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AHHOmaIUUl. HpeI[CTaBJICHa HOBasi METO/IMKaA pacueTa TEMIEPATYPHBIX 3aBUCUMOCTEH YACIBbHBIX 00bEMOB CIIIABOB paBHOBCCHOﬁ CHCTEMBI FC*C,

OCHOBAHHAs HA U3BECTHBIX PACYETHBIX M HMIMPUUECKHUX 3aBUCUMOCTAX IS ONPEIEICHUSI U3MEHEHHs YeIbHbIX 00beMOB (a3 OT TeMIepaTypsl
U coziepKaHus yriepoaa. Panee 00IbIIMHCTBO TOJOOHOTO poja pacyeToB OCHOBEIBaIOCH Ha 3aBucuMocTsax C.d. IOpreBa, KOTOpbIE MOIYUYECHBI
quist remmneparypbl Hioke 1200 °C. [pu ucnonb3oBanuu 3tux hopmys npu temneparypax Boiire 1200 °C yaenbHbiil 00beM ayCTEHUTA MPEBBILIACT
yaenbHbINH 00beM (pepputa. OIHAKO U3BECTHO, YTO ayCTCHUT MMEET HAaMMEHbBILINI yaenbHbIi 00beM cpenu Beex (a3 cucremsl Fe—C. B cBsizu
C 9TUM BO3HHMKAaeT HEOOXOANMOCTb B UCIIOJIB30BAHUM JPYTUX 3aBUCUMOCTEH, KOTOPbIE Obl HE IPOTUBOPEUMIIN (PU3HKE TPOLIECCOB MOTUMOPPHBIX
u dazoBbix npespaienuii B cucreme Fe—C. IMomydensl obuye 3aBUCUMOCTH [UISl pacueTa yIAeIbHbIX 00beMOB CILIABOB OTIEIBHO JUIS TPeX
MHTEPBAJIOB KOHLEHTPALMH YIIIepoa, B KOTOPbIX M3MEHEHHs J0j1ei (a3 OT TeMIiepaTypbl paCCUUTHIBAIOTCS O paBHOBEeCHOH auarpamme Fe—C
C HCIIOJIB30BAaHMEM NpaBHiIa phlyara. B kauecTBe mpumepa IpecTaBICHbI PE3yIbTaThl PACYCTHOTO ONPEICICHUS YICIbHBIX 00bEMOB CILUIABOB
¢ coneprkanuem yriuepona 0,05, 0,13 u 0,33 % B untepsane remneparyp 20 — 1600 °C. BrinosHeHO cpaBHEHHE MPEICTABICHHBIX PE3yJIbTaTOB
C TOJIy4EHHBIMH C MOMOIIBIO TTakeTa pacdeTa (pazoBbix amarpamm JMatPro®, Ha OCHOBE KOTOPOTO YCTAHOBJICHA aJE€KBAaTHOCTH IPEJIOKEH-
HO# pacueTHOl MeToauku. PazpaboraHHas MeTOMKA MOXKET ObITh UCIOJIL30BAHA JUISl PACUETHOTO OIPEe]IeH s yACIbHBIX 00bEMOB CILUIABOB,
a TAKOKe MX IJIOTHOCTU U KoA((HIMEeHTa JIMHEHHOrO PAaCUIUPEHHUs B 3aBUCHMOCTH OT TeMIEePaTypbl U KOHIEHTpaLuu yriepoaa. [lonyueHHbie
(hopMyIIbl Ui pacueTa yaeabHbIX 00bEMOB IO3BOJISIIOT KOPPEKTHO MOAGIUPOBATH MIPOLECCHI 3aTBEPACBAHMS, OXJIXKACHUS U YCAJKU 3arOTOBOK
P HENPEPHIBHON pa3MBKe CTallell YIIIEPOJUCTHIX MapokK ¢ ydeToM 3(QekToB (a30oBbIX MPEBPAIICHHUH, a TAKKe UCIIOIB30BATH IOIYUCHHbBIC

pe3yabTarhl Ipu HacTpoiike obopyroBanus MHII3.
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- BBEAEHUE

VYnenbHbIM 00bEM €AMHUIBI BEIIECTBA KaK BEIMUYHUHA,
oOpaTHast ero IUIOTHOCTH, MMEET MPAaKTHICCKOE TIPIMEHE-
HUE NP1 TePMUUECKOi 00padoTke cTanu. Bmecte ¢ TeM, uc-
TIOJTB3YST SMIUPHUCCKUE 3aBHCUMOCTH JIJISI pacueTa yIaeib-
HBIX 00BEMOB ayCTeHUTa, eppuTa U Ipyrux (a3, MOKHO
MOJTYYUTh TeMIIEpaTypHBIC 3aBUCHMOCTH UIS pacueTa He
TOJBKO YNENBHBIX 00BEMOB cIlaBoB cucteMsl Fe—C, HO
1 UX IDIOTHOCTH.

3HaueHUsl IUIOTHOCTH CTaljiei, HeOOXOAUMBIC IS BBI-
TIOJTHEHUS PACUETHBIX UCCICIOBAHNH, B YaCTHOCTH, JJISI MO-
JIETUPOBAHUSI IPOIIECCOB KPUCTAIUIU3AINU CTAIH, OOBIYHO
MPUHIMAIOT B COOTBETCTBUH C TAONMYHBIMH JaHHBIMH U3
cnpaBouHOU jutepatypsl [1 — 3]. OgHako 0OBIYHO TpUBe-
nieHbl 3HaueHns B Huzkotemneparypaou (0 — 1100 °C) un-
tepsane ¢ maroM 100 °C. [laHHBIC I BHICOKUX TeMIIepa-
Typ BCTpPEYAIOTCS KpaifHe peako [2] BBHAY TOTO, YTO OHH
9KCTIEPUMEHTAIBHO HE ONPE/ICIICHBI.

[ OcHOBHAS YACTb

Y4uuThIBas U3JIOKCHHOE BBINIC, B HACTOSIICH padoTe
MpeaIokeHa METOANKA pacdeTa yIeNbHBIX 00BEeMOB CILIa-
BOoB cucteMbl Fe—C Ha oCHOBe M3BECTHHIX [4 — 7] 3aBu-
CUMOCTEH JUIs onpesiesieHusl yneiabHbIX o0bemMoB V(T) a3
IpU Pa3INYHOM COJICPKAHUU yTaeposa (CM. TabnuIry).

I'padmkn 3aBHCHMOCTH VYACIBHBIX 00BEMOB (a3 or
TEMIIEPaTypbl, PACCUUTAHHBIX IO (QOpMyJIaM TaOIHUIIbI,
MpeJCTaBleHbl Ha puc. 1. VienbHBIH 00beM ayCTCHHUTA,
pPacCUUTAHHBIA MO Pa3HBIM (OPMyYJIaM, UMEET MPUMEPHO
OIIMHAKOBBIC 3HAYCHUS BO BCEM JHANa30HE TEMIECPaTyp.
Ecnmu MBICIEHHO MNPOMJIMTH JHHUU YACIBHBIX OOBEMOB
0,- u y,-ba3 Ha puc.2 B 00IacTh BBICOKHX TEMIIEPATYp
(>1100 °C), Torma yneiabHbI 00bEM ayCTEHHUTAa OKaXKeTCs
Oonbie oobema dheppuTa.

Ilpn pacuyere mo MeTonWKe, NpEJCTaBICHHON B pa-
oote [6], Takoro 3¢dekra He HaOMFOTAETCS, T.e. BO BCEM
paccMaTpruBacMOM HHTEPBAJC TEMIICPATyp YISIbHBINH 00b-
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3aBHCHMOCTH JJIsl pacueTa yaeJabHbix 00bemMoB V(T), em*/r, ¢pa3 cucrembr Fe — C

Dependences for calculation of specific volumes V(7), cm®/g, of Fe — C system phases

o 3aBUCHUMOCTS JIJII MHTEPBAJIa TEMIIEPATYP
B 0<r<T04,5] T,s< T< 1600 °C [6]
x . V1) = >
7100~ 73(C]— (0,8—0,09[C]) (T —1550)
5 —a+b (= IOO?C]
Vs(D=a +b,T (8010,71—0,47247)| 1+ —=L__ |1+ 0,01343[C])™
100 [C]
S e I 10??:]
v | V,(D=a,+b,T +d[C] (8105,91-0,50917)| 1+ — |(140,008317[C])"
100 [C]
Fe,C VFe3C(T) =a,+b,T -

Hpumeuanune:a =0,12708; a,= 0,12282; a,= 0,13023; b, = 5,528:10°% b, = 8,56-10°;
by, =4,88-10"° d=0,00215 [4, 5]; T, — TemnepaTypa BepXHHX KPHTHIECKHX Touek [11, 12].

eM (¢eppuTa OonbIe, YeM ayCTCHHUTA. DTO CYIIECTBEHHO
BIMSET Ha Pe3yNbTaThl pacueTa, MPUBOAS K MPOTHBOpE-
yuBBIM pesyibraTaM. Kak usBectHo [15], aycTeHUT umeer
HaUMEHBIINH ynenbHbIH 00beM cpeau BceX (a3 CUCTEMBI
Fe—C. Taxk, no nanusM pador [16 — 20] o6bem 5-dasbl Ha
2,5 — 3,0 % Gonbiie oobema y-(asbl.

B cBs3BH C BBIIICH3IOKEHHBIM MOXKHO CIEJIaTh BBIBOJ
o HenpuMeHumocTtu Gopmya C.@. KOpreBa B BHICOKOTEM-
MepaTypHOM HHTEPBaJie ¥ HEKOPPEKTHOCTH MX HMCIONbB30-
BaHus B padorax [13, 14].

Taxoxe o rpadukam (puc. 1) MOXKHO TPOCIEANTH BIIUS-
HUe ymiepona. B wactHocTH, mpu pacdere no ¢opmynam
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Puc. 1. 3meHenue noneii o-, 6- u y-a3 () B COOTBETCTBHU C (Ha30BbI-
MH TpeBpalieHus MU Ha auarpamme Fe—C nipu coneprkanun yriepona
B crutase 0,05, 0,13 u 0,33 % (7 — 11])

Fig. 1. Change of shares of a-, 6- and y-phases () in accordance with
phase changes in Fe—C diagram at carbon content in the alloy of
0.05,0.13 and 0.33 % (I - I1])
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paboTsl [6] ymenbHBIH 00BbeM (eppuTa IS BETHMUHHEI
[C]= 0,33 % BbImre Ha 0,84 %, yem st [C] = 0,05 %.
Meroanka pacdera yAETbHBIX OOBEMOB CIUIABOB OT
TeMIlepaTypbl N KOHLEHTPAIMN yIJIepoAa JJIs TpeX JHaria-
30HOB 3HAYCHUH cofep kaHus yriepoaa (puc. 2) BKIIOUAeT
cneayrone GopMysIbl:
1)0<[C]<0,1%

Vs T2T,;;
VsWs + Vi 1= ws), Ty =T <Typ;
v, Ty <T <Ty;
V(D) =1 Vo, +Vs(-v,), Ty <T<Ty: (1)
V,, Tos =T <Tgs;
VsWa +V,(1=y,), Tp =T <Tgs:
T<Tp.
V5(1_WFe3C)+VFe3CWFe3C9 <l
0,142

W(T), en'le

1100 1300 1500 1600

900
T,°C

Puc. 2. 3aBucumoctu yznenbHbix 00beMoB (a3 cucremst Fe — C
OT TEeMIEpaTypsl O JaHHBIM pador [4, 5] (manexc /) u [6] (nHIEKC 2):
—0,05,===—-0,13u===-0,33% C

Fig. 2. Dependence of phases’ specific volumes of Fe — C system on
temperature according to works [4, 5] (index /) and [6] (index 2):
—0.05, ===—0.13 and ===-0.33 % C
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2)0,1 % <[C]<0,16 %

Vs T2T,;;
Viws +V, . 1—=ws5), Ty <T <Tp;

Vo, +Vs(—w,), Ty, <T<Ty;

V(T)= 2
(7) v, T <T <Tyy; @
Vo, +V,(0=wy,), T, <T <Ty;
Vs (1= Weese) + VeescWrescs T <Tp.
3)0,16 % <[C]<0,5 %
Vs T>T,;
VsWs + Vi (1= w5), Ty =T <Typ;
v, Too <T <Typ;
VsWo +V,(1=,), Tp <T < Tgg;
Vs (1= Weeyo) + Vee,c Weeyc T <Tp.

tne V. = V. (1), V=V (D), VY = Vy(T) n VFC3C — YOENBHBIN
00beM Xuakor (asel, d-peppura, ayCTCHUTA M LEMEHTH-
Ta, CM/T; Y, Vs Vs M Wi, o — J071 a-(peppuTa, aycTeHH-
Ta, 6-bepputa u uemenrura [9, 10]; \,, — JOIIs ayCTeHHTa
B YKa3aHHOM MHTepBaje KOHIEHTpaluil.

3aBUCUMOCTH J0JeH (a3 OT TeMIepaTyphbl U KOHIIECHT-
panuu yriaepoja onpeesstorcs 1o Gpopmysam, npruBeIeH-
HBIM B pabotax [9, 10]. Ha puc. 2 npeacrasnens! rpapuku
W3MEHEHUs J0Jel o-, 8- U Y-(ha3, MOCTPOEHHBIE JUIS TPeX
cru1aBoB cucremsl Fe—C.

Ha puc. 3 npuBeneHsl IpUMeEpPHI Pe3ylbTaToB pacyera
mo dopmynam (1) —(3) n3MEHEHHUs YACTBHBIX OOBEMOB
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Puc. 3. 3aBUCHMOCTH yAENbHBIX 00BEMOB CIUIABOB OT TEMIIEPATYPbI
i conepxkanuii yrmepoaa 0,05 (1), 0,13 (2) n 0,33 % (3); X — naHHbBIE
naketa JMatPro® [21, 22] ans cranu mapku 0810 ([C] = 0,04 %)

Fig. 3. Dependence of the specific volumes of the alloys on temperature
for different carbon content 0.05 (7), 0.13 (2) and 0.33 % C (3);
x — JMatPro® package data [21, 22] for 08Yu steel ([C] = 0.04 %)

crutaBoB cuctembl Fe—C ¢ conepkanuem yriepona 0,05,
0,13 1 0,33 % B 3aBUCHMOCTH OT TEMIIEPATYPhl.

ComitacHo puc. 3 (ha3oBbIe MpeBpalleHus, UMEIOIIE Me-
cTO B uamnaszoHax temreparyp 727 — 911 u 1425 — 1499 °C,
OKa3bIBalOT 3aMCTHOC BJIMSIHHUEC HA yﬂeHbHLIﬁ O6’bCM CIlJIaBa,
0 YeM CBHIICTEIHCTBYIOT CKAUKH M MEPETHOBI HA KPUBBIX.
Hanpumep, yBenuueHue yaenbHoro oosema cruiasa /11 nmpu
Harpese ot temmeparypsl 1, = 1469 °C no temmneparypsi
maksuayca T, = 1513 °C nocruraer 3 % (puc. 2).

Pesynprarer (puc. 3), momydeHHBIE TMPH pacyeTe Io
npejiaraeMoi MeToIMKe, JOCTATOYHO XOPOIIO COTJIACYHOT-
sl C IaHHBIMU U3 TlakeTa nporpamm JMatPro® [21, 22].

Takum 00pa3oM, Ha OCHOBE JIMTEPATYPHBIX JAHHBIX 110
ycaJKe OTACNBHBIX (ha3 MONyYeHBI 3aBUCHMOCTH IS Pac-
4yera yJAelbHBIX 00beMOB criaBoB cucteMbl Fe—C, crpa-
BEJUTMBBIE JUTsI CTUIABOB € coziepkanuem yriepoaa 1o 0,5 %.

[ BoiBOADI

ITonmyuennsie Gopmynbl Ui pacuera yAelbHbIX 00be-
MOB IO3BOJISIIOT KOPPEKTHO MOAEIMPOBAThH IPOLECCH] 3a-
TBEpJEBaHMS, OXJIAXKICHUS U yCAIKU 3arOTOBOK IPH HEMpe-
PBIBHOH pa3iuBKe CTaJlel yIIEPOAUCTBIX MAapOK C y4eTOM
¢ dexToB (ha30BBIX NpEBpalleHHH, a TaKKe Ha OCHOBE
PE3yNIBTaTOB MOJENMPOBAHUS HACTPAaUBAaTh 00OPYAOBAHUE
MHJI3. IMpeanoxenHslit cnocod pacueTa yaeabHbIX 00be-
MOB MOXET OBITH MCIOJNB30BAH UISl OTIPEICIICHUS TeMIIe-
paTypHBIX 3aBHCHMOCTEH IUIOTHOCTH CIUIaBOB M KOd(du-
[IECHTA JMHEHHOTO PAaCIINPEHUs] B YKa3aHHOM HHTEpBaie
KOHUEHTPALUA.
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CALCULATION OF CHANGES IN SPECIFIC VOLUMES OF Fe - C SYSTEM ALLOYS
DEPENDING ON CARBON CONTENT AND TEMPERATURES

D.I. Gabelaya, Z.K. Kabakov, M.A. Mashchenko

Cherepovets State University, Cherepovets, Vologda Region, Russia

Abstract. The work presents a new technique for determining the tem-
perature dependence of the alloy specific volumes in Fe—C equi-
librium system based on known from the literature calculated and
empirical dependence for account of the phases’ specific volumes.
These data were based on the independent reports of S.F. Yuryev
and were obtained for temperatures below 1200 °C. When using
these forms at temperatures above 1200 °C, the specific volume of
austenite exceeds specific volume of ferrite. However, it is known
that austenite has the smallest specific volume among all phases of
the Fe—C system. In this regard, in the field of high temperatures,
it is proposed to use other dependences that do not contradict the
physics of polymorphic and phase transformations in this system.
Thus the authors have obtained the general expressions for calcu-
lating the alloys’ specific volumes separately for three intervals of
carbon concentrations in which the change in shares of the tempera-
ture phases are calculated according to Fe—C equilibrium diagram
using the lever relation. As an example, results of the calculated
determination of specific volumes of alloys with carbon content
0f 0.05, 0.13 and 0.33 % in the temperature range of 20 — 1600 °C
are considered. The presented results are compared with the results
obtained with the help of the phase diagram calculation package
JMatPro®, on the basis of which the adequacy of the proposed cal-
culation method was established. The developed technique can be
used to calculate not only specific volumes of alloys, but also their
density and coefficient of linear expansion depending on tempera-
ture and carbon concentration. It is the basis for the correct use of
methods for determining the size of continuous cast billets due to
shrinkage in order to correctly configure the equipment of conti-

nuous casting machines.
Keywords: specific volume, density, phase, shrinkage, linear expansion.
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