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Heans paGorThi: onpeneneHrue U3MEHEHUs SHTPONUU Tpu (HazoBoM
nepexo/ie MepBoro pojia Ha MpuMepe KpUCTALTU3AIMK 0JI0Ba U3 paciliaBa npu
€ro OXJIaXKJICHUU; ONpEeJIeJICHUE TEIUIOThl KPUCTAIM3AIMU 0J0Ba U3 3aKOHA
COXpPaHEHUS SHEPTUHU.

IIpuGopsl M NPUHAAJIEKHOCTH: aMmIlyjJa C OJOBOM, XPOMEJb-
KOTIeJIeBasi TepMOIapa, IiaBUbHasl eYb.

Teopml H METOJA IKCIIEPUMEHTA
Teopemuqecmte Cc8e0eHUs.

B tepmoamHamuke (a3oil HazbIBaeTCS MaKpOCKOMUYECKasi pu3ndeckast
OJTHOPOJIHASI YaCTh BEIIECTBA, OTAEIEHHAS OT OCTAJIBHBIX YaCTEed CUCTEMBI
IpaHUIIAMH pa3jieia, TaKk YTO OHA MOXKET OBbITh M3BJICUYECHA U3 CUCTEMbl MeXa-
HUYECKUM ITyTEM.

JlomycTuM, HarpuMep, 4TO B 3aKPHITOM COCYJI€ 3aKJIF0U€Ha HEKOTOopas
Macca BOJIbI, HaJl KOTOPOM HaXOJUTCA CMECh BO3JyXa C BOJSHBIMHU MapaMHU.
Ota cucrema siBisieTcs AByx(daznoit. Eciu 61 Bo3ayxa HE ObLIO, TO B CUCTEME
Takke ObT0 ObI B da3bl: xuakas (Boga) U razooOpaszHasi (BOJSHBIC Maphl).
[Ipu mosiBIeHNH B BOJIE KyCOUYKOB JIbJa CHCTEMa MPEBPATUTCS B TPEX(Pa3HYIO
u Oyner coctosTh u3 TBEpAOU (a3wl (1I€x), *KUIKoM (BoJa) U razoo0pa3HOn
(cMech Bo3yxa ¢ BOJASHBIMU Mapamu). Eciu 100aBUTH K BOJIe HEKOTOPOE KO-
JUYECTBO CIMPTA, TO YUCIIO (a3 He U3MEHHUTCS, TaK KaK BOJAa CMEIIMBAETCS CO
CIIUpPTOM, 00pasys GU3NIECKH OTHOPOIHYIO KHUIKOCTb.

[Ipu noacuére uncna ga3z He UMEET 3HAUEHUS, ABISIETCS Ta WM HHAS
¢daza eIUHBIM TEJIOM WJIM COCTOWT U3 HECKOJIBKUX YacTei, OTACIEHHBIX OJTHA
OT APYTOM.

BaxxHelmmM BOIIPOCOM SIBJISIETCSI BBIACHEHHME YCJIOBUW, MPU KOTOPBIX
CUCTEMA, COCTOSAIIAS U3 ABYX WU HECKOJBKHUX (Pa3, HAXOIUTCS B PABHOBECHH.
[Tocnennee BKItOUaeT B ceOsi MEXaHMUECKOE M TEIIOBOE paBHOBecue. s Te-
IUIOBOTO PaBHOBECHS HEOOXOAMMO, YTOOBI Bce (pa3bl CHCTEMbl UMEN OJHY U
Ty e Temmeparypy. HeoOXoaumbIM yCIOBHEM MEXaHUUYECKOTO0 PaBHOBECHS
SIBJISICTCSI PAaBEHCTBO JIABJICHUH TIO pa3HbIC CTOPOHBI TPAHUITBI pa3jielia COMpH-
Kacaromuxcs ¢as.

PaBeHCTBO naBieHUI U TeMIepaTyp €ui€ HE 03HAYAET, UTO CUCTEMA Ha-
XOJIUTCS B PABHOBECHH, TaK KaK COMpuKacaroniuecs (a3sl MOTYT MPEBpaIIaTh-
cs Ipyr B apyra. Takue mpeBparieHus Ha3bIBarOTCSA (Pa30BBIMHU IpeBparie-
Husmu. [Ipy pa3oBeIx mpeBpameHnsXx ogHu (a3bl pacTyT, APyrue yMeHbIIa-
IOTCSI M TaJKE€ MOTYT COBCeM Hcue3HyTh. COCTOSIHUE PaBHOBECHS XapaKTePU3y-
€TCSl TEM, YTO MAacCChl BceX (pa3 CUCTEMBI OCTalOTCs Henm3MeHHbIMU. CrenoBa-
TEIHHO, JIOJDKHO OBITh BBITIOJHEHO €II€ OJTHO HeOOXOAMMOE YCIOBUE PaBHO-
BECHS — PAaBHOBECHE MO OTHOIIEHUIO K B3aUMHBIM MPEBPAIICHUSIM (a3.

BooOuie ¢a3zoBoe paBHOBecHE MKy JIIOOBIMU ABYMA (a3zaMu HE SBIIS-
€TCSl CTATUYECKUM COCTOSIHHEM, B KOTOPOM TOJIHOCTBIO TIPEeKpararTcs (a3zo-
BbIE MIPEBPAIICHHMS, & XapaKTEPU3YETCs] PABEHCTBOM CPETHUX CKOPOCTEH ABYX
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B3aMMHO ITPOTUBONOJIOMXKHBIX IIPOLECCOB: MPEBPAIEHUs NepBOil (a3bl BO BTO-
pYIO U O0OpaTHOTO IMpeBpalleHuss BTopor ¢a3bl B nepByro. Ilpu paBHOBecun
3TU IPOTHUBOIIOJIOKHBIE MPOLECCHl B3aMMHO KOMIICHCUPYIOT IPYr Apyra, Kak
TOro TpeOyeT MPHUHIIMII IeTATbHOTO paBHOBecHs. biarogapst aTomy Komu4ecT-
BO BEILECTBA B KAX10M (ha3e B CpeTHEM OCTAETCSI HEU3MEHHBIM.

[Tpumepamu ¢Ga3z0BBIX MPEBpPALICHUI MOTYT CIYKUTh U3MEHEHHUS arpe-
raTHOrO COCTOSIHMs BemecTBa. [loJ arperaTHbIMHU COCTOSIHUSIMUA TOHHUMAKOT
TBEPIOE, )KUJIKOE U razo00pa3HOe cocTosHUS BemlecTBa. Ilepexon BemiecTra
13 oAHOM (ha3bl B IPYTYI0 OOBIYHO COMPOBOXKAACTCS MOTJIOIICHUEM WUIIU BbI-
JEJIEHUEM HEKOTOPOr0 KOJIMYECTBA TEIUIOTHI, KOTOPask HA3bIBACTCS TEINIOTOU
¢azoBoro npespanienus. Hanpumep, npu TasHuuU JipAa NOTIOMIAETCS TEIIIOTA
IUTABJICHMS, ITPU 3aMEP3aHUN BOJBI BBIJIECISAETCS TAKOE e KOJINYECTBO TEILIO-
Thl. [lepexopl, COMPOBOXKAAOIIMECS MOTJIOLICHUEM I BBIICICHUEM TEIUIO-
Thl, HA3bIBAIOTCS ()a30BBIMU MPEBPAILIEHUSIMHU IEPBOTIO POJA.

TBEpAOE M )KUJIKOE COCTOSHMSI HAa3bIBAIOTCS KOHJAECHCUPOBAHHBIMHU. [la-
pooOpa3oBaHMEM Ha3bIBAIOT MEPEXOJ BEIECTBA M3 KOHAECHCHPOBAHHOIO CO-
CTOSIHMSI B razoo0Opa3zHoe. OOpaTHbI Iepexoj] HA3bIBACTCA KOHJECHCALMEH.
[TapooGpazoBaHue, MPOUCXOASAIIEE TOJBKO HA TOBEPXHOCTH KUIKOCTH, HA3bI-
BaeTcsl ucnapeHueM. [lapooOpazoBanue no Bcemy o0beMy KUAKOCTH Ha3bIBa-
ercsa kuneHrneM. OHO MPOUCXOIUT NPU ONPEAEIEHHOM TEMIIEPATYpE, 3aBUCH-
mer oT gasieHus. llepexon u3 TBEPIOTO COCTOSHUS HEMOCPEACTBEHHO B Ta-
3000pa3HOE Ha3bIBAETCS CyOnMMaleil uiam Bo3roukou. Ilepexon us TBEpaoro
COCTOSIHUS B JKUJKOE€ Ha3bIBACTCS IJIABJICHUEM, & OOpAaTHBIN MEPEXO U3 KU -
KOI'O COCTOSIHMSI B TBEPIOE — 3aTBEPACBAHUEM WM KPUCTAIIIN3ALMEH.

TBEpAOE COCTOSHHME BEIIECTBA MOXKET PEaJU30BaThCS B Pa3IUUYHBIX
KPUCTAIUTMUECKUX MOAUPUKAIUAX. DTO SIBICHHUE Ha3bIBACTCS MOIUMOPPU3-
mMoM. Hampumep, TBEpABIN yriepoa MOXKET CYIIECTBOBAaTh B BUiE Tpaduta
WIH aJIMa3a, KOTOPbIE OTIMYAOTCA APYT OT APyra KpUCTAIUINYECKON CTPYKTY-
poii. IIpu n3mMeHeHnn TeMreparypsl U JaBIEHUS BEUIECTBA MOTYT IEPEXOIUTh
U3 OJHOW KpHUCTaNIMYeCKOW Moaudukauuu B Apyryro. Takue mpeBpalieHus
TaK)K€ OTHOCSATCS K 4Mciy (pa3oBbIX mpeBpaiieHud. OHU HE CBA3aHBI C IO-
TJIONIEHUEM WJIM BBIIEJIEHUEM TEIUIOThI U Ha3bIBAIOTCS (pa30BBIMU MpEBpalle-
HUAMH BTOporo pona. [Ipu $ha3oBbIX npeBpamieHusIx BTOpOro poJia MiIoTHOCTh
BELIECTBA HE U3MEHAETCS, B TO K€ BPEMSI CKAUKOOOPa3HO U3MEHSIOTCA YIENb-
Has TEMJI0EMKOCTh U HEKOTOpHBIE Ipyrue BeanyuHsbl. [IpuMepom npeBpaieHus
BTOPOTO POJia MOXKET CIYKUTb IEPEexo] keje3a U3 (peppoMarHUTHOTO CO-
CTOSIHMSI B NAPAMAarHUTHOE, KOTOPBIA MPOUCXOAMT MPU TEMIEPATYPE, HA3bI-
BaeMoi Toukou Kropu.

COBOKYNHOCTbh COCTOSIHUI PaBHOBECHSI HECKOJIbKHMX (a3 u300paxaercs
Ha nuarpamme coctossaus BemectBa (P, T) kpuBeiMu p= f(T) (cm. puc. 1).
OTU KpUBbBIE ONPEIEISIOT TAKUE COCTOSIHUS, B KOTOPBIX BELIECTBO MPU HEU3-

MEHHBIX BHEITHUX YCJIOBHUAX MPEOBIBACT CKOJIb YrOAHO 10Jro. CTposTCs nua-
rpaMMbl PABHOBECHBIX COCTOSIHUI HA OCHOBE KCIIEPUMEHTAIbHBIX JaHHbIX.
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KpuBble mnaBieHus, UCHapeHUs U CyOJMMAalMKU pa3OUBaIOT KOOPHU-
HATHYIO TUIOCKOCTh P—T Ha Tpu oOnactu. CieBa OT KPUBBIX CYOJIMMALMH U

TJIaBJICHUS JISKHUT 007aCTh TBEPIOU (ha3bl, MEKIy KPUBBIMU IIJIABJICHUS U HIC-
MapeHusl 3aKII0YeHa 00JacTh JKUIKUX COCTOSHHWM, W, HAKOHEI, CIpaBa OT
KPUBBIX HCIApEHUsI U CyOIMMalny IpOCTHPAETCS 00JIacTh ra3000pa3HbIX CO-
cTosHUM. Bcesikast Touka B OJIHOM M3 ATUX oO0jacTedl m300pakaeT COOTBETCT-
Bylolee oHo(a3HOE COCTOsSIHME BeriecTBa. JIroOas Touka, Jiexkaias Ha OJ-
HOM M3 pa3rpaHUYMBAIONINX 00JIACTH KPHUBBIX, ONIPEICIISICT YCIOBUS PaBHOBE-
CHUs JIBYX COOTBETCTBYIOIIUX (pa3 BemiecTBa. Tpu ¢a3bl OJTHOTO U TOTO Ke Be-
mecTBa (TBEpAs, KUAKas U Ta3000pa3Hasi, WIM KUJKas U JIBE TBEPJIbIE, UIIH,
HaKOHEIl, TpU TBEP/bIC) MOTYT HaXOJUTHCS B PABHOBECUHU TOJIBKO IPH €UH-
CTBEHHBIX 3HAUYEHHUAX TEMIEPATypbl U JABICHUS, KOTOPbIM Ha JUarpamme
(p, T) coorBercTBYyeT TOYKA, Ha3pIBaeMas TPOWHOW. B TpoitHOW TOYKe CXO-

JISITCSL TPU KPUBBIE paBHOBECHs (a3, B3ATHIX momnapHo (puc. 1).

ph JuarpamMma COCTOSIHUSI TIO3BO-
JISIET OMNpPEJENINTh, Kakue IpeBpaliie-

YXunakas P ’ PeBp
Kpusas Kpusas HUsi OyJeT mperepreBaTh BEIIECTBO
nna.sneHus vcnapenms TP PA3THHEHBIX TPOTECCaX. Hamnpu-
o——|—/— o Mep, €CJIU B3ATh BELIECTBO B COCTOS-
1 2 HUU, H300pakaeMoM ToukoM 1 Ha
Teéppas . -
pa Fas006pasHas puc. 1, u moABEpruyTh €ro U3o0dapu
Pot===== Tp < YECKOMY HarpeBaHUIO, TO BEIIECTBO
| . 615’:;2””” OyJleT IPOXOAUTH H300PAKEHHYIO
2_ L _ﬁ y H IITPUXOBOU mpsiMon 1—2 mocnenosa-
: TEIBHOCTh COCTOSIHHM: KPHUCTAJUIBl —
- > XKUIKOCTh — ra3. Ecnm xe B3sTh Be-
0 T, T IIECTBO B COCTOSHHUH, H300pakacMOM
Puc. 1. luarpamMma paBHOBecHOTO ~ TOUKOH 3, ¥ TaKKe MOJBEPTHYTh U30-
COCTOSIHUS BEIIIECTBa 6apI/I‘{eCKOMy Harp€BaHHUIO, TO IIO-

CJIeIOBATENLHOCTh COCTOSIHUN 3—4
OyIneT WHOW: KPHUCTAJUIbl MPEBPAIIAIOTCS HEMOCPEICTBEHHO B Ta3, MHUHYS
KUAKYIO (Bazy.
B nanHoilt pabote u3ydaeTcsi olHO U3 (Ha30BbIX MPEBPAIEHUN BEIECT-
Ba — 3aTBEpJeBaHME, WK KpucTamumsanus. [Iporecc kpucramm3auuu cBa3aH
C BBIJICJICHHMEM KOJIMYECTBA TEIUIOThI, PABHOTO TEIJIOTE IJiaBjieHus. s xu-
MHUYECKH YUCTHIX BEIIECTB MPOLECC KPUCTAILIU3AIUMU MPOTEKAET MPU MOCTO-
SSHHOW TemIepaType, paBHOW TeMIieparype IuiaBjieHus. B nporecce kpucrai-
JU3aluy YIOPSA0UYUBACTCS JBUKEHUE YACTHUIl KUAKOCTH, MOCTEINEHHO IIpe-
KpalllaeTcsl MepeMEIICHUE MOJIEKYJI, BOSHUKAIOT CBSI3aHHbBIEC TEIJIOBBIE KOJIE-
O0aHMS OTHOCHUTENBHO Y3JIOB KpPUCTALTMYECKON peméTrku. [[ns Hauvana kpu-
CTaJUTU3AIMN HEOOXOUMO, YTOOBI B KUJIKOCTH UMENHCH IEHTPHI KPUCTAJUTHU-
3alUi — HEOJHOPOJHOCTH, BOKPYT KOTOPBIX HAYMHAETCS MpOIecC 0Opa3oBa-
HUs TBepAoi (a3bl. Eciu B KUAKOCTH OTCYTCTBYIOT IIEHTPHI KPUCTAIUTA3AINH,
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TO OHA MOXKET OBITh OXJIAKJICHA JIO TeMIIepaTyphl, 00Jiee HU3KOU, YEM TeMIIe-
paTypa KpucTajuii3anuu. B oOBIYHBIX YCIIOBHUSAX 3TOT0, KaK MPaBUIIO0, HE MPO-
HCXOIUT.

KonnuecTBo TemnoTkl, KOTOPOE HEOOXOAUMO OTBECTH OT €AUHUIIBI Mac-
ChI KUJKOCTH IIPU TEMIIEPATypPEe KPUCTAILIU3ALUNM ISl IEPEXOAA )KUIKOCTH B
TBEPJ0€ COCTOSIHHEC, HA3bIBACTCS YIACIBHOW TEIIOTOM KPUCTALIM3ALUK A, .

W3 nepBoro Hayana tepmoarHaMuku 0Q = dU + OA cieayet
rAy,=U,, —U, +PV, +V,),

rne U ~u U  — BHYTpeHHSs SHEPrHs €AMHULIBI MAacChl B TBEPIOM U KUIKOM

o
cocrosgnusx; V,, nV  — ynenbHbld 006EM TBEPIOH 1 KUIKOH (a3l COOTBET-
cTBeHHO; P — naBnenue B npouecce kpucramuusanuu. [lockoneky mpu nepe-
XOJI€ M3 XKHUJKOTO B TBEPJOE COCTOSHUE 00BEM OJI0BA NIPAKTUYECKU HE MEHS-
ercst, umeem P(V, -V ) U —U_ . BaTtom ciydae

kkpzume_uofc' (1)
[Ipocreitmen MOAEIBIO OXIAXKIACHUS TEJIA SIBJISIETCS OXJIAXKICHUE B Cpe-
Jie ¢ TIOCTOSIHHO# Temmepatypoit T, (B Tepmocrare). Ecin nporece oxiaxie-

HUS MPOUCXOAUT JOCTATOUYHO MEJIEHHO, TEMIEPATYPY MPOU3BOIBHON TOUYKU
TeJa B KaXIbIW MOMEHT BPEMEHHU MOKHO CUMTATh OJWHAKOBOM. Takou mpo-
LECC OXJIAKJEHHUS COCTOUT U3 HETPEPBIBHO CIEIYIOUIUX APYT 32 APYTOM paB-
HOBECHBIX COCTOSIHUW M, CJIEJ0BATENbHO, SIBISETCS KBa3UCTATUYECKUM 00pa-
TUMBIM IIPOLIECCOM.

[IpuMeHUM 3aKOH COXPAHEHHUS SHEPTUH K KBAa3MCTATHYECKOMY IIpOLEC-
Cy OXJI&KJEHUS TBEPAOTO 0JI0BA IOCIE KPUCTAIUIA3ALUY:

(c,M, +¢c,M_)dT +ac(T -T_)dt=0, (2)
rie (C,M,+c,M_)dT <0 — xonu4ecTBO TEIIOTHI, OTAAHHOE TEJIOM Cpeie
npu ero oxnaxaennu 3a Bpems dt; oc(T —T_)dt >0 — KoaM4ecTBO TEMIOTHI,
MIOJIyYEHHOE OKPYXKAIOILIEH CPeAO Yepe3 MOBEPXHOCTh aMITyJIbl IUIOMAABI0 G
3a Bpems dt; C, M C, — y/elbHBIC TEIUIOEMKOCTH OJI0Ba M MaTepuaja aMIry-
ae1; M, m M, — maccel onoBa 1 ammysiel; | — Temmeparypa TBEPIOTO 0JIOBA;
T, — Temmeparypa OKpYKarollen cpelibl; o — KO3(DPUIHMEHT TEIIO0TAAYH C
IOBEPXHOCTH aMITyJIbl B OKPY>KalOLIYIO CPELy.

[IpumeHsis 3aKOH COXpAHEHUs 3HEPruu K IPOLECCY KPUCTALIA3ALUU
0JIOBA, MOKHO IOJIYYUTh YPaBHEHUE

hoM, +ac(T, -T,,)AT,, =0, (3)
rae A,M,=Q_ — KOJMYECTBO TEIUIOTHI, OTIAHHOC OJOBOM IIPH €r0 KpH-

CTaJllIM3alliu 3a BpEMs KpUCTAJIIN3alluN A‘CKP. Tak kak TEmiao OTAAHO OKpYy-

Karomel cpene, To Q_ <0. Bropoil uneH cyMMmsl OLG(TKP —Tcp)Ath >0 —

Kp
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KOJIMYECTBO TEIUIOTHI, MOJYYEHHOE OKPYKAIOILIEH CPeoil yepe3 MOBEPXHOCTh
aMITyJIbl 332 BPEMSI KPUCTAJUTU3ALNH.
N3 cootHomenuii (2) u (3) cienyer, 4To
At T, -T,dT
M, T-T, drt
[Ipormecc kpucTaIM3alUA MOXHO OMHUCATh (PYHKIHMEH COCTOSIHUSA Tep-
MOJAMHAMHUYECKON CHCTeMBbI — dHTponuel. [loHaTre YHTpONTMY BHEPBBIC OBLIO
BBEJICHO B TEPMOJIMHAMUKE JIJIs1 ONIPE/IeNICHUsI MEpPhl HEOOPATUMOTO PacCesHUS
SHEPTrUU. DHTPOMNUS IIUPOKO MPUMEHSIETCS U B JAPYTrUX OOJACTAX HAYKHU: B
CTaTUCTUYECKOUN (PU3UKE KaK MEpa BEPOSTHOCTH OCYIIECTBICHHS KAKOT0-JIMOO
MaKpOCKOITMYECKOTO COCTOSIHMSI; B TEOpUU MH(OpManMu — Mepa Heolpeje-
JTEHHOCTH KaKOT0-JTMOO OMbITa, KOTOPHIH MOKET UMETh Pa3HbIE UCXOJIBI.
[Tycts 6Q — nneMeHTapHOE KOJMYECTBO TEIUIOTHI, MOJTYYEHHOE WITU

}\’Kp:(CoMo-i_CaMa) (4)

OTJJaHHOE CHUCTEME IIPH MajiOM M3MEHCHUH €€ COCTOSHUSA, a | — TepPMOJHMHA-
MHUYECKasi TeMIlepaTypa HarpeBaTessl WM XOJIOAWIbHUKA, U3MEHSIOIIETO CO-
crosiuue 3Toi cucteMbl. Torma otnomenue 6Q/T B oGparumoM mporecce
SIBIIICTCS TOJHBIM U depeHIaTOM (YHKIIMH COCTOSHUS CUCTEMBI, TO €CTh
sHTpormu S . Takum oOpa3om, B 0OpaTHMOM TIpoIiecce Temreparypa | sBiis-
€TCSl MHTETPUPYIOLIUM JICITUTEICM, KOTOPBIH oOpalaer 3JEMEHTapHYIO Tell-
aoty 0Q B moaubli auddepennuan dS :

dS = 5_I_—Q (0OpaTUMBII TIPOIIECC).

Ecnu TepMoMHaMUYECKOW cucTeMe coOOIIaeTCsi KOJTMYECTBO TEIIOTHI
0Q B xo7e HEOOPATUMOTO MPOIECCa, TO SHTPOIHUS MOTYyYaeT, KpoMe TpHupa-

IIEHUS 5Q/T, 3HaK KOTOPOTO COBIIQJIa€T CO 3HAKOM OQ, MOJOKUTEIbHOE
npupaiieHue, o0yclIOBIEHHOE HEOOPAaTUMOCTHIO Mpoliecca. B utore

ds > i_—Q (HEOOpaTUMBIIA TPOIIECC).

OTcroga cnemyeT, 9To Mpu MPOTEKaHWHW HEOOpaTHUMOTO IMpoliecca B CUCTEME,
oTHmaroIIel TerioTy BHemmHed cpene (0Q <0), sHTponus MOXKET HE TOJBKO

BO3pacTaTh, HO M YOBIBaTh. JTO OyJAeT MMeTh MECTO B TOM ciydae, KOrjaa
|6Q/T| Gonbue Toii nonu npupaimenus suTpoNUH, KOTOPas 00yCIOBICHa He-

00paTUMOCTBIO MpoIlECcCa.

W3 onpeneneHus SHTPONKUY KaK BEJIMYMHBI, XapaKTEPU3YIOIIEeH BEpOsT-
HOCTb COCTOSIHUSI TEPMOJMHAMUYECKONW CHUCTEMBI, BBITEKAIOT CIEIyIOIIne €€
CBOMCTBA:

a) B XO0Jle HEoOpaTUMOTO MPOIeccCa IHTPOMUS TEPMOIUHAMUYECKON
CHUCTEMBbI BO3PACTAET;

0) PHTpONUs TEPMOJUHAMUYECKONW CHUCTEMBbI, HaXOSIICHCS B pPaBHO-
BECHOM COCTOSIHMM, MaKCUMAaJIbHa.
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VYTBepKaeHHUE O TOM, YTO SHTPOINHUSA TEPMOJNHAMUYECKOW CHCTEMBI
MOJKET TOJIBKO BO3pacTarh JIMOO MO JOCTUKEHUM MAKCHMaJbHOTO 3HAYCHUS
OCTaBaThCS MOCTOSIHHOM, HOCUT Ha3BaHHME 3aKOHA BO3PACTAHUS SHTPOIUU WU
BTOPOT0 Hayajga TEPMOJUHAMUKH.

C yuyéToMm BBIIIECKAa3aHHOIO PA3HOCTh SHTPONHUHU B JBYX COCTOSTHUSX
Ipy 0OpPaTUMOM IPOIIECCE paBHA

32_51:."8_'__(2_ (5)

B mporuiecce kpucTamuzanuy 0JI0BO OTAAET TEIUIO OKpYXKAIOIIeH cpeie mpu
T =const. [Ipu 5TOM KOIMUYECTBO TEIJIOTHI, OTAAHHOE OKPYKAIOIIeH cpee,

Q,=%,M,. (6)
N3 (5) u (6) ¢ yu€tom (1) cnenyer, uto

SZ—SlzM YT SZ—Slz(U’”“ U"’C)M". (7)

TK[J TKp
B npouecce KpUCTALIM3AIME IPOUCXOAUT YHOPSAOUNBAHUE CTPYKTYPBI
BEIIECTBA, BHYTPCHHSS YHEPIUS BELIECTBA YMEHBIIACTCS, YTO U NPUBOIUT K

Y6BIBaHI/II-O OHTPOIIMU CUCTCMEI.

Onucanue SKCI’lepuMeHma]leOZZ ycmaHoeKu

Bun skcniepumeHTalIbHOM ycTaHOBKH M300pak€éH Ha puc. 2. Ha nepen-
HEW MaHeJM PacIoOKeHbl: NUPPOBOM UHIAUKATOP TEpMOMETpa 2, TyMOJep
BKJIIOUCHHUS MMUTAHUSL «CETh» 7, TyMOJIEp BKJIIOUEHUS AJICKTPONMUTAHUS ME€UU
«HarpeB» 6, TymMOJep BKIIOUYEHHUS 3IEKTPONUTaHMs TepMomeTpa 1.

Awmriyna ¢ 0JIOBOM 4 OITyCKaeTcsi ¢ MIOMOIIbI0 YCTPOWMCTBA MEepeMeltie-
HUS B BJIEKTPUUYECKYIO MEUb 8, MUTAIOLIYIOCS MEPEMEHHBIM TOKOM, U Harpe-
BaeTcsa B HeW. [10 OKOHUaHMU I1aBJIEHUST BCEM MAacChl 0JIOBA aMITyJjia JOJDKHA
IIOAHUMATHCS U3 IIEYU U IIOABEMHOE YCTPOUCTBO CTOIIOPUTCS BUHTOM 3.

DJIEKTpUYECKas NIeYb 8§ HAXOAMUTCS BHYTPU KOPITYCa DKCIIEPUMEHTAIb-
HOI ycTaHOBKM 3. BHyTpH ammyJibl HaXOJUTCA METaJNIMYecKas TpyOKa-4exon
10, B xoTOpYy!O MOMEMIEH TepMOAATUHK 9. B kauecTBe TepMogaTUMKa B JaH-
HOM yCTaHOBKE HCIoyb3yeTcs auddepeHinanbias XpoMelb-KoreleBasi Tep-
Mormapa, TOpSAYni Criaii KOTOPOM HAaXOAUTCS B aMmIlyJie, a XOJIOAHbIA cral —
Ha Bo3nyxe. JlaTymk TemrepaTypbl COeIMHEH ¢ NU(DPOBHIM HHAMKATOPOM
TEMIIEPATYPHI 2.
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Puc. 2. Bua skcniepuMeHTaIbHOM YCTAHOBKHU: a — OOIIMI BUJT;
0 — cxeMaTH4eCcKoe N300paKeHNEe aMITyJIbl C OJIOBOM

Memoouxka sxcnepumenma

JUia onpeneneHus yAeIbHON TEIUIOThl KPUCTAIUIM3ALMH 0JIOBA U U3MeE-
HEHHUS SHTPONUM MpH (HA30BOM NEPEXOAE NEPBOro pojia HEOOXOAUMO U3MeE-
pHUTH TeMIepaTypy KpUCTALIN3AUUA T, , BpeMsl KPHCTAITH3ALMH 0JI0Ba AT,

a TaKkkKe BBIUMCIMTH npousBoanyro dT/dt ¢pynkuun T = f (r) BO BpeMsl OX-

JaXKJIeHUsI TBEPJIOrO OJOBA MOCJE MOJHOW KPUCTAIU3alUA. DTH BEIUYHUHBI
MOXHO HaWTH, U3MEPUB TEMIIEPATYPY OJIOBA B MPOILECCE OXJAKICHUS OT
TOJTHOTO pacIiaBa 10 TEMIIEPATyPhl OCTHIBIIETO 0JI0BA B KOHIIE OMbITA.

B nipunsATON MOAENH Mpouecc OXJa)XAEHUs TBEPAOrO OJ0BA OT TOYKH
MOJTHOW KpHUCTaJUIM3allMi OMHChIBaeTCS ypaBHeHHeM (4). PemieHue »Toro
YPaBHEHUSI UMEET BU/I:

0=0_e""", (8)

rne 6=T-T_; 6,=T_-T_; m=ac/(c,M,+c,M,); 1, — MOMeHT Bpe-

cp!
MEHH TOJIHOW KpucTaum3anuu. Kosdduuuent M Ha3bpIBalOT TEMIIOM OXJia-
xaeHusl. OH XapakTepUu3yeT OTHOCUTENbHYIO CKOPOCTh M3MEHEHHS TEMIIEpa-
Typsl Tena. TeMn OXJIAXKAEHUS MOXKHO OIPEICIIUTh U3 JUHEWHON 3aBUCUMO-
CTH, TIOJy4YeHHOH JiorapudmupoBanreM QyHKIUH (8):

In6=1In0,, —m(t—-7,). 9)
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[To TaHTeHCY yIila HAKJIOHA MPSIMOM, OIpenesieMoi BhipakeHHeM (9),
pPacCUMTHIBACTCS OTHOCHUTENBHAST CKOPOCTh M3MEHEHHUS TEMIIEpaTyphl OJIOBa
(TEMIT OXJIAXKICHHMS ):

_InB,,—Inb

)

VYuuteiBas (10) u (4), HaX0UM yIETbHYIO TEIUIOTY KPUCTAILTU3AIMH 0J0Ba

(10)

Kp

At,,
Ay, =—(c,M,+c,M,) v mo (11)

U U3BMCHCHHC SHTPOIINH IIPH (I)aBOBOM Iepexo e IICpBOro poaa

A
AS=S,-S,=—(c,M,+c,M,) Tpr mo,. (12)
Kp
PeaHBHBIﬁ HpOHeCC OXJIAXKACHU A COHpOBO)KJ:[aeTCH ABJICHUSAMM, BHOCS-
IIMUMHAU HOFpeHJHOCTB B OHpeI[eJIeHI/Ie yHeHBHOﬁ TCIIJIOTHI KpI/ICTaJIJII/BaI_[I/II/I
7\'Kp . ' maBHBIMM UCTOYHUKAMHU IMOT'PCINHOCTHU ABJIAIOTCA:

¢ OTKJIOHCHHUC IIpoHecCa OXJIAKACHUSA OT KBA3UCTATUYCCKOT' O,

® H3MEHEHUS TEMIEPATYPhI OKPYKAOIIEN CPEBI.
OTH TpoLECChl MPUBOIAT K METOJIMYECKOUN MOTPEIIHOCTH ONPEIEIICHHS

A, He mpeBsImaroniei =10 %.

Kp 2
Ilopsodok evinonnenuss pabomeol

1. VYOenuBmuch, 94To BCe TyMOJIEpbl HaXOJSATCS B HIDKHEM IOJIOXKeE-
HUU, BKJIIIOYUTE B CETh IIHYp MUTaHUs YCTaHOBKH. llepeBenure mepekioyda-
TEJIb «CETh)» Ha JIMIEBOI MaHEeIN B BEpXHEE MOJI0KCHHE.

2. OcnabbTe CTOMOPHBIM BUHT S5 MOIBEMHOTO YCTPOUCTBA U OMYCTHUTE
aMIyJly ¢ OJIOBOM 4 B IUIABWJIBHYIO JJIEKTPUYECKYIO meub 8. Bkirounte
TyMOJIepaMu «HArpeB» M «TEPMOMETP» DJIEKTPONUTAHUE TIJIaBUILHON TIEYH 1
uHIuKatopa TepmMometpa 2. Ilpm 3ToM Temmeparypa BHYTPH aMITyJIbl, OTO-
Opaxaemas uHAMKaTOpoM B °C, TOHKHA MTOCTETICHHO YBEIIMYUBATHCS CO Bpe-
MEHEM.

B Teuenne 10-15 MuUH 0J10BO, Haxojsileecss B CTAJIbHOW amImyiie,
JTOJDKHO paciiaBuThes. [Ipoliecc miaBieHUs] 0JIOBa JODKEH MPOUCXOJUTH
IpU TOCTOSTHHOM Temmnepartype miuaBieHus [, . [Ipu 3Tom nokaszaHust MHOU-

KaTopa TeMMEPATYPHOIO JaTyuKa MPaKTUYECKU HE M3MeHA0TCA. OKoOHYaHue
rpolecca IUIaBJIeHUs MOKHO ONPEAEIIUTh KAK MOMEHT BPEMEHH, MOCIE KOTO-
poOro TemIieparypa HA4MHAET PE3KO BO3pactarb. /11 HAHHOM YCTaHOBKHU
T =163+168 °C.
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Buumanue! He oonyckaiitme pazozpeea amnyivl ¢ 0J1060M 8bluie
200 °C. Imo npusedém K 6b1x00y yCmMaHOBGKU U3 CHPOA.

3. Ilpu nmoctwxenum temmeparypsl osioBa [ =190 °C  otkimrounte

AIEKTPOIICYb TYMOJIEPOM «HATrPEBY», OCIA0BTE CTOTIOPHBIN BHHT 5, MOIHUMHU-
T€ aMIyJy C OJIOBOM, BBITAIIIUB €€ U3 TIeUH, U 3aPUKCUPYHTE ITO TOJIOKCHHE
aMITyJIbI CTOTIOPHBIM BHHTOM.

4. Wcnonw3ys cekyHmomep, depe3 kaxasie 10-20 ¢ cHumaiite mokasa-
HUS IIUPPOBOTO MHAMUKATOpA TepMoMeTpa. V3MepeHus: mpoaopKaiTe 10 Tex
nop, Moka He OyIyT MPOHACHBI TpH 00JIaCcTH Mporecca oxXJaxaeHus (puc. 3):
| — o6macTh pacmnana, |l — obnacte kpucrammuzanuu u |1l — o61acTe oxnax-
AeHusl TBEPIOTO OJioBa. Bpemsi oOmbITa JODKHO COCTaBISATH HE MeEHeEe
14-16 muH. /lagHbIe 3aHecHTe B Ta0OII. 1.

Tadmuma 1
JlaHHBIE SKCTIEpUMEHTA
T, C 0 20 40 60 920
T, °C
T. KA 5. Tlo oxoH4YaHUH

W3MEPEHUN  BBIKIIFOYUTE
YCTaHOBKY, TIE€PEKIIIOUHB
BCE TyMOJepbl U Tiepe-
KJIIoYaTeldb  «CETh» B
HUKHEE TIOJI0KEHHE.

6. Ilocrpoiite
rpadux 3aBUCHUMOCTH
TeMIEpaTypbl OJ0OBa OT
Bpemenn T =f(t1). On-

peAeNuTe WHTEpBald Bpe-
MEHHU KpUCTAILTN3AIUN
onoBa At,, (WIMpUHA IIa-

Puc. 3. 3aBucumMocTh TEMIIEPATYPHI
OCTBIBAIOIIIETO OJIOBA OT BPEMEHU

TO Ha rpauKe) U TemIle-
paTypy KpHUCTaITU3aIluU
0JIOBa KaK CPEIHIOI TeM-
neparypy obsactu Kpucrawmsanuu T, = (T1 +T, ) / 2, a Tak’)ke MOMEHT Bpe-
MEHH TIOJIHOW KPUCTAIM3auu T, 1o rpaguky T = f (r) (cm. puc. 3).

7. TloctpoiiTe rpaguk 3aBUCUMOCTHU JioTapudma TeMIepaTrypbl OCThI-
Batorero osiosa ot BpemeHu InO= f (r—rkp). Mcnone3yst COOTHOIICHUE
(10), mo TaHreHCy yrjia HaKJIOHa KPUBOM OINPENETUTE OTHOCUTEIBHYIO CKO-

POCTb U3MEHEHHUS TEMIIEPATyphl Tesa (TEMIT OXJIaXACHH) M.
8. Paccuuraiite yzeapHYIO TEIUIOTY KPUCTAUIM3AIMHA OJI0BA A, U H3-

MEHEHHE SHTpONHH npu (PazoBoM nepexoe nepporo poaa no Gopmymnam (11)
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u (12) cooTBeTcTBeHHO. /[aHHBIE SKCITEPUMEHTAILHOM YCTAHOBKH TIPUBEACHBI
B Ta0II. 2.

Ta0muma 2
JlaHHbIe 1aOOpaTOPHOM YCTAHOBKH
Macca onosa M, 50+5r
Macca cranpHol ammynsl M 50r
VY nenbHas Temo€MKOCTh os10Ba C, 230 JIx/(xr - K)
V nenbHast TerioéMKocTh Matepuana ammyisl C, | 460 Ix/(kr - K)

9. VYuwuTbiBas MU3MEHEHHE TEMIIEpaTypbl BO BpEMsl KPHUCTAILIM3ALUU
osioBa (obmacthb |l Ha puc. 3), onpenenure abCOMIOTHYIO MOTPEITHOCTh TEM-
nepaTypsl KpucTaumsanuu T, 1o gopmyre:

2 2
AT, = JAT? ., +AT

Kp. cucm kp.cn !
T —<T_ >)° T
rac ATKp.cucm =0.5 OC’ ATKp.m — tc Z( Kp-& 1)KP ) - < TKp S Z kpi
n(n-— n

CpelHee 3HAueHHE TeMIIePaTyphl KPUCTALIM3AIMKA OJ0Ba; 1 . — I-¢ 3Haye-

Kp. i
HUE TeMIepaTypbl ojoBa Ha ydactke kpuctawuzanuu Il (cMm. puc. 3); n —
obmiee uncio 3HavyeHuit T, B mpenenax obiacTu Kpucraumsanm; t, — ko-
3(1)(1)I/II_II/ICHT CTBI-OIIGHT&, 3HA4YCHUC KOTOPOI'O BI>I6I/Ipa€TCH n3 Ta6JIPIHBI IIpu-
JIOKCHUAI.

10. Tak kak TeMI OXJIAXKIEHUS M ompenessuics Mo rpapuky 3aBUCH-

moctn In6=f(r—7,,), To abComOTHYIO MOrPEMIHOCTS 3TON BENTMYHMHBI
MOYKHO PacCUMUTaTh IO CIACIYIOIIEMY BbIPAKECHHUIO:
2 2
d(In6 ot
A(In ) At

rae A(In6)=InB,, —In6; At=1t-1,_; 6T=1,, —T; — MUHMMAaJIbHbIH UHTED-

BaJl BPEMEHH, WCIIOJIB3YyEeMBIA Ui mmojaydeHus 3aBucumoctu 1 = f(1);
d(In6) =(In6)
TEMITEPATYPhl OCTBHIBAIOIIETO OJIOBA, MCIOAB3YEMBIX MPU IMOCTPOCHHUU 3aBH-
cumoctu InO=f(t—1) (cm. m. 7).

.. —(nB). — MuHMMaNbHAs pa3HOCTh 3HAYCHHI JOorapudpma

11. Paccuutaiite aOCONMIOTHYHO U OTHOCUTEIBHYIO TOTPEIIHOCTU
YACIBbHON TEMIOTHI KPUCTAITU3AIMH 0JI0BA IO CIEAYIONUM (hopMyiam:

2
AM AT AA
Ak, =\ — |+ —=|; & =—2-100 %.
oYU m <T > Mo
Kp Kp
Breruncnure a6COHIOTHYIO N OTHOCHUTCJIBbHYI IOTIPpCIMHOCTH M3MCHCHHA OH-

Tponuu npu $Ha3oBOM MEPEXOJIE MEPBOrO PO MO CIETYIOUUM BbIPAKEHUSIM:
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2 2 2
AN AT
A(AS)=AS =+ AM, H == gy :M-loo %.
A, M, T, AS

12. 3anumuTe OKOHYATENbHBIE PE3yIbTaThl PACUETOB B BUJIE:

Ay, =k, AN (KDK/KT); g, = (%);
AS =AS + A(AS) (Ix/K); &, =... (%).

Bonpocwl u 3a0anus ons camokoHmpons

1. Uto HazbiBaeTcs ¢azoil TepMoaMHAMHUECKON cucTtembl? da3oBbie
MPEBPALIEHUS BEIIECTBA MIEPBOTO U BTOPOTO POAA.

2. Yro npexacraBisier coO0i auarpaMma paBHOBECHOT'O COCTOSIHUS Be-
miectBa? YeM onpenensieTcss TpoitHask TOUKa Ha 3TON Auarpamme?

3. Uro Ha3bpIBAE€TCA MPOLIECCOM KpUCTAJIM3aluuK BemecTBa? Kakue yc-
JIOBHSI HYKHBI JIJI1 BOSHUKHOBEHHUSI 3TOTO Tpolecca’?

4. Kak u3MeHsieTcsl BHYTPEHHSISI SHEPrUsl BEUIECTBA MIPU €ro MEepPexojie
W3 KUJKOTO COCTOSAHUSA B TBEpPI0€?

5. Uto Ha3bIBaeTCs YyAEIbHOM TEIUIOTOW KpHUCTauim3auuu? BeiBecTn
BeIpakeHue (11), onpenensiomiee yAeNbHYIO TEIUIOTY KPUCTALIU3AIMH 0JIOBA
IIPU OCTHIBAHUMU.

6. Copmynupyiite Bropoe Hadano TepMoauHamMuku. OObSICHUTE, YTO
Ha3bIBaeTcs dHTponueil. KakoBbl cBoMCTBa 3TON (PYHKIMU COCTOSIHUSI TEPMO-
JTUHAMHWYECKON CHUCTEMBI?

7. O0BsICHUTE METOIUKY IKCIIEPUMEHTA.

bubnuoepaguueckuii cnucok

1. CaBenveB N.B. Kypc ¢usuku. T. 1. Mexanuka. MonekynsipHas ¢pu-
3uka. M.: Hayka, 1989. C. 315-325.

2. letnad A.A., ABopckuii b.M. Kypc dusuku: yued. mocodue s By-
30B. 8-¢ 3., crepeotuit. M.: Akagemus, 2009. C. 154-166.

3. Cuyxun [1.B. O6mmuii kypc ¢usuku. T. 2. Tepmongunamuka u moJe-
KyssipHast pusuka. M.: ®uzmatiut, 2003. C. 457-496.
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[Tpunoxenue

3nadenust ko3¢ durmenta CThIOACHTA 711 BETUYHH
noBeputenbHoi BepositHoctu P =0.9; 0.95

Y Pa3JINYHOIO YMCJIA U3MEPEHUM N

p p

n 0.9 095 | " 0.9 0.95

2 | 6313 | 12706 | 28 | 1.7033 | 2.0518
3 | 292 | 4302 |29 | 17011 | 2.0484
4 | 23534 | 3182 | 30 | 1.6991 | 2.0452
5 | 21318 | 2.776 | 32 | 1.6973 | 2.0423
6 | 2015 | 257 | 34| 1693 | 2036
7 | 1943 | 2446 | 36 | 1.6909 | 2.0322
8 | 1.8046 | 2.3646 | 38 | 1.6883 | 2.0281
9 | 1.8596 | 2306 | 40 | 1.686 | 2.0244
10 | 1.8331 | 2.2622 | 42 | 1.6839 | 2.0211
11 | 18125 | 2.2281 | 44 | 1682 | 2018
12 | 1795 | 2201 | 46 | 1.6802 | 2.0154
13 | 1.7823 | 2.1788 | 48 | 1.6767 | 2.0129
14 | 1.7709 | 2.1604 | 50 | 1.6772 | 2.0106
15 | 1.7613 | 2.1448 | 55 | 1.6759 | 2.0086
16 | 1753 | 21314 | 60 | 1673 | 2.004
17 | 1745 | 2119 | 65| 1.6706 | 2.0003
18 | 1.7396 | 2.1098 | 70 | 1.6686 | 1.997
10 | 1.7341 | 2.1009 | 80 | 1.6689 | 1.9944
20 | 1.7291 | 2093 | 90 | 1664 1.99

21 | 1.7247 | 2086 |100| 1.662 | 1.9867
22 | 172 | 2079 [120| 1.6602 | 1.984
23 | 1.7117 | 2.0739 |150| 1.6577 | 1.9719
24 | 1.7139 | 2.0687 |200| 1.6551 | 1.9759
25 | 1.7109 | 2.0639 | 250 | 1.6525 | 1.9719
26 | 1.7081 | 2.0595 |300| 1.651 | 1.9695
27 | 1.705 | 2059 |400| 1.6499 | 1.9679




