKTPUYECKUNW TOK C MajbiM W CTAaOMJIBLHBIM BO BPEMCHH
AIIEKTPUYECKUM COTIPOTHBIICHUEM.

CrpykTypa miomaad KOHTaKTa COCTOUT U3: “IJIOMIAI0K” ¢ METAUTMYECKUM
KOHTaKTOM, COTIPOTHBJICHHE KOTOPBIX OINPEACIICTCS CyMMapHBIM COTPOTHUBIICHH-
€M METaJUIOB Maphl, 00pa3yroIIMX KOHTAKT, Yepe3 KOTOPHII MPOTEKaeT TOK Oe3 me-
PEXOIHOTO COTPOTUBJICHHS ; KOHTAKTHBIX IUIOIIAI0K, MTOKPBITHIX TOHKUMH aJII'e3H-
OHHBIMHU IUICHKAMH, TPOIYCKAIOIIUMHU TOK Ojarojaps TyHHEIbHOMY 3(hdexTy;
TUIOMIAZ0K, MOKPBITHIX IUICHKAMH OKCHJIOB W CYJb(DHIOB, SBISIOMIUMHUCS H30JIH-
PYIOIIMMH M HE MPOIYCKAOIIMMH 3JICKTpHUSCKHi ToK. OOImas mioaas KOHTaK-
Ta, onpeaénsaeMas Kak CyMMa 3THX TUIOMIA0K, OKa3bIBa€TCs 3HAYMTEIILHO MCHBITIC
KOHTAaKTHOH TOBEPXHOCTH, MPEACTABIISIONICH YCIOBHYIO TUIOIIA b KOHTakTa. [Ipn
ATOM COCTOSTHUE TIOBEPXHOCTEH KOHTAKTOB HEMOCPEJACTBEHHO BIIMSCT Ha IMEPEXO/I-
HOC COTPOTHUBJICHUE M HAr'PEB KOHTAKTOB IPHU MPOXOXKJICHUH Yepe3 HUX Toka. [le-
PEXOIHOE COMPOTHBJICHHE MHOTOTOYCYHOTO KOHTAKTa, MMECIOIIETO I KOHTaKTH-
PYIOIIMX TTOBEPXHOCTEH MEPBOTO BHJIA, €CIIM OHU BCE HATPYXKEHBI JIO Tpeesa Te-
Ky4eCTH MaTepuayia KOHTAKTOB, ONpeAeTseTCs Mo GopMyIie

Rn=r/2(ps/(nFLl2, (3.5



re I - yJIelbHOE COMPOTUBIICHHE MaTepuaia KOHTAKTOB; S - TPEIeNT TeKy4ecTH
MaTepuansa KOHTAaKTOB TPHU CXKATHH, N- YHCIO KOYTAKTHPYIOIIUX MOBEPXHOCTEH;
F - cuna KOHTaKTHOTO CXKATHsl.

Ecnu KOHTaKTHI MJIOCKKE, TO UX MEPEXOTHOE COMPOTHUBIICHUE OOpAaTHO TPO-
MOPIIMOHATBHO cUiie Haxatus F.

OCHOBHBIC TPUYUHBI U3HOCA KOHTAaKTOB MPHU WX IKCIUTyaTallud 3aBUCAT OT
YCIIOBH DKCIUTyaTallii. HO CBOJATCS K CIEIYIOIIUM 3PO3Hsl KOHTAKTOB - HapyIIe-
HUE (HOPMBI PabOUYMX MOBEPXHOCTEH. MEPEHOC MaTepuanta C OJHOTO KOHTAaKTa Ha
ApyToii, o0pa3oBaHHE KpaTepoB. HAPOCTOB M Jake 3aKIMHUBAHHE KOHTAKTOB,
AIIEKTPUYECKHI U3HOC KOHTAKTOB, OOYCIIOBICHHBIN AIEKTPUISCKON TYTOd, HCKpe-
HueM KOHTakToB mpH pa3MbIKaHWW W BUOpaIMeil KOHTAKTOB, MEXaHWYECKUN W3-
HOC, CBSI3aHHBIA HE TOJIBKO C CHJIOW yJapa KOHTAKTOB, HO M ¢ KOHTaKTHBIM HaXKa-
THEM U YaCTOTOM 3aMBIKaHWH KOHTAKTa; XMMHUYECKUH M3HOC, HA KOTOPBIH BIUSIOT
COCTaB OKPY>KaIoOIICH Cpelbl, ee BIaXHOCTh M TeMIIepaTypa Ha TIOBEPXHOCTH KOH-
TaKTOB; CBAPUBAaHNE B OTPHIB B 3aBUCHMOCTH OT CHJIBI KOHTAKTHOT'O HAaXKaTHsI, BUO-
panu U TEPMUYECKOTO JEHCTBHUS TOKA Ha KOHTAKThI, YCHIIUE MPHU pPa3MbIKAaHUU
CBapUBIIUXCS KOHTAKTOB M IJIOXO0€ MPHUKPEIJICHHE KOHTAKTOB K KOHTAKTOJepKa-
Tenmo. B kadecTBe mMarepuasioB ISl CJIA00TOYHBIX KOHTAKTOB OOBIYHO HCIIOJNb-
3YIOTCSl OJIaropofHbIE W TYTOIUIABKHE METAJUTBI - cepedpo, IUlaThHa, Nalljlaani,
30J10TO, BOJb(paM U UX CILIABHI.

BonbmMHCTBO O6IarOpOAHBIX METAIIOB OOBIYHO MPUMEHSIOT ISl KOHTAKTOB
B BH/JIC TaJIbBAHMYCCKOTO TOKPBITHS (KpoMe cepedpa, KOTOPOS MOXKET HPUMCHSTh-
Csl B YUCTOM BHJIE). TBEPIOCTh TIOKPBITHI B 3TOM ClIy4ae CYNICCTBEHHO BBIIIC, YeM
y Oosiee TOJICTHIX cioeB MeTamia. Hampumep, ans cepedpa TBepAocTh o bpunen-
JIFO COCTaBJISIET B TOJICTOM Clioe mopsiika 25, a B Bujie ['abBaHUYECKOTO MOKPBITUS
MoxeT nocturarh 100. ['aapBaHHYecKHe MOKPHITUS 00Jee U3HOCOCTOUKHU B DJICK-
TPUUYECKOM ToJie. TOJNIIMHA TalbBAHOTIOKPHITHS OOBIYHO KOJIEOIeTCs B Mpeaenax
oT 1 MKM 710 HECKOJBKUX JIECATKOB MHUKPOMETPOB. {151 CHJIbHOTOYHBIX KOHTAK-
TOB OOBIYHO HCIOJIB3YIOTCS Melb, cepedpo, MX CIIaBbl, a TaKKe KOMIIO3HIIMOH-
HbIC MaTepUabl, TOTy4acMble METOJOM IMOPOIIKOBON METaJUTypTHH, COCTOSIIUE
U3 KOMIIOHEHTOB, HE OONaJaIoONINX B3aMMHON AuQQy3ueil W MpeacTaBISIOMNX
cMech OOBIYHO NIBYX - TpeX (a3, 0JHa U3 KOTOPHIX 3HAUYUTEIBHO OoJiee Tyrornas-
Kas, ueM Apyras. Hambonee pacmpocTpaHeHHbIE KOMIIO3HUIIMH - 3TO cepedpo - OK-
CUJ KaaMmusi; cepedpo — HUKelb; cepedpo - rpadur; cepedpo - HUKEb - rpadur,;
cepedpo - Bodb(dpam; cepedpo - OKCUI MeIU; MeIb - BoJIbdpaM; Meab - Tpadur.
Cepebpo 1 Menb 00eCTieurnBalOT BBICOKYIO JIEKTPa U TETUIOMPOBOIHOCTD, a TYTO-
TUTaBKasl YacTh TMOBBIMIAET M3HOCOCTOMKOCTH, TEPMOCTOHKOCTh M COMPOTHUBIICHHE
CBapHUBAaHUIO KOHTAKTOB B HM3KOBOJIBTHBIX ammapaTax yacTO UCIOJIb3yeTcs ce-
peOpo - OKCUI KaaMmus; sl BHICOKOBOJIBTHBIX (JyroracUTeIbHBIX Kamep) - xkKe-
7€30 - Me/Ib - BUCMYT U JP.

OcHOBHBIEC 00/1aCTH IPUMEHEHHUsI KOHTAKTHBIX MaTEPUAJIOB:

cepeOpo - pese, CUTHaJIbHAS ammaparypa. TenedoHHas U TenerpadHas amnma-
patypa, MarHWTHBIC ITyCKaTeld, yIpaBieHHne (IyOpecleHTHBIMU JaMIlaMu, KOH-
TaKThl BCTIOMOTATENIbHBIX IENei KOHTAKTOPOB U MArHUTHBIX ITycKaTesel u mp.;

cepeOpo Meb - perne, TenedoHHble pene, paauoaniliapatypa u T.1.;



cepedbpo Melb - HUKEJb - CTEHHBIE BBIKIIIOUATENH, peJie YIUYHbBIX CUTHAJIOB,
npeoOpazoBaTeNv TOKa, pejie aBTOMAaTUKW M HACTPOWKH pPaJlo, aBUAIIMOHHBIC JIET-
KO- U CpeIHEHarpy>KeHHbIE pelie, JIEKTPOMarHUTHhIE CUCTUYHMKH, aBTOMOOUIIbHBIC
1 KEJIE3HOJJOPOKHBIE CUTHAIBHBIC PeJie U Tp.;

cepebpo - KaaMul - pese, BBIKIIOYATEIN MEePEerpy3KH U TEPMOCTAThI XOJIO-
TUIBHUKOB, CTApTEPhI, TEIJIOBBIC BHIKIIOUATEIH

cepedpo - KaAMUu — HUKEJb, cepedpo - KaaMUid - UHAMUM - pelie B Juara3oHe
TOKOB OT JeCAThIX jJojel ammepa 10 30 A;

cepebpo - majutaiuii - CUTHaJbHAs anmnaparypa, TelieoHHbIC pelie U HOMe-
poHabuparenu, opranbl TB ynpaBiaeHus, BRIKIIOYATEN U TEPMOCTATHI XOJIOUIIb-
HUKOB, KOHTAKTHBIC KOJIbIIA U TIP.;

cepedpo - TIaTuHa - paJuoarnaparypa, JIeKTPOMarHUTHbIE CUETUUKHU;

cepedpo - OKCUJT IUPKOHMUSI - BBIKJIIOUATENH, perne Ha Toku oT MA 110 100 A;

MJIaTUHA - UPUIUN - IPEIU3UOHHBIC peie, padoTtaromniue 0e3 IyTrH, 4achkl, pe-
Jie PaArodJIEKTPOHUKH, MOPCKUE M aBTOMOOWJIbHBIE PETYJISATOPHI CKOPOCTH, dJIEK-
TpOOPHUTBBI, TEPMOCTATHI U HArpeBaTe/IM, CUTHAIBHBIC pelie, TeaerpadHbie pelie u
MOKapHbIC CUTHAIIN3aTOPHI;

IUTATHHA - POJUI - TeHEPATOPhI IEPEMEHHOT0 TOKa (MaJIOMOIIHBIC);

TJIaTUHA - HUKEIb - TeledOoHHas U TenerpadHas anmaparypa,

30J10TO - cepedpo, 30JI0TO - cepedpo - MIaTHHA - MIPEIU3UOHHbIE pere, pado-
Taume 0e3 Ayru, u3MEpUTeIbHbIC NMPUOOPHI, TeaeoHHas u TenerpadHas armnrma-
paTypa, CKOJIb3AII1E KOHTAKThI TOTEHIIMOMETPOB B CIIA00OTOYHOM TEXHUKE;

BOJIb()paM - KacCOBBIC ammapaThl, MPEephIBATEIN 3KUTaHUsI B aBTOMOOHIISX
U TPaKTOpax, Macjio ¥ OEH3MHOU3MEPHUTEU, KOHTPOJIbHBIE pelie B aBua Mpuoopax,
pene-peryysiITopbl HaNpspKEHUs. 4achl, TEJIETaumbl, TenerpadHbie pese, 3JIeKTPo-
OpUTBBI, BAKYYMHbBIE HU3KO W BBICOKOBOJIbTHBIC BBIKJIFOYATEIH. SJIEKTPOABI PTYT-
HBIX BBIKJIFOYATEIIEH;

cepedpo - OKCU MEIH - CUILHOHATPY)KEHHbIE KOHTAKTOPhI MIEPEMEHHOTO U
MOCTOSIHHOTO TOKa, aBTOMaTUYECKHE MPEAOXPAHUTENH, TEINIOBO30CTPOECHHUE;

cepedpo - Bosib(hpaM - MarHUTHBIE ITyCKATENW U KOHTAKTOPHI C OOJIBIION
YacCTOTOW BKJIFOUCHMM, BBIKIIIOYATENM OBITOBBIX MPUOOPOB. KHOMKH YyHPABJICHUS,
BBICOKOBOJIbTHBIE BBIKJIIOUATENIM, KOHTAKTHI MOIIHBIX PETYIUPYIONIUX TpaHchop-
MaTOpPOB, TSOKEIOHATPYKEHHBIE peJie, BBIKIIOYATeNd aBUAIIMOHHOTO 000pyI0Ba-
HUS, CTapTEPhl, BBIIPSIMUTEIN TOKA U T. 1.,

MeJlb - BOJIb()paM - MOIIIHBIC MACJISIHbIE W BO3IyIIIHBIE BHICOKOBOJIBTHBIE BbI-
KJIFOYATeNIM, MaJIorabapuTHBIC BHICOKOBOJIBTHBIC BBIKIIIOUATEIN, IBEPHBIC BBIKIIIO-
JaTeIM MOPCKHUX CYJOB, KOHTAKTHI K arlliapaTaM CTHIKOBOM CBapKu, MOIIHBIC Mac-
JISTHBIE BBIKJIFOYATENIM IYTOBBIX MEeUeH U MpeoOdpa3zoBaTeiin TOKa,

MeJlb - MOJIMO/ICH - MaJIOMACIITHHBIE BHICOKOBOJIBTHBIC BBIKITIOUATEIIH .

OTOT psAJ MOXKHO TIPOJIOKUTH, T.K. JJIsl 3aMEHbI KOHTAKTOB W3 CIIJIaBOB OJia-
TOPOJHBIX U MPOCTO JIOPOTHUX METAJUIOB YACTO MCIOJIB3YIOTCS CIUIaBhl, B KOTOPBIX
JAparMeTauibl MPUCYTCTBYIOT B MaJIbIX KOJHMYECTBaX (cepeOpo - MarHuii - HUKEIb,
cepeOpo - MarHuii - HUKEb - IUPKOHUKN U psija ap.). KpoMe Toro, B 3TOM CIIUCKE HE
yKa3aH psiji CIUIABOB U3 0JaropoJHbIXx MeTaioB. C HUMH MOXKHO MO3HAKOMUTBCS
B COOTBETCTBYIOLIEH JIMTEPATYPE.



3.9. [Ipunou, ¢parOChl 1 KOHTAKTOJIBI

[Tpumon, Qirockl, KOHTAKTOJIBI MPUMEHSFOTCS JJIsI CO3aHUS MEXaHUYECKU
MPOYHOTO, TEPMETUYHOTO II1Ba WJIM TIOCTOSTHHOTO JJIEKTPHUECKOTO KOHTAKTa C Ma-
JBIM TIEPEXOHBIM COMpOoTUBICHUEM. [Ipy maiike mpUIion HarpeBaroTCs 10 TEMIIe-
paTypsl MJIaBJICHUS, B 3aBUCIMOCTH OT KOTOPOW WX MPHUHATO JCJIUTH HA JIBE TPYII-
bl - MATKHE W TBepable. K MATKHUM NMPHUNIOSAM - OTHOCSATCS TIPUIION C TeMIIepa-
Typoit mrasnenns 10 300 °C, a k TBepabM - Boime 300 °C. Msrkue mpHmon B oc-
HOBHOM SIBJISIFOTCS OJIOBAHHO-CBUHIIOBBIMU corjacHo ['OCT 21931-76. Ecnu B
npurioe coaepxutcst 1 —5 % cypbMbl, TO OHU HA3BIBAIOTCS CypbMSHUCTHIMU. Hau-
Ooyee pacpoCTpaHEHHBIMU W3 MSTKHX mpunoeB sBistores: [I0C-61, B kotopom
61 % Sn, ocrambHble % - cBuHel (Temmeparypa kpucrammsanun 190 °C, yxemns-
Hoe compotuieHue I = 139 mMxOwm M ); ITOCCy-61-0,5 - 0710BSIHHO-CBUHIIOBBIH,
MaJloCypbMSIHUCTBIN, coaepskamuit 61 % Sn, 5 % cypbsMmbl, octanbHbie % - CBUHEI
(temmeparypa kpucramtusamun 189 °C. ymemsroe comporusienne I = 0,140
MKOM M ); [IOCK-50-18 - npumoii, cogepxaruii 50 % Sn, 18 % kaamus, ocTaiib-
Hble % - cBuHernl (TemnepaTrypa kpuctaumsanuu 145 ° C, ynenbsHoe COnpoTUBIIS-
aue I = 0,133 MkOM M). DT IPUNION TPUMEHSIOTCS JIJIS JIY)KCHHS M TAHKU MOH-
TakHbIX MpoBoaoB (auamerpom 0,05 - 0,08 mwm), ciupaabHBIX MPYKUHOK B DJICK-
TPOU3MEPHUTENBHBIX TPUOOpaxX, PE3UCTOPOB, KOHJCHCATOPOB, TEUATHBIX CXEM U
IIPHU MPOU3BOJICTBE TOIYIPOBOJHUKOBEIX MPHOOPOB, AJIS JIy>)KCHUST M TIAHKHU Tac-
CHUBHOW YaCTH MHKPOCXEM U JPYTUX DJIEMEHTOB, YYBCTBHTEIBHBIX K TEPETPEBY.
CraHIapTHBIMU TBEPABIMU MPHUTIOSIMU SBISIFOTCSI MEAHO-ITMHKOBBIC M CEPEOpSHEIC.
[TepBoie moimkubl yaoBiaeTBopsITh [OCT 23 137-78, a Bropeie - 'OCT 19738-74.
Haubonee pacnpocTpaHeHHBIMU U3 HUX SABISIOTCS cienytomue: [IMII-36 - npu-
oM MEIHO-IIMHKOBBIH, comeprkariuit 36 % Cu, octanbubie % - nuHK (TeMiepary-
pa kpuctammsamuy 950 °C, HCIoNb3yeTces IS MaliKi JIATYHH ¢ COLSP/KAHHEM Me-
i 10 64 % ); TICP- 25 u go IICP-70 - cepeOpsiHbIe MPHIIOH, coaepkaiue ot 25
1o 70 % Ag, menu - ot 40 10 26 %, uunka - ot 35 10 4 % (Temmeparypa Ux KpH-
crayumu3aruu okosio 600 - 750 °C).

JIist malikul alFOMHUHUSL TIPUMEHSIOT cleldajbHble mpunou. 13 Hux nanbo-
nee pactpoctpanens! [1425A (temmeparypa mnasierns 415 - 425 °C), B cocrase
koToporo 19-21% M, 14-16% Cu, 64—-66 % Zn; TICHUJIO (cunymun), co-
crosimmit m3 90—87% Al + 10-13% Si ( Temmeparypa mnasierus 577 °C);
ABHA-1 - cruiaB. B kotopoM coaepxutes 55 % Sn, 20 % Cd, 22 % Zn, (Ttemnepa-
Typa mrasinenns 200 °C). Tpu majike alOMHHHES HH3KOTEMIIEPATYPHBIMH TPH-
nosimu (ABUA-1 u 1p.) ero noBepXHOCTh MPEIBAPUTEIILHO JOJDKHA OBITh TIOKPHI-
Ta Hukenem. Mochopubie npunon mapku M®I| u npoune c comepxanuem Qoc-
dopa B cruiase (Cu - P) ot 8,5 1o 10 %, umeroinue Temneparypy IuiaBicHus 725 -
850 °C, stBistroTCst caMoQ)IIOCYIOIMMECS , T.€. [aiika MU POM3BOIUTCS 0e3 IpH-
MeHeHusl arroca. HemoctaTok ux - XpynkocTh mBa. Ctany He IPUTOIHBI JUIS Taii-
ku. Vcronb3yroTcest Uisl aiiku MEAHBIX, JATYHHBIX, OpPOH30BBIX JAeTajeil, pabo-
TAIONINX B PeKUMaX MaJbIX CTaTHUECKHUX Harpy3ok. MHOTJa B KauecTBE MPHUITOCB
UCTIONB3YIOT YHCThIe MeTaibl. Hampumep, KaaMuii TPUMEHSIOT UIA MalKu U



JY>KE€HUS HUKEJS, YUCTOe 0JIOBO ISl Ty>)KeHUS U Tailku MeIW U €€ CIIaBOB, HU3-
KOYTJIEPOJUCTON CTalM U MJIATUHBI, 2 YUCTAsA Melb - JUIS MalKu HU3KOYTIepOau-
CTOU CTaJli U HUKEIIA.

B kauectBe (IIOCOB HCTIONB3YETCS OYEHb OOJIBIIOE KOJUYECTBO MaTepua-
noB. HazHaveHue (IIOCOB - yJaliTh 3arps3HEHHE M OKCHJIBI C TMOBEPXHOCTU
CIIauBaE€MbIX METAJJIOB, YMEHBIIATh MOBEPXHOCTHOE HATSXKEHUE PACIUIaBICHHOIO
MPUIOS, 3allUIIATh MOBEPXHOCTh METAJIa U MPUIOS B MpPOIEcce MalKu OT OKHUC-
neHus. MaChl MOAPA3IEIAIOTCS Ha HECKOJIBKO TPYIII 10 Pa3IU4YHbIM MMPU3HAKAM.
@durochl, MPUMEHsAEMbIE NPU Tailke MATKUMH NPUIOSIMH B OCHOBHOM C aKTHB-
HBIMH HEOPTAHUYECKUMH BELIECTBAMMU.

AxTHBHBIE (urrockl. K HUM OTHOCATCS:

kauudoub (24 %), xmopucteiii nuHK (4 %), stuaoBbiit cnupt(72 %) - nas
NaKK YePHBIX, IBETHBIX U JparMeTauioB (ocTatku (iroca HEOOXOAUMO YAAJSITh
pacTBOPHUTEIIEM);

kauudoub (16 %), xmopucteiii uHK (4 %), Basenun Texuudeckuit (80 %), -
NPY MaiKe YEPHBIX U IBETHBIX METAUIOB (IIIOB MPOYHBIM, HO TpeOyeT OYeHb TIIa-
TEJILHOW MPOMBIBKH) JIJISL U3/CIIHIA TPOCTON KOH(UTYpanuy;

xmopucthii uHK (1.4 %), tounepun (3 %), coupt stunossii (4 %), Boma
muctruiapoBanHas (91,6 %) - npu maiike IJIaTHHBI, €€ CIUIABOB M HUKENS, C T0-
CIEYIOLIEH TIIATEIIbHONW ITPOMBIBKOU B BOJIE;

dutroC TS TAWKK aTFOMUHHS M €T0 CIUIABOB (XJIOpUCThIN Gapuii —4 %. xiio-
pucthiii Kanuii — 29 %, xnopuctsiii Hatpuit — 19 %. dropucTeiii kanbumii —4 % ) -
naiika npunosimu Mmapku ABUA-1 u ABUA-2.

[Ipu maiike TBepaABIMH NPUIOAMM HCIOJIB3YIOT OOBIYHO HECKOJIBKO MapoK
¢arocoB. Haubonee nonynisipHble U3 HUX:

®70A (temmneparypa riaBienus 370 °C) MpeHa3HAYCH JJIsl MalKu aJIFOMU-
HUSI, €O CIIABOB, KaK MEXIY CO0O0#, Tak M C JAPYIrMMH MeTauiaMH ( XJIOPUCTHIN
kanuit — 33 — 37 %. xnopucteiil utuii —40 —41 %. 60podpTOPUCTOBOIOPOAHBIN
Kaauit — 2 — 29 %);

®800CT (Temneparypa riasinerns 800 °C) mpenHasHaueH s maiiku He-
PPKaBEIOLIUX CTaJIe, dKapOIMPOUYHBIX CIUIABOB JIATYHBIO U IPYTUMU TBEPJBIMU IIPH-
nosimu ( Temneparypa riaszerns 850 - 1100 °C). Takoii mpumoii mpecTaBiseT
cobou Oypy (TerpadopHokucibiii Hatpuii 100 %).

®jr0chl MOTYT OBITH TBEPABIMH BellecTBaMM ( COJH, OKCHIBI, KUCIOTHI),
nacTaMu M pacTBOpaMH cojieil U KUcioT. OueHb 4acTo (uirochbl U3rOTaBIUBAIOTCS
Ha MECTax, I03TOMY U MapKu MAYyT He Mo craHpapraMm. B mapkax (arocoB OyKBbI
o3Havatot: @ - ¢umoc, K - xaaudons, Cn - cnupr, I1 - rronmmddupnas cmona, VY -
yKCyCHasi KUcioTa, M - MypaBbHHAsI KUCIOTA, -X XJIOPUCTHIE COJHU U T.I.

Konrakrosiamu ( MHaYe 3JCKTPONPOBOMASAILIMKA KJIEH) HA3bIBAIOTCS MAaJo-
HU3KUE WM MacTOOOpa3Hble KOMIIO3MIIMM W3 PA3IMYHBIX CHHTETHYECKHX CMOJI,
HCIOJIb3yEeMbl€ B KaueCTBE TOKOIPOBOSIIMX KJIEEB U MOKPbITHI. ToKompoBos-
IIUM HaTOJHUTENEM SIBJISIIOTCS MEJTKOAMCIEPCHbIE TOPOIIKH METaJUIOB WUJIU Tpa-
duTa. nns peryiupoBaHUS BSI3KOCTH HUCHOJB3YIOT pactBoputenu. [lomumepHbie
CBS3YIOIIME OMPEIENSIOT HU3KYIO IJIOTHOCTh, BBICOKYIO MPOYHOCTh U 3JIACTUY-
HOCTb, @ TaK)KE€ XOPOIIME a/Ir€3UOHHBIE CBOMCTBA 3JIEKTPONPOBOASAIINX KOMIIO3U-



Ui, DIEKTpUYECKUEe CBOICTBA OMPEACISAIOTCS CBOWCTBAMHU JUCIEPCHOTO HAIOJI-
HUTEIS - €r0 3JIEKTPONPOBOIHOCTHIO, KOHIICHTpaIue, popMoii U pa3Mepom dac-
tull, B Hacrosiee Bpemst uzBectHo 6osiee 50 TUmoB koHTakToI0B. Hanbosee BbI-
COKOH MPOBOJMMOCTBIO M CTaOUIBHOCTHIO CBOKMCTB 00JAJalOT KOHTAKTOJBI C CO-
nepxkaHueM cepedpa. X HCmonb3yloT Uisl CKICHBAHHS TIOBEPXHOCTEH cepebdpa,
MeaH, cTekia, kepamuku. Eciau cepebpo mpeaBaputenbHO 00paboTaHO pacTBopa-
MU JKUPHBIX KHCJIOT, TO TaKOW KJIEW MCTOIB3YeTCs JJII MOHTaka 3JIEMEHTOB pa-
IVOAJICKTPOHUKH, TaKUX KaK HUTOYHBIC PE3UCTOPHI, (HOTOPE3UCTOPHI U JAPYTHUE
arieMeHThl. HeKkoTopbie BUIIBI Kilesl, IMEIOIIUE BBICOKYIO TEPMOCTOMKOCTh U 0OJIb-
IIOK CPOK CITY>KOBI, MCIIOJIb3YIOTCS B TPOM3BOJCTBE KEPAaMHUECKUX KOHJEHCATO-
pPOB W /Il MOHTa)Xxa MHTErpajbHBIX cxeM. A koHTakton K-20 obmamaer makcu-
MaJIbHOW ISl MOJ0OHBIX MATEPHATIOB 3JIEKTPONPOoBOAHOCTEIO (I = 0,5 MKkOM Mm).
Mapku 1 XapaKTepUCTUKH HEKOTOPBIX MPOBOASIINX KJIEEB MPUBOAATCS HUXKE!

ket Mapku K-17: nanonaurens - cepedbpo, I =1 - 2 MmxOm M, TemriepaTypa
orBepkaeHms 170 - 200 ° C, MakcuManbHasi pabodast Temmeparypa - 200 °C, cpok
CITY>KOBI 6 MecCsIIIEB;

ieit K-20: HamoaHHTENb TOT ke, Temmeparypa otepxkaetms 20 - 80 °C,
MakcHMalbHas pabodast temmeparypa 80 °C, cpok ciryxObI 6 MecsLeB.

3.10. HemeTanmyeckue NMpPOBOAHUKH

HemeTraniuveckue NMPOBOIHMKH, HAalpUMeEp, YIIEPOAHMCTHIE MaTepUaHI,
IIMPOKO HCTIONB3YIOTCS B AJIEKTPOTEXHHUKE. V3 yriIsl M3rOTaBIMBAIOT AJIEKTPOJIBI
UL TIPOXKEKTOPOB, aHOABI TalbBAHUYECKUX D3JIEMEHTOB, MICTKH SJCKTPHUECKUX
MAIlIiH, BBICOKOOMHBIE PE3UCTOPHI, Pa3psiIHUKH JJIs1 TeNe(OHHBIX CETe, a yroib-
HBIC MTOPOIIKH HCIIONB3YIOT B MUKPO(OHAX M B IPOU3BOACTBE HEMPOBOJIOYHBIX pe-
suctopoB. LleTkn nemarot u3 rpadura, KOKca, CaXkd, B KAUECTBE CBSA3KH BBHICTY-
MalOT KaMEHHOYTOJIbHASI U CUHTETUYCCKUE CMOJIBI. JIJISl TTOBBIIICHHS JIEKTPOIPO-
BOJIHOCTH B IIETKAaX YacTO MCHOJIB3YIOT HOPOIIKOOOpa3HbIE METasIbl, MEb C JI0-
0aBkaMy CBHUHIIA, OJIOBa U cepedpa. YTIIepoaucThie MaTepuallbl, KpOME CaXu U
rpaduTa, TpeaBaApUTEIHHO MPOKATUBAIOT IS YIAJICHUS JIETy4YUX KOMIIOHEHTOB,
MOCTIE CMEIIMBAHUS C METAJUIMYECKUM MOPOIIKOM M CBSI3KOW MPECCYIOT 3arOTOBKH
U 3aTeM BBIPE3aroT IETKU. /I MPOYHOCTH IETKU CIEKAIOT B HEOKHCIUTEIbHOM
atmocdepe npu temneparype okoisio 1300 ° C. Hekotopblie BUABI IIETOK MOJIBEP-
rarot rpadurusamun mpu 2500 - 3000 °C B HeokucuTeNBHOI aTMOChEpE, LTS Te-
peBoJia KOKCa M CaXXdl B TpaduT M yJaJIIeHUs] IpUMecei. 3aKIIIOYNTEeNFHON omnepa-
[IUCH SBISETCS MPOMUTKA IMIETOK CMOJIOW WJIM HOCKOM JUIS TIOBBIIICHUS BIIaro-
CTOMKOCTH M CHW)XEHHA Kodpdurmenta TpeHus. [loBbimieHNE MeEXaHUYECKOU
MPOYHOCTH IICTOK U YBEIHUEHHUE AJICKTPOIPOBOTHOCTH JOCTUTACTCS 3a CUET IMPO-
MUTKY IETOK PacIUIaBIEHHBIMUA METaJJIAMHU.

OCHOBHBIE TEXHHUYECKHE MMapaMeTPhl MIETOK: yAeTbHOE COMPOTUBICHUE, J0-
MyCcTUMasl TJIOTHOCTh TOKa, AOMyCTUMAsl JIMHEHHAs: CKOPOCTh. MHOTIa yIUTHIBAIOT
TaKKe TaJICHUE HAMpSHKCHHSI Ha METKaX U yJeIbHOE JTaBIICHUE.



B Hacrosimee BpeMs pasidyaroT HIETKH yroibHO-rpadutoBbie ( YI'), rpa-
¢buthbie (I7), anexrporpadurupoBannsie (OI') u meano-rpadutoBbiec (M u MI') ¢
CoJIepyKaHUEeM TIOPOIITKA MM, IPUBEACHHBIC B TaduIe 3.2).

Tabauma 3.2. [TapaMeTpbl 2IEKTPHUECKUX IIIETOK

Tum metkn VY. conp.,MkOM M | Jlon.mtor.Ttoka, MA/M | Jlom.JiuH. CK.,M/C
I 10- 46 7-11 12-25
I 18- 60 6-8 10-15
aor 10- 45 9-11 25-45
M Ot 0,05 12-20 12-25
MI' o 1,2 12-20 12-25

9J'I€KTpI/I‘ICCKI/IC MMCTKU MPUMCHAIOT B 3JICKTPHUYCCKUX MAIIMHAX PA3JIMYIHOI'O
Ha3HA4YCHUA U MOIIHOCTH, B TOM 4YHCJIC U B 6BICTpOXOI[HBIX MamuHax ¢ KOJIbLaMu
JJIs MoABOAa NJIK CbEMaA TOKaA.

I')TIABA 4. ITIOJIYITPOBOJAHUKH

[TonynpoBOHUKH, BELIECCTBA, dJIEKTPOIPOBOAHOCTh KOTOPBIX MPH KOMHAT-
HOW TemIepaType MMEeT MPOMEKYTOYHOE 3HAYCHHE MEXKIY 3JICKTPOIPOBOJIHO-
cthio MeTauioB (106-104 Om-l cMm-1) u auanexrpukos (10-8-10-12 Owm-l). Xapak-
TepHasi OCOOCHHOCThH MOJYIPOBOJHUKOB — BO3PACTaHHE 3JCKTPOIPOBOJIHOCTH C
pPOCTOM TEMIIEPATyphbl; IPHU HU3KHX TeMIEpaTypax 3JCKTPOIPOBOIHOCTh IOJY-
NPOBOJHUKOB MaJjia; Ha Hee BJIUSIOT CBET, CUIIBHOE AJICKTPUYECKOE TI0JIC, TIOTOKH
OBICTPBIX YACTHIl M T.1. BBICOKas 4yBCTBUTEIBHOCThH 3JCKTPOIMPOBOJIHOCTH K CO-
JepKaHHUIO TpuMecei U 1e(h)eKTOB B KPUCTAILIAX TAakK)Ke XapaKTepHa Ui HOIYIIPO-
BOJHKKOB. K momynpoBogHukaM oTHocuTcst Oosblias rpymma emecTts (Ge, Si u
ap.). Hocutensamu 3apsiia B MOJYIPOBOIHUKAX SIBIISIOTCS 3JCKTPOHBI ITPOBOIUMO-
CTH M JIBIpKH. B uieanbHBIX KPUCTAIaX OHU MOSABJISIOTCS BCEr/ia MapaMH, TaK uTo
WX KOHIICHTpAI[MK paBHbI. B peaqbHBIX KpHCTaIIax, CoAEpIKalIUMX MPUMECH U Jie-
(beKThl CTPYKTYpPbI, PABEHCTBO KOHIIEHTPALUI 3JICKTPOHOB U JBIPOK MOXKET Hapy-
IaThCS U MPOBOJUMOCTH OCYIIECTBISACTCS MPAKTHUECKHA TOJBKO OJHUM THIIOM
Hocutenei. OCOOEHHOCTH MOJYIPOBOTHUKOB OMPEACIIAIOT X MPUMCHEHHE.

4.1 TepMHMHOJIOTHSI M OCHOBHbIE TIOHSITUS

[TonynpoBOAHUKH, WU MOJYIPOBOJTHUKOBBIE COCIMHEHUS, OBIBAIOT COOCT-
BEHHBIMU U IPUMECHBIMH.

CoOcTBeHHbIE MOJYNPOBOAHUKHM - 3TO MOJYNPOBOJHUKUA, B KOTOPBIX HET
npumMeceit (1oHOpoB u akienTopoB). COOCTBCHHAs KOHIIEHTpAIUs Nj - KOHIIEHTPa-
U] HOCUTEJICH 3apsiia B COOCTBEHHOM MOJIYIIPOBOIHUKE (IJICKTPOHOB B 30HE MPO-



BOJAMMOCTH N U JBIPOK B BaJICHTHOM 30HE I', mpudyeM N = p =N;. [Ipu T =0 B co6-
CTBEHHOM TIOJIYIIPOBOJHUKE CBOOOHBIC HOocuTenu OTCyTCTBYIOT (N = p =0). I[pu
T >0 yacTb 31€KTPOHOB 3a0pacChIBAETCS U3 BAJIEHTHOW 30HBI B 30HY MPOBOJIUMO-
CTH. DTH 3JEKTPOHbI U JBIPKH MOTYT CBOOOJHO MEpEeMEIIaThCsl MO IHEpreTuye-

CKUM 30HaM. J[pIpKa - 3TO c0cO0 OMUCaHUs KOJJIEKTUBHOIO JIBHXKEHUS OOJIBIIOTO
23 .3
YKCIIa JIEKTPOHOB (IIPUMEPHO 10 cm ) B HENOJHOCTBIO 3aIOJTHEHHOW BaJICHT-

HOU 30HE. DJIEKTPOH - 3TO YaCTHIIA, ABIPKA - 3TO

KBa3W4acTUIa. DJIEKTPOH MOXKHO HHXKEKTUPOBATh W3 TOIYMPOBOJAHHMKA WIH Me-
Tayula HapyxKy (HampuMmep, ¢ moMomubio GoTodPPeKTa), TbIpKa )K€ MOKET CYIIECT-
BOBATh TOJIBKO BHYTpPH MOJIYTIPOBOTHUKA.

JlerupoBaHue - BBEJCHHE MPUMECH B IMOJYIIPOBOIHUK, B 3TOM Cllydae T0-
JYTIPOBOJAHHUK Ha3bIBacTCS MPUMECHBIM. ECIT B MOMYyMPOBOTHUK, COCTOSIIMA U3
9JIeMEeHTOB 4 rpynnbl ( HAMpUMEp, KPEMHUN WM TepMaHHii), BBECTH B Ka4eCTBE
NPUMECH JJIEMEHT 5 TpyNIbl, TO MOJYYUM JOHOPHBIM MMOJIYNPOBOAHUK (y HEro
Oy/ieT 3JEKTPOHHBIA TUI TMPOBOJMMOCTH), WIN MOJYIPOBOIHUK N-THma. Eciu e
BBECTH B KaUeCTBE MPUMECH SJIEMEHT 3 TPYIIIbI, TO MOIYyYUTCS aKIENTOPHBIN IMO-
JYTIPOBOHUK, 00JIIAI0IHIA TBIPOYHOM MPOBOAUMOCTBIO (p-THIT).

Jiist TOro 9TOOBI UCIIONIE30BATH VISl OTIMCAHUS JIBYKEHUS IIEKTPOHOB U JIbI-
POK B TOJIyIPOBOJHUKAX KIACCHUYECKUE IMPEICTABICHUS, BBOJSATCS TOHATHUS I¢h-
pexmugnpix macc nekmpona U Obipku M.N 1 M.P COOTBETCTBEHHO. B 3TOM Ci1y-
yae ypaBHeHus mexanuku a = F/m*, wmm dp/dt=F, Oyayr cnpaBemiuBbl, eciu
BMECTO MacChl CBOOOIHOTO 3JICKTPOHA (3JICKTPOHA B BAKYyMe) TO B 3TU yPaBHCHHS
noJCTaBUTh 3P PEKTUBHYIO Maccy 3eKTpoHa M.N (p = m.n* v).

Db dexTrBHAs Macca yYMTHIBACT BIHMSHHE IEPHOJUYECKOTO MOTEHIIMANA
aTOMOB B KpPHUCTAJUIE MOJYIPOBOJHMKA Ha JBMKEHHE DJIEKTPOHOB U JBIPOK M OII-
penernsieTcs ypaBHCHUSIMH JTUCTIEPCHUH.



Puc. 4.1 DuepreTrdeckue cXxeMbl MOJIYIPOBOAHUKOB N-THUIIA U p-THUIA
4.2 3oHHAasl CTPYKTYPA NOJYNPOBOJIHUKOB

CornacHo nocrtyiaram bopa sHepreTuyeckue ypoBHU [JIsi DJIEKTPOHOB B
M30JIMPOBAaHHOM aTOME€ MMEIOT JUCKPETHBIE 3HAUEHUs. TBEpAOE TEI0 MpeICTaBIs-
eT coboli aHcaMOJIb OTACJIBPHBIX aTOMOB XHUMHUYECKas CBS3b MEXKIY , KOTOPBIMH
00BEIMHSCT UX B KPUCTALINYECKYIO pemieTky. Eciau tBepaoe Teno coctout mu3z N
aTOMOB, TO JHEPrEeTUYECKHE YPOBHU OKa3bIBaOTCS N- KpaTHO BBIPOKICHHBIMHU.
DIIEKTPUYECKOE TMOJIE S/Iep, WIM OCTOBOB aTOMOB, BBICTYIAE€T KaK BO3MYIICHUE,
CHUMAIOIIIEE 3TO BBIpOXKAEHUE. [[MCKpPETHBIE MOHOPHEPreTUYECKUE YPOBHM aTO-
MOB, COCTAaBJISIFOIIME TBEPIOE TEJIO, PACHICIUISIOTCA B SHEPreTUYecKue 30HbI. Pe-
IIICHWE KBAHTOBBIX YPaBHEHHM B MPUOIMKEHUU CHIHBHOW WM ClIabOW CBS3U JaeT
Ka4€CTBEHHO OJHY U Ty K€ KapTUHY ISl CTPYKTYPbl SHEPTE€TUUECKUX 30H TBEPIBIX
Ten. B 00oux ciyuasx pasperieHHbIe W 3alpelleHHbIe COCTOSIHUS ISl SJIEKTPOHOB
YEepeayTCs U YUCIO COCTOSTHUM ISl DJIEKTPOHOB B PAa3pEIICHHBIX 30HAX PaBHO
YUCITy aTOMOB, YTO MO3BOJISIET TOBOPUTh O KBAa3WHENPEPHIBHOM P - ONPEACICHUN
SHEPreTUYECKUX YPOBHEH BHYTPH Pa3pEIICHHBIX 30H.

Haubonpiiee 3HaueHne 1Sl AJIEKTPOHHBIX CBOMCTB TBEPABIX TEJ UTPAIOT BEPXHSISA
U CJEAyolllasi 32 HEel pa3pellieHHbIE 30HbI PHEPrui. B ToM ciydae, ecinu Mexmay
HHUMH HET SHEPTETUYECKOr0 3a30pa, TO TBEPAOE TEIO C TAKOW 30HHOU CTPYKTYpPOU
SABJISICTCS METAUIOM. EC/IM BeIMUMHA SHEPTreTUUECKON IIEIN MEXKAY STUMHU 30HAMHU
(0OBIUHO Ha3bIBACMOM 3aIPEIICHHON 30HO) OoJbiie 3 3B, To TBepa0e TEo SBIIS-
eTcsl TUAJIeKTpUKoM. UM, HaKoHeIl, eCiii IIMpHHA 3alpelleHHoN 30HbI EQ nexur B



auanaszone (0,1 - 3,0) 3B, To TBepxoe TEa0 MPUHAIICIKUT K KIACCY MOIYIPOBOI-
HUKOB. B 3aBUCHMOCTH OT cOpTa aTOMOB, COCTABJISIOIIMX TBEPJIOC TEIO, U KOHH-
rypanuu OpOUT BaJCHTHBIX 3JICKTPOHOB PEATM3YETCS] TOT WJIM MHOM THIT KPUCTAII-
JUYECKOM PEIICTKH, a, CJICIOBATEIBHO, U CTPYKTypa dHEpreTuieckux 30H. Ha pu-
CyHKe 4.2 TIpUBElICHA CTPYKTypa DHEPreTUYECKUX YPOBHEH B HM30JMPOBAHHOM
aTOME KPEMHHMSI, a TAKXKE CXeMaTH4decKas CTPyKTypa

DHEPreTUYCCKUX 30H, BO3HUKAIOIIMX MPU COJMKEHUU 3THX aTOMOB M o0Opa3oBa-
HUU MOHOKPHUCTANTMYECKOTO KPEMHUS C PEIICTKOW TaK HAa3bIBAEMOTO ajIMa3ollo-
OOHOro THIIA.

BepxHsisi, He MOTHOCTHIO 3aMOTHCHHAS, SHEPreTHYECKast 30Ha B TIOJTYTPOBOTHHKAX
MOJIyYHJIa Ha3BaHWE 30HBI MpoBoauMocTd. Cremyromas 3a HEW SHepreTHyecKas
30Ha TOJyYnJIa Ha3BaHHWE BAJICHTHOHN 30HBI. DHEpPreTHUECKas INeiIb 3allpPEIICHHbBIX
COCTOSTHUH MEXIy STUMH 30HAMH Ha3bIBACTCS 3allPEIICHHON 30HOM. Ha 30HHBIX
auarpaMMax TOJIO)KCHHE JTHAa 30HBI ITPOBOJUMOCTH 0003HA4aroT 3Ha4ukoM Ec, mo-
JIO’)KEHHE BEPIITMHBI BAJICHTHOH 30HBI - EV, a mupuHy 3anpenieHHoi 30861 - Eg.
[TockoJIBKY B TIOJYIPOBOJHHMKAX IIMPUHA 3aNPEIICHHON 30HBI MEHSCTCS B IITUPO-
KOM JHara3oHe, TO BCIACACTBUE 3TOTO B 3HAUYNUTEIBLHOW MEpPE MEHSCTCS MX yJIeib-
Has MPOBOJUMOCTh. [1o 3TOW MpUYMHE TMOJYNPOBOIHUKU KIACCUPUIIUPYIOT Kak
BCIIECTBA, MMCIONIUE NMPU KOMHATHOW TEeMIIepaType YACIBbHYIO DJICKTPHUYECKYIO

- 8 6
IMpOBOAUMOCTSB Y OT 10 a0 10 OM*CM, KOTOpasd 3aBUCHUT B CUJIBHOM CTEIICHU OT

BHJIa U KOJIMYECTBA MPUMECEH, CTPYKTYPHI BEILIECTBA U BHEIIHUX YCIIOBUM: TEMIIE-
patypsbl, ocBelicHus (pagnaliim), SJACKTPUYSCKUX U MATHUTHBIX MOJICH U T.1.

JIJis TUAAeKTPUKOB IIMpUHA 3anpenieHHon 30061 EQ > 3 5B, Bennuuna ynensHoi
- 8
MIPOBOJIUMOCTH Y < 10 Owm. e, yIIEJIBHOE COMPOTHBIICHUE p = 1/y > 10" Om* cwm.

6
JIJist MeTasuioB BEIMYMHA yACIbHOW POBOAUMOCTH Y > 10" Om* cwm.

4.3 Kuakue nmoJynpoBOJHUKH

[InaBineHre MHOTMX KPUCTAJUIMUECKHUX MOJYIPOBOIHUKOB COMPOBOXKIAETCS
PE3KUM YBEIMYEHHUEM HX 3JIEKTPONPOBOIHOCTH Q 10 3HAUEHHM TUIUYHBIX IS
metamuioB (cM puc. S5a). OnHako i psijia noiaynpoBoaHukoB (Hanpumep HgSe,
HgTe u. T. 1.) XapakTepHO COXpaHEHHE WM yMeHbIIeHHe Q TpHU TUTABICHUU U
COXpaHEeHHE TOJYNPOBOJAHUKAMHU XapakTepa TeMIepaTypHoil 3aBucumoctu Q
(cMm puc. 56). Hexoropbie KUAKHE MOJYIMPOBOIHUKU TPU JAILHEHIIIEM IOBBI-
HIEHUH TEeMIIepaTypbl TEPSAIOT MOJYNPOBOJHUKOBBIE CBOWMCTBA U MPHOOPETAIOT
MeTauinieckue (Hampumep, cruiaBel Te - Se, 6orateie Te). CraBsl ke Te — Se,
OoraTbie Se BeayT ce0s MHaye, UX AJIEKTPONPOBOJHOCTh MMEET YUCTO MOJIYNpo-
BOJHHUKOBBIN Xapakrep.

B &uakux MOIyNnpoBOJHMKAX pOJIb 3alpelieHHOW 30HBI UTpaeT o00JacTb
HHEPruu BOJM3M MUHHMYyMa IUIOTHOCTU COCTOSSHUM B SHEPreTUYECKOM CIEKTpe
AJIEKTPOHOB.
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Puc. 4.2 CtpykTypa 2HEpreTu4ecKiuxX ypoBHEHW B M30JMPOBAHHOM aTOME KPEMHUS,
a TaKXe CXEMaTU4ecKasi CTPYKTypa SHEPreTUUECKUX 30H, BO3HUKAIOUIUX MTPU
COJIIDKEHUH ATUX aTOMOB M 00pa30BaHUU MOHOKPHUCTAITMYECKOTO KPEMHHUSI.

HpI/I JO0CTATOYHO FJIY6OKOM MHUHUMYMC B €I0 OKPCCTHOCTH ITOABJISACTCA 30HA
MOYTH JIOKAJIN30BAHHBIX COCTOSIHUM HOCHUTEIICH 3apsaa0B C MaJion IIOABHUKHOCTBIO
(HCCBI.[OIJ.I@JIB). Ecmu IIPpXU MOBBIIICHUUN TEMIICPATYPBI IIPOUCXOINUT KCXJIOIIBIBAHUC »>
HCCBHOM@HCﬁ, )KI/IIIKI/Iﬁ MMOJYTIPOBOJAHUK IMMPCBPAITACTCA B MCTAJLII.

4.4 TIpoBOAUMOCTH NMOJIYNIPOBOTHUKOB

HpI/I MMPUITOKCHUN SJICKTPUYICCKOTO IOJII K OJHOPOAHOMY IMOJYIIPOBOAHUKY B
IMOCJICAHCM IIPOTCKACT BHCKTpI/I‘IeCKI/Iﬁ TOK. HpI/I HaJIMYWN IBYX THUIIOB CBO60}1HBIX
HOCHUTEJIEH - QJICKTPOHOB U ABIPOK - IMPOBOAUMOCTD Y TOJIYIPOBOJHHKA 6y)16T OII-
PECACIATHCA CYMMOﬁ BHCKTpOHHOﬁ g, u I(BIpO‘lHOﬁ gp KOMITOHCHT IIPOBOJINMOCTHU

9=9,+9,- BennunHa 371€KTPOHHOM W ABIPOYHOM KOMIIOHEHT B ITOJIHOW IIPOBOJIH-
MOCTH OIPEIEISACTCS KIIACCHYECKUM COOTHOLIEHUEM: ¢, =M,Ny0; g, =Mp.Q
TJIE M), U ), - IOABMIKHOCTH JIEKTPOHOB M IBIPOK COOTBETCTBEHHO.

JInst 1erupoBaHHBIX MOJYIPOBOJHUKOB KOHLEHTPAIMs OCHOBHBIX HOCUTEJIEH
BCErJa CYIIECTBEHHO OOJBIIE, YeM KOHIIEHTpAIlusi HEOCHOBHBIX HOCUTENEH, IO-
ATOMY MPOBOJIUMOCTh TAKUX TMOJYNPOBOAHUKOB OYACT OMPEACISITHCS TOJBKO KOM-
MMOHEHTOW MPOBOJAMMOCTH OCHOBHBIX HOcHTenei. Tak, s MOoJynpoBOAHUKA N-
TUIA

9=9,+%+9, =9,



BCJ'II/I‘II/IHa, 06paTHa${ YHGHBHOﬁ MMpOBOAMMOCTH, HA3BIBACTCA YACJIBHBIM COIIPO-
TUBJICHUEM .

31ech p - yAeIbHOE CONMPOTUBICHHUE, OOBIYHO H3MepsAeMoe B eauHuiax [Om cm].
JI1s TUNWYHBIX MOJYIIPOBOJHUKOB, MCIOJb3YEMBIX B MPOU3BOJICTBE MHTETPajb-
HBIX CXEM, BEJIMYMHA YCIbHOTO COMPOTUBICHUs HaxoauTes B r = (1-10) Om cm.
[Tomyuaem p= -1 -
Y n un an I n N Dq
MPOBOJHUKE N- TUNIA B YCJIOBUSIX MOJHOM HOHU3AIMU JIOHOPOB, paBHAs KOHIICH-
Tparuu cBOOOJHBIX 3JIEKTPOHOB N, .

, TAC - KOHHOCHTPAIOUsA OOHOPOB B IIOJY-

B otpacneBbIx cTaHgaprax s MapKUPOBKH MOJYIPOBOJHHMKOBBIX IUIACTHH
OOBIYHO HCIOJIB3YIOT CIeAyIollee CoKpalleHHoe o0o3HaueHue tumna: KO®d-4,5. B
ATUX 0003HAUEHHUAX TMEPBbIe TpU OYKBHI 0003HAYAIOT Ha3BaHHME MOJYNPOBOIHUKA,
THUIl IPOBOJUMOCTH, HaUMEHOBaHUe Jierupytomed npumecu. Ludper nocne 6yks
03HAYyaroT yJEJIbHOE CONPOTUBIICHNUE, BBIPAKEHHOE BO BHECUCTEMHBIX €AMHUIAX, -
Owm cm. Hampumep, I'’/1A-0,2 - repManuii, JbIpOYHOTO TUIA MPOBOJAUMOCTH, JIETH-
POBaHHBIN AFOMUHUEM, C YACIbHBIM conpoTuBiienueMm r = 0,2 Om cm; KO®-4,5 -
KPEMHUM, AJIEKTPOHHOTO THIIA TMPOBOJAUMOCTH, JIETMPOBaHHBIM (dochopoMm, ¢
yIEIbHBIM conpoTuBieHueM r = 4,5 OM cwm.

4.5 IlpumecHasi NPOBOANMOCTD

OnuH U TOT ke TOJIYITPOBOJHHUK 00J1aiaeT JIUOO0 DJICKTPOHHOMU, MO0 ABIPOY-
HOU MPOBOJAMMOCTBIO - 3TO 3aBUCUT OT XMMHYECKOTO COCTaBa BBEACHHBIX MpUMeE-
ceil. [Ipumecu oka3bIBalOT CHJIBHOE BO3JIEUCTBHE HA JIEKTPONPOBOAUMOCTD MOJIY-
MIPOBOJIHUKOB. TaK, HAMPUMEP, THICAYHBIC JOJU TPOILEHTOB MPUMECEH MOTYT B
COTHHU TBHICSY pa3 YMEHbBIIUTh UX COMPOTHUBICHHE. ITOT (AKT, C OAHOU CTOPOHHI,
yKa3blBa€T Ha BO3MOXXHOCTb HM3MEHEHHUE CBOMCTB MOJYHPOBOJAHHKOB, C JAPYTOM
CTOPOHBI, OH CBUJETENBCTBYET O TPYAHOCTAX TEXHOJOTMH IPHU U3TOTOBIIEHUU IO-
JYTIPOBOJIHUKOBBIX MAaTEPHAJIOB C 3a/IaHHBIMU XapaKTEPUCTUKAMH.

PaccMmarpuBasi MexaHu3M BIIHMSHHS TIPUMECE Ha 3JEKTPOIPOBOJUMOCTH IMO-
JYTIPOBOJIHUKOB, CIIETyeT pacCMaTpUBaTh JABa Clyvas:

Inekmponnas npoeooUMocms

JloGaBka B repMaHuii nmpumecei, O0raThIxX 3JIEKTPOHAMU, HAITPUMED MbIIIbSIKA
WM CYPBbMBI, MIO3BOJISIET MOJYYUTh MOITYIPOBOJIHUK C 21€KMPOHHOU NPOEOOUMO-
CHbI0 VUTH TIOJYTIPOBOTHUK N - TUMA (OT JIATUHCKOTO CJIOBA KHETATHUBYC» - KOTPH-
HaTesbHbINY). [IpuMecu co3aarolme Takyro JIEKTPOIPOBOUMOCTh HAa3bIBAIOT JI0-
HOpPaMH.

Hvipounasa npoeooumocmao
JloGaBKka B TOT kK€ T€pMaHUN aMIOMUHUS, TaJUIUs WM UHIUS CO3/1aeT B KpHUCTAJLIe
M30BITOK JIBIPOK. Torjga moaynpoBOJAHUK OyJeT 001anath JblPOUHOU RPOEOOUMO-
CH1b10 - TIOTYTIPOBOJIHUK P - TUIIA.

JIbIpoYyHAasi MPpUMeCHAsl 3JIEKTPONPOBOIUMOCTh CO3/1a€TCS aTOMAMH, UMEIO-




IMUMHN MCHBIICC KOJINMYCCTBO BAJICHTHBIX 3JICKTPOHOB, YEM OCHOBHBIC ATOMBI. I1o-
IIO6HBI€ IMPUMCECHU HA3BIBAKOTCA aKIICTITOPHBIMH.

4.6 Toku B MOJTyNPOBOJHUKAX

HpOBOﬂI/IMOCTB, a, CJICAOBATCIIBHO, U TOK B ITOJYIIPOBOJHHUKAX 06yCﬂOBHeHBI
ABYMs THUIIAMHU CBO6OHHBIX HOCHTEJIEMH. KpOMe 9TOT0 TAKKC CCThb ABC IMPUYNHBI,
06yCﬂaBJII/IBaI'0H_[He IMOABJICHUC J3JICKTPHYCCKOI'O TOKA - HAJIUYHUC IJICKTPUYICCKOTO
IMOJII U HAJIMYUC T'PaAUCHTA KOHICHTPAUN CBO6OHHBIX HOCHUTEJIEH. C YUCTOM CKa-
3aHHOTO MJIOTHOCTH TOKA B MOJNYNIPOBOJHMKAX B 00lLIeM ciyuyae OyleT cyMMoil ye-
ThIPCX KOMIIOHCHT.

j:jp +jn = jpE +jpD +je oo
rae J — IIOTHOCTh TOKA, | - ApeiioBas KOMIOHEHTA 3JIEKTPOHHOIO TOKA, j o -
nu(y3HOHHAsT KOMIIOHEHTA 3JICKTPOHHOTO TOKa, j, - ApeldoBas KOMIIOHEHTa

JBIPOYHOrO TOKQ, |, - AU(P(y3MOHHAs KOMIIOHEHTA JBIPOYHOTO TOKA.

BBIpa}KeHI/Ie JJIA K&)KIIOﬁ N3 KOMIIOHCHT TOKa AACTCA CJ'ICI[YIOH_II/IMI/I COOTHO-
ICHUsSIMU.
_an =qu,nE=vy E;
Joe = Ou,PE =7v,E;

- dn

=-aD —
JnD q n dX
= dp
JpD _-qu dX!

rae D, - koapdumment muddy3un 371€KTPOHOB CBSI3aHHBIM C MOABUKHOCTBHIO

KT
QJICKTPOHOB M, COOTHOIICHUCM Dn =—m,. AHanornyHple COOTHOIICHUS CymecT-

BYIOT JuIst KOO(QdupenTos quddys3un IeIpok D, K IMOJBUKHOCTH JBIPOK M.

4.7 Ucnoab30BaHue MOJYNPOBOIHUKOB

Haubonee BaxkHbIe 11 TEXHUKH MOJYNPOBOJIHUKOBBIE MPUOOPHI - TUOJIBI,
TPAH3UCTOPbI, TUPUCTOPHI OCHOBAHbI Ha HCIIOJIb30BAHMM 3aMEYaTENIbHbIX Mare-
PHAJIOB C IEKTPOHHOW WIIM IBIPOYHOM MPOBOAUMOCTBIO.

[IInpokoe NpUMEHEHUE NOJIYIPOBOJAHUKOB HA4yajoCh CPABHUTEIBHO HeE-
JaBHO, a cevac OHU MOJYYMIIM OYEeHb IIKMPOKoe npuMeHeHue. OHu npeodpasyror
CBETOBYIO U TEIJIOBYIO SHEPrUI0 B JJIEKTPUYECKYIO M, HA0OOPOT, C MOMOIIBIO
AIIEKTPUUYECTBA CO3/IAI0T TEIJI0 U XoJoA. [lomynpoBoaHMKOBBIE TPUOOPHI MOKHO
BCTPETUTH B OOBIYHOM pPAJMONPUEMHHUKE M B KBAaHTOBOM T€HepaTope - Jia3epe, B
KpOILIEYHOW aTOMHOM OaTapee ¥ B MUKpompoueccopax. MHxkeHepsl HE MOTYT 00-
XOJUThCS 0€3 MOITYNPOBOIHUKOBBIX BBINPSMUTENCH, MepeKItouaTeNe u ycuinre-
Jed. 3aMeHa JIaMIIOBOM amnmaparypsl MOJYHIPOBOJHUKOBOM MO3BOJIWIA B JIECATKU
pa3 YMEHBIIUTh rabapuTbl U Maccy d3JEKTPOHHBIX YCTPOWMCTB, CHU3UTh MOTPEO-
JSEMYIO UIMU MOIITHOCTb M PE3KO YBEIMYUTH HAJEKHOCTD.



4.8 IMoaynpoBoAHUKOBBIE JUOAbI

[TonynpoBOAHUKOBBIM JUOJOM Ha3bIBAIOT HEJIWHEWHBIA DSJIEKTPOHHBIN
npubop ¢ AByMs BbIBOJaMH. B 3aBHCHMMOCTHM OT BHYTPEHHEH CTPYKTYpbl, THUIIA,
KOJIMYECTBA M YPOBHS JIETMPOBAHUS BHYTPEHHUX AJIEMEHTOB JMOJA W BOJIbTaM-
MEPHON XapaKTEPUCTHKU CBOMCTBA IMOJYMPOBOJHUKOBBIX JMOJIOB OBIBAIOT pa3-
JUYHBIMU. B naHHOM paszene OyQyT pacCMOTPEHBI CIEAYIOLIUE THUIBI MOIYIPO-
BOJHHUKOBBIX JTMOJIOB. BBHIMPAMUTENbHBIE JUOJbI HA OCHOBE p-N mepexona, cradu-
JUTPOHBI, BapUKaIbl, TYHHEJIbHbIE U OOpAIll€HHbIE JTUOIbI.

4.9 XapakTepucTHKHN H1eaJbLHOI0 AN0/1a HA OCHOBE P-TI Iepexo/a

OCHOBY BBINIPSIMUTENBHOIO JIMO/A COCTABJISIET OOBIYHBINA 3JIEKTPOHHO-
IOBIPOYHBIA mepexol. BonpTaMmnepHass xapakTepucTUKa TaKOro JAHO0Ja UMEET SIPKO
BBIPA)KEHHYIO0 HEJIMHEMHOCTh U ONHCHIBAETCS YpaBHEHUEM. B mpsMoM cMmemeHun
TOK JIM0Jla MHXKEKIIMOHHBIN, OOJIbIION MO BEIMYMHE U MPEACTaBIseT coOor aud-
(Gy3MOHHYIO KOMIIOHEHTY TOKa OCHOBHBIX HocuTeneul. [lpu oOpaTtHOM cmeleHuu
TOK JIM0/1a MAJCHbKUU MO BEJIMYMHE U MPEACTaBIAECT cOO0M NpeilhoByr0 KOMIIO-
HEHTY TOKa HE OCHOBHBIX HOCUTEJEH. B cOCTOSTHMM paBHOBECUSI CyMMAapHBI TOK,
oOycioBIeHHbIH TU(PY3MOHHBIMU U ApeiH()OBBIMU TOKAMHU AJIEKTPOHOB U JIBIPOK,
PaBEH HYJIIO.

JJe- s( e 1)’ J=d oo
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Puc. 4.3 [1apameTpbl ®) |ow
HOJIyTIPOBOJHUKOBOIO TMOJIA

Jliis aHanu3a IpUOOPHBIX XapaKTEPUCTHUK BBITPSIMUTEIHLHOTO U0 BaXKHBIMU SIB-
JSA0TCS Takue AuddepeHIMaIbHbIC TapaMeTPhl, Kak KO3POUIIUEHT BBITPAMICHHUS,
XapaKTePUCTUIHBIC COMPOTUBIICHUS M €MKOCTH JHOJa B 3aBHCHMOCTH OT BBIOOpa
paboueil TOUKH.

4.10 Tpaun3ucropsbi
Bbunonapuoiii mpanzucmop npencTaBiseT coOOH MOIYNPOBOIHUKOBBIN

puOOp, COCTOAIIMNA U3 TPEX 00JIACTeM ¢ YEpEeAYIOIMMUMUCS THUIIAMH 3JIEKTPOIPO-
BOJIHOCTH, IPUTOJIHBIN JJISI YCUJIEHUSI MOIITHOCTH.
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OTH 00JIACTH PA3NENIAIOTCS ICKTPOHHO-IBIPOYHBIMH TIepexoaamMu (-1 re-
pexogamu). OcOOEHHOCTh TPAH3UCTOPA COCTOUT B TOM, YTO MEXIY €ro 3-I Tepe-
XO0JJaMHU CYIIECTBYET B3aUMOJIEUCTBHE - TOK OJTHOTO M3 3JEKTPOJOB MOXKET YIpaB-
JSATH TOKOM Jpyroro. Takoe ympaBiieHHE BO3MOXKHO, MIOTOMY YTO HOCHUTENU 3apsi-
11a, TH)KEKTUPOBAHHBIE Yepe3 OJUH U3 3-11 MEPEX0I0B MOTYT /10 APYroro rnepexo/a,
HAXOJISIIErocs Mo 0OpaTHBIM HAPSHKEHUEM, B U3MEHHUTD €0 TOK.

Kaxxapiii u3 mepexomoB TPaH3UCTOPa MOXKHO BKJIIOYHTH JTHOO B MPSIMOM,
7100 B 0OpaTHOM HarpaBjeHUH. B 3aBUCUMOCTH OT 3TOT0O pa3auyaroT TPH pexuma
paboTHI TPaH3UCTOPA:

1. Pe:xum oTceukH - 00a 3-7 nepexoaa 3aKPbIThl, IPU ITOM Yepe3 TPAH3UCTOP
OOBIYHO UAET CPABHUTEIHLHO HEOOJBIION TOK;

2. Pe:kxuM HachIleHHs - 00a 3-71 Tepexo/ia OTKPHITHI,

3. AKTHBHBIH Pe:KUM - OJIUH U3 3-]1 IEPEX0JI0B OTKPHIT, & IPYTON 3aKPHIT.

B pexxnMe oTceukn M peKMME HACHIIICHHS YIMPaBICHHUE TPAH3UCTOPOM
MOYTH OTCYTCTBYET. B akTMBHOM peXHMe TaKoe YIPaBJICHHUE OCYIIECTBISETCS
Hanbonee 3hPeKTHBHO, MPUUEM TPAH3UCTOP MOXKET BBHITIOTHATH (YHKIIUH aKTUB-
HOTO 3JIEMEHTA 3JIEKTPUUYECKOU CXEMBI.

OO6uacTh TpaH3UCTOpA, PACIOJOKEHHAs MEXAY NEepexoJaMH Ha3bIBaeTCs
oazoit (B). Tlpumbikaromue Kk 6a3e 001acTH Yale BCEro Jeaal0T HeOAUHAKOBBIMH.
OpaHy Y3 HUX U3TOTOBJISIOT TakK, YTOOBI U3 He€ Harbosee 3PHEKTUBHO MPOUCXOIH-
Ja MHXKEKIUs B 0a3y, a JAPYyrylo - Tak, 4TOObl COOTBETCTBYIOLIMN MEpexoj Hau-
JY4YIIUM 00pa30oM OCYIIECTBISUT AKCTPAKIUIO MHKEKTHPOBAHHBIX HOCHUTENEH U3
6a3pl. O0nacTh TPAH3UCTOPA, OCHOBHBIM HA3HAYEHHEM KOTOPOU SIBISIETCS] MHXKEK-
IIUsI HOCUTENeH B 0a3y, Ha3bIBAIOT 2Mummepom (), a COOTBETCTBYIOIIUI TIEPEX0.T
SMUTTEpPHBIM. OOIaCTh, OCHOBHBIM Ha3HAUYEHUEM KOTOPOH SIBISETCS SKCTPAKIUCH
HocuTenel u3 6assl - koutekmop (K), a mepexo KOJUICKTOPHBIM.

Ecnu Ha I nepexoze HampsikeHue npsimoe, a Ha K nepexojae obpatHoe, TO
BKIIIOUEHHE TPAaH3UCTOpPA CUUTAIOT HOPMAIBHBIM, TIPH MPOTUBOMIOIOKHON TOJISIP-
HOCTH - HHBEPCHBIM.

OCHOBHBIE XapaKTEPUCTUKU TPAH3UCTOpA ONPENEISAIOTCS B MEPBYIO OYe-
peab mpoleccamu, MPOUCXoIdluMu B 0aze. B 3aBuUcHMMOCTH OT pacmpeeieHus
npumeceil B 6aze MOXKET MPUCYTCTBOBATh WJIM OTCYTCTBOBATH 3JIEKTPUYECKOE IO-
ne. Eciu mpu OTCYTCTBUM TOKOB B 0a3€ CyIIECTBYET AJIEKTPUUYECKOE T0JIe, KOTOPOE
CIIOCOOCTBYET JIBH)KEHHUIO HE OCHOBHBIX HOCHUTeNed 3apsiaa or J k K, TO TpaH3u-
CTOp Ha3bIBAIOT JIpei(oBBIM, €CIU ke Moje B 0a3e OTCYTCTBYET - Oe3npeitoBbIit

(muddy3uonHbIif).



Ilpunyun pabomusl mpanzucmopa

Korna xirou pa3oMKHYT, TOK B 1ienu smutTepa () orcyrcTByeT. [Ipu aTOM
B nenu kosuiektopa (K) umeercss HeOOMBINONM TOK, Ha3bIBAEMBIH OOPATHBIM TOKOM
K u o6o3Havyaemblii | k60. ITOT TOK OYEHBb MaJl, TaK KaK MpU 0OpaTHOM CMEIICHUH
K nepexona noreHuua bHbld 6apbep BEIUK M HEMPEOIOJIUM JUIsl OCHOBHBIX HOCH-
TeJel - IBIPOK KOJIEKTOpa U CBOOOAHBIX 31eKTpOHOB 0a3bl. K nerupoBan npume-
ChIO 3HAUMUTENILHO CUJIbHEE, yeM 0a3za. BeneacTBue 3Toro He OCHOBHBIX HOCUTENEH
B KOJUJIEKTOPE 3HAUUTEIBLHO MEHbIE, 4eM B 0asze, u oOpaTtHbiii Tok K co3maéres
IJIaBHBIM 00pa30M HE OCHOBHBIMHM HOCHUTEJISIMU : JIbIpKaMH, TeHEpUPYEMbIMU B 0aze
B pe3yJIbTaTe TEIJIOBBIX KOJeOaHUM, U AIeKTpOHaMu, reHepupyembiMu B K.
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3aMbIKaHHE KJIIOYa B LIENU J MPUBOJUT K IMOSBICHUIO TOKA B 3TOW LEIMH,
TaK KaK CMEILIEHUE IMUTTEPHOrO P-N Mepexoia B IPSIMOM HAMNPABICHUU IMOHUKAET
MOTEHIMAJIbHBIN Oapbep NS IBIPOK, nepexoAsmux u3 J B b, u s 351eKTpoHOB
nepexondamux u3 b B 3. Mbl paccMaTpuBaeM TONBKO JABIPKU TaK KaK TOJIBKO OHU
CO3JAI0T MPUPALIEHUE KOJUIEKTOPHOTO TOKA. ['OBOPAT, YTO IBIPKU MHKEKTHUPYIOT-
csi B 6a3y. B 6a3e 0OBIKHOBEHHOT'O TPaH3UCTOPA IEKTPUUECKOE MOJIE OTCYTCTBYET,
MIO3TOMY JaJbHEWIEE NBUKEHUE HHKEKTUPOBAHHBIX ABIPOK OINpPENEHseTCS Mpo-
neccom quddy3un. Tak kak TonmuHa 6a3bl TPAH3UCTOPA MHOTO MEHbIIE JJTUHBI
cB0OOHOTO TTo0era JbIpKU 10 PEKOMOUHAIMH, TO O0JIbIIAs YaCTh HHKEKTUPOBAH-
HBIX JIBIPOK JIOCTUTAET KOJUIEKTOPHOIO Mepexoia, 0iaronapsi 4eMy KOJUIEKTOPHBIH
TOK ycuiuBaeTcs. JIuiib oueHb HeOoJIbIIasi YacTh AbIPOK PEKOMOUHUPYET.

I')IABA 5. DEPPOMATHETU3M
5.1 Ilpupona ¢peppomarseruzma

Bo3HHKHOBEHUE MAarHUTHBIX CBOMCTBY (P€PPOMArHETUKOB CBSI3aHO C MX
JOMEHHBIM CTpOeHHUEM. JJoMeHBI - 3TO 00J1aCTH CaMONPOU3BOILHON HAMarHUYEH-
HOCTH, BOBHMKAIOIINE JaXKE€ B OTCYTCTBUU BHEIIHETO MATHUTHOTO MOJISA, B KOTO-
PBIX MATHUTHBIE MOMEHTBI aTOMOB OPUEHTHUPOBAHBI MTapaJUIEIIBHO.

ATOMBI UM MOHBI IPUOOPETAIOT MATHUTHBIA MOMEHT, KaK MPaBUIIO, €CITU
OHHM UMEIOT HEKOMIIEHCUPOBAHHBIE CIIMHBI 3JIEKTPOHOB. Hanpumep, B atTomax xe-
je3a Ha BHyTpeHHel 3d — 000s10uKke UMeeTCsl YeThIpe HEKOMIICHCUPOBAHHBIX CITH-
Ha. Tak Kak caMOnpOU3BOJIbHAS HAMAarHUYEHHOCTh OTHOCUTCS K BHYTPUATOMHBIM
SBJICHUSAM, TO €€ IPUPO/IA MOXKET ObITh YCTAHOBJIEHA TOJILKO Ha OCHOBE KBAHTOBO
— MEXAHUYECKUX MOHITHUH.



[To S.N.®penkento u B. ['eitzenbepry riaBHyto poiib B BOSHUKHOBEHUHU
(beppOMarHUTHOIO COCTOSTHUIO UTPAIOT CUJIbI OOMEHHOI'O B3aUMOJCHCTBUS MEKIY
aTOMaMH, UMEIOIINE KBAHTOBBIM XapakTep U N0 IPOUCXOKICHUIO SBIISIOLINECS
AIEKTPOCTATUYECKUMHU.

OHepruio A, BO3HUKAIOUIYIO B pe3ysbTaTe 0OMeHa JIEKTpOHaMU 0OMeHa
AIEKTPOHAMU POJICTBEHHBIX aTOMOB, HAa3bIBAIOT OOMEHHOM 3HEeprueil Win uHTe-
rpajgoM oOMeHHOM sHepruu. [Ipu monoXUTeTbHOM HHTErPaJIoM 0OMEHHOM 3Hep-
ruu A Ha pucyHke 9.1, 4TO COOTBETCTBYET MUHUMYMY 3JIEKTPOCTATUYECKON dHEP-
I'MH, BOZHUKAET MapajulielibHas opueHTauus crnuHoB. [Ipu oTpuniatensHoM 3Hake A
DHEPreTUYECKU BBIIOJHO AHTHUIIAPAIIJIEIBHOE PACIIOIOKEHUE CIIMHOB. YHCIIEHHOE
3HAUYEHHUE U 3HAK MHTErpaia A 3aBUCUT OT CTENEHU MEPEKPHITUS JIEKTPOHHBIX
000JI0Y€K, TO €CTh 3aBUCUT OT PACCTOSHHS MEXIYy aTOMaMH.

+A
KobaneT
Hwkene
FapofuHun
2 a/d
Dravedl

A Xpom

AHTUcEeppo- ®eppo- MapamarHeTuk
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Puc.5.1 3aBucuMocTh UHTETpaia OOMEHHOUM SHEPTUU A OT OTHOIICHUS MEX-
aTOMHOTO PACCTOSIHUS a K TUaMEeTpy He3aroIHEHHON dIIEKTPOHHON o0onouku d

Ha pucyHke noka3zaHo M3MeHEHHE UHTerpajia OOMEHHOW SHEPruu B (PyHK-
LMY OT OTHOLLIEHUSI MEKATOMHOTO PACCTOSHUS K TUAMETPY HE3allOJIHEHHOU JJICK-
TpoHHoi 060mouku d. [Tpu nmepexone a/d > 1,5 npoucxoaut nmepexoa ot antudep-
POMArHUTHOTO COCTOSIHUA K (heppPOMAarHUTHOMY. JTa 3aBUCUMOCTH TTO3BOJIMIIA
O0OHapY>KUTh (peppOMarHeTU3M y CIIaBOB MapraHia ¢ HepeppoOMarHuTHBIM BHUC-
MYTOM, CYpbMOM, CEPOM U T.A.

XO0Ts MaKCUMyM OOMEHHOT'O B3aUMOJECHCTBUS B MeTaJlJlaX HOCUT OoJiee
CIIOXHBINA XapakTep, ueM 3To ciaeayet u3 reopun Openkens — ['elizendepra, nan-
Hasl TeOpHUs MO3BOJISET KAYECTBEHHO OOBACHUTH MPUYUHY HE3aMOJHEHHBIX BHYT-
PEHHUX 3JIEKTPOHHBIX 000JI0UEK, PAIUYC KOTOPBIX JOJIKEH OBITH Majl IO CpaBHE-
HUIO C PACCTOSIHUEM MEKY SIAPAaMU B PELIETKE.



5.2]loMeHHasi CTPYKTypa

Kaxxaplif peanbHblii MATHUTHBIN MaTepuai pa3/esieH Mo BceMy o0beMy Ha
MHO>KECTBO 3aMKHYTBIX 00J1aCTeil — TOMEHOB, B KaXKJIOM M3 KOTOPBHIX CAaMOIPOU3-
BOJIbHAsi HAMAarHMYEHHOCTh 0JIGHOPOHA M HAMpaBJieHa MO OJJHOM U3 OCe JIErKoi
HAaMarHW4YEHHOCTH.
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Puc. 5.2. Crenka bioxa

Takoe cOCTOSTHHE SHEPTETUYECKH BBITOJJHO U KPUCTAILI B LIEJIOM HEMAarHu-
T€H, TaK KaK MarHUTHbIE MOMEHTBI IOMEHOB OPUEHTUPOBAHHBI B MPOCTPAHCTBE
PaBHO BEPOSATHO. MeX Iy COCEIHUMH JOMEHAMHU BO3HUKAIOT TPAHUYHBIE CIIOU
(ctenku bioxa). BHyTpu JOMEHHBIX CTCHOK BEKTOPBI HAMArHWYCHHOCTH TUIABHO
MMOBOPAYMBAIOTCS HA pUCYHKE 5.2. O0BEM TOMEHOB MOXET KOJeO0aThCs B IITUPO-
kux npegaenax or 10 qo 10 °cm3.

[IupuHa rpaHull MEXy aHTUNAPAIUICIbHBIMU JOMEHAMHU JIJIS JKele3a
13:10°°m, To0 ectb okosio 500 smeMeHTapHbIX sueeK. ToNIIMHA TPAHHIIBI 3aBUCHT
TJIaBHBIM 00pa30M OT COOTHOIIICHHS dHEPTH: 00MEHHOI. MarHuTHOM, aHU30TPO-
MMM ¥ MarHUTOYINpyroil. Pa3mMepsl caMux JOMEHOB 3aBUCSIT OT HEMETAIUIMYECKUX
BKJIFOUEHUH, TPaHUIl 3€PEH, CKOIUICHUI JUCITOKAIMNA U APYTUX HEOJIHOPOIHOCTEN .
OOBIYHO TOMEHBI UMEIOT MPABUIBHYIO (PopMy.

Ha pucynke 5.3 nmokaszana ujaeanu3upoBaHHasi IOMEHHAsI CTPYKTypa KpHu-
CTaJUIMYecKoro heppoMarHeTHka.

JloMeHHas CTPyKTypa MOJIMKPUCTAJIa IPUBEICHBI Ha pUCYHKE 5.4.

B mMarHuTHbIX MaTepuanax, npeIHa3HaueHHbIX ISl YCTPOUCTB 3aUCU U
XpaHeHUs1 UHPOPMAIINH, CO3/Ial0TCS U30JUPOBAHHbBIE IMJIMHIPUIECKUE MArHUT-
ueie omensl (LM /). Ha Puc.5.4 nokazansr LIM/] B TOHKOI MarHUTHOMN IJICHKE.
Emkoctb otaensHoro IIM/] - anemenTta MokeT gocturath 10°0uT. B oTcyTCTBHM
BHEITHEr0 MarHUTHOTO 1oJis cmenienne B [IM/] — Marepuanax foMeHHasi CTPYK-

Typa
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Puc. 5.3. Waeanu3zupoBaHHasi JOMEHHAs! CTPYKTypa KPUCTAIUTMYECKOTO
dbeppomarseTuka

Puc. 5.4. JlomeHHas CTpyKTypa MOJIUKPUCTAIIA

5.3 CtpykTrypa (peppoMarHeTHKOB

deppoMarHeTUKH B OCHOBHOM KPUCTAJUIM3UPYIOTCSA B TPEX TUIAX PEIIETOK:
KyOM4€eCKOM, MPOCTPAHCTBEHHOM, KyOM4eCcKoil 00beMHO-IIEHTPUPOBAHHON U I'eK-
COHOJILHOM, MOKa3aHHOM Ha PUCYHKE O.D.



3aBucumoct B=f(H) moka3piBatoT, 4T0 KPUCTAIUIBI SIBJISTFOTCS MAarHUTOA-
HU30TponHbIMU. Ha pucyHke 3Ta 3aBUCMMOCTB MOKa3aHa s kene3a. Hampasie-
HUSl HAMarHM4YMBaHUS yKa3aHbl B KBaJpaTHBIX ckoOKax. [Ipu oTcyTCTBUU BHEII-
HETO MOJII BEKTOPhl HAMarHM4YMBaHUs PACIOJIaratOTCs B JIETKOM HANPABICHUM.
[Inomanp, 3aKIFOUeHHAs: MEK1y KPUBBIMH JIETKOTO U TPYJTHOI'O HAMAarHM4YMBaHUSA,
MPOIOPLMOHATBHA SHEPTUH, KOTOPYIO TpeOyeTCs 3aTpaTUTh Il U3MEHEHUs Ha-
MIpaBJEHN HAMarHUYMBAHUS OT JIETKOTO J10 TPYAHOTO.

DHEPrHIO €CTECTBEHHON KPHCTAILIOrPapuIECKOd MarHMTHON aHU30TPOIIUH
—E, XapaKTepu3yroT KOHCTaHTaMH KPUCTALIOrpadMIeCcKoli MarHUTHOM aHU30TPO-
nuu. JIns KyOu4eckoro Kpucrasuia
Ey =Ky, +K, g X3 + 0 mé +0L§ xag) + K, xafa; m;,
rae Ko, Ky, Ko — KOHCTaHTBI KprcTamorpagu4eckoil MArHUTHOW aHU30TPOIINHY;
a,,0,,05" HaIlpaBJEAIOIUC KOCUHYCBI BECKTOPpAa HAMArHMYCHHOCTH 110 OTHOIOCHUIO K

ocsiM X, Y, Z pebep Kybda.
5.4 MarHuTOCTPUKIHOHHASA JAedopManus

OT10 00paTMOE U3MEHEHUE (POPMBI U pa3MEPOB o0pasLia Mpu NEPEXoe
deppomarHeTrka uepe3 Touky Kropu npu oTCYyTCTBHM BHEIIHETO MMoJis (caMoIpo-
U3BOJIbHASI MATHUTOCTPUKIIMS) U TIPY BO3JICHCTBUY BHEIIHETO TOJIsI HA heppomar-
HeTUK npu T<T,.

CyMmMy 3HEprui Kpuctayiorpapuyeckoil MarHUTHOW aHU30TPOIUU U Mar-
HUTOYIIPYI'OM Pe3ybTaTe MarHUTOCTPUKIIMK HA3bIBAXOT YIHEPIUEH MarHUTHOU
aHU30TPOIIHH.

5.5MarHuTHasi IPOHMLAEMOCTD

B TCXHHUKC I/ICHOHL3yeTCH HCECKOJIBKO ACCATKOB BHUJ10B MaFHHTHOﬁ HpOHI/I-
HacMOCTU B 3aBUCHUMOCTU OT KOHerTHBIX HpI/IMeHeHI/Iﬁ MArgamuTHOI' O MaTepHaﬂa.
MaFHI/ITHaH I/IHIIyK]_II/IH nu HaHpH)KCHHOCTB T10JI5 B HSOTpOHHOﬁ cpeﬂe CBs3a-
HBI HpOCTBIM COOTHOIIICHHUECM
B=mH,
rac ma - a6COJIIOTHa$I MAardymuTHas HpOHI/IL[aeMOCTB, XapaKTepI/I?)y}OH_IaSI MAromuTHBIC

CBOWCTBA CPEJIbI.

CpaBHHMBas MarHUTHOE I0JIE TOKA B ITPOBOJIE, PACTIOJIIOKEHHOM B TAaHHOU
cpelie U B BaKyyMe, YCTaHOBUJIM, YTO B 3aBUCUMOCTH OT CBOWCTB Cpejibl (MaTe-
puaia) moJje mojsydyaercs 00jee MHTCHCUBHBIM, YeM B BakyyMme (IlapaMarHUTHBIC
MaTepHabl), Wik HA00OPOT, MCHEE MHTCHCHBHBIM (JIMaMarHUTHBIC MaTCPUAIIBI).

Takum 00pa3oM, HHTEHCUBHOCTh MarHUTHOTO TOJIA, T.€. MHAYKLUS B, 3aBU-
CUT OT CpeJlbl, B KOTOPOU CYLIECTBYET IOJIE.

AOGCom0THas MarHuTHasE MPOHUIIAEMOCTh BaKyyMa Ha3bIBA€TCSl MarHUTHOU
noctosiHHOU M, . B cucteme CU 11 Hee npuHATO 3HaYeHUE M) =4p X0’ Om-c/Mm.
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Puc.5.5. AHM30TpOMNHSI MATHUTHBIX CBOWCTB JKeJe3a

AOGCOIOTHYIO MAarHUTHYIO MMPOHUIIAEMOCTh PA3IUYHBIX MAaTEPUATIOB U CPEl
CPaBHUBAIOT C MATHUTHOU MOCTOSIHHOW. OTHOIIIEHHE a0COIIOTHOM MarHUTHOM
MIPOHUITAEMOCTH KaKOro-1n00 MaTepuasia K MarHUTHOM MOCTOSIHHOW Ha3bIBACTCS
MArHUTHOM MPOHUIIAEMOCTHIO I (MM OTHOCHUTEIBHON MarHUTHOW MPOHUIIAEMO-
CTBIO), TaK YTO

m=m,/m,.

MarnuTHasi IPOHUIIAEMOCTh — OTBJICUCHHOE YMCIIO. JIJIsi TMaMarHUTHBIX
MartepuainoB u cpe W <1, marmpumep, st meau nm=0,999995. [[ns nmapamaraut-
HbIX MaTeprasioB p>1, Hanpumep s Bo3ayxa n=1,0000031. [Ipu TexHudecKux
pacyeTax MarHUTHas MPOHUIIAEMOCTh IMaMarHUTHBIX U MapaMarHUTHBIX MaTe-
pHUAJIOB U Cpel MPUHUMAETCS PaBHOM €IMHHUIIC.

VY dbeppoMarHUTHRIX MaTEpPHUAIIOB, UTPAIOIINX UCKIIOUYUTEIBLHYIO POJIb B
AIIEKTPOTEXHHUKE, MATHUTHAS TIPOHUIIAEMOCTh JIOCTUTAET JECATKOB THICSY U 3aBU-
CUT OT MarHUTHBIX CBOWCTB MaTepuaja, TeMIepaTypbl, HHTCHCUBHOCTH MarHMT-
HOTO TOJIs, T.€. BETUYUHBI MHAYKIIUW WU OT BETUYUHBI HANTPSKEHHOCTH MAarHUT-
HOTO TOJISI.

3aBucuUMOCTh p = F(H)okazaHa Ha puc.5.5 . HauanpHas u MmakcumaiibHas
MIPOHUIIAEMOCTH SIBJISIOTCS] YACTHBIMH CITy4assMH HOPMaJIbHOM MPOHUIIAEMOCTH

; B B>XM, ke
rnH = —_, n‘}w = VAR
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IIpyn 0HOBpEMEHHOM BO3JACHCTBUY HAa MAarHUTHBIM MaTepuas IOCTOSHHOTO
H, 1 H MarHuTHBIX MOJIEH U OOBIYHO, MPHU YCIOBUU H << H, BBOJST MOHSATHE
auddepeHanbHON IPOHULIAEMOCTH My,
1 dB
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Puc.5.6 3aBHCHMOCTH MarHUTHOH IIPOHUIAECMOCTH [T OT HAIIPSIXKCHHOCTH
MarauTHoro mnojis H

3aBucumocTb N =F(T). Xapakrep 3TOH 3aBUCUMOCTH pa3iinyeH B CIa0BbIX,
CPEIIHUX U CWJIbHBIX MOJsaX. Jns m,,, npu T, HaOIIOJaETCs YE€TKO BhIPAKEHHBIH

MaKCHUMYM, CIJIaKUBAIOIIMICS TIPU YBEJIIMUYCHUU HANPSKEHHOCTH T0JIs1 HA pPUCYH-
ke 5.3. Bo3pacranue m,,, 00BbsICHSIETCS TEM, YTO MPU HArPEBAHUU OOJIeryaeTcs

CMCHICHNUC NOMCHHBIX I'PAHUIL U ITIOBOPOT BECKTOPOB HAMAIrHUYCHHOCTHU JOMCHOB.
I'maBHBIM 06pa30M N3-3a YMCHBIICHHA KOHCTAHT MATHUTOCTPUKIIUNA U MarHuTHOM
AHU30TPOIINH. VYMeHb1IeHNE m,,, IIPpHU BBICOKUX TEMIICpATypax CBA3LIBACTCs C

PE3KUM YMEHbIIIEHUEM CIIOHTAaHHON HAMarHM4E€HHOCTH JJOMEHOB.
5.6 IloTepu B MarHUTHBIX MaTepuajiax

B NMCPCMCHHBIX IMOJIIX IINTOMAAb IICTIHU THCTCPC3UCA YBCIINYNUBACTCSA 3a CUCT
IMOTCPb HA THCTCPEC3UC P 5 1 JOIIOJTHUTCJIBHBIX ITOTCPb P - Takas neTss Ha3bpIBaeT-

Cs IMHAMHUYECKOM, a CyMMapHbI€ MOTEPH MOJHBIMU WK CyMMapHbIMU. [loTepu Ha
THCTEPE3UC, OTHECCHHBIC K eIMHHUIIE 00beMa MaTepHraiia (YaeIbHbIC OTEPH).

g B
P, = — JIox/v3.
[Tpu nepemaranuuBanuu ¢ yactoroit f (I'm)
f ey xdB
P, = 'giB , Br/kr,
g

rac g - IJIOTHOCTb MaTrcpualia, KI‘/M3.
[ToTepu Ha BUXpEBbIE TOKH JIJISl TUCTOBOTO 0Opasiia
2£2p2
p o L64d%’BY,
B g>f 1



rae By, -aMIUIUTyJa MarHuTHOM uHaykuuu, Ti; f - yacroTa mepeMeHHOro ToKa,
['m; d - TonmuHa JIKCTa, M; ¢ - IDIOTHOCTD, KI/M3; I - yIeIbHOE 3JEKTPOCONPOTHB-
snenue, OMM
JIOTIOJTHUTEIbHBIC TOTEPH WIIH MTOTEPH Ha MATHUTHYIO BSI3KOCTh (MAarHHUT-
HOE IMOCJIeICCTBHE) 00BIYHO HAXOIAT KaK Pa3HOCTh MEXKIY MOJHBIMU MTOTEPAMHU
Y CYMMOM NTOTEPh HA TUCTEPE3UC U BUXPEBBIE TOKU
P, =P- (P, +P,)
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Puc.5.7 3aBuCMMOCTh MarHUTHOM MPOHUILIAEMOCTH L OT Temneparypbl T
H,<H,<H,<H,
H,- COOTBETCTBYET [ ,q, H,~ COOTBETCTBYET 00JIACTU HACHIIICHUS

MarnuTHas BA3KocTh J, =J, (t) 3aBUT OT BPEMEHHU JIEMCTBUS MAarHUTHOTO
noJid. J npu BKJIIOYEHUH MarHuTHOro noiist H 6picTpo nocturaer 3Hauenus J;, a
3aTeéM CO BPEMEHEM BO3PACTaeT B COOTBETCTBUU C (POPMYJIION

3 (©) = 3, (1- exp(- Ut/7)),
riae Jn — HAMarHM4eHHOCTh NMpu t® ¥ , t - BpeMs penaKcaluu.

Ha pucynke 5.4 nokazaHa 3aBUCUMOCTb HANPSKEHHOCTH MAarHUTHOTO MOJIS
Y HAMArHWYEHHOCTU OT BPEMEHM JACHCTBUSI MArHUTHOTO MOJs. B MarHuTOTBEp-
IBIX MaTepuajgax BpeMs t MarHUTHOM PENAKCallMM MOKET TOCTUTaTh HECKOJIBKUX
MHUHYT. Takoe sIBJI€HUE Ha3bIBAIOT CBEPXBA3ZKOCTHIO.

TaHreHc yria MarHUTHBIX OTEPh UCIOJIB3YETCS B IEPEMEHHBIX NOJIAX. Ero
MOYHO BBIPAa3UTh YEPE3 IMAPAMETPhI SKBUBAJICHTHOW CXEMBbI, IOKa3aHHOW HA pUC-
HKe D5.5. UHIyKTUBHYIO KaTYIIKY C CEPJICYHUKOM U3 MAarHUTHOIO Marepuasa
MIPEICTABIISAIOT B BUJE TIOCIEA0BATENbHON CXeMbl U3 HHAYKTUBHOCTU L M aKkTuB-
Horo conpotuBienus R. [Ipenedperas coOCTBEHHON €MKOCThIO U CONPOTHUBIICHU-
eM 0OOMOTKHU KaTylIKH, MOJIy4aeM
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Puc.5.8 3aBucuMocTs HaMarHu4MBaHus J MAarHUTHOTO MaTepHraia oT Bpe-
MEHHU JIEUCTBUSI MAarHUTHOTO moJIA t

5.7 DlleKTpU4YecKue CBOMCTBA MATHUTHBIX MATEPUAJIOB

YIICJ'IBHOC QJIICKTPUUCCKOC COIMMPOTUBJIICHUC I MCTAJUNIMYCCKUX MArHUTHBIX

MaTepuagoB 3aBUCUT OT COCTaBa M HAMPABJICHUS HAMAarHUYEHHOCTH 1O OTHOIIIE-
HUIO K HalpPaBJICHUIO JIBIXKECHUS 3JIEKTPOHOB MPOBOAUMOCTH. DICKTPUUECKUE
cBoiicTBa Texuuueckux Fe, Co, Ni nmokaszans! B Ta0muue 5.1.

Tabnuna 5.1. XapakTepuCTUKU HEKOTOPHIX MaTepuasoB

MaTepHaJl P, MkOMMm TemneparypHblii KO3(pUuuHEHT dJ1eK-
TPUYECKOro conpoTuBJienusi, 10° K™
Fe 0,097 (20°C) 6,2
Co 0,32 (500°C) 13,8 (500°C)
Ni 0,68 (0-100°C) 6,7
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Puc.5.9. Cxema 3amernieHust a) ¥ BEKTOpHas uarpamma 0) WHAYKTUBHON
KaTYILIKHU C CEPACYHUKOM M3 MarHUTHOTO MaTepHalia

‘:. _— ._,_.--"'
Puc.5.10 Kpucrannuueckasi CTpyKTypa HalpaBJIeHHs! TUIOCKOCTH,
HCpHGHI[PIKYJ’ISIpHOﬁ JICTKOI'O U TPYAHOT'O HAMAIroHM4nBaHUA

B 4ncThIX MOHOKpUCTAIIHUEKUX 00pa3ax MeTauioB HabIogaeTcs 3HaU-
TeNbHAS aHU30TPONHSI SJIEKTPOCONPOTUBIICHHS. Tak, B MOHOKpHUCTAIIaX KOOalb-
ta B HarnpasieHuu ocu C I, = 0,103 MxOm M, a B 3T0# ocu I ,= 0,055 MmxOm M
MOHOKpHCTaJUIa KoOaabTa M0 PUCYHKY 5.6.

B ¢eppurtax 1mo cpaBHEHHUIO ¢ METAUTUYECCKUMH (hepPOMArHETHKAMHU YACITb-
HOE AJIEKTPUIECKOE COTPOTHUBIIEHUE MHOTO BBIIIE, COTIOCTABUMO C I MOJIYIPO-
BOJIHUKOB M MOYKET MEHATHCS B IIMPOKKX TIpeieiiax B 3aBUCUMOCTH OT COCTaBa,
THUIIA YJIEMEHTOB CTPYKTYpBI, Buaa npumeceii. Tak mis Gepputa uTTpus yaeabHOe
conporusiieare 10*°-10%Om M, s depputa vukens 10°- 10° Om-m, aist heppu-
ta mutus 1-10 OM-M. DHeprusi aKTUBAIUK POBOJAUMOCTH (HEPPUTOB HAXOTUTCS B



npeaenax 0,2 - 2 3B. B deppurtax yacto HabmogaeTCs MOIApOHHAs (IPBIKKOBA)
MIPOBOIUMOCTb, OOYCIIOBJICHHAS IIEPECKOKOM JIOKAJTM30BAHHBIX YJICKTPOHOB M3
OJIHOTO COCTOSIHUSA B Jipyroe. [1oJaspoHbI — KBa3M4acTHUIIbI, 00pa30BaHHBIC JIOKA-
JU30BaHHBIMHU Ha MOHAX AJICKTPOHAMHU BMECTE C OKPY’KAFOIIMM HMX IOJIEM IOJISIPH-

3anuu. B cirydae moiaspoHOB Majio pajuyca SHePTHsi HOHU3AIUH IPUMECHOTO IICH-
tpa 0,2-0,6 5B.

5.8 Knaccndukanusi MAarHUTHBIX MaTepUAJIOB

Bce BC€IICCTBA MPHU PACCMOTPCHUN MATIHUTHBIX CBOMCTB IIPUHATO HA3bIBATH
MarHeTukaMm, Koraa OHu CIIOCOOHBI 104, HeﬁCTBHCM MAarguTHOI'O I10JIA an/Io6pe—
TaTh MArHUTHBIA MOMEHT (HaMaFHI/I‘IHBaTLCH).

IIo cBOMM MarHUTHBIM CBOMCTBAM MArHETHKH moApasaACiIAOTCA Ha TpU OC-
HOBHBIC I'PYIIIIbI. ATMAMAarHCTHUKH, ITapaMarHCTUKU, (i)epp0MaFHeTI/IKI/I.

KonmuecTBeHHOM XapaKTepHCTHKOﬁ HaMarom4cHHOI'O COCTOAHMHA BCIICCTBA
CIY’KUT BCKTOpHAA BCIIMYMHA — HAMAT'HUYCHHOCTD J.

I[I/IaMaFHeTI/IKaMI/I Ha3bIBAIOTCA BCIICCTBA, KOTOPHIC HAMAIrHUYUBAIOTCA BO
BHCIIHCM MAIrHMTHOM IIOJIC B HAIIPABJICHUH, IIPOTHBOIIOJIOKHOM HAIIPpABJICHUIO
BCKTOpa Mar HUTHOU UHAYKIOHUH I10JIA. K JUaMara€TuKaM OTHOCATCA BCIICCTBA,
MAarouTHbIC MOMCHTEI ATOMOB, MOJICKYJI UJIK NOHOB KOTOPBIX B OTCYTCTBHC BHCII-
HCTO MArivMTHOTO ITIOJIA PaBHBI HYJIIO. I[I/IaMaFHCTI/IKaMI/I ABJIAOTCSA MHCPTHBLIC TI'a-
3blI, MOJICKYJISIpHBIP'I BOOOpPOA M a30T, UHK, MCIb, 30JI0TO, BUCMYT, Hapa(i)I/IH u
MHOT'HC APYTUC OPraHNYCCKUC U HCOPIraHNYCCKUC COCOANHCHUA .

B ClIy4ac OTCYTCTBUA MAIHUTHOTO IIOJIAA OUAMATHCTUK HCMAIrHWUTCH, IIO-
CKOJIBKY B JdHHOM CJIy4d€ MAI'HUTHBIC MOMCHTHI 3JICKTPOHOB B3aMMHO KOMIICHCH-
PYIOTCH, U CYMMapHBIﬁ MarHuTHBIM MOMEHT aToMa PaBCH HYJIIO.

Hap;u:[y C JMaMaronTHBIMH BCUICCTBAMH CYIICCTBYIOT U MapaMarHUTHBIC
BCIICCTBA, — BCIICCTBA, HAMAIrHUYUBArOIIHUECCA BO BHCIIHCM MAI'HHUTHOM IIOJIC IIO
HaIlPaBJICHUIO IIOJIA. v ImapaMariuTHbBIX BCHICCTB IIPU OTCYTCTBHMHU BHCIONHCI'O Mar-
HHUTHOI'O ITIOJISI MArHUTHBIC MOMCHTBI 3JICKTPOHOB HC KOMIICHCUPYIOT APYT Apyra, U
ATOMBI (MOJ'ICKYJIBI) IMapaMari€TUKOB BCCTa O6HaﬂaI-OT MargouTHbIM MOMCHTOM.
OI[HaKO BCJICACTBHUC TCILJIOBOT'O MABWIKCHHA MOJICKYJI HMX MArHUTHBIC MOMCHTLI
OPUCHTUPOBAHBI 6GCHOpHI[O‘IHO, IMO3TOMY IMApaMArHUTHBIC BCIICCTBA MAIHHUTHBLI-
MH CBOMCTBaMM HE O6HaﬂaIOT. HpI/I BHCCCHHUU MAPAMATIHCTUKOB BO BHCIIHCC Mar-
HHUTHOC II0JIC YCTAHABJIMBACTCA NMPCUMYIICCTBCHHASA OPHUCHTAIIUA MATIHUTHBIX MO-
MCHTOB aTOMOB IIO ITOJIFO (HOJIHOﬁ OpHUCHTAIIHH MPCIITCTBYCT TCIINIOBOC IBUKCHHUC
aTOMOB). Takum o6pa30M, mapaMarui€TuK HaAMAaron4iumBacTCA, CO3JaBasd cOOCTBEH-
HOC MAroMTHOC II0JIC, COBITAJAIOIICC I10 HAIIPABJICHUIO C BHCUIHUM IIOJICM U YCHU-



nuBatomee ero. IIpu ocimabaeHUM BHENTHETO MAarHUTHOTO TOJIS JI0 HYJIS OpPUCHTA-
IIUs. MATHUTHBIX MOMEHTOB BCJICJICTBHE TEIUIOBOTO JIBM)KCHHSI HapyIIAeTCs W Tia-
paMarHeTHK pa3MarHHYUBaCTCS.

OcoOplif KJTacC MarHeTUKOB OOpa3yroT BEIIECTBa, CIHOCOOHBIE O0JIaAaTh
HAaMarHMYECHHOCTBIO B OTCYTCTBUHM BHEITHETO MarHUTHOTrO mojs. ITo cBoeMy Hau-
OoJiee pacrmpoCTpaHEHHOMY MpECTaBICHHUIO (KeIe30) X Ha3bIBalOT (eppomar-
HeTukaMu. DeppoMarHeTHKaMH Ha3bIBAIOTCS TBEPJBIC BEIIECTBA, 00JIaaroIIHe
IPU HE CIHUIIKOM BBICOKHX TeMIIepaTypax CaMOIPOM3BOJIbHOM (CIOHTAHHOW) Ha-
MarHM4YeHHOCTBIO, KOTOpasi CHJILHO M3MEHSCTCS O] BIMSHUEM BHEIIHMX BO3JICH-
CTBUH — MarHUTHOTO TOJIA, NehopMaIiK, U3MEHEHHS TeMIepatrypbl. deppomMarue-
TUKH B OTJIMYMC OT CJIA0OMArHUTHBIX JMa- M IMApaMarHETHKOB SIBIISTFOTCS CHUIJIBHO-
MarHUTHBIMU CPEJIaMU. BHYTPCHHEE MarHUTHOE T0JIe B HUX MOXET B COTHH U ThI-
CSTYM pa3 MPEBOCXOAUTH BHeNTHee moJie. deppoMarHuTHBIC MaTepUaibl B OOJIBIION
WM MCHBIIICH CTENEeHH 00JIaJal0T MarHUTHOW aHW3OTPOIHCH, T.€. CBOWCTBOM Ha-
MarHU4MBaThCS C PA3IMYHONW CTEICHBIO TPYJAHOCTH B Pa3IMYHBIX HAMPABICHUSX.
MarauTHble CBOMCTBA (heppPOMArHUTHBIX MAaTEpPHAIOB COXPAHSIOTCS JIO TEX IIOp,
MOKa X TeMIlepaTypa He JOCTUTHET 3HAaueHWs, Ha3piBaeMoro toukoi Kropu. Ilpu
TeMIlepaTypax BbIlie TOUkH Kropu dheppoMarHeTuk BeneT ceOsi BO BHEITHEM Mar-
HUTHOM TIOJIE KaK IapaMarHuTHoe BemiecTBO. OH HE TOJIBKO TEpseT CBOM (eppo-
MarHUTHBIC CBOWCTBA, HO Yy HEro M3MEHSETCS TEINIOEMKOCTH, 3JICKTPOIIPOBOIH -
MOCTh U HEKOTOpBIC Ipyrue GU3HYECKHE XapPaKTEPUCTHKHU. [Ipr HaMarHUYMBaHUH
(beppOMarHeTHKOB MPOUCXOIUT HEOOJIBIIOC M3MEHEHUE WX JIMHEHHBIX Pa3MepoB,
T.€. YBEJIUYCHHE WM YMEHBIICHUE MX JJIMHBI C OJHOBPEMCHHBIM YMCHBIIICHHEM
WIM YBEIIMYCHUEM ITONIEPEYHOTO CEUCHUS. DTO SBJICHUE HA3bIBACTCS MATHUTOCT-
PUMKIMEH, OHO 3aBUCHUT OT CTPOCHUS KPHUCTAUIMYECKOW penieTKH (peppoMarHeTu-
ka. DeppoMarHeTHKU NP TeMIlepaTypax HWke Touku Kropw 00yamaroT crioHTaH-
HOW HaMarHUYCHHOCTHIO HE3aBUCHUMO OT HAJIMYUS BHEITHETO HAMArHWUYWBAIOIIETO
noyis. OgHako MHOTHE (EeppOMArHUTHBIE MaTEPHAbl MPU TEMIIEpAaTypax HUXKE
Touku Kropu He HAMarHU4CHEI.

IIpu OTCYTCTBMM BHEIIHETO MAarHUTHOrO IMOJ MAarHUTHBIE MOMEHTBI OT-
JEJIbHBIX ATOMOB OPUEHTUPOBAHBI XA0THUYECKH M KOMIICHCUPYIOT APYT JApyTa, Mo-
ATOMY PEe3yJbTUPYIOIIUNA MarHUTHBIM MOMEHT (peppoMarHeTuka paBeH HYJIO, T.e.
dbeppoMarHeTHK He HAMarHU4eH.

BHemiHee MarHuTHOE MOJiI€ OPUEHTUPYET MO MOJIK0O MAarHUTHBIE MOMEHTHI HE OT-

ACJIBHBIX aTOMOB, KaK B IMAPpaMArHCTHUKE, a LCIIbIX o0jacTel CIIOHTAHHOM HaMmar-



Hu4yeHHoctu. [loatomy ¢ pocrom H Ha-

Jd
MarHu4eHHocts J pucyHok 5.11 u wmar-
deppoMarHeTUK
] S : HUTHAsI MHAYKIHA B yxe B caObix mosix
: pacTeT JOBOJBHO OBICTPO.
napamarHeTnx [Tokazannoe Ha pucysnke 5.11 namarauuu-
]
' BaHHe Takoro oOpasia (peppoMarHeTuk) B
]
: MarHUTHOM TIOJI€, HampsDKeHHOCTh H Ko-
Hiac H
""" TOpPOTO MEJJICHHO
AnaMarHeTuk
Puc.5.11 KpuBbie 3aBUCHIMOCTH YBEIIMYUBACTCS, IPOUCXONT 32 CUET IBYX
HAMarHWYCHHOCTH OT Hamps- MIPOIIECCOB: CMEIICHHS TPAHMI] TOMEHOB U
’KEHHOCTH MarHUTHOTO TOJIS BpAIllEeHUs] MATHUTHBIX MOMEHTOB JIOMECHOB.

Hpouecc CMEIICHUA I'PaHUI AOMEHOB IIPUBOJUT K POCTY pPasMCpPOB TEX

AOMCHOB, KOTOPBIC CAMOIIPON3BOJIbHO HAMAIrHWUYCHBI B HAIIPABJICHUAX, OIM3KUX K

HAIIPaBJICHUIO BCKTOPaA H. Hpouecc Bpall€¢HUsI MArHUTHBIX MOMEHTOB /IOMEHOB

1o HampaBlieHHI0 H urpaet OCHOBHon pOJIb TOJNIBKO B 00JacTH, OMU3KON K HACHI-
mienuto (T.e. mpu H Omuskux k Hs). JlomycTuM, 4TO KOJIBIIEBOW MarHUTOIPOBO/
u3 (heppOMarHUTHOIO MaTepHajia He HAMarHW4eH M TOKa B BUTKaX KaTyIIKH HET,
T.c. B=0 m H=0 (mauano koopaunar Ha puc. 5.12). IIpu mocTeneHHOM yBeInYe-
HUM HaMarHU4YuBaromiero toka, T.e. MJIC (Marauro - ABHXKYyIIas Cuja), a CIeno-
BaTEJIbHO, M HAMPSHKCHHOCTH TOJS OT HYJS J0 HEKOTOPOro HAauOOJBIIEro 3Hade-
HUSI MarHUTHasI UHAYKIWS YBEIHMYMBACTCS MO KPUBOM HAuaIbHOTO HaMarHWMYUBA-
Hust (Oa) U TOCTUTAET COOTBETCTBYIOIICTO MAaKCHMaJIbHOTO 3Ha4yeHus B,. Ecnu
3aTeéM TOK M HANpsOKEHHOCTh TOJIS YMEHBIIAIOTCS, TO W MarHWTHAs WHIYKITHS
YMEHBIIACTCSI, MPH COOTBETCTBYIOIIMWX 3HAYCHUAX HAMPSHKCHHOCTH MAarHUTHAS
WHAYKIWS HECKOJIbKO OOIbIe, YeM MpH yBEIWYCHUH HampsokeHHocTH. KpuBas
U3MEHCHUs MarHUTHOW MHAYKUWH (y4acTok a6 Ha pucyHke 5.12) pacmonaraercs
BBIIIIE KPUBOWM HadaJIbHOTO HaMarHWYMBaHus. [Ipu HyJIeBBIX 3HAYCHHSIX TOKA U Ha-
NPSDKEHHOCTH TIOJII MarHUTHAsE MHIYKIMS UMEEeT HeKOTopoe 3HaueHue B, Ha3bI-
BaeMOe OCTaTO4YHOW wuHAyKIuen (orpe3ok 06 Ha pucyHke 5. 12).



Taxkum oOpa3oM, MarHUTHasl UHTYKIIUS
B (eppOMarHUTHOM MaTepHuaje 3aBU-
CUT HE TOJIbKO OT HANpPsKEHHOCTH
Mojsi, HO W OT NPEAIIECTBYIOUIETO
cocTosiHUSL  (peppomarHeTuka. ITO

SABJICHHUC HA3BIBACTCA T'HCTCPC3NCOM

Ono 00yCJIOBJIEHO Kak OBl
BHYTPCHHHM TPCHHEM, BO3HHKAIOIIUM
pH U3MCHCHHH OpHEHTAITUU

MAar"diuTHbIX MOMCHTOB JOMCHOB.

[ 4

HpI/I U3MCHCHHUUN HAIIPABJICHUS HaA-

MarHM4MBaroNIero TOKa, a,
CJIEZIOBATEIBHO, U HAIIPABJICHUS

Puc.5.12 KpuBas usmenenus HaIpsHKEHHOCTH T10JIS U

MarHUTHOW MHIYKIUU MOCTETICHHOM YBEJMYEHUH TOKa

0o0paTHOTO HaINpaBJICHUs HAIPSIKEHHOCTh MOJS JOCTUTaeT 3HadyeHust H ., Ha3bI-
BaeMOro KOAPUUTUBHOM  cujior (oTpe3ok O6), IpU KOTOPOM MarHWTHAas MHIYK-
nus B=0. Ilpu nanpHeiiiieM yBEJIMUYEHUHM TOKA W HANPSKEHHOCTHU TOJISI MAarHUTO-
MPOBOJI HAMArHUYMBAETCS B MPOTUBOIOJIOKHOM HANpPaBICHUU U MPU HAIPSIKEH-
HocTtu nosit H =-H 5 MarauTHas UHAYKIUS JOCTUTHET 3HauyeHus B, =-B,. 3a-
TEeM MPH YMEHBIIEHUU TOKA U HANPSKEHHOCTH IOJIS 10 HYJIsl MAarHUTHAsI WHYK-
nusa B, cranoButcs paBHOU -Bg. Hakoner, mpu cienyroiieM U3MEHEHUH HaIpaB-
JIEHUs TOKAa U HANpPsHKEHHOCTU TIOJIA U YBEIWYEHUs €€ J10 IpekHero 3HaueHus H,
MarHuTHas MHAYKIWS YBEJIMYUTCS TakKXKe JI0 TpexHero 3HadeHus B,. Paccmort-
PEHHBIN UK MepeMarHuuYuBaHus (eppoMarHeTuka Mo KpuBoi adBraea Ha3bIBa-
€TCS THCTEPE3UCHBIM  IMKJIOM (IeTJIel rucrepesuca).

Takast cuMMeTpUYHas 3aMKHYTasl TMETJs THCTepe3rca Mo pUCYHKY 5.12 mo-
Jy4daeTcsl B JCUCTBUTEIBLHOCTH TOJBKO IMOCJIE HECKOJBKHX MEepEeMarHUYMBaHUU C
yBEJIUYEHUEM ToKa 10 3HadyeHus |,. [Ipu mepBbIX HUKIaX nepeMarHUYUBaHUSI
MeTJs HeCUMMETPHUYHAs U He3aMKHyTasi. Hanbombinas 3aMKkHyTas MeTiis, KoTopas
MOXKET OBITh IMOJy4YeHa Il JaHHOTO (eppPOMArHUTHOTO MaTepuasa, Ha3bIBaeTCs
npenensHoil  Ha pucyske 5. 13. Ilpu nanpspkernnoctu nonsg H > H 5« momyuda-

eTCs yKe 0e3rHCTepe3rCHbIN yuacTok kpuBoi B(H).



Ecmu mist manHoTO (heppOMarHUTHOrO MaTepuaja, BEIOMpas pa3jIuvHbIe HAanOOJIb-
e 3HAYCHUs TOKa | 5, MONIy4YnTh He-
CKOJIBKO CHMMETPHYHBIX TETENb THUC-
Tepe3nca MO PHUCYHKY 5.13 u coemu-

HHUTH BCPIIHUHBI TICTCJIb, TO IIOJIYYUM

Ipeoernas KpUBYIO, HAa3bIBAEMYIO OCHOBHOU

nemiA KpHBOfI HaMaromiumBaHUuA Omu3-

KYIO K KpHBOfI Ha4YaJIbHOI'O HaMarHHu-

YUBaAHUS.
[Mukanueckoe repeMarHuyMBaHue
oCHOBHAs KDUBASL MO>XHO MNPUMEHHUTH JJIsI pa3MarHu4u-

HamdacHU4Yuearu:
BaHWsg  Mar"turTorpoBoaa, T.C. JIIA

YMEHBIIECHUSI OCTATOYHON MHAYKIUU O
HyJIeBOro 3Ha4eHUsA. C 3TOU LEIbIO
Puc.5.13 I'ucrepe3ncHble NETIN PU MarHuTONPOBO/I MOJIBEPTAIOT BO3IEHUCT-

Pa3JIMYHBIX TOKAX HAMArHUYHUBaAHUA BHIO UBMCHAIOIICTOCA I10 HAIIPABJICHUIO

Y TIOCTENEHHO YMEHBIIIAOIIETOCS MarHUTHOTO TOJIS.

[Tepuoanieckoe nepeMarHM4MBaHUE CBS3aHO C 3aTPaTOM SHEPTHH, KOTOpas,
MpeBpaIiasch B TEIJIO, BHI3IBAET HarpeB MarHUTONpoBoAa. [lnomans nerau ruc-
Tepesnca MPONOPIHMOHAIbHA YHEPTUU, 3aTPAauCHHON MPU OJHOM IIMKJIE IepemMar-
HUYWBaHUS. DHEPrus, 3aTpadeHHas Ha MpPOLEeCcC MepeMarHuYrMBaHus, Ha3bIBACTCS
MOTEPSIMU OT TUCTEepe3rca. MOIIHOCTh MOTEPh Ha MUKIMYECKOE MepeMarHu4YuBa-
HUe, BbIpakaeMasi OOBIYHO B BaTTax Ha KWUJIOTpamMM, 3aBHCHUT OT Marepuala, Mak-
CUMaJIbHOM MarHUTHOM MHIYKIHMH W YKCIIA [TUKIIOB MEpeMarHM4MBaHUs B CEKYHY
WJIU, YTO TOKE, YaCTOTHI IEpEMarHNYUBaHHUS .

deppoMarHuTHBIE MaTEpPHANIbl ICTATCS Ha JBE TPYIIbI: MATHUTHO-MSTKHAE U
MarHUTHO-TBEP/IbIC.

MarHuTHO-MSITKMe MaTepHUalibl MPUMEHSIOTCS B Ka4eCTBE MAarHUTOINPOBO-
70B (CepJCUHNKOB) B YCTPOMCTBAX W MPUOOpAxX, I/Ie MArHUTHBIA MMOTOK ITOCTOSH-
HbIH (TOJIIOCHBIC OallIMakd M CEPJACYHUKH H3MEPHUTEILHOTO MEXaHHM3Ma) WIH IIe-
pPEMEHHBIH ( HalIpUMep, MAarHUTONPOBOJ TpaHchopmaropa). OHU 00NAJAIOT HU3-
KUM 3Ha4eHHEeM KodpuuTuBHON cuibl H . (Hmke 400 A/M), BBICOKOW MarHHTHOM
MIPOHUIIAEMOCTHIO UM MaJbIMH TOTEPSIMU OT Tuctepe3uca. HamarnmunBanue mar-
HUTHO -MSITKUX MaT€pUajiOB MPOUCXOJUT B OCHOBHOM 3a CUET CMEIIEHUE MEXJI0-
MEHHBIX T'PAHUI], @ B MATHUTHO —TBEPAbIX —3a CUET BpallleHUs BEKTOpa HaMarHu-
YeHHOCTH ( B MAarHUTHO —TBEPJbIX MaTepHajaX Ha OCHOBE PEKO3EMEIIbHBIX dJIe-



MEHTOB Ipe00JIaatoT Mmpolecchl cMmemieHus). K 3Toi rpymnmne MaTtepuajaoB OTHO-
CATCA: TEXHUYECKOE JKEJIE30 U HU3KOYTJIEPOAUCThIC CTAIH, JTUCTOBBIE DJICKTPOTEX-
HUYECKHE CTalld, JKEJIC30HUKEJEBbIC CIIaBbI C BBICOKOW MPOHHUIIAEMOCTHIO ( Tep-
MAaJIJION) U OKCHJIHBIC (heppoMarHeTUku — GeppUThl U OKCH(EPHI.

IlepMaJsion — 3TO CIUIaBbl PA3IMYHOTO MPOLEHTHOTO COAEPKAHUS JKele3a
W HUKEJs, a HEKOTOPhIe U3 HUX, KpOME TOTO, MOJUOACHA, XpOMa, KPEeMHUs, allto-
MuHus. DeppuTamMu  Ha3bIBAIOT (PeppOMarHUTHBIE MaTepHAIIbl, MOJydYaeMble U3
CMECHU OKHCJIOB eJje3a, [IMHKA U JAPYTuX 3JIeMeHTOB. [Ipy M3roTOBIECHWN MarHu-
TOIPOBOJIOB CMECh Pa3MaJIbIBAIOT, IPECCYIOT U OTXKUTAIOT MIPH TEMIIEpaType OKO-
110 1200 °C; Takum 06pa3oM, MONy4aroT MArHATOIPOBOALI HYXHON (opmsl. Dep-
pUTHI 00JIaJIal0T OYEHb OOJIBIIIUM YJIEIbHBIM COMPOTUBIICHUEM, BCIEACTBUE YETO
MOTEPHU M3-32 BUXPEBBIX TOKOB UPE3BBIYANHO, MAJIbl U UX MOXKHO MPUMEHSTH MPHU
BBICOKOM yacTore. @eppuThl 00JIa1aI0T 3HAYUTEIILHOM Ha4yalbHOW MAarHUTHOM
MPOHHUIIAEMOCTBIO, He3HaunTenbHOM uHayKIuei HaceimeHus (0,18 — 0,32Txn) u ma-
JoH KoapuuTuBHOU cuioi (8 — 80 A/m).

MarHuToau’JIeKTPUKH  — 3TO MaTrepualbl, OJy4yaeMble U3 CMECH MeJl-
KO3EPHHUCTOTO (PeppOMArHUTHOTO MOPOIIKA C JUIICKTPUKOM (TIOTMBUHIIXIOPHUI,
noaudTwieH). CMech GOpPMYIOT, IPECCYIOT U 3aleKaloT; B Pe3ysibTaTe Mejbyaii-
IIMe YacTUIbl (eppOMarHeTUKa OKAa3bIBAIOTCS pa3/ieIEHHBIMU 3JIEKTPOU30JIH1-
pyroleH MIeHKOW U3 HEeMarHUTHOTO MaTepuaa.

@eppuThl U MATHUTOAMIJIEKTPUKH IIHPOKO MPUMEHSIIOTCS B KauecTBE

CCPACYHHUKOB B aIlllaparype HpOBOI[HOﬁ U PpaIruoOCBA3U, B MATHUTHBIX YCUJINTCIIA,
BBIYUCIIMTCIIBHBIX MalllMHAX U B IPYIUX 0071aCTAX TEXHUKHU.

MarnuTo - MsrKme MaTcepualibl HAMAaroHn4nuBarOTCAd B OTHOCUTCIIBHO CJia-
OBIX MAarHUTHBIX IOJIX U O6HaﬂaI-OT BBICOKMMH 3HAaUYCHUSIMU HAYaJIbLHOMU Uy 1 MaK-
CUMAJILHOM Wmax MarHuTHBIX HpOHI/IL[aeMOCTCﬁ, MaJIbIM 3HAa4YCHUCM KOBpL[PITHBHOﬁ
CHJIbI HC . 3HaYCHUS Bmax - MAKCUMaJIbHOM MarHUTHOM HUHAYKIIUHU — COOTBCTCTBYCT
HaMalronm4yCcHHOCTH HACBIIICHUA Q)CPPOMaFHCTI/IKOB.

I[JIH XapaKTCPUCTHKHU MAIrHUTHO-TBEPABLIX MATCPHUAJIOB HCIIOJIL3YIOT 00BIY-
HO Ty 4aCTb KpHBOﬁ TucTepe3nca, KOTopasd JICKKUT BO BTOPOM KBAJAPAHTC, a4 B IICP-
BOM HM300pa)kal0T W3MEHCHUE YJICIbHOW MAarHUTHOW DHEPTUU OT MHAyKImu. Kak
IIOKAa3aHO Ha PUCYHKC 5.14. Marnurnas OHCPTUA B BO3AYIIHOM 3a30PC IMOCTOAHHO-
'O MaraurTa 6yz[eT MaKCHMaJIbHA IIPpU HCKOTOPHBIX 3HAYCHUAX Hﬂ u Bﬂ Ycnosue
W = (B, X ;)2 = Wy, /M

ONpelesieT HAWIydlllee MCIOIb30BAHUE MAarHUTa W SIBJISIETCS Ba)KHEWIIMM Iapa-
METPOM, XapaKTEPU3YIOLIUM Ka4eCTBO MaTepuana. MHOKUTENb /2 MHOI A OIlyCKa-

etrcs. KoadduuueHT BbITyKIOCTH
n=(BxH),,x/(B, <)



Xapakrepusyetr (HopMy KPUBOH pa3MarHHYMBAHHS — CTEICHH MPSIMOYTOJIHOCTH.
JIssi MarHUTHO — TBEPIBIX MaTepUayioB. MCMoNb3yeMbIX B Pa3IMYHBIX O0JIACTIX
COBpeMEHHOW TeXxHUKH H_,Z=5x0°- 540°A/m, (BH/2),,, =0,5- 200x/lx /m°,

(BH/2),,x =1- 400k /m°.

A B
Br e ————
/e
/ B=F(H)
Bao /
[
l
| -
-H Hp 0 Wmax W

Puc.5.14 3aBucumocts MaruutHoi 3ueprun W ot unaykiuu B

MarsutHO-TBEpAbIE MaTEpUANbl ITPEIHA3HAYEHBI 11 U3TOTOBJIEHUS TIOCTO-
SHHBIX MAarHUTOB CaMOI'0 PAa3JIMYHOTO HAa3HAYCHUSI. OTU MaTE€pUANIbl XapaKTepH-
3YIOTCSl OOJIBIIION KOIPUUTUBHOM CHUJION W OOJIBIION OcTaTO4HOM MHAyKIuen. K
MarHMTHO-TBEPJBIM MaTepuajiaM OTHOCSTCS. YIJIEPOAUCTHIC, BOJIb(PaAMOBEIE,
XPOMHUCTBIC U KOOAIBTOBBIC CTAJIH.

5.9 llepmaniion

IMepmanion — >KeIE30HUKENIEBBIE CIUIABBI C BBICOKOM MPOHUIIAEMOCTHIO B
cinabpix mojisix. I1o cocraBy BhIACIAIOT HU3KOHHKeIeBbIe (40-50%Ni) 1 BBICOKO-
HuKeJeBble (72-80%). Takoe mojapasnueicHre 00yCIOBICHO CMEIIEHUEM MarHuT-
HBIX 3JICKTPUYCCKUX XapaKTEPUCTHUK B 3aBUCHUMOCTH OT MPOIICHTHOTO COJICP KAHHMSI
Hukenss. O0e Tpynmbl MEpMaUIOeB JUISl YIIYUIICHHUS AJIKTPOMArHUTHBIX CBOWMCTB
JICTUPYIOTCS Pa3IMYHBIMU 3JICMEHTAMHU, HAIPUMEP MOJIHOJICHOM, XPOMOM, MEJIbIO
U HEKOTOPBIMH JPYTUMH dJeMeHTaMu. [[1aBka OCYIIECTBISETCS B BaKyyMe WU

HeﬁTpaJIBHBIX razax. TOHKHE JUCTBI U JICHTHI BBIITYCKAKOTCA WJIN IOTAMITYIOTCA XO-



JIOAHOKATAHHBIMU C TOCIEAYIOMINM OTKUTOM 11 TOJYYEHHS] BBICOKMX MAarHMT-
HBIX CBOUCTB. [TOBEpXHOCTH JIGHTBI /IS HABUBKH (IIPH M3TOTOBJICHHH TOPOUIAIb-
HBIX CEPJACYHUKOB) U TOCJICIYIOIIEr0 OT/KUTa MOKPBHIBAETCS TOHKHM CIIOEM OKH-
CJIOB KpPEMHUS, MarHusi Wik allOMUHUS crlocoOboM kaTadopesa WU OCaKIEeHUEM
W3 CYCIICH3UH, KUJIKOU (ha30ii KOTOPOH SBJISIETCS JIETKO UCTIAPSIONIASCS KUIKOCTD,
HarmpuMep aleToH. B mpoiiecce cOOpKU M KCIUTyaTallud CEPACYHUKOB U3 MepMal-
JI0sl HE JIOIYCTUMBI MEXaHUYECKHe HampspkeHus (yaapbl, pUXTOBAaHUE, CAABJINBa-
HUE OOMOTKOM M IPYTHe) U3-3a YXYIIICHUS MAarHUTHBIX XapaKTePUCTHK.

Bricokre MarHuTHBIE CBOMCTBA MEPMAJIIOEB, UX CIIOCOOHOCTH JIETKO Hamar-
HUYUBATHCS OOBSCHSIOT OJIM30CTHIO K HYJIIO KOHCTAHT KpHucTaiorpaduyeckoi
AHU30TPONUU Y HAMATHUYECHHOCTU HACBIIICHUS, HO 3TO K€ MPUBOJUT U K OOJIbIIIEH

YYBCTBHUTCIIBHOCTU MAI'HUTHBIX CBOMCTB OT BHEIIHHUX HaprI)KCHI/Iﬁ

5.10 Mexanuyeckue, MArHUTHble H JJIEKTPUYECKHE CBOIiCTBa
MArHUTOMSATKHUX (peppuTOB

MexaHnyeckre CBOMCTBA KaK M Y KEPAMUKH - TBEPJOCTh, XPYIKOCTb, HEJO-
MyCTUMOCTh 00paboTku pezanueM. [Ipu cnekanuu - ycaaka ot 10 go 20%. Xopo-
110 NUTUQYIOTCS U MOJUPYIOTCS a0pa3uBHBIMU MaTepHaIaMU, PEXKYTCs aaIMa3HbIM
uHCTpyMeHTOM. Hanbosiee mypoko B Ka4eCTBE MarHUTOMATKUAX (PEPPUTOB MIPUME-
HSIOT HUKEIb-IMHKOBBIC M MapraHell - , [IMHKOBbIC ()EPPUTHI, MPEIACTABIISIOIINE
coboli TBepAble PacTBOPHI 3aMEIICHHS, OOpa3oBaHHBIE MPOCTHIMHU (peppuTamMu
NiFe,O4 u MnFe,0, spistoniuecs GpeppoMarHeTukaMu, ¢ HeMarHuTHbIM ZNFe;0,.
B mepeMeHHBIX TMOJSAX Uil OIEHKH JOMYyCTUMOTO 4YacTOTHOTO Jhara3oHa

depputsl kpome H xapakrepusyrorcs tg0- TaHreHCOM yrila MarHUTHBIX HOTEPb.
s hbeppuTOB OTEPSIMU HA BUXPEBbIE TOKU M TUCTEPE3UC B 0OJACTH CIAOBIX IO-
JIell MOKHO TIpeHeOpeyb.

[Ipy MOBBIIEHUH YACTOTHI, HAUUHAS C HEKOTOPOM, XapakTepHOW AJid JaH-
HOW Mapku (eppura 3HaueHus, tgo Bo3pacTaeT Oosee pe3Ko, IpU 3TOM yMEHbIIIA-

ercs . DTy 4acToTy HaswiBaloT kputudeckoii f kp. Hacrory, mpu kortopoir My,
ymensbmaercss 10 0.7 or ee 3nauenust f=0 HaspBaror rpanuunoit —f ,. [Ipuunna
yMeHbIIeHHUs] U pocTa IJ0 CBA3BIBAETCS CO CIOXHBIMU PE30HAHCHBIMHM M pejlaKca-

IIMOHHBIMHU TIporieccamu. 3aBucumoct M u tg6 OT YacToThl B JIorapupMUIECKOM
MaciTade Juisi pa3HbIX MapOK HUKENIb-IIMHKOBOTO (peppuTa Mmoka3zaHa Ha PUCYHKE.
[udpa B 0003HaueHUU Mapku (peppuTa 03HAYACT BEIMUYMHY HAYaJIbHOM MarHuT-

Hol nponunaeMocT Huay.

MarsnuTHble W DJIEKTPUYECKUE CBOMCTBA TPEX MApPOK HHUKEIb-IIMHKOBBIX
(dheppuTOB MIpUBEICHBI B Ta0IUIE I' (EepPUTOB B 3aBUCUMOCTH OT XUMHUUYECKOTO CO-
CTaBa M TepMHUecKoll oO0paboTku m3amensierca ot 10 mo 10® Om M. OcHoBHOI
HEJIOCTAaTOK (PEPPUTOB IO CPABHEHUIO ¢ METAUIMUECKUMU MAarHUTHBIMH MaTepua-
JIaMU - MaJIO€ 3HAUY€HHE UX MAarHUTHOW MpoHMIIaeMocTH. HexoTopkie TUIIBI u3Je-



TN U3 MarHUTOMSTKUX (DEPPUTOB MOKA3aHbl HA PUCYHKE.

Babd | 2000HH tgo

1000 | e

200HH /
100 = 7 0.1

f, My
0.1 1 10

Puc.5.15 3aBucumoctu 3 (PeKTUBHON MarHUTHOM MPOHUIIAEMOCTH oy,
U TaHTEHCA YIJla MArHUTHBIX MOTeph tg0 oT yacToTsI f
JUISL pa3JIMYHBIX MapoK (GeppUuToB

MarauTHble W JJIGKTPUYECKHE CBOWCTBA TPEX MApPOK HHUKEIb-IIMHKOBBIX
dbeppuTOB TpUBEACHBI B TaOuIEe I GEpPUTOB B 3aBUCHMOCTH OT XHMMHYECKOTO
cocTaBa W TepMHuecKoil 06paGoTkn m3mensiercs ot 10 1o 10° Om M. OcHoBHOI
HEJI0CTaTOK (PEPPUTOB IO CPABHECHUIO ¢ METAUIMYCCKUMHU MarHHTHBIMU MaTepua-
JJaMU MaJlo¢ 3HaYCHUE WX MarHUTHOHN NMPOHUIIAEMOCTH. HeKoTOphIe THUITBI U3IEITHIA
W3 MarHUTOMSATKUX (DEppPUTOB MOKA3aHBI HA pUCYHKE 5.2.

Ta6J'II/I]_Ia 52 XapaKTepI/ICTI/IKI/IHeKOTOPBIX MAaroHuTOMATKUXMAaTCPUAJIOB

Mapka | Umaxc H, A/m fxp, p,OMmM | Tk, °C
eppura (pu Hyviaxc ) MI'n
2000HH| 7000 12 0.2 10 70
200 HH| 300 160 3.0 103 120
10 BY 40 3700 250 108 500
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WEOEHTOBLIE BHTEHHE

Puc.5.16 Tunsl u3aenuii 13 MarHUTOMSITKAX MaTepuajioB

5.11 CnenuajibHble MATHUTHBbIE MATEPHAJIbI .

Martepuaibl ¢ HHIHHIPHYSCKAMU MarHUTHeIMU foMeHamu (LIM/]). mpume-
HSICMBIC JUIS U3TOTOBJICHHS 3allOMUHAONMX YCTpoicTB (3Y). EMKOCTh OTHEIBHO-
ro ycrpoiictsa (tuna) Ha [IM/] MokeT cocTaBIsTh 10° 6ur. Yem mensme HC, Tem
BhIle ObicTponericteue LIMJI - yerpoiictBa. O6b1yHO He nomkHa ObITh HE O0bIIe
10 A/m. OcHoBHbie MaTepuaisl ¢ LIM/] ycTpoiicTBa npuBeneHb! B Tadmuie 5.3.

5.12 Amop¢dHbie MarHuToMsirkue Mmatepuaiabl (AMM)

Amopdubie MarHuroMsirkue Matepuaibl (AMM) SIBISIOTCS MArHETUKAMU C
HEYTOPSAIOUYEHHBIM PACIIONIOKEHHEM aTOMOB, IOJIydaeMOM Hamboyiee 4acTo B
pesyibTaTe OBICTPOIl 3aKalKd pacillaBa co CKOpOcThro oxnaxiaenus 10 “10°
rpaja/c. AMop(dHbIC TOHKHE IUICHKH C IMJIUHIPHYCCKUMH MAarHUTHBIMH JJOMEHA-
mu (IIM/I) MOXKHO mosTydaTh KaTOJHBIM PACIBIICHUEM WM BaKYyyMHBIM Harlblie-
HUEM DPEIKO3EMEIbHBIX M TEPEXOAHBIX METAIIOB. MeTamummueckue amopgHbIe
cruiaBbl cogepkat 75-85% oIHOr0 MM HECKOJIBKHUX MepexoaHbix Metaiios (Fe,
Co, Ni) u 15-25% crekio00pa3oBaTelisi, B Ka4eCTBE KOTOPOT'O UCIOJIB3YIOT 0Op.
yraepon, kpemuuit, gocdop. [To MarauTHbiM cBolicTBaM AMM 0Onm3ka K 3Jek-
TPOTEXHUYECKUM CTallsIM M TNepMauiosM. Hanbomnee mepCrneKTUBHBIC CIUIABHI -
’KEIIE30HUKEIIEBbIE. BRICOKOKOOATHTOBBIC M BBHICOKOXKENIE3HUCThICe. [l momydeHus
ONTUMAJIBHBIX CBOMCTB MPUMEHSIOT TEPMOMArHUTHYIO 00pabOTKY, YTO MO3BOJIS-
€T MOBBICUTH BS 1 MPpsSIMOYTONBHOCTH TIETIN THCTEPE3UCa.



Tabnuua 5.3 CBoiicTBa MaTepuanoB ycrpoiictsa ¢ [IM/]]

Marepuan CBoiicTBa, 0COOEHHOCTH TEXHOJIO -
Oprodepputsl BrIcokasi MOABUKHOCTh JOMEHHBIX TPaHUII, IPO3pad -
RFeO3 R - peaxo-  |wocts B kpacHom ceere (I = 0.6 mkm ). [TnoTHOCTH HMH-
3eMeJIbHbIH dJ1e- dopmanmn se Bemuka. 103 — 104 Gur/cm?2
ment (Y, Sm, Eu,

Er.Yb)

@®epputhl rpaHa-
Tl R3F&5012

2
ITnotHOCTh MHMOpManmy Bbiue 10° — 10° 6ut/cM?, HO
MOJIBMXKHOCTh JIOMEHHBIX TPaHUI] HIXKE, 4eM y opTodep-
putoB. [IpumeHst0TCS B BUJE MOHOKPUCTAIIIMYECKUX

AMopdHbie mar-

HHUT. INICHKHU CIIJIaB.

9 2
[TnotHOCTL HHpOpMaryu 10 10° out/cm” . OTHOCH-
TeJbHO HU3Kasi CTOUMOCTh. Hu3kas TepMocTaOuiib-

Cd-Co, CdFe HOCTb ¥ HU3KOE 3JI. COIPOTHBIICHHUE - HEJOCTATKHU.
['excaronanbHbie  |Bblcokas HaMarHM4eHHOCTh HachblieHust . CyOMHUKpPOH -
bepputhl Hoe [LIM/T ,

BaFe12019) u OJITHAKO HU3Kas MOJIBM)KHOCTh OTPAHUYHMBAET IPUMEHEHHUE.
1. .

MarsuTHbIe CBOMCTBA JIBYX MPOMBIIICHHBIX CIIJIaBOB IMOCJIE TEPMOOOpa-
OOTKH moKa3aHsl B Tadauie 5.4.

Tabnuia 5.4 XapakTepuCTHUKUA U MarHUTHBIE CBOMCTBA CIIaBOB

Mapka | Bs, Ta | Uyake Hc, Br/Bs npn P,
J5HIIP-A|  0.78/ 310000 | 1.6 "0.93 14
AMHMP-A|  0.88| 750000 | 0.56 0.72 16

AMM HMEIOT NOBBIIIEHHYIO TBEPIOCTh U KOPPO3UOHHYIO CTOUKOCTh. Y JENBHOE
conpotuBienrne AMM B 3-5 pa3 Oouibliie, YeM Y KPUCTAIUTUYECKHUX,

HpnMeHeHne: MAaravuTHBIC 3KpPaHbl, CCPACYHUKHU MaJIOFa6apI/ITHBIX TpaHC(i)OpMa'
TOPOB, MArHUTHBIX YCHHHTeHCfI, T'OJIOBKHM MardiuTO3allMChIBaOIINUX YCTpOﬁCTB.

5.13 MarauToan31eKTPUKH

Kak u ¢epputhl SBASIOTCA BHICOKOYACTOTHBIMM MarHMUTHBIMU MaTepHalia-
Mmu. [1o cpaBHeHHUIO ¢ peppuTaMu UMEIOT OoJiee cTaOUIbHbIE CBOMCTBA, HO TIO PSIY
AIIEKTPOMArHUTHBIX TapaMeTpoB ycTynaroT ¢heppuram. [loayyarorcs no TeXHOI0-
MM AaHAJIOTUYHOM TeXHOJIOruM TuiactMace. M/ cocTosAT U3 MeKou3MeNnbueHHOT O
(beppoMarteTrka, 4aCTHIIbl KOTOPOTO U30JIMPOBAHBI U CKPEIIEHbl HEMAarHUTHBIM
MaTepuanoM. B kauectBe gpeppoMarneTvka HanOoJiee 4acTo UCIONb3YIOT aIbCH-
¢dep, KapOOHUIIBHOE JKEJE30, IEPMAIITION, B KAUECTBE CBSI3KM KaK OPraHUYeCKHe
MaTepHalibl TaKue KaK OAKeIHT, MOTUCTUPOII, IEJUIAK, TaK U HEOpraHMYECKHe -



KHUJIKOE CTEKJIO, CTeKI0aManu u apyrue.llpeccoBanue uznenuit uz M/1 - xoner,
2
CEpJCUYHUKOB U T.JI. IpOou3BoAMTCs mpu gaBicHusx (14-20)* 10° MIla (14-20
2
T/cm®), yeM Bbille TaBJICHUE, TEM BBIIIC MATHUTHAS IIPOHUIIAEMOCTb.

[TpuMepbl MarHUTHBIX XapaKTEPUCTHK MPOMBIIIJICHHBIX MAarHUTOANAIEKTPUKOB
mokasaHnbl B Tadnuie 5.5.

Tabnuna 5.5 MaruutHbele XapakKTepUCTHUKU MATHUTOIUAIEKTPUKOB

OcHoBa Mmar- Mapxka MHAY [Ipenensl TMHEMHOCTH TAHTEH-
HUTOIADJICK- ca yIJia norepb
TpHUKa
Ha yacrore f, | Ha BemuumHe
MI'1t
H, A/m
Anscudep T4U-90 79-91 1o 0.5 1o 240
TU-22 19-24 >>20 >>1200
Wdd
29
Kap6onunbHoe P-10 1.55 100 2400
P-100 100

5.14 MarauroTBepAble MATEPHAJIbI

MarsHuToTBepAble MaTepuaabl NPUMEHSIOTCS B OCHOBHOM [UJISl M3IO -
TOBJICHHS TOCTOSIHHBIX MAarHMTOB MHOTMX YCTPOMCTB B 3JIEKTPO - U PATHOTEX -
HUKE, aBTOMATHKE , MPUOOPOCTPOCHUH , dNeKTpoHUKe . [Io cpaBHEHMIO C 3JIeK -
TPOMAarHuTaMu IOCTOSIHHOTO TOKAa MMEIOT pAJ MPEUMYLIECTB , IJIABHBIE W3
KOTOPBIX : MOBBIIIEHHas] PabOTOCMOCOOHOCTh ; 3KOHOMHUSI MaTepuajoB U IO-
TpeOJIeHUsI PHEPIUH ; FIKOHOMHUYECKAsT M TEXHUYECKasl BHITOAa MPUMEHEHUS.

JIist moJydeHus BBICOKOM KOIPIMTUBHOW CHJIBI B MATHUTHBIX MaTepua -
Jax KpoMe BbIOOpa XMMHUUYECKOTO COCTaBa UCIOJB3YIOT TEXHOJIOTHH , ONITUMM3H -
pYIOIIME KPUCTAIUIMYECKYIO CTPYKTYpY U 3aTpYyIHSAIOIIME TIpOLEecc Mepemar -
HUYUBAaHUS - ATO 3aKalika CTajedl Ha MapTEHCHUT , TUCIIEPCUOHHOE TBEPJICHHE
CIUIABOB , CO3JlaHUE BBICOKUX BHYTPEHHHX MEXAHUYECKUX HAMNpPsHKEHUH , TO-
CTOPOHHHUX BKJIFOUEHHUH TMPU BBICOKOM MArHUTOCTPUKIIMK U Apyrux. B pe3ynb-
TaTe 3aTPYIHSIOTCS TMPOIECChl CMEIICHUS TIOMEHHBIX TPaHUIl. Y BBICOKOKOAD -
IIUTUBHBIX CIUIABOB MAarHUTHash TEKCTypa CO3JAETCs MyTEeM HMX OXJIKJICHHS B
CUJILHOM MarHUTHOM TIOJIE.




5.15 CiuiaBbI HA OCHOBE KeJ1e3a - HUKeJIS - AJJIOMUAHUS

CrnaBbl Ha OCHOBE >Ke€je3a HHUKENS - allOMUHUS MPUMEHSIOT B OC-
HOBHOM JIETUPOBAHHBIE ME/bI0 U KOOAIbTOM . BEICOKOKOOAIBTOBBIE CIUIABBI C
conepxxkanrem Co 6onee 15% wucrnonb3yrOT OOBIYHO C MAarHUTHOM M KPUCTAI -
JUYecKor TekcTypol . HamarnnumBanve »THX CIUTABOB MPOUCXOAUT TIJIaBHBIM
o0pa3oM 3a CYeT MPOIECCOB BpAILIECHUSI BEKTOPOB HAMATHUYMBAHUS . DTH CIUIa-
BbI OTJIMYAIOTCA BBICOKOW TBEPIOCTHIO U XPYNKOCTHIO, TO3TOMY MAarHuThl U3
HUX M3TOTaBJIMBAIOT METOJOM JUThs. OOpabaThiBaeTcsi HITU(POBKOM , B TOM
quclie ¢ MPUMEHEHWEM alMa3HOro MHCTPYMEHTa , yibTpa3Byka u np. Ca-
Mble jemieBble OeckoOanbToBble criaBbl FOHJI u apyrue , HO MarHUTHbBIE
cBoiicTBa y HUX oTHOcuTenbHO Hu3kH. FOHJIK-15 u FOH/IK-18 marauTouso -
TPOIIHBIE CIUIABBI C OTHOCUTENIbHO BBICOKMMH MarHUTHBIMU CBOWCTBAMH .
Cmnasel FOHJI ¢ 24% Co uMeroT BHICOKME MarHMTHBIE CBOMCTBa B Halpasle -
HUU MarHUTHOM TEKCTYpHI , OJYYEHHON NpH TEPMOMArHUTHON 0O0paboTKe .
FOH/IK-35T5FA o6nanaror Hanbosbineid sHeprued Wmay (Wmax=35-40 k/x/M3).
FOHJIK-40T8 -TuTaHuCThli CIJIaB, IPUMEHSEMBI B CHJIBHO Pa30MKHYTBIX
cuctemax . Mimeer Haunbonee BBICOKYIO KOIPUUTUBHYIO CHILY.

5.16 MeTa/uiokepaMuvecKrue MATHUTHI

[Tony4aroT MeToaMK TIOPOIIKOBOH MeTamutypruu u3 ciiaBoB Fe-Ni-Al-Co
u u3 aepopmupyembix crmiaBoB Cu-Ni-Co, Cu-Ni-Fe, Fe-Co-Mo, Pt-Co u
Ag-Mn-Al.

MexaHnuyeckasi MPOYHOCTh UX B 3-6 pa3 BhIIE, YeM Yy JUTHIX MAarHWTOB ,
HO TopucTocTh B 3-5% cHmkaer W, Ha 10-20%.

5.17 MaruurtotBepjabie ¢peppuThI

[Ipumensitorcs rinaBHbIM 00pasoMm ¢epput O6apus BaO*6Fe203, deppur
kobanpTa COO*Fe203 u dhepput crponius SrO* 6Fe203. Bricokas H, atux ma-
TEPHUAaJIOB CBSA3aHA C MAJBIM Pa3MEpPOM KPUCTAJUTMUECKUX 3€PEH W CHJILHOW Mar-
HUTOKPUCTAIUTMYECKON aHu30Tponuedt . MarHuTel u3 (eppruTOB MOYKHO HCIIOIb-
30BaTh NPU BBICOKUX YaCTOTaX, YTO CBSI3aHO C BBHICOKHM YACIBHBIM COMPOTHUB -

nenneM . Y Gapuebix (eppuros , Hanpumep p=104-107 Om*m, ITpomsbim-
JICHHOCTh BBINTycKaeT OapueBble n3oTpornHbie (BM) u OapueBbie aHM30TPOIHBIC
(BA) MarHuThl, MOJly4yaeMble MPECCOBAHUEM B MAarHUTHOM IOJIe. AHHU30TPOITHBIC
MarHuThl 00JIagar0T 0oJiee BHICOKMMHM MarHuTHbIMH cBo¥cTBamu (Wmax,Hc).
[lo cpaBHEHUIO € NTUTHIMH OapueBble MArHUTHI UMEIOT MHOTrO OoJbiryio He u
Maiyio Bs, oTiiMyaioTcs BBICOKOW CTaOMIBHOCTBIO MPU BO3JAEHCTBUU MarHUTHBIX
MoJIeH , pa3INYHbIX MEXaHWYECKUX BO3JACUCTBUIM , CTPYKTYpPHOTO CTapeHUs .
Croumocth MarHutoB u3 ¢eppuroB noutu B 10 pa3 meHbllIe, YeM y MarHuTOB
u3 crutaBa FOH/IK-24. HenocraTku - Oosbliiass XpynkocTh ¥ TBEPAOCTh, CUIIbHAS
3aBUCUMOCTb MarHUTHBIX CBOMCTB OT TE€MIIEPATYpHI .



5.18 CnuiaBbl Ha OCHOBeE peaKo3eMeabHbIX MeTaioB (P3M)

CmtaBel Ha ocHOBe P3M 00j1a1al0T O4YeHb BBICOKMMU 3HaueHHsIMH H, u
Whax. Hanbonpmmii uatepec npeacrapisior coeaundHenuss RCo5 nu R2Col7, rae
R- penkozemenbHblii MeTasul. s OuHapHbIX coeauHeHuil 3Toi rpynnbl W g =
190 K}I}K/M3, s TpoitHbIX ciutaBoB THIa Ry(Cop«Fey), rae x < 0.6 Ha ocHOBe
camapus u npazeoguma W= 240 kJK/M> (TeopeTHUeCKOE 3HAYCHUE).

MarHuThl U3 3THX CIUTABOB TOJIYYArOTCs HAUOO0JIee 9acTo KUIKO(Pa3HBIM
CIieKaHueM U3 nopomkoB . Hanpumep , MarauTsel Ha ocHoBe SMCOS criekaroTcst
nociie npeccoBanusi npu Temneparype 1100 °C B Teuenune 30 MunyT B atmocde -
pe YUCTOTO aproHa.

I'JTIABA 6. OIITOBOJOKOHHAS CBA3b

6.1 Oco0eHHOCTH ONITHYECKHUX CUCTEM CBA3M.

Tema 00 ONTOBOJIOKOHHOHW JIMHWUW CBSI3U SIBIISIETCS BEChbMa aKTyalbHOW Ha
JTaHHBII MOMEHT BpeMeHH. MHOrme (UPMBI CO3/al0T TEJIEBU30pHI, TeledOHHI,
MarHuTO(QOHBI, KOMITBIOTEPA ¥ MHOTOE JIPYTO€, TO €CTh — OBITOBYIO TEXHHKY, KO-
TOpasi yIpoIaloT KU3Hb YejoBeka. Ho st BHEApEHUST HOBBIX TEXHOJIOTUN HYKHO
W3MEHSATh WM yIydllaTh crapoe. B mpuMep 3ToMy MOYKHO MPUBECTH HAIIH JIMHUU
CBSI3U Ha KoakcHuabHOM (MemHOM) Kabene. MIX ckopocTh Malia, qaxke Ui mepeia-
Yy BUI€0 MH(POPMALIMU, U3 OJHOTO MECTa B JIpyroe, yAaJ€HHOE Ha OOJIbIIOE pac-
CTOSIHUSI, OHA HE TOIUTCS. A BOJIOKOHHAsI ONTHKA KaK pa3 TO, YTO HaM HYXHO - €€
CKOpPOCTBIO Tiepenaun HHGOopMaIMK O4eHb Oonbmias. Huskue morepu mnpu nepena-
Ye CHTHaJIa TMO3BOJISIET MPOKJIAAbIBATh 3HAYUTENBHBIC MO JaJbHOCTH YYacTKH Ka-
Oesst 6€3 yCTaHOBKHU JIOMOJHUTENBHOTO 000pyioBaHus. MiMeeT Xopolryto noMexo-
3alUIIEHHOCTD, JIETKOCTh MPOKJIAIKNA U JOJITHE CPOKU PabOTHI Kabemns mpaKTHye-
CKH B JIFOOBIX YCIIOBUSIX.

BosokoHHO-ONITHYECKUE JIMHUU CBSI3W - ITO BUJ CBS3H, NPH KOTOPOM HH-
dbopmarus mepeaeTcs Mo ONTHYECKUM JAUAICKTPUYSCKUM BOJIHOBOJIAM, M3BECT-
HBIM 0] Ha3BaHHEM "' ONTHYECKOE BOJOKHO'. ONTHYECKOE BOJIOKHO B HACTOsIIIEe
BpeMsl CUHMTAETCS CaMOil COBEpIICHHON (pU3MUeCKOl cpenoil uis mepenadd WH-
dbopmarm, a Takke caMOil MEPCIIEKTUBHON CpeIoi s rmepenadn OOJbIINX MOTO-
KOB MH(pOpMAIlMU Ha 3HAYUTENbHBIC paccTOsHUSA. OCHOBaHHS TaK CYMTATh BBITE-
KaloT U3 psia 0COOEHHOCTEH, MPUCYIINX ONTHYECKUM BOJTHOBOIAM.

6.2 ®uznyecKkue 0COOCHHOCTH.

H_[I/II)OKOHOJ'IOCHOCTB OIITUYCCKUX CHTHAJOB, O6yCJ'IOBJIeHHa$I qp€3BBIqaﬁHO
BBICOKOM Hecymeﬁ 4acToTOM. DTO O3Ha4YacT, 4TO IIO ONTUYECKOM JIMHUM CBS3U



MOJKHO TepeaaBaTh HHGOpPMAIHIO co CKopocThio nopsaka 1.1 Tepabut/c. I'oBops
JPYTUMHU CJIOBaMH, 1O OJTHOMY BOJIOKHY MOKHO Tepenarh ogHoBpemMeHHO 10 muii-
JMOHOB Tele(OHHBIX Pa3roOBOPOB M MUJUIMOH BUAEOCUTHAIOB. CKOpPOCTh Iepe/a-
YU JIaHHBIX MOKET OBITh YBEJIMUYEHA 3a CUET Mepenauynd uHopMaluu cpasy B JIBYX
HaIpaBJICHUsIX, TaK KaK CBETOBBIC BOJIHBI MOTYT PacIpOCTPAHATHCS B OJHOM BO-
JIOKHE HE3aBUCHMO JApyr oT japyra. Kpome TOro, B ONTHYECKOM BOJIOKHE MOTYT
PacIpoOCTPaHITLCS CBETOBBIC CUTHAJIBI IBYX Pa3HBIX MOJISIpU3AIUNA, YTO TO3BOJISET
YABOUTH MPOMYCKHYIO CIIOCOOHOCTh ONTUYECKOTO KaHaja cBsi3u. Ha ceromaHsmHui
JIEHb TIPeJIell 110 IUIOTHOCTH MepeaBaeMoil nH(OpMaIUK 1O ONTUYECKOMY BOJIOK-
Hy He AOCTUrHYT. OueHb Mayioe (10 CpaBHEHUIO C APYTMMH CpellaMH) 3aTyXaHHe
CBETOBOI'0 CHTHajla B BOJIOKHE. Jlydine oOpasiibl pOCCUMCKOTO BOJOKHA MMEIOT
saryxanue 0.22 nb/km Ha jirHe BosHBI 1.55 MKM, 4TO HO3BOJISET CTPOUTH JTUHHUH
cBs3u JuiHOM 10 100 kM 6e3 pereHepalii CUTHaJIOB.

6.3. TexunyecKknue 0COOCHHOCTH.

Bo0JIOKHO HM3rOTOBJIEHO M3 KBapla, OCHOBY KOTOPOI'O COCTAaBJISIET JBYOKHUCH
KPEMHUS, IIUPOKO PACIPOCTPAHEHHOI0, @ IMTOTOMY HEJIOPOroro Marepualia, B OT-
augue oT Meau. OnTuyeckue BOJIOKHA UMEIOT auameTp okojio 1 —0,2 MM, To ecTh
OYEHb KOMIIAKTHBI U JIETKH, YTO JEJIAET UX MEePCHEKTUBHBIMU ISl UCTIOJIb30BAHUSA
B aBHAIMHU, TPUOOPOCTPOCHNUH, B KabelbHOU TexHHKe. CTEKIISTHHbIE BOJIOKHA - HE
METaJJl, IPU CTPOUTEIILCTBE CUCTEM CBSI3M ABTOMATUYECKH JOCTUTAETCS TajbBa-
HUYeCKas pa3Bs3ka cerMeHTOB. [IpuMeHssi 0co00 MPOYHBIN IJIACTUK, HA KaOelb-
HBIX 3aBOJIaX M3rOTABIIMBAIOT CAMOHECYIME MOJBECHBbIE KaOenu, HEe CoAepIKallue
MeTajljla ¥ TeM CaMbIM O€30IacHbIE B AJIEKTPUUYECKOM OTHOIIEHUHU. Takue kabenu
MOKHO MOHTHUPOBATh HAa MauyTaX CYILIECTBYIOIIMUX JIMHUW DJIEKTPOIIEpENay, KaK OT-
JIeNTBbHO, TaK U BCTPOEHHBIE B (ha30BBIM MPOBOJ], IKOHOMS 3HAYUTEIbHBIE CPEACTBA
Ha MPOKJIAJKY Kabels uepe3 peKu U Jpyrue Mperpabl.

CucTteMbl CBA3M Ha OCHOBE ONTUYECKUX BOJIOKOH YCTOMYHMBBI K 3JIEKTpOMar-
HUTHBIM [IOMEXaM, a MepeiaBaeMas o CBETOBOAaM MHGOpMaIIUs 3allyIeHa OT
HECAaHKIIMOHUPOBAHHOT'O JOCTYIIa. BOJIOKOHHO-ONTUYECKUE JIMHUU CBI3HU HEIIb3S
MOJICAYIIATh HEpa3pyLIaoIUM ciocodboM. Besikue Bo3iecTBYS Ha BOJIOKHO MO-
I'yT OBITh 3aPErUCTPUPOBAHBI METOJOM MOHHTOPUHTA (HEPEPHIBHOIO KOHTPOJIS)
IIEJIOCTHOCTH JIMHUU. TeopeTuuecKku CylecTBYIOT ClIOCOObI 000WTH 3aIIUTy MyTEM
MOHUTOPHUHTA, HO 3aTPaThl Ha peaM3alHUI0 3TUX CIIOCOO0B OYAYT CTOJIb BEJIUKH,
YTO MPEB30MAYT CTOUMOCTh MEPEXBAYCHHOU MH(POpPMAIIHH.

Jliist oOHapyKeHUs MepexXBaThlIBAEMOT0 CUTHAJIA TIOHAI00UTCS IepecTpau-
BaeMbIil HHTEpPepoMeTp MalikelbcoHa crienuaibHON KOHCTpYKIUH. [Ipruuem,
BUJIHOCTb UHTEPPEPEHIITMOHHON KapTUHBI MOXKET OBIThH OcJiabeHa 0OJIBIINM KO-
JINYECTBOM CHUTHAJIOB, OJJTHOBPEMEHHO IEPEAABAEMBIX O ONITUYECKOU CUCTEME
CBs131. MOKHO pacnpeiesuTh NepeaaBaeMyo HHGOPMAITUIO IO MHOYKECTBY CHT-
HAJIOB WJIM MEPEIaBaTh HECKOJIBKO IIIYMOBBIX CUTHAJIOB, YXYALIAs TUM YCIIOBUS
nepexsarta nHpopmanuu. [loTpedyercs 3HaUNTETbHBINH OTOOP MOIITHOCTH U3 BO-
JIOKHA, YTOOBI HECAHKIIMOHUPOBAHHO MPUHATH ONTHYECKUN CUTHAJ, a 3TO BMEIla-
TEJILCTBO JIETKO 3apETUCTPUPOBATh CUCTEMAMU MOHUTOPUHTIA. Ba)xHOE CBOMCTBO



ONTHUYECKOTO BOJIOKHA - IOJITOBEYHOCTh. BpeMs KM3HU BOJIOKHA, TO ECTh COXpa-
HEHHUE UM CBOUX CBOWCTB B OIPEACIEHHBIX Mpeeax, NPeBbIaeT 25 JET, YTo Io-
3BOJISIET MIPOJIOKUTH ONTUKO-BOJIOKOHHBIN Kabenb OJuH pa3 u, 0 Mepe Heo0Xo-
JUMOCTH, HapalluBaTh NPONYCKHYIO CIIOCOOHOCTh KaHajla MyTeM 3aMEeHbI MPUeM-
HUKOB U NEpeIaTYuKoOB Ha Oosiee ObIcTpoaeiicTBytomue. EcTh B BOJOKOHHON TeX-
HOJIOTMH U CBOU HEJOCTATKH: IPU CO3/IAHUU JIMHUU CBSA3HM TPEOYIOTCS aKTUBHbBIE
BBICOKOHAJIE’KHBIE 3JIEMEHTHI, IPEe0Opa3yIolue EKTPUIECKUE CUTHAIIBI B CBET U
CBET B AJIEKTpUUYECKHe curHajibl. HeoOXoaumel Takke ONTHYECKUE KOHHEKTOPBI
(coeMHUTENN) ¢ MaJTBIMK ONTHYSCKMMHU MOTEPSIMU U OOJIBIIIMM PECYPCOM Ha TOJI-
KJIFOUEHUE-OTKII0YEHNE. TOYHOCTh N3TOTOBJIEHUS TAKUX DJIIEMEHTOB JIMHUU JTOJK-
Ha COOTBETCTBOBATH JUIMHE BOJHBI U3JIYYEHHUS, TO €CTh OTPEUTHOCTH JOJIKHBI
OBITH IOPAJZIKA 10T MUKpOHA. [103TOMY IPOM3BOICTBO TaKMX KOMIIOHEHTOB OII-
TUYECKUX JINHUM CBA3M OYEHb JAoporocrosuee. Jpyroil HeIOCTaTOK 3aKI04aeTCs
B TOM, UTO JIJIl MOHTa)Xa ONTUYECKUX BOJIOKOH TPeOyeTCsl JOPOrOCTOAIEE TEXHO-
JIOTHYECKOe 000PYI0BaHUE. a) HHCTPYMEHTBI JUJIsl OKOHIIOBKH, 0) KOHHEKTOPHI,

B) TECTEPHI, T) My(DThI U ClIaliC-KaceThI

6.4. OnTnyeckKoe BOJOKHO

[IpOMBILIIEHHOCTh MHOTHUX CTPaH OCBOWJIA BBITYCK ITMPOKOW HOMEHKJIIATY -
pol u3genuii 1 komrnoHeHtoB BOJIC. Cneayer 3aMeTUTh, YTO NPOU3BOACTBO KOM-
noHeHToB BOJIC, B mepByro oudepeb ONTUYECKOIO BOJIOKHA, OTIMYAET BBICOKAs
CTENEHb KOHUEHTpauuu. Baxxnenmmuii u3 komnoneHToB BOJIC - ontuueckoe BO-
JOKHO. JlJI mepeiayn CUTHAJIOB MPUMEHSIOTCS 1Ba BUA BOJIOKHA: OJHOMOJIOBOE U
MHOTOMO/I0BO€. CBOE Ha3BaHWE BOJIOKHA MOJYYWIH OT ClIoco0a pacupoCTpaHEeHHUS
U3ITy4YeHUs B HUX. BOJIOKHO COCTOUT U3 CEpJLIEBUHBI U O00JIOYKU C pa3HBIMU I10-
Ka3aTeasIMH IPENIOMIICHHsS. B 0THOMOJZOBOM BOJIOKHE NMAMETP CBETOBOJHOM KH-
ab1 iopsnika 8-10 MKM, TO €cTh, CpPaBHUM C JUIMHOW CBETOBOM BosHBI. [Ipu Takoi
TCOMETPHH B BOJIOKHE MOYET PACIpPOCTPAHATHCS TOJIBKO OMH Jy4 (o1Ha Moaa). B
MHOT'OMOJIOBOM BOJIOKHE pa3Mep CBETOBOJHOM >KuJibl mopsiaka 50-60 MkM, 4To 1e-
JaeT BO3MOXXHBIM PaclpoCTpaHeHHE OOJBIIOro yucia Jydeit (MHOro moxm). Ob6a
TUIA BOJIOKHA XapaKTEepU3YIOTCS ABYMs BaXXHEHIIMMU NapaMeTpaMu: 3aTyXaHHEM
U Iucriepcueii. 3atyxaHue OOBIYHO M3MepseTcst B 1b/KM U ompeenseTcs moTeps-
MU Ha NOTJIOIICHUE U HA PACCESTHUE U3IYYEHHUS B ONTHYECKOM BoJIOKHE. [lotepum
HAa TMOIJIOLIEHNUE 3aBUCAT OT YUCTOTHI MaTEPHUaIa, IOTEPU HA PACCESIHHUE 3aBUCAT OT
HEOJHOPOAHOCTEN MOKa3aTeNsl MPEIOMIICHHS MaTepHhalia. 3aTyXaHUE 3aBUCHUT OT
JUIMHBI BOJIHBI M3JIy4€HUs, BBOAUMOTO B BOJIOKHO. B HacTosimiee Bpems nepeaady
CUTHAJIOB TI0 BOJIOKHY OCYIIECTBIAIOT B Tpex auamnazoHax: 0.85 mkm, 1.3 MkwM,
1.55 MKM, Tak Kak UMEHHO B 3THUX JUana3oHaxX KBapll UMEeT MOBBILIEHHYIO IMPO-
3pavyHOCTh. Jpyroil Ba)KHEWIIMU MapameTp ONTUYECKOTO BOJIOKHA - JUCIEPCHS.
Jlucniepcusi - 3TO paccestHUE BO BPEMEHM CIIEKTPAIBbHBIX U MOJOBBIX COCTaBIISIIO-
IUX ONTHYECKOro curHana. CymecTBYIOT TpU THUNA IUCIIEPCHM. MOJOBas, Mare-
puanbHasg U BOJHOBOAHAs. MonoBas Iucrepcus - MpUCylla MHOIOMOJIOBOMY BO-
JIOKHY U 00yCJIOBJIEHA HaJIM4KUeM OOJIBIIOTO YHCIIa MOJ, BpEMsl pacIpOCTpPaAHECHHUS
KOTOPBIX pa3inyHo. MaTepuaibHas Aucriepcus - 00yCIoBlIeHa 3aBUCUMOCTBIO T10-



Ka3aress MPEeIOMIICHHs OT JUIMHBI BOJIHBI. BoHOBOAHAS Aucnepcust - oOycioBiie-
Ha MPOIECCAMU BHYTPU MOJBI U XapaKTEPU3YETCs 3aBUCUMOCTBIO CKOPOCTH pac-
MPOCTPAHEHUSI MOJABI OT IJIUHBI BOJHBI. I1O0CKOJIBKY CBETOAMOA WM Jla3ep U3Iyda-
€T HEKOTOPBIN CHEKTP JJIMH BOJIH, JUCIIEPCHUS TPUBOJUT K YIIUPEHUIO UMITYJILCOB
MIPY PACIPOCTPAHECHUIO 10 BOJIOKHY M TE€M CaMbIM MOPOXKJIAET UCKAXKEHUSI CUTHA-
noB. [Ipu orieHKe MONB3YIOTCS TEPMHUHOM ' TI0JIOCA TIPOITYCKaHUs'" - ATO BEJIMYMHA,
oOpaTHass K BEJMYMHE YIIMPEHUS] UMITYJIbCa MPU MPOXOXKJICHUH UM IO ONTHYE-
CKOMY BOJIOKHY paccTosiHus B 1 kM. M3amepsercs monoca nponyckanus B MI'i* km.
N3 omnpenenenuss moyiockl MPOMYCKAHUS BUAHO, YTO JUCIEPCHUSl HAKIAIbIBAE€T OT-
paHMYECHUE Ha JAJbHOCTh MEpEeAadyd U Ha BEPXHIOI YAaCTOTYy IEpelaBa€MbIX CHT-
HasoB. Eciu npu pacnpocTpaHeHruH CBETa 10 MHOTOMOJIOBOMY BOJIOKHY, KaK Ipa-
BWIO, TIpeo0ajaeT MOJIOBasl JUCIIEPCHsI, TO OJTHOMOJOBOMY BOJIOKHY MPHUCYIIU
TOJIBKO JIBA MOCJICAHUX THUIIA AUCIIEPCUU. 3aTyXaHUE U JUCIIEPCUS Y PA3HBIX THUIIOB
ONTUYECKUX BOJOKOH pasziuyHbl. OJHOMOJOBBIC BOJOKHA OO0JaJalOT JTyYIIUMH
XapaKTEPUCTUKAMHU MO 3aTYXaHUIO U MO MOJIOCE MPOIYCKaHUsl, TaK KaKk B HUX pac-
MPOCTPAHAETCS TOJBKO OAWH JIyd. OJHAKO, OJJTHOMOJIOBbIE UCTOYHUKHU WU3ITyUYECHUS
B HECKOJIBKO Pa3 JOpOKE€ MHOTOMOJIOBBIX. B 0ITHOMO0BOE BOJIOKHO TPYy/IHEE BBE-
CTU M3JIyUYECHHE U3-3a MAJIBIX Pa3MEPOB CBETOBOJHOM KUJIbI, TIO TOM K€ MPUUYNHE
OJIHOMOJIBIBOE€ BOJIOKHA CIJIOHO CpAallMBaTh C MajabiMU MOTEpsMHU. OKOHIIEBAHUE
OJTHOMOJIOBBIX KaOeJiell ONTHYECKUMU pa3beMaMHu TakKe OOXOIUTCS JTOPOXKeE.
MHoromMo/10BbIe BOJIOKHA 0oJiee yIOOHBI MPU MOHTa)XKe, TaK KaKk B HUX pa3Mep
CBETOBOJIHOM KUJIbI B HECKOJIbKO pa3 OoJjibllie, 4eM B OJHOMOJIOBBIX BOJIOKHAX.
MHOroMo10BbIi Kabellb MpoIle OKOHIIEBAaTh ONTHYECKUMH pa3beMaMu C MaJIbIMU
notepsimu (10 0,3 dB) B cThike. Ha MHOrOMO/I0BOE BOJIOKHO paCUMTaHbl H3JTydare-
nu Ha anuHy BoJHBI 0,85 MKM - camble JTOCTYIHBIE W JIeNIEBbIe M3TydaTeliv, BbI-
MyCKaeMbl€ B OUYCHb IIUPOKOM accopTuMeHTe. Ho 3aTyxaHue Ha 3TOW AJIMHE BOJ-
Hbl Y MHOTOMOJIOBBIX BOJIOKOH HaXoauTcsi B mpenenax 3-4 dB/ kM u He Moxker
OBITH CYIIECTBEHHO yiy4iieHo. [Tomoca mporyckaHusi y MHOIOMOJIOBBIX BOJIOKOH
nocturaer 800 MI'ti* kM, 4To mpuemiieMo JJisl JTOKaJIbHBIX CETEeH CBSI3U, HO HE J0C-
TATOYHO JIJI1 MaruCTPaIbHbBIX JTUHUMN.

6.5 BOIOKOHHO-ONITHYECKUH Ka0eIb

BTopbIM Ba)KHEHIIIMM KOMIIOHEHTOM, OMPEICIISIONIUM HaJCKHOCTh U J0JI-
roseuHocts BOJIC, sBisercst BojgokoHHO-onTHueckuid kadeas (BOK). Ha cerozms
B MHPE HECKOJIbKO JECATKOB (HUPM, MPOU3BOASAIIMNX ONTHYCCKHE KaOEIu pasiiny-
Horo HasHauenus. Hanboinee uszecrurie u3 uux: AT& T, General Cable Company
(CILIA); Siecor ( @PI'); BICC Cable ( Benukoopuranus); Les cables de Lion
(Opannus); Nokia (Punnsaausa); NTT, Sumitomo (Snonus), Pirelli(MTanus).

OmnpenensomumMy napaMerpamu rnpu npoussojactse BOK sBisitoTcs ycio-
BUs DKCIUTyaTallMK M MPOITYCKHAs CIIOCOOHOCTh JIMHUH CBs3U. [10 yCIOBUAM dKC-
IIyaTaluy KaOenu Mmoapa3eissioT Ha: MOHTa)KHbIC, CTAHI[HOHHBIC, 30HOBBIC, Ma-
ructpaibhbl. [lepBoie qBa THMA KaOesel nMpeaHa3HauYeHbI I MPOKIAIKA BHYTPH
3MaHUi ¥ coopykeHui. OHM KOMIIAKTHBI, JICTKH U, KaK IMPaBUIIO, HMEIOT HEOOJIb-
VIO CTPOUTENIbHYIO JnuHy. Kabenu mocieHux ABYX THIIOB MPeIHA3HAYCHBI IS



MIPOKJIAJIKA B KOJIOALIAX KaOeTbHbIX KOMMYHHUKAIWH, B TPYHTE, Ha OMOpax BIOJb
JIDII, mox Bojoi. DTH Kabeu UMEIOT 3alIUTy OT BHEUTHUX BO3ACHCTBUI U CTPOU-
TeJIbHYIO JJIMHY Oosee ABYX KuiaoMeTpoB. i obecnieuenust O0IbIION MPOIYCK-
HOU criocoOHOCTH TMHUM CBs3U Tipou3BojsiTes BOK, coaepikaiye HeOObIIOE
qrcio (10 8) 0THOMOIOBBIX BOJIOKOH ¢ MJIBIM 3aTyXaHHEM, a KaOesu I pacipe-
JEIUTEIBHBIX CETEeH MOTYT coliepkaTh 10 144 BOJIOKOH KaK OJJHOMOJOBBIX, TaK U
MHOTOMO/IOBBIX, B 3aBUCUMOCTH OT PACCTOSIHUI MeXAy cermMeHTamu ceTu. [lpu
usrotosiiennn BOK B OCHOBHOM UCHOJIB3YIOTCS JBa MOJIX0/1a: KOHCTPYKIIUHU CO
CBOOOHBIM MEPEMELICHUEM 3JIEMEHTOB KOHCTPYKILIUHU C KECTKON CBA3BIO MEKITY
anemeHTamu [1o BuaM KOHCTPYKIMHN pa3inyaioT KaOeiau MOBUBHOU CKPYTKH,
My4YKOBOW CKPYTKHU, Kabenu ¢ mpo(QUIbHBIM CEPICUYHUKOM, a TAaKXKe JIEHTOYHBIE
ka0enu. CyliecTByIOT MHOTOUYMCIIEHHbIe KoMOnHannu KoHCTpykuuii BOK, koto-
pbI€ B COYETaHUH OOJIBILIMM aCCOPTUMEHTOM MPUMEHSEMbIX MaTepUaIoB MO3BO-
JISIOT BHIOPATh UCTIONIHEHHE KaOelsi, HAaIyqIluM 00pa3oM YJOBIETBOPSIOLIEE
BCEM YCJIOBHSIM MPOEKTA, B TOM YHCIIE - CTOUMOCTHBIM.

OcoObIit kacc o0pa3yroT kabenu, BCTpOeHHbIE B Tpo30Tpoc. OTAenbHO pac-
CMOTPHUM CIIOCOOBI CpalllMBaHUs CTPOUTENIbHBIX AJUH Kabeneil. CpamuBaHue
CTPOUTENBHBIX AJIMH ONTHYECKUX Kabesiel MPOU3BOAUTCS C UCTIOJIb30BAHUEM Ka-
0eNbHBIX My(T ClielUaIbHON KOHCTPYKIUU. DT My(PTHI UMEIOT JIBa UK OoJee
KaOeJIbHBIX BBOJIA, TPUCTIOCOOIEHUS JIJIsl KPEIUJICHHS CUIIOBBIX 3JIEMEHTOB Kabenei
Y OJIHY WJIK HECKOJIbKO crutaiic-mactuH. Crlalic-TiacTUHA - 3TO KOHCTPYKIUS
JUIS YKJIQJIKU U 3aKPETICHUs CPAIIMBAEMbIX BOJOKOH pa3HbIX Kalesei.

6.6 CtpourtennbcTBo M Hajaaka BOJIC.

BOJIC BHyTpu oaHoro 3nanus. B 3ToM ciyuae st cBSI3M NpUMEHSETCS
nByxBosokoHHbIH OK ( Tuma " Jlamma"), KOTOpbIH NMPH HEOOXOAMMOCTH MOKET
OBITh MPOJIOKEH B TPYOKE MOJ TIOJIOM MJIM BIOJIb CTEH B JIEKOPATUBHBIX KOPOOax.
Bce paboTbl MOTyT OBITH MPOU3BEACHBI CAMUM 3aKa3UMKOM, €CIIM MOCTaBJISEMBbIii
ka0enb OyJeT OKOHIIOBAaH COOTBETCTBYIOIIMMU KoHHekTopamu. BOJIC mexmy
3MaHusAMU cTpouTcs ¢ npokiankoid BOK nubo mo kononanaMm xaOGelbHBIX KOMMY-
HuKauuii, 1100 nmytem noaseca BOK Mexay onopamu. B sTom cinyudae HeoOxoau-
MO 00ECHEYUTh COMPSKEHUE TOJICTOrO MHOTOBOJIOKOHHOTO KaOessi ¢ ONTUYECKUMU
TpaHcuBepamu. s 3TOro UCHoJib3yloT KabenbHble My(ThI, B KOTOPBIX IPOU3BO-
autcs pasaenka koHoB BOK, unentudukanus BOJIOKOH U OKOHIIEBAHUE BOJIOKOH
KOHHEKTOpamMH, COOTBETCTBYIOIIMMH BBIOPAaHHBIM TpaHCHUBEpPAM. ITy paboTy
MO>KHO BBITIOJIHUTH HECKOJIBKUMH CIIOCOOaMH.

Bo3moxubl u apyrue crocoObl cteikoBkd BOK ¢ onTuueckumu TpaHcuBe-
pamu. Y Kaxaoro crnoco0a ecTb CBOM JOCTOMHCTBA M HeNOCTaTKu. B mpaktuke
cneranuctoB Gupmel ' BUMKOM OIITUK" nomy4us pacnpocTpaHeHUE TPETH
Croco0, Tak Kak OH 3KOHOMMYEH, HaJeKeH, 00eCleynBaeT Majble BHOCUMbIE OI-
TUYECKUE MOTEPH 3a CUET MPUMEHEHUS PO3ETOK U KOHHEKTOPOB C KEpaMUUYECKUMU
AIIEMEHTaMHM, a TaKkke yJqo0eH uisd mojb3oBaresneil. Ocobo cienyeT cka3arb O He-
00XOJIMMOCTH ONTHYECKOTO Kpocc-KOHHEKTOpa. OH MpeaHa3HaueH IJisl YCTaHOBKH
Ha CTEHE WM JII0OOW BEpPTHKAJIbHOM MOBEpXHOCTU. OnTHUYECKHE KPOCCHI (DUPMBI



AMII moryt numetb emkocTh oT 6 10 64 noproB Tuna SC, FC nnu ST. Bo3moxkHa
KOMOUMHAIUS MOPTOB Pa3IMYHbIX THUIIOB BHYTPHU Kpocca.

MHOropa3oBblii MEXaHHUYECKHI COEAUHUTENIbL ONTUYECKUX BOJOKOH KOP-
JIMHK (Corelink)  npenHa3sHavyeH s ONEPaTHBHOIO PEMOHTA BOJOKOHHO-
ONTUYECKUX JIMHUMU; IJIsl CpAalIMBaHUsl ONTUYECKOro Kaless, Kak B CTallMOHAPHBIX,
TaK U B MMOJEBBIX YCIOBHSIX; IJIs1 TECTUPOBAaHUS onTuyeckoro BojokHa. KOPJIMHK
UCIOJIb3YETCA NIl MEXaHMYECKOT0 CPalllMBaHUs OJHOMOJOBBIX U MHOTOMOJIOBBIX
BOJIOKOH JuaMeTpoM 125 mkM. OH MO3BOJIIET MHOTOKPATHO COEAUHSTH ONTHYE-
CKH€ BOJIOKHA C MUHUMAJbHBIMHM 3aTpaTamMd M 3a MUHUMaibHOe Bpemsa. KOP-
JIMHK mokeT ObITh UCIIOJIB30BaH ISl COSTMHEHUSI BOJIOKOH C TuaMeTpoM Oydep-
Horo nokpeITHs 250 MkM 1 900MKM B MH00BIX codeTaHusix. [Ipo3paunblii Koprryc
MO3BOJISIET BU3YaJIbHO KOHTPOJMPOBATh Mpoiiecc MoHTaxa. Kpome Toro, ectb BO3-
MO>KHOCTb 00Jiee TOUHOM OpPUEHTALIMH BOJOKOH ISl YMEHbLIEHUS! noTeph. OCHOB-
HbI€ IOCTOMHCTBA 3TO MPOCTasi U HYKOHOMHYHAS TEXHOJIOTHS MOHTa)Ka; MaJible ra-
0apuThl; OBICTPOE M HAJEKHOE COCAMHEHHE OJHOMOJOBBIX U MHOTOMOJIOBBIX BO-
JIOKOH; MHOTOKpaTHO€ HCIOJb30BaHKUE; Majble moTepu. BHocumoe 3aTyxaHue <
0,1dB O6parnoe otpaxkenue —550B Pabouas Temnepatypa —40 n0 80° C
["aGaputHbie pa3zmepsl 51x7,6x3,3mm

KonundectBo moBTOpHBIX HUKIOB coequHeHus He Menee 10 Cpennee Bpems
MoHTaxka 30 CeKyHI.

Jlsis OBICTPOrO COEAMHEHMSI BOJIOKOH ceHdac HMCHOJB3YIOTCS CHEIHalbHO
paspaborannbie pupmoit 3M Mexanuueckue " craicel” (Splice). D1o miacTuko-
Bble ycTpoiicTBa pazmepamu 40X7X4 MM, COCTOSIIIME U3 JIBYX YacTel: Kopiyca U
KpBIIIKU. BHYTpH KOpryca HaXOAUTCs CELMANbHBIN KeJ00, B KOTOPBIN ¢ pa3sHbIX
CTOPOH BCTAaBJIAIOTCS COECUHSEMbIE BOJIOKHA. 3aT€M HAJEBAETCS KPBIIIKA, SBIISIO-
masicss OJHOBpeMEHHO 3aMKoM. Ocobasi KOHCTPYKIMA " cruiaiica” HaJeXkHO IIEH-
TpupyeT BojokHa. [lomydyaeTcss repMeTHYHOE M KaueCTBEHHOE COEAMHEHHE BOJIO-
KOH ¢ notepsimu Ha cThike ~ 0.1 dB. Takue "cruiaiicel” 0coO€HHO YA0OHBI PU ObI-
cTpoM BoccTtaHoBieHuu nospexaeHuii BOJIC. Bpems Ha coenuHeHue ABYX BOJIO-
KOH He mpeBsbiaet 30 CeKyH I TOCie TOro Kak BOJOKHA IMOATOTOBIICHBI (CHITO 3a-
IIUTHOE MOKPBITHE, CJeNaH CTPOro MEePICHIUKYJISPHBIA CKOJ). MOHTaX BeaeTcs
0e3 mpUMEHEeHHs KJies W CIeluaIbHOro o0OpyJoBaHMs, YTO OYEHb YJOOHO IpH
paboTe B TPYIHOJOCTYITHOM MecTe (Hampumep, B KaOEIbHOM KOJIOJIIIE).

3a mocieaHue rojbl pa3padoTaHO HECKOIbKO CIOCOOOB CpalllMBaHUS OMNTH-
YECKUX BOJIOKOH. YHUBEPCAIbHBIM CUUTAETCS CIOCOO CpalliuBaHHs BOJIOKOH ITy-
TEM CBapKu Ha CHEIMaJbHOM amnmnapare. Takue amnmapaThl MPOU3BOAIT (DUPMBI:
BICC(Benukobpuranus), Ericsson ( [lseuwus), Fujikura, Sumitomo( Sinonwus ). Bei-
COKasi CTOMMOCTb CBAPOUYHBIX alnapaTroB CTajla MPUYUHON CO3aHUs albTepPHATHUB-
HBIX TEXHOJIOTUN CPalllUBAaHUs ONTUYECKUX BOJOKOH. MOHTaX ONTHYECKUX JIMHHUM
cBs3u pupma " BUMKOM OIITHUK" npoBoAHT ¢ MOMOIIIBIO CBAPOYHOIO ammapara
¢dupmer "Sumitomo” type 35 SE.  Drtot anmapar mo3BoJseT CBapUBATH JIIOOBIC TH-
bl BOJIOKOH B PYYHOM M aBTOMAaTHYECKOM pEXUME, TECTUPYET BOJIOKHO Mepen
CBapKOil, yCTaHaBIIMBAET ONTHUMAJbHBIE MapaMmeTp paboThl, OLIEHUBAET KAaYECTBO
MOBEPXHOCTEN BOJIOKOH MEpe]] CBApKOM, U3MEPSIET MOTEPHU B MECTE COEAMHEHHI
BOJIOKOH U, €CJIM 3TO HEOOXOIMMO, 1a€T KOMaH]ly TOBTOPUTH CBAPKY.



Kpome storo ammapar 3amgiiaeT MECTO CBAapKH CHEIUMAIbHON THUIB30U U
MPOBEPSET HA MPOYHOCTh CBApPHOE COCIAMHEHHE. AmmapaT IMO3BOJISIET CBAPUBATH
OJTHOMOJIOBBIC K MHOTOMOJI0BbIe BosIoKHA ¢ motepsmu 0.01dB, yro sBisercs mpe-
BOCXOJHBIM Pe3yJIbTaToM. B ammaparax npyrux koHCTpyknuid, Hanpumep BICC,
BOJIOKHO M3THOaeTcs, ¥ B MECTe M3ruba CBapMBAaeMOro BOJOKHA BOJUTCS H3JTyde-
HUE J1a3epa, KOTOpOe PErUCTPUPYETCS B MECTE€ M3ruba BTOPOrO CBApUBAEMOI'O BO-
nokHa doTonpueMHUKOM. [Ipu Takom crnocobe u3MepeHUil BOJIOKHO MOABEPracTcs
ype3MepHol aedopmaliii u3ruda, 4To MOXKET MPUBECTH K 0Opa30BaHUIO TPEITUH
Ha 3TOM ydYacTKe BOJOKHA. SUMItOMO MPOBOAMT HM3MEPEHHS Hepa3pyIIaroIIuM
croco00M Ha OCHOBE 00pabOTKU BUEOMH(OPMALIUK MO CIICUATIBHO pa3padoTaH-
HBIM aJITOPUTMaM.

JIJIs HEKOTOPBIX CHEIHAIBHBIX MPUMEHCHHA ONTHYECKHE BOJIOKHA BBITYC-
KarOTCS C OCOOBIM MOKPBHITUEM 000JOUKHU WM CO CIIOKHBIM MPOodUieM MoKa3aTels
MpeJIOMJIEHHs] Ha TpaHulle " *uia-o0ojouka". B Takue BOJIOKHA OYE€Hb TPYAHO
BBECTH 30HJIUPYIOIICe M3Iy4YeHHe B oOyiactu u3ruba. s ammaparoB Sumitomo
paboTta co crenuaibHBIMU BOJIOKHAMU HE BBI3BIBAET 3aTpyaHeHui. [lomoOHbIe ar-
napathl JOBOJILHO JIOPOTH, HO MBI pa00OTaeM MMEHHO Ha TaKUX araparax. JTUM
JOCTUTAIOTCS JIBE Ieiu: 1) BBICOKOC KayeCTBO CBApKH, 2) BBICOKAs CKOPOCTh pa-
00T, YTO HEMAJIOBAXXHO IMPH BBIIOJHCHUH OTBETCTBCHHBIX 3aKa30B (CpOUYHas JIHK-
BUJAIMsI aBapUU Ha MaruCTPaIbHOMN JIMHUN CBSI3H).

B nponecce montaxa BOJIC ocymiecTBisieTcss TECTUPOBAHUE JIMHHUM C T10-
MOIIBI0 ONTHYECKOTo peduiekromeTpa. Moneias 7920 Helios— 3to coBpemeHHBI#
ONTHYECKHIA pedIeKTOMETp, OCHOBAHHBIH HA MPUHIIAIIE OTKPBITOH apXHTEKTYPHI.
[TpuGop nMeeT MPOMEKYTOUHBIC pa3MepPbl MEXKIY MUHH- U OOJBITUMHU pedeKTo-
METpaMH, UMEET BCTPOCHHBIH auckoBoa 3,5 (dhopmata MS-DOS) miist xpaneHnus u
MoCIeAyIoNe 00paboTKU Pe3yIbTaTOB U3MEPEHUN, BCTPOCHHBIM MTPUHTED, IJICK-
TPOJTIOMHUHECHICHTHBIH aucruieii. Helios npennasnauen st pabOThI, Kak B IOJIe-
BBIX, TaK W B JIAOOPATOPHBIX YCJIOBHSX Ha BCEX BHUIAX BOJOKOHHO-ONTHYCCKUX
Tpacc. Helios o6magaer MOBBIIEHHBIM OBICTPOICHCTBUEM U MO3BOJISIET MPOBOIUTH
BCE HEOOXOUMBbIE U3MEPEHUS NP MAKCUMAIHbHOM JUHAMUYECKOM JUAIa30HE Me-
Hee yeM 3a 1 MuHyTy. OH aBTOMAaTHYECKH TOJI0MpAET IMapaMeTpbl N3MEPEeHUN
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