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B pexume oxyaxkneHus1 UCClefOBaHa TeEMIEpPaTypHasl 3aBUCUMOCTD YIEIbHOM TEIUIOEMKOCTU U M3MEHE-
HUI TepMoaHaMUYeCKUX QYHKIIMi cruiaBoB cucteMbl Mg—La B untepBaie temmepatyp 300—700 K. ITo-
Ka3aHo, YTO C yBeJIMYEHMEM KOHLIEHTPALUM JIAHTaHA TeIUIOEMKOCTh MarHust 0COOEHHO Mpu J00aBKe JIaH-
TaHa oT 5 10 10% 3aMeTHO YMEHBIIAeTCs, a C POCTOM TEMIIEPATYPhl PACTET. YCTAHOBJIEHO, YTO C POCTOM
TeMIIepaTyphbl SHTAILIIMS U SHTPOIIUS CILUIABOB YBEIUUMBAIOTCS, a 3HaUeHUSI SHepruu [166ca ymeHbIa-
I0TCSI. 3aBUCUMOCTb 3TUX (DYHKIIMI OT coAepKaHus JIJAaHTaHAa B MarHUU UMeeT 0OpaTHBIN XapakTep.
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BBEAEHUE

MarHuii TIpeacTaBiisieT MHTepeC IS pasIMIHbIX
MPaKTUYECKUX MPUIOXKEHUI, TOCKOIbKY UMEET BhI-
COKYIO YIEIbHYIO IIPOYHOCTh U XXECTKOCTh, 001agaeT
XOPOIIMMHU IeMI(UPYIOIUMHI XapaKTepUCTUKAMU U
BCE 3TO B COUYETAHUU C MAJIOi TIOTHOCTHIO. JIJ1st cpaB-
HEHMS: TUIOTHOCTh MarHus pasHa 1.737 r/cM3, uto
MeHBbIIIe TIJIOTHOCTH XeJe3a B 4.5 paza, Mmeau B 5 pas,
ThTaHa B 2.6 pa3a 1 amoMuHus B 1.5 paza. CoueTaHue
MEepPeUnCIIEHHBIX CBOICTB MO3BOJISIET UCCIIEIOBATE-
JIIM paccMaTpUBaTh MarHWii U €ro CIUIaBbl B Kade-
CTBE TIePCIIEKTUBHBIX MaTePHUAJIOB JJIs aBTO- U aBUa-
CTpOEHMUsI, TAe BBICOKAs yaeIbHAsI MTPOYHOCTh SIBJISI-
€TCd Ba’XHbIM ITapaMETPOM Jisd pCIICHUA 3aJa4uu I10
CHIXXEHMIO Beca uznenuii [1-3].

DKCIIepUMEHTaIbHbIE UCCIEHOBAHUS U TIOJIyde-
HUE TOCTOBEPHBIX CBEAEHUI O (PUBUKO-XUMUIECKUX,
TEPMOIVUHAMMNYECKIMX U IPYTUX CBOMCTBAX METaJINUE-
CKMX CUCTEM C Pa3HBIMM OCHOBAMU ITO3BOJISIIOT yCTa-
HOBUTH 3aKOHOMEPHOCTH M3MEHEHUS X B 3aBUCHMO-
CTH OT IIPUPOIBI JIETUPYIOIINX 100aBoK. Takue mcciie-
JOBaHWS IS JIETKMX METAJUIMYECKUX CIJIABOB Ha
OCHOBE MarHusi, JerMpOBaHHBIX JAHTAHUAAMHU, IMe-
IOT BaXKHOE HayyHOE U ITPUK/IagHOe 3HaYeHe. Marau-
eBbI€ CIUIABBI IIPOSIBJISIOT HEOOXOMMMBIE SKCIIIyaTa-
LMOHHBIE XapaKTEPUCTUKM, YIOBIETBOPSIOLINE TTO-
TPEGHOCTSIM COBPEMEHHBIX OTpaciieil TEXHUKH U
TexHosoruu [4—6].

MarHuii 1 ero cIuiaBbl B paciiiaBJ€HHOM COCTOsI-
HWMW SHECPIrUYHO pCarupyror ¢ KNCJIOpoaoM 1 IMMOSTOMY
3aroparoTcda Ha BO3IYyXEC. B cBs13u ¢ aTIM IIpn TIJTaBKE
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HeoO0XoanMO NPUMEHEHNE CeUaJIbHbIX MEP 3alllv-
Thl pacIUIaBJIEHHOTO MeTajlyla OT KOHTaKTa C BO3/y-
xoM. ITo3TOMYy MOXHO HPUMEHUTH METOJ IUIaBKU
nox ciioeM ¢irocoB. OCHOBHOE HazHaueHUE (QIIIOCOB
3aKJII049aeTcs B 00pa30BaHUU Ha MOBEPXHOCTH KM/ -
KOro MeTa/Ula B BaHHE 3allIMTHOIO MOKPOBa, NU30JI1-
PYIOIIEro paciuiaB OT KOHTaKTa C BO3IYXOM, U B yaa-
JIEHU U3 HETO OKMCJIOB U HUTPUIOB, 00pa3yIOIIMXCS
BO BpeMsI maBku [7—9].

Llenbio paboOTHI SBISIETCS MCCIEIOBAHNE TEMIIe-
paTypHOI 3aBUCUMOCTHU TEIIOPU3NIECKIX CBOMCTB
1 U3MEHEHUI TepMOIMHAMUYECKUX (PYHKIIUI cIIjia-
BOB cucTeMbl Mg—La.

OKCITEPUMEHTAJIBHBIE PE3VIIbTATbI

TennmoeMKOCTb IIpeACTaBIsIET COOO0I OMTHO M3 BaXK-
HeNIMX (pU3NISCKUX CBOMCTB TBEPABIX TEJI, XapaKTe-
PU3YIOLIUX U3MEHEHNE COCTOSTHUS BEIECTBA C TEM-
neparypoii. zydeHune TeIITIOeMKOCTH SIBJISIETCSI OMHUM
W13 OCHOBHBIX METOJIOB MCCJIEIOBAHMUS CTPYKTYPHBIX U
¢a30BBIX IpeBpalieHnii B cruraBax [ 10—12].

B nutepatype cyliecTByeT MHOIO METOIOB DKCIIe-
PUMEHTAJILHOTO M3YyYeHMsI TEIUIOEMKOCTH TBEPHBIX
TeJI, XapaKTepU3YIOIINX M3MEHEHUE COCTOSIHUS Be-
IeCcTBa Npu U3MeHsonIeiics temneparype. CambiM
pacIpoCcTpaHeHHBIM SIBJISIETCSI METOI CPAaBHEHUSI CKO-
pOCTeil OXJTAXKICHMSI IByX 00pas3loB (MCCICAyeMOTo U
3TAJIOHHOTO) 10 3aKOoHY oxaaxkaeHust Herorona—Pux-
MaHa, ITO3BOJISIIOLIMIA HEMOCPEICTBEHHO OIpPeNeIsiTh
HE TOJBKO TEIIJIOEMKOCTh, HO M TeMIleparypy ¢da3o-
BbIX MpPEBpAIEHUI U Apyrue (pusnyeckue xapaxkre-
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Puc. 1. 3aBucMMOCTH TeMIlepaTypbl OT BpeMeHHU (a) u
CKOPOCTH OXJIAXKIAEHUST OT TeMmIieparypsl (0) o obpas-
oB: / — aranoHa, 2 — cruiaBa Mg+ 0.1La, 3— Mg+ 0.5La,
4— Mg+ 5.0La, 5— Mg+ 10.0La.

PUCTUKM TBEpIOTO Tejia. MeTon cpaBHEHMSI CKOPO-
CTell OXJIaXKIECHMSI IBYX 00Pa310B 1a€T BO3MOXHOCTh
C IOCTOBEPHOM TOYHOCTBIO ONIPEALIISITh TEMIIEPATYPY
U TeTioBble 3(PGeKThl 0€3 3HAYUTEIBbHOIO U3MEHE-
HUS yIEJIbHOTO 00beMa CUCTEMBI, a TaKxKe 3aBUCH-
MOCTbD TEeTIJIOEMKOCTHU BEIIIECTB OT TeMIIEPaTYPHIL.
HccnemoBanust TeMnepaTypHOI 3aBUCUMOCTH TEII-
JIOEMKOCTH CITIABOB IIPOBOIMIIVICH B pEXXKIME OXJIaXKIe-
HUS C TPUMEHEHUEM KOMITBIOTEPHOM TEXHUKM U MTPO-
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rpamMMbI Sigma Plot. B kauecTBe 3TajmoHa UCIIoIb30BalI-
cs1 marauit mapku Mr90 (FOCT 804-62). Atnaparypa
1 METOJIbl UBMEPEHUSI paHee OMYCaHbI B ITyOIMKaLIM -
ax [13—-22].

O0paboTKa pe3ybTaTOB M3MEPEHUI OCYIIECTB-
Jis1ach ¢ TIoMolIbio TiporpamMmMsbl “MS Excel”. Koad-
dunueHT Koppemstuuu R > 0.995, uTo rmoarBepXKaaeT
MPaBUJIBHOCTD BRIOOpA anMpOKCUMUpPYIOLIeil hyHK-
uuu. g onpeaeeHust TeMIlepaTypbl UCITOJIb30Ball-
Cs1 MHOTOKaHaJIbHBIN LIU(PPOBOIM TEPMOMETpP, KOTO-
PBIif TI03BOJISIET (DUKCUPOBATh PE3YJIbTaThl U3BMEPEHUI
MPpSIMO Ha KoMITbloTepe B Buae Tadyuil. Ilar nsmepe-
Hus TemnepaTypbl coctapisii 0.1°C, BpeMeHHOI WH-
TepBaJl pukcauuu temriepatypsl — 10 c¢. OTHOCHU-
TelIbHasI OIIMOKa U3MEPEeHUSI TeMIIEpaTyphl paBHA
+1% B unrepsaine ot 40 mo 400°C u +2.5% — BhILIE
400°C. ITorpeiHoCTh U3MEPEHUS TEMIOEMKOCTH 10
rpeaiaraeMoit MeToauke He TpeBbIiiacT 4%.

CraBbl VTS UCCIIEIOBAHMS MOJTyYaIUCh B IIAXTHOM
JaboparopHoil meun cornpotuBiaeHus tumna CIIOJI
(COIpOTHUBJIEHUE IIAXTHOE OIMBITHOE JIa0OPaTOPHOE)
B uHTepBasie Temnepatyp 750—850°C u3 Metauinye-
CKOTro MarHusi Mapku Mr90 u MeTaaindeckoro JiaH-
taHa. ComepxkaHue JJaHTaHa B MATHUUM COCTaBUJIO 10
10 mac. %. B kadecTBe (pirroca mpu IUIaBKe CILUIABOB
MIPUMEHSJICSI YHUBEpCcaJIbHbI (toc Mapku BU-3.
M3 noayyeHHBIX CIIJIaBOB B rpaUTOBYIO U3JOXKHUILY
OTJIUBAJIUCH LIWJIMHAPUYECKUE 00paslibl AUaMETPOM
16 MM 1 HOI 30 MM.

st pacyeTa TEMI0EMKOCTH CILJIABOB HEOOXOM M-
MBI JaHHBIE O CKOPOCTSIX OXJIaXKACHUSI 00pa3lioB U3
CIJIABOB M TEMJIOEMKOCTU 3TajloHa. TepMorpaMMebl
HUCCIeAyeMBIX CIUIaBOB IIpeICTaBIIeHBI Ha puc. la.
IMpoluecchl oxytaxkaeHUs Il BCeX UCCAeIOBAaHHBIX
00pas3oB MogoOHEI. [1py oxmaxkaeHUN Ha KPUBBIX
T = f(T) nnsg o6pas3loB U3 CIUIAaBOB CUCTEMbI Mar-
HU—JIaHTaH He 0OHApPYXXeHO TEPMUUYECKHUX OCTaHO-
BOK, CBI3aHHBIX C (Da30BBIM MEPEXOIOM WJIM IIPEBpa-
IIEHUEM.

IMonydeHHBIC 3aBUCUMOCTH TeMIIEpaTyphl 06pa3-
IIOB OT BPEMEHH C TOCTATOYHOM TOYHOCTBIO OMMCHI-
BalOTCS ypaBHEHUEM BUIA

-b —k

T=ae " + pe ", (1)
e a b, p, k — NOCTOSIHHbIE BEJIMYUHBI IJIs1 JAHHOTO
oOpasia, T — BpeMsl OXJIaxKIAeHUS.

KpuBbie 3aBUCMMOCTE CKOPOCTEM OXJIaXKIeHUS OT
TeMIiepaTyphbl ISl CIUIaBOB cucteMbl Mg—La npen-
CTaBJIeHbl Ha puc. 10.

JduddepeHuupys ypaBHeHue (1) 1Mo T, mojydyaem
ypaBHEHMeE JJIs1 ONpeAeeHUS] CKOPOCTU OXJIaXKIASHUS
0o0pa3uoB

T -b —k
dT _ —abe™" — pke™". 22)
dt

ITo nanHoit (popmysie BBIUMCIICHBI CKOPOCTH OXJIa-
KIIeHUsT 00pa3lioB U3 CIUIaBOB cucTeMbl Mg—La u
aTajioHa. Pe3ynbTaThl 06pabOTKU KPUBBIX CKOPOCTEH
OXJIAXJEHUS CrIaBoB cucteMbl Mg—La npuBeneHbl
B Tabx. 1.

Nel 2023
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Ta6auna 1. 3HaueHus ko3pbuLMeHTOB a, b, p, kK B ypaBHeHUU (2) 115 cruiaBoB cucteMbl Mg—La u aranona (Mg

Mapku Mr90)

CopepxkaHue JaHTaHa B MarHuu, mac. % a, K bx 1073, ¢! p, K kx 1072, ¢!
Otanon (Mg) 432.05 7.02 309.29 5.17
0.1 432.05 7.02 310.79 5.14
0.5 432.05 7.02 310.29 5.15
5.0 432.05 7.02 311.19 5.13
10 432.06 7.02 312.09 5.12
Ta6muua 2. 3HaueHMs1 KO3(DOULIMEHTOB a, b, ¢, d B ypaBHeHuu (3) ms criaBoB Mg—La u aTajoHa
ConepxaHue JJaHTaHa a, b, ¢ x1074 dx 1077,
2 3 4 R
B Mariuu, Mac. % Mx/(kr K) JIx/(xr K2) Jix/(xr K3) Jx/(xr K%)
DtanoH (Mg) 862.614 0.607 2.7 1.58 1.00
0.1 861.799 0.607 2.7 1.58 0.999
0.5 858.486 0.607 2.7 1.58 0.999
5.0 821.159 0.607 2.7 1.58 0.999
10 789.684 0.607 2.7 1.58 0.999

VnenbHast TETUI0EMKOCTbD CIJIaBOB cucTeMbl Mg—La
BBIYKMCJIEHA 10 YPABHEHUIO

(%)
C° = M \dt)i
& lez(ﬂ) ’

dt/;

0
e Cp — yAesbHasi TEIIOEMKOCTb STAIOHA; My =P, V) —
Macca o0pa3loB 3TaloHa; m, = P,V, — Macca uccre-
JyeMbIX 06pasIioB (p — IJIOTHOCTH, T/cM>; V' — 06beM
obpasua, cM’); (ﬂ) , (ﬂ
dt/y \dt
HUS 00pa3loB 3TajoHa U U3y4aeMBbIX cIu1aBoB, °C/c.

) — CKOPOCTHU OXJIaXKI€C-
2

IMonydeHBI TTOJTMHOMBI TeMIIEPaTypHOM 3aBUCH-
MOCTU YAENIbHO TEeNI0eMKOCTU CIUIABOB CUCTEMBI
Mg—La u 3TajioHa, onmMchiBacMble ypaBHEHUEM TUIIA

Ch=a+bT +cT?>+dT°, (3)

rae a, b, ¢, d — smnupudeckue Ko3PPUIMEeHTbI, Hali-
JIeHHBIE IJIsI KaXI0To 00pa3iia SKCITepUMEeHTaIbHBIM
yteM; T — TeMmmiepaTypa, IIpu KOTOPOIi OIpeacIsieTCsT

3Ha4YeHHE TEIJIOEMKOCTU 00pa3loB. 3HAaUeHUST KO3(h-
¢uimeHToB ypaBHeHMs (3) mpeacTaBieHbl B Ta0I. 2.

PesynbTaThl pacuyeTa TeEMIIEPATYPHOI 3aBUCHMO-
CTU YIOENbHON TEIJIOEMKOCTH CITJIABOB CHUCTEMBI
Mg—La npuBeneHbl B Ta0a. 3 1 HA puc. 2a.

B uccinegoBanHOM TeMmepaTypHOM MHTepBaJjie
TEIUIOEMKOCTb CIUIaBOB cucteMbl Mg—La ¢ pocTtom
TeMIIepaTyphl YBEIMIUBACTCS, a C YBEJIMIECHUEM CO-
JiepKaHMs JJaHTaHa B MarHUM YMEHbIIIaeTcs.

C ncnonb30BaHUEM SKCTIEPUMEHTATBHO OIpene-
JIGHHBIX CKOPOCTeil OXJIaKIeHUsI 0Opas3lioB U3 UCCIie-
IyeMBIX CIUIABOB M BEIYMCIIEHHBIX JAHHBIX O TETUIOEM-
KOCT PAcCUMTaH KOA(MDOUIIMEHT TEeTUTOOTHAYN LISt
cr1aBoB cucteMbl Mg—La u aTajioHa 110 clieayIolei

dopmyne:

Cgmd_T
_ dt
(T-T,)s’

e o, — koaduuueHT Terootaaun, Br/(m? K); T —
CcpenHsisl TeMmIieparypa oopasua 3a Bpems dt; T, —
TeMIepaTypa okpyxatoieii cpensl, K; .S — miomanb

Ta6muua 3. TemriepatrypHasi 3aBUCUMOCTb yneabHoit TerutoeMkocty (JIx/(kr K)) crutaoB Mg—La u atajioHa

ConepxxaHue JJaHTaHa T,K
B MarHuu, mac. % 300 400 500 600 700
Branon (Mg) 1024.68 1072.33 1118.36 1163.74 1209.41
0.1 1023.86 1071.51 1117.55 1162.93 1208.59
0.5 1020.55 1068.20 1114.24 1159.61 1205.28
5.0 983.22 1030.87 1076.91 1122.29 1167.95
10 941.75 989.40 1035.43 1080.81 1126.48
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Puc. 2. TemniepatypHble 3aBUCUMOCTH yIEIbHOM TETUIOeMKOCTH (a) 1 KoadduimerTa Teriootnaun (0): /—5 — cMm. puc. 1.

0
MOBEPXHOCTH 06pasiia, cM?; Cp — yaeabHasl TeIIo-
eMKOCTh ucciaenyemoro obpasua (JIx/(kr K)) mac-
coit m (T).
TemrepaTypHble 3aBUCUMOCTH KO3¢dULIMeHTa
TETJTOOTIAYM CIUIaBOB cucTeMbl Mg—La 1 sTaionHa

npeacTaBjieHbl Ha puc. 20. C pocToM colepKaHUs
JIJaHTaHA B MarHuM KO3(M@UIMEHT TeIIOOTIAYU
YMEHbIIIAETCSI.

st pacueTa TeMrnepaTypHBIX 3aBUCUMOCTEM 13-
MEHEHWI 3HTaJIBIINN, SHTPONWN 1 3Heprun [1b6ca

Taomuuna 4. TemriepaTypHasi 3aBUCUMOCTh MI3BMEHEHU TepMoAHAMUYecKuX (yHKIIMI criiiaBoB Mg—La u aTajnoHa

T, K
ConepxaHue
JIAaHTaHA B MATHUM, 300 400 500 600 700
mac. % 0 0 mk
[H*(T) = H(Ty)], kIox/kr

OranoH (Mg) 1.8948 106.7625 216.3064 330.4133 449.0644
0.1 1.8933 106.6795 216.1419 330.1673 448.7369
0.5 1.8871 106.342 215.4732 329.1672 447.4056
5.0 1.8181 102.5403 207.9387 317.9001 432.4057
10 1.7414 98.31605 199.5670 305.3809 415.7390

1S°(T) - $°(T;)1, kIx/(xr K)

OranoH (Mg) 0.0063 0.3076 0.5519 0.7598 0.9426
0.1 0.0063 0.3074 0.5515 0.7592 0.9419
0.5 0.0063 0.3064 0.5498 0.7569 0.9391
5.0 0.0060 0.2955 0.5305 0.7308 0.9072
10 0.0058 0.2833 0.5090 0.7018 0.8718

[G°(T) - (T3], kIx/xr

Dranon (Mg) —0.0058 —16.3147 —59.6647 —125.502 —210.804
0.1 —0.0058 —16.3019 —59.6186 —125.406 —210.645
0.5 —0.0058 —16.2499 —59.4309 —125.016 —209.997
5.0 —0.0056 —15.6640 —57.3161 —120.62 —202.696
10 —0.0053 —15.0129 —54.9663 —115.737 —194.584

TEIMITO®U3UKA BBICOKHX TEMITEPATYP  Tom 61 Ne 1 2023
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CIUIaBOB cUcTeMbl Mg—La McIoab30BaHbl MHTErpa-
JIBI OT YIEIBbHOM TeIUIOEMKOCTH (3):

[H(T) - H(T))] = a(T - T)) + l—z’(Tz ~-Ty) +
+ST-T) +§(T“ -7,

[S°(T) - S°(Ty)) = aln% + (T -Ty) +
0

+S T+ f(f - 7)),

[G(T) - G(Ty)] =

= [H"(T) - H'(Ty)1- TIS(T) - S"(Ty)],
rne T, = 298.15 K.

PesynbTaThl pacueTa USMEHEHU TeMIIEPATYPHBIX
3aBUCUMOCTEI SHTAJILIIUU, SHTPOIUUN U DSHEPTUU
I'm606ca gyepe3 100 K ripencrasiieHEI B Ta0I. 4.

DHTAIbOUS U SHTPOIUS cIiutaBoB Mg—La ¢ yBe-
JINYEHUEM COoIepXXKaHUs JIAaHTaHA YMEHBIIAIOTCS, a C
pOCTOM TeMIepaTyphl pactyT. DHeprus ['mdbcca nme-
€T 00OpaTHYIO 3aBUCHUMOCTb.

SAKIIIOYEHHME

1. TTosyyeHbl MOJMHOMBI TEMIIEpPaTyPHbBIX 3aBU-
CUMOCTEN TETIJIOEMKOCTU M U3MEHEHU TepMoaHa-
MUYeCKUX GYHKIUN (SHTAJIBITUS, SHTPOITUS U dHEP-
rust [m60ca) mist crutaBoB cucteMbl Mg—La ¢ koadg-
¢dunmenToM Koppesauu R = 0.999.

2. [Moka3aHo, YTO ¢ POCTOM TeMIIEepaTypPhl yIelb-
Hasl TEIIOEMKOCTh M KOB(@PUIIMEHT TEIUIOOTIaYMn
CIIJIABOB YBEJIMYMBAIOTCS.

3. C yBeIMYEHUEM CONiepXKaHUs JJaHTaHa B Mar-
HUU yIeJIbHas TeINIOEMKOCTD, KO3(MOUIIMEHT TETUTO-
OTHAYM, SHTAIBINS W DHTPOIUS yMEHBINAIOTCS, a
3HaueHue aHeprumn [modbca pacrer. C pocToM TemMme-
patypsl yKa3aHHBIC MapaMeTPhl YBETNIUBAIOTC.
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