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Pozain 2. METOIU TEPMOJANHAMIYHOI'O JOCJIZKEHHSA
CTPYKTYP

[IpenMerom TepMOIMHAMIYHOTO JTOCTIPKEHHS € TapaMeTPpH CTaHy Ta iX 3MiHH
B IIpOLIeCi NEPETBOPEHHs PEUOBMHU. 3a3BMUail BU3HAUAIOTh MMapaMeTPu CTaHy, K1
JIAl0Th MOJKIIMBICTH 3pOOMTH BHCHOBOK II[OJI0 MIKPOCKOIMNYHHX, (I3MYHUX Ta
XIMIYHUX BIACTUBOCTEH, a TaKOX BIACTHBOCTCH, TIOB'SI3AHMX 3 CHEPrETUYHUM
CTaHOM PCYOBHMHHU. BiloMoO, 10O OCHOBHMMH MapamMeTpaMy CTaHy € BHYTPIlIHA
enepris U, enrpomis S, enranpmis H Ta BimtbHa enepris ['6ca G. Ilporecu, mo
3MIHIOIOTh MaTepiajibHy CUCTEMY — I1€ MPOIECH XIMIYHOTO, (i3UKO-XIMIYHOTO Ta
(GI3MYHOTO TEePETBOPEHHS PEUOBUHH, SIKI OE3yMOBHO € OCHOBOIO CYYaCHOTO
TEXHOJIOT1YHOTO MapHIpyTy popMyBaHHS cyOMikpoHHuX cTpykTyp BIC: emitakcii,
OKCUJIyBaHHS, IMIUIAHTAIll, TUIA3MOXIMIYHOTO OCaJDKEHHS 1 TPaBIICHHS, METali-
3arii Ta CHTIHMIOYTBOPEHHS, a TAKOXK TaJIbBAHIYHHUX (E€JIEKTPOXIMIYHUX) IIPOIIECiB
(dhopMyBaHHS IOPUCTOTO Si Ta JIICTEKTPHUKIB.

Kpim TOro, repmonrHaMiyHi BIACTUBOCTI PEYOBHMHU 1 HacaMIlepe eHTaJIbIIisA
€ BOXJIMBUMHM TMapaMeTpaMu OyIb-IKOro MaTepialy Ta J03BOJISIOTH IOBOJII IIPOCTO
MOSICHIOBATH 0araTo siBMI METAJI03HABCTBA 3 TOUKU 30py MaTepiano3HaBcTBa. Jlis
BUMIPIOBAaHHS Ta KOHTPOJIKO I[UX [1aPaMETPiB BUKOPUCTOBYIOTh PsiJi PI3HOMAaHITHUX
TEPMOJMHAMIUHUX METO/IB, 30KpeMa KaJIOPUMETPUUHHUX.

Y upomy po3AuTi ONMMCAaHO HAWOLIBIN IIiKaBl (L[OJO BUPIIICHHS 3aBIaHb
METaJIO3HABCTBA) METOAM TEPMOAMHAMIYHOTO JOCIIKEeHHA. B iX oCcHOBY mokia-
JIEHO 3arajJbHONPUHHATHI MO AOCTIAHULIBKUX NMPOOJIeM Ha TakKi, IO MOB'sA3aHi 3
XIMIYHUMU, (I3UKO-XIMIYHUMU Ta (I3UUHUMU NPOIECAMU MIEPETBOPEHHS PEUOBHU-
HH, a TaKOX Ha IMpoOJeMH, MOB'13aH1 3 KOHKPETHUMH (PI3MIHUMH BJIACTUBOCTIMU
MeTaly, Xo4a IIpU bOMY MOKJTUBA Jesika HEOTHO3HAYHICTh TAKOTO MOLTY.

Jlo mporeciB XiMIYHOTO MEPETBOPEHHS PEUOBHHH BIIHOCAThH peakiiii MIX Tak
3BaHUMHU NaJIbTOHIZaMHU (peYoBHHAMHU (PIKCOBAHOTO CTEXIOMETPHYHOI'O CKJIady).
[li mpouecu BiIrparOTh CYTTEBY pPOJb Yy (pOpMYyBaHHI CIUIABIB EICKTPOHHOI
TEXHIKH (TIOMIHIEB], CHJIIIMJIHI YW TOJIIUIHI CIUiaBu, cruiaBu Fe-Ni s
BUBIJTHUX PaMOK, KOHTAKTHI CIUTAaBH TOIIO).

Jo ¢i3uko-XIMIUHHUX MPOIIECIB MEPETBOPEHHS PEUOBUHU HANEkKaTh HIMPOKO
3aCTOCOBYBaHI Ha MPAKTHIIl MPOIECH 3MIITyBaHHS, 30KpeMa MPOIECH YTBOPEHHS i
pO3YMHEHHST OepTONiAIB (PEUOBHMH, CKJIAN SKHUX 3MIHIOETHCA B 3HAYHUX MEKax
3aJIeKHO Bim yMOB ix oTpuManHs). Croau BITHOCATH 3a3BHMYail BC1 TaJbBaHIUHI
IIPOIIECH, TTOB'SI3aH1 3 €IIEKTPOXIMI€I0, HAMPUKIIAJ, aHOTYBAaHHS.

Jo mpomeciB (i3UYHOTO MEPETBOPEHHS PEYOBHMHU HaJeKaTh Taki, sIKi
3IIACHIOITHCS 0€3 3MIHM XIMIYHOTO CIUIaBY PEYOBHMHHU (IIEPEBAKHO CTPYKTYPHI
NepeTBOPEeHHS Ta (a3oBi mepexoan). Takumu €, HaPUKIIad, TPOIECH TEPMITHOTO
(GbopMyBaHHS E€BTEKTUYHMX CILUIABIB, NMEpEeKpHCcTaii3alii MOJIKPEMHII0 B MOHO-
KpEMHIH, Bi/ITamy-akTUBaIii aMoppHUX IMIJIAHTOBAHUX TIAPIB TOIIIO.

TepMonuHaMiyH1 JOCHIPKEHHS MPOLECIB XIMIYHOTO MEPETBOPEHHS PEUYOBUH
MalTh OCOOJNMBE 3HAYCHHS B METAIYpTidHIA TEpMOXiMii Ta B TEXHOJOTIi
eMITaKCIHHOTO BUPOIIYBAHHS HAIIBIPOBIIHUKOBHX IIAPiB. Y MpoIeci OTpuMaHHs
MeTamiB BiAOyBacThCs 0araTo pi3HOMAHITHUX OCHOBHHMX Ta JOMOMIDKHHUX PeaKIii
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BUHSATKOBO MDK JanbTOHimamu. Po3poOneHHS Ta onTuMizallis BiJmOBITHHX
TEXHOJIOT1YHUX TIPOLIECIB HEMOXKJIMBAa 0€3 JOCHIIKEHHS TepMOAUHAMIYHOL
¢yskuii ctany — BUIbHOI eHeprii ['ibca G, g (TyT Majow0 JITEPOI MO3HAYAIOThH
IHTEHCHBHI, MOJIbHI MApaMeTpH CTaHy). SKIIO B POIECi XIMIYHOTO TTEPETBOPEHHS
pPEUYOBHMHHU 3a 130TepMiYyHO-1300apHUX YMOB BUIbHa eHepria ['i0ca cucremu
3meHmyeTbes (AG < 0), To TaKuil MpoIec TSPMOIUHAMIYHO MOKIHUBHMA, a peaKilis
Oyne BinOyBatucsi y BKazanoMy Hampsmi. Skmo AG >0, To HampsM MOXIJIUBOI
peaxkuii 6yne 3BopoTHuid. 3a ymoBu AG = 0 K0JieH 13 HaNpsMIB HE Mae€ MepeBar,
10 BIJIMOBIJIa€ CTaHy PiIBHOBATH.

Ile o3Havae, MO BKe OJHE BU3HauYeHHs 3Haka AG J03BOJIS€ B3HATH, YU
3a0e3neuye BHOpaHHA MPOIEC MEPETBOPEHHS PEYOBUHU OTPUMaHHS HEOOXITHOTO
KIHIIEBOTO TPOAYKTY 3a 3aJlaHUX yMOB, a TaKOX SKUM YHHOM CIIiJ{ 3MIHUTH
BapiaTUBHI TapaMeTpH CTaHy — TeMIlepaTypy, TUCK, CKIaJ s TOro, 00U
BKa3aHa peakilisg 0yJia TepMOIUHAMIYHO MOKJIUBOIO. AHAJOTIYHUM YHMHOM MOYKHA
OIIHUTU 1 BCl moOiuHi peakiii. J[ms mporeciB, SkuM HEOOXiTHO 3a0e3mMeYnTH
AG > 0, MO)KHa BU3HAYUTH BEJIMYMHY CTHUMYJIIOIOUUX YMHHUKIB, HAPUKIAM, AJIs
€JIEKTPOXIMIYHOTO OCaJPKCHHS METaJliB UM aHOJIyBaHHSI TaKHUMH MOXYTh OyTH
BEJIMUMHA CJIEKTPUYHOIO MoTeHIiany abo ryctuHa ctpymy. Takox 3a BEJIMUHMHOIO
AG MOXHa po3paxyBaTH TIOJOXKEHHS XIMiYHOI PIBHOBaru, a OTXeE, 1 CTYNiHb
PO3BUTKY XIMIYHOTO TIPOLIECY TEPETBOPEHHS PEYOBHHM. SIKIIO KPIM BETUYMHU
3MiHM BUIbHOI eHeprii I'i0ca AG Bizoma 3miHa eHTanbmii AH, ToOTO KiIbKIiCTh
TEIIa, IKUM CHCTeMa OOMIHIOETHCS 3 HABKOJUILHIM CEPEIOBHIIEM, TO MOKIHBA
onTHMIi3allist 6ajJaHCy eHeprii TAaKOro TeXHOJOTIYHOTO MPOoLecy.

Benuuuny AG 1ns  130TepMiuHO-1300apHMX TPOIECiB, BIAMOBIAHO 10
13otepmu Bant-I'odda, MoxxkHA BUSHAYUTH 3 PIBHSHHSA:

AG=AG® +RTIn[](a;")=AG"* +RTY (v;Ina;) 2.1
i i

ne AG® — crampmaprHa eHepris [i0ca, @; — aKTHBHICTL KOMIOHEHTH, V; —
CTEXIOMETPUYHHMK KoedilieHT. [CHYIOTh J1Ba MAXO0IW JUIsi OTPUMaHHS YHCIOBOTO
3naueHHst AG Ha ocHoBi AG® Ta piBHsiHHS (2.1), SKi MM 1 pO3IJISIHEMO.

2.1. Buznauennst AG® 3a CTaHAAPTHAM 3HAYEHHSIM €HTAJBIII T2 eHTpomii
peaxkuii

Takuii BapianT BusHauenHs AG°® 0a3yeTbcsi Ha KaJOPUMETPUYHOMY
BUMIpIoBanHi cTanmaptaux entanenii AH® Ta entpomii AS® peaxuii, ski 3B'a3ami
Mix coboro popmyoro 'ibca-I"ensMronbia

AG® =AH® —T-AS". (2.2)

CranmapTHi 3HA4YeHHs BEJIWYUH BIANOBIAAIOTH CTaHy, 32 SKOTO AKTUBHICTHh &;
KOXKHOTO 3 KOMIIOHGHTIB CHCTEMHU, III0 BCTYNAIOTh B PEaKIlito, piBHa oauHuUIi. Lle
O3Hayae, MO JAPYTWid WieH MpaBoi 4acTUHU pIBHAHHA (2.1) MepeTBOPIOETHCS B
HYJb, OCKUTBKH Ina; = 0.

Cranpaprhi 3nauenss BeamanH (AG®, AH® un AS®), 3a3Buuaii, mo3HavarTh
3arajlbHUM CUMBOJIOM AZ, T SKUM Y TEPMOJIUHAMII pO3YMIIOTh TaKy BETUUUHY:
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e Z — mapaMmeTp CTaHy CHUCTEMH, Z; — MapaMeTPU CTaHy KOKHOI 3 KOMITIOHEHT
CHUCTEMH JIO Ta MIC]s peakiii, a CTeXIOMEeTpUUHI KOC(IllIEHTH V; 3aBXJH JI0JaTHI
JUTSI TIEPBUHHUX KOMIIOHEHT Ta BII'€MHI JUIS TPOJAYKTIB peakiii. Hampukian,
peakiiro yTBOpeHHS peuoBMHH A,B; 3 kommoHeHT A 1 B Ta BigmoBigHi iM
napaMeTpu CTaHy MOXHAa CXEMaTU4YHO BIAOOpa3UTH 3a JOMOMOrow pwuc. 2.1.
[HmMu cnoBamu, BenmuuHa AZ onmcye 3rigHO 3 (2.3) OQuH 3 mapaMeTpiB CTaHy:
AG® =>v;G;, AH" =) v;H; au AS" =) v;S;.

Jlist BU3HAYEHHsI CTaHAApTHOI eHeprii
[ioca nacamnepen ciia orpumard AG® 3a LT 37p
HOPMAaJIbHUX YMOB (Ty=298,15 K,
P,=101,3 x[Ta). [ns wuporo HeoOXigHO 2A + 3B
BUMIPSATH (32 H. y.) CTAaHAAPTHI €HTAIBII1IO
Ta EHTPOMII0 BCIX KOMIIOHEHTIB peaKii.
OcKUTbKM a0CONMIOTHE 3HAYEHHS SHTaJbIIl
HEBU3HAYEHE, TO IS MEPBHHHHUX KOMIIO-
HEHTIB HOro MOXXHAa TPUHHATH PIBHUM AZ
Hymto. Toal eHTanbIisi yTBOPEHHS BCIX
CIIOJIYK JIOPIBHIOE TEIUTy, SIKUM CHCTEMA, v
YTBOpPEHa 3 KOMIIOHEHTIB 32 HOPMaJIbHHUX A,B;
YMOB, OOMIHIOETHCS 3 HABKOJIUIIHIM cepe-
JIOBHINEM, 1 K€ MOKe OYTH BH3HAUYCHE
KaJIOpUMETPUUHUM CIIOCOOOM.

CTragmapTHy €HTpPOINIO  Oyab-IKOi
PEUYOBMHU TAKOXX BH3HAYAIOTH EKCIIEPH-
MEHTAJIBHUM HIIIXOM. JIJIf BCIX iIeaibHO
kpuctanigaux pedouH S; (T =0 K, P = P,)) = 0. Toxi 3a gommomMoroxo Bupasy

T, C.
AS; =8;(T2)=$;(T))= [ L dT. 4
Tl

HUIIXOM KaJJOPUMETPUYHOTO BUMIPIOBAHHS MOJIbHOI TersioeMHocTi C; B iHTEpBali
temneparyp Bix Ty =0K mo T,=298,15 K orpumyemMo craHmapTHe 3HAUYCHHS

ZAzB3

Puc 2.1. CxematuyHe  300paKeHHS
3MIHM NapaMeTpiB cTaHy Z B poLecl
XIMIYHOTO IEPETBOPEHHS PEUOBUHHU

eutpomii AS; =S;(T,) 3a HopManbHUX YMOB (pHC. 2.2).
SIKm10 y BKa3aHOMY Jiala3oHi TeMIiepaTyp BiIOyBaeThCs Ga3oBHA Iepexia 3a
temneparypu T,, e T; <T, <T,, To earpomito S,(T,) po3paxoByIOTh 3T1AHO 3
Tu TZ
G G
Si(Ty)=S;(T)+ [ —LdT +AS;, + [ =LdT, (2.5)
T, T T, T
1
ne ASyx = AH;«/ T, — entpomist ga3zoBoro mepexoay 4ucToi pedoBuHH (puc. 2.3),
AH;+ — Teriota (a30BOro nepexony.
Jlnst 6araTbOX pe4OBUH IXHI €HTPOIIi Ta EHTAJbII] YTBOPEHHS 32 HOPMAIBHUX
YMOB YK€ BH3HAUCHI KaJOpUMEeTpuuyHUM criocodbom. Taki TaOynpoBaHi naHi
HaBelleH1 y CIeliaJbHUX AOBIAHHKAx, ToMy 3a Qopmymamu (2.2) 1 (2.3) 6e3

u
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Puc. 2.2. Buznauenus entponii  Pue. 2.3. TemneparypHa 3aleKHICTb €HTPO-
PEUOBMHU 3a TEMIIEpaTypHOIO  Mii YMCTOI PEHYOBUMHHU Yy BUIAJKY (ha30BOro
3aJICKHICTIO TEIJIOEMHOCTI neperBopenHsi 3a T =T,

0COONMBHUX 3YCWJIb MOKHa pO3paxyBaTH MOJbHY BUIbHY CTaHIApTHY EHEpTito
li6ca AG® peakiii 32 HOpMAJILHUX YMOB.

SIKmmo 1 aHai3y MpOLECy XIMIYHOTO IEePETBOPEHHS PEYOBHHH HEOOXITHO
pospaxyeatu AG° mis noBinbHOi Temmeparypu Ty, sKka BiApi3HAETbCA Bix
T, = 298,15 K, 10 m1s wiei TeMneparypu HeoOXiqHO 3HaTH Takox Bearmuuuud AH® i
AS°. Sk yxe Oynmo moxazano sume, Beanmuuny AS°(Ty) MOXKHAa BH3HAYHMTH 3a
dbopmynamu (2.4) i (2.5). dns nporo HeoOXximHo 3HatH BeaumuuHy Si(Ty), ToOTO
¢bakrnuHo TerioemuicTe C; B iHTEepBani Temueparyp Bix T; =0 K mo T, = Ty s
BCIX KOMIIOHEHTIB peakilii. 3HaueHHs TaKoi TeMIIepaTypHOi 3aJeKHOCTI € TAKOXK

ymMoBoro BusHaueHHs enrtanbmii AH; (T, ) xommoHeHrtiB peakumii ams Ty i

BignoBigHo entanbnii  AH°(Ty). Jlas TemmepaTypHOi 3aJ€KHOCTI E€HTAJbIIIT
YTBOPEHHS CHCTEMU CIIPaBETHBHM € BHPA3:
T2
o o
AH; (T,) = AH; (Ty) + [AC,dT. (2.6)
Tl
SIKIO HEMOKIIMBO po3paxyBaTu BenmunHy AH; pedoBunm, sika Oepe y4acth
y XIMI4HI} peakiii, To ii MOKHa BU3HAYUTH B IHIIMK croci0, a came: OGesnocepe-

HBO BUMIpSITH KalopuMeTpudHuM uisixoM AH; a6o IIykaHy eHTanbIiio peaxiil

AH®. Take BUMIpIOBaHHS MOXJIMBE 3a YMOBH, SKIIO BiAMOBIZHA peaKIlis
(yrBOpeHHs 3 enemeHTIB abo mporec (Ha3oBOro MEPEeTBOPEHHsS] PEYOBHHU) MOIKE
OyTH BiATBOpPEHA B KAJTOPUMETPI.

Jocnimkenns 3anexnocti AG® Bij THCKY IOLIBHE 3a YMOBH, IO IIPOILEC
MIEPETBOPCHHSI TIOB'SI3aHUIN 31 3HAYHWMH 3MiHaMU 00'emy AV. OpHak s Oidb-
IIOCTI KOHJACHCOBAHMX CHCTEM TaKy YMOBY CIiJ BpaxXyBaTH TUIbKU TOJi, KOJU B
peakiiii 6epyTh y4acTh ra3omno/(10HI peuOBHUHHU (HAMPUKIIAJ, ra3o(a3zHe ocaKEeHHs
MOJIIKPEMHII0 YW CHJIIUAIB y peaKkTopax MOHMKEHOTO THCKy abo razodaszHa
emitakcis). B npoMy Bunaaky pospaxynok AG® 3ailiCHIOETHCS BIAMOBIAHO 10O
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P,
AG’(Py) =AG"(P)) + [AVdP. 2.7)
Pl
YMOBOK TaKOTO IOCHIIKCHHS € BUMIPIOBaHHS 3alIeXKHOCTI AV BiI THCKY, IO
TaKOX MO>KHA 31MCHIOBATH 3a JOTIOMOTOK0 KaJIOPUMETPUIHUX METOIIB.

2.2. Busnauyennsi AG’ mIsIXoM BUMipIOBaHHs PiBHOBAKHOI AKTUBHOCTI

[HmuM MetomoM BusHaueHHs AG® B mpomueci XiMi4HOTO IEpPETBOPEHHS
PEUYOBHHU € BUMIPIOBAHHs PIBHOBa)KHMX aKTHUBHOCTEH dj.q KOMIIOHEHTIB PEaKIii.
B craHi piBHOBarM akTMBHOCTI «; BCiX PEYOBHH BIJMOBIJAIOTh PIBHOBAXKHUM
AaKTUBHOCTSIM @ g, @ BUIbHA eHeprid ['10ca peakuii AG y dopmyai (2.1) piBHa Hy110
(ToOTO peaxilisi HE BiMOYBAETHCSA HI B IPIMOMY, HI B 3BOPOTHOMY Harpsimi). Jls
BibHOI cTanmapTHOI eneprii ['i6ca AG® ToIi CrIpaBIKy€eTHCS CIIBBiIHOIIEHHS

AG® =-RT-In[](q;")eq » (2.8)
;

vV . . ..
ne [](q;" )eq BIAMOBiNae KOHCTAHTI piBHOBaru K: AG° =—RT-InK .

i

BuMipsiBmu piBHOBa)KHI aKTHBHOCTI a00 KOHCTaHTH piBHOBaru K 3a 10BiiIb-
uux Temieparyp Ty, MoxHa BusHauutu Bennuuny AG°(Ty). Tenep, Ko Bigomi
temneparypui 3anexnocti K(Ty) ta AG°(Ty), To po3paxyBaTid MOJbHI CTaHIapTHI
enrtanbniro AH® Ta entpomiro AS® peakiii MOXHa 3a 10MOMOTIOK0 TAKUX BHPA3iB:

° 0
(aan) :AHz’ OAG™ | __j\¢o (2.9)
ol Jp RT oT P

Benanunny AS° yacto BH3HAauyaoTh 3a 3HadeHHAM AG°® Ta KaJOpUMETPUYHO
BUMIpsiHOKO Benmunuoro AH® Bimmosigno po (2.2). Kamopumerpuuni merogu €
JIOCTaTHBO TOYHI, OJTHAK BUMAararTh 3aTpaTH 3HAYHUX 3yCUJIb.

Ha BigmiHy Bim TpoIeciB XIMIYHOTO YTBOPEHHS pEYOBHH, HabaraTto
CKIIQJHIIIUMHU € TpPOUecH ixXxHIX (i3UKO-XIMIYHUX TepeTBOPEHb. Posrisiaemo
METOJIM TEPMOJMHAMIYHOIO JOCHUDKEHHS TaKuX TMpoueciB. Y TeXHOJOriT
MIKPOEJIEKTPOHIKH 0 HaWBaXIMBININX 3aBIaHh METAJIO3HABCTBA HAaJeKaTh
PO3pO0JICHHS, BUTOTOBJICHHS Ta JOCIIDKCHHS MarepiaiiB, CKJIaJ i BIACTUBOCTI
SAKMX 3HAYHOIO MIpPOI0 3ajJekaTh Bi yMOB IX BHUTOTOBJCHHS, HAalpHUKIAL,
amominieBoro cmnaBy AKIo-1-1, skuil BHKOPHUCTOBYIOTH JUISi MeTaii3arii
BEPXHBOTO piBHS CyOMiKpoHHMX cTpyKTyp BIC Ha OCHOBI KpeMHIEBOT TEXHOJIOTI.
BaxnmBa iHpopMaIis uisi po3yMiHHS BIACTHBOCTEH TaKWX MartepiaiiB, sKi iIe
HA3MBaIOTH OeproiijaMu (CIUTABHM Ta I1HTEpMETAleBl CIIOJNYKH), MOXe OyTu
OTpUMaHa 3a JOIOMOIOK BUMIPIOBAHHS TE€PMOJUHAMIUHUX MapaMEeTpiB CTaHY B
IIpoIIec] OJepIKAHHI MaTepialy 3TiTHO 3 PEAKIIIEI0

xA+)yB—>A,B,, (2.10)

JIe X, Y — BEIMYUHH, K1 3MIHIOIOTHCS B JIOBOJII IMIUPOKUX MEXKaX.

[lim wdWac TepMOAMHAMIYHOTO OCHIMIKEHHS OepTONimiB  3/J€OLTBIIOT0
OIIIHIOETHCS HE MapameTp CTaHy Z, a BiacHe Horo 3MiHa AZ B mporueci (i3uko-
XIMIYHOTO TEpPEeTBOPEHHS PEYOBMHH. B IbOMY BHUIAIKy YHCIOBI IapaMeTpu
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(13MKO-XIMIYHOTO TIEPETBOPEHHS MOKYTh OyTH BU3HAYEHI €KCIIEPUMEHTAIBHO IS
Oynb-siKo1 BeNMYUHU AZ, SK 1 Yy BUIAAKY MPOLECIB XIMIYHOTO TMEPETBOPEHHS.
Posrnsnytuil Buine apyruil BapiaHT BU3HAYEHHS BeIMUYUMHU AZ 1IIIIXOM
BUMIPIOBaHHSI PIBHOBa)KHUX aKTHBHOCTEH MOXKe OyTH BUKOPUCTAHWUN TaKOX 1 JUIS
onucy (i3UKO-XIMIYHUX MPOLECIB MEPETBOPEHH PEUOBHHHU. J[JIs1 IIbOTO TOCTATHHO
BUMIPIOBATH AaKTHUBHICTh « TUIBKH OJHOTO KOMIIOHEHTa Oepromimy — A.
AKTHUBHICTh apg Apyroro komioHeHTa (B) po3paxoByroTh Ha OCHOBI 3aJIeKHOCTI
BUMIPSIHOT aKTMBHOCTI @ BiJl il MOJIBHOT 1011 (XA — MOJIbHA J10JISI KOMITOHEHTA A):

x o X

Inag =—=2-P,as + [ Inay d —AJ. 2.11)
XB 0 XB

SIKII0 BW3HAYEHO 3aJIeKHICTh BIJA TeMIepaTypd Ta THCKY O0OX BeIUYHH

AKTUBHOCTI d A 1 ag, TO MOJKHA PO3PaxyBaTH BCI IHII MOJIbHI ITAPAMETPH:

AG; =RTInag; AS; =-Rlnag - RT(M)%‘ P>
oT ’ 2.12)
AH; = —RTZ(%)%PQ AV; = —RT(G hl(;;- Xpg )ai,T’

IO B PE3yJIbTaTi 103BOJISIE BU3SHAYUTH YHCIIOBE 3HAUCHHS AZ:
AZ:XAAZA +XBAZB. (213)
KanopumeTpruyHi AOCHIIPKEHHS IPOLECIB MEPETBOPEHHSI PEUOBUHU, BUMIpIO-
BaHHSI TeMIIEPaTypHOI 3aJIEKHOCTI TETUIOEMHOCTI Ta BUMIPIOBAHHS PIBHOBAKHHUX
nmapaMeTpiB  CTaHy SIBJIAIOTH COOOK Hale(EeKTUBHINIY eKCIIepUMEHTAIbHY

[ E

AG =AG® +RTIn[] (")
i

a; =1 4; =dieq
AG =AG° 0=AG®+| RTIn[ (" )eq
i
AG =| AH® — |T-AS° AG® =-RTInK
o o OAG® o
AHO(T,) = AHY(T}) |+ J' AC,dT PisnoBaxua aktuBHicTh (T)
T
Kanopumerpis peakuii 1 T
k .
S,(Ty) = | LaT
T .
Si(Ty)=S;(Ty) | + [ =tdT  Buwmiprosanus
T T TEMJI0EMHOCTI

Puc. 2.4. CxeMa MeTOJIB TEPMOJIMHAMIYHOIO [OCIHIIPKEHHS IPOIIECIiB
(bi3UKO-XIMIYHOTO TIEPETBOPCHHSI PEYOBHUH
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METOJIMKY TEPMOJIMHAMIYHUX JOCTIDKEHb Yy TEeXHOJOTii OepromiaiB (puc. 2.4).
Bona n03BOJIsIE MOSICHIOBATH BJIACTHBOCTI PO3UMHIB Ta IHTEPMETAJIEBUX CIIONIYK,
30KpeMa EJICKTPOJHUX CIUIABIB, a TAKOXK SIBUIIA KOPO3ii amtoMiHieBOT MeTamizamii
cyomikponnux BIC.

o mpoueciB (i3MYHOTO MEPETBOPEHHS PEUYOBMHU BIIHOCATH TakKi, MiJ 4ac
SKUX BIICYTHI Oyab-sKi XIMI4HI peakilii, a BiIOyBaeTbcs TLIbKH 3MiHa (pa3oBOTO
CKJIQAy, CTPYKTYpPH YH €JCKTPOHHOI Oy/J0BM, HANpHUKIad, NepeKpucTai3arisi
MOJIIKPEMHIFO B  MOHOKpPEMHIW, (QOpMyBaHHS CHIIIUAHO-TIONINUJIHUX ILIAPiB
TEMITEpaATypHUM YW (POTOHHHUM BiJNAJIOM, AKTHBAIlS IMILIAHTOBAHUX JIOMIIIOK
tomo. Illogo ¢i3myHMX mpoleciB y MeTaleBUX CUCTEMAX MAeMO TakKi THUIU
($a30BUX TMEPETBOPEHB: 3MiHA CTPYKTYypH IPATKH, IUIABICHHS, BHUIIAPOBYBAHHA,
cyOusiMarisi, OTpUMaHHS EBTEKTUYHOTO CIUIaBy Ta 3MiHAa CTPYKTypH, a came:
BIIOPSIKOBAHICTh, AJOTPOIIYHI MEPETBOPEHHS, pPEKpUcCTali3allis, reTepyBaHHs
nedekTiB, koMIreHcalis qoMimok B GaAs Tomo. J{imsg Bcix mporeciB (GizudHOTO
MEPETBOPEHHS PEYOBMHM 3araJlbHAUM € T€, 1[0 BOHHM BiOYBalOThCS 3a IEBHOL
temneparypu T, abo y By3bKOMY IHTepBaJll TEMIEPATyp 1 XapaKTepH3yIOThCS
CYTTEBOIO 3MIHOIO TEPMOJIMHAMIYHMX IapaMeTpiB CTaHy, TOMY MJIS IXHBOTO
JIOCITIZKEHHSI TAKOXK BUKOPUCTOBYIOTh TEPMOJIMHAMIYHI METO/IH.

®a30Bi TIEpeTBOPEHHS TMepiioro pojy (3a temmeparypu T,) Xapakrepu-
3YIOThCS CTPUOKOTIOAIOHO0 3MIHHOIO €HTaJIbIIli, EHTpOIIi Ta 00'eMy B TOH Yac, sk
TEIUIOEMHICTh 4YM TEPMIYHE PO3LIMPEHHS HE MAIOTh BU3HAYEHOI BEJIMYMHU 1
HAOJIMKAIOTBCS 10 HecKiHdeHocTi (puc. 2.5). Ilpu ¢da3oBomy mepeTBOpeHHI
JIpYroro poay Bcl mapameTpu (KpiM eHTaNbIIil) 3MIHIOIOTECSI aHAJIOTIYHUM YHHOM,
OJIHAK €HTAJIbIIIs CUCTEMU 3aJIMIIAE€THCA HE3MIHHOIO (TEIJIOTa HE BUAUIIETHCS Ta
He morauHaeTbes). [Ipu qocmimKeHHI TepMOAMHAMIYHIX MapaMeTPiB CTAaHY MOXKHA
3p0oOUTH Ba)KJIMBI BUCHOBKHU IIOJ0 €HEpreTHUHOI 3MiHU eHTaibnii AH, moB's3anoi
3 MPOLIECOM IEPETBOPEHHS PEYOBHHH, Ta 3MIHM MOPSAKY — eHTpomii AS, To6T0
010 XapaKTepy Mnepediry mpoIecy IepeTBOPEHHS.

JocnimxeHHst npoueciB (I3UYHOr0 MEPETBOPCHHS PEUOBUHU 3IHCHIOIOTH Y
BU3HAYCHOMY IHTEPBAIIl TEMIIEPATyp Ta YMPOJIOBXK JICSIKOTO YaCOBOTO MPOMIXKKY.
B sixocTi BUMIpIOBaJIbHOTO CUTHANY BUKOPHCTOBYIOTh 3MIHY €HTANbIII] Ta TEIJIo-
€MHOCTI, III0 XapakTepuzye nepedir mpoiecy 3MiHU (Ha30BOTO CKIANY PEYOBUHHU.
3a I0IIOMOTOK0 TaKOI METOJMKH MOXKHA SKICHO, a 1HKOJH ¥ KIJIbKICHO BH3HAYUTH
0COOJMBOCTI peanbHOI CTPYKTYpH. Lle 30kpema BiIHOCUTHCSA 10 MPOLECY BUPO-

A AH As AC 0 Ay
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Tu Tu Tu
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Puc. 2.5. 3mina nmapamerpiB ctany AH, S, C 1 y (o0'eMHe TepMidyHE PO3LIUPEHHS )
i1 yac GazoBoOro rnepexojy Mnepiuioro poy

33



0 BAHHSA 3JIMBKIB MOHOKPEMHIIO METO-
AT °C AH, kJx/Mons A LY p
e 175 JoM YoxpanbChbKOro 4 30HHOIO IIaB-

neHHs. TumoBuil mepedir Takoro mpo-
20 1mecy nmemoHcTpye puc. 2.6. Po3pobneny

Ha L1 OCHOBI TEXHOJOTIYHY KaJlOpHUMET-
15 Pit0 BUKOPHCTOBYIOTH JIJISl SIKICHOT'O KOH-
|| TPOYIO OCHOBHHX eTamiB MPOIECy JTUTTS.
Takum YMHOM, MOKHA 3pOOUTH BHC-
[ 5 HOBOK, II0 CHTaIIbIlis TA TCIUIOEMHICTh €
BOXJIMBUMH TEPMOJMHAMIYHUMHU Tapa-
METpaMH TPOIECiB (I3UUHUX TEePETBO-
peHb (ha3 pedoBUHU, cepell STKUX OCHOB-
HY pOJIb BIIIrparOTh NPOLECH HarpiBaHHs
Ta oxojomkeHHs. Taki mporecu MoxHa
peari3oByBaT 3a IMEBHUM IMPOTPAMHUM
QITOPUTMOM 3 BUKOPHUCTAHHAM KaloOpH-
METPUYHHX METO/IB BUMipioBaHHs. Came
3aB/ISIKH TaKMM OCOOJIMBOCTSAM IMPOLIECY
NepeTBOPEeHHs (a3 cyyacHe POMHUCIIOBE
YCTaTKyBaHHS TSt BUPOIIYBaHHS
MOHOKPHUCTAJIIB KPEMHIIO YU apCEHIy raiio € OBHICTIO aBTOMATU30BAHUM.

1400 1
13001
1200 1
1100 1

4

Puc. 2.6. KpuBa oxomnoxeHHss (a) Ta
BIJIMIOBIHA 1M KpUBa eHTANIbMIl (0) 11
npouecy JUTTS: 1) IUTTs; 2) mo4aTok
TBEpAHEHHS; 3) HEPIBHOBAXHUHN CTaH;
4) piBHOB&)XXHMI CTaH; 5) €BTEKTUYHA
peaktiist; 6) KiHIEBE TBEPTHESHHS

2.3. llpuHuunm KajopuMeTpii
B 1mpomy migpo3aini po3riSIHEMO 3arajbHl MNPUHIUIMN, TUIIOBI Ta JeAKi
CIeliadbHI TEXHOJIOT19HI CXEeMH KaJOPUMETPUIHUX TOCTIIKEHb, a TAKOXX METOIN
OMpAIIOBAHHS OTPUMAHUX JaHUX, K1 SBIAIOTH 3HAUHUU 1HTEpeC JJis BUPIICHHS
3aB/IaHb €JIEKTPOHHOI0 MaTepialo3HaBCTBa B CyOMiKpoHHIl TexHosnorii BIC.
KamopumeTpiero Ha3MBa€ThbCS CYKYITHICTh METOMIB Ta 3ac00IB BHMIipPIOBAaHHS
TEIUIOBUX €(EKTiB, SIKi CYIPOBOKYIOTh IIPOLECH pi3HOI npupoau. B cyOMikpoH-
Hili TexHonorii BIC kanopumeTpudHi METOJHM 3aCTOCOBYIOTH JUJISL JIOCHIJKCHHS
XIMIYHUX MPOLIECIB YTBOPEHHS PEYOBUH (CMOIYK) Ta (i3UYHI IPOLECH YTBOPEHHS
(a3 uu ¢dazoBux nepexoiiB. Bei BiIOMI KallOpUMETpUUHI METOAM 0a3ylOThCS Ha
OCHOBHIH (hOpMyJIi KaJTOPUMETPYBaHHS
dQ=C(T)-dT, (2.14)
3a JIONOMOTOI0 SIKOT MOXkHa BU3HAYMTH TeroeMHicTh C(T) abo BesmumHy 3MiHK
entanbnii dH mporecy (3a yMOBH HOro 1300apHOCTI) HUISXOM BHMIipHOBAaHHS
o0MiHHOI TemtoTn dQ:
dH=TdS=dQ. (2.15)
Kanopumerpuuyni MeToau BHUMIPIOBaHb Ta YCTATKyBaHHS HaA3BHUYANHHO
PI3HOMaHITHI, OCKUIPKM TIAXiJ 10 BHPINICHHS KaJOPUMETPUUHUX 3aBJIaHb
3alIeKUTh SIK BiJl TUIY JTOCJIIJKYBAaHOI'O IMPOLECy, Tak i BiJl yMOB Horo nepeoiry.
BudepnHoi Ta 3araJbHONPHIAHATOI KiIacudikalii KaJOpUMETpiB 1 MeETOHmiB He
icHye. Bce » Taku BHAUIAIOTH JeAK1 3arajibHi O3HAKH (XapaKTEPUCTHKH)
KaJIOPUMETPUYHHUX CUCTEM, sIKi MOYKHA BUKOPHCTATH IS iXHbOI Kitacudikamii. o
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TaKWUX O3HAK CJIIJ BITHECTH:

a) METOJ KaJIOPUMETPUUHOTO BUMIPIOBAHHS;

0) IpUHLIKIT KOHCTPYKLIT MpUIIazy;

B) peXUM (YMOBH) ITPOBEIEHHS BUMIPIOBAHb.

Ha3zBa kanopumerpa, sika BinoOpa)kae METOJ 1 peXHM BUMIPIOBAHHA, a TAKOX
NPYHINI KOHCTPYKIIii, 1a€ TOBOJI MOBHE YSBICHHS 11010 KOHKPETHOTO MpPUIIANLy.
KpiMm TOro, KOXHHUI KaJOpHUMETpP MOXKHA OXapaKTepU3yBaTH TEPMIHAMH, SIKi
BKa3yIOTh Ha crnietu(iky (yHKIIOHYBaHHS YW KOHCTPYKIIII Mpuiany, HaAIpUKIaI:
KaJIOpUMETP 3TOPSHHS, MTPOTOUHUHN KaJOpuMeTp, OOMOOBHIT KATOPUMETP TOTIO.

Po3pi3HAIOTH JIBA OCHOBHI METOJIM BUMIPIOBAHHS: B TMEpPHIOMY — TEIUIOTa
JOCTIKYBAaHOTO TIPOLIECY KOMIIEHCYETHCS TEIIOTOI0 (ha30BOrO  IEpexony,
TETUIOTOI0 TepMoeseKTpudHuX siBull (edextu xoyns, [lenpThe) unm TEmmoToro
HIIOTO XIMIYHOTO MpOIEcy; B APYroMy — TEIIoTa JOCHI)KYBaHOTO Ipolecy
BU3HAYAETHCA 3a BEIMUMHOIO 3MiHU TemmepaTtypu T(t) ympomoBkK eKCIepUMEHTY
a6o pizuuii Temrnepatyp AT MK JBOMa TOUKAMU KAJIOPUMETPUIHOTO MIPOCTOPY.

3a NOPUHUOUNOM KOHCTPYKUII pO3PI3HAIOTH KaJOPUMETPU 3  OJHIEI0
KaJIOPUMETPUYHOIO CUCTEMOIO (IMTPOCTI Ta 3 0XOPOHHOIO TOMOMBKHOIO 000JIOHKOIO)
1 nudepeniitHi (MoABiHHI) KaTOPUMETPH.

[Mpoctuit  kanopumerp (puc. 2.7,a) spiasie coborw Jiedkuii o0'em M,
0OMEXEeHUI BHYTPINIHBOIO OOOJOHKOI, B SKOMY pO3TAalllOBYETHCS CHCTEMaA
JOCHKyBaHuX B3ipuiB P Ta BigOyBaroThCcs TemioBl siBUIIA. Temiora, siKa
BUAUIAETECS a00 MOTJIMHAETHCS B I[LOMY KaJOPUMETPUUHOMY 00'€Mi, PU3BOTUTH
0 3MiHH Horo TemrepaTypu Ty, BHACTIIOK YOTO BHUHUKAE TETUIOOOMIH 13
30BHINIHBOI0 OOOJIOHKOIO (30BHIIIHIM cepenoBuiiem) E 3 Temmepatyporo Tg.
30BHIIIHS 000JIOHKA, B CBOIO 4epry, Moxe OyTH 3aKpHTOIO0, TOOTO Temmeparypa
1iei 0OOJIOHKH BIJIPIZHAETHCS BiJ] TEMIIEpATypd OTOUYYIOYOro ii cepejpoBuia, abo
ABJIsI€ COOOIO 1I€ 30BHINIHE CepeoBHIIE. SIKIO TeMnepaTypu KalOpUMETPUIHOIO
00'eMy Ta 30BHINIHBOI 000JIOHKH HE HAATO BIIPIZHAIOTHCSI MDK CO00I0, TO MOXHA
3HEXTYBAaTU IXHIM TEIJIOBUM BHUIIPOMIHIOBaHHSAM. To/l TEMIOOOMIH MIXK KaJlOpH-

§|/TE /TM ~Tp § ITm=Tp §|/TE Tp 7/T£

Vi
i B el T | L

Puc. 2.7. KoHCTpyKIIii KaJOPUMETPIB: a) IPOCTOro; 0) 3 TONOMIKHOIO OXOPOHHOIO
0000HK010; B) nmudepeniiiaoro. 1) 30BHIIIHS 00070HKA; 2) KaJOpUMETPUIHUI
00'eM 3 cHcTeMOlO B3ipIiB; 3) BHYTPIlIHSA OOOJOHKAa 3 CHUCTEMOIO BHUMIPIOBaHHS
Temneparypu; 4) jornomixkHa (0XOpOHHA) 000JIOHKA; 5) cUcTeMa ETaJIOHIB
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METPUYHUM 00'éMOM Ta 30BHINTHBOK OOOJIOHKOFO, 3TiMHO 3 3aKOHOM HbroToHa-
Pixmana, Oyae BU3HAYATHUCS PI3HUIICIO TEMIIEPATyp MK HUMH Ta T€OMETPHYHUMHU
po3Mmipami 1 (PI3MYHUMHU BIACTUBOCTAMHU PEUOBUHHU, SIKA X PO3AUISE:
dQung =Amg - (Tym - Tg) - dt, (2.16)

ne ApMg — KOHCTAHTa TEII000MiHY, KA XapaKTepU3ye CyMapHY TEIUIONPOBIIHICTh
CEpeI0BUINA MIXX BHYTPIIIHBOIO TA 30BHIITHBOIO 000JOHKAMU KaTOPUMETPY.

3aMicTh CyMapHOi TEIUIONMPOBIMHOCTI, HabaraTo dYacTime BHUKOPHCTOBYIOTH
o0epHEeHy 10 Hei BeNMUYMHY, SIKa HAa3UBAETHCS TEIUIOBUM OmMopoM Ryg = 1/Ape.
TeroBuii omip € AOBOJI 3pYYHOIO BEIMYWHOIO, OCKUTBKM y BHIIAAKY CKIIQJHUX
KaJIOPUMETPUYHUX CHCTEM HOr0 PpO3PaxyHOK 3OIHCHIOETHCA 3 ypaxXyBaHHAM
TEIUIOBUX OIOPIB YAaCTHUH IHMX CUCTEM 3a (DOpPMYyJIaMH, aHAJIOTIYHMMH TUM, 32
SAKUMH OOYHUCIIIOIOTh CYMapHUH €IEeKTPHYHUH OIip MapayieIbHO YH ITOCIiZOBHO
3'eqHAHUX eJeKTpUuYHUX omnopiB. Ha puc.2.7,a-B TemnoBi omopu Rsx Mix
YaCTUHAMH KaJIOpUMETpa 300pakeHi y BUTIIAI SNCKTPHYHUX OMOPIB, OJHAK IIC HE
O3HAyae, MO TaKe CJIEKTPUYHE 3'€THAHHA JIMCHO icHye. TakoK CIill 3ayBakKWTH,
0 CyMapHa TEIUIONPOBIAHICTE OYyIOb-SKOTO CepeloBHUINA, a BIAMOBIIHO 1 Horo
TEIUIOBUH OTIip, 3/1€01IBIIOT0 HE € CTAIUMHU 1 B OUIBIIIN YK MEHIIIIM Mipi 3a1exKaTh
BiJ TEMIIEpaTypH CEPEIOBHIIA.

3 METOIO 3MEHIIEHHS TeII000OMIHY MK KaJOPUMETPUYHUM 00'€MOM, B IKOMY
PO3TAIIOBY€EThCS JOCHIPKyBaHA CHCTeMa B3ipIiB, Ta 30BHINIHBOIO O0OJIOHKOIO
IHKOJIM PO3MIIIYIOTh JOMOMDKHY a00 Tak 3BaHy OXOpOHHY 00o0ioHKy H
(puc. 2.7, 6). 3a A0MOMOro KOHTPOJIO Temmeparypu Iiei obomonku Ty Ta
mi100poM BiIITOBIAHUX TEIUIOBHX omopiB Ryy Ta Ryg (BUOOpom matepiany Terio-
130711111 MK 00OJIOHKaMH) 3a0e3MeuyeThcsi HeoOXigHa BEIMYMHA TETUIOOOMIHY
MDK BHYTPIUIHBOIO Ta 30BHIIIHBOIO 000JOHKaMH. Taka cucTeMa JJa€ MOXJIMBICTh
e(heKTUBHO peasi3oByBaTH PI3HOMAHITHI PEKUMHU POOOTH KATOPUMETPY.

JUis 3MEHIICHHs 3arpaT Yacy Ha BHKOHAaHHS CKCIEPUMEHTY Ta JUIs
MiABUIIEHHS TOYHOCTI BUMIPIOBaHb YacTO BUKOPHCTOBYIOTh TaKy KOHCTPYKIIIO
KaJIOPUMETPA, KU MICTUTh OJTHOYACHO K JOCII/DKYBaHy CUCTeMy B3ipiiB P, Tak
1 mopiBHANILHY (iHepTHY) cuctemy etanoHiB [ (puc. 2.7, B). O6unsi cucremu
B3IpIIiB Ta €TaJOHIB MepedyBaloTh 3a OJHAKOBUX TEPMOJIWHAMIYHMX YMOB, OJHAK
abo0 HE B3aEMOIIOTH MK C000r0, ab0 Taka B3aEMOiS B JOCIIKYBAHOMY
Iiara3oHi TemmepaTyp 3BeleHa 10 MiHiMyMy. Taky KOHCTPYKUIIO KaJlOpUMETpiB
BUKOPHUCTOBYIOTb JIJIs pealtizaiiii JudepeHIIMHIX METO/IiB JOCIi/IKEHb.

B Oynb-sikomy KamopuMmeTpi Taki HWOro KOMIIOHEHTH, SIK TPHUCTPOi Juist
BUMIPIOBaHHS TEMIIepaTypH, HarpiBavi, TeIJIOI30JATOpH, TpHUMadi B3ipIIiB
PO3MILIYIOTBCS YAaCTKOBO SIK Y BHYTPIIIHHOMY KaJIOPUMETPUYHOMY 00'eMi, Tak 1 B
30BHIMHIN o0osoHmi. Lli koMnoHeHTH OepyTh O€3MOCepeHI0 y4acTh Yy IMpoIieci
TEIDIOOOMIHY MDK OCHOBHMMHM YacTHHAMH KaJOPUMETPY 1 MOXKYTh OyTH
IPUYUHOIO CYTTEBUX MOXMOOK BUMIPIOBaHHS. Pexumu KaqopuMeTpuIHUX JTOCITII-
KCHb BU3HAYAIOTHCS, TOJOBHUM YHWHOM, TOCTaBICHUMH EKCIIEPUMEHTAIEHUMHU
3aBIaHHAMH, THIIOM Ta pO3MipaMd B3IpIIB, Jialma3oHaMH TeMIeparTyp,
HEOOXITHOIO MIBHUJKICTIO MPOBEICHHS CKCIEPUMEHTY, KOHCTPYKIIIEI0 000JOHOK
KaJIOpUMETpy Tomo. Bci iCHyr4i KaJIOpUMETPH TOJUISIOTECS HA CTaTHYHI Ta
IUHAMIYHI (CKaHyloui), cepell SKUX BUIUISIOTH 130TEpMIiuHi, 130MepHOOIIbHI,
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aniabaTHi, KAJTOPUMETPH 3 TEIIOBUM IOTOKOM Ta U EpEeHIiiHI.

3 METOI0 BCTAHOBJICHHS XapaKTePHUX OCOOJUBOCTEN KOKHOTO 3 PEKUMIB
poboTH Ta iXHIX BIIMIHHOCTEH PO3IJITHEMO OCHOBHE PIBHAHHS TEIIOBOro OajaHCy
KaJlOpUMeTpa, SKe OTPUMAEMO B Takui cmocid. is 1mporo moBepHEMOCS 0
ocHOBHOI (popmynu kamopumeTpyBaHHs (2.14). Tennora dQp, sika BUIUIAETHCS YU
MOTJIMHAETHCA B31pIieM P, BHACTIAOK IIPOIIECiB TEMII000MIHY MPU3BOINUTH 10 3MIHU
TEMIIEPaTypH BChOTO KATOPUMETPUUIHOTO 00'eMy M Ha Benmuuny d Ty

dQp =[C(T) + C(T)p]-dTy, (2.17)
ne C(T)uv cTaHOBUTE CyMYy TETUIOEMHOCTEH yCiX KOMIOHEHTIB, K1 OepyTh y4acThb B
TEII000MIH1 CHCTeMH (TpHUMaul B3IpPIIB YH €TaJOHIB, TEPMOMETPH, HarpiBadi
(miukm) Tom1o), @ C(T)p — TEMIOEMHICTD TOCTIIHKYBAHOTO B31pIIs.

3a He3HauHoi 3MiHH Temmeparyp TemioeMHicTe C(T)y ta C(T)p MoxHa
po3rasAaTi K He3alexHl Bif Temmneparypu craii BenuuuHu Cy ta Cp, TOMY
IHTerpytouu piBHsHHSA (2.17), oTprMaeMo:

AQp =(Cy +Cp)- (T, = T)). (2.18)
Otrxe, i BuzHaueHHS TeioThd AQp, sfKa BUIAUISETHCA YU TMOTJIMHAECTHCS B
IpoIleCci MEePETBOPSHHSA PEYOBHHH B3IpIA, CIIIJI BHMIPATH 3MIHY TEeMIEPaTypu
KanmopumeTpuyHoro o6'emy cucremu ATy =T,-T;, skmo B ioro Mexax
3a0e3MeUeHO  HAJICKHY  TCIUIONPOBUIHICTh  (PIBHOMIDHHMM  TeMIepaTypHUI
PO3MO/I1T) MIXK BCIMa KOMIIOHCHTAMM.

Benuuunu Cy ta Cp BU3HAYAIOTH 33 JOMOMOIOI0 TIOAATKOBOTO KajaiOpyBaHHS
(TTOBIpKH, BU3HAYEHHS TEIUIOBOI KOHCTAHTH) 3 BUKOPUCTAHHIM B1IOMOi KLTBKOCTI
teria AQp* = W-At, Ky, 3a3Buyaif, 3aJal0Th 3a JONOMOTOI E€JIEKTPUYHOTO
HarpiBHUKa (MYKH) NOTYKHICTIO W yIIpoIOBXK yacy At:

Cum +Cp =AQq */ATy, *, (2.19)

Jie BEJIMYMHM, SKI BUMIPIOIOTHCS B TIPOIIECT KamiOpyBaHHS, TTO3HAYEH] iHACKCOM *.
Toni st AQp, 3rizHO 3 (2.18), oTpuMaemo

AQp = (AQq */ATy ) (T, = Ty). (2.20)

Hegigomy Benuunny terioeMHocTi Cy BU3HAUaOTh 3rigHo 3 (2.19) nuisxom
KaJIIOPYBaHHS XOJIOCTOTO KAJTIOPUMETPUYHOTO 00'€eMy CHUCTEMH (32 BiJICYTHOCTI
B3ip1s), T00TO0 Cp = 0. Takum 4yMHOM, HONEPEAHHO BU3HAUMBINU BeIUUUHU Cy,
AQp ta ATy =T, - T}, po3paxoBytoTh Benuuuny Cp:

Cp =AQp /ATy — Cy1. (2.21)
Jns  miABUIICHHS TOYHOCTI Takoro Bu3HaueHHS Cp HaA3BHUUAWHO BaXKJIMBO
3abe3neunT yMoBy Cy << Cp.

B ycix Bumajkax KaJlOpHUMETPUYHMX BHMIPIOBaHb HEOOXITHO TapaHTyBaTH
HaJIMHUIA TETI00OMIH BHHSTKOBO B MEXaxX KaJOPUMETPUUYHOro 00'eMy cHCTEMU
BUMIpIOBaHHs. Peainizamiss Takoi BUMOTM B HPAKTHUHUX EKCIIEPUMEHTAIBHUX
CHCTeMax IOB's3aHa 31 3HAYHUMH TPYAHOIIAMH, OCKUIBKH B OUBIIOCTI BHUITAJIKIB
HEMOJKJIMBO MOBHICTIO YCYHYTH TEIUIOBUU MOTIK dQyp (BTpaTH Temia BiANOBIIHO
10 (2.16)) MDK KaJOpUMETPUYHHUM 00'éeMOM Ta 30BHINIHBOIO OOOJOHKOIO.
Bracmigok mporo temio AQp, ske OOMIHIOETBCS Y BUMIPIOBAIIBHOMY 00'eMi, JIHIIIE
YaCcTKOBO MPOSIBIIETHCS Yy BUTJIAA1 3MiHU TemnepaTypu ATy, a iHIIa iforo yactuHa
OOMIHIOETBCS 13 30BHIIIHBOIO 00OJIOHKOIO:
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dQp =(Cy +Cp)-dTy; +dQ k- (2.22)
Bemmunaa dQpyg  nans  OUIBIIOCTI  KaJOPUMETPUYHHX CHCTEM  OIHMCYETHCS
BIZINOBIIHO 70 3akoHy HbroToHa-Pixmana (2.16), Tomy BHUpa3 aisi CyMapHOTO
KaJOPUMETPUYHOTO MOTOKY MaTUME TaKHil BUTIIA:
dQp =(Cy +Cp)-dTy + Ay - [T () - T ()] - dt, (2.23)
ne Aumg — KOHCTaHTa TeIUIOOOMIHY, sIKa TIOB'S3aHa 3 TEIUIOBHM OIIOPOM
criBBiTHOmMEHHAM Ryg =1/ Apg, Tm(t) Ta Tg(t) — 3MiHHI B 4Waci temmeparypu
KaJJOpUMETPUYHOTO 00'eMY Ta 30BHILTHBOT 000JIOHKH BijnoBijiHO. @opmyia (2.23)
€ OCHOBHUM PIBHAHHSM KaJOPUMETPIl, i MOKHA BUKOPHCTATH IS Kiacu(ikarii
PEXHUMIB pOOOTH KaJTOPUMETPIB, SIK IOKA3aHO Ha puc. 2.8.

2.4. CTaTu4Hi KaJJOPpUMETPH

CraTuyHi KIaCUYHI KaJOPUMETPU MOXKYTh MPALIOBATH B IEKUIBKOX PEKHUMAX,
OJIHAK OCHOBHOIO iXHBOIO yMOBOIO € CTaje, HE3MIHHE B dYaci 3HAYCHHS
TEeMIIepaTypu 30BHIIIHKOT 00070HKU Tg(t) = const. 3a TOMOMOI'0I0 TEPMOCTATY YU
HOIYKK TEMIEPaTypu KaJOpUMETPUYHOro o0'emy abo JOMOMDKHOI OOOJOHKHU
MOXKYTb SIK 3MIHIOBATHCS, TaK 1, HABIIAKH, 3aJIUIIATUCA He3MIHHUMU. [0 i€l rpymu
KaJIOpUMETPIB HANIEKATh 130T€pPMIiuHi, aJiabaTHi Ta 1301epuOO0IIbHI KaIOPUMETPH, a
TAKOXX KAJIOPUMETPH 3 KOHTPOJIbOBAHUM TECIUIOBUM TIOTOKOM.

HalinpocTiimuMu 3a KOHCTPYKLIEI € 130TepMidHi Kamopumerpu (puc. 2.7, a).
B upoMy pexumi DiATPUMYIOTECS CTAIMMU Ta PIBHUMU TeMIEPATypu KalopUMeET-
pudHOTO 00'eMy 1 30BHIMHBOI 0007M0HKU Ty = Tg = const. Takuii cTaH MOXHA
3a0€3MeUnTH TUIBKA B TOMY BHUIMAJKY, SKIIO MK 0OOMa 4acTHUHAMHU KaJOpUMETpa
TepMiuHH# omip Ry HECKIHUEHHO Majuid, a 30BHIIIHS 000J0HKA BOJIOJII€ HECKIH-
YEHHOIO TEIUIOEMHICTIO. B peanpHMX KajopuMeTpax 3a3HadeHi YMOBU HE MOXKYTh
OyTu peasnizoBaHi, TOMY B Mpoleci 130TepMIYHUX BUMIPIOBAHb CJIiJ 3A1HCHIOBATH
KOMIEHCAI[IF0 TEeIUIOBOIO IOTOKY Bl KaJOPUMETPUYHOro 00'eMy, B AKOMY
BUJIIAETHCS YW IIOTJIMHAECTHCA TEIUIOTA. Taka KOMIIEHCAIlls 3IMCHIOETBCA 3a
paxyHOK TerioTH (pa3oBOro mepexoay ado TEPMOCIECKTPUYHOTO eeKTy podoUoi
PCYOBHMHHU 30BHIIIHBOT OOOJIOHKH KaJOPUMETPa, HANPHUKIIA]], 32 PAXYHOK TAHCHHS
aponly (kimacuuHMi kamopumeTp byHzena). Tonl Miporo TEIUIOTH, BUAUIEHOT
B3IplIeM, € KUIBKICTh PEYOBHMHHU 30BHIIIHHOI OOOJIOHKH, SIKAa MEepeHIia B 1HIIHI
(da3zoBuii cTaH (U1 HABEACHOTO MPHUKIATY — BOAM). [neanbHO i30TepMiyHI YMOBHU
Twm = Tr = const HacnpaBai He 3a0e3MeUyIOTh TOABY TEIUIOBOTO IOTOKY, TOMY BCl
peaabHi 130TepMiYHI KaJOPHMETPH HACIPaBal MPAMIOIOTh B KBa31i30TEPMIYHOMY
pexumi Tg = const, Ty = TE.

[30TepMIUHI KaJIOpUMETPU TaKoX OyIyIOTh 3a CXEMOI, II0Ka3aHOKW Ha
puc. 2.7, a, TOOTO 3 BUKOPHUCTAHHSIM JIOIIOMDKHOI OXOpPOHHOI 00010HKH. B mpomy
pasi TeMneparypu KaJiopuMeTpUYHOro 00'eMy Ta J10NMOMDKHOT 000I0HKH 30iratoTh-
csi: Ty = Ty = const, a Temneparypa 30BHIIIHBOI OOOJIOHKM Ma€ iHIIC 3HAUCHHS,
onHaK TakoX crtama: Tg=const, Tg# Ty. Jlnga peanizamii Takux yMOB pOOOTH
KaJOPHUMETpa CJIiJi BAKOPHUCTOBYBATH TETIJIOI30JISITOP 3 BUCOKHM TEIUIOBUM OIOPOM
Rygp MDK 30BHIIIHBOIO Ta AONOMDKHOIO OOOJIOHKAMH, a TaKOX 3a0e3leuuTu
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HHU3bKE 3HAUEHHS TEIUIOBOTO Omopy Ryp (Xopommili TEmoBHil KOHTAaKT) MK
KaJJOPUMETPUYHUM OO0'€MOM 1 JOMOMDKHOIO 000J0HKOW. Taki KalopumeTrpu
BUKOPHCTOBYIOTh TOJI1, KOJIM TemIepaTypa (pa3oBoro nepexoay podouoi peyoBUHU
JOTIOMIDXKHOT OOOJIOHKM 3HAYHO BIAPI3HAETHCS B TEMIIEpAaTypH OTOYYIOUOTO
CepeA0oBUILA.

[30TepmivHi kKamopumeTpu B TexHoJOT1l BIC 3aCTOCOBYIOTH IS TOCTIIKSHHS
HIBUJIKMX TEPMIYHUX TIPOIECIB, HANPHUKIAA, MIBHIKOTO (OTOHHOTO BiAHaLy
IMIUTAHTOBAHUX 1IApiB 3 METOI aKTHUBAIIIT JIOMIIIIOK.

B anmiabaTtHux KamopuMerpax, Ha BiIMIHY BiJi 130T€PMIYHHMX, TTOBHICTIO
BI/ICYTHIH TEMJIOOOMIH MDK KaJOPUMETPUYHUM 00'eMOM Ta 30BHIITHBOIO
000510HKO10. TakuX YMOB MOJKHA JOCATHYTH ACKLIbKOMa criocodamu: 1) peaxiriro 3
B3ipIeM 31MCHIOIOTh HACTUIBKH IIBHJIKO, IIO 32 Yac BUMIproBaHHS Teruiota AQp
HE BCTHUra€ po3CIIOBATUCA; 2) KAJIOPUMETPUYHUN 00'€M 130J1I0I0Th Bil 30BHIIIHBOT
O0OJIOHKM PEYOBHMHOI0O 3 HECKIHYEHHO BHCOKHM TEPMOOIOPOM (HYJIHOBOIO
TEIUIONPOBITHICTIO); 3) TeMIEepaTypy 30BHIITHHOI OOOJIOHKH ITiJl YaC BUMIPIOBAHHS
HIATPUMYIOTh Ha PIBHI TeMIEpaTypu KaJOpUMETpUYHOro o0'eMy, TOOTO
Tw(®) = Te(t).

[MpakTuHa peanizauis NepMX JABOX crnocoliB nepepdayae BUKOPUCTAHHS
cxemu (a) Ha puc. 2.7. OHak ijjeaibHUi aJiadaTHUI TPOIIEC MOXHA peasizyBaTu
TUIbKU 32 YMOBH 1/Ryg= Apmg =0, 3a0e3meuuT sIKy NpPaKTHYHO HEMOXKIHBO,
OCKUIBKM peajbHa TEeIUIOI30JLIs 3aBXAM Mae€ JesiKy, BUIMIHHY BIiJ HYyJsS
TEIUIONPOBIAHICTE. KpiM TOTO0, y BUMAIKy BUCOKHX TEMIEpaTyp, HABITh HE3HATHA
pi3aunsg temneparyp Tyvg = Ty - Tg Moke NPU3BOAUTH 1O TMOSIBU CYTTEBOTO
TEIUIOBOTO MOTOKY, 3YMOBJIEHOI'O TEIUIOBUM BHUIIPOMIHIOBAHHSM, BEJIMYMHA SIKOT'O
nporopuiita Tyg (Ty)’. Tleprunii crnoci6 TakoX He3aCTOCOBHUIH S JOCITLHKSHHS
nepediry moBUTLHUX TEIUIOBUX MPOIIECIB.

Y npomMy BHIAJKY BHUKOPUCTOBYIOTH TpeTid cmocib, skuil mnependavae
OJIHAKOBI TEMIIEPATYPH KaJIOPHMETPHIHOTO 00'eMY Ta 30BHIIIHLOI 000710HKHU. [l
3a0e3MeUeHHsl TaKUX YMOB 3a JOMOMOIOK0 CIEIaIbHOI CUCTEMH BIJCIIIKOBYIOTh
temneparypy Twu(t) kKamopumerpuuHoro o0'emy, a TeMmmepaTypy 30BHINIHBOL
00O0JIOHKHM 3a JTOIIOMOTIOI0 HarpiBaya miaTpuMmytoTh Ha piBHI Tg(t) = Ty(t). SAkmmo
HABIIAaKU, HEOOXIHO OXOJIOJAUTH 30BHIIIHIO OOOJIOHKY, TO TaKe OXOJOJKECHHS
MO>KHA 3[IIHCHUTH 32 JIONIOMOTOI0, HAIIPUKJIA]I, TIOTOKY XOJIOJTHO1 ITapu a3oTy.

B GUIBIIOCTI KaJOPUMETPIB 30BHILIHSA 000JIOHKA Ma€ 3HAYHY TEIJIOEMHICTD, a
OT)Ke, BEJHMKY TEIUIOBY 1HEpTHICTh. KpiM TOrO, BOHA, 3a3BUYal, NMPAKTHUUYHO HE
130JJb0BaHA BiJl OTOYYIOUOTO CEPEJOBHINA, IO TaKOXK 30UThIIye ii TEIwioBY
iHepTHiCTh. Skmo Ttemmepatypa Ty BCepeluHl KaJOPUMETPHYHOTO 00'eMy
HIBUJIKO 3MIHIOETBCS, TO 3a0€3MEeYUTH aJiadaTHICTh TPOIECY MOXKHA TUIBKH
NUIAXOM BHKOPUCTaHHS JONOMDKHOI 00070HKM H 3 HH3BKOIO TEIUIOEMHICTIO
(puc. 2.7, 6), Ky pO3MIlIYIOTh MK KaJJODUMETPUYHUM 00'EMOM Ta 30BHILTHHOIO
000JIOHKOIO KaJIOpUMETpa, a TEIIOBA 130JIAIISI MK BCIMa BKa3aHUMHU 00OJIOHKAMHU
Mae BeIuKi Ter1oBi onopu Ry 1 Ryg.

OCKUTBKH B IBOMY BHUIAJIKY TEIUIOBUM MOTIK MDXK KaJOPUMETPUIHUM 00'eMOM
1 JIOMOMDKHOK OOOJOHKOK TPAKTUYHO BiICYyTHIA, TO Temio AQp, sKke
OOMIHIOETBCS B CUCTEM1 BUMIPIOBAHHS, MMOBHICTIO MPOSBISETHCS y BUIISAL 3MIHU
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temneparypu ATy = Tu(ty) - Tm(ty). Tomi,
BiAMOBIAHO 10 (2.21) - (2.23), MOXKHA JIETKO
po3paxysatu Ak AQp, Tak 1 Cp. AniabaTHuit
PeXHM KaJlopuMeTpa 3a0e3MevyroTh 3a J10-
MOMOT'OI0 CHELIaIbHUX €JIEKTPOHHUX CXEM,
SKI HEIepEepBHO KOHTPOIOIOTh PI3HHUITIO
TEeMIIEpaTyp  MDK  KaJIOPUMETPUYHUM
00'eMOM Ta JONOMDKHOK OOOJOHKOK i
GOpPMYIOTh  PIBHUIICBMA  CHTHAN  JJIst
KEepyBaHHS  HarpiBaHHSAM  €JIEKTPUYHOI
MIYKA JTOMOMDKHOI 000JI0OHKH. B 3B'si3ky 3
IIMM Ta BHACNIJIOK TEIJIOBOI 1HEPIIMHOCTI
Takoi CHUCTEMH, TEMIIEPaTypH KaJlOPUMET-
PUYIHOrO 00'€eMy 1 JOMOMDKHOI OOOJOHKH
BIAPIBHATUMYTBCS Ha JCSKYy BEIUYUHY
ATyu(t) = Ta(t) - Tm(t) #0. Came TomMy Takuii pexkuM pPoOOTH KalopuUMeTpa
Ha3WBA€EThCs KBaszlamiabaTHUM. TepMOKIHETHYHA JiarpaMa TaKOro KajJopuMmerpa
300paxkeHa Ha puc. 2.9.

[3011eprO0sIBHI KAIOPUMETPHU € HAWIIPOCTIITUMU 32 MIPUHIIUIIOM J1ii, OCKUTbKH
HE BUMAraroTh JONMOMDKHHX YU KEpPYIOUHMX CHUCTEM, a HE3HAYHHMH Terio0OMiH
KaJIOpDUMETPUYHOrO 00'eMy 13 30BHILIHBOK OOOJIOHKOK JIOBOJI IIPOCTO
BPaxXOBY€TbCs NUIAXOM Jesikoi kopekuii ATy. B mpoMy pexxumi Temmeparypa
30BHINIHBOI OOOJOHKH MIATPUMYETHCS CTaylor0 Tg = const yHIpOAOBXK BCHOTO
EKCTIIEPUMEHTY (CaMe TOMY PEXUM Ha3UBA€THCA 130MEpPUOOIBHMM), B TOU Yac, K
TEMIepaTypa KaJIOPUMETPHUIHOTO 00'€My 3MIHIOETBCS, CSATAIOYM MaKCHMAIIbHOTO
3HaueHHS (Ty)max. 3@BASKH JOCTATHBO BEIUKOMY, OJIHAK CTajJOMYy 3HAYEHHIO
TEIJIOBOro omnopy Ry MDK  KalopuMeTpudHUM 00'eMOM Ta 30BHINIHBOIO
000JI0HKOIO, TEIUIOOOMIH MK HUMH 3aJI€KUTh TUIBKH BIJ PI3HHUIIl TEMIIEPATyp
Twm(t) - Tg 1 daktuuHo € pynkuiero Ty(t). Takuil TermiooOMIH MOXHa BpaxyBaTu
TOTIepETHIM KalliOpyBaHHSM KaJOpUMETPa

>
t t t

Puc. 2.9. TepmokineTnyHa aiarpama
KBa31a/11a0aTHOTO KaJIOpHMETpa

(Bu3HauuBIIH Ryg). AT
THUIOBY TEPMOKIHETUYHY J1arpamy Mo~ C (TanDmax
Tm(t) i3omepubosibHOrO  Kamopumerpa  f------ -

nemoHctpye puc. 2.10.  Jo mowatky = |------}--
€KCIIEPUMEHTY TEMIIEpPaTypH KaJOpHMET-
PUYHOTO 00'eMy Ta 30BHINIHBOI 0OOIOHKH ATy
onHakoBi Ty =Tg. B moment wacy t
MOYMHAETHCSL BHIUICHHS Temaa AQp B
cUCTeMi B3IpIs, SKE TpPUBAE JCSIKUN

cremt . . Te .
ckinuennit uac. TyT cin pospisuaTh Tpn Lo
TUIIA TEIJIOBUX IMIYJbCIB, SAKI MOXYThb P2 >
BUAUIATHCS B3ipLEM Yy KalOpUMETPHY- t, ¢

HOMY 00'eMi: KOpPOTKOYACHUH IMITYJIbC-
HMH, TpUBaIWii cKinyenHmi ta TpuBammii Puec. 2.10. TepmokineTnyna aiarpama
HeCKiHYEeHHMI. B ocraHHbOMY BHIAIKy 130MEPUOOJILHOIO KAIOPUMETPA
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MA€EMO BapiaHT KaJOpPUMETpPa 3 TEIJIOBUM TIOTOKOM, Y NEpPIIUX JBOX CIIiJ
BpPaxOBYBAaTH CyMapHY TEIUIOBY 1HEPLIHHICTh KAJTOPUMETPUIHOTO 00'€MY, CUCTEMHU
B31pIIs Ta CUCTEMHU BUMIPIOBAHHSI TeMIiepatypu. Taka 1HepIiiHICTh NIPU3BOIUTH 10
TOTO, 10 Temmeparypa kajgopumeTpa Ty(t) 3pocTae 3 moyaTky IMITyIbCy t; He
TUIBKU 10 THUX IIip, TIOKH IMITYJIbC TPHUBAE, a 1€ AEsIKUi 4dac (10 t), YIPOIOBXK
SIKOTO TIPOIECH TEIUIOOOMIHY SK BCEPEAUHI KaJOPUMETPHYHOro 00'eMy, TaK 1 MK
1M 00'eMOM Ta 30BHIITHHOIO 000JIOHKOIO HE BUPIBHSIOTHCSL.

[Moganpia 3MiHa TeMIepaTypu CHUCTEMH BHUMIiproBaHHS (micns t) BU3Ha-
yaeThes pizHUICIO TemmiepaTyp Tw(t) - Tg Ta TermmoBuM omopom Ry, BHacmimok
cnany Twm(t) mpoiiec TemnooOMiHY i3 30BHINIHBOIO OOOJOHKOK Jefalii 3MEH-
HIyETHhCSI, TOMY TeMriepatypa Ty Iyke MOBUIBHO HaOMMXKaeThest 10 Tg. Bumirena
YIOPOJOBXK IMITyJbCcy Temtora AQp mpomopiiiiHa CyMapHild TUIONIi TiJ KPHUBOIO
TM(t) -Tg:

o0
AQp :(I/RME)I(TM(t)-TE)dt. (2.24)
t
Ha mpaktumi 37e6116110T0 BU3HAYAIOTh MaKCUMalbHY 3MiHY Temmepatypu ATy
nursxom ekctpanossinii kpuoi Ty(t) - Tg Hazax 10 MOMeHTY 4acy (t; - t;)/2 (Touka
C). Hamni, 3rigno 3 (2.18) - (2.21), MmokHa po3paxyBaTu mykaHi napamerpu AQp uu
Cp. TouHicTh Takoro OOYHCICHHS HE € HAJATO BUCOKA, TOMY 3 METOK il
MIBUIIEHHS CITiJ] CKOPUCTATHUCS BUpazoM (2.23).

[MpakTHyHa pearizalis i30MepHOOIIEHOTO KaJOpUMeETpa Tepeadadae cxemy,
nmokazaHy Ha puc.2.7,a. CydacHl 130mepuOONIbHI KaJOpUMETpH oOOJaaHaHI
MIKPOKOHTPOJICPHUMH CHCTEMAaMH KOHTPOII0 TEMIIepaTypu Ta MIpPOTPaAMHUM
3a0€3NeUCHHIM, SKE JTO3BOJISIE€ BPaXOBYBATH BCi OCOOJIMBOCTI 3MIHM TEMIIEPATYPH
Twm(t), 3aiiicHIOBaTH KamiOpyBaHHS Ta OOYMCIICHHS IIYKAaHUX MapaMeTpiB B3IPIB 3
BHCOKOIO TOYHICTIO Ta €KCIIPECHICTIO.

Kanopumerpy 3 TemyIoBHM MOTOKOM Nepen0adaroTh BH3HAYEHHS TEIUIOTH
JOCIIKYBAHOTO TIPOLIECY 33 BEIMYMHOIO 3MiHU pi3HUI Temneparyp ATyg(t) Mix
JIBOMa TOYKAMH KaJOPUMETPUYHOIO IPOCTOPY YIPOAOBK EKCIIEPUMEHTY. Bix
130MepuOOJILHUX KaJTOPUMETPIB BOHHU BIAPI3HAIOTLCSA THM, IO TEIIOBHH omnip Ry
MDK KaJOPUMETPUYHUM 00'eMOM Ta 30BHIIIHBOK OOOJIOHKOK Ma€ HEBEIHUKE,
oJlHaK (pikcoBaHe 3HaUEHHs. Taka BeIMUYMHA OMOPY 3a0€3MeUYETHCS 32 JOTIOMOTOI0
OKpPEMOIo TEIUIOBOTO KaHally 3 MarepiaJly BiJOMOi  TEeIUIONPOBIIHOCTI
Ame = 1/Ryg Ta reOMETpUUHUX PO3MIpIB Y TOM 4Yac, SIK BECh 3aJIUILKOBUM MPOCTIp
MDK KaJOPUMETPUIHHUM 00'€eMOM Ta 30BHIIIHBOIO OOOJIOHKOIO 3allOBHIOETHCS
MaTepiajJoM 3 HHU3bKOIO TEIUIONPOBIAHICTIO. 3aBAsAKH LbOMY TemntoTa AQp, ska
BUJIUISIETHCA (TIOTTIMHAETHCS) B31pIIeM, OOMIHIOETHCS 13 30BHIIIHBOIO OOOJIOHKOIO
BUHATKOBO B3JO0BX BKA3aHOIO TEIUIOBOIO KaHAJy Ta 3a JOBOJI HE3HAYHHN
(TIOpiBHSAHO 3 130MIEpUOOIBHUM KQJIOPUMETPOM) Yac.

TepMokiHeTHYHA jiarpamMa KajJopuMeTpa 3 TEIJIOBUM TMOTOKOM IOKa3aHa Ha
puc. 2.11. Jlo moyaTky eKCIEPUMEHTY TEMIEPATYPU KATTOPUMETPUUHOTO 00'eMy Ta
30BHIMHBOI 000M0HKHU piBHI MK coboto (Ty = Tg). B MomeHT wacy t; B3ipellp
BUJIUISE TEIUIOBUM IMIYJIC, IO TIPU3BOJUTH O 3POCTAHHS TEMIIEpaTypu
KajopumeTpuyHoro o0'emy Ty (t) Ta MOsSBH TEIIOOOMIHY, 3YMOBJIEHOTO PI3HHULICIO
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temneparyp Twm(t) - Tg. Ockinbku Temio- A T AQp R
NPOBIIHICTE KaHaly BHCOKA, TO 4Yepes P “ME
JESIKUA 4ac MiCisd 3aKiHYEHHS TEILIOBOIO
IMIIyITBCY BCSL TEIUIOTa IBOTO IMITYJIBCY
AQp NpoOXoAUTHh Y3AOBK  TEIIOBOTO
KaHally, B pe3yJbTaTi 4Oro Temmeparypa
Twm(t) 3HOBY ctae piBHOtO Tg. Takum T
YUHOM, BeinunHa dTy B piBHsAHHI (2.23) E
piBHa Hymo, a 3HadeHHI AQp= AQug
BU3HAYAETHCS IHTETPYBAHHSIM EHEPreTHY-
HOTo TOTOKY Awmg [Twm(t) - Tg]'dt B Mexax
[t;, ;] 1 akTUIHO mHpomOpIiiiHE IUTOMI],
3amTpuxoBaHiii Ha puc. 2.11. CyuacHi
KAJIOPUMETPH 3JIMCHIOIOTh TaKe IHTEIpy-
BaHHS 3a JONOMOIOI0 BOYZOBAaHMX MIKPOKOHTPOJIEPIB 13 BUKOPHUCTAHHSIM
YHCEJbHUX METO/IB, 110 3a0e31euy€e BUCOKY TOUHICTh pPe3yIbTaTy O0UYHCIIEHb.
KanopumeTpu 3 TEIIoBUM IMOTOKOM BHKOPHUCTOBYIOTH JUIS TOCTIIKEHHS BCIX
BU/IIB TMEPETBOPEHHSI PEYOBMHM 1 3aCTOCOBHI JUIs MOBUIBHO 3MIHHUX MPOLECIB Y
niarmazoni Temneparyp 100 + 2000 K. Cucrema B3ipuiB Juis Takoro Kiacy
KaTopuMeTpiB Mae 06'em 1 + 100 cm’.

>

(_PI-———— i

1 o t

Puc. 2.11. TepmokiHeTH4HA Jiarpama
KaJIOPUMETPa 3 TETIOBUM IMOTOKOM

2.5. luHaMivHi (CKaHYy04i) KaJIOPUMeTPH

CkaHylouMMH Ha3uWBalOTh Taki KaJlOpUMETpHU, B SKUX TeMIeparypa
30BHINIHBOT 000JIOHKK a00 (1) KaJTOpUMETPUYHOTO 00'eMy 3MIHIOETHCS 3 JESKOIO
CTAJIO0 MIBHAKICTIO (3a3Bmuail B Mexkax 107 + 107 K/xB). ToMy Taki KaJopUMeTpH
BUKOPHUCTOBYIOTh [UIsl JOCTDKEHHS TPOIECIB MEPETBOPEHHS PEUYOBUHH, SIKi
BiIOYBalOThCA 31 3MIHOIO TeMmIepaTypu. BHUKOpUCTaHHS BHCOKHMX IIBHJIKOCTEH
3MIHH TEMIIEPATYPH JI03BOJIAE JOCIIIKYBATH B31pIll HEBEJIHMKOI MacH (Big 1 Mr mo
I r), mo oco0auMBO Ba)»JIMBO 3 OINIAJAY HA EKCIPECHICTh METOAY. 3a3BUuaid
BUKOPHCTOBYIOTh CKAaHYBAaHHS 31 30UTBIIICHHSIM TEMITEpaTypu B 4aci (HarpiBaHHs),
OCKLIbKU 3BOPOTHE CKaHyBaHHS (OXOJOIKEHHs) 3a0e3NeyuTH Habarato CKiaji-
Hime. Po3pi3HSIOTH TpU CIOCOOU CKaHYBaHHS:

1. CxanyBaHHS TeMIEpaTypH 30BHIITHKOI 000JIOHKU. B eskoMy BimHOIICHHI
TaKUi pexXUM € MoAu(iKali€elo 130TePMIYHOTO KajlopuMerpa. B npomy pexumi
TEMIlepaTypa 30BHIIIHBOI OOOJNOHKM 3MIHIOETHCA JIHIHHO 32 3aKOHOM
Tg(t) = (Tg)o + a-t, me (Tg)o — MOYaTKOBA TEMITEpaTypa, 0L — MIBUIKICTH HATPiBAaHHS.
TepMiuHuil omip MiX 30BHIIIHBOIO OOOJOHKOIO Ta KaJOPUMETPUYHUM 00'eMOM
Ma€e MaJileé CKIHUYE€HHE 3HAYeHHS, TOMY TeMIepaTypa KaJOpHUMETPUYHOTO 00'eMy
Tam(t) Takox Oyje 3MiHIOBATUCSA B Yaci, OJHAK 3 JESIKUM 3aIli3HCHHSM BiJIHOCHO
TEMIEpaTypyd 30BHIIIHBOT 0000HKK. 3anexHicth Ty(t) € iHpOpMaTHBHOIO
(GYHKITIEIO TAKOTO PEKUMY JTOCIKEHHS.

2. B apiabaTHOMY CKaHYIOUOMY pEeXHUMI TEeMIEpaTypu KajlopHUMETPUIHOIO
00'eMy Ta 30BHIINIHBOI OOOJOHKHU 3MIHIOIOTHCS 3 ACSKOI CTaJOK IIBHIKICTIO O i
3aIUIIAIOTHCS OJHAKOBHMH YIPOJOBXK YCHOTO EKCHEPUMEHTY. TepMIiuHUU orrip
Rye MK MMH 4acTMHAMH KaJOpHMETpa Mac YK€ BHCOKE 3HAYCHHA. 3a TaKUX

43



YMOB KUTBKICTh TeTUIOTH Wri(t) (OTYXHICTh HarpiBHUKA), SIKa BUTPAYa€ThCs Ha
HarpiBaHHSl BHYTPIIIHBOTO 00'€eMy KaJIOpUMETpa 3 METOI0 3a0e3MeUYeHHs PIBHOCTI
temrepatyp Tm(t) = Tg(t), 3anexxuth BiA 10JaTKOBOIO MOTJIMHAHHS YM BUAUICHHS
TEIUTa B3ipleM 1 MOKe BUKOPUCTOBYBATHUCS B SKOCTI iH(pOPMATHBHOT PYHKIII1.

3. B i3omepuboabHOMY CKaHYIOUOMY pPEXHUMI TeMIepaTrypa 30BHIIIHBOL
OOOJIOHKH 3aNUIIA€ThCcs CTanor Tg = const, a Temmeparypa KaJOPHMETPHYHOTO
00'emy 3MiHIO€TBCA 31 cranoro MBHAKICTIO Ty(t) = (Ty)o + a-t. Tepmiuamii ormip
Rme Mae Bucoke ¢ikcoBaHe 3HaueHHs. B 1poMy pexumi iHPOPMATUBHOIO
(YHKITIEIO TAKOXK € 4acoBa 3aJICKHICTh MOTYKHOCTI HarpiBHUKa Wi(t), Sk 1 J1st
a711a0aTHOTO CKAaHYIOUOTO PEKUMY.

JlocmipKeHHS 32 TOTIOMOTOI0 CKaHYIOYHX KaJOPHUMETPIB, KaTOPUMETPUIHHUN
00'eM SIKMX MICTHTh TUIBKH OJWH B3ipenps 1 SKi MOOyJOBaHI 3a CXeMaMw,
MOKa3aHUMHU Ha puc. 2.7, a, 6, Ha3UBaIOTh MPOCTUM TepMiuHUM aHaiizoM (I1TA). ¥
IIbOMY BHITQJIKYy JUIsI OTPHMaHHs 1HGOpMaIlii 040 TePMOIHNHAMIYHUX ITapaMeTpiB
B3IpIS CIIJ MOCHITUTH TEPITy Yd BUINI MOXiAHI iXHIX iHGOpMATHBHUX (yHKIIIH
(Tm(t) un Wr(t)). OmHak 3HA4YHO NPOCTIIIMMU Ta TOYHIMIMMH € CKaHYIOYi
KaJIOpUMETpH, NoOya0BaH1 3a AUDEpeHIIIHHOI cxeMot (puc. 2.7, B), B KaJOpH-
METPUYHOMY OO0'€Mi SIKMX 32 OJIHAKOBMX TEPMOJIMHAMIUHMX YMOB MICTSITHCS SIK
B3ipelb, TaK 1 €TaJOH TNOpPIBHSHHS. B Takux KajopumeTpax iHGpOpMATHBHUM
napaMeTpoM € PI3HUIM CUTHANIIB, OTPUMAHUX BiJ B3ipis Ta eTasoHa. CaMe Taki
KaJIOPUMETPU BHUKOPUCTOBYIOTH JUISl JOCHUDKEHb MaTepiajiB Ta MpOLECIB Y
cydacHiit rexHoorii BIC.

2.6. Indepenuiiiii CKaHy04i KAJOPUMETPH

JudepenniiiHa CKaHyloda KaJOpUMETpis BHHHKJIA B PE3yJbTaTi PO3BUTKY
Merony nudepenmiiaoro Tepmiynoro anamizy (ATA, anrm.: Differential Thermal
Analysis), sikuii ynepiie OyB 3actocoBaHuil B kanopumerpi Caiikca Ta mipomerpi
Kypnaxkosa.

JATA peanizyoTb 3a J0INOMOIOI0 MPOCTOIO KaJOpUMETpa 31 CKaHYBaHHAM
TEMIEpaTypy 30BHINTHLOI 00omoHkH (puc. 2.12). Ilpu 1poMy OHOYACHO peec-

AT Bbasosainis
) N N
o L .TPI
° M e
° P o
° ; * Tp
° ” °
T
of | TE o !
) ° t
>
Puc. 2.12. Cxema kanopumerpa 3a Puc. 2.13. TunoBa TepMOKiHETHYHA
npuHuunom JITA Jiarpama, orpumana merojiom JITA
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TPYIOTh TEMIIEpPaTypy JOCIKYBAHOTO B3IpIl 1 PI3HUIIO Temnepatyp B3ipis P ta
etasiony I, siki mepeOyBaloTh 32 OJJHAKOBUX TEPMOJMHAMIYHUX YMOB Y €IUHOMY
KajopuMeTpuuHoMy o00'emi. lle o3Hadae, 110 MDK B3IpLEM Ta €TAJOHOM ICHYE
JeSIKAA TETUI000MiH, a Oyab-aKi (pa30Bi MEPEXOIU PEUOBUHH B3IPILI MPOSBISIOTHCS
y Burimsaal pisHumi Temneparyp Tpi(t) = Tp(t) - Ti(t). OueBumnHo, mo MaTepian
€TaJIOHy BHOMPAIOTh TAKUM YHHOM, IIOOW III PEYOBHHA B JOCIIIKYBAHOMY
Jliaria3oH1 TeMIiepaTyp He 3a3HaBaja KOJHHUX (a30BUX IIEPEXO/IIB.

Jlisi BUMIpIOBaHHS PI3HMII TEMIEPATyp BHKOPUCTOBYIOTH audepeHuinny
TEpMoOnapy, sika sBisie cOOOI0 JIBI 1IGHTHYHI TEPMOIIAapH, 3'€THAHI TOCIiJIOBHO
TaKUM YMHOM, IIO HANpYrd HAa BHBOJAX IMX TEpMOIAp B3aEMHO KOMIICHCYIOTh
onHa oxHy. OmHI€I0 3 TepMomap peecTPyIOTh TEMIIEPaTypy B3ipIs, OPYrol —
TEMIEpaTypy erajoHa. Pesymprytoua Hampyra audepeHIiiHol TepMonapu
nponopiuiiiHa pizHui uux Temmepatyp (Tpr).

3aBASKM JTOCTaTHBO BHCOKIHM TEIUIOMPOBIAHOCTI MiXK 30BHIIIHBOIO 000JIOHKOIO
1 KaJOpUMETPUYHHUM O00'eéMOM, TeMmIiepaTypa eTajoHa 3MIHIOETBCS 3 TICHO XK
IIBUJKICTIO, IO 1 TeMIiepaTypa 30BHIIIHBbOI 000JI0HKM Tg(t), OAHAK 3 AESIKUM
3ami3HeHHsM. 3MiHa eHTa’blii AH BHacninok mpoiiecy NepeTBOPEHHs pPeYOBUHU
B3ipIsl 1 HACTYMHMH TEMI0OOMIH MIK B3IpllEM Ta €TajJoHOM a0o pi3HHUILI
teruioeMHocTed  Cpy=Cp-C; MDK HHUMHM TPHU3BOJASTH IO T[OSBU  PIi3HUIL
temriepatyp Tp; # 0. 3aramom Tp; = f(Tp), oHAK Yepe3 Te, IO PI3HUIIS TEMIIEPATYP
Tp; HE3HAUHA MOPIBHSIHO 3 TeMIEpaTyporo B3ipus, BBaxkatumemo Tp=f(T;). Ha
MpakTHIli, 3a3Bu4aid, BUMIpIotoTh Tpr = f(TE), ockinbku T Mayio BiIPI3HIETHCS Bif
Tg, SIKy 3a7al0Th 3a JIOIIOMOTOI0 €JIEKTPOHHOI CXeMM CKaHYBAaHHSI TeMIlepaTypu
30BHIMIHBOI 00070HKU. AHamiz orpumanoi mpiarpamu Tp = f(Tg) mnonsirae y
BCTAHOBJICHHI TeMmeparyp (a30BHUX IEPEXOAIB PEYOBHMHHU B3IpIs Ta KUIBKOCTI
TEIUIOTH, sIKa OOMIHIOETHCS B CHCTEMI B3ipelb-€TaJIOH 33 XapaKTepOM BHIBICHHX
MIKIB Ta iXHBOIO IUIOMICK BIAHOCHO 0a3oBoi miHii. TumoBa TepMOKIHETHYHA
niarpama, orpuMmana meroaoM JITA, Mae BUTIIsII, MOKa3aHUK Ha puc. 2.13.

3a pomomorow Merony HATA MoxHa BU3HayaTH TeMmiepatypu ¢azoBUX
nepexo/iiB 1-ro poay (MIaBiaeHHs, KPUCTAII3AIli], KUITIHHS TOIIO), TeTI0(I3HIHIX
XapaKTEPUCTUK PEYOBUH (€HTAJIBIIII, CHTPOIIi, TETNIOEMHOCTI) Ta BUBYATH TEILJIOBI
edexTu XIMIYHOT B3aeMOJil (OKMCHEHHS, BIAHOBIEHHSI 1 T.l.) KOHJEHCOBaHUX
PEUOBHH MK c00010 200 3 ra30Bor0 (a30i0 B MIMPOKOMY Jiama3oHl TeMIepaTyp
Big 100 no 2700 K.

Henonikom IATA e Te, mo aig 3a0e3nedeHHs OJTHAKOBUX TEPMOIMHAMIUHUX
YMOB B3ipIl Ta €TajJOHY BOHU OOMIHIOIOTHCS TEIJIOTOIO OJMH 3 OIHUM, TOOTO
nepeOyBaloTh Y TEIJIOBOMY KOHTAKTi Ta HE € TEPMOAMHAMIYHO 130Jb0BaHUMHU. Lle
IIPU3BOIUTh 10 BUHUKHEHHS MOXHUOOK 00YHCICHDb KUIBKOCTI TUTOMOT TEIUIOTH, sSKa
BUAUIAETHCS (ITOTIMHAETHCA) B3ipIieM y mporieci (a3oBoro nepexoay du (pizuko-
XIMIYHOTO EPETBOPEHHS PEUOBHHH.

Hudepenmiitna tepmockanytoua kamopumerpis (JATCK, anrn.: Differential
Thermal Scanning Calorimeter) no30aenena HenomikiB ITA 3aBasku Tomy, 110
B3Ipelb Ta €TAIOH TEPMOIWHAMIYHO 130JIbOBaHI, TOOTO BOHU PO3MIIIYIOTECS B
Pi3HUX KOMipKaXx, Kl (PaKTUYHO SIBJSIIOTH COOOI0 OKPEMi KAIOPUMETPUUHI 00'eMu
(puc. 2.7, B Ta 2.14), 3B's13aH1 13 30BHIIIHBOIO0 000JIOHKOIO KaJIOPUMETpPa BIACHUMU
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TETUIOBUMHM KaHaaMu Rpp Ta Rpp. 3a yMOBM 1IEHTHYHOCTI KOMIPOK Ta PIBHOCTI
TEIJIOBUX OMOPIB IMX KaHATIB Rpg =Rz KUIBKICTh TEIUIOTH, KA MEPEAAETHC BiJl
30BHILIHBOT 000JIOHKH BIAMOBIHINA KOMIpIIL JiJIs 3a0€3MeUeHHs] TePMOCKaHYBaHH,
BU3HAYACTHCS 32 (OPMYIIaMu:

AQpg =(Tg = Tp)/Rpg Ta AQg =(Tg —T)/Rg. (2.25)
Pi3HMIS MX TEIUIOBUX MOTOKIB mpomopuiiHa Tpp 1 (pakTMUHO piBHA KIIBKOCTI
TerioTd AQp, Ky TOJAaTKOBO BHIUISLE (TIOTJIMHAE) PeYOBHHA B3ipIs B Ipoleci
(h13UKO-XIMIYHOTO TIEPETBOPEHHSI Ui (Ha30BOT0 MEPEX0Ty, TOOTO

AQp =AQpg —AQg =(T; = Tp)/Rpg =Tp; /RpE. (2.26)
TepMOKIHETHYH] Alarpamu, OTpH-

mani MmetoaoMm JITA ta JJTCK, moaiOH1

° e — IS\_.‘ MDX c00010 Ta pzée(:prIO)E[FLCSI noxiOHUM
¢ — - g—':TPI gyuHoM. Ak 1y Bumaaky JATA, indop-
° iMp | M |} | ° MmatuBHOIO € ¢yHkmia  Tpr = f(Tx).
° | P N Opuax y Bunaaky JTCK ananis otpu-
o s s F . MaHHX 3aJICKHOCTEH 3HAYHO CIPOILY-
i i o €TBCS, a MOXHOKa OOYHCIICHHSA CYTTEBO
of | Tg IAQPE AQ | |® smenmyerbes. JJTCK BUKOPHCTOBYIOTH
° ° JUIsL JIOCHIJKCHHST (PI3MYHHMX TIEPEeTBO-
) pCHb PEUYOBMHHM, 3B'S3aHHUX 31 3MIHOIO

Puc. 2.14. Cxema qudepeHiinuoro entanpnii  AH, xiHetuku @a3zoBux
TEPMOCKAHYIOYOTO KaJIOpUMETpa MEPEXO0/IiB, a TAKOX JIJII BUMIPHOBAHHS

teroemMHocti  C(T) y  mumpokomy
Jliarma3oHi TeMIeparyp.

NATA ta JATCK wHanexaTh 0 METOJIB JUHAMIYHOT TEIUIOMPOBIIHOT
kasmopumeTpii. 1le o3Hauae, M0 He3HAYHY KUIBKICTh MOCHIIKYyBaHOI TeruioTu AQp
Ha 3arajlHOMY TJI1 TemIoBoro noToky AQpg, sikuil 3abe3nedye TepMOCKaHYBaHH:
B3IpIIs, 4aCcTO BaXKO 3adiKCyBaTH, HE3Ba)KAIOYM HABITh HAa BHUCOKY YYyTIHBICTH
metony JITCK. Kpim Toro, BUMIptoBaHHSI TEIJIOEMHOCTI B3IpIlsl 3aBXKIU BHUMAarae

TOYHO TaOyIBOBAHOIO 3HAUCHHS

o[ T 3oBRIIE COORORKA | TermoeMHOCT_i eTalony B JOCIi-
S T I —§°.T1 KyBAHOMY JlIaTla30H1 TeMIEpaTyp.
‘ﬁ - o binmpmr  gyTnuBHM, MOPIBHAHO 3
. . P o metonioMm JATCK, € nudepentiitnmit
. \ . CKaHquqHﬁ KaJlOpUMETp 3 KOM-
LI MEHCAI[ICI0 PI3HUII TOTYKHOCTEH
° 1® (AIICK, anrm.: Differential Power

of | e * Scanning Calorimeter).
‘&@ NN . JUICK  (puc. 2.15), sk i
Wp JNTCK, Oyayerbcsi 3a CXEMOIO,

MOKa3aHoI Ha puc. 2.7, B, OJHAaK
Puc. 2.15. Cxema audepeHniiioro CKanyro- MDK IIUMH TUIIAMU KaJIOPUMETPIB €
40ro KaJoOpuMETpa 3 KOMICHCALIEIO Pi3HUII PO CYTTE€BUX  BIAMIHHOCTEH.
MOTY>KHOCTEHN Ilepma 3 HUX MoJIArae B TOMY, LIO
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KO>KHa 3 Komipok P Ta I MicTuTh BiacHWil enekTpoHarpiBHUK (miuky). Ctpymu
HarpiBHUKIB PETYNIOIOTh TAKUM YHMHOM, IIOOM TEMIIEPATypH KOMIPOK 3pOCTAIH 13
3a/1aHOI0 MIBUJIKICTIO Ta 30iranucs Mix codoro (Tp(t) = Ti(t)).

Hpyra BiqmiaricTs AIICK Big I TCK nomnsrae B Tomy, o eKcriepuMeHTaIbHa
kpuBa st JAIICK sBnse co060r0 4acoBy 3aj€XHICTh HE PI3HMIIL TEMIIEpaTyp MiX
JBOMa KajopuMeTpudHUMH KoMipkamu (Tp;=0), a pi3HUI MDK HOTYKHOCTSIMH
CJICKTPUYIHHUX CTPYMIB, SIKi HArpiBarOTh KOKHY 3 KOMIPOK.

Tperboto BiaminHicTIO € Te, 0 Meroa JAIICK He motpeOye eranony, sikuii
B3araji Moxe OyTH BIFICyTHIH (Ha puc. 2.15 Taka cutyailis BijioOpaxkeHa y BUTIISI
KOHTYpPY VSBHOTO €TaJoOHYy). 3aBJIdKM IbOMYy 1H(Qopmariis, oTpuMaHa 3a
JIOTIOMOTOI0 TAaKOTO KaJIOpUMETpPa, HE BUMArae rnepepaxyHKy BiTHOCHO IapaMeTpiB
€TAJIOHHOI PEYOBUHH, 1110 € CYTTEBOIO NIEPEBATOI0 METOTY.

Takum ymHoM, JIIICK peecTpye TUIBKM PI3HUIIO TEMJIOBUX MOTOKIB, SIKI
HarpiBalOTh JBi 1IEHTHYHI KAIOPUMETPUYHI CHUCTEMH, OJHA 3 SKUX JIOJATKOBO
MICTHTH JIOCITI/DKYBAHUM B3IpEIlb.

AIICK, na Binminy Bix ATA un JATCK, no3Bomse peanizyBatu pi3Hi peKUMU
pooorn mpunany: amiabatamii  (Tp(t) = Ti(t) = Tg(t)) Ta 3omepuOONBHUM
(Tp(t) =Ti(t); Tg(t)=const). 3oxkpema i30nepUOOJBHUNA PEXHUM  JO3BOJISIE
TEMIIEpaTypHE CKAHYBaHHS SIK B MPSIMOMY, TaK 1 3BOPOTHOMY HaIpsiMax, 1[0 MOXE
OyTH KOPUCHUM JJI1 BUBUEHHS 3BOPOTHUX Ta HE3BOPOTHUX IPOIIECIB.

Jocsaruytuii  piBeHb  PO3BUTKY  MIKPOEJIEKTPOHIKM /1a€  MOXKJIMBICTh
KOHCTPYIOBATH HArPIBHUKHU Ta TEIUIONPOBIIHUKA HAJ3BHUAWHO MaJIUX PO3MipiB. Y
cygyacaux JIICK xomipka ais B3ipIs, sSKa MICTUTh HarpiBHHUK, TEPMOMETD,
TEIJIOBUI KaHal Ta caMm B3ipelb, Mae macy Bcboro 0,05 + 3 r. 3aBasku 1bOMy
TEIUIOBA 1HEPIINHICT, KOMIPKH JOBOJI Mayia, a eKCIICPUMEHTAIbHI KpHBI
OTPUMYIOTH 32 KOPOTKUN MIPOMDKOK Yacy, IO MiJIBUILY€E EKCIIPECHICTh METOY.

[Mupoke Ta 3pocTaroye BUKOPUCTAHHSA JUPEPEHLIMHUX CKaHYHOUUX
KaJIOPUMETPIB 11 BUMIpPIOBAHHS PI3HOMAHITHUX (I3HMKO-XIMIYHHX IIapaMeTpiB
MOSICHIOEThCSI HACAMIIEPE ] 3PYUHICTIO POOOTH 3 HUMM Ta IIBHJKICTIO OTPUMAaHHS
pesynbraTiB. CydacHi CKaHyHOYl KaJTOPUMETPH 3a3BUYAl KOMIUIEKTYIOThcs EOM,
TOMY KOHTPOJb TEeMIepaTypu Ta OIpalloBaHHS pe3yJbTaTiB BUMIPIOBaHb
3M1ACHIOIOTHCST aBTOMATUYHO. OJHAK CHiJl mamM'aTaTd, 0 METOAU CKaHYIUOi
KaJOpUMeTpii € TUHAMIYHMMH, TOMY 32 YMOBH HEIEPEPBHOI 3MIiHM TeMIepaTypH
BC1 3HaueHHs Tp B3ipudg, B TIH YW IHIIINA Mipl BIACTAaIOTh BiA 3HAYCHB, SKi
BIIMOBIJAIOTF YMOBaM TEPMOJMHAMIYHOI piBHOBaru. BIUMB Takoro YnHHWKA Ha
pe3ysbTaT BUMIPIOBAaHHSA MOJYKHA OI[IHUTH 32 JOMOMOTOI0 DSy BHMIpPIOBaHb 3
JEKUTbKOMa PI3HUMH IIBUIKOCTSIMH HArpiBaHHs (OXOJIOIKESHHS).

2.7. 3aBaHHs KaJopuMeTpii B cyvacHii TexnoJorii BIC

Po3ryissHyTi B 1IbOMY pPO3JUTI NPUHIUIK 1 METOAH KaJOPUMETPii MOXKYTh
YCHINIHO 3aCTOCOBYBATHCH JUISA JOCTIKEHb MIMPOKOTO KOJa 3aBAaHbh y CyOMi-
KpPOHHIN Ta HAaHOTEXHOJOTIAX popmyBaHHs cTpykTyp BIC. Jlo HUX 30Kpema Hae-
KaTh 3aBJAHHS ONTHMIi3allii TEXHOJIOT1YHHUX TPOIIECIB, IO CYIPOBOIKYIOTHCS:

1) XiMiYHEMH peaKkmissMu:

—Tra30(]a3Horo emirakcifHOro OCa/UKEHHS MOHOIIAPIB KPEMHII0 HUIIXOM
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HipoJizy TeTPaxJoOpUAy KPEMHII0 UM MOHOCHWJIAHYy B aTMoc(epi BOAHIO Yy
BEPTUKAJILHUX PEaKTOpax ycTaTKyBaHb Ha KTanT "EnikBap-150";

—ra30(a3HOro emTakCifHOro HapoUlyBaHHS SIK HEJErOBaHMX, TaK 1
neroBanux MoHomiapiB GaAs 3 BHKOPHUCTaHHAM METAIOOPTAHIYHUX CITOJIYK
tpumetwiraiito Ga(CHs); Ta pumertnnapceny As(CHs)s;

—Tra30()a3HOro eMmiTaKCIMHOIO OCaJKeHHS MOHOIIApIB repMaHii-KpeMHIiH Ha
KPEMHIEBUX MMIJKIAAKAX 3 BUKOPUCTAHHSAM TETPAXJIOPHIIB KPEMHIIO Ta TePMaHIi0
a0o IucuIIaHy Ta MOHOTEPMaHy;

— (dopMyBaHHS ~ JaTEpPANBHOI T4  BEPTHKAIBHOI 130110l  CJICMCHTIB
IPOOKCH/I0BAaHUM MTOPUCTUM KPEMHIEM;

— JIOKQJIbHOTO OCAKEHHS 30JI0TOTO TIOKPUTTS Ha BUBITHI PaMKH 31 CIUIaBY
FeNi.

2) Pi3uKo-XiMiYHMMHU peaKUisiMu:

— IJIA3MOXIMIYHOTO OCaKEHHS JleJIeKTPUIHUX Ta IpoBimHMX Imapie B HBU-
peakTopax eneKTPOHHO-IIMKIOTPOHHOTO PE30HAHCY;

— IUTa3MOXIMIYHOT'O AHI30TPOIHOIO TPaBJICHHs AIEIEKTPUYHUX 1 MPOBITHUX
mapiB y BU ta HBU-peakTopax;

—ra30(azHOro 0Ca/PKCHHs CUIIMAIB (MOJIMAIB) B PEaKTOpax MOHMKEHOTO
TUCKY;

— MIPOJIITUYHOTO PO3KJIANy TMEeHTakapOOHLTy 3aji3a Ha CKISHI IMiIKIAIKH
aMIUTITYAHO-(a303CyBHUX (DOTOMIA0IOHIB MPOEKLIHHOT TiTOrpadii.

3) ®izuuHNMH peakUisiMu (IpoLecaMu):

— OaraTo3apsiiHOi  IMITIAHTAIlll Ta IIBUAKOTO (DOTOHHOTO BigmaNy MAJis
KPEMHIEBHUX Ta apCEHIATaliEBUX CTPYKTYP;

— TeTepyBaHHI TOMIIIOK Ta aedekTiB B cTpykTypax BIC iMIuianTamiiHuMu,
KUCHEBHUMH, TEKCTYPOBAaHMMH, OKCHUHITPUIHUMHU Ta OopodochopocuinikaTHUMU
TeTePHUMU IIapaMU;

— (opMyBaHHS ~ KalCyJdIOIOYUX IIOKPUTHh HITPUAY KPEMHIIO, HITPUIY
ATIOMIHII0, OKCHHITPUAY KPEMHIIO;

—BurotoBieHHs cmasie  Al-Si-Ho-1-1 ta AuGe-12 nans KOHTakTiB y
KPEMHIEBIN Ta apCeHIATaNi€Bii TEXHOIOTIAX;

— mJaKkyBaHHS cTpiuku Fe-Ni anroMiHieM Ta 30J0TOM JJIsi BUTOTOBIICHHS
BUBIJTHUX PaMOK.

3MEHIIEHHS TOMOJOTTYHUX PO3MIPIB poOOUMX €EMEHTIB IHTEIPAILHUX CXEM,
KapJUHAJIbHE 3HMKEHHS Ne()EeKTHOCTI (YHKIIIOHATBHUX MIAPIB CTPYKTYP 32 YMOB
CKJIAJTHUX TEXHOJIOTIYHUX IMPOIIECIB 13 BUKOPUCTAHHSIM KJIACTEPHOTO OOJIa HAHHS
BHUMAararoTh B&Ke 3-BUMIPHOTO MOJEIIOBAHHS MPOLECIB TEIJIO- 1 MAaCONEPEHECEHHS,
KpUCTaJi3ailii, 1e()eKTOyTBOPEHHSI.

30UIbIICHHS TIUIPHOCTI €JIEMECHTIB Yy CXEeMax HPHU3BOAMUTH JI0 3POCTaHHS
NPOTSHKHOCTI Ta YCKJIAJHEHHS AapXiTeKTypH TpPaAWLiHHUX MDK3'€HaHb, L0
NIEPETBOPIOEThCS. B OJIHY 3 TMEPENOH Ha MUISXY M[MOAAIBIIOTO ITiIBUIIICHHS
MIBUAKOJII CXeM Ta 3HIKEHHS iXHBbOI BapTOCTI. AJIBTEPHATHUBOIO TPATULIHHUM
MDK3'€JHAHHAM € ONTOCJEKTPOHHI CHCTEMH, SKI 3a0€3MeuyloTh T'e€HEepyBaHHS,
MOJYJIIOBaHHS, MJICHJICHHS Ta JIETEKTYBaHHS CBITJIOBUX MOTOKiB. I[IpoGiema
KPEMHIEBOI OMNTOENEKTPOHIKM TMOJAra€ y CTBOpEHHI e(eKTHUBHOro JiKepesna
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BUNPOMiHIOBaHHSA. KpeMHIll HaneXuTh A0 HENPSIMO30HHHX HAIMIBIPOBITHUKIB,
TOMY €(DEKTUBHICTh MIK30HHOI BUIPOMIHIOBAJIbHOT pekoMOiHaLlii B HHOMY JOBOJI
Hu3bka. [leBH1 Haali Ha BUplmIeHHS i€l OpoOJeMH MOKIAJAIOThCS Ha
BUKOPHCTaHHS pigko3eMenbHux MetaiiB epbiro (Er), romsmito (Ho), momimku
AKUX (OPMYIOTh B KpeMHii e()eKTUBHI UEHTPHU BUIPOMIHIOBAJIbHOI peKOMOIHALIT 3
yuacTio 4f-enextpoHiB. ['eHepoBaHe BHIPOMIHIOBAHHS 3 JIOBJKHHOIO XBHJI
1,54 MKM TpaKTHYHO HE TOTJIMHAETHCA KPEMHIEM 1 BIINOBLAA€ BIKHY
MaKCUMaJIbHOI TPO30POCTI ONTHUYHUX XBWIJICBOJAIB 3 KBapuoBoro ckia. s
301TBIIEHHST BMICTY €pOit0 B TpaTili MOHO-Si BHKOPHCTOBYIOTH HEPIBHOBaXKHI
METOJIM OTPUMAHHS CUJIBHOJIETOBAHMX IIApIB: Oararo3apsiiHa 10HHA IMIUIaHTaIlis,
MOJIEKYJISIPHO-TIPOMEHEBA ~ €MITaKCis, 10HHO-IPOMEHEBE Ta  MarHEeTPOHHE
HanieHHsA. Kpim ep0iro, IEPCIECKTUBHUM MATEpiajioM JJIS JIOMIIIOK € TOJIbMIii
(renepoBaHe BUINPOMIiHIOBaHHSA 1,96 MKM), 10 MIATBEPIKYETHCS  PSIIOM
eKCIePUMEHTATIBHUX TOCITIIKEHb.

3 BUNIC BUKIAJIECHOTO MOXXKHA 3pOOMTH BHCHOBKHM IIOJO0 HEOOXIIHOCTI
pO3po0JIeHHS HOBUX, CYyYaCHUX METOJUK KATOPUMETPUYHOIO (TEPMOJIUHAMIYHOTO)
JIOCTIIKEHHS MaTepiajaiB 1 MpoleciB CyOMIKpOHHOI Ta HAaHOTEXHOJOTI 3
BUKOPHUCTAHHSIM TECTOBHMX CJIEMEHTIB, $IK O0'€KTIB TaKMX CKCIEPUMCHTAJIBbHUX
JIOCHIJKEeHb. TakoX JIOIUIBHO BUKOPHUCTOBYBAaTH MIKPOKaJIOPUMETPUYHI JIOCHTiJI-
KEHHsI 1T OTITUMI3aIli] pAAY TEXHOIOTTYHHX MPOIIECIB, 30KpeMa:

—ra30(]a3Horo eniTakciiHoro ocapkeHHs mapis Si ta GaAs;

— IUTa3MOXIMIYHOTO OCA/DKEHHS IIeJeKTPUYHUX 1 mpoBigHuX Imapie y HBY
peakTopax eJeKTPOHHO-IIMKIOTPOHHOTO PE30HAHCY.

lIle oaHMM HANpPsAMKOM BUKOPUCTAHHS MIKPOKAJIOPUMETPUUHUX METO/IB
MMOBHHHO CTaTH €JICKTpodi3ndHe qocIimKeHHs HaaiiHocTi ctpykryp BIC/HBIC.
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Po3zin 4. PEHTTEHOCTPYKTYPHU AHAJII3 TA PEHTIEHIBCBKA
JAU®PAKIHIMHA TOIIOI'PADIA

PeHTIeHOCTPYKTYpHHUM aHAaJIi30M HA3WBAIOThH JOCIIJKCHHS SBHINA TUDpaKIii
PEHTI€HIBCHKUX IMPOMEHIB Ha 00'€KTax, AKI MalOTh KPUCTAII4YHYy a00 YacTKOBO
Kpuctanaiuay OymoBy. Lleit MeTon, SIKUH XapaKTEPU3YETHCA ITUPOKUM Jialla30HOM
BapiaHTiB, BUKOPUCTOBYIOTh IS MPOBEACHHS SKICHOTO 1 KUIBKICHOTO (ha30BOTO
aHaJlizy, B TOMY YKMCJIi BU3HAYCHHS TOBLIMHM LIAPiB, BU3HAYCHHS BUIY CTPYKTYpH,
TEKCTYPH 1 pO3MIpIB 3EpHA, JOCHIKCHHS THITY, KUTBKOCTI Ta PO3MOILTY JICPEKTIB
CTPYKTYpH, @ TaKOXK JiJIsl BUSABIICHHS HANpy>KeHb. METO | I03BOJISIE JTOCTI)KYBAaTH
OyIb-sKi TBEP/I TLIA, SIK KOMITAKTHI, TaK 1 Y BUTJISII TOPOIIKIB.

Ha mepmux mopax peHTICHOCTPYKTYPHHI aHami3 3acTOCOBYBAIH 3/1€0LTh-
IIOTO JUISl BU3HAUEHHS CTPYKTYPH KPUCTAIIYHUX TBEPAUX T, a caMe — po3Mipy
eJeMEeHTapHUX KOMIpPOK 1 po3MilmieHHs aTtoMiB B HHX. CydJacHUH pEHTICHO-
CTPYKTYpPHUH aHalli3 Ja€ MOXKIIMBICTH OTPUMYBATH XapaKTEPUCTHKU CTPYKTYpPH
TEXHIYHUX MaTepialiiB, BUPIIIYIOUU TPU KOMIUIEKCH 3aBJaHb:

a) BU3HAYEHHS BUIY 1 KUIBKOCTI (a3, skl YTBOPIOIOTH 1€l MaTepiau,

0) BU3HAUCHHSI PO3MIPIB, PO3MOAULY 32 pPO3MIpaMH 1 PO3MILIECHHS OKPEeMHX
KPHUCTAIIB Y NMOJIKPUCTAIIIYHINA CTPYKTYPi;

B) XapaKTEePUCTUKH THUIY, KIIHKOCTI Ta pO3MIMIEHHS JedeKTiB IPaTKu B
KpHUCTAJIL.

4.1. OcHOBHI mapaMeTpH PEeHTICHIBCbKOI0 BHIPOMIHIOBAHHS, SIKe
BUKOPHCTOBYIOTh Y PEHTI€HOCTPYKTYPHOMY aHAJI31

PeHTIeHIBCHKI MTPOMEHI SBJISIOTH COOOI0 €ISKTPOMArHiTHI XBHIII, SIKi MaTeMa-
TUYHO ONHUCYIOThCS PIBHAHHAM MakcBenna. Sk Oynb-sike XBHJIbOBE BHIIPOMIHIO-
BaHHS, BOHHM XapaKTE€PHU3YIOThCS aMIUIITY/I0I0, YaCTOTOI (JAOBXKHMHOK XBHIII) 1
¢azoro. Ilix yac TpoXoKEHHS PECHTICHIBCHKOTO BHIIPOMIHIOBAHHS Yepe3 KpHUCTall,
BHACTIJIOK MEPIOIUYHOTO PO3MIIIICHHS aTOMIB, BiIOyBaeThbes sk Audpakilis, Tak i
iHTep(depeHIlisi peHTIeHIBCHKUX MPOMEHIB. J[OCHIKEHHST Ta BUMIPIOBAHHS IUX
JupakUifHUX SBUIL 1 € MPEAMETOM PEHTIEHOCTPYKTYpHOro anamnizy. Kpim Toro,
sBulla Judpakiii B KpUCTall CHOCTEPIralOThCs HE TUIBKH JUISl PEHTI€HIBCHKHX
MPOMEHIB, ajie 1 IS iHIINUX eJIEeMEHTAPHUX YaCTHHOK, 30KpeMa €JIEKTPOHIB, MPOTO-
HiB Ta HeWTpoHiB. Judpakuiiini sBumIa, MOB'A3aH1 3 eleMEHTaPHUMH YaCTUHKAMU,
JIOBOJII TMPOCTO TMOSICHIOIOTHCS, OCKUIbKH, 3TigHO 3 JAe-bpoiinmem, Oyab-sakiit
YaCcTHHIII, [0 MAac Macy m Ta iMIOYyJbC p, BIAMOBiNAc €IEeKTPOMAarHiTHA XBHIS 3
XapaKTepHOIO JOBXKHMHOK XBHJII A, $Ka BHU3HAYA€ThCS CIIBBIJHOLIECHHAM:
A=h/p=h/m?. lle no3Bonse po3rusnaru audpakifiro 41 iHTEpPEPEHIII0 YaCTH-
HOK, SIK QaHAJIOT1YHE SIBUIIE BIAMNOBIAHUX YACTUHKAM €JIEKTPOMATrHITHUX XBUJIb.

3 iHmoro OOKy, B3a€EMOISl PEHTTEHIBCHKOTO BHUIIPOMIHIOBAHHS 3 MaTpPHUIICIO
KpHUCTasla NpU3BOAUTE 10 sABULl hoToedexTy un edexty Kommnrona, mist mosicHeH-
HA SKAX CII PO3TJIAJAaTH PEHTTCHIBChKI MPOMEH1 SK TOTIK PEHTIEHIBCHKUX
¢oToHIB 200 KBaHTIB, IO MAaIOTh YK€ IUCKPETHY (KOPIYCKYISAPHY) MPHPOLY,
NpUYOMy €HEpris Takoi KopmycKynu craHoBuTh E = hv. Takwii minxix mo ommcy
B32€MO/I1i YaCTMHOK Ta CJICKTPOMArHITHUX XBHJIb 3 PCUOBHMHOIO € JIOBOJII 3pPy4YHHUM
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A I, (iHTencuBHiCTS Ko 0e3 OrJIsIy Ha dbinocodcrky iHTEp-

BHIIPOMiHIOBAHHs1) MpPETAliio CYTi KOPMYCKYIAPHO-XBU-
Koo JTBOBOTO Jyaii3my.

Posrnsimemo Temep OymoBy Ta

CIEKTp pEHTICHIBCbKOI TpyOku. B

Takiii TpyOIll po3KapeHHil BoIb(pa-

MOBHM KaTOJl BHIIPOMIHIOE EIIEKTPO-

HU, SKI BHACJIJIOK MPUKJIAJCHOI BH-

y i e waa
//////////////L//, x conot sommot arpyr 0 anony

04 06 08 10 12 1.4 1.6 1.8 2,0 2.2 HUM €JIEKTPUYHUM ToaeM. Jlist Toro,
mo0u JIOBXHHAa BUIBHOTO MPOOIry
€JIEKTPOHIB Oyja JOCTaTHbO BHCO-
KOIO, PEHTICHIBChKI TPYOKH BigKady-
0T 110 Bakyymy < 107 ITa. Bracui-
JOK yJapy €JeKTpoHIB 00 aHOJ Ta iXHBbOI B3a€EMOJIi 3 aTOMaMH MaTepialy aHola
KIHETHYHA C€HEPris eNeKTPOHIB NEPETBOPIOETHCA B EHEPril0 PEHTIEHIBCHKOTO
BUIIPOMIHIOBaHHs. SIBMIA Ta MpPOLECH, IO 3YMOBIIOKOTH BHUIIPOMIHIOBAHHS,
JieTajbHIle PO3TJsHYTI B po3faum 6. TyT ciiji 3ayBaXMTu TUIBKM Te, 110 B
PEHTIEHIBCBKUX  TpPYOKax BHACIIIOK TallbMyBaHHS  €JEKTPOHIB  BHUHHUKAE
HOJIXPOMAaTHYHE BHIIPOMIHIOBAHHS, THIOBHUH CHEKTP SKOTO MAa€ BHUTILA,
nokaszaHuii Ha puc. 4.1.

BunpoMiHioBaHHS 3 HOBXXUHAMU XBUIIb Akgl, Akal, Akp HA3UBAETHCS XapaKTe-
PUCTUYHHUM, OCKUIBKM 11 JIOBXWUHU XBWJIb, BIAMOBIAHO J0O 3aKoHY Mo3mi,
BH3HAYAIOTHCA aTOMHUM HOMEPOM Martepialy aHoja. 3allITpUXOBaHA IUIOIIA Ha
puc. 4.1 mpenacraBise co0O0 HEMEPEPBHUI CHEKTP TaK 3BAHOTO TaJIbMIBHOTO
(TOAIXpOMATUYHOT0) BUITPOMIHIOBAHHS.

OtpumaTi peHTIeHOTpaMu JH(paKIi MOKHA 3a JTOIIOMOIOK OyIb-IKOTO 3
PCHTTCHIBCHKUX BUIIPOMIHIOBaHb, OJIHAK 3a JOMOMOIO MOJIXPOMAaTUYHOI'O
BUTIPOMIHIOBaHHS OTPUMYIOTh TUTBKM TaK 3BaHi nayerpamu. s cTBOpeHHS
IIMPOKOTO CIEKTPa BUIIPOMIHIOBAHHS HAMPYTy PEHTICHIBCHKOI TPYOKH HEOOX1THO
niaTpuMmyBaTi Ha piBHI 50 + 60 kB. Taka ymoBa cnigye 13 3akony Jlyana-XaHTa:
Amin = 1,24/U (Apin — MiHIMaIBHA TOBXWHA XBWJI1 B HM, U — Hampyra B BOJIBTax).
Jl1s nocsrHeHHs: BUCOKOT IHTEHCUBHOCTI BUITPOMIHIOBAHHS, sKa 3a0e3neuye Malni
4ac eKCIIO3UIIil, BUKOPUCTOBYIOTh PEHTICHIBChKI TPYOKU 3 BHUCOKUM TEPMIYHUM
HAaBAaHTAKCHHAM AaHOJY, OCKUIbKM 99% KiHeTHYHOi eHeprii eJIeKTPOHIB
NEPETBOPIOETHCS. B TEIUIO, a TUIbKM 1% eHeprii BUTpayaeTbCsl HA CTBOPEHHS
PEHTICHIBCHKOTO BHIIPOMiHIOBaHHs. [|JIst JOCIKeHb, 3a3BUYali, BAKOPUCTOBYIOTh
TPYOKH 3 BOJIB()PAMOBUMU, MOJTIOICHOBUMH Ta MiTHUMHU aHOJ[aMU.

Binburicth  MeToAiB mepen0davyaroTh BUKOPUCTAHHS MOHOXPOMATHYHOTO
(XapakTepUCTUYHOTO) BHMPOMIHIOBaHHA. 3 YCIX JIHIA XapaKTePUCTHYHOTO
PEHTIEHIBCHKOTO BUIIPOMIHIOBAaHHS 37€OUIBIIOI0 BUOMPAIOTh BUCOKOIHTEHCHUBHY
ninito Ko. JloBkuHA XBHJII XapaKTEPUCTHYHOTO BHUIIPOMIHIOBAHHS 3QJICKHUTHh BiJ
MaTepiaay aHO/a, HAPUKIIAL;

Kp

Puc. 4.1. CiekTp mpOMHCIIOBOT PEHTICHIB-
ChKO1 TPYOKH
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AnHOn Ag Mo Cu Ni Co Fe Cr
Mo 107°M 05609  0.7107 15418 1.6591 1.7902 1.9373  2.2909
Mg 1070M 04970 0.6323  1.3922  1.5001 1.6207 1.7565 2.0848

OckibKH TPyOKa OTHOYACHO BHIIPOMIHIOE SK XapaKTePUCTHYHE, TaK 1 IIUPO-
KUA CHEKTp MOJIIXPOMaTUYHUX BHUIIPOMIHIOBaHb, Oysn po3poOseHl BiAMOBIIHI
Meroau (QurbTparrii HeOakaHUX KOMIIOHEHTIB BHIIPOMIHIOBaHHA. BoHH 0a3ytoThCs
Ha 3aCTOCYBaHHI MNOIJIMHAKOYMX (QUIBTPIB, KPHUCTATIYHUX MOHOXPOMATOPIB 1
CHEPrOJIMCIIEPCHUX JICTEKTOPIB.

UuM KOpOTIIA JIOBKHMHA XBWJI BHUIPOMIHIOBAHHA, THM TJMOIIE BOHO
NpOHUKae y B3ipelb. [l TOCHIIKEHHS CTPYKTypHU IPUIIOBEPXHEBUX IIApiB
JOLULUIBHO BHKOPHUCTOBYBAaTH JOBIOXBIJILOBE BHUIPOMIHIOBAaHHS Ta HaBIAKH,
KOPOTKOXBHJIbOBE BUIIPOMIHIOBAHHS, T'OJOBHUM YHHOM, BHKOPUCTOBYIOTH IS
JocnikeHHs: 00'emy. OHaK CiliJi BpaxoByBaTH Te, IO 31 3pOCTaHHSM JOBXXHUHU
XBWJII TaKOX 3MCHINYETHCA KUIBKICTh MOMKIUBHX IMOPSAKIB I1HTEp(EepeHIii
PEHTTEHIBCHKUX NMPOMEHIB (KUILKICTD JIIHIA HAa PEHTIEHOTPaMi).

JloBXKHHY XBWJII PEHTICHIBCHKOI'O BHUIIPOMIHIOBAHHA BUOHMPAIOTh TaKUM
YUHOM, IMOOM TIOBHICTIO YCYHYTH (PIyOpECICHTHE BHUIPOMIHIOBaHH:A. SIBHIIE
dbayopecueHuii BeAe A0 3HAYHOTO MiJICUIIEHHS PO3CISHOTO BUIIPOMIHIOBAHHS Ta
3aTPyJHIOE  BUSIBJICHHS  IHTEpQEpEHIIMHNX MakcuMyMiB. DiyopecrieHTHE
BUIIPOMIHIOBaHHSI BUHUKA€ B TOMY BHUIMAJKYy, KOJIH aTOMHUN HOMeEp (TOPSIKOBUM
HOMEp Yy NepioJUYHIi cucTeMi) MaTepiany aHOJa JIHIle HeHadaraTo MepeBUILYE
aTOMHHI HOMep Marepiany B3ipis. ToMmy BHOMpPaIOTh Taki peHTIEHIBCHKI TPYOKH,
MaTepiajl SKMX Ma€ aTOMHMI HOMEp MEHIIMH, piBHUN abo HabaraTo OUIbLIMI
MOPIBHSIHO 3 AaTOMHUM HOMEPOM MaTepianay B3ipIis.

Jnst peecTpyBaHHS PEHTTEHIBCHKUX MTPOMEHIB BUKOPUCTOBYIOTH PI3HOMaHITHI
JNETeKTOPH, i SKUX 0a3yeTbcad Ha IMEBHIA B3aeMOAli MDK PEHTICHIBCHBKUMU

Ta6aunus 4.1. XapakTepucTHKN AETEKTOPiB

Hetexrop OcobnuBocTi

JlromiHEeCEHTHU I .

1) - 3aCTOCOBYETBCS JIMILE ISl FOCTYBaHHS; €(EKTHUBHICTH
p — Mmaitke 100%; BUKOPHCTOBYETHCSI IS JOBXHH XBHIIb

2) CHHHTHMHIHHHH < 0,15 MKM; Ma€ Micle AUCTIEPCis 32 EHEPTIE0

JYNITBHUK

PeHTICHIBChK JoBra excno3uiisi (TOAWHHU), BENUKI 3aTpaTH Ha
3) UtiBKa 00poO0JIeHHs TUTIBKU; OJHOYACHE CIOCTEPEKEHHA KyTO-

BOT'O Ta a3MMYTAJIBHOT'O PO3IIOJILTY IHTCHCHBHOCTI

4)|lonizamiitna kamepa |HenmpumatHa i peHTTEHOCTPYKTYPHUX JOCIIIKEHb

5) |Jliunneuuk [eiirepa  |[IpuaaTHUE 1 JOCTIJKEHHS 3 HEBUCOKOIO TOYHICTIO

[MponopuiiiHuit .

6| porop EdextupHicts 60 + 80%
JYUITBHUK

7) HamiBnpoginaukoBi |/lucmepcist 3a eHeprieio; HEOOXiTHO OXOJOPKECHHS
JIETEKTOPH piIKuM a30ToM; eeKTUBHICTb HaOmmxKaeThes 10 100%
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IPOMEHSAMH Ta pPEYOBHHOIO. XapaKTEPUCTUKU THIOBUX JETEKTOPIB pEHTIe-
HIBCBKUX TMPOMEHIB HaBeneHo B TabOu. 4.1. 3 1miei Tabnuii BUIHO, IO TepeBary
MalOTh HaliBIPOBIIHUKOBI IETEKTOPH.

4.2. ludpakiisi peHTIeHiBCbKHUX MPOMEHIB HAa KpHUCTAJTIYHMH rpaTmi
HANIBNPOBITHUKOBUX CTPYKTYP

Judpakiiis peHTTeHIBCHKUX MPOMEHIB, HCHTPOHIB Ta €JICKTPOHIB 3yMOBJICHA
NPY)KHUM DPO3CIIOBaHHAM I10HAaMH YM AaTOMaMH KpPUCTali4HOI IPAaTKU MPOHH-
Karuyoro B MaTepiajl BATIPOMIHIOBAaHHS. 3aJICKHO Bi/I BU/Y BUTIPOMIHIOBAHHS HOTO
B3a€EMOJIISl 3 €JIEMEHTOM TpaTKU Mae Pi3HUM XapakTtep. Po3pi3HAIOTH MpyKHE Ta
HETNPY>KHE PO3CIIOBaHHS PEHTTCHIBCHKUX MPOMEHIB, HEUTPOHIB UM €JIEKTPOHIB.

[IpyxHe po3CitOBaHHS BiIOYBAETHCS Y BUTIAKY:

— PEHTICHIBCBKOI'O OMPOMIHIOBAHHS E€JEKTPOHHUX OOOJIOHOK €JIEMEHTIB
IpaTKH B pe3yJbTaTi B3a€MOIi €JIEKTPOMArHITHOIO IO BHUIIPOMIHIOBAHHS 3
BiZl'€MHO 3apsiIPKCHUMHU €JICKTPOHAMU;

— €JIGKTPOHHOT'O OINPOMIHEHHsI BHACIIJOK PYXY EJEKTPOHIB Yy MOTEHIialb-
HOMY I10JIi @aTOMHHUX OCTOBIB I'PaTKH 1 3aBIAKH KYJIOHIBCHKIM B3a€MOIl BII'€MHO
3apsi/UKCHUX €JICKTPOHIB 3 MO3UTUBHO 3apsi/KEHUM aTOMHUM OCTOBOM;

— HEHUTPOHHOT'O ONPOMIHEHHS BHACIIJIOK B3a€MOJIii HEHMTPOHIB 3 aTOMHUMU
sipaMu 200 MarHiTHOTO MOMEHTY HEMTpOHA 3 MarHITHUM MOMEHTOM €JEeKTPOHHOT
000JIOHKH.

VY pesynbraTi Takoi B3a€MOJii 3MIHIOETHCS HANPSAM IOMIMPEHHS EJIEKTPO-
Mar”iTHOi XBWJIi, IO TMPOSBISETHCS B BIAXWICHHI BiJl 3aKOHIB T'€OMETPUUYHOT
OITUKH, TOOTO €JIEKTPOMArHiTHAa XBUJIS 3/1aTHA OTMHATH Nepenikoau. Take sBurie
Ha3MBAaEeThCA audpakiico. [lepiogudne po3MIMIEHHS €JIEMEHTIB KpPHCTAIIYHOI
I'paTKU MPU3BOJUTH JO TOTO, 110 B NMEBHUX HAmpsMax MOIIMPEHHS AUQpParoBaHoi
XBWII MOSBISIETbCS pi3HMIA (a3, KpaTHa JIOBXHUHI XBWUJl. B pesynbTari 1boro
IHTEHCHUBHICTh PO3CISTHOTO BHIIPOMIHIOBAHHS B TaKMX HaIpsMax IiJICHIIOETHCS, B
TOW Yac SK B IHIIMX HampsiMax — MOCHaOmoeThesi. Take SBUINE HA3WBAETHCS
iHTepdepentiiero. OOnBa SBUIIA, 3a3BUYAN, TPOSBISIOTECS HEPO3ILITBHO; OLIbIIE
TOT0, SIBUIEC AU(PPaKIIl 4aCTO TPAKTYIOTh, SIK BUMAI0K 1HTEphEpeHLil 00MeKEeHUX
y npocTtopi xBuib. Came TOMY IiJ SBULIEM AUPPAKIIT PEHTIEHIBCbKUX XBUIIb CH1]
PO3YMITH TaKOX 1 iXHIO iIHTep(EpEeHIIitO.

[lix yac NPOHUKHEHHS PEHTIECHIBCHKOrO, €JIEKTPOHHOTO YW HEHTPOHHOIO
BUIIPOMIHIOBAHHS B TBEPJIE TUIO BIIOYBA€THCS HE TUTBKH MPYKHE, alle 1 HEmpYKHE
po3citoBaHHA. BOHO MOB'Si3aHO 3 BTPaTOIO0 €HEprii BUIPOMIHIOBAHHS 1 HE CHPHSIC
nudpakiii. I[HTeHCUBHICTh MPOLIECY HETPYKHOI B3a€MO/Iil BU3HAYA€ MPOHUKAIOUY
3MaTHICTh BHUIPOMIHIOBAHHS I JaHOI pe4doBuHH. Kpim Toro, riamOuHa
IPOHMKHCHHS BUIIPOMIHIOBAHHS B PEYOBMHY CHIIBHO 3QJICKHTH BiJl BUJIY IOTO
BUNIPOMiHIOBaHHA. Tak, Hampukiajg, 3a JAONOMOTOK CHIBHOTO, BHUHSATKOBO
HETNPY)KHOTO PO3CIFOBAHHS EJIEKTPOHIB MOKHA JIOCTI/DKYBaTH TPUTIOBEPXHEBI
mapy, TOHIII Big | MxM. [l pEeHTICHIBCHKOIO BHIIPOMIHIOBaHHS TINIMOMHA
NPOHUKHEHHS CTAaHOBUTH JACKIJIbKa NECATKIB MIKPOH, a HEUTPOHHE BHUIIPOMIHIO-
BaHHS 3/IaTHE MPOHMUKATH Y B3ipelp Ha IIMOUHY /10 IEKUTBKOX CAHTUMETPIB.

Tomy a5 3aBAaHb CTPYKTYPHOTIO aHAJI3y Ba)JIMBE 3HAUEHHS Mae BUOIp BUIY
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BUTIPOMIHIOBaHHS. J[1s1 ZOCTIIKEHHS TOH-

KHX LIapiB 1 TAKUX HEBEIMKUX O0'€KTIB, SIK a)
HaMpUKIaj, cerperamii abo BKIIOYECHHS,
HEOOXiIHO  3aCTOCOBYBAaTH  €JIEKTPOHH, v
INIMOMHAa TPOHUKHEHHA SKUX Y B3ipelb
HE3HAYHa 1 SKi JIETKO ITITAI0ThCA (POKY-
cyBaHHIO. HelTpoHHE ONpPOMIHEHHS CITi
3aCTOCOBYBAaTH 3 METOIO OTpUMAaHHs yce-
PEIHCHHUX 3HAYCHb IMapaMeTpiB B3ipIliB
BEJIMKOTO 00'eMy abo0 y pa3i JOCTIIKEHHS
IIEHTPIB PO3CIIOBAaHHA 3 MaiiXe OIHaKO-
BUMHU aTOMHUMH HOMEpaMH. Y BCIX HIIHNX
BUNIQIKaX IMEepeBary Mae€ peHTICHIBChbKE
BUIIPOMIHIOBaHHS.

Onumemo audpakiiro Ta iHTEpdE-
PEHILII0 PEHTICHIBCBKUX MPOMEHIB y TBEp-
JIOMy TUIl 4epe3 iHaekcu Mimiepa, sKi €
OCHOBHUMH MapaMEeTpaMy IUIOIIMH KpHC-
tanigyHoi rpatku. OcKiibkn U paKiis
PEHTIEHIBCHKUX MPOMEHIB, AK OYyJIO MOKa-
3aHO BUIIE, BIIOYBAa€ThCS HA IUIONIMHAX
KPUCTATIYHOI IpPaTKH, TO 1 MPOBEACHHS PEHITEHOCTPYKTYPHOTO aHaIi3y
HEOOXITHO 3HATH Ta PO3YMITH CHCTEMHU MO3HAYEHBb IUX TUIONIWH 1 BIAMOBIAHUX M
BEJIMYUH.

Ha puc. 4.2 mokazaHa IUTOIMIMHA IPaTKH B OPTOTOHAJIBHIA KPUCTATIIHIN
CUCTeMi, sIka MepeTHHae Kpuctajorpadidai oci Ha BiAcTaHAX ma, n'b Ta p-c Bix
No4yaTKy KoopauHaT (a, b, ¢ — ctami rpatku). [lonoxKeHHs IUIOIIMHM BIJTHOCHO
KpHcTaltorpagiyHuX Ocel XapaKTepPH3YEThCS HAIPABIAIOYMMU KOCHHYCAaMHU [0
i€l IIOLUHH:

oo

Puc. 4.2. Ilmomuua KpucTamivyHol
IPATKX TBEPJIOTO TiJa: a) 3B'I30K MIXK
MOJOKEHHSAM  IUIONIUHM, CTaJuMHU
rpaTku a, b, ¢ 1 Kyramu o, B, Y MDX
HOPMAJITIIO 0 IUIOIIMHU Ta KpHC-
tajorpadiyHUMU ocsaMH; O) po3pa-
XYHOK MDKIUTOIIMHHOIT BificTani d

cos a=d/(m-a);
cosP=d/(n-b); 4.1)
cosy=d/(p-c).
Le o3nauae, 1m0 100YTKH HAIIPABIAIOYUX KOCUHYCIB Ha BIAMOBIAHY CTaJly IPATKU €
HPOIOPIiHiHI 00EPHEHUM BEJIMYMHAM BIJPI3KiB HA OCSIX, TOOTO
a-cosa_b-cospP c-cosy 1 1 1
d 4 = d mnp
OCKIUTbKHA BEJIMYMHU M, N Ta p — I 9MCJa, TO KOPUCTYBATUCS OOCPHCHUMH iM
BEJIMYMHAM HE 3aBXKJIHM 3PYYHO, TOMY BHKOPHCTOBYIOTh KpaTHI 3HAu€HHS, SKi
OTPUMYIOTH B TaKHH CIIOCIO:
i:l:l:m'n'p:m'n'p:m'n'p:(n-p):(m-p):(m-n):h:k.'l.
m n p m n
Bemuuunu A, k, | Ha3zuBaloThes iHAEKcaMu Muniepa 1 3aBXIu HAOYyBalOTh
LUIOYHCENbHUX 3HadueHb. OmHaK Caig mam'staTd, 1o 1HAekcu h, k, | He €
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BINOBIIHUMH JOOyTKaMH n-p, m-p Ta m-n, a TUIBKA NPOHOPIIHHI iM.
[IpaBUITbHEM € Take BH3HAYCHHS: 1HJICKCH Mimiepa — IUIOYHCEIbHI, TaKi, IO He
MICTSITh 3araJIbHOTO JUIbHUKA, BEJIMYMHHU, OOCPHEHO MPOMOPIIIHI BIACTaHAM, SKi
TUTONIMHA KPUCTATIYHOT TPATKH BITHHAE Bif KpucTaiorpadigaux oceil. Skimo
IUIONIMHA TIEPEeTUHAE KpUcTanorpadidyHy BiCh Y HECKIHUEHHOCTI, TO BIiNITOBITHUI
il oci iHAexc Miyuiepa piBHUIA HYIIO.

BBenenns inaexcie Miiepa o3Havae, o Terep ciMeicTBO BCIX MapaieIbHIX
IUIOIIMH TIPATKU XapaKTEPU3YEThCS OJHIEI0 CYKYIHICTIO KOOPIWHAT, TOOTO
€IMHUM TIPOTOTUIOM [UX MuonuH. Koopamnatu (m', n', p') 1bOro MpOTOTHITY
o0epHEHO mpomnopIiiHi iHAekcam Muutepa: m'=1/h, n'=1/k, p'=1/1 1 He
00O0B'I3KOBO  IUTOYMCENbHI. BincTtanp MK OyIb-SKHMH JBOMa CYMDKHUMH
napajeIbHUMHU IUIOIIMHAME IPATKH JOPIBHIOE BIJCTaHI MPOTOTHITY B MOYATKY
Kpuctanorpapiyaux oceil. [[nst oOumcienHs BiactaHi d BUKOPUCTAEMO Biome

CIIIBBITHOIICHHS TPUTOHOMETPIi MK KyTamH o, [ Ta y (puc. 4.2):

cosza+c0s2[3+coszy=1. 4.2)

Skuio terniep niACTaBUTH B (4.2) 3HAYEHHS KOCHHYCIB KYTIB 3 piBHAHHA (4.1), TO
OTPUMAEMO PIBHSHHSL:
2 b7 K 1w kP
d (—2+—2+—2):] abo — =+t 5+
a® b” ¢ d~ a® b” ¢
sIKe TIOB'SI3Y€ 1HAEeKCH Mimiepa 1 MUKIUIOIUHHY BiICTaHb B OPTOTOHAIBHIN IPaTIIi.

Jns  moscHeHHs sBuma gudpaxiii

(4.3)

1 2 Bukopucraemo miaxig bperrie (I'enpi Tta
/ / Jloypenca bperriB), sikuii nojisrae B Tomy,

© © mo JUupaKiifo MOXHA pPO3TJSAATH  SIK

‘ pe3ynbrar iHTepEepeHIlii PEHTICHIBChKUX
d AGl AG, MIPOMEHIB, BIAOWTHX BiJ TUIONIMH KPHCTa-

myHOi rpatku. LI NIOmMHM  SABISIOTH
co0010 mapaienbHI IOBEPXHI, K1 po3Talio-
BaHl HAa OJHAKOBUX BIJACTaHSIX OJHA BIiJ
OJIHOT Ta IPOHU3YIOTh KPUCTAIIUHY IPATKY
B pI3HHX HampsiMax. BimOuTi Bix mapaneinsb-
HUX IUTOIIMH BTOPWUHHI XBWJI 1HTEpde-
Puc. 4.3. bperrieceke  BIIOUBAHHSA  pyioTh MiK COGOI0, TOMY IO BOHH MAIOTh

Ha IJIoIIMHaX KpI/ICTaﬂquOI I'PaTKHU. craimy p13HI/IHIO (pag AG’ K BHJIHO 3
IlepBunnamii (1) Ta BigObuTHi (2) puc. 4.3.

(h k1)

POMEHI. Maxkcumym iHTepdhepeHItii MOXKIMBHM
TUTBKM B TOMY BUMAJKY, SKIIO pi3HULS (a3
MDK JBOMa BTOPUHHUMHU XBUJISIMH, BIJOUTHUMHU BiJl CYCITHIX NapaelbHUX
IUIOMIMH, OyAe KpaTHa MOBXKHWHI XBWJII A PEHTICHIBCHKOTO BUIIPOMIHIOBAaHHS. 3
puc. 4.3 BUILTHBAE, 110 Taka pi3HULA (a3
AG =AG; +AG,, 4.4)
ne AGy =d/sin®, AG, =AG -cos(180 —20). ITincraBusiu 3Ha4eHHs AG; 1 AG

B piBHAHHA (4.4), OTpUMAaEMO:
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AG=——[1+cos(180° -20)], = AG=

sin® sin®

— AG=—[l-cos’@+sin’®], = AG=2dsin®. (4.5)

[1-cos20] =

sin®
BpaxoByroun ymoBu intepdepennii AG =n-A, 3anumemo piBHAHHS bperriB y
TaKOMY BUTJISII:

2dsin®@=n-A, (4.6)
gKe € (yHIaMEHTaJIbHUM PIBHAHHSAM PEHTIEHOCTPYKTYpHOro aHaitizy (B pociiich-
KOMOBHIH JIiTepaTypi BOHO HAa3MBAa€EThC PIBHAHHAM Bynbda-bperra).

PiBusannst bperris nosicuioe npouec audpakiiii Juiie 3 TOYKH 30py reomeTpii
Ta HE Ja€ MOXJIMBOCTI 3pOOMTH BHUCHOBKH IIOJO TOIIMPCHHS PEHTICHIBCHKOTO
BUIIPOMIHIOBaHHS B KpHUCTali. YMOBOK OTPUMAaHHS OpErTiBCHKOTO BiOMBAHHS €
HasBHICTh y KpHUCTall JOCTAaTHbO BEIMKHUX KOTEPEHTHHUX IUISHOK, MiJl SKUMU
pPO3YMIIOTh Taki MAUISHKH, B SKHX AaTOMH pPO3MIIIEHI TOYHO TEPIOAUYHO.
[lopy1ureHHsT epioANYHOCTI OJJHOYACHO MOPYIIYE KOTePEeHTHICTh. YiTKO BUpaXKeH1
nudpakiiiiHi SBUINA MOXKHA CIOCTEPIraTH TUIBKM Ha KpUCTalax 13 JIUITHKaAMU
KOTe€PEHTHOCTI, OLThIMMH Bif 10 HM.

Ha mpoTtuBary ontuaHomy, OperriBcbke BiIOMBaHHS Ma€ MiCIe TUTBKH TO/II,
KOJIM BUKOHY€ThCSI yMOBa (4.6). ToMy st OperriBcbKoro BiJOMBaHHS 4acTO BUKO-
PUCTOBYIOTh TepMiH '"JokalbHe BimOupaHH:A". Lle 03Ha4ae, MO0 MOHOXpPOMATHYHE
BUITPOMIHIOBAHHS 3 JIOBXKMHOIK XBWJI1 A Bij1i0'eThes iy KyToM ® (KyTOM MajiiHHS)
TUTBKY TO1, KOJTM MDKIUIOIIMHHA BiZICTaHb B KPUCTa1 Oy/Ie 3aI0BUTHHITH YMOBY

d=_h 4.7)
2 -sin®

Takum uuHOM, 3rimHO 3 (4.7) 3 MOMIXPOMATUYHOTO IMy4Ka IPOMEHIB IIi[
KyToM ® Bi110'TOTbCS MPOMEH1 TUIBKHU 3 MIEBHOIO TOBXXHHOIO XBUJI1. 3 1HIIOTO OOKY,
ONTHYHE B1IOWBAHHS 3/1IMCHIOETHCS JIMIIIEHD Bl 30BHINIHBOT IUIOIINHY, TOAL SIK Y
BUTIAIKY OperriBchkoro (puc. 4.3) B mporieci BitOMBaHHSA Oepe y4acTb yKe BECh
00'eM kpuctana. Tomy TyT MO)KHA TOBOPUTH Mpo 00'eMHe BimOuBaHHA. ToBIIMHA
BiIOMBAIOYOr0 HIAPY 3aJICKHUTh BiJ TOTIMHAKYMX BIACTHBOCTEH Marepiaiy, a
TaKOX BIJ THUITY Ta JIOBKUHU XBHJI1.

I3 piBHsHHS BperriB MokHa BHU3HAYUTH TUIBKM BEIWYUHY MIKIUIOLMHHOT
BiZicTaHi. /{151 BU3HAUCHHS TTOJIOKCHHS BiIOWBAaOUMX TUIOMIMH Y KPUCTAN Ta KyTiB
MDK HHUMH CHiJI PO3MVISHYTH JOJATKOBI CHIBBIIHOIIEHHSA. 3 METOI ONHCY
BEJTMYMHU MDKIUIONIMHHOT BiJICTAH1 T4 HAMPSAMY HOpMalll O TUIONIMHU 3 KOKHUM

cimeiictBoM miomuH (4, k,/) xpucrtama cmiBcTaBIstoTh BekTop hy;; (h), saxuii
Ma€ Taki BJIaCTHBOCTI:
— BeKTOp h meprneH uKyJIspHUI BIANOBITHUM IUIOLIMHAM;

— abcoJroTHA BeTMIMHA BEeKTOpa h piBHa abo kpatHa 1/d, (d — mbkmutommHaHA
Bi/ICTaHB;

— BEKTOp A -h sBiIsIE COO0FO 3MiHY XBHIIBOBOTO BEKTOPA MAAAI0UOTO TPOMEHS
B pe3yibTati qudpakitii Ha rpaTii Kpuctana (puc. 4.4):
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S—-S,=A-h, (4.8)
ae S, — najarouuii, a S — poscisHMI MpoMeHi. SIKIO po3CioBaHHs a0COIHOTHO

npyxse, Tobro |S|=|S,|, TO oueBmmHo (puc.4.4), mo Bekrop h
NEPICHMKYJIIPHUN  BijiOMBarouuM  twiommHam (A, k, [).  Slkmo  BBaxkaTu

|S|=|S, |=1, To piBHsHHA bperriB 3anucyeThca y TAKOMY BUTJISILI:

™ ) n-A - n 1
Alh|=2-sin®@=—— abo |h|=—=—. (4.9)
d d d,
Takum umHOM, piBHSHHS (4.8) BU3HAYAE 5K
= MDKIUIOIIMHHY BiCTaHb, TaK 1 PO3MIIICHHS
Ah IUTOIIMH, OCKUIbKM 3MiHA XBHJIBOBOT'O BEKTOpA

IIPOMEHSI BHACHIJIOK AMQPAKI] MOBHICTIO BU3HA-
JaeTHCA 0YIOBOIO KPUCTAIIYHOI IpaTKu. Tomy Juis
BU3HAYCHHS PO3MIIICHHS BiNOWBAIOYUX TILIOIIMH
JIOCTaTHBO PEECTPYBATH 3HAYCHHS KyTa ©, sSKHii
3a/10BUIbHsAE yMOBY (4.9). Lle no3Bonsie BU3HAYM-
TH, 30KpeMa, B3a€MHE PO3MIIlICHHS B110MBAIOYUX
TUTONIMH Ta 30BHINTHKOI TOBEPXHI KPUCTAJIA.
Tenep BCIM MOXJIMBUM CIMEMCTBAM ILJTIOIIMH
(h,k,I); xpuctama HOCTaBUMO Yy BIAMOBITHICTH

(h k1

Puc. 4.4. BextopHe piBHAHHA CyKyHHICTh BekTopiB h;, BHOepemMo 3araiibHuit

bperris: 1) naparounii 1mpo-  oyatok i PO3TIITHEMO TUTbKH MOJOKEHHS KiHLSA
MiHb; 2) BIIOWTHI IPOMiHbB IIUX BEKTOpPIB. B pe3ynbpTaTi KOXKHOMY CIMEHCTBY

IUIONIMH KpHUCTana OyJe TMOCTaBjeHA Yy BiJIIO-
BIZHICTh OJIHA TOYKa (OIUH BY30J]), CYKYITHICTh SIKHX YTBOPIOE OOEpHEHY IpaTKy
kpucrana. OOepHeHa rpaTka KpHCTalla B 3araJlbHOMY BHIJIAAI HE 30Ira€ThCs 3
peaIbHO MPOCTOPOBOIO IPATKOIO; 30epiraeThes TUIbKK ii cumerpis. EneMenrtapHi
KOMIpKH TIpAMOi Ta OOCpHEHOi TpaTKH TaKOX BiJPi3HIIOThCA. EnemenTapHa

KOMIpKa 00epHeHOI IpaTku OylyeThCcs Ha OJMHUYHUX 0a30BUX BekTopax by, b,

Ta by, fAKi 3ajexkaTb BiJ 3HauYeHb OAMHUYHHX BEKTOpIB a;, a, Ta aj

€JICMECHTApHOI KOMIPDKM TPOCTOPOBOi TIpaTKM Ta BHU3HAYAKOTBCSI TAKUMU
CIIIBBIIHOIIIEHHAMMU:

— a, Xa s azxa — a;xa
blz%, sz‘;S‘.—l‘;, b3:%. (410)
a1 -ay Xajg ap-ay Xajy a1 -ay Xajg
MoskHa 3ayBaXKuTH, 110 4; -bj =0, AKmo 1#j T2 a; -bj =1, sKmo 1= j, T06TO
KOXKHUM 0a30BH BEKTOpP €JIEMEHTApHOI KOMIpKM OOCpHEHOI IpaTKH MEepICH-
TUKYJSIPHUN 0 IBOX IHIIMX aHAIOTIYHUX BEKTOPIB MPOCTOpOBOi IpaTtku. Tomi
BekTOp h Mo’ke OyTH 3amycaHuid Yepe3 OMMHUYHI BEKTOPH 0OCpHEHOT IPaTKH:
h=hb1+kb2 +lb3, (411)
ne Koe]ilieHTu mponopuikHocTi 4, k, [ € iHgexcamu Misutepa.
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Kpim iHgekcie Minnepa (h, k, /), y peHTTEHOCTPYKTYpHOMY aHaji3i 4acTo
BUKOPHUCTOBYIOTh Tak 3BaH1 iHaekcu Jlaye /iy, hy, h;. Bonn nponopuiiiHi iHAeKcaM
Minnepa: hy = n-h, h, = nk, hs = n-/, e n — 1€ YUCIO, SIKE XapaKTEPU3y€e NOPSI0K
iaTepdepentii. Hanpuknan, BinOuBanus 3 iHaekcamu iHTepdepentii (Jlaye) (200)
1(300) BianoBigatoTh iHTEpPepeHLii 2-0ro i 3-0ro NOpPAAKY Ha IUIOLIMHAX I'PATKH 3
ingexcamu Mimepa (4, k, [) = (100).

Juist onparfoBaHHs TUQPPAKIIIHHAX PEHTICHOTPAM MOXXHA BHUKOPUCTOBYBATH
sk iHgekcu iHTepdepenuii (Jlaye), tak 1 ingexcu Mimnepa. KoxeH i3 BujiB
IHJIGKCIB  Mae CBOi TmepeBarm Jiisi  pO3B'I3YBAHHS TCBHUX KOHKPETHHX
PEHTTEHOCTPYKTYPHUX 3aBJaHb. Y pa3i BUKOPUCTAHHS 1HJIEKCIB IHTEpQepeHIii
piBHsiHHS bperriB HabyBa€e MPOCTIIIOTO BUTJISY:

2d, -sin®@=2A. (4.12)
Axmo nopisuAtH (4.12) 1 (4.7), To MoxkHa modauutH, mo dyy =n-dg, hy

[lepeBara 3acTocyBaHHs iHIAEKCIB iHTep(depeHIlii mossrae B TOMy, IO MOPSIOK
inTepdepentiii He MOTPIOHO BHU3HAYATH OKPEMO 3a JIOMIOMOIOIO CHEIiaJIbHOTO
po3paxyHKy. 3 I1HIIOro OOKy, mepexia 0 iHaekciB Muinepa HEOOXITHUI TUIbKU
TO/JI1, KOJIM TTOTPIOHO OTPpUMATH 1HPOPMAITIFO II0JI0 CUMETPIl IPaTKH.

Jus  mpuknamy, poO3MIIHEMO TMPOCTY KyOidHy TIpaTKy, crama SKoi
a= lai| = |az] = |a3| =0,5um. (puc. 4.5). )ln;l 06epHeH01 IPaTKM  BHU3HAYAEMO

=[(0,5HM - J) (0,5HM - k)]/ (0,125 um ) 2um ! i, B AQHAJIOTIYHUI crocid

(030) (130) (230) (330)

.0 o o o - o o o o
= Z (020) (120) (220) (320)
‘gn o o o o ~N~ O O o0 o
I I (010) (110) (210) (310)
= o o o & o o o
< ol
T | | (100) (200) (300)
J . o o o o
/3 - |al| =0,5 oM |b1| =2 um’! hyhyhs = (100)
B)
1h2h3 (110) 1h2h3 = (210) hihyhs = (200)
r) 1) e)

Puc. 4.5. Bzaemo3B"s130k  Mik TpocTopoBoro (a) 1 obepueHoro (0)
rpatkamu. [Lromuuu B npocroposiii rpatii: B) (100), r) (110), x) (210),
e) (200) Ta BignoBijHi iM By31u B 00epHEeHii rpariii (0)
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@ =2 um! 3 Ta b? =2nm k. Bextopu oOepHeHOi IpaTKu mMapanenbHi
BEKTOPHOMY ITOOYTKY BIJITOBIIHHUX JBOX BEKTOpIB IpsAMOi Iparku. OCKUIBKH B
npsAMii KyOiuHii TpaTIli OMHUYHI BEKTOPH a? MEPIICHIUKYISAPHI MK CO00I0, TO
OYEBUHO, 110 OAUHUYHI BEKTOPH ITI 00epHeHOT IpaTKU TaKOX NEPIEHIUKYIAPHI

MDK COOO0 Ta MapalieNbHi BIANOBIIHUM BeKTOpaM a;. CyKymHOCTI BIIOMBAIOYUX

TUTONIMH MPOCTOPOBOT IPATKY Ta BIAMOBIAHI iM BY3JIH 00EpHEHOT IPAaTKH MO3HAYEH]1
3a oTmoOMOT o010 iHaeKciB inTepdepenttii (JIaye), sik mokazano Ha puc. 4.5.
BexTopHoMy piBHsiHHIO bBperris (§ -S,)VA= h
MOKHA HaJaTH IPOCTY TEOMETPUUIHY THTEPIPETAIIitO,
siKa Ha3uBaeThes 1100yn0Bo0 EBasbia. Bona exBiBa-
JeHTHa TOOYJOBI, TOKaszaHidl Ha puc. 4.4, OJHAK
3JIIACHIOETBCS B TIpOCTOpi 0oOepHeHoi rpaTku. Pos-
IIITHEMO 1HTep(hepeHIiiiHy KapTHHY, CTBOPIOBaHY
KPHCTAJIOM, Ha SKAH TaJa€ MOHOXPOMATHUYHHM
napajelbHUd My4OK PEHTICHIBCBKUX MPOMEHIB
(puc. 4.6). HanpssM mamiHHSA TEPBHHHOIO ITPOMEHS

3aj1a€ BEKTOp S, /A, AKuil Mae aGCOIIOTHY BETMUUHY

o o o o o o

piBny 1/A. Bekrop g/k 3aKIHUYETHCS Ha JCSIKOMY

Puc. 4.6. Chpepa EBanbra  yspi o6eprenoi rparki, a BekTop h MOYHHACTHCS 3
1ILOTO By3Ja (B IPOCTOPOBIH IpaTIii Iie BiIIOBijae

YMOBI TIaJ{IHHA IPOMEHA S, Ha CIMEHCTBO KpHcTalorpa@iyHuX MioImuH). Sk 1 Ha
puc. 4.4, obuaBa BEKTOpH S/\ Ta Q/x Ha puc. 4.6 MalOTh 3araJibHy MOYaTKOBY
TOUKY, a KYT MK HUM CTaHOBUTH 2@, npuyomy 0 <20 < 180°. [IpoBeaemo koo 3
LEHTPOM y TIOYATKOBIH TOYIll BEKTOPIB S/ i g/x 3 paaiycom R = S/\. I1e komno
€ TEOMETPUYHHM MiCIIeM YCiX MOMKIMBUX KIiHIEBUX TOYOK BEKTOpa S/\. Sxmo

nepeiT 10 00'eMHOTO 300paXKeHHSs, TO KOJIO MEPETBOPUTLCS B MOBEPXHIO (chepy)
EBanbna, sika Oyne TreOMETpUYHUM MICHEM YCIX MOXJIUBUX KIHIEBUX TOYOK

BeKTopa S/A.

Ockinbky, BiANOBIAHO 10 (4.8), pisHULA BekTopiB S/A 1 S, /A nopiBHIOE
BekTOopy h, a cykymHicTs BekTopiB h; yTBOpIOE oOepHEHy IpaTky, To chepa
EBanpna THM camMuM BU3HAYa€ yMOBH Iu(DpaKiii peHTICHIBCHKUX MPOMEHIB. SKIo
Terep cymicTuT novyarok obeprenoi rpatku (000) 3 kiHiem BekTopa S, /A, SIKHi
nexuth Ha cepi EBanpina, To ymoBa nudpakiii BUKOHYETHCS TOJ1, KOJIHM 4epes

BYy30J1 00CpHEHOI IpaTKH, IO BiIOBiJa€ BEKTOPY h, TaKOXK MPOXOJIUTH TOBEPXHS
chepu Epanppa.

3a nomomoroiro chepu EBanbrna MOXHA TakoX KIacu(IiKyBaTh METOIU
IPOBEJCHHS PEHTTCHOCTPYKTYPHUX TOCIHIKEHb. SIKIIO IS JTOCHITKEHHS MOHO-
KPUCTaJIIB 3MIHUTH JesAKi eleMeHTH nmoOynoBu cdepu EBanbaa, To B KOXKHOMY
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Tabauus 4.2. Metoau T0CTIKCHHSI MOHOKPHCTAIIIB

Ne |3minni ma-|Bun Burpo-| OcobauBocTi qociia-
.H P 'H, A Metonu [TpuznaueHHs
/11| paMeTpH |MIHIOBAaHHS | JXyBaHOTO 00'€KTy
Monoxpo- .
P . Pyxomwuii abo . Henocxona-
MaTUYHUN - PentreniBcrka .
1 - HEPYXOMUI . nocTi OynoBu
rapaseiib- tororpadis
. MOHOKPHCTAI KpHUcTasia
HUH y40K
. . Cumertpis
[Tomixpo- | Hepyxomuii MOHO- P
. KPHUCTAIIIB,
JloBxyHa | MATHYHUH | KpUCTalT ab0 MOHO- . ..
2 ) . Merton Jlaye | opieHTanis i
XBWJIl | Mapajeib- | KpUCTANIYH] AUTSTHKA
. HEeJ0CKOHa-
HUN TY4OK | (Dpin = 100 MKM) .
nocTi OyaoBu
Monoxpo- |MoHOKpucTanivyHi fi- ..
Hanpsm PO’ P ) $ Meron Koccensi | [Tapamerpu
. | MatuyHul |IAHKH (5 + 100 MKM), |.
3 | Bumpomi- : . . 1 IMIAPOKOKYTOBA|  TPaTKH
PO3OLKHUIN | HEPYXOMHI MOHO- . .
HIOBaHHS TeXHIKa KpHUCTAIB
My40K KpUCTAI
oo Momnoxpo- MoHokpucrain y Metoau obep- | [lapamerpu
4 | enns MAaTUYHUK | BUTJISAII CTOBITYMKA |TaHHS KpHCTaja,| IPaTKH,
coucTang | APAICIb- O =1 MM, MOHOKpHC-| Baiicenbepra, | opieHraiiii,
P HHI MYYOK | Taj, 1110 00CPTAEThCSI | TOHIOMETpa nedekTn

KOHKPETHOMY BHWIIaJIKy MOXXHAa OTPUMATH TCBHHUU psj iHGopMmaTuBHHX iHTEp(e-
peHLIHHUX MakcuMyMmiB. B Ta0Oin. 4.2 HaBeieHa kiacudikailisi TakMX METOIB
JIOCIIJKEHHS, K1 € OCHOBOIO CYYaCHOT'O PEHTIEHOCTPYKTYPHOTO J1arHOCTYBaHHS
ctpykryp BIC.

binpmiicTh MaTepianiB, sfKi BHUKOPUCTOBYIOTH Yy TexHonorii BIC — momi-
kpuctanu. Lle o3Havae, mo A JOCIDKEHHS TaKMX MaTepiasliB Ciij po3poOuTH
METOJM, BIIMIHHI BiJI METOJIB JOCIIUKEHHS MOHOKpHCTaliB. ToMy rmocrae
3aBHaHHS po3pobiieHHa Mozeni iHTepdepeniii B momikpuctanai. Tyt HeoOXigHO
BUPIIINTH 1Ba BaXJIUBI TUTAHHA:

1) SIxa reomeTpist AUQpPAKIii B IOJTIKpUCTANIAX?

2) SIKi KpUCTAJIITH MOJIIKpUCTalla OepyTh y4acTh y BiIOMBaHHiI?

Jlist  BUpIIIEHHS  TMOCTABJIGHOTO 3aBJIAHHS CKOPUCTAEMOCH

piBHsHHSIM bperris (4.8). Po3risiHeM0O KOHKpeTHHIN BeKTOp h,y,; , SIKUH HaJCKUThH

BEKTOPHUM

yciM Kpuctamitam B3ipia. OCKUTPKM KOXXHHHA KPUCTAJIT Mac CBOIO OpPICHTAIIO

BIZIHOCHO 00'eMy IOJIIKPUCTAJA, TO y BIANOBIAHUX KpucTanitam Bektopis (hy;;);

PE3yNbTYH0Ul HAIPSIMH BIAPIBHATUMYThCS. TyT MOXKHA BUAUIMTH TaKi JiBa 3arajbH1
BUIIAJIKU:

a) IOBXXUHH BCiX BeKkTopiB (hy;;); oqHakoBi;

0) Bci Bextopu (hj;); BUXOIATH 3 O/HI€] TOUKH.

PosrnssHeMo imeanbHU TOJIKPUCTAN, B SIKOMY KPUCTAJIITH PO3MOLUICHI
CTaTUCTUYHO PIBHOMIpHO. BBa)kaTMMeMO Tako, 110 B 00'eMi B3ipus, SKui
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30y/UKeHHH TEePBUHHMM BUIPOMIHIOBaHHSIM, € Oarato kpucramiriB. Toxi
cykynHicTb ycix BekTopiB (hy;;); mae chepy. fAxmo B moOynosi chepn EBambiaa
II0JIOXKEHHS CiMEICTBa IUIOUIMH MOHOKPHCTAlA XapaKTepU3yBallOCh JIMIIE OJIHIEI0
TOYKOI0, TO B 1caJbHOMY MOJIKPHCTaNl IUM IUIOLIMHAM BiIMOBiIaTUME JAeAKa
chepa. Taka cdepa MONIPHOTO KOMIUIEKCY HA3WUBAETHCA cdeporo oO0epHEeHOT
IpaTKy; IHIIMMHU CJIOBAaMH, BY3JIOM OOEpHEHOI TpaTKMU IMOJIKpuUcrana € cdepa
pamiyca 1/d,=|h;|, a 1l moBepXxHS y BUNAAKYy iI€albHOTO MOJIIKpUCTana Oyme
PIBHOMIPHO TOKpPHUTA BIAMOBIIHUMU TOUYKAMH.

Bynytoun chepy EBanbna momikpucrana (Ha BiIMIHY BiJl MOHOKpHCTajia)
PO3MIIIAI0Th HE TOYKH OOEPHEHOI I'paTKH, sKi JIekaTh Ha cdepi EBampaa (1), a ii
nepeTuH 31 ceporo By3na oOepHEeHOT IpaTku (2), IKUi siBisie co00r0 Koo (4), 1o
HA3MBAEThCS KOJIOM BinOuBaHHS (1eOaeBcbke Kinmblie) (auB. puc. 4.7). Skiio
3'€IHaTH TOYKH IIHOT0 KoJia 3 eHTpaMu cepu EBanpaa 1 By3iaa o0epHEHOT IPaTKH,
TO OTPUMAEMO JIEKHI KOHYC (3), PO KM MOXHA 3pOOUTH TaKi BUCHOBKH:

1. JTlinii (3), mo 3'ennytorh 1eHTp chepr EBanpiaa 3 Toukamu j1e0a€BCHKOTO
KUTBIA (4), SBIAIOTH COOOI0 CyMy MPOMEHIB, BITOUTHX BiJl MIomuH (4, k, [) ycix
KPUCTAJIITIB, 1 CKJIQJAal0Th O1UHY MOBEPXHIO KOHYca. Biccro 1e6aeBChKOro KOHyca €
NIEPBUHHMIA ITPOMiHb, & KyT IPHU HOT'0 BEPIINHI CTAHOBUTH 40).

2. )il (5), mo 3'egHyIOTH LEHTP cdepu By3Ta OOCpPHEHOI IPaTKU
MOJIIKpUCTANIa 1 TOUYKU Je0a€BCHKOTO Kbl (4), XapaKTepu3yloTh HOpMai 10
BinOuBarounx riontuH (A, k, /) rpaTok ycix KpucramitiB. BoHM TaK0X OMUCYIOTHCS
01YHOIO MOBEPXHEI0 KOHYyca. Biccio 1IbOoro KoHyca TaKoK € MEPBUHHUI MPOMiHb, a
KYT IIPY BEPUIMHI CTAHOBMTE T - 2O (muB. puc. 4.8, a). Puc 4.8, 6 nemMoHcTpYye, 110
KyT MK TEPBHHHUM IMPOMEHEM Ta BiJJOMBAIOUOIO TUIONIMHOK TMOBHHEH 3aBXKJIH
Oytu piBHUM ®. TakuM YMHOM, MOXHa 3B'SI3aTH MK 0000 MOjenb chepuIHuX
BY3JIiB 00EPHEHOT IPaTKH MOJIIKPUCTaIa Ta BEKTOPHE PIBHIHHS bperris.

6) @/

Puc 4.8. B3aeMo3B's130k Mk cdeporo By3na
00epHEHOI TpaTKU MOJIKpUCTAIA 1 PIBHIH-
HsAM bperriB. a) nepetun cdep Ha puc. 4.7,
Puc. 4.7. Mozens noyisipHOro 0) ymoBun jubppakuii. 1)chepa Esanbaa;
KOMIUICKCY MOJIIKpHCTAIa 2) cepa By3na oOepHEHOT IpaTKH

Axio HeoOXITHO MOMIUPUTH MOIEIL Ha BC1 MOXIUBI TUIOIKMHY Bif (A1, k1, [})
10 (hy, ky, 1), TO 1018 KOXHOTO BUAY IDIomuH (4, ki, [}) cioim moOymyBatu chepy
paniyca |h;| (puc 4.8, 6). Toni OTpUMy€EMO CHUCTEeMY KOHLIEHTPUYHUX cdep, SKi,
HepeTUHAOYUCH 31 ceporo EBasnbia, yTBOPIOKOTh CUCTEMY KOHIICHTPUYHUX K1
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4.3. JlocaitzkeHHS MOJIKPUCTAJIYHUX B3ipuiB

Bxxe 3a3nauvanmocs Buie (m.4.2), mo OUIBIIICT, TEXHIYHUX MaTepiaiiB
SBJISIIOTH COOO0I0 MOMIKPHUCTANU. fIK 1 y BUIAKy MOHOKPHUCTANIB, CTPYKTYpa OKpe-
MHX KPHUCTAJTITIB MOJIKPHUCTANa CTAHOBUTH 3HAYHUH iHTepec. OHAK MO0 TeX-
HIYHUX MaTepialliB, Ha MEPLINI TUIaH MOCTAIOTh MUTAHHA PEANbHOI CTPYKTYPH —
PO3MOIUT TOYKOBUX JAe(eKTiB, T'YCTHH JUCJIOKAIll Ta CTaH HAMpPyKEeHb, 0COOINBO
y HIapyBaTUX CTPYKTYpax, OCKUIbKM caMe HEIOCKOHAIOCTI KPHUCTAIIYHOI IpaTKU
3MIHIOIOTH BJIACTMBOCTI IIMX MaTepialiB y IIMPOKHMX MEKax. [HIIMM BaKIMBUM
YHHHUKOM, SIKMH BIUIMBA€ HA BIACTHBOCTI MOHOKPUCTAIIYHUX MarepiaiiB, € iXHS
CTpyKTypa. PosrisHemMo Temep, sKy iH(OpMAIliIO OO0 MOJIKPHCTANa MOXHA
OTpUMATH, SKIIO0 PEHTICHIBChKE a00 IHIIE BUCOKOCHEPTeTUYHE BUIIPOMIHIOBAHHS
nudparye Ha TOJIKPUCTAIIYHOMY B3ipiIi.

3rigHo 3 piBHAHHAM bperriB (4.7) Ha mioumHax pizHUX TUMIB (/n, K, [)
BUHUKAIOTh BIMOMBAHHS PI3HOI IHTEHCHUBHOCTI IIiJ BIANOBIZHUMH KyTamH O,
(n=1, 2,...). Toni dynKIis

I,=f(0®,) (4.13)

BU3HAYae pajiajibHUi (KyTOBUM) po3mOJia 1HTeHCHBHOCTI. BoHa no3Boisie ineH-
TU(IKyBaTH BCi (pas3m, Mo BXOAATH IO CKIIATy
CTPYKTYypd. 3a JIOIOMOroio  chepuyHoi
MO/IeJi BY3J1iB 00€pHEHOT IPaTKU OMUCYETHCS

reoMeTpist BCiX MpoMeHiB S, nudparoBaHux
Ha IUIONIMHAX TOJIKpHUCTala. BHacmigok
PI3HOMAHITHHX OpI€HTALIM OKPEMHUX KPHCTa-
MTIB (3epeH) nudparoBaHi MpOMEHI YTBO-
PIOIOTh TIOBEPXHIO KOHyca. Biccko 1poro

KOHYyCa € EPBUHHHI NIPOMIHb Sy , BEpIINHA

KOHyca 30iraetbcs 31 30yIKEHOIO IepBHH-
HUM IIPOMEHEM [IJISTHKOIO B3IpIl, a KyT IIpH
BepLIMHI KoHyca (4©) B 4OTHpH pasu Oulb- Py, 4.9, A3UMyTaNnbHUM PO3MOJILT
WM Bix KyTa BinOusanus O. SIkmo Tenep jyremcueHOCTI T1aJIaf04Y0T0 PEHTIe-

el J1e0a€BChKMI KOHYC 3apeeCTPYBATH HA  gipcpkoro mpomeHs: 1) B3ipenp,
MIOCKIA  IIIBWI, POSMIMEHIA  MePNeH- ) pnocka rutika

JUKYISPHO TEPBUHHOMY IPOMEHIO, TO
oTpuMaeMo Judpaxuiiine J1edaeBcbKe KUIble
(puc. 4.9). IHTEHCHBHICTD Y30BX IHTEPPEPEHIIIHHOTO KIIBIIS
[ =1I(g, r = const) = I(p), (4.14)

JIe ¢ 11 — MOJSIPHI KOOPAUHATH, Oy/IeMO HAa3UBATH a3UMYTaJIbHOIO IHTEHCUBHICTIO.

Posmoain a3uMyTaiabHOI IHTEHCHBHOCTI Ja€ 1HGOPMAIIO IMIOJ0 PO3MOILTY
3epeH 3a po3MipaMH, TEKCTYpHU Ta OpIEHTAIIHHUX CHIBBIIHOIIEHb MK OKPEMHUMU
3epHaMU. A3ZMMYTaJbHUHA PO3MO/UI 32 KYyTOM ¢ Ta pPO3NOJI iHTEHCUBHOCTI 3a
KyToM O € (QyHKIiIMH, SKi BU3HAYalOTh CTPYKTYpY IMOJiKpucTana. PeanbHa
CTPYKTYypa 3€pHa Ha TaKi po3MOALTH (aKTUUHO HE BIUIUBAE.

Slkno  HEeoOXimHO oTpuMaTH  iH(OpMAIi TOA0 peambHOl  OyIOoBH
KPHUCTAJITIB, TO CJIiJ aHAI3yBaTH BCIO MIIICTPYKTYPY B LiIoMYy. JleTanpHuii aHami3
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peduiekciB 1moka3ye, Mo iXHA IHTEHCHBHICTh HE OOMEXYETHCS IEBHUM KyTOM ),
BIIOMBaHHS CIIOCTEPITaIOTHCA TAKOXK Yy Jlana3oHi KyTiB Oy = AO, AO << ©,. Taka
CUTYallll BpPaxOBYETbCA HLUIAXOM BBEIEHHA (YHKLII PO3MOAULY IHTEHCHBHOCTI
pedekcy:
[0yt |AO) =f(O®y+|AO]), 0<|AO|<<O. (4.15)
3HaHHA TIOJIO)KEHHS MAaKCHUMyMy i€l  (QYHKIIT € HeoOXiIHUM s
Npenu3ifHOr0 BU3HAYEHHS cTanoi Ipatku. OCKUIBKH Ha BEUYUHY CTANOi IPAaTKU
MO>KYTh BIUIMBATH TOYKOBI JIe(h)eKTH KPHUCTAJIB (aTOMU 3aMIIIICHHS Ta BaKaHCIi), TO
BUHUKAE HEOOXITHICTh JOCTIKEHHS IUX TOYKOBUX AeEKTIB. SKIIO MOT0KEHHS
MaKCUMyMYy 3a PI3HUX KYTiB MaJiHHA © NEepBUHHOTO KyTa Ha MOBEPXHIO B31PLsI
3MIHIOETBCS, TO MOJKHA BH3HAYMATH BEJIMYUHY HANPYKEHb Yy B3ipIi (OCKIIBKA
neeKTl CIOTBOPIOIOTh IPAaTKy 1 € MPUYMHOI BHUHUKHEHHAM HAIPYXKEHb).
[Mpodine ¢yHKIIT po3MOALTY THTEHCHMBHOCTI peQuieKCiB y B3ipili TaKoX €
BOXJIMBUM TAapaMETPOM, OCKIJIbKM JIO3BOJISIE BU3HAYUTHU TYCTHUHY JHMCIIOKAIliM.
3HayHEe 3MEHIICHHS PO3MIpiB JUISTHOK KOT€PEHTHOTO PO3CIIOBAHHS B KpHCTaNax i
HasIBHICTh HEOJHOPITHOCTEH y TBEPAOMY PO3UYHMHI NMPU3BOAUTH N0 30UTBIICHHS
HIMPUHU (PO LI0) PEHTICHIBCHKOI JiHii. J[0 TOro >k iHTerpajbHa IHTCHCUBHICTh

I,,., fKa sBIsie coboro iHTerpan (yHKUii PO3MOJiTYy IHTEHCHUBHOCTI pediiekcy
(4.14) y Burisiai
0+A0
Lar = [1(©£]AO]) dO (4.16)
0-AG

Jla€ BXKE HaAM IapameTp, L0 XapakTepusye CTPYKTYpY Ta JI03BOJISIE€ MPOBOJIUTHU
SIKICHHH 1 KUTbKICHHH (pa30BHIA aHAITI3.
PosrisiHemo Ternep TEXHIKY OTpUMaHHS peHTIeHorpaM. Y Tabil. 4.3 HaBeleHO

Ta6auns 4.3. MeToau 10CTiKEHHS MOTIKPUCTATIIB

No PeecTpoBanwuii po3oiin

Mero . - Bumoru 110 B3ipus
a 1HTEHCUBHOCTEN a Pt

[Tnocka miiBka . .
1 A3uMyTalIbHUN PO3MOALIT

. KomnakTHu#l B3ipelib
Ha IIPOCBIT

Kommaktauit B3ipeis, ocoo-
JUBHX BUMOT J0 TreOMeTpii
B3ipIIsl HEMa€, MOKITUBE J10-
CJIIJDKCHHSI BEJIMKHX B3IpIIiB
Iopormkosa mpo0a,

IInocka miiBka . .
2 . A3uMyTalbHUN PO3MOALT
Ha BiIOMBaHHS

KyToBuii po3nozain

JHYUITBHUKOM

IHTEHCUBHOCTEM BinOUBaHHA

Merton Jlebas- ) . . CoE
3 Menpena IHTCHCUBHOCTI, YaCTKOBUU KOMIIAKTHI B31pIIi,
ppep A3MMYTAJIbHUN PO3MOILT JIpiT giaMeTpoMm Jio | MM
nudpaxro- . . KommaxkThi B3ip1ii 3 moc-
Hugp . KyroBuii po3noain puls 1
METPUIHHI . . . KO0 IoBepxHero (1uridoBa-
4 IHTEHCUBHOCTI, PO3IOJILI .
METO/1, 3 HOI a00 HelwlihOBaHOM),

MOPOIIKOBI TPOOH
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OTJISL]T HAWIIOIIMPEHIINX METOMIB PEHTICHOCTPYKTYPHOTO aHANI3y HOJIKPHUCTAIB.
3a cmocoOoM peecTpyBaHHS IU(PAroBaHOTO BHUIIPOMIHIOBAHHS PO3PI3HIIOTH
METOJIH, /€ B SIKOCTI JETEKTOpa BUKOPHUCTOBYIOTH (POTOIUIIBKY abo0 JIUYMIBHUK
PEHTTEHIBCHKUX (POTOHIB. SIKIIO HE ICHYE JKOIHUX OOMEXKEHb, 3yMOBJICHHUX
XapakTepoM MaTepially B3ipLs 4YM XapaKTepoM HeoOXigHoi iHdopmamii momo
HBOTO, TO IIEpeBary BiIJAlOTh JHPPAKTOMETPHYHOMY METOAY 3 JIYMIBHHKOM.
[IprunHOIO TIFOTO € MPOCTIiMIa MPOIEypa ONPAIIOBAaHHSI PEHTICHOTPAM, OTPUMa-
HUX Ha AudpakToMeTpi. 3riTHO 3 HEH, OAHOYACHO PEECTPYIOTh 3HAYCHHS IHTCH-
CHUBHOCTI JU(paroBaHOr0 BUIMPOMIHIOBAHHS Ta BIIMOBITHOTO KyTa audpakiii, a
oTpuMaHy iH(popmalliro 0e3mocepe/lHbO OIpalbOBYIOTh 3a JOMOMOTOK BIITMO-
BITHOTO anapatHoro o0JagHaHHS Ta MPOTPAMHOTO 3a0€3MeUeHHS METONY.

AHaTI3yr09l HaWBaXIIMBIII METOIHM PEECTPYBAHHS TUPPAKTOTPaM, HABEACHI
B Tabu. 4.3, MOXXeMO 3pOOMTH BHCHOBOK, IIIO HE ICHYE crocoOy, sSikuii Ou maB
mepeBary HaJl IHITUMHU.

Ha puc. 4.10 cxemMaTu4HO MOKa3aHi OKpEeMi METOJH JIOCTIPKCHHS Ta BHTJIS
BIANOBIIHUX pEHTIeHorpaMm 1 audpakrorpam. OTpuMaHi Ha peHTIEHOrpamax 1
nudpakTorpamax AUISHKY B31pIIiB BUAUICHI Ha cdepl MPOSKITid )KUPHUMU JIIHIIMH.
3 puc. 4.10 moxHa 3pOOMTH J1Ba BaXKJIMB1 BUCHOBKH:

1. He icHye Merojy, SIKHH JI03BOJISB OWM OJIHOYACHO PEECTPYBATH SIK
a3UMYyTaJIbHUH (32 KYTOM ), TaK 13a KyToM ® po3Nojaiin IHTEHCUBHOCTEH.

2. HeponikoMm nupakTOMETPUYHOIO METOY € Te, L0 TUIBKM HEe3HAYHa J10JIs
BCIX 3epeH B3ipus Oepe ydacTb y QopmyBaHHI audpakimii. SKmo B pe3yibTaTi
BUMIpIOBaHb TpeOa OTpUMAaTH KUIbKICHI BHCHOBKHM, TO HEOOXITHOI YMOBOIO €
PIBHOMIpHUIN PO3IOAiN OpIEHTAIIM BEIMKOI KUTBKOCTI KPUCTAIITIB MO BCiil cdepi
By3J1a 00CpHEHOT IPaTKH.

PenTreHiBchkuii qudpakTOMETp BHMArae JAeTaJbHOrO OINHCY, OCKUIbKH
NepeBakHA KUIBKICTh PEHTICHOAU(PPAKIINHUX OCIIDKEHb 3/IHCHIOETBCS CaMe
I(QPaKTOMETPUIHUM METOJIOM. B SKOCTI IETEKTOPiB BUIIPOMIHIOBAHHS BHKOPHC-
TOBYIOTh NMPOMOPIIHI JIYMIbHUKKN [elirepa-Mromiepa, a TakoX CUUHTHIALINAHI
MuuabHUKA. ['eoMeTpisi BUTIPOMIHIOBAHHS BIATIOBIA€ TPHUHIUANY (QOKYCYBaHHS
Bbperra-bpenrano. Puc. 4.11 nemoHcTpye XiA NpOMEHIB, po3MillleHHs (okyca
TpyOKH, B3IpIIs Ta AETEKTOpa BUIPOMIHIOBaHHS 1t cxeMu bperra-bpentano.

VYV mifi cxemi Ui OOMEXKEHHS PO3XO/KEHHS PEHTICHIBCHKOTO IPOMEHS
BUKOPHCTOBYIOTH TOPU30HTANbHI Ta BEpTUKaJIbHI Aiapparmu. OcHOBHA 0cO0IIHU-
BICTh KOHCTPYKIIii AupakTOMETpa MOJIArae B TOMY, IO B3ipellb PO3MIIIYETHCA B
IIEHTPI Kpyra TOHIOMETpa, a AETEeKTOp, SAKH peccTpye au(paroBaHe pEHTTE-
HIBCbKE BHIIDOMIHIOBaHHSA — Ha Kpy3l roniomerpa. Ha BiamiHy Bin ¢ororuiac-
TUHKH, PEECTPYBAaHHS BiJIOMBAHHS PEHTICHIBCHKUX IPOMEHIB 3IHCHIOETHCS HE
OJIHOYACHO IS BCIX MOXIIMBHX 1HTepPEpeHIIMHUX KyTiB O, a mociigoBHo. Ilig
4ac peecTpyBaHHs B3ipellb MOBEPTAETHCS 3 KYTOBOIO HIBHJKICTIO, BJIBiYi MEHILIOO,
HIXK KyTOBa IIBHJKICTH JIETEKTOpA. 3aBJSKH IIhOMY, HOpPMAJi JIO B3IpIlsS 3aBXKU
yTBOpIOI0Th KyT (90 - ®) 3 mepBUHHUM 1 BIIOUTHM MpOMEHAMH. BinOuBaHHS
3IIACHIOETHCS BiJl THX IUIOMIMH KPHUCTATIYHOI I'PATKH, SKi PO3MIIIEH] TapajeibHO
noBepxHi B3ipu (puc. 4.10, ).
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Puc. 4.10. Cxemu peecTpyBaHHs AU paKTOrpaM Ajs MOJIKPUCTAIIB: a) Ha TIOCKY
IUTIBKY Ha IIPOCBIT; 0) Ha IUIOCKY IUTIBKY BiJOUTHMH IIPOMEHsIMU; B) MeTo1 JlcOasi-
Hleppepa; 1) nudpakToMeTpuyHuii MeToJl. 1) B3ipelb; 2) 1iiBka; 3) J€TEKTOD;
4) nebaerpama; 5) BiiOMBarOUi IUIOIIMHHU, TAPAJIETbHI TOBEPXHI B3ipIIs

OcobnuBicTh hoKycyBaHHS 3a mpuHIUIIOM bperra-bpenrano monsrae B Tomy,
1o pokyc TpyOKH, B3ipenb Ta MIUTMHA ASTEKTOpPa € TOYKaMH Koyia (POKyCyBaHHS,
70 TOTO K IIOBEPXHs B3IpILA JOTHYHA JI0 I[bOTO KOJa, pajiyc skoro r; = R/sin®, ne
R — pagiyc kpyra roriomerpa. Bukopuctanus Takoi cxeMu POKyCyBaHHS IIPOMCHS
Jla€ BEJIMKY NEpeBary — Ha B31pellb Majiae abCOIOTHO PO3OIKHUN My4OK MTPOMEHIB,
SIK1 TICJISL BIJOMTTS 3HOBY CXOMAThCS B OJIHY TOUKY — BIKHO jieTekTopa (puc. 4.11).
Taka cxema Tmpaimpe 3a TPaBHWIAMH TEOMETPUYHOI ONTHKM 1 HE BHMAarae
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Puc. 4.11. Xix npoMeHiB B cxemi JliunnpHUK BumiproBau
Au(GpPaKTOMETPUYHOTO  METOJLY IMITYJTIBCTE mpgg}{‘gg;“
bperra-bpenrano: 1) B3ipenp; . 2
. ) ’ Jpyxyrounii
2) minunu;  3) pokyc  TpyOKH; MPUCTPIi Camonucerp

4) kpyr TOHIOMETpa; S5) IMIIMHA
JETEKTOpPa; 6) IETEKTOP; 7) KOIO Puc. 4.12. biiok-cxema cy4acHOro
(okycyBaHHS nudpakToMeTpa

JIOAATKOBUX MPUCTPOiB (okycyBaHHsI. KpiM TOro, pe3ynbTaTd BUMIPIOBAaHb HE
3aJIe)KaTh BIJ BHUIAIKOBHX 3MIH CTPYKTYpPH B3IpI 3aBISKH HOro 3HAYHIN
BinOMBao4iii moBepxHi. biok-cxemy cydacHoro audpakroMerpa JIEMOHCTPYE
puc. 4.12, 3 1KOro BUIHO, 110 JJIl PEECTPYBAHHA PEHTTEHIBCHKMX KBAaHTIB MOXKIIUBI
JIBa CIIOCOOM BUMIPIOBAHb:

1. BumiproBaHHST ~ KUIBKOCTI  IMIIYJIbCIB 32 CEKYHAY 3 OJHOYAaCHUM
peectpyBaHHSIM KyTa nudpakiii. s mporo JgeTekTop 1 B3ipenb Oe3nepepBHO
00epTaloThCs 3 PIZHUMH, alle CTATUMH IIBUAKOCTAMU (IIBUAKICTH OOEpTaHHS
B3iplsl BABIUI MeHmIa). JudpakTtpoMerp Mae mnepenaBalbHUNM MeEXaHI3M, 3a
JIOTIOMOT OO SIKOT'O MOYKHa BCTAHOBJIFOBATH KYTOBY IIBUIKICTH 0OEPTaHHS B MEXax
Bin 2° go (1/30)°3a 1 xa.

2. BuMmipioBaHHS KUIBKOCTI IMIYJbCIB 3a 3aJaHUd TPOMDKOK dYacy abo
BU3HAYCHHS 4Yacy JOCSTHEHHS TeBHOI (3aaHoi) KUIBKOCTI IMITYJIBbCIB ISt
(bikcoBaHUX 3HAYEHb KYTIB MOBOPOTY, fAKI 3a/1al0Th 3a JIOIOMOIOI0 MOKPOKOBOTO
oOepTaHHs JIeTeKTOpa Ta B31pIis.

4.4. HoBi meroau peHTreHiBcbkoi audpaxkromerpii Ta Tonorpadii ais
AOCTiIKeHHS nMpunoBepxHeBux mapis crpykryp BIC i Haarpatok

PentreniBcbka nudpakromeTpis Ta Tomorpadisi € BHCOKOE()EKTHUBHUMMU
METOAAMH aHaNi3y CTPYKTYpHHX IMOPYLIIEHb Yy KPHUCTajJaX BHCOKOTO CTYMEHA
9UCTOTH. Taki METOAM BUKOPUCTOBYIOTH JJIsi BUMIPIOBAaHHS HAHOTOBIIWH ILTiBOK
OKCHy Ha TOBEPXH1 HAIIBIPOBIAHUKA YU MapaMeTpiB NEPEeXiAHOro mapy IUTiBKa-
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MiIKJTa/IKa, BU3HAYCHHS Tomorpadii OKCHIHOTO MIapy, a TAaKOX ISl JOCITIDKEHHS
HaJrpaTtok Ha KmrtanT GaAs-AlAs.

[TopiBHSIHO 3 IHIIMMH CIOCO0AMHU JOCIIIKEHHS CTPYKTYPH KPHUCTAJIIB HAa3BaH1
METOJIM MalOTh psI TIepeBar, cepex SKUX CIiJ BIAMITHTH BUCOKY TOYHICTH
BU3HAYEHHs MapaMeTpiB rpatku kpuctana (Ad/d =107+ 10°), uepyiiniBHuii
XapakTep Ta EKCIPECHICTh BHMIPIOBaHb, OCOOJHMBO 3a yYMOBH BHKOPHUCTaHHS
MOTY)KHUX PEHTICHIBCHKUX I'€HEPATOPiB 200 CHHXPOTPOHHOT'O BUIIPOMIHIOBAHHSI.

Y Bumagky 3BUYalHOT OperriBcbkoi AMQpakiii MiHIMajdbHa TJIUOMHA
IPOHUKHCHHSI PEHTTCHIBCHKUX TMPOMCHIB y KPHUCTAN, SIKa HA3WBAETHCS JIOBKHUHOIO
€KCTUHKIIl, CTAaHOBUTh, 3aJIEKHO BIJI PEYOBUHHU, KyTa TaJiHHA, IOPAJIKY
BiMOWBaHHS Ta JOBXWHU XBWUJII BUNPOMIHIOBaHHS, BeawmuuHy 1+ 10 mxm. B
3B'SI3Ky 3 IIMM 1€ HEIAaBHO BBaXAJOCh, IO PEHTICHIBCHKI NPOMEHI HE €
ONTHMAJIBHUM 3aCO00M JIJIi BHBUYEHHS IMPUITOBEPXHEBUX IIAPIB CYOMIKPOHHMX
ctpyktyp BIC. Ommak octanHiM 4acoMm Oyl0 IOCATHYTO 3HA4HOTO TPOTPECy y
MIABUIIEHHI PO3IUILHOT 3IATHOCTI PEHTICHIBCHKOTO E€KCIIEPUMEHTY 3aBJISIKA TaK
3BaHId KOB3HIA cxemi audpakiii B reomerpii bperra-Jlaye Tta wmeronmy
acUMNTOTHYHOI OperriBchkoi nudpakii (AB/L).

B koB3Hil cxemi audpakiiii peHTICHIBCbKUX MPOMEHIB y reomerpii bperra-
Jlaye BMKOpPMCTOBYIOTH BiJIOMBarOYl TUIONIMHMA KpHUCTala, SIKI MaiKe IMepreH]iu-
KyJsSpHI 10 #Horo moBepxHi. 3a Takoi yMOBH KyTH maaiHHsd Dy 1 Buxony @y
PEHTIeHIBCHKUX NPOMEHIB IO MOBEPXHI KpucTala € ayxxe manumu. lle o3zHaugae,
IO PI3KO 3MEHOIYETHCS TIIMOWHA TMPOHUKHEHHS PEHTICHIBCHKUX TPOMEHIB Y
KpUCTaJl MEePHEeHANKYJISIPHO 10 MOro MOBEpXHi (IOBKMHA EKCTHHKIT), 3aBISKH
YOMY JOCHIJKYIOTh TITbKHU HMPUIIOBEPXHEBI MIAPHU B31pLIA.

B metoni ABJl peectpyBanHsa mudpakmiiHOro po3cifoBaHHS 3IHCHIOETHCS B
Jiama3oHi KyTiB, JAJIEKOMY BiJl TOYHOTO 3HAa4YeHHs OpErriBChKOro KyTa, TOMY
HEeNOopyIIeHl AUISHKM MOHOKpHCTany (00'€eM) He 1ar0Th BHECKY Yy BUMIPHOBAaHUI
curHay. HatomicTh mOpyIeH! IPHUIIOBEPXHEB1 MapH 3aBIsKU edekTaMm iHTepde-
peHIil (GopMyIOTh CUTHAI, SKUH MICTUTh 1H()OPMAILIIO PO XapaKTep MOPYIICHb Ta
MEXY po3ainy. Jlns mpukiamy po3riisHEMO JIEKUTbKa METOJIIB MPAKTUYHOT'O BUKO-
PHUCTaHHS PEHTICHIBCHKOI AUPPaKTOMETPIi B CyO- 1 HAHOMIKPOHHIM TEXHOJOT1AX.

4.4.1. OqHOKpUCTANBHUH MeTOl ACHMITOTUYHOI OperriBcbKoi AudpaKuii

Ockinpku B MeToni ABJl BUMipiolots audpakiiiiine po3citoBaHHs, 3yMOBIIEHE
HaJ3BUYAfHO TOHKUM (TIOPIBHSHO 3 00'€eMOM) MOPYIIEHUM MPUMOBEPXHEBUM
IapoM, TO IHTEHCHUBHICTH TaKOTO PO3CISHOTO BUIPOMIHIOBAHHS Ha JEKiIbKa
NOPAIKIB HM)KYa, HUK IHTEHCHUBHICTH BiAMoBigHOro OperriBcbkoro miky. Came
TOMY TOJIOBHOIO YMOBOIO 3actocyBaHHi Merony AbBJ] € ycynenHs ¢(oHOBHX
BUIIPOMIHIOBaHb Pi3HOI MPUPOAH, 30KpeMa Mu(y31HHOTO PO3CiIOBaHHS pOOOUNM
00'eMOM BHMIpIOBaJIbHOI KaMepu Ta Tpumadem B3ipus. J{ns uporo 3a3Buyaii
BUKOPHUCTOBYIOTh TPUKPUCTAITHHUN PEHTICHIBCHKUN CIIEKTPOMETP-TU(DPAKTOMETP,
SIKUA J03BOJIIE €(EeKTUBHO BIAAUIUTH AUMPAKIINHO PO3CISHE TOCHIIKYyBAaHUM
B3IpIIEM BHUIIPOMIHIOBaHHS Bix (oHOBOro (Ou(y3iHHOr0) BUIPOMIHIOBAHHA, a
TAaKOXX 3a0e3ledye BHCOKY pPO3AUIbHY 3[aTHICTH METONY MOPSAKY AEKLTHBKOX
KyTOBHX CEKyHJ. Y BHUIAJKy KoB3HOI reomerpii bperra-Jlaye meron ABJl nerxo
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peanizyroTh 0€3 TPeThOro KpUCTalla-aHali3aTopa, KUK 3aMIHIOIOTh CKaHYBaHHSIM
13 mutmHOI0. Taka peanizailiss METOAYy MOJKJIMBA 3aBASKH TOMY, IIIO MaJli 3MiHH
OperriBcbkoro kyra ®p Impu3BOAATH 10 HabaraTto OUIBLIMX 3MIH KyTa BUXOAY
npomMenst @y, OCKUTBKY 1eH KyT 3B's13aHUI 3 KyTOM BperriB CIiBBiIHOIICHHSIM:

DE = (D) —¥)? +2(0-0Op)-sin(20p), (4.17)
ne @y — KyT majiHHsg npoMeHs Ha kpuctai, ¥ = 2¢-sin Op — epeKTUBHUM KYT, @ —
peabHUi KyT cKocy audpakmiifaux miomuH (puc. 4.13).

AN

Puc. 4.13. [IpyHIMNOBI  CcXeMH PEHTICHIBCHKOT nudpakTomeTpii Ha  0asi
ACUMITOTUYHOI OperriBchbKoi qudpakiii: a) 3 BAUKOPUCTAHHAM TPUKPHUCTAILHOIO
criektpometpa (K;K,K35) (K; — xpucran-monoxpomarop; K, — mocmimkyBaHui
kpuctan; K; — kpucram-anamizatop; D — COMHTWISIIHHWA JIYANBHUK); O)y
KoB3Hil reometpii bperra-Jlaye (®y, @, — KyTH MNamgarodoro KOB3HOTO Ta
nudparoBaHOr0 BMIIPOMIHIOBAHHS 3 TMOBEPXHI B3ipLs BIAMOBIAHO); ¢ — KYT
BIIXUJIEHHS TU(PaKIIiHUX TUIOIIMH BiJi HOpMali 0 noBepxHi; D — nerekrop);
B) OJHOKpHUCTATbHA TU(HPAKTOMETPIs

3 ¢opmynu (4.17) cainye, mo 3MiHa Kyra Op npubiau3zHo Ha 1" BUKIMKaE
sminy @y Ha 1' (I OBOTO CIIJI CKOPUCTATHUCS BIJOMHM CIIBBITHOIICHHIM
ADy, = (dD,/dOp)-ABg). Tomy ckanyioda 3a KyroM @y HIUIMHA 3 TPUUMaTbLHUM
BIKHOM po3MipoM B 1' eKBIBaJICHTHa TPEThOMY KpHUCTally-aHAII3aTOpy 3 pO3-
JIUIBHOIO 3JATHICTIO MOpsAAKy oxHieli kyTtoBoi cekyHmm (1"). Ilpum mpomy KyTu
(OHOBOTO pO3CiFOBaHHS 3a IIKAJIOK KYTiB Buxoay @y He 3ajiexkaTh Bij Kyra Op i
30iraroThCSl 3 OCHOBHUM OpEITiBChKUM MakcuMyMmoM. lle o3Hauae, 1o siKmo Ha
KpUCTaJl TaJa€ HEKOJIMOBaHE 3a KyToM Op BUIPOMIHIOBaHHS, TO MOOIUHI
MEXaHI3MH PO3CIIOBAaHHS JTAlOTh BUIIPOMIHIOBAHHS, SK€ TapaHTOBAHO IMOMANA€E B
MEX1 OCHOBHOTO OperriBcpkoro miky. Ilpm mpomy Tak 3BaHi "XBocTH" KpHBOI
BiAOMBaHHS (OPMYIOTHCS TUIBKM 32 PaxXyHOK AU(PPaKLiHOIO pO3CIIOBAHHS BiJ
JIOCTIIKYyBaHOTO KPUCTAJIa.

Taxum arHOM, TIpOGIIEMa OUMIIEHHS TUGPAKIIHHOTO PO3CiFOBaHHS BiJ (hOHO-
BOIO BUIIPOMIHIOBaHHS, JUIsl BUPIIMIEHHSA SKOi HEoOXiaHO Oyino Ou mepetu Big
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JBOKPUCTAIBHOI N(PPAKTOMETPii 0 TPUKPHUCTAIBHOI 3 JTOJATKOBUM KPHCTAIOM-
aHaNII3aTOPOM, Y [ILOMY BUIIAJKY BUPIIIYEThCS aBTOMAaTU4YHO. Kpim Toro, Biamanae
notrpeba B KoJiMalli Hajaruoro mydyka KpucTaloM-MoHOoxpomatopoM. IIpenu-
31ifH1 BUMIpIOBaHHS "XBOCTIB" KpHBOi MU paKIifHOTO PO3CIFOBaHHS MOKHA 3JI1iC-
HIOBATH TaKOX 3a JOTIOMOI'0OI0 OJJHOKPUCTAIBHOrO BapiaHTy cxemu (puc. 4.13, B).
PosrastHemo pesynbraTH qOCTIN-
A TnTencuBHiCTS, KCHHSI PO3CIIOBaHHS PEHTICHIBCHKUX
11 Bign. on. ; NPOMCHIB Ha IUIACTUHAX MOHOKPEM-
Hito (KJAb-10(111)-4°)  nmiamerpom
100 MM, sIKi pO30pIEHTOBAHI BITHOCHO
wiomuau (111) wa xytr @ =4° Tta
¢ x200 BIJIPI3HSIOTECS CTYNEHEM OKHCHEHOI
(Dg noBepxHi. Taki TNIacTUHU §a3BWIaI71
BUKOPUCTOBYIOTh AN HiAKIAJ0K
o A +—)» KPEMHIEBUX eMITAaKCIHHUX CTPYKTYp
1020 30 40 50 110 120 130 oimomsspuux BIC. B skocti BiaOu-
D, KYT. XB. BalO4YUX BUKOPHUCTOBYBAJIU IUIOIIWHU
(220) 3 edeKTUBHUM KYyTOM CKOCY
¢0=3,5° (¥Y=-167"). BuwmiptoBanus
3MIMCHIOBAJIN 32 JIOTIOMOTO!0 JU(ppak-
tomerpa JIPOH-1A, o6nagHaHoro
TUTIOBOIO MIJTHOIO PEHTICHIBCHKOIO
TpyOkoto mnotyxHictio 0,8 KBt, T1a
JHIHHOTO PEHTICHIBCHKOTO KoopauHatHoro aetekropa PKJI-1, skuit ogHouacHo
peecTpyBaB IHTCHCHBHICTH JHQpPaKIiHHOro poscitoBanHsas i1 800 3HadYeHBb
BuxinHoro kyra @;. He3Baxaioun Ha Te, IO MiJ Yac eKCHEPUMEHTY B3ipelb He
o0epTaBcsi, OJTHOYACHO (PIKCYBaJIM K OCHOBHUI OpEerriBChbKUil MK (MAKCUMYM MPHU

\

Puc. 4.14. KpuBa gudpakiiitnoro Bigou-
BaHHS BiJl €TaJOHHOTO 3pa3ka KpPEeMHIIO B
reomeTpii bperra-Jlaye, orpumana 3
BUKOPUCTAHHAM OJJHOKPUCTAJIBHOT CXEMHU

KyTi d)g =|®, +¥|), Tax i nik, mo Bignosinae kyry Buxogy @, =®. =./y (e
@, =13,34' — KPUTUYHUH KyT J3€pKallbHOrO BiAOUBAHHS, ¥y — MOJSIPU30BAHICTD

B3IpIsl), @ TaKOXX BHUIPOMIHIOBaHHA Y BCbOMY Jiana3oHi KYyTIB MDK HUMH
(puc. 4.14).

OtpumaHi pe3yJbTaTH JATH MOXJIMBICTh 3 BHCOKOK TOYHICTIO BH3HAYUTH
CTPYKTYPY 3pYWHOBAHOTO IIapy miciast oOpoOJICHHs Ta ra3oBOrO TPaBICHHS B
XJIOPUCTOMY BOIHI. Mojenb Takoi CTPYKTypH Iependadae, IO Ha IOBEPXHI
00po0IeHUX TUIACTUH € aMOp(PHUHN 1Iap TOBIUMHOMW L,y, a MmiJi HUM — rpaHUYHUI
IIap TOBHIMHOI L., 3 4acTKOBOIO aMopdu3alli€lo, sKa MOKE OyTU OIMCAHA Yyepes
cTaTuyHul yuHHUK (pakrop) Jlebas-Bamnepa. UyTnuBiCTh METONy y BU3HAUEHHI
TOBIIMHU amopdHoro mmapy L,, csrana Beaumuumnu 0,1 HM. VY pesynbrari
€KCIIEPUMEHTY OYyJI0 BCTAHOBJIEHO, IO IIJISl B3PI 3 IIAPOM IPUPOIHOTO OKCHIY
Ha nosepxHi L,,=1,2+02n8M, L,=1,1+0,281M, a a1d B3ipugd 3 MIapoM
c(hOopMOBaHOTO TEPMIUHOTO OKCHUJlY TOBIIMHOIO 5 HM 3HaueHHs L., =4,2 £ 0,3 um
1 L, =0,6+0,2 am. Lli Benn4nHM 3MEHIIYIOTBCS Maii)ke BIBIYi, AKIIO IJIACTHHU
mepes  emiTakcielo  o0pobutu (TpaBUTH) B  XJIOPUCTOMY BOAHI  (CyMimn
HC1 + 4% H,).
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4.4.2. MeToa 0JHOYACHOT0 PeECTPYBAHHS OCHOBHOI'O OPEerriBChbKOro mky
Ta "XBOCTiB" aupakuiiHOro BiAOMBAHHS Bil MOHOKPHCTA/IAa KpPEeMHil0 B
pi3ko acuMeTpuuHiii reomeTpii bperra

Cxema xoB3uoi mnudpaxiii B reomerpii bperra-Jlaye craBuTh creriaibHi
BUMOTU 1O JOCIIDKYBaHUX B3ipuiB. KpiM TOro, BoHa Ma€ MOpPIBHSIHO HU3BKY
IIPOCTOPOBY PO3AUIBHY 3HaTHICTH. Llell HemoMK MOJKHA JIETKO YCYHYTH, SIKIIO
BUKOPHCTATH Pi3Ky aCHMETPII0 KOMIUIAaHAPHOT AUPpaKIIii, cXemy sIKOi AEMOHCTPYE
puc. 4.15. Tlydyok pCHTICHIBCLKOTO BHIIPOMIHIOBAHHS, MPOMILIOBIIM Yepe3
B-bineTp 1 KOMiMaTop, mo oOMexye po3mip mydka jgo 0,1x0,1 MM, momanae Ha
KpHUCTaJl, IKUM 3a0e3neuye acuMeTpuuHe OperriBCchbke BiIOMBAHHSA TaKUM YUHOM,
o KyT BXony @, Oinbmmii Bin kyta Buxony ®p. EkciepuMeHTanbHI BUMIpIOBAaHHS
IHTEHCUBHOCTI JU(PAKIIHHOTO PO3CIIOBAaHHS 3pyYHO MPOBOJIUTH 32 YMOB, KOJIHU
BUIIPOMIHIOBAHHS, SIKE BIAINOBIAa€ TOYHOMY OpPETTIBCBKOMY MKy (MakCUMyMmy),
CTAaHOBUTb 3 IMOBEPXHEI0 MOHOKpHUCTada Si kyT @ =1 + 2°,

Sk npukimaz po3riSHEMO BHUMIPIOBaHHS AU(PaKIiHHOTO PO3CIIOBaHHS,
3YMOBJIEHOTO HAsIBHICTIO Ha MOBEPXHI IUIACTUH S1 MPUPOAHOIO Ta TEPMIYHOTO
okcuaiB. I ekcrepuMeHTy OyJIo BHOpaHO MOHOKPEMHIEBI IUIACTHHU KPEMHIIO
KJB-10(111)-4°. 3 meTOr0 yTBOpPEHHSI HNPHUPOJIHOTO OKCHUJLy MOBEPXHS IUIACTHUH
mijijaBajliack  XiMiKO-MEXaHIYHOMY TIOJNIPYBaHHIO 3  HACTYNMHUM  XIMIYHUM
00poOJIeHHSIM y TIepeKHCHO-aMiauHiii Ta COJsfHIA cyMmimax (Taka IMpolenypa
nepeye eniTakcitHoMy HapolllyBaHHI0). Psia mimactun Oynno miijaHO TepMIYHOMY
00po0JICHHIO, B pe3y/lbTaTi 4YOro Ha IXHIX MOBEpPXHAX Oyio chopmoBaHO
TEpPMIYHUN OKCHJI TOBIIKMHOIO 5 Ta 20 HM.

Kpusi nudpakiiiinoro BiiOMBaHHS Bij] B3IPIiB 3 NPUPOJHUM Ta TEPMIUYHUM
OKCHIIOM JeMOoHCTpye puc. 4.16. Tyt mudpakmiitai mromman (311) po3ramroBani
i KyroMm ¢ = 27,1° 10 moBepxHi B3ipIliB, a BIAMOBIIHUHA iM OpeTTiBChbKUN KYT JJIs
penTreHiBcbkoro BunpominoBanag CuKa ctanoButs O = 28,1° (O = 1°).

A I, imm/c

1200

1100

Dy,
KyT. XB.

10 20 30 @9

Puc. 4.15. Cxema jnu¢pakuii B pizko  Puc. 4.16. Kpusi qudpakuiiiHoro Bijgou-
acUMETpUYHiil  reomeTpii  bperra: BaHHSA B pI3KO acCHUMETpPHUUHIA reoMeTpii
1) mkepeno BUNpOMiHIOBaHHA; 2) mi- bperra Bigx ImacTuHH MOHO-Si 3
JMHA KOJlIMaTopa; 3) HOCHKyBaHUN  mpupogHuM (1) Ta TEpMIYHUM OKCHIOM,
MOHOKPUCTAIT; 4) NETEKTOP TOBIIKHOIO 5 HM (2) 120 M (3)
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BuMiproBaHHS MPOBOJMIIHCH 3 JOMOMOTOF0 PEHTIEHIBCHKOT'O KOOPIUHATHOTO
nerekropa. 3 rpadikiB BUAHO, IO IMOJOKEHHS OCHOBHOTO OPETTIBCHKOTO IiKa €
HE3MIHHUM, B TOM 4Yac $K IHTEHCUBHICTh Ta (opma "XBOCTIB" nudpakuiitHux
KPUBUX BIIPI3HAIOTBCS MK €00010. MakKCHMMyM TIOBEPXHEBOTO OpPErTriBCHKOTO
MKy, KU BUHUKAE 32 yMOBU Dy = D, YITKO BUAIAETHCS AJIA B3IPIIB 3 TOHIINM
IPUPOJHUM OKCHIOM Ha IIOBEpPXHI Si-IIIaCTHHH Ta CYTTEBO Je(GopMyeThCs
(3MEHIITYETHCSI) 3a HASBHOCTI Ha IIACTHHI MOHO-Si TEPMIYHOTO OKCHAY, a 3i
30UIBIICHHAM HOTO TOBUIMHU /10 20 HM Maii>ke MOBHICTIO 3HUKAE.

TakumM 4YHHOM, 3aBJISKH BEJIMKOMY KYTy TAQJIiHHA Ta MajoMy KYyTy
TUQPAKIIHHOTO BUMIPOMIHIOBAHHS 3a0€3ME€UYy€ThCsl BUCOKA UYTIUBICTh JO TOHKHX
(1 =20 HM) TIPUMOBEPXHEBHUX IIAPiB MOHO-Si, MO € BAXIUBUM JUISI KOHTPOJIO
nporecy (popmMyBaHHS HAATPATOK 3 PI3KUMH MEXKaMHU.

4.4.3. PentreniBcbka audpakniiina Tonorpadisa npunoBepxHeBUX HIApPiB
MOHOKPHCTAJIIB NPH KOB3HUX KyTaX NaJiHHA MPOMeHs

['pannyHO acuMeTpudHe BinOUBaHHSA B reoMeTpii bperra Takox BHUKOPHUCTO-
BYIOTh B audpakiiiaiii Tomorpadii. PeHTIeHOONTHYHY CXeMy TaKOro METOIY
neMoHceTpye puc. 4.17. BunpomiHioBaHHS BiJl JpPKepena, MPOXOJIUM Yepe3 CUCTEMY
HIUTMH, TIOT1aJ1a€ Ha B3ipelp mij MajuM Kyrom @)= ®.. B skocti judpakiiiHux
BUOUPAIOTh TakKi IUIONIMHU, SIKI YTBOPIOIOTH 3 TOBEPXHEI0 MOHOKpHCTANA KYT
¢ < O. Bigbure Bii MOHOKpHUCTAJIa BUIIPOMIHIOBAHHS PEECTPYIOTH 3a JOIIOMOTOIO
dotormactuakn. OCKUIBKM KyTH TaAiHHS BUIIPOMIHIOBAHHS Ha TIOBEPXHIO
KpHCTaja CTAaHOBJIATH y IIBOMY BHIAAKY ACKUIbKA KYTOBUX XBHJIMH, METOJ Mae
TaKi mepeBaru:

—3a paxyHOK IIOBHOI'O 30BHIIIHBOTO BiIOWBAHHS MPOSBISETHCS UYTIUBICTD
JI0 peHTreHoaMop(HUX IITIBOK TOBIMUHOW < 10 HM Ha MOBEPXHI MOHOKPHCTANIA;

— 3aBASKHA Malliii TIIMOWHI eKCTUHKIIIT 3a0e3Meuy€eThCsl BUCOKA YYTJIMBICTD 10
CIIOTBOPEHb CTPYKTYPH B IIapax CyOMIKPOHHOI TOBIIUHU;

— OJIHOYACHO ONPOMIHIOETHCS BEIUKA JAUITHKA JOCIHIKYBAaHOTO B31plis, 10 Y

Puc. 4.17. lIpynuumnoBa cxemMa METOAY
PEHTICHOONTHYHOT Tonorpadii B rpaHU4YHO
acuMeTpuyHiil reometpii bperra: 1) mxe-
PEeNlo  PEHTIEHIBCHKOro BuMpoMiHioBanHs; Puc. 4.18. Tomorpama  CTpyKTypH
2) minmuHa KojdimMaropa; 3) mocmimkysaHmii CyOMikponnoi BIC 3i ckmagnum
MOHOKpHCTAaI; 4) GoTOIIacTHHA OKCHIHMM Ipodinem
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pa3i OTpUMAaHHS TOMOTPaM JO03BOJISIE BIIMOBHUTHUCS BiJl CKAaHYBAaHHS YH BUKOPHC-
TaHHS 0araTOKPUCTAIBHUX CXEM;

— 3aBJIIKM IUIOCKO-TIapajiesIbHOMY BIIOMTOMY ITyYKY PEHTICHIBCHKOI'O BUIIPO-
MIHIOBaHHS 3 BEJIMKHUMH KyTaMH BHXONY 3HWKYIOTHCS BHMOTH IO BiJICTaHI MiX
B31pLEM Ta (POTOIIIACTUHOIO.

Ha puc. 4.18 mokaszano tomorpamy B3ipi Tomosorii BIC 31 cTpykTypoio
okcuy ToBumHOIO 0,3 MKM Ha moBepxHi KpeMHieBoi tiactuHu KED-4,5. MoxHa
Nno0a4YnTH, HACKIJIbKM BUPA3HO MPOSBIISETHCS MAJTIOHOK OKCHlY Ha MMOBEPXHI KpHUC-
tana. TomorpaMu, OTpUMaHi Il PI3HUMH KyTaMH, JIO3BOJISIFOTh BU3HAYWUTH HAIPY-
KCHHSI, SKI BHHHKAIOTh HAa KPasX OKCHY, IO € BaXXJIMBUM JIISI BCTAHOBJICHHS
reHepalifHo-peKoMOIHAIMHNX 00acTel Ta BIAMOBITHOTO 1M 3apsIOBOTO CTaHY.

4.4.4. PenTreHiBCbKI MeTOAM KOHTPOJIIO (PAa30BOIr0 i €JIeMEHTHOI0 CKJIAXY
TOHKHUX IUTIBOK i MPpUIIOBePXHEBUX MIAPiB cyOMikponHux cTpykryp BIC

3aBmanHsa migBUIIeHHS cTyneHs iHterpamii BIC, po3poOieHHs Ta BIpoBai-
KCHHsI HOBUX EJICKTPOHHUX KOMIIOHEHTIB YW IOKPAIICHHS XapaKTEPHCTUK YKe
ICHYIOUMX BHMAararoTh IIUPOKOI IraMH CIIeIiaji30BaHUX METOJIIB BUBYEHHS CTPYK-
TYpHOT'0, €JI€MEHTHOro 1 ()a30BOr0 CKJIAJy TOHKMX IUIIBOK Ta MPHUIOBEPXHEBUX
1apiB, sKi BIIMOBIIAIOTH 32 TEPMOIIOJIBOBY CTa0UIBHICTh 3aps/IOBOTO CTaHy MEXi
po3ainy ¢yskmionansHux cTpykTyp BIC. Cepen mommpeHUX METOMIB aHAIZY
MOBEPXHi, SKI BUKOPUCTOBYIOTH JUISI TAKMX JIOCHIIJDKEHb — MAac-CIIEKTPOMETpIii
BTOPUHHUX 10HIB 49d (O’Ke-CIIEKTPOCKOIII], Ba)XJIMBY pOJIb BIIIrParOTh TaKOX
peHTIeHiBChbKI MeTonu. TyT Hacammepen CiliJ BIAMITUTH Ti iXHi Moaudikauii, B
SKUX BHUKOPHUCTOBYIOTH YK€ PO3TJISIHYTE HAMH KOB3HE MAIiHHS PEHTICHIBCHKHUX
My4KiB, 3aBASKH SKOMY 3MEHIIYETHbCS TIMOMHA IPOHHKHEHHS Bl ISCATKIB YU
OJIMHHIIH MIKPOH JI0 JECATUX 1 COTUX JOJEH MIKpOHa.

3acTOCyBaHHS TaKMX METO/IIB 3a YMOB TOBHOTO 30BHIINIHBOTO BiIOWBaHHS
(IT3B) peHTreHIBChKUX MPOMEHIB Ja€ 3MOT'Y OTPHUMYBATH JaHI, 0 BITHOCATHCS 10
NPUTIOBEPXHEBUX IIAPiB TOBHIMHOI MOPSAKY OJHMHUIL HAHOMETPIB. 3aBISKH
I[bOMY, BKa3aHl PEHTIEHIBCBKI METOJM € IOTY)KHUM HEpPYWHIBHUM 3aCO00M
KOHTPOJIIO TOHKHUX IUTIBOK IAPYBAaTUX CTPYKTYpP Ta AOCTIIKEHHS BIACTUBOCTEH
MoBepXHi. B 1mpoMy MOiAPO3IUIL PO3MVIIHEMO METOJIHM KOHTPOJIO EJIEeMEHTHOTO
CKIIaay Ha 0a3l PEeHTICHIBCHKOTO (DIIyOpPECHEHTHOTO aHalizy 31 30y/KeHHSM 3a
YMOB MOBHOTO 30BHIIIHBKOTO BimOuBaHHsA (PDA-II3B, anrn. Total Reflection X-ray
Fluorescence — TXRF) 1 ananizy e1eMeHTHOTO CKJIaay Ha OCHOBI PEHTICHIBCHKOL
nudpakToMeTpii B CXxeMi KOB3HOTO MaiHH MydKa.

SBuiue [13B peHTreHiBChbKUX MPOMEHIB aHAJIOTYHE TOBHOMY BHYTPIIIHBOMY
BiJOMBAHHIO ONTHYHHX MPOMEHIB 1 CIIOCTEPIraeTbCs y BUMNAJAKY MaiHHS
CJICKTPOMArHiTHOT XBHJII Ha MEXY PO3JUTY CEPEAOBHUIN 3 PI3HUMH ITOKa3HHUKAMHU
3ajiomJieHHsT (111 BUOpaHOT JIOBXKWUHHU XBHWIII), MPUYOMY Ha MeEXi poO3aully B
HampsiMi TIONITUPEHHST XBWJI1 TOKA3HUK 3aJOMJICHHS 3MEHNIYEThCS. SIKIo st
€JIEKTPOMArHiTHUX XBHJIb ONTHYHOIO J1ala30HY MOKAa3HUK OYb-SKOr0 ONTHYHOTO
CepeloBUINa 3aBXKAM OUTHIIMK BiJ TMOKAa3HHWKA 3aJIOMJICHHS BakyyMmy (piBHOTO
OJIMHHMIII), TO JJI1 PCHTTCHIBCHKUX IPOMCHIB HABIIAKW: TOKA3HUK 3aJIOMJICHHS
JIOBUIBHOTO CEPEIOBUINA CTAHOBUTH N =1-0, IO 3aBXKAN MEHIIE, HDK I
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BakyyMy. Bemwmumna & mae 3HagenHs mopsaky 107+ 107 i samexuts sK Bif
JOBXKUHU XBWII, TaK 1 BUAY peYOBHHU. TepMiHK "BHYTpilIHE" Ta "30BHIIIHE"
JIOBOJII  YMOBHI; BOHHM B1I0Opa)kalOTh TUIBKM 3arajlbHONPUNHATI  CXEMU
CITOCTEPEIKEHHS OJTHOTO 1 TOTO JK SBHIIIA — IOBHOTO BiJ[OMBAaHHS.

Hpyroto ymoBoio II3B € mamiHHSA KOJNIMOBAHOrO Iydyka PEHTICHIBCHKUX
IIPOMEHIB Ha IMMOBEPXHIO B3PI ITiJT KyTOM, MEHIIIMM KPHTHYHOTO 3HAYEHHS .. 3a
TaKAX YMOB IMaJAal0OYUil PEHTTCHIBChbKUI mydok 3a3Hae 100%-ro BinOuWBaHHS.
3HaueHHs ¢, (B paaiaHax) Juis MaTepiajiiB, SKi CKJIQJAIOThCA 3 OJHOTO BUAY
aTOMIB, OTICYETHCS BUPA30M

e =0-15.4-101° - Z p/A, (4.18)
ne 7 — aTOMHHH HOMep, A — aTOMHa Maca, p — T'YCTHHA MaTepiany (r/cm’), A —
JIOBJKMHA XBHWJII BUTIpOMiHIOBaHHS (cM). 3 (4.18) citigye, 1m0 3Ha4€HHS @, 3pOCTae
31 30UIBIICHHSIM TYCTMHM Martepially Ta JOBXKMHM XBWJI (BiIHOWICHHS Z/A nis
OubIIOCTI MaTepiaiiB Mae 3HaueHHs B mexax 0,4 + 0,5). Hanpuknan, skmo ais
Si0, 3 BukopuctanHaM JiHii BunpomintoBaras MoKa (A = 0,071 am) ¢. = 0,1°, T0
st Bonbgpamy (3 BukopuctaHHsiM CoKa, A = 0,178 um) kyt [13B 30inb1yeThes
BkKe 10 ¢.=0,67°. CydacHI TOHIOMETPHUYHI HPUCTPOi MAKOTh TOYHICThH
namamrysasss (1 = 5)-107 rpaz, mo K03Bomse sAKicHO peamisysarn edext I13B.

BaxuuBoio ocobnusicTio edexty I[13B € mana rnumbuna npouuxHenus (d)
PEHTICHIBCHKOTO BUMPOMIHIOBAHHS Y B31pellb:
d=0,5-\JAM(m-p), (4.19)
ne A — JOBKHMHA XBHJII BHUIIPOMIHIOBaHHsA (cM), | — JiHIHHHE KoedilieHT
nornuHaHHS cepenoBuma (cM). Ha puc. 4.19 mMOKasaHO 3aleXHICTh TIHOMHH
NIPOHUKHEHHS B KPEMHIN BiJl TOBXUHHM XBHJII PEHTIECHIBCHKOT'O BUIIPOMIHIOBAHHS,
PO3paxoBaHy 3a BIJOMHM CIIEKTPATHHUM ITOTJIMHAHHSAM L(A).
Taky Bnactusicth edexty 113B BUKOPHCTOBYIOTE B METO/1 PEHTICHIBCHKOI'O
(dayopeciientHoro ananizy (P®A), 3a m0moMororm SKOro MOXHA BHBYATH
CJIEMEHTHUN CKJaJ] PEYOBUHU 32 YMOB, KOJH TJIMOWHA JOCHIKYBAHOTO IIapy

A d, M
451

301
151

A, HM
02 04 06 08

Puc. 4.20. Cxema MeTOJly PECHTTCHIBCHKOTO
Puc. 4.19. 3anexuicte ruounun  QiyopeciieHTHoro aHanizy Ha edekti 113B 3
NPOHHUKHCHHS BIJ{ JOB)XMHU XBU- BHKOPHUCTAaHHSIM aCHMETPUYHOIO pe(bneKTopa:
1i A penTreniscbkoro npomens B F — Qoxyc mxepena; A — peduexrop;, D —
ymoBax I13B ms Si netextop; P — tpumau B3ipus, S — niagparmu
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CHiBpO3MipHA 3 TIHMOMHOI0 IIPOHUKHEHHS PEHTICHIBCHKOIO IMpOMEHs. Biache me
SBUILE BUKOPUCTOBYIOTH B crHekTpoMmeTpax "Exctpa 2", ski 3a0e3medyroTh
Yy TJIMBICTh BUSIBJICHHS €JIEMEHTA Ha PIBHI 510" r.

OcobmuBicTio cxemn crektpomerpa PDA-II3B "Exctpa 2" € 3acTtocyBaHHs
acumetpuyHoro peduexropa I13B (puc. 4.20). Lleit pedraexrop sBiase coOo010
BIZMIOJTIPOBAaHY IOBEPXHIO, SIKAa BCTAHOBJICHA TAKHM YHHOM, III0 BHIIPOMIHIOBAHHS
BiJl TIPOTSKHOTO JIKEpEJia PEHTTCHIBCHKUX MPOMEHIB, PO3MIMICHOTO B (hOKaIbHIMN
mwionrHi  F, Qokycyerbcs Ha JIOCHIIKYBaHOMY B3ipii. 3aBIASKA TaKOMY
po3MileHHIO pedieKTopa IEPBUHHNAN NyYOK PEHTICHIBCHKUX MTPOMEHIB MMaJ1a€ Ha
B3IpeIb y BY3bKOMY Jiana3zoHi (A¢) KyTiB, sIKI HE NEPEBUINYIOTh @.. Lle o3Hauae,
0 TPaKTHYHO BCSA MOTYKHICTh DKEpela BUKOPHCTOBYETHCS VISl 30yIKEHHS
¢dayopecueHIii TPUNOBEPXHEBUX IMapiB  B3ipis, IO 3abe3nedye BHCOKY
YYTJIMBICTh CIIEKTPOMETPA.

Icnye psn mommdikamiii merony PDOA-II3B. Tak, 30kpema, acHMeTpHYHUI
pedaexTop Moke OyTH BUTOTOBJICHHWH Yy BHIJISI/II BBITHYTOrO C(EPUYHOTO a3Ep-
Kajia, 0 MOJINIIye (OKYCYBaHHS PEHTICHIBCBKHX MPOMEHIB. Y NESIKUX CXeMax
3aMICTh pedeKTopa BUKOPHCTOBYIOTh OaraTOIIapOBHH MOHOXPOMATOp PEHTIE-
HIBCBKMX MPOMEHIB, $IK, HANPHUKJIA/A, B PEHTICHO(DIYOPECIICHTHOMY aHaji3aTopi-
cnektpomerpi S2 PICOFOX ¢ipmu Bruker (®PH). /Ins ¢dopmyBaHHS myuka
PEHTIEHIBCHKUX TPOMEHIB YAaCTO BHUKOPHCTOBYIOTh TaK 3BaH1 O€3IIMapoBi KOJi-
MaTopH, K1 yTBOPEH1 JBOMA IUIOCKUMHU MOJIPOBAHUMHU KBAPLEBUMH (UM 3 THILIOTO
MaTepiany) IUIaCTHHAMH, MIUTBHO MPUTHCHYTUMH oOJHA 10 omHoi (puc. 4.21).
Oanak MDK IUIaCTUHAMHU BCe K ICHYe IImapa, BeldMYMHA SIKOI BHU3HAYAETHCS
po3MipaMu MIKPO- Ta MAaKpPOHEOAHOPIIHOCTEH MOBEPXHI IJIACTUH. 3a3BUYaAi, TaKi
HEOTHOPITHOCTI He mepeBUIIyIOTh 10 HM. besmmapoBuii komiMaTop 03BOJIsE
CIpsIMOBYBAaTH Ha B3ipellb NMYyYOK PEHTICHIBCLKUX IPOMEHIB, SKUU Najae Ha
KOJIMaTop MiJ KyTaMH Bi -¢. 10 +¢. Becb Lell my4ok 3a3Ha€ IMOBHOTO
BHYTPIIIHBOTO BIIOMBAaHHS SK BCEPEIWHI KOiMaTopa, TaK 1 BiA B3ipis, Oepe
y4acTh y 30yKeHH1 (iyopeclieHilii, a Horo cymapHa 1HTCHCUBHICTh MPUOJIU3HO
Ha JIBa TIOPSAJIKM TIEPEBUINYE IHTEHCHBHICTh MAJAr040r0 BUIIPOMIHIOBAHHS, SIKE
(GbOopMYIOTH 3a JOIIOMOTOr0 0araTomapoBOro MOHOXpOMaTopa 4u pedieKTopa.

3a nonomororo metony POA-I13B moxHa 31iiCHIOBATH SIK KUTbKICHUHN, TaK 1
SAKICHUI OaraTOeJIeMEeHTHHI aHa-
mi3. IlepeBaroto meroxy, mopis-

HSHO 3 KIACUYHUM METOAO0M D
. ]
P®A, € BHCOKE BigHOIICHHS 1]

CUTHAJI/IIyM, MaJja riIuOuHa aHa- S10,
JT30BaHUX MPHIIOBEPXHEBHX IIIa-

piB (<10 HM), HU3BKI pIBHI Si0, [ P |
BUSIBJICHHS, HE3HAYHa KUIbKICTh

pedyoBuHM, HeoOXimnoi mis ana- Puec. 4.21. Cxema QopMyBaHHS NydYKa pEHTIE-
i3y (BiI MKr 10 HI), a TakoX HIBCBKMX NPOMEHIB 3a JOIOMOrow 0Oe3-
BHCOKA BiITBOPIOBAHICTh pe3ylb- ILINAPOBOro KoiiMaropa. F — peHTreniBcbka
TatiB (moxuOka He nepesumye TpyOka, D — nerexrop, P — minknazaka (Tpumay
1+2%). Merogom PDA-II3B B3ipus), S — niadparma
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MOJKHa aHaNI3yBaTH PI3HOMAaHITHI O0'€KTH: ocajau Ta 3a0pyAHEHHS Ha MOBEPXHI
HiAKIaAKY (TpuMaya B3ipLs), TOHKI IUTIBKM Ta IIOBEPXHEB1 IIApH, a TaKOXK
OararomapoBi cTpykTypu. Lleii Meron Takoxk eQEeKTUBHUH A1 KOHTPOJIIO
3a0py/HEHb TOBEpPXHiI  Si-IJIACTUH, $Ki BHHHUKAIOTH TICIHS  MPOBEIACHHS
M1a3MOXIMIYHUX TPOIIECIB TPABICHHA CYOMIKPOHHUX CTPYKTYD.

OcranHiM dYacom Metoa P®DA-II3B edekTHBHO 3aCTOCOBYIOTH IS
JOCII/DKEHHSI TMOBEPXHI TBEPAOrO TiNa, 30KpeMa Ui KOHTPOIIO SKOCTI
MOBCPXHCBUX IIApiB  HAIIBNPOBIIHUKOBUX TUIACTUH, BHU3HAUCHHS MNPOQiIiB
pO3IOUTY 10HHO-IMIIJIAHTOBAHUX JIOMINIOK Ta aHaT3y TOHKHX INTIBOK Ha
migknaakax. Hampukmaja, JOMINIKM MaTepialiB MOXHA BHUMIPIOBATH Ha PiBHI
10"+ 10" ar/em”. IcHye TpH OCHOBHI CIOCOOH TAKOTO KOHTPOIIO: IIPSAMUIA
HEpYHHIBHUN aHai3 IUIACTHH, HEPYHHIBHE BHM3HAYEHHS MPO(dUTIB pO3MOgLTY
JIOMILIOK Ta KOMOIHOBaHUH cnoci0, sIKkui niepeidavae nornepeHe KOHIECHTPYBaHHS
JIOMIIIIOK 32 JOIIOMOTI'OI0 PO3KIIaay MiAKIAIKHA B ra30Bii ¢a3i.

Metonom P®DA-II3B MoxHAa 3 BHCOKOIO TOYHICTIO BH3HAYaTH CKJIaj,
TOBIIMHY Ta MIIIBHICTh TOHKHX IUTIBOK Ha MIAKIaAKaX. Y IbOMY BHUMAJAKY, SIK 1y
BUMNAAKY aHaNI3y TPUIIOBEPXHEBUX MIAPIB HAMIBIPOBIAHUKOBUX IUIACTHH
3IACHIOIOTh BHUMIPIOBAHHS KYTOBOI 3aJIEKHOCTI 1HTEHCHMBHOCTI PEHTICHIBCHKOL
dnyopectieHtii. 3aBAsKM  CBOIM  YHIKAJIbHUM MOMJIMBOCTSM  aHaJITHYHOTO
KOHTPOJIO 1€ MEeToJ 3aiiMae OJHE 3 MEepIIMX MICIh CepeJ] MepCHeKTUBHUX
METO/[IB CIIEKTPAJIbHOTO aHalli3y MOBEPXH1 TBEPOTO TiIa.

Meton POA-II3B takox BHCOKOS(PEKTUBHUN ISl ITOCHIIKCHHS ILTIBOK, 3a
JOTIOMOTO10 SIKUX (POPMYIOTH aMILTITYyJHO-(pa303CyBHI (POTOIMIAGIOHN MPOSKIIHHOT
mitorpadii 3 BUKOPUCTAHHSIM ILIIBOK XPOMOBHX CIUIAaBIB UM TUTIBOK OKCHAY 3aii3a,
1 MO)X€ BHKOPHCTOBYBATHCH /A OIIIHIOBAaHHS IPOCBITIIOIOYMX IUTIBOK Y
TEXHOJIOT11 (OPMYBaHHS CTPYKTYpP COHSYHUX €JIEMEHTIB K Ha OCHOB1 MOHO-S1 4u
1oJii-Si, TaK 1 reTeponepexo/liB Ta MapyBaTUX CTPYKTYP.

4.4.5. PentreniBcbka 1uppakTomMeTpisi HAATPATOK

Teepnorini namrpatku (HI) HamiBOpOBIAHMKOBHX MaTepialliB BBaXarOTh
HalMEpCIEKTUBHIIIMMU ~MaTepialaMd CydacHoi MikpoenekTponriku. Ilim HI
PO3YyMiIOTh THEPIOIUYHY CTPYKTYPY, BUPOILIEHY Ha MIAKIAAL1I 3 KPHUCTAIIYHOTO
HAITIBIIPOBTHUKOBOI'O MaTepiary, KOKHUI Hepiof] SKOi CKIAaJaeThes 3 AEKUIBKOX
(3a3BMuail [BOX) TOHKHX HamiBOPOBIZHUKOBUX wmapiB. CymapHa TOBIIMHA ILIAapiB,
mo Bixnosigarots ogaoMy nepioxy HI, 3HauHO Gimblma, HDK cTama KpHCTAIivHOT
I'PaTKM HAIiBIPOBIAHUKOBUX Marepianis, ki ¢ ckmagosumu HI, i craHOBHTH Bix
OJIMHHUIIb 110 JEKIIBKOX AecATKiB HaHoMeTpiB. KinbkicTs mepionis HI, posmimeHoi
Ha MIAKIaAI1, MOXKE CATaTH JeKiUIbKOX coTeHb. Ilepiomuunicts HI npossnseTses,
3a3BMYaid, TUIBKM B OJAHOMY HaIpsiMi, 37¢OUIBIIONO MEPICHINKYIAPHO MTOBEPXHI
MAKIAIKH.

HasiBHICTh 10/IATKOBO CTBOPEHOT'O TIEPIOJMYHOTO IOTEHINANY CYTTEBHM
YUHOM 3MIHIOE €HEPreTUYHMit crekTp enexTponis HI mopiBHsSHO 3 MaTepianom ii
CKJIa[JOBHX IIapiB, 10 3yMOBJIOE TIOSBY HOBUX €JIEKTPUYHUX, ONITUYHUX Ta THIIUX
sractuBoctedl HI, sKi BMKOPMCTOBYIOTH JUIsi CTBOPEHHS HAIiBIIPOBIIHUKOBUX
IHKEKIIHHUX J1a3epiB, CBITJIOIONIB, (POTOCEHCOPIB, HPUCTPOIB 13 BiI'€MHUM
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JTuQEpeHIIIHIM OITOPOM TOIIIO.

OcHoBHOW0 mpo6aeMoro TexHonorii HI € 3aBmaHHs BMPOLIYBaHHS BEIMKOT
KUIBKOCT1 HalliBIPOB1IHUKOBUX IIAPIB 33JJaHOTO CKJIAly, TOBLUIMHU Ta CTPYKTYPHOL
JIOCKOHAJIOCTi, B 3B'I3Ky 3 YMM I[IOCTac TMHUTAHHSI KOHTPOIIO TapaMeTpiB
supomtyBanux HI. Cepen psmy MeToAiB, 3a JOMOMOION AKMX AoCHimkyrors HI,
VHIBEpCAJIbHUM METOJIOM HEPYHHIBHOIO KOHTPOJIIO € BJIACHE PEHTICHIBCHKA
nudpakTOMETpisi, KA J1a€ MOXKIIMBICTh BH3HAYaTH HE TUIBKM KUIBKICTH MIAPIB i
cepenHe 3HayeHHs nepiogy HI, ane i mapamMeTpu KOXKHOINO OKPEMOro Iapy Ta
JIOCKOHAJIICTh MEXK PO3JILTY MK HUMH.

Hanisnposinuukosi mapu HI MOBHHHI 3a10BiIBHATH PSJ| BUMOT, Ki BU3HA-
YalOThCA SIK 3aJaHUMH €IEKTPUYHUMHU YU ONTHYHHMH HapaMeTpamMH CTPYKTYpH,
Tak 1 ii MEXaHI4HOW CTIHWKiCTI0. OCTaHHE O3HA4Ya€, MO KOSHIIIEHTH TEPMITHOTO
PO3IIMPEHHS] Ta PO3MIPH €JIEMEHTApHUX KOMIPOK HaMiBIPOBIIHUKIB, 3 SKHUX
cknagaiorses mapu HI, mosunni 36iratucs a6o O0yTd npuOIM3HO OAHAKOBUMH. Y
3B'I3KY 3 [UM, HAIIBIPOBIIHUKM, IO € ckiagosumu HI, 3a3Buuail posmimeni
Mopyd B psAnax aHaioris, Hanpukian napu AlyGa; (As/GaAs ta In,Ga; (As/GaAs.
V cBoro wepry miaknaaka HI gacTo € ompuM 3 ii CKIaJ0BUX HaIiBIPOBITHHKIB
(s BKazaHuX map Taxkor mnijnkiaanakor € GaAs). lle 3yMOBICHO 3a3HauYCHUMH
BUILE BHUMOIaMHM MEXaHi4HOi cTiikocTi crpyktypu HI Ta TEXHOJIOrYHOK
MPOCTOTOI0 OTPUMAHHA Martepiany migkiaaaku. Ha puc. 4.22 nokazaHa cTpyKTypa
HI AliGa;,As/GaAs, Ky IIMPOKO BUKOPHCTOBYIOTH JUJI CTBOPEHHS HAIIIBIIPO-
BITHUKOBUX Ja3epiB BOJIOKOHHO-ONITUYHUX JIHIH 3B'A3KY.

Puc. 4.22. CxematnyHe 300pa>keHHS
HAJIPATKU AlL,Ga;  As/GaAs Ha
nigkmaan GaAs (001), mo mictuts N
mrapiB. [lokazaHo BEKTOpH MaJIal090T0

—_—

S0
BEKTOpH  OOEpHEHOi  ycepeaHEeHOI

i BigOuroro S mnpomeHs Ta

o > o

rpaTki hg,as 100epuenoi HI hyp

ITinknamgka
GaAs (001)

Taka crpykrypa HI-migkimagka Bu3Havya€ MEBHI 0COONMBOCTI mudpaxiii
PEHTTEHIBCHKUX TpoMeHiB. CIia po3risaaTd ABa BUIMAIKU: AUQPPAKIIIO MTOOIHU3Y
OperriBcbKkoro Kkyta ®p Ta MaJIOKYTOBY AUGPAKIIiIO PEHTTEHIBCHKUX IIPOMEHIB.

JAundpakuisa peHTreHIiBCbKUX MPOMeHiB M00Ju3y OperriBcbkoro miky. /s
CTPYKTypH, 300paxkeHoi Ha pwuc.4.22, BimOuWBam4i aTOMHI IUIONIMHUA B
HalIBIPOBIIHUKOBUX aTOMHHMX IlIapaxX PO3MIIIEHI MapajeabHO MOBEPXHI B3IpIlA
(miakmTaaku), TOMY BekTopH oOcpHeHHX TIpaTok GaAs-migknaaku, GaAs- Ta
Al,Ga,.,As-1mapiB neprHeHANKyIApHi MOBEPXHi B3ipus. [XHi BeTHUMHM, BiATOBIAHO
70 (4.9), Bu3HavatoThes cranuMu d IXHIX KpUCTaliyHMX rpatok. Hampuknan, ans
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GaAs BenMuuHa BEKTOpa OOEpHEHOI IPAaTKU CTaHOBUTH |hg,ag |=10/d. Ockiibku

crami rpatok GaAs Ta AlGa; As mnpakTuyHO 30iraroThest (dgaas = 5,653 A,
dajas = 5,661 A), 10 maiike 36iraoThcs i BeKTOpU iXHIX 0OepHEHHX IpaTok. Y

IIbOMY BUNAAKY M hG,as PO3YMIIOTH BEKTOpP OOEPHEHOI IPATKU, YCEPEIHEHUI 110
Bchomy 00'emy HI. ILle osmauae, mo B o0macTi OperriBcbkoro kyra Qp, SAKwuii
Bimnosinae moHokpuctanigaoMy GaAs (001), nma HI Al,Ga; As/GaAs Takox
Oyze crocTepiraTicss MakCuMyM OperriBcbkoro Bimousanns. Ockineku HI mMoxHa
pO3IIsiIaTH SIK PI3HOBUJ[ OJHOBHMIPHOI TPaTKH, TO AHAJIOTIYHO MOXHA BBECTH

BekTOop obOepHenoi HI hpyp, BenuumHa SIKOTO BH3HA4YaeThesi mepiogom HI:

|hyr [=0/A=n/(a +b).

HasBHicTh mepioguuHoi ctpykrypu HI MpH3BOAMTH 70 TOTO, IIO MO 0OWaBa
00K OpEerriBCbKOro MiKy MOSBISIOTHCS TaK 3BaHI CaTENITapHI IIKH, 3yMOBJIEH1
JOJATKOBMM audpakiiiauM BigOusanusaM Bix imapis HI. ITonokeHHS caTeliTiB
BU3HAYAIOTHCSl YMOBOIO:

S—S():}\.'hGaAsim'},'hHF, (420)
ne m=0, £1, £2, +£3, ... TlosiBa caremiTiB € XapaKTepHOI OCOOJUBICTIO CIEKTPIB
nudpakniiftHoro BiXOMBaHHA BiJ MEPIOIMYHO MOAYIbOBaHMX CTPyKTyp i HI.
KyToBe monoxeHHs (pPO3MIIIECHHS) CATENITy OMUCYETHCS BUPA3OM:

On =0+ mA[2A-cos(Op)] - (b/A)[K-xgy'tg(Op)], (4.21)
ne € — aedopmaris KpuctamigHoi rpatku, K — MHOXXHUK, SIKUI BpaxoBy€ TeTpa-
TOHaJbHE CIIOTBOPEHHS KPUCTAIIUHOI IPaTKU Ta MPY>KHI HAIPYTH, 1110 BUHUKAIOTh
y IIapax TBEpAOro po3uuny, Hanpukiaaa, Al,Ga; As.

Bci carenitit MaroTh ojiHaKoBYy MiBIIMPHHY A® =A/[2N - A -cos(Op)], ne N —

KinpkicTh mepioxis HI. 3 (4.21) BumumBae, o KyToBa BiACTaHb MK CYyCiaHiMu
caTelsliTaMu 3 HOMepaMu m Ta m + 1 CTaHOBUTH

O =09, =M[2Ac0os(Bp)] (4.22)
Ta HE 3aJIeKHUTh BiJ HOMepa m. KpiM Toro, Bci caTeniTH po3MiIIeHI CUMETPHYHO
BITHOCHO OCHOBHOTO MiKy 3 HOMepoM m = 0. BukopucroByroun ¢popmynu (4.21)
Ta (4.22) moxHa pospaxysaru nepiong HI Ta kinbkicTs mapis N.

Ha puc. 4.23 mokazaHo TteopeTHyHHIl crekTp nudpakiii peHTIeHiBCHKOTO
punpoMinioBands CuKoa ma HI AlGa;. As/GaAs, mo wictuts 10 mnepionis
ToBuIHOIO 28 HM (8 HM GaAs + 20 am AlysGagsAs). Hudpamu 0, £1, £2, £3, ...
MO3HAYEHI CaTelliTH, a CAMBOJIOM S — OperTiBChbKUH ITIK, IO BIAMOBIIA€ TAKIAIIT
GaAs. MoxHa 3ayBa)XUTH, 1110 MK caTeJiTApHUMU MiKaMu Ha Ju]pakTorpamax €
JIOJATKOBI TIKK a00 ocimirsil, IKi Ha3UBAIOTHCS KECCIHNOBUMH. BOHM CBiguaTh
npo inTepdepeniiiro Ha Mexax posainy mepiogis HI. KinbkicTh ocHmismif Mix
IBOMA CYCIOHIMH caTelliTaMd 3aBXIW CTaHOBUTh N -2, IO TaKOX MOXHA
BMKOPHMCTATH JUIS MIAPaxXyHKy KinbkocTi nepiogis HI. B peanbHUX eKCiEpUMEHTaX
YITKE PO3JIJICHHS KECCIHIOBUX OCUMIIALINA € 3HaYHOIO MPOOIEMOI0, TOB'SI3aHO0 3
HEJOCTAaTHHOIO PO3IUIFHOIO 3IaTHICTIO PEHTICHIBCHKOTO 00J1a THAHHS.

MaJjiokyToBa au(ppakuis penrremischbkux npomenis ma HI amamoriuma
OperriBcekiil qudpaxiii Ha 3BHYAKHIN TpaTi, koo posmsigatd HI sk pesky
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A [HTEHCUBHICTS,
5 BIJH. OfI.
10 L

1031
10—4..

m=3
10°¢

10—6 ==
10—7 e

1081

-9 3 3 b + +
B 10 15 20 25 30
O-Og, KyT. XB.

35 30 25 20 -15 -10 -5 0 5

Puc. 4.23. TeopeTuuHo po3paxoBaHMi cHeKTp Audpakmiiinoro Bimouanus HI
AliGa, xAs/GaAs, sxa mictuts 10 nepioais. Hyns Bignmosigae kyty @g=15,813°

oIHOMIpHY TIpaTtky 3i cramor A (piBHOr nepiomy HI). Ockineku mepiog HI
3HAYHO OUTBIIMIA, HIK yCepeaHEHOI cTajioi 3BMYAiHOI IpaTkH, TO ymMoBa bperris
(4.6) Oyzne 3aA0BUTBHATUCH JJIS KyTiB ©, sIKi 3HAYHO MEHII1 Bifl OPErTiBCHKOIo KyTa
®p 3BUYAMHOI (ycepeqHEHOi) IpaTKU. 3 ypaxyBaHHSM CEPEIHBOTO IOKAa3HHUKA
3JIOMJICHHS. PEYOBHMHHU 1 -0, MO CYTTEBO JUIA KYTIB IAIHHSA PEHTICHIBCHKUX
npoMeHiB 6u3bkux 10 Kyrta [13B, pisusanns (4.6) nias HI matume Burs:

n-A 2 =
sin2@ =(—) +295.
2A

MiK miKamMu, SK1 BIIIOBIJAIOTH
(4.23), TakoXK CHOCTEPIraloThCsl KECCiH-
roBl OCHWJIALII, $K, HAaNpHKIAA, Ha
puc. 4.24, 1110 I€MOHCTPYE CIIEKTP MaJIO-
KyTOBOI AU(PAKI[ii PEHTI€HIBCbKUX PO~
meniB Ha HI AlAs/GaAs, sika MicTUTB 6
nepioaiB. Tyt ocuumnsnii nmpoHymepo-
BaHi mudpamu, a aUGpakUidHI TIKA
MO3HAYCHI MOPSIKOBUM HOMEPOM 1.

OTxe, criocTepiralouyu MajJoKyTOBY
IuGpakilo PEHTICHIBCBKUX IIPOMEHIB
MOXXEMO  BH3HAUUTH 5K BEIUYHHY
nepiogy HI, Tak i kinbkicTs ii mepioais.

(4.23)

0 L+ + t } : $ 3
02 03 04 05 0,6 0,7 0,8
©®, rpan.

JocmpkeHHs MalloKyTOBO1 Audpakiii
MPOBOJATH, 3a3BHYai, 32 CTAaHIAPTHOIO
cxemorw (O -20) B pmiana3oHi KyTiB

Puc. 4.24. Criektp MaynokyToBoi ud-
pakuii peHTreHiBcbKuX npomenis Ha HI
AlAs/GaAs, 1110 MICTUTB 6 1iepio/iiB
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20 =1+ 12° i3 MOHOXpPOMAaTOPOM Ha NEPBHHHOMY INpoMeHi (myuky). OcKiIbKku
ICHYIOTh TE€BHI TPYIHOILLI, MOB'I3aHi 3 (QOPMYBaHHAM BY3bKOI'O HEPO301LKHOTO
HEPBUHHOI'O PEHTICHIBCHKOTO MPOMEHS, a IHTEHCUBHICTh AUPPAKIIMHUX MIKIB Ta
ixus miBMpHHA 3anexuTh Bix Kinbkocti N mepiogis HI (um Gimbine mepiomis
IIapiB, TUM BYX4l Ta YITKIIII TiKK), TO MKKA MaJOKYTOBOI AU(]paKiii 4acTo BaXKO
PO3PI3HUTH Ha TJI PO3CITHOIO PEHTICHIBCHKOI'O BHIIPOMIHIOBAHHS IIEPBHHHOTO
npomeHsi. YnuM MeHmui KyT ® 1 BiINOBIAHO OuTbIIWi 1iepiog A, THM dHiTKima
nudpakiiiiHa KapTUHA Ta BUIIA IMOBIPHICTb PEECTPYBAHHS MIKIiB BUILUX MOPSAAKIB,
OJIHAK CKJIQJIHIINIC BpPAaxXOBYBATH pO3CISHE PEHTICHIBCHKE BUITPOMIHIOBAHHS
HEPBUHHOTO IPOMEHS.

Takum 9YUHOM, METOIM PEHTICHIBCHKOT AU(PPAKTOMETPil € Haa3BHUAWHO TI0-
TYXHUM HEPYHHIBHUM 3aCO00M JIOCIIPKEHHS HE TUIBKH MOHO- YH MOJIKPHCTAIIB,
ale ¥ CTPYKTyp Ha iX OCHOBI, 30KpeMa TOHKHMX IUTIBOK UM HAAIPATOK, IO JA€
MO>KIIMBICTH KOHTPOJIIOBATH MapaMeTPH Ta CTYIIHb JOCKOHAJIOCTI MaTepiaiiB, sKi
BUKOPHUCTOBYIOTh JIJIi CTBOPEHHS CYYAaCHHMX HAITIBIPOBIAHUKOBUX NPHIAIIB, Y
tomy umcii BIC. 3okpema Taki MeToau BKpail HEOOXIAHI A €IeKTPO(I3ZUIHOIro
TOCTIIKEHHS TECTOBUX CTPYKTYP PE30HAHCHO-TYHEIbHUX M10/IB 1 TPAaH3UCTOPIB, a
TAKOXX HIBUJIKOJIIIOUMX CTPYKTYP TMOJbOBUX TPAH3UCTOPIB 13 CEICKTUBHUM
JICTYBaHHSIM.

MeToau peHTIeHIBChbKO1 Tornorpadii MoKHa 3 YCIIXOM BUKOPUCTOBYBATH JIJIS
KOHTPOJIIO IPUIIOBEPXHEBUX MIAPIB, CPOPMOBAHUX LUIAXOM OaraTo3apsjiHOl M-
IUTAHTAIlI], IK1 € OCHOBOIO CTBOPEHHS apCEHIrali€BUX BapPI30HHUX TPAH3UCTOPHHUX

CTPYKTYP.
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I'maBa 1

OcHo6bl. naaHapHoOll TexHoOnOZUU

§ 1.1. Beegenne

TexHosiorust H3roTOBJAEHHS HHTErPajbHBIX MHKPOCXEM IpeACcTaB-
JseT c000fi COBOKYIHOCTb MeXaHHYeCKHX, (H3HYeCKHX, XHMHYECKUX
Crnoco60B 06palOTKH pAa3JMHYHEIX MAaTepHanoB (MOJYNPOBOLHHUKOB,
AHDJIEKTPUKOB, METAJJIOB), B pe3yJbTare KoTopo#t cospaercs HC.

IToBrILIEHHE NPOU3BOZMTENLHOCTH TPYyda BO Bcex OGgacTsix Ha-
POAHOro X03s#cTBa O0YCJOBJAEHO B MEPBYIO Ouepelb COBepPLIEHCTBOBA-
HHEM TEeXHOJOTHH, BHEJPEHHEM INPOTPECCHBHBIX TEXHOJOTHYECKHX Me-
TOAOB, CTaHJapTH3alHded TEeXHOJOrHYecKOro oOOpyLOBaHHS H OCHa-
CTKH, MeXaHM3allled pyuyHOro Tpyda -Ha OCHOBE aBTOMATH3ALMU TeX-
HOJIOTHYECKHX IIPOLIeCCOB. 3HAYUMOCTh TEXHOJOTHH B NPOU3BOACTBE
TONynpOBOAHUKOBLIX npubopoB u MC ocobenno Beanka. MmeHHO no-
CTOSIHHOE COBepIIEeHCTBOBAaHME TEXHOJOIHH MHOJNYMPOBOAHUKOBHX IpH-
O0OpOB IIpHBEJO Ha OJIpefleIeHHOM 5Talle ee Pa3BHTHS K CO3JaHHUIO
MC, a B nagpuefiiieM — K IIHPOKOMY HX IIPOU3BOJACTBY.

IIpousBoacrBo MC nauagocy npumepHo ¢ 1959 r. nHa ocHoBe mpen-
JIOXKEHHOH K 3TOMY BpeMeHH naaxaprotl Texnosoeuu. OCHOBOH IJa-
HapHOH TeXHOJIOTHH IIOCJY3KHJa pa3paboTka HeCKOJbKHX ¢GyHIaMeH-
TaJbHBIX TEXHOJOTHYeCKHX MeTonoB. B 1957 r. mokasaHa BO3MOXK-
HOCTb A40KQAbHOU Oughghy3uu NOHODHBIX M AKUENTOPHBIX IpUMeced B
KPDEMHHH ¢ HCHOJb30BaHHEM B KauecTBe 3aUIUTHOH MAacKM IJIEHKH
ABYOKHCH KDEMHHS, BEIPAIIEHHO! HA IMOBEDXHOCTH KPEMHHs IIPH BHI-
COKOoTeMmepaTypHoil 06paGoTKke B OKHC/IHTEJNbHOH cpele (Tepmuuec-
koe oxucaenue). B 1958 r. paspaboTan MeTon ¢porosuTozpagpuu, mos-
BOJIMBIIMH CO37aBaTb pP—H-NEPEXOAbl MAaJbX Pa3MepOB H CJOXKHBIX
KOH(HUrypauuii ¢ MOMOILIbIO JOKaabHOo# Auddysuu. B 1959 r. Ha oc-
HOBE HCCJEJ0BAaHHUH IIOBEPXHOCTH MNOJYNPOBOAHHKOB H METOAOB CTa-
OMIN3ALHH XapaKTePHUCTHK MOJYNPOBOLHHKOBBIX NPHOOPOB OBl pas-
pa6GoTad MeTOJ 3aIUThl pP—7-NEPEXONOB OT OKPY¥XKAIOIIEH Cpe/bl
IJIeHKaMU JBYOKHCH KDEeMHHS.

Hapany ¢ paspaGoTkoii TEXHOJOTHYECKHX MeToJ0B passurue HC
BKJII0YAJI0 HCCJAENOBAHUs NPHHLUHUIIOB PabOTHl ,HX 3JIEMEHTOB, H300pe-
TeHHe HOBHIX 3JIEMEHTOB, COBepHIeHCTBOBaHHe METOJI0B OUMCTKH IIO-
JIyIIPOBOHHKOBEIX MAaTEPHAJIOB, IPOBEJEHHE HX (H3UKO-XHMHUYECKHX
HCCAel0BAHUN C ILEJbI0O YCTAHOBJICGHUS TaKHX BaXKHEHIIMX XapakTre-
PHCTHK, Kak IpeleJbHble PacTBOPUMOCTH TNpHMeECeH, K03 buuUeHTH
O by3ur TOHOPHHEIX H aKUENTOPHBIX NpHMeced u Jp.
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BricTpoe pasBuTHE MNOJYNPOBOAHHKOBOH 3JEKTPOHMKH H OTCTaBa-
HUe (PH3UKO-XMMHYECKHX HCCJAECJOBAaHHHA IPHBEIH K TOMY, UTO TEXHO-
JIOTHS TIOJyIPOBOAHHKOBHIX npuGopoB u VIC B TeueHHe AJNHTEJIBHOTO
BDPEMEHH HOCHJAa 3MIMPHYECKHH XapakTep M AO HACTOSILEr0 BpPEMEHH
COXPaHHJICSl NMOJYSMIHPHYECKHH NONXOJ K pPEIIeHHI0 TeXHOJOTHUECKHX
3azauy. Hecmorpsi Ha OOJbline AOCTHUXKEHHSI MHKPO3JEKTDPOHUKH, TJIy-
60okasi TeopeTHyeCKas M 3KCIepHMEHTaJbHas IpopaboTKa TEXHOJOTHH
U cefiyac ocTaercss OJHHM H3 OCHOBHBIX BONPOCOB B npousBonctse MC.

§ 1.2. CTpykTypa npuGOpoOB M OCHOBHEIE IIPOIECCHI
IJIAHAPHOM TEXHOJIOTHH

MetogaMu TEPMHYECKOTO OKHCJEHHSI, (POTOMHTOTPAdUH H JIOKaJb-
HOH Au¢pdy3un OLIIH CO3LAHBI p—~A-NePEXoibl cO CTPYKTYpOH, Hpel-
CTaBJIeHHOH Ha pHc. 1.1, moayuuBLINe Ha3BaHHe IJaHAapHBIX. B 3Tofi
CTPYKType p-00J1acTh CO3Jaercsl JOKaJbHOH AH(dy3Hell akUenTOPHOK
IIPUMECH Ha TOM y4acTKe IOBEPXHOCTH, C KOTOPOTO METOAOM (OTOJIH-
Torpadumn ypaasiercs IJIEHKa JBYOKHCH KpeMHHSI. BciaencrBue 6oko-
BOH au¢@ysuu o0pa3soBaBLIMHCA p—-n-NEPEXO]l B MeCTe BBIXOAA Ha
[IOBEPXHOCTh OKAa3bIBAETCSl PAacClOJIOKEHHBIM IOJ IJEHKOH [BYOKHCH
KpeMHHs, CJAYXKUBLIEH MacKoH npu nud@ysuu.

Al 50, nt ¥ nt 3 5 Al 8ilp

..........

Puc. 1.1. Pue. 1.2

Puc. 1.1. CTpykTypa miaaHapHoro p—n-nepexona
Puc. 1.2. Crpyrrypa Ttpansucropa B HMC ¢ u3oasuuedl 3jeMEHTOB p—n-NepexonoM

B ocHoBHOM /JBa CBOHACTBA NJIaHAPHBIX pP—r-ePeX0J0B OOYCJOBH-
JI1 BO3MOXKHOCTb co3ZlaHud Ha ux ocHoBe MC. Bo-nepBhHX, pe3koe CHH-
Xenue OoOpaTHBIX TOKOB IJIAHAPHBIX p—n-NE€PEX0J0B, 3allhTa KOTO-
PHIX OT OKpyXKalollledl cpeiabl IJIEHKOH ABYOKHUCH KDPEMHHS OCYLIeCTB-
JIIeTC HENOCPEACTBEHHO B Ipolecce o0pas3oBaHUs p-—r-llepexoja.
Bo-BTOpHIX, OJHOCTOPOHHEE PACIONOXKEHHE KOHTAKTOB K COCTABJSIO-
¥M p—n-nepexos o6aacTaM U, Kak CJAEACTBHE 3TOT0, BO3MOXKHOCTb
CO€JMHEHHS pa3/IMYHBIX KOHTAKTHBIX MJIOIIAJA0K METaJJIH3HPOBAHHBI-
MH IOpPOKKaMH.

HuTerpanbubie MHKPOCXEME H3rOTaBJHBAIOTCS B COYETAHHU C elle
OJIHNM TEXHOJIOTHYECKHM METOJOM — METOJIOM JNUTAKCUAALHO20 Ha-
pawuganus xpeMHHs. CTPYKTYpHl 3/J€MEHTOB OCHOBHBIX THIIOB KpEM-
aueBeix IC nmpeacraBiens na puc. 1.2—1.5.



Hasa usrorosnenns Gunoasipueix HMC ¢  HsosAnueii s/eMeHTOB
p—n-nepexojoM (CTPYKTypa TPaH3HCTOpPa B TAKHX CXeMax IIpeacTaB-
JeHa Ha pHc. 1.2) HCIoJb3yercss KpeMHHeBasl MJACTHHA C SMHTAaKCH-
QJIbHBIM CJIOEM CO CTPYKTYpPOH p—nis-THNA (p—IOAJIOXKKA, Ny — SIIH-
TAKCHAJBHHH cjoi). Jaa usroroBnenus Ounosspueix MC ¢ HHXKek-
IMOHHBIM MHTaHHeM (puc. 1.3) TPHMEHAIOT KPeMHHEBYIO IUIACTHHY CO

A" K1 K2 G Al

Sily

3 TeTaY
K%

o3,
%3

%Y

eI TT Tt
2 Bltetiieieielel

YA,

75

Puc. 1.3. Crpykrypa TpaHusuctopa B MC ¢ HHKeKIMOHHBEIM NHTaHHEM

CTPYKTYpO# #*+—1,-tuna. Ha nuacTmHax kpemuus n-tuna (puc. 1.4)
usrorasauBaworeas MIT HC, a gas UC na xoMnaementapusix MIIIT-
tpansucropax (KMOIT HC) Hcnonb3yloTcss IJIAaCTHHH C SIHTAaKCH-
aJIbHBIM CJIOEM KDEMHHS 7-THIa, BLIDAlleHHHIM Ha candHpe (CTPYK-
typa thma KHC). Crpyxrypst KMOII-rpaH3ucTOpoB npeacTaBieHH
Ha puc. 1.5.
Silz 41

St

........

R TR 5.0,
ererararet ot ItIete, oo
Taletalaleletetetetetetetete%? latel

Puc. 1.4, Pnc. 1.5

Puc. 1.4. Crpykrypa tpansucropa B MIC na MJII-Tpansucropax
Puc. 1.5. Crpykrypa KMOII-Tpansucropa

HecMoTpss nma pasuooGpasue THnoB MC, TeXHOJOrHYECKHE MpOIec-
Chbl MX H3TOTOBJIEHHSI OCHOBAaHBl HAa YePeAOBAHUH HECKOJbKHX  OC-
HOBHBIX ONlepaluii, KOTOpble SBJAIOTCA OOWMMH 1/ BCeX NPHOOPOB.
AT0 NO3BOJISIET CO34aTh ENHHYI0 TEXHOJOTHUYECKYI0 CXeMY, KOTopas
ONMHAKOBO NpHUeMJsieMa MIJs1 Bcex NPHOOPOB, CO3faBaeMblX IO IJaHap-
HOH TEXHOJIOTHH.

Tagkumu omepauusiMu SBJAIOTCH:

1. Peska cauTKOB KpeMHHs Ha IJIACTHHLEL H MexaHHUeckasi obpa-
60TKa MJAaCTHH KPEMHHs, COCTOsilasi M3 onépamuii UITHGOBKH H TIO-
JHUPOBKH ISl NOJYUEHHUS] CTPYKTYPhl NOBEPXHOCTH, YIOBJIETBOpsiOUIeH
3aflaHHBIM TpPeOOBaHUSAM. :

2. Xumuueckass o6paboTka B pa3HOOOPA3HBIX XUMHUECKHX peak-
THBax JJI1 OYHCTKH NOBEPXHOCTH IIJIACTHH.
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3. Okxuc/leHHe NJACTHH KPeMHHsl JJs1 NMOJyYeHHs Ha INOBEPXHOCTH
NJIEHKH JBYOKHCH KDeMHHS, MacKHpYylolmlel NMOBEPXHOCTb KPEMHHS IPH
€ro JIOKaJIbHOM JIETHPOBAHHUH.

4. DnuTaKcHaJbHOEe HapalldBaHHE KPEMHHs Ha KPEMHHEBble HJIH
MHOPOJHBIE (HamnpuUMep, canUpOBble) MJIACTHHBI.

5. IlonyueHne B KPEeMHHH CJIO€B, JIETHPOBAHHBIX 3aJaHHBIMH IIDH-
MecsaMH, MerooM Auddy3uu uam KoMOuHanueir MeToJ0B AU Py3un
¥ HOHHOT'O BHEJIPEHHUS.

6. Hanecenne TOHKHX MeTaJJIHYeCKHX IJIEHOK Ha pabouyi  IO-
BEDXHOCTb IJIACTHHBI JJISI CO3JaHUS OMHUYECKHX KOHTAKTOB K CJIOfM,
obpasyiomuM CcTPYKTypel asneMeHToB HMC, W cOoefuHHTE/JBHBIX MeTal-
JIUYECKHUX IIOJIOCOK MEXKAY 3JeMeHTaMH.

7. ®oronurorpadus, NpoBoAUMasi ¢ LeJbIO, BO-NEPBLIX, 00pasoBa-
HHSI OKOH B IJIGHKe JBYOKHCH KPeMHHsI [JIsi IPOBEJEHHS IPOIECCOB
JIOKQJIbHOTO JIETHPOBaHUA H, BO-BTOPBIX, (POPMHUPOBAHHs MeTaJlJIHYec-
KHX CO€JUHHUTEJbHEIX NOJOCOK.

8. IlpoBepka mapamerpoB Bcex MC, moJsyueHHBIX Ha OJHOH mJac-
THHE, AJs1 OTOPAaKOBKH HepaboTOCIOCOOHBIX.

9. Pasnesenue MJIacTHHBl Ha KpuCTaAJn H c6opka roaunx HC.

10. TexnoJsoruyeckue HUCIOBITAHHS Ha MEXaHHYECKYI0 IIPOYHOCTD,
VCTOHYMBOCTh K IHKJIHUECKOMY BO3JEHCTBHIO TeMIlepaTyp, BJaroyc-
TOUUHBOCTb.

11. OronuaresnbHas npoepka napamerpos HC.

B TeueHne TexHOJOTHuYecKoro nukiaa uaroroBieHus HMC onepanum
OKHCJIeHUS, JIeTHPOBaHUS u (doToJHTOrpa¢uu MOTYT IPOBOJHTHCH
MHoroxkpatHo. Mx uucio 3aBucut or tuna MC u CTPYKTYpH ee 3je-
MEHTOB.

PaccMoTpeHHble TEXHOJIOTHYECKHE ONepanui BXOAAT B TEXHOJIO-
rauecknii mpouecc usrorosjenus Jjaioboit MC. Jlaa GoJbIMX H CBEpX-
Gosbiiux wuHTerpasbHeix Mukpocxem (BHMC m CBHC) paspaGorana
MoauGUIUPOBaHHAs IJIaHapHasi TeXHOJOTHs, IOJNYyYHBIIAas Ha3BaHHE
uzonasanaprod. OHa BKJIIOUaeT AOMNOJHUTEJbHbIE OIEPAlMH IO IOJY-
YeHHIO pesJbe(HOH NOBEPXHOCTH Ha KDPEMHHH METOJOM XHMHUYECKOTO
TPaBJIeHHUs, HaHeCceHHe Ha IOBEPXHOCTb KPEMHHs1 ILIEHKH HHTDHIA
KpDeMHHSI, H3TOTOBJIEHHE MHOTOYPOBHEBOH MeTaJJIH4ecKOH pasBOJKH.
Ilpu msroroBnennn BHMIC u CBHC nns yMeHbIIeHHS Da3MepoOB pH-
CYHKOB B IJIEHKe JABYOKHCH KPEeMHUSI MOXKeT NPHUMEHSThbCS He (DOTOJH-
Torpacdus, a ApPyrue MeTOJAB, OCHOBAHHEIE HA HCIOJb30BaHHU OGoJjee
KODOTKOBOJIHOBOTO H3JIyUCHHS], — PERT2eHOAY4eB8As AuTOSpaAus U
asexTporoauroepagpus. Kpome toro, Ajs JIOKaJbHOTO TPABJEHHS ILIE-
HOK J[BYOKHCH KPE€MHHS H METajJJOB HauHMHAIOT IIMDOKO BHEAPSTb-
CS METOJIBl UOHHO-NAA3MEHHO020 TPABAEHUS BMECTO OOBIYHOIO KHIKO-

CTHOTO TpaBJ€eHHUA B XUMHUYECCKHX pPEaKTHBAX, 4YTO TaKXKeE CHOCO6CTBY€T
YMEHBIICHHIO Pa3ME€pPOB JIEMECHTOB.

§ 1.3. OcoGeHHOCTHE W NPEeHMMYIIeCTBA ILUIAHAPHOH TEXHOJOrHH

Oco6eHHOCTBIO IVIAHADHOH TEXHOJIOTHH SIBJSETCS €€ YHHBepcaJb-
HOCTb. TeXHOJIOTHYECKHH IpOLecC COCTOHT H3 TPeX MNOBTOPAIOUIHXCH
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onmepauuii (xumuueckas ob6paboTka, TepMHuecKass o6paboTka H (¢o-
tosurorpadusi). Cample pasHOOGpa3Hble HOJYINPOBOJHHKOBhIE NPHOO-
pot u MMC MOxHO cO3ZaBaTb H3MEHEHHEM TOJbKO KOMILIEKTa (HoTo-
Wa6J/OHOB H PEXHMOB TEPMHUYECKHX NPOLECCOB.

Ilnanapusie p—n- nepexonbl 3alMIAIOTCS OT OKpYXalolled cpeib
IH3JIEKTPHUECKOH IJIEHKOH JBYOKHCH KDEMHHSI HENOCPEJCTBEHHO B
Ipolecce UX CO3JAaHHs, W 3alllUTHAs IJIEHKAa JABYOKHCH KDEMHHS CO-
XpaHseTcsa Ha BceX 3Tamax AajbpHeHlIero (GpOpMHPOBAHHSA CTPYKTYDh
saemenToB MC. dr1a 0coGeHHOCTh NJNAHAPHBIX p—r-lIepexofoB obec-
IIeUHBAEeT BHICOKYIO0 CTAOMJIbHOCTb UX IIapaMeTPOB U HALE€XHOCTb pa-
6otu IC.

[InanapHas TexHOJOrHA XapakTepusyercss OGOJNBIIHM pa3HOOOpasu-
€M TIeOMETPHUECKHX KOH(urypaumu#, BHICOKOH TOYHOCTbIO B3aHMHOIo
PAacnoJIOXKEeHHsT U JHHEHHBIX pa3MepoB p—n-nepexogoB. MUHUMAaJbHbIE
JuHefiHEe pasMephl obJacTell B miaHapHuX cTpyKrypax MIC cocrasis-
10T B Hacrosiliee BpeMsi 1—3 MKM. Bricokas crabuau3auus pexHMOB
NpH NPOBeJleHAH PePMHUECKUX NPOLECCOB NO3BOJSET NOJYYHTb THDPY-
3HOHHHE cJOH ToJamuHOH jmo 0,1—0,2 MM ¢ paszbpocom =+10%. Dto
obecnieyuBaeT BLICOKHE 3/IEKTPHUECKHE NapaMeTphl IJIAHAPHBIX IMpH-
OOPOB M MHKPOCXEM, IOBBIIIEHHE IJIOTHOCTH YMAKOBKH 3J1€MEHTOB B
HC, cosnanne BUUC u CBUC. B Hacrosiniee BpeMsi yKe pa3pabora-
ubl MC, conep:kamue NeCSATKH THICSY 3JeMEHTOB Ha.OJHOM KpHCTaJj-
Je KPeMHHS, ¢ INIOTHOCTbIO ynakoBru no 1000 sjemeHTOB/MM?2, a B
Omvkafimem OyAyLIeM UYHCJIO 3JeMEHTOB Ha 'KPHUCTaJjJje BO3PacTer
a0 150 000. Ilpu 3TOM AOCTHTHYTO HCKJIOUHTENBbHO BEICOKOE OBICTPO-
neicteue MC, xapakrepusayemoe BpeMeHeMm 3amepxkku 0,1—0,2 HC Ha
OJIHH JIOTHUECKHH 3JIeMEHT.

OcoGeHHOCTbIO NJIAHAPHOH TEXHOJIOTHM SBJSETCS TaK¥Ke HCIOJb30-
BaHHe B Helt epynnosoeo meroda usroroBiaenus MC. Ha oxHo#t mnua-
CTHHE KpPeMHHs OZHOBpPeMeHHO H3roraBauBaercs MHoro MC. Hx uu-
CJI0 3aBHCHT OT AHaMeTpa NJACTHHBL U pa3Mepa IJIOLLAaAY, 3aHUMa-
emo#i MIC. Ilocse u3roTOBJIEHHSI 3JE€MEHTOB CTPYKTYp, IOJYyd4eHHS Me-
TAJJHUYECKOH DAa3sBOAKH MeXJy 3JIeMEHTAMH H MeTaJJHUYeCKUX KOH-
TaKTHBIX [JOLIAJOK MAJs [PHCOEIUHEHHs BHELIHHUX BHIBOIOB KOpPIHY-
ca MC nsactHHa KpeMHHSI paspe3aercs Ha OTHeJbHbIE KPHUCTAJLIHL,
coxpepxainye yxke toabko oany MC. [lanpnedimas o6paboTka KaxKAo-
ro kpucraana (c6opka B KOpPHyC, NMPUCOENHHEHHE BBHIBOJOB) BeHETCS
WHJIHBHYaJbHO, UYTO YBEJHUMBAaeT CTOHMOCTb IpoueccoB c6bopku HC
IO CPaBHEHHIO C JPYTHMH TEXHOJOTHUECKHMHU IpoueccamMu. B pesyib-
TaTe, KaK NOKAa3bIBAalOT OLIEHOUHbIe JaHHbE, 3aTPaThl Ha CcOGOPOUYHBIE
onepanuu cocrapasior ot 40 mo 659% Bcex 3aTpaT Ha H3TOTOBJEHHE
VIC B 3aBUCHMOCTH OT CTENEHH HHTerpauud. B Hacrosiiee BpeMs AJst
CHHXKEHHS CTOHUMOCTH COODKH CTPeMATCH HCINOJb30BAThb [PYNIOBLIE
METOALI B Ipolieccax cHOPKHU.

['pynnoBoii Meros H3TOTOBJIEHHS I/IC—aTo CBOEro poja uHrezpa-
Yus TEXHOAO2UHECKUX Npoyeccos, T. €. OObEeNVHEHHEe B €JHHOM Bpe-
MEHH TEXHOJIOTHYEeCKHX NPOIECCOB HM3roTOBJEHHs coTeH M Thicsiy MC.
[losBuaace TeHAeHN A PACHIHPATH HHTErPalMI0 TEXHOJOTHYECKHX Ipo-
11eccoB, OOBENHHsAsT HX B HENPEPHIBHBIA NPOLECC, NPOXOASIIHE B exu-
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HOW peakiMOHHOH KaMepe WJM B 3aMKHYTOH MHOTOKaMEDHOH CHCTEME.

YHUKaJNbHbIE CTPYKTYPHBIE IapaMeTpbl M 3JEKTPHUECKHEe XapakKre-
puctukn FIC MOCTHTHYTH B NPOH3BOACTBEHHBIX YCJOBHAX, XapakrTe-
PH3VIOUIUXCA MCKJIOUHTENbHO BBICOKOH TEXHOJIOTHUYECKOHM T'UTHEHOH,
HCIOJIb30BAHHEM CJIOKHOT'O TEXHOJOTHYECKOro 000pyLOBaHHdA, 0C0O00
YHCTBIX XHUMHUYECKHX DEaKTHBOB.

Bricokne TpebGoBaHHS MNPEABABAAIOTCS K UHCTOTE INPOU3BOICTBEH-
HBIX moMemieHuii. B 1 &1 Boszayxa moJKHO coxepXkaThCcst He GoJee
Tpex TBIIHHOK pa3MmepoMm 0,3 MkM W OoJsee™. Ilpu Bo3pacTaHuu
crenedd wHTerpauuu MC tpeboBanus K uucToTe elle O6oJiee MOBHIIIA-
torcsi. Hais obecrneueHHss 3THX YCJOBHH CO3JalOTCA ClElLHaJibHbE CH-
cTeMbl (UILTPALUH BO3AyXa Ha OCHOBE MOIIHBIX KOHIAHIHOHepoB. Ha-
ubosiee OTBETCTBEHHbIE TEXHOJOrHYECKHE YUYaCTKH pacnojaramTcsi B
TaK Ha3blBa€MbIX YHCTBIX KOMHATaX, OPraHH3yeMHIX [0 MPHHIHIY
«KOMHaTa B KOMHAaTe», 4TO yJydlllaeT repMetrHsanuio nomemenud. U3
0CcOOBIX, HECTHPAIOWHXCS, MaTePHAJOB AOJIKHBE H3TOTaBJMBATbCS CTe-
Hbl, TOJIBI U TMOTOJIKH. BaXkHoe 3HaueHHWe HMeeT ClenoAexnaa pabora-
IOLIEero IepcoHasa, Kotopas AOJIXKHA OLITh H3rOTOBJEHA H3 MaTepHa-
JIOB, He BBIIEJSIOUUX IbIJIEBBIX YaCTHIL.

TpeGoBanuss K NPOU3BOACTBEHHBIM YCJIOBHAM IPH HCIOJb30BaHUH
flJIaHAapHOM TEeXHOJIOI'MH CYIIECTBEHHO BHIlllE TE€X, KOTOpPhle NpedbsiB-
JFI0TCA NpU JIOO0M JApPyroM TEXHOJOTHYECKOM IIpolecce. YUYHTHIBas
3Ty 0COGEHHOCTb IJIaHAPHOH TEXHOJOTHH, MOXKHO OTMETUTb, YTO MIJIA
TIOBBILIEHHS BBIXOJA TOAHBIX NPHOGOpPOB Oo0JiblIOe 3HAaYeHHE TNpHoOpe-
TaeT aBTOMATH3AaUHs TEXHOJOTHYECKHX MPOLEecCOB, MO3BOJSIONIAS MHU-
HHMAaJbHO YMEHbIIHTb YHCJEHHOCTb INEePCOHAa/Ja, CHH3HTb BJHAHHE
CyOBEeKTUBHBIX Ka4eCTB OMNEpaToOpOB, MNPOBOASAIIHX TEXHOJOTHUECKHE
f1POLECCHI.

I'maBa 2
O6paboTka KpemHUesblx NOONONCEK

§ 2.1. Beenenue

B nmpou3BOACTBE WHTETrpaJjibHBIX MHKpPOCXeM OOBIYHO HCIOJIb3YIOTCH
fIOJIyIIPOBOJJHUKOBLIE MaTepHaJsbl B BHAE MOHOKDHCTAJJHUECKHX CJIHT-
KOB, HMeoUuX ¢GopMy, GJIH3KYI0 K HUJIHHAPHIECKOH. PasMepnl cJHT-
KOB 3aBHCAT OT MeTO/Ja WX BLIPALHBAHHS H THUIA MOJYNPOBOJHHKOBO-
TO MaTepHaJa. '

B nacrosimee Bpems HauboJibuiee pasputHe nosayuuan MC na oc-
HOBE MOHOKDHCTAJ/JOB KpeMHHS. Bni6op kpeMHHS 0O0YyCJOBJIEH BHICO-
KHM KayeCcTBOM ILJIEHKH ABYOKHCH KPEMHHSI, MOJYyJyaeMOH OTHOCHTE/b-
HO NMPOCTBIM TEeXHOJIOTHYECKHM CIoco60oM. DTo obJjeryaer B LeJOM H3-
roroBsenre kpemuueBbix MC mo niaunapuoii TexHoJorun. Kpome Toro,

*) B OOGLIYHBIX YCJOBUSAX UHUCAO OBUIMHOK KoJebaercs ot 5000 mo 1000000 B
1 71 Bosayxa.
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JAOCTATOYHO XOPOLIO H3y4eHBl METOJHl JIETHPOBAaHHsS KPEMHHS pasJiny-
HBIMH IIPHUMECSMH. )

[lnacTuHpl KpemMHH$I, OTpe3aHHBlE OF MOHOKDHCTAJJIHYECKOTO
CJAUTKa H IOABEDPIHYTHIE ONpPENEJEeHHOH MeXaHHYeCKOH H XHMUUYECKOMH
o0paboTKe, siBaswTcA nodsosckamu paa UC.

§ 2.2. Mexanmgueckada 06paGoTka KpeMHHAA

B nacrosmiee BpeMsi npH pesKke CIMTKOB KPEMHHSI HA TJIACTHHH B KayecTBe pe-
KYLWEro HHCTPYMEHTA IPHMEHSIOT MeTaJVIMyeCKHe IMCKM C BHYTPEHHeHl asMa3HOl
pexymeil kpoMkod (pmc. 2.1). HMucTpymeHT npeicTasisieT co6olt | MeTaJIMUeCKHi
JHCK C LEHTPAJbHHIM OTBEPCTHEM, HAa KPOMKY KOTODOro HaHeceHa aJMasHas KpoIl-
kKa. Tommuna pucka 0,1—0,15 MM, a AHaMeTp OTBepCTHsi OGYCJOBJEH AHAMETPOM
paspesaeMoro caurka. CxeMa yCTaHOBKHM JJs pe3KH CJHMTKOB IIpPEJCTaBJeHa Ha
puc. 2.2. Pexymuit HHCTpyMeHT (AMCK) pacTATHBAaeTCs M 3aKpemjsgeTcs B CHELH-
ajpHOM OapafaHe Ha roOJIOBKe IINMMHAENs CTaHKa AJs1 pe3kH. CJHTOK paspes3aercs

@Z
1] 8

4 g ¢ 72
5\-‘ —

L 4

2~

7

Puc. 2.1 Puc. 2.2

Puc. 2.1. Merananueckufi GUCK C BHYTpPeHHeH ajMa3HON pexyllefi KPOMKOi:
1 — mMeranauyeckull MHCK; 2 — ajiMa3Hafd KpOIIKa

Puc. 2.2. CxeMa YCTaHOBKH AJA Pe3KH aJIMa3HbIM JHCKOM:

1 —rpys; 2 — uuxHUE CYNNOpT; 3 — rUfpaBIHUECKOE YCTPOHCTBO, 4 — BepXHHH Cymnmnopt; 5 — ro-
JIOBKa IINHHAENSA; 6 — IMKUBRI, 7 — KJUHOBBHI peMeHb; 8 — MOTOp; 9 — ajMas3HOe NOKpHITRE; 10 —
JepxkaTeab; Il — oTpesaeMas njacTuHa; 2 — CJOHTOK

KPDOMKOH ¢ aJiMa3sHOH KPOWIKOH IpH BpalleHuH wmmnuHAeas. CKOPOCTh BpalleHHR
mnuagens 3000—5000 o6./vun. CKOPOCTb IOBHXKEHMS CJUTKA IPH €ro mnepeMeleHHH
[EePNeHANKYAIPHO OCH peXyIuero AucKa cocraBjageT 40—50 MM/MUH (A4 CJIUTKOB
nnaMeTrpoM GoJsee 60 MM — He Gosee 20—30 mMm/Muu). Ilocae orTpe3anus ouepenHOit
NJIaCTHHE ¢ NMOMOLIbI0 aBTOMAaTHYECKOH CHCTeMEl IPOHCXOAMT BO3BpaT CJHUTKA B HC-
XOIHOe MOJIOXKEHHe, a TaKXKe NepeMellleHHe ero Ha 3ajaHHBIH war. YCTPOHCTBO AJSE
3aKpenJieHusl CJUTKa MO3BOJSET MOBOPAUMBATHL CJAUTOK B TOPU3OHTAJBbHOH U BepTH-
KaJIbHOH NJIOCKOCTSIX Ha Tpe6GyeMble YrJibl IO OTHOLIEHHI0 K IJIOCKOCTH BpalleHHS
aJIMa3HOro JHCKa M TeM caMuM o6ecrneudBaeT OPHEHTHpPOBaHHYI pe3kKy. CTaHOK
CHa0XeH CHCTEMOM NOZAud BOAHW JJI OXJAXKAEHHS DEXYINEero JUCKa U BHIMBIBaHHS
OTXOZOB PE3KH (YacTHYEK BHIKPOIUEHHOI'O KPEMHHA).

HOBerHOCTb NJacTHH, NOJYUYae€MBIX IIOCJIE DPE3KH, HE€ YIOBJIETBO-
pser TpGﬁOBaHHHM, KOTOpBIEe IIPEABABJAIOTCA K KaueCTBY IIOBEPXHO-

ctd Si npu miaHapHo#t TexHosorHH. C IOMOIINBIO 3JeKTpoHOIpada yc-
TaHaBJHUBAIOT HAJHUYHE NPUIOBEPXHOCTHHIX CJOEB, He HMEeIOHHX MOHO-
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KPUCTQ/IJIMYECKOH CTPYKTYPH. DTO MeXaHHYeCKH HapyUIeHHBIE CJIOH,
BO3HHKaOIIHe B pe3yJbTaTe Bo3AeficTBusi abpa3uBHOrO MaTepHaJja, H
Jexamye noj HUMH CJOH ¢ OOJHUINMH MeXaHHYeCKHMHU HalpPsKeHHs-
mu. TonumuHa HapyleHHOTO c/ios mocae pe3ku Auckom 10—30 Mk B
3aBHCHMOCTH OT CKOPOCTH BpamieHus aucka. [lockoapky B HWC ruy-
OuHa, Ha KOTOpPOH pacno/jaraiorcs p—n-Tepexoibl, COCTaBJseT elH-
HULBl U AeCATHE J0JIH MHKPOHA, HajUuyHe HapyLIEHHLIX CJ0EB TOJIIH-
Hot 10—30 mMKM Henmpuem/sieMo. MEKDOHEDOBHOCTH Ha NOBEPXHOCTH
He Ho/ukHB npesninath 0,02—0,1 MkM. D10 BHIIe TpeboBaHH# 14-ro
Kjacca YHCTOTH 006pabOTKH MOBEDPXHOCTH, B TO BPeMs KaK YHCTOTA
00pabOTKM NMOBEPXHOCTH IJIACTHH, OTPE3aHHBIX aJMa3HBIM IHUCKOM, CO-
OTBETCTByeT TOJbKO 7—8-My KjaaccaM. KpoMe Toro, A/s1 KauecTBeH-
HOro npoBeldeHUs (OTOJUTOrpaUU MNIOCKONAPANNEIbHOCTh IJIACTHH
cllelyeT MOAJAePKHUBATh Ha ypoBHe =1 MKM IO AHaMeTPy IJaCTHHHI
{BMecto 10 MKM moCJie PE3KH).

Ilns obecneuenus TpebyeMOro kauecTBa IMOBEPXHOCTH IIJIACTHHH
JOJIKHBI GHITh NOJABEPTHYTH AanbHeiilled ob6paboTke. dta o6paboTKa
COCTOHUT B wiaugosxe u nociaenyiomei nosuposxe nnacrud. Ilaudos-
Ka U IOJHPOBKA IIACTHH NPOHU3BOJATCH Ha IJIOCKOUJIH(OBAJIbHBEIX
IPEUH3HOHHBIX CTaHKaX C HCIOJb3CBaHHEM abpas3uBHBIX MaTepua-
JIOB — MUKPOROPOULKOS.

B 3aBHCHMOCTH OT THIAa MUKDONOpPOIIKA BLIOHpaeTCs MaTepHasJ NOBEPXHOCTH
undoBanabiuka. [Ipy mumdoBke maactun MukponopomkamMu M14-M5 npumensior
CTEKJSIHHBIH HIIHGOBAJNbHUK, NPH MOJUPOBKE aJMAa3HBIMH MHKponopoukamu ACM —
crenvajbHble MAH(OOBAJbHUKH € [IOBEPXHOCTBIO M3 TKaHEBHIX Marepuasos. Ilpu 06-
pa6oTke mjacTHH Ha pa6Gouuii mAHGOBaJbHHK YCTAHABJIMBAIOTCS TPH TOJOBKH C Ha-
KJeeHHBIMH IJiacTHHaMH. [ONOBKH yaepiKuBalOTCS OT
flepeMeIleHds N0 UUIHGOBAaJLHHKY CHEIHAJbHEIMH Ha-

IIPaBJSIOIIMME KPOHIUTEAHAMH C ONOPHHIMH POJHKAaMH 4 2
(puc. 2.3). 3a cuer CHJIH TPeHHsl, BOSHHKAIOIEH MeXIy gz% g
COMpHKACAIOIINMHCS TOBEPXHOCTAMH pabouero maHdo- _ 1
BaJlbHHKa H TOJIOBOK, INOCJHERHHE BpaIIalOTCs BOKPYF Prrtprz2z

CBoHX ocefi. DTo BpallileHHe TOJIOBOK CO3JaeT YCJOBHSA
Ana Gosee paBHOMEPHOro ULTH(GOBAHHS HJH [OJHPO-
BaHHSL.

Prnc. 2.3. Cxema nuockominpoBasbHOrO CTaHKa H Pac-
NOJIOXEHHE T'OJIOBOK:
{ — posupyomee ycrpoilcTBO ¢ alpasHBHOH cycmensmell; 2 —

£py3H; 3 — ronoBKa; 4 — MJaCTHHBI, § — HIIHGOBAABHHK, 6 — Ha-
OPaBAAIOINHE PONHK

[Tpu miudosanud mukpomopomkamy MI14-M5 HCOO/B3YIOT BOJAHBIE CYCNEH3HH C

COOTHOIIGHHEM BOJABI K a6pasuBy 3:1, mpH mOJHpOBKe MNJIACTHH — CIElHaJbHHE aJ-
MasHble NAacTHL

B nacrosliee BpeMsi IPHHATa OIpeleJeHHas MOCJHELOBATEIbHOCTD
omepauui Ipu MexaHuuecko#l oOpaborke mnnactuH (raba. 2.1). Ilpu-
3TOM YYHTBIBaeTCS, YTO TOJMIMHA CHHMAaeMOro CJOsS Ha Kax/AoH ome-
PalnMH OOJKHA MPEBHIIATh TOJNLIMHY HAPYLIEHHOTO CJIOS, KOTOPHIHA
obpasoBajcs Ha npeAblayuiell omepanuu. Ilmactune wmaudyior ¢
JABYX CTOPOH, a NOJHPYIOT TOJbKO pabouyio cTopoHY. B mesom Mmexa-
HuYyecKass oOpabOoTKa [Jsi NOJYydYeHHs IJIACTHH, YIOBJIETBOPSIOUIMX
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Tabnuuwa 2.1.

INocaenoBarenbHOCTL onepauuii WANGOBKH M NONHPOBKH KPEMHHS

ey L=

Tonmuna | Cropocts | 5 &8 Tosmuna | CKopocTb | & g g*

Tun MuKpono- | HapymweH- | yRajnenust | Q3 = Tun MHKpONo-| Hapymer- | yRaneHus | o 5 =

poOIlKa HOTO CJlost,[MaTepuana,| s &% polKa HOTO ¢Jlosi,|MaTepHana,| & &%

MKM MrM/MuE | 2 EQ MEM MKM/MEH | SE@

Ml14 20—30 3 7 ACM 1/0,5 5—7 0,35 13
M10 156—25 1,5 8—9 |[ACM 0,5/0,3 | Menee 3 0,25 | 13—14

ACM 3/2 9—11 ] 0,5—1,0] 12—13)|ACM 0,3/0,1 « 0,2 14

Tpe6OBaHHAM IJIAHADHON TEXHOJIOTHH, MPHUBOAUT K GOJBIIOMY pacxo-
JIOBaHHIO KpeMHHsI (0K0J0 65%) M K 6OJIbIIMM 3aTpaTaM BpEeMEHH.

Pe3ska KpeMHHs NMPOM3BOAUTCH M Ha 3aKMIOYHTEJBHBIX CTAAHAX
TeXHOJIOrH4eckoro nponecca uarotoBnenuss MC. Peske mnoasepraiorcs
IJIaCTHHBl KPEMHMS C LEJbI0 Pa3fe/neHHs] HX Ha OT/HesbHble KPHCTaJ-
Japl. Huxe paccMOTPEHE METOAH TAKOTO PasjeseHHs.

MeToa ckpaii6HpOBAaHHS COCTOHT B HAHECEHHH Ha NMOBEPXHOCTb MJACTHHHEI KpeM-
HHSI aJIMa3HBIM pe3loM — CKpafibepoM — PHCOK B ABYX B3aHMHO NepPHeHIHKYJsSPHBIX
HanpapJeHuax. Illupuna pHckH, BEKJlOYas o0O6JAaCTH CKOJOB, He mnpeBbimaer 30—
50 wmxgm. Ilox puckamu o6pasyioTcss o6saacTH ¢ GOJMbLIIHMH MeXaHHUECKHMH Hamps-
Kenusamu. Ilpu cnabom MexaHHUuecKOM BO3JEHCTBHH HAa TaKylo MIacTHHY OHa pas-
JIAMbIBa€TCSl IO HAaHECeHHHIM PHCKaM.

AnvasHbill peser; MOXeT OHTbL 3aMeHeH JiyuoM Jasepa. [Ipu Bo3AeficTBHM MOII-
HOro cGhOKYCHPOBAHHOTO A0 25 MKM Ja3epHOro H3JyuyeHHs DHCKH o0pasyloTcsi He
MeXaHHYeCKHM BO3JiefiCTBHEM, a MHCIapeHHeM Y3KOH mnoJochl KpeMHHs. Ilpeumynie-
CTBA HCNOJB30BaHHS JIa3ePHOrO Jydya COCTOAT B NOBHINEHHH CKOPOCTH 00pa3oBa-
HHs pHCKH (100—200 mm/c BMecto 30—50 MM/c AJas aaMmasHoOro pesna), B OTCYT-
CTBHH CKOJIOB I MHKpPOTpELIHH, HeJOCTaTOK — B HEOOXOJHMOCTH 3allHllaTb IOBepPX-
HOCTh OT YACTHI[ PaCHblJIIeMOr0 KpeMHHs. Paspe3aTb MJIaCTHHH Ha KPHCTaJJbBl MOX-
HO H a/Ma3HbLIMH JHCKaMH.

§ 2.3. OuncTEa IOBEPXHOCTH KpPeMHHSA

O4ucTka MOBEPXHOCTH KPEMHHEBBIX IJACTHH NMPOBOJHUTCH AJS YAa-
JIEHHSI OCTaTKOB abpa3uBHOrO MarepHasa, XKHPOBBIX W NPOYHX 3arpsis-
HEHHH, OKa3aBUIMXCS HA IOBEPXHOCTH Ha TNPEeABIAYIINX CTaAusax o0-
paboTkH, a TaKxkKe [Jsi YCTPAaHEHHsI OCTATKOB TpaButesed. as ouu-
CTKH IIOBEDXHOCTH KDEMHHEBHIX IIJIACTHH HMCHOJB3YIOTCH XHUMHUYECKHE
¥ ¢usnueckue MeToAbl. B mepBoM cayuae 3¢@eKT OYUCTKH AOCTHra-
eTcss o6paboOTKO# JIJIaCTHHBEL B PACTBOPHUTENSIX H KHcaorax. Ilpu atom
NPOUCXOAUT TIpeBpallieHNe MeTajJHYeCKHX INpuMecel, OKHCJOB  H
JKHPOB B DAacTBOPHMBIE B BOJE CO€LHHEHHS, KOTOPHIE NPOMBIBKOH B
BOJle MOTYT OBITb JIETKO YAaJeHbl ¢ NOBEPXHPCTH. Bo BTOpOM cayuae
pPaspLiB CBA3eH MEXAY MOJEKYJIaMH KPEMHHS U MOJIEKYJaMH IIpUMec-
HBIX 3arpA3HEHHH JOCTHUraercsi COOOLIEHHEM IMOCJAEIHHM JOCTATOYHOM
SHEPTHH AJIST WUCHapeHusi, HallpHMep HArpeBOM HJM HOHHOH OoMbap-
JHPOBKOH B I1a3Me€ TJCIOLIETO paspsnia.

Ha npenBapurenbnblx 3Tamax nponecca OYUCTKH MOBEPXHOCTH IOJ~
JOXKEK OTPAHMYMBAIOTCS TONBKO YAa/JeHHEM 3arpsi3HEHHH, IPH STOM
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NOATPABJIMBAaHHE CaMOro MaTepHajia TMOMJIOXKKH HCKJIOYaercs. B
3TOM cJyyae [AJS OYMCTKH NPUMEHSIIOTCS MaTepHaJjibl, yAOBJETBOPSIO-
Hnige caelylolluM TPeOOBAHHSIM: OHH He JOJIKHBEI BCTYyNaTh B XHMHYeC-
Kyl0 Deakllio ¢ KPeMHHeM, JOJIKHEI XOPOIIO DACTBOPATL KHPOBHIE
3arpsisHeHHs1 M MeTaJJINYeCKHe TNpHMECH, [0 KpahHed Mepe OAWH U3
HUX JOJIXKEH XOPOLIO PacTBOpSIThC B BoAe. MarepHasbl IJIs OYHCTKH
JOJIKHBI OBbITh 0CO60 YHCTHIMU BelrecTBaMu *). OKOHUATeJNbHBIM 3Ta-
OM OYHMCTKM SIBJSIETCH CTPABJIHUBAHUE NPHIOBEPXHOCTHOTO CJOSI KPEM-
HHSf C HCIIOJNb30BaHHEM ra3000pa3HbIX TpaBUTeNEH (2a3080e Tpas-
Aenue) .

2.3.1. MocnenoBaTeNbHOCTh TEXHOJOTHUECKHX ONEpPauuil NpH OuM-
cTke. B Hacrosiniee BpemMs pa3paboTaHbl H HCIOJbL3YIOTCH THIIOBHIE
TEXHOJIOTHYECKHEe KOMIIJIEKCH AJIsI OYHUCTKH KPEMHHEBHIX IJjiacTHH. Hu-
K€ NnpuBelieHa ONHA M3 BO3MOXKHBIX IIOCJAEI0OBATEJbHOCTEH TEXHOJO-
THYECKHX OIepalnuid NPH OYHCTKE, MPOBOAMMBIX IIOCJE MeXaHHUYECKOIk
06paboTKH M Nepej] onepanueil TepMHYECKOTO OKHCJEHHs: MHOIOKpaT-
Hasi yaAbTPA38YKOBAS O4UCTKA H KUNSTYCHHEe B OPTaHHYECKHX PaCTBOPH-
TeJISIX W CEPHOM KHCJIOTe; KHNsueHHe B a30THOH KHCJIOTE, NMPOMBIBKa
B NPOTOUYHOH OeuoHu308axHOl 800e; CyllIKa Ha HEHTPUPYyTe; KUNSIUe-
HHE B CMeCH a30THOM M COJSIHOH KHCJOT B COOTHOIIeHHH 1:3; mpo-
MbIBKa B JE€HOHH30BAHHOH BOJE;, MPOMHBIBKA B
IIJIABHKOBOH KHCJIOTE; NPOMBIBKA B JEHOHH30- 4
BaHHOH BOJe; KHMIAUYEHHE B CMECH aMMHaKa,
NEePEKHCH BOJAOPOAA H BOAB B COOTHOLIEHHH
2:2:1: npoMbIBKa B JE€HOHM3OBAHHOH BOjE C
NpUMEHEHHEM KHCTeH; Cyllka Ha LeHTpHPyTe.

h Y |
N

—_ / *
peuthan 4 2 7

) /
/1
o
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|
|
|

Pruc. 2.4. CxeMa yCcTaHOBKH AJS1 yJIbTPa3BYKOBOH OUMCT-
KH:
I — reHepaTop YJAbTPa3BYKOBHBIX KoJeGaHHH; 2 — 3JeKTpoMexa-

HHYeCKHH npeo6Gpas3oBaTesb; 3 — BaHHA ¢ BOJZOH; 4 — IJIaCTHHBI
KPeMHHUS

s noBpilieHHst 3QPEKTUBHOCTH H CKOPOCTH YIAJNEHUs 3arpsisHe-
HUA NIPH XMMHMYECKOH OYHCTKE IJIACTHH KPEMHUS HCIOJNb3YIOTCA Ha-
TPEB MM YJbTPa3BYKOBOE BO3OYXKJAEHHE OUHINAIOIHMX MaTepHAJIOB.
YAbTpa3ByKoBasg OYMCTKA HauboJiee NIMPOKO MPHMEHsieTcss TMPH obpa-
60oTke B pacTBOpHTeJsiXx. CXeMa yCTaHOBKM [AJisi  YJbTPa3BYKOBOMK
OYHCTKH IpeJACcTaBJjieHa Ha puc. 2.4. Ee OCHOBHBIMHU y3J1aMH SIBJSIIOTCSEL
‘TeHepaTop yJbTpa3BYKOBHIX kosebGauuit (I'Y3K), anexrpomexanuue-
CKHH npeo6pasoBaresb (BHOpartop), HeACTBHE KOTOPOTO OCHOBAHO Ha:
SIBJICHHH MAarHMTOCTPHKUMH, H BaHHaA C BOJOH, HEMOCDPEACTBEHHO CBSi-
3aHHasi ¢ BuUOpaTopoM. B aTy BaHHy momellaercs COCYJ C PacTBOPH-
TeJeM M NacTHHaMH. MexaHuuyeckue BHODALUMU BOAbl NMEpPERalOTcs pa-
CTBOpHTENIO M NJjactiHaM. Ilpu srom BuGpauus crnoco6GcTByeTr mepe-
MeIIHBAHHIO U TEM CaMbIM YCKOpDSIeT PacTBOPEHHe 3arpsisHeHui. Kpo-
Me TOro, B pe3ynabTarTe BHOpallMM ¢ NMOBEPXHOCTH NJACTHH YAaJSIIOTCS
HepacTBOPHUMble YACTHYKH DPa3JHYdbIX MaTepuaoB. DDGDEKTHBHOCTL.

*) B oco6o uucthix BemectBax (OCU) comepxkaHue npuMmeceii NpHMEpHO Ha
NOPSIAOK MeHblle, yeM B BellecTBax Mapku XY.
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OYHCTKHM 3aBHCHT OT YacTOTHl H MOHIHOCTH KOJeGaHU# H THIA pPacr-
BopuTena. Ha yJabTpa3ByKOBHIX YCTAHOBKAx OOBIYHO IPOBOJSAT OUHCT-
Ky OT OCTaTKOB a0pa3HWBHEIX MAaTEpPHAJIOB, HCIOJb3Ysl B KauecTBe pac-
TBODHTENCH TPUXJOPITUJIEH, TOJYOJ, YETHIPEXXJOPHCTBHIH YIJIEPOJ,
ALETOH.

J 51 OUHCTKH OT OCTATKOB OPraHHYeCKHUX BEHIECTB HMCIOJB3YIOT KH-
nsiyeHHe B CepHOM Kuciaore. i yaajeHHsT aTOMOB MeTaJJOB IIpH-
MEHSIOTCS KUISTUeHHe B COJISHOH M a30THOH KHCJOTaxX, NMPOMBIBKA BO
¢TOpHCTOBOLOPOHONH (IJIABHKOBOII) KHCJAOTE, 3aKJIOYHTENLHOH Olle-
paluell ABJsSeTCA TPOMBIBKA B JeHOHH30BaHHOH BOJLE.

[Tocane MexaHumueckoil 06palOTKM M OYHUCTKHM IOBEPXHOCTH IJIACTH-
Hbl KDEMHHSI MOTYT XPaHHUTbCS AOCTATOUHO JJIUTEJNbHOEe BpeMs. B aTOoM
cjly4ae HHOrJa IOBEPXHOCTb IJIACTHHBI NOKPHIBAIOT JIJaKOM, 06pasylo-
IIHM NPH 3aTBepJeBaHHH TOHKYIO IUIEHKY, CHOCOGHYIO Jierko, 6e3 pas-
PYIIEHHs], OTPHIBATbCS OT MOBEPXHOCTH. IlleHKa 3allumiaer Imo-
BEDXHOCTb NIPU XpPaHEHHH OT MeXAaHHUECKHX NOBpPEXIEHHH M IBLIH.

Kotrpoas wucrorer nosepxnoctu siBisieTcss o6s3aTesbHOH — omepa-
IHed B TEXHOJIOTHUECKOM IIpollecce OYHCTKH. EcTh HECKOJBKO JOCTa-
TOYHO IIPOCTHIX METOJOB, MO3BOJSIOUIMX YCTAHOBHTh HaJIMYHE 3arpss-
HeHHH Ha NOBEPXHOCTH KPEMHHEBHIX IJIACTHH.

OIHH 43 HUX — MHKDOCKOIIMYECKOe HCCJeJOBaHHE NOJHPOBAHHON
TMOBEPXHOCTH IIACTHHBI IIPH KOCOM OCBEIIeHHH (HCCJIEeICBAaHHE B TEM-
HOM moJe). Jlyu cBera majaer Ha OBEPXHOCTb ILIACTHHEL IIOJ Ma-
JIBIM YIJIOM, TaK YTO OTPaxKeHHbIe Jy4YH He MOnafaioT B 00beKTMB. Uu-
CTasi NOBEPXHOCTh IJIaCTHHH — TeMHasl, BHUIHHI TOJBKO 3arps3HeHH:
B BHJe SIDKHX TOYeK, Ha KOTODPbIX pacCeMBaeTCss CBeT, NPOHHKAs dac-
THYHO B OO'BEKTHB.

Hpyro#i meron — o6Hapy:KeHHe MaceJ M KUDPOB IPH OIPLICKUBA-
HHH IJIACTUH BOJOH. UHCTass NOBEPXHOCTh KPeMHHSI OGBIYHO PaBHO-
MEPHO THAPO(PHIbHA HJAH PaBHOMepHO runpocdolbHa, T. €. TOHKas IJeH-
Ka BOABI NOKDHIBaeT IOJHOCTBbIO NOBEPXHOCTh HJH cobupaercss B OJI-
Hy-ABe KalJu. 3arps3HeHHe INOBEPXHOCTH NPHBOAMT K TOMY, 4TO
IJIeHKa BOABI pa3pbiBaeTcs Ha 3HAUUTEJbHOE YHUCJIO Kalenab, He HMe-
IOIIHMX TEHAEHIHH COEIHMHATbCS B CIVIOIIHYIO IJIEHKY HJU COOHpaThCs
B OHY-IBe OoJiblliMe KaIlIH.

2.3.2. Bopa B TexHOsOorMueckux mnpomeccax ounmcrku. Ha pa3/Hy-
HBIX 3Tallax OYHCTKH HCHOJb3YeTCsi MHCTHIIHDPOBAHHAS, 'GHIHCTHJIJIM-
poBaHHas W IEHNOHU30BaHHAS BOAA. JUCTUAAUPOBAHHYIO BOLY TOJY-
4alo0T NeperoHKoil OOBIYHOH BOMONPOBOAHON BoLBl. Ee ymeabHOE CO-
mpoTuBjéHue cocrabaser okoao 200 kOwm-cwm. Euducru/z/zupoear-myfo
BOJY NOJIYYaOT MOBTOPHOH MEPEroHKOH NHUCTHANHPOBAHHOA BoAbl. Ee
yAeJabHOE conpoTHBJAeHHe Bo3pacraer n0 500 xOm-cM, a NIpPH HCIOJB-
80BAHHH JIJI51 MIEPETOHKH KBapueBoi cucreMbl — 1o 1—3 MOwm-cm. Ha
OKOHYaTeJbHBIX 3TalaX OYHUCTKH HCIOJb3YIOT fc?euonu:soeannyro BOLY
C YAeJbHHIM conpoTuBiaeHueM 10 20 MOM-cM.

JenonnsoBanHasi BOMA NMOJNYYaeTcsl NPH HMPOIYCKAHHH JTHCTHJIHDO-
BAaHHOH BOJbI Yepe3 HOHHO-OOMEHHBIE CMOJIBI, KOTOpble DPa3AensiioTcs
Ha JBa KJacca — KaTHOHHTH (IOrJIOUIAIT HOHBI METAJJIOB) H aHHO-
HHTBl (MOTJIOIIAKT HOHBI KHCJOTHBIX OCTAaTKOB). -
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XuMuueckass ¢opmysa Katuona R—H, rze R — opranuuecknit pajuKaj, XUMH-
yeckas dopmyna amuona R—OH. IMpu ouucrke, nanpumep, or FeCls mnpoucxomsar

cJIelylolye PeaKiHHu:
3(R — H) + Fet T+ FeR, 4 3HT;

3 (R ~ OH) 43 CI~ - 3RCl 4 30H™.

Honel xenesa W XJiopa OKa3HBAIOTCS CBfI3AHHBIMH C OPraHHYeCKHMH pajfHKaJIaMH,
a BHOBb 00pa30BaBIUMECS HOHH SIBJSIOTCS COCTAaBJsIOMEMH BOAbl. HeoGxoxumo ydyH-
TEIBaTh, YTO JEMOHU30BAHHAS BOJA COJEPKHT OPraHWUeCKHe YaCTHUIBl, KOTOpPHE MO-
ryT CTaThb HCTOYHUKOM 3arpsi3HeHHsl MOBEPXHOCTH MNOMJMOXKH. Ilia uX ycTpaHeHHs
INEeHOHH30BAaHHAsE BOAA (UJbTPyeTcsl MeMOpaHHHMH (UIbTPAMH M3 TOHKUX IJIEHOK
HHTPOLEJVIONIO3H, HeH/IOHa U JAPYrHX MaTepuasioB, OOecneuvBaIOLIMX pasMepH OT-
BEPCTUil OT HOJIed 10 HECKOJBKHX MHKDOH.

2.3.3. OuncTKa NOBEPXHOCTH ra3oBbiM TpaBJEHHEM. B mocielHee
BpeMsl B IJIaHADHOH TEXHOJIOTHH ILIHPOKO HCIOJb3YeTCsl ra3oBoe TpaB-
JIeHHe IJIaCTHH KDEeMHHS KaK MeToj OKOHYaTeJbHOH OYMCTKH HX IMO-
BepxHOCTH. [IOMHMO yJajeHHs 3arps3HeHMH C IOBEPXHOCTH IIpPOHC-
XOJAHT CTPaBJMBAHHE CJIOS KPEMHHS C MEXaHHUECKHMH HapYyIIeHHSIMH.

I'azoBoe TpaBjeHHe OGLIYHO MPHMEHSETCS B TE€X TEXHOJOTHYECKHX
npoueccax, B KOTOPHX 0c0060 BaXHYl0 pOJb HMIpaer CTPYKTypa IO-
BEPXHOCTHOIO CJIOSl, HalpHMep IPH 3MNUTAKCHAJBHOM HapallHBaHHH
HJIM TIpU TOJyuYeHHH Toja3atBopuoro okucaa B MJIII-cTpykrypax.

B kauecTBe TpaBHTEJeH HCHOJb3YIOT CMECH BOJODOAA HJIH TeJIHs
¢ ramorenamu (drop, xsop, 6pom), ramorenosomopoidamu (HBr,
HCI), ceposomoponom H,S, rekcadpropumom cepbnl SFs. Moasproe
coJepXKaHKNe 3THX BellleCTB B BOJOPOJe HJIH TeJHH MOXET M3MEHSAThCs
OT JAecATHIX Josiedl 1o eaumHul npouedToB. O6paboTKa OCYyIIECTBJsIET-
csi mpu temneparypax 800—1300° C nu6o B yCTaHOBKax [Jsl OKHCJe-
HHSI, TH60 HEMOCPEACTBEHHO B peakTopax AJA SIMUTAKCHAJbHOIO Ha-
pamuBanusg. IIpu TpaBaennu kpemuus B HCl mpoucxoaut ciaenyionias
peaxkuus:

Si (8.) 4 2HCI (ras) '0=139°C sicl, (ras)+H, (ras).  (2.2)
AmanoruyHasi peakuusi IPOUCXOIMT IIPH TpaBjeHHH KpeMHHsa B HBr.
[Ipu TpaBJieHHH B CEpOBONOPOAE MAYT PEaKIHH:

Si(rB.) +2H, S (ras) FO7NC g5, (18.) + 2H, (ras);  (2.3)
SiS, (tB.) 4 Si (tB.) > 2 SiS (ras).

[Ipoaykramu peakuMH NpU Ta30BOM TPaBJIEHHH SBJSIOTCS TOJBKO ra-
3000pasuble BelleCTBAa, 4eM H OGYCJ0BJIeHA BHICOKAas 3D (PEKTHBHOCTD
OUHMCTKH NOBepXHOCTH. [IporpeccHBHHIM METOAOM OUYHCTKH SIBJISIETCS
VOHHO-TIJIa3MEHHOe TpaBJjeHHe. ITOT MeTOA OyJAeT paccMOTpeH B
ra. .

(2.1}

§ 2.4. TpaBiaeHue KpeMHUA

Tpasaenue nnacTHH KPeMHHsI TPOHCXOAHT HA TPaHHLE TBepAod M
XHAKHX CPe/l H MOXKeT PacCMaTPHBAThCsl KaK IeTepOTeHHAsl peaKuus.
IIpomecc TpaBieHHSI COCTOMT W3 NSATH CTaiui: nuddysus peareHra K
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TIOBEPXHOCTH; aJCOPOLUHS peareHTa; XHMHUecKas peaKlHs; AecopO-
41Ug TNPOAYKTOB peakUHH; AUDPY3Hs NPOAYKTOB peaKLUH OT IOBEpX-
HoctH. CKOpOCTh BCcero mpolecca OonpefeasieTcs CKOpPOCTbIo HanboJsee
MeaJeHHOH (KOHTpoJupywolle#) craauu. [Ipu TpaBneHHH KpeMHHSA
KOHTPOJIHPYIOIIHMH CTaAUAMH MOTYT ObIThb JAu60 AHPGPY3HA peareHTOB
K TIOBEPXHOCTH, MO0 XHMHUEcKas peakIus. -

2.4.1. Ckopoctb TpaBaeHus. CkopocTh AHPDY3UH peareHTa B CO-
OTBETCTBHH C 3aKOHOM PHKa

Up =D (N y6— Nyon)/9, (2.4)

raie Nos B Nyos — KOHIIEHTpAIHsl peareHTa COOTBETCTBEHHO B o0beMe
M Ha TIOBEDXHOCTH; 6 — TOJIIMHA NPUMOBEPXHOCTHOrO CJIOS TPaBHUTEN,
B KOTOPOM CYIIEeCTBYeT I'PaJHeHT KOHIEHTPAIHH.

CKOpOCTh XHMHUYECKOH peaklHH

v (Na)® (Ng)P e 2W/RT (2.5)

rie No 1 Np— KOHIEHTpalnHH pearupyiouinx Bemiects: AW — sHep-
THST aKTHBAaUMM XHMHYECKOH peakuHu; R — yHHBepcasJbHasi rasoBas
nmocrosiHHad. Ilokasarenu a U b 445 NPOCTHIX peakKIHH PaBHBI YHCJIEH-
HbIM KO3(pHIHEHTaM, CTOAILMM mnepel (HOpMyJaMH BelleCTB B ypasb-
HEeHHH XHMHYECKOH peakuud. JHEpPrHs aKTHBAIHU — 3TO KH3O0BLITOUHAS
sHeprua (MO CpaBHEHHIO cO CpedHeli), KOTOpOH HdoJkKHa o6saanaTh
MOJIEKyJla B MOMEHT CTOJKHOBEHHS, UTOObl ObITb CMOCOOHOH K XUMH-
YeCKOMY B3auMoJeicTBHIO. [IpH yBenuueHHH sHEpPrHMH aKTHBAUUU BJIH-
sHUe TeMIlepaTyphl Ha CKOPOCTb PEAaKIHH BO3pacTaer.

OHeprusi akTHBALUM, ONpejensdionias CKopocTb Aupdysun B KHI-
koctax (AWy), 1—4 kxaj/MoJb. JHEpPrus aKTHBAIMH XHMHYECKHX
peakUHit AJA Pa3JHUYHBLIX TPaBUTEJEH MOXKET HMEeTb NOPANOK EeIMHHIL,
JeCATKOB M COTeH KHJOKAaJOpHH Ha MOJab. B 3aBHcHMOCTH OT COOT-
gomeHuss AW u AW, koHTpoaupyiouiefi craaueir sBAseTCA JHOO XH-
muueckas peakuus (AW>AW,), aubo aubdysus (AW<AW,).

B mepBoM ciyyae CKOPOCTb TPAaBJI€HHs UYBCTBHTEJbHA K COCTOA-
HHMIO TIOBEPXHOCTH, ITOCKOJIbKY 3HEPIrHs aKTHBAlMH XHMHYECKOH peak-
1Hd B OOJBIION Mepe 3aBHCHT OT HECAHOPOJHOCTH MOBEPXHOCTH. Tak,
mIHGOBaHHAS TOBEPXHOCTb MMeeT MEHbllMe 3HAUeHHs SHEePruH aKTH-
BallUH, YeM IMOJHPOBaHHAsi. DHEPTrHI0O AKTHBALHH CHHXKAKOT [IHCJOKa-
UK H Apyrde AedekTbl Kpucrtanna. Jlocko/abKy pas/jHuHbIe KpHUCTaJl-
JorpadHuecKkne NJOCKOCTH HMEIOT pa3yuHuyHble 3HaueHuss AW, cko-
‘POCTb TPaBJIEHUS 3aBHCHT OT OPHEHTAUMH IJACTHHB, a TakK¥ke OT
‘TeMmepaTypbl. TpaBHTeNH, AJA KOTOPHIX KOHTPOJHPYIOIIEH CTagHel
AIBJSETCA XHMHUUECKasi PeaKIHs, Ha3blBAalOT CeAeKTUBHbIMU.

Bo BropoMm caydyae (KOHTPOJIHpYWOLIas CTagusd — AHPGY3HSI) CKO-
‘POCTh TpPaBJIEHHS HEUYYBCTBHTEJNbHA K HEOJHOPOAHOCTSIM IIOBEPXHOC-
‘TH; cJa6o 3aBHCHT OT TEeMIIEPaTyphl U Pe3Kp — OT (HPaKTOPOB, BJHSA-
IOIMX Ha CKOPOCTh AH(PGIY3UH, HANPpUMep OT INepeMelliuBaHHus TpaBH-
TeJs, ero BA3KOCTH. TpaBHTeNH, 1/ KOTOPBIX KOHTPOJHpYIOLLeH cTa-
Jueit siBasercs nudysns, Ha3bIBAKTCA ROAUPYIOUWUMU.

2.4.2. TpaBieHne B MONUPYIOLUX TPABUTENAAX., THMHUHBIMH IMOJH-
PYIOIIHMH TPaBHTENSAMH [AJA KPEMHHUSA SABJAIOTCA CMeCH a30THOH H
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0JIaBHKOBO# KHCJOT. TpaBieHHe KpeMHHA HPOHCXOLHT B COOTBETCT-
BHH C 3JEKTPOXHMMHUECKOH TeOpHed pacTBOPEHHsS KPEMHHA.

CorslacHO 5TOH TEOPHH BCS NOBEPXHOCTb IJACTHHbI, MOKPHITasg pPacTBOPOM Tpa-
BHTEJA, COCTOMT H3 OOJIBLIOTO YHCJA MHKPO3JEKTPOAOB — KaTOAOB H aHOJoB. Ha
2HOJHBIX YYaCTKaX MPOHCXOAHT OKHC/eHHe KPEeMHHs C [MOC/JeNyIOUHMH pacTBope-
HHeM OKHCJIa H o6pa3oBaHMeM KpeMHHAQTOPHCTOBOJOPOJHOH KHCJOTH, Ha KaTOA-
HBIX — BOCCTAHOBJIEHHE Aa30THOH KHCHIOTHL. Pe3yssTHpyIOlllee ypaBHEHHE, OMHCHIBAIO-
fllee pacTBOpPeHHE KPEeMHHs B CMECH a30THOH M IJAaBHKOBOH KHCIOT, HMEET BH/J

3Si - 4HNO; 4 18HF = 3H, Si F; - 4NO + 8H,0. (2.6)

Ckopoctb TpaBieHus KpeMmHus B cmecu kKucnor HF u HNO; ompenensercs muddy-
3Hefl peareHTOB K IOBEPXHOCTH KpeMHHs. [IpH 3TOM NPOHCXOIHT CIVIaXKHBaHWe ©O-
BEPXHOCTHOrO pesbeda (puc. 2.5). BoicTynsl HA NOBEPXHOCTH TPAaBATCSA  OHICTpee
8NajJNH BCJEJCTBHE 00Jiee BHICOKOIO IpajHeHTa KOHLEHTPAaIlHH.

Vo5

Vot

Puc. 2.5 Puc. 2.6

Puc. 2.5. TpaZneHT KOHUEHTPAUHH TPaBHTe/s BGJH3H BHALWH H BHICTYNOB KpeMHHe-
BOH [OBEPXHOCTH

Puc. 2.6. Ilosyuenne V-o6pasneix o6nactell NPH JOKAJbHOM AaHH3OTPONHOM TpPaB-
JEHHH KpPeMHHS

24.3. TpaBaeHHe B CeJNEKTHBHBIX TPaBHTEJAX. CeJeKTHBHBIMH
TPaBHTENSIMH [/ KDEMHHS SBJASAIOTCA BOAHBIE PACTBOPHI IIeJOYed H
ruapasud rugpat (NHj).-H,O. Xumuueckne peakmus mas sTux
TPARHTE/NEA MMEIOT BHICOKHE SHEPTHHM aKTHBAaLUH: 13 KKaJa/MOJb JJ1s
10%-roro pacrBopa NaOH u 6—10 kkasa/mMoab mis IHAPasHH THA-
paTta. [lyisi Ce/JIEKTHBHBIX TPaBHUTesMell xapakTepHa O6o/blas pasHUIA
B CKOPOCTAX TPaBJI€HHsS PAa3JHUYHBIX KPHCTAJJIOrpa@UUECKHX IJIOCKO-
creil. Tak, B HasBaHHBEIX TpPaBHUTeNAX IIOCKOCTH (100) TpaBATCA B
HECKOJIbKO [IeCATKOB pa3 Obictpee miockoctelt (111). ITosromy tpas-
JieHHe B TaKHX TPABHTE/IAX HHOTMA HAa3bIBAIOT QHU3OTPONHBIM.

Iipencrasiennbie Ha puc. 2.6 V-obpasuble 06aacTu MOJNYYa0OTCS
TPH JIOKAJIbHOM TPABJIEHHH IIACTHH KDEMHHS, OPHEHTHPOBAHHBIX IO
nmockoctH  (100). I MacKHpoBakHst HCHOJb3YeTCS TJIEHKA IBYO-
KHCH KpeMmHHsi. I'panuuer oxon B nuenke SiO, cieiyeT pacmosaraTs
10 HampaB/JEHHIO MNepeceueHus miockoctedl (111) ¢ mosepxHOCTBHIO,
T. e. no Hanpasaenuio (110). Kaxnyio miockocts (100) mepecekaer
pan naockocredt (111). Anmsorpomsbiii TpaBHTENb PacTBOPSET MJOC-
kocte (100) mo Tex mop, moka He BHiABATCa miaockoctu (111), maum-
Halomuecs y KpaeB OKHa B mieHKe SiO,. TouHOCTb yriioB Mexniy mio-
CKOCTAMH (B JaHHOM cjydae yroJ, o6pasoBaHHBIA miockocTamu (111)
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