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Annomayusa. J{jsi MpakTHYECKOTO TPUMEHEHHS C LETBI0 PECypCoCOCPEKEHUs MPEACTABISIET HHTEPEC TEXHOIOTHs IyrOBOil HAIIABKH MOPOIIKOBON

IPOBOJIOKOH, B KOTOPOH B KaueCTBE HANONHUTENEH MCMONB3YIOTCs OKeujl Boib(pama WO, 1 BEMIECTBA, CONEPKANIME BOCCTAHOBUTENH (YIIEPO
u kpemHuit). [IpoBenena TepMoHaMUUECKast OLEHKA BEPOSITHOCTH NMPOTEKaHHs 21 Peakiuu B CTAaHAAPTHBIX YCIOBHUSX MO TAOJMYHBIM TEPMOIHU-
HaMUYECKUM JaHHBIM PEarcHTOB B HMHTepBase Temmeparyp 1500 — 3500 K. DToT uHTepBa) BKIIOYaeT B ce0s TeMIepaTypsl Ha Iepu(pepH Jyru
U B BEPXHUX CJIOAX HAIVIABOYHOH BaHHBI. B uncie peakuuii — peakiuu npsiMoro BOCCTaHOBIEHHs okcuza Bobppama WO, yriieposioM u KpeMHHEM,
KOCBEHHOTO BOCCTaHOBJIEHHUs OKcuaa Boibppama WO, yrieponom, peakiuu COeIMHEHNs BOJb(pama ¢ yIIepoI0M U KPEMHHEM C 00pa3oBaHHEM
KapOuJIOB U CHIIMLUJIOB Bob(pama. B KauecTBe BO3MOKHBIX MPOJYKTOB peakuuii paccmarpusann W, WC, W,C, WSi,, W.Si,, CO, CO,, SiO,
SiO,. Peakuuu BoccTaHOBIEHUS OKCHA 3anuchiBaiy Ha | Monb O,, a peakiuu CoeIMHEHHs BOJb()pama ¢ yIIeposioM U KpEMHUEM — Ha 2/3 MoIlb
Bosib(pama W. BeposiTHOCTB ITpOTEKaHUs peaKinii OLEHUBAIIH 10 CTaHAAPTHOM Hepruu [ nb0ca peakimii. B kadecTBe cTaHAAPTHBIX JUIs BEIECTB-
peareuToB B uHTepane 1500 — 3500 K Gbutu BoOpanbl coctostuus: W(tB), WO, (T8, %) ¢ dasosbim nepexonom npu 1745 K; WC(t), W,C(18),
C(tB), CO(r), CO,(r), WSi, (1B, %) c pazosbiM nepexonom npu 2433 K; W,Si, (T8, %) ¢ dasosbim nepexozom npu 2623 K; Si(ts, k) ¢ pazosbim
nepexontom npu 1690 K; SiO(r), SiO, (18, %) ¢ dazosbiM nepexosiom mpu 1996 K. C 1esbio OLEHKHU CTENEHU BIUSHUS Ha TEPMOJIMHAMUYECKHE CBOH-
CTBa peakiyii BOSMOKHOTO MCnapeHus B ayre okcuna sonbdpama WO, (T = 1943 K) paccuuTbiBain TepMOIMHAMUYECKUE XAPAKTEPUCTUKH JIBYX
peaKiyii, B KOTOPbIX B KAYECTBE CTAHIAPTHOTO COCTOSHUS B TOM JKE HHTEPBAIIE TeMIeEpPaTypbl BeiOpano cocrostuue WO, (r). Tepmonunamniecknii
aHaJIu3 BOCCTAHOBJIEHHS OKcu/a Boib(ppama WO, NOKa3bIBaET, 4TO TEMIIEPATYPA PACILIaBa, HAPs/ly C COCTABOM MOPOLIKOBOH IPOBOJIOKH, CIOCO0-
HbI TIOBJIUATH HA COCTAB U CIIy)KeOHbIE CBOICTBA HAIIABIEHHOTO cllosl. B paccMarpuBaeMoil cuctemMe npu BLICOKHX TeMIIepaTypax paciuiasa (Oonee
2500 K) BeposiTHO 00Opa3oBaHKe BoNb(ppaMa, CHIHIII0B Bonbppama 1 kapounos. [IpoTekanne peakiuii CyIieCTBEHHO H3MEHSIET COCTaB ra30Boii
(basbl, HO He IUIAKOBYIO (ha3y HAILUIABOYHOM BaHHEL [Ipu Temmeparypax meree 1500 K HanGonee BeposTHO 00pa3oBaHUE CHIIHIMIOB BOIb(pama
1 Bosb(pama 3a cuer BocctanoBieHus WO, KpeMHUEM, NPH 3TOM 1IakoBas (asa cTaHOBUTCs Oonee KMCIIOH 3a cyeT 00pasyrolierocs OKChia
kpemuust SiO,. OnHako 5Ta 001acTh TEMIEPATYp HAXOMMTCS HMKE TEMIEPATyphl MIaBieHus okcua Boibppama WO, (1745 K). B unteppane
temnepatryp 1500 — 2500 K npotekaet 1emblil psi KOHKYpPHPYIOIIMX Peakiuii BOCCTAHOBIECHUS, B Pe3ybTare KOTOPLIX B METANTNUECKOM pacIjiaBe
00pa3zyroTcs Kak BoJIb(ppam, Tak M €ro CUIIMLHIbI 1 KapOouabl. Peakiuu coenunenys Boib(pama ¢ KpeMHHEM U YIIIEPOIOM ¢ 00pa30BaHUEM CHIIMILIU-
JI0B 1 KapOu/I0B MEHEE BEPOATHBI, YEM PEAKLMU BoccTaHOBIeHus. Mcnapenue okcuna Bonbppama WO, B 1yre yBe/IMMBAET TEPMOAMHAMUYECKYHO
BEPOATHOCTb MIPOTEKAHMS PEAKIHil BOCCTAHOBIEHHUS, HO B OONbILEN CTENEHH IPU HU3KOH TeMmeparype.

Knrouesvte cnosa: repMoiHAMUYECKU#T aHAIN3, SHEprus [ MOOCa peakiyu, MOPOIIKOBast MPOBOJIOKA, OKCHI BOJIb(pama, TyroBasi HaruiaBka, HarTaBouHast
BaHHA, BOJIb(ppam, BOCCTAHOBJICHHE, CHIIMIHMIbI BONb(ppaMa, kKapOu/s! BoJbhpama.
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Pa3BuTne TEXHOJOTMH BOCCTAHOBIICHHS JeTallell Ma-
UIMH TOPHO-METAJUIyPrUuecKoro KOMIUIEKca C MpuMe-
HEHHEM ITOPOIIKOBOM MPOBOJOKH BEIET K Pa3padOTKe H
WCCIICZIOBAaHUIO HOBBIX MarepuajioB JUIs HAIJIaBKU Kak B
Poccuiickoii deneparuu, Tak u 3a pyoexom [1 — 17].

[upokoe pacnpocTpaHeHUe A HaIJIaBKU CTaJeH,
00J1a1af0MKX HAWBBICIICH W3HOCOCTOWKOCTBIO, TOITydH-
JIM TIOPOIIKOBBIC TIPOBOJIOKU C BOJb(pPaMOM, B KOTOPBIX B

KaueCTBE HAIOJHUTENS CIYKUT BOCCTAaHOBJIEHHBIH BOJIb-
¢dpam B BuIe (heppoCIUIaBOB, JIUTaTyp M METAIIMYECKOTO
MIOpOLIKa pa3auyHON cTeneHu 4ucToTsl [18 — 20]. Kpome
TOTO, JUlsl MPUAAHUS ONPEIEICHHbIX CITy*KEeOHbIX CBONCTB
MOTYT OBITH MCIOJNB30BAHBI CHIMLUABI M KapOWIBI BOJb-
(dpama.

HeobxoanMocTs TpUMEHEHHUS] pecypcocOeperaronmx
TEXHOJIOTUH, @ MMEHHO, pPalMOHAJIBHOE HCIIOIb30BAHUE
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BOJb(paMa B CBSA3U C €r0 BBICOKOI CTOMMOCTBIO U Je(u-
LUTHOCTBIO, SIBISIETCS OAHUM M3 aKTyalbHBIX HalpaBslle-
HUH B HacTosLee Bpemsl. {1 IpaKTUYECKOro IPUMEHEHUS!
MIPEACTABIAET UHTEPEC TEXHOJIOTUsI HAIUIABKU IOPOLIKO-
BOIl NMPOBOJIOKO, B KOTOPOI B KAYECTBE HAITOJIHUTENS HC-
TIONB3YIOTCS C OJHOW CTOPOHBI OKCHJI BONIb(pama, a ¢ Apy-
rofl — BOCCTaHOBUTENU. B Takux mpouneccax XMMHUYECKUE
COCIMHEHNS BOIb()paMa ¢ HeMeTaJUITAMH-BOCCTAaHOBHTEIIS-
MH MOTYT 00pa30BaThCsl IPH JYTOBOM paspsiie B IMporecce
HAIlJIaBKH.

Hacrosimas paboTa mocBsIIeHa CPaBHUTEIBHON TepMO-
JMHAMHUYECKOH OLIEHKE BO3MOKHOCTH IPOTEKAHUsI IIPOLEC-
COB BOCCTaHOBJIEHHs OKcuza Boibppama WO, yrmepogom
U KPEMHHUEM IIPU JYTOBOM pa3psje MpH HAIUIaBKe OPOLI-
KOBOH IIPOBOJIOKOH.

IIpoBeneHa TepMOAMHAMUUECKAS OLIEHKA BEPOSITHOCTU
MIPOTEKAHUS CIIEAYIOUX PEAKIIMI:

2/3WO, + 2C = 2/3W +2CO; (1)
2/3WO, + C = 2/3W + CO,; )
1/3WO, + CO = 1/3W + CO,; 3)
2/3W +2/3C = 2/3WC; (4)

2/3W + 1/3C = 1/3W,C; (5)
2/3WO, + 5/3C = 2/3WC + CO,; (6)
2/3WO, + 4/3C = 1/3W,C + CO,; (7
1/4WO, + 5/4CO = 1/4WC + CO,; (8)
2/TWO, + 8/7CO = 1/7W,C + CO,; )
2/3WO, + 8/3C = 2/3WC + 2CO0; (10)
2/3WO, + 7/3C = 1/3W,C +2CO; (11)
2/3WO, + Si = SiO, +2/3W; (12)
2/3WO, + 7/3Si = SiO, + 2/3WSi,; (13)
2/3WO, +21/158i = Si0, + 2/15W.Si,;  (14)
2/3W + 4/3Si = 2/3WSi,; (15)

2/3W +2/58i = 2/15W,Si,; (16)
2/3WO,(18, %) +28i =2Si0 + 2/3W;  (17)
2/3WO, + 10/3Si = 2Si0 + 2/3WSi,; (18)
2/3WO, +36/158i = 28i0 + 2/15W_Si,.  (19)

Bce peakuum no xapakrepy XMMHYECKOTO B3aHMMOJCHCT-
BUS MEXKJY KOMIIOHEHTaMH MOYKHO YCJIOBHO pa3/ie/IuTh Ha
Tpu tHna: (3), (8), (9) — peakuuu KOCBEHHOTO BOCCTaHOB-
nenus okeuaa Bonbppama WO, yreponowm; (4), (5) u (15),
(16) — peakuuu coeauHeHUs Boiib(pama C YIIEPOIOM
U C KPEMHHEM; BCE OCTajbHbIE — peaKLUH MPsIMOro BOC-
CTaHOBJIEHUs OKcHa Bonbppama WO, yriepoaoM u Kpem-
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HHUEM. PeaKHI/II/I BOCCTAHOBJICHUA OKCHOa 3aIllMChIBaJIM Ha
1 Monb xuciopona O,, a peakiu COeMHEHUs BoIbppama
C yIIepoAOM M KpeMHHEeM — Ha 2/3 Moib Boib(pama W,
MOCKOJBKY MMEHHO B OTOM MaKCHMAFHOM KOJHYECTBE
BOJIb(hpaM 0Opazyercsi B peaklusiX BOCCTAHOBICHHS OKCH-
na. BepositHocTh ipoTekanus peakiuii (1) — (19) onenunsa-
JIM 1O CTaHAapTHOM sHepruu ['mb0ca.

HeoOxomuMple  Isi  OLEHKHM  BOCCTaHOBHUTEIBHBIX
CBOMCTB ymiepoga U KpEeMHHs MO OTHOIICHHUIO K OKCUIY
BonbppamMa WO, TepMOIMHAMMYECKHE XapaKTEPHCTHKH
peakumii (1) —(19) B cranpapthbix ycnosusx [A H°(T),
A S°(T), a sarem A G°(T)] paccuuTbIBaI¥ HM3BECTHBIMH
Metonamu [21] B unTepsaie Temneparyp 1500 — 3500 K mo
TepMmoarHamMmuaeckum ceorictBam [[H °(T) — H°(298,15 K)],
S(T), A, H®(298, 15 K)] pearenros WO,, W, C, CO, CO,,
Si, SiO, SiO, [22] n WSi,, W.Si, [23, 24].

TepmonnHamMuueckue CBOWCTBA KapOWZOB BoOJb(pa-
mMa WC 1 W,C B 3aBUCMMOCTH OT TeMIEparypsl B (popme
Tabnmul, MPUHATHIX B pabotax [22, 23], paccuMThIBaIU
JOTIOJHUTEIHFHO C WCIONB30BAHUEM HEOOXOIMMBIX IS
9TOT0 UCXOIHBIX JaHHBIX U3 CIIPABOUYHUKOB [24, 25]. B ka-
YeCcTBE CTaHAAPTHBIX JJIS BEIIECTB-PEarcHTOB B HMHTEP-
Baje 1500 —3500 K Obutn BeIOpaHbl cocTosiHus: W(TB);
WO, (1B, %) ¢ pasoseiM nepexonom npu 1745 K; WC(tB),
W,C(tB), C(1B), CO(T), CO,(T), WSi,(TB, %) ¢ (paszoBbiM
nepexonom mpu 2433 K; W.Si (1B, %) ¢ (pa3oBeiM mepe-
xofoM mpu 2623 K; Si(TB, %) ¢ (a30BeIM MEPEXoa0M IpU
1690 K; SiO(r), SiO, (T8, %) ¢ (a30BBIM NEPEXOIOM NPH
1996 K.

J1J1s1 OTIeHKH CTENECHH BIHSIHUS Ha TEPMOIMHAMHYICCKIE
CBOMCTBA pEaKIUil BO3MOXKHOTO HCIIAPEHUS] OKCHJIA BOJIb-
¢pama WO, B Jyre paccuuThiBaau TEPMOIMHAMHYECKHE
XapaKTEPUCTUKU [IBYX PEaKIHil, B KOTOPbIX B KauecCTBE
CTaHJAPTHOTO BO BCEM MHTEPBAJIC TEMIIEPATYp AJIsI OKCHIA
BoJb(ppama BeIOpano cocrosiune WO, (T):

2/3WO,(r) +2C = 2/3W + 2C0; (1a)

2/3WO,(r) +28i = 2/3W + 28i0. (17a)

XUMHUECKUI COCTaB U TEMIIEpaTypbl IJIABICHUS COe-
IUHEHWH BoNb(paMa ¢ KpEeMHHEM OIpENeNsuld W3 JHa-
rpaMMBbl TJIaBKOCTH cUcTeMbl W—Si cormacHo JaHHBIM
CIIpaBOYHUKOB [26 — 28].

Crannmaptaele sHeprunm [ub0ca paccmaTpuBaeMbIX
peakmuit (1) — (19) npuBeneHsl B TaONHIIE M HA PUCYHKE.
Haunnas ¢ temneparypst 2500 K u Bbime, rpaduxu rpymn-
MMPYIOTCS TIO TpeM cektopam. [lepBriii cexTop — Hambo-
nee BeposaTHBIX peakiuit (11), (10), (1a), (1), (18), (17a),
(19), (17) (B mopsinke yMEHbBIIIEHUSI BEPOSITHOCTH HX TIPO-
TEKaHUs). DTO PEAKIUU MPSIMOTO BOCCTAHOBJIECHUS OKCHU-
na Bonb(pama WO, yrieposoM 0 MeTauia u KapOouaos
¢ obpazoBanueM raza CO, peakiuu MpSMOTO BOCCTaHOB-
JeHusi okcuaa Bonmbpama WO, KpeMHHEM 10 MeTaa
Y cUITUIHIIOB ¢ oOpa3oBanueM raza SiO. Cpasy ke oTMme-
THM, YTO MCMIAPEHKE OKCHIa Bonbppama WO, yBennanpaeT
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TEPMOJMHAMUYCCKYIO BEPOSITHOCTh MPOTEKAHHS PEaKIUil
BOCCTaHOBJIEHUS (TpauKy TEPMOTMHAMIYCCKIX CBOHCTB
peaxuuii (1a), (17a) HaxonATCst B 3TOM CEKTOpE).

Bropoii cextop cocrapusior rpapuku A G° = f(T)
peaknuii co cpenHel BeposiTHOCThIO TpoTekanus (13), (6),
(7), (2), (14), (15), (12). D10 peakmuu MPSMOTO BOCCTA-
HOBJIEHHs okcuza Bombppama WO, yrieponoM v KpeMHH-
eM ¢ o0pa3oBaHHEeM BOJIb()paMa, KapOUIOB U CHIIHIIMIOB
BOJIb()pamMa M BBICIIMX OKCHIOB Boccranosutenei (CO,,
Si0,) n peakuus (15) obpazosanus cumuuuaa WSi, coenu-
HEHHEM BOIb(pamMa U KPEMHUSI.

Tperuii cektop — MasioBeposiTHBIE peakunu (5), (4), (16),
(3), (9), (8). D10 peakuu coenuHeHU BOJIb(paMa C KpeM-
HUEM U yIIEPOIIOM ¢ 00pa3oBaHHEM M3BECTHBIX KapOHIOB
Bosb(pama u cunmnuaa W, Si;, a Takke peakiuun KOCBEH-
HOTO BOCCTaHOBJICHHs OKcuaa Boib(pama WO, oxcumom
yrinepona (I1). Mo)KHO OTMETHTB, 4TO B CIIy4ae OLICHKH Tep-
MOJIMHAMUYECKOW BEPOSITHOCTU TpOTEKaHus peakuuid (3),
(9), (8), KOCBEeHHOTO BOCCTaHOBIIEHUS OKCHAA BoJib(hpama
yIIIepooM — 1o sHeprum ['mb0ca peakuuit A G, BbIvmC-
JsieMO Mo ypaBHEHHIO M30TepMbl Bant-lodda ¢ yuetom
PaBHOBECHBIX MapuuaibHbIX naBiernii CO u CO2 coryac-
HO peakuuu rasudpurauun ymepona C + CO, = 2CO [29],

CranpaptHas sHeprust ['m66ca peaxumii (1) — (19)
B 32aBHCHMOCTH OT TeMIepaTypsl

Standard Gibbs energy of reactions (1) — (19)
depending on temperature

Peax- A,.G(T), Ik, mpu T, K
s 1500 2000 2500 3000 3500
1 —172,230 | -326,830 | —469,260 | —-607,390 | —742,270
la | —347,580 | —449,500 | —545,970 | —644,870 | —746,810
2 -81,040 | -151,090 | —210,610 | —267,200 | —321,740
3 5,080 12,320 24,020 36,490 49,400
4 -31,840 | -36,647 | —42,38 | —48,893 -
5 -23,407 | 31,847 | 41,200 | -51,247 -
6 | -112,880 | —187,740 | —252,990 | -316,100 -
7 | —104,450 | -182,940 | -251,810 | -318,450 -
8 14,660 39,430 66,790 94,080 -
9 7,350 22,020 39,880 57,920 -
10 | —204,070 | 363,480 | —511,640 | —656,290 -
11 | -195,640 | —358,680 | —510,460 | 658,640 —
12 | -328,433 | =305,668 | —270,556 | —234,836 | —198,978
13 | -435,490 | -414,301 | -377,616 - -
14 | -361,281 | -337,117 | —298,786 — -
15 | -107,057 | -108,633 | -107,060 | —127,994 | —149,732
16 | —32,848 | —31,449 | 28,230 - -
17 | -139,948 | -268,310 | -373,169 | —473,615 | —=570,770
17a | -315,291 | —392,631 | —457,241 | —520,749 | —583,703
18 | 247,005 | -376,943 | —480,229 | —601,610 | —720,502
19 | -172,796 | —299,759 | —401,399 | -505,911 | —609,540

rpapuku A G = f(T) 5Tux peakuuii nepemMenaTcs BO BTO-
poti cexTop.

C NOHMXKEHHMEM TeMIIepaTypbl IPOUCXOIUT COBMEILE-
HUE TEMIEpaTypHbIX 3aBucumocTed A G°=f(T) B onny
005acTb, B KOTOPOI HAOMIOAaeTCsl CYIIECTBEHHOE U3MEHE-
HHE MX OTHOCHTEIBHOTO pacroiioxkeHus. Hampumep, mpu
T <1500 K nHanbonee BepOATHBIMU CTAHOBSITCS PEAKIUH
(13), (14), (12) BoccTanoBIeHHs OKcHaa Bobppama WO,
KPEMHHEM ¢ 00pa30BaHHEM BBICIIETO OKCHAA BOCCTAaHOBU-
tens SiO,.

JI71s1 moBBIILIEHUS! KaYECTBA TEPMOAMHAMMYECKOM OIleH-
KH CIIeJIyeT y4ecTh, YTO 00pasyrommuiics mo peakiusm (1),
(1a), (2), 3), (17), (17a) Bonbdpam, a Takxke BoIbhpam
B Ka4eCTBE HMCXOMHOTO BemiecTBa it peakumii (4), (5),
(15), (16) BO3MOXXHO OyZIeT HAXOMUTHCS B COCTOSTHUU PACT-
BOPCHHOTO KOMITOHEHTa HAIUTABOYHOH BAaHHEI IPH TEMIIE-
parype T. TepmonuHaMuueckasi OIEHKA BIUSHHS TaKOTO
COCTOSTHHSI Ha CBOWCTBA PEAKIMU IPOU3BOIUTCS 10 ypaB-
HeHuo u3oTepmbl Bant-Todda
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AG=AG°+VvRTInay,, (20)
TJIe Oy, — AKTHBHOCTD BONb()PamMa B HAIIABOYHOM METaJl-
JMYECKOM PacTBOPE OTHOCHUTEIBHO CTaHAAPTHOTO COCTOS-
HUSI «9UCTHIM TBEpABIH BOIb(paM NpH TEMIEpaType pac-
IIaBa 1»; V — CTEXHOMETPUICCKUH KOA(PPHUIUCHT Mepen
BOJb(paMOM B YpaBHEHUH PEaKIMHU; 3HAK «+» CTaBUM JUIS
peaxmuii, B KOTOPBIX BOJIb(paM — MPOIYKT, 3HAK « — » — IS
peaxnuii, B KOTOPBIX BOJIb(paM — HCXOIHOE BEIIECTBO.

s OIeHKH TEHACHINU YK€ NOCTaTOYHO BBIYHCIHTH
BTOpOE crnaraemoe B ypaBHeHuu (20) mpu v = 2/3 u noc-
tostHHON Temrieparype 2500 K (cpemmsisi Temmeparypa
UHTEpBaja), YTOObl YBHUJCTb CTENCHb BIMSHUS NPH pas-
JMYHBIX BEPOSTHBIX aKTUBHOCTSIX. BenmdamHa tepMonnHa-
MHYECKOTO BKJIaJa PaCTBOPHUMOCTHU BOJIb(pama B METaIC
HaITAaBOYHOH BaHHBI B dHEprHio [ m60Oca peakuuii mokasza-
Ha HIDKe!

0,001 0,01 0,1
95,7 63,8 31,9

%rwy
+2500-(2/3)RIn Olpyyp» KK

OrneHka TEHACHIMM IIOKA3bIBAaeT, YTO PACTBOPCHUE
BOJIb()paMa yYBEITMYMBACT TEPMOIUHAMHUYECKYI) BEPOST-
HOCTh NIPOTEKaHMs PEaKIUi, HAYIIHX C ero 00pa3oBaHU-
€M: BEeJIMYNHA AI,G CTaHOBUTCS 00JIee OTPHUIIATEILHON, YeM
A’,GO. W, Hao6opoT, enie OONbIIe MOHU3UT BEPOSTHOCTH
npoTekanus peakuuit (4), (5), (15), (16). B Gonbieit cre-
nenu usmenenre A G no cpasuenuio ¢ A G° (= £96 kJlx)
MPOUCXOIUT MPH MUHHMAJIBHBIX 3HAUCHHUSIX AKTHBHOCTH
BoJIb(hpama.

Bwmecre ¢ Tem, aHanu3 rpadukoB (CM. pUCYHOK) TIOKa-
3BIBAET, YTO YUET PacTBOPCHUS BOJb(pama B pacIuiaBe He
OKa3bIBACT CYIIECTBEHHOTO BIUSHUS Ha X OTHOCHUTEILHOE
pacrionoxenne. Kaxmas u3 peakiuii OCTaHETCS B CBOEM
CEKTOpe, O KOTOPBIX CKa3aHO Bhime. Jlumpb peakius (2)
MPUOIH3HUTCS K TPAHUIIE CEKTOpa HanOoJIee BEPOSTHBIX pe-
aKIHH.

Takum 00pa3oM, MOKHO CIeIaTh BBIBOI, YTO TEMIIEpa-
Typa pacijiaBa u JyTH [IPH HalJIaBKe, HApsIy C COCTaBOM
MTOPOIIIKOBOH MPOBOJIOKH, SIBISIFOTCS (haKTOpaMH, CIOCO0-
HBIMHU TIOBITUSITH HA COCTaB, a, CJEIOBATEIBHO, U Ha CIIy-
»KeOHBIC CBOMCTBA HAIUIABICHHOTO ciiost. B paccmarpuBae-
Moii cucteme mpu Bbicokux (>2500 K) Temmeparypax
paciuiaBa BeposITHO 00pa3oBaHHE BoOIb(ppama (peakmuu
(1), (la), (17), (17a)), cunuuuaoB Bodb(ppaMa (peaxKiuu
(18), (19)), kapoumor Bombdpama (peaxiuu (10), (11)).
[Iporexanue peaxkuuii CylnieCTBEHHO U3MEHSET COCTaB ra-
30BOH (pa3bl, HO HE NUIAKOBYIO (pa3y B HAILIABOYHOH BaH-
He. [Ipn Temneparypax menee 1500 K nanbosnee BeposiTHO
oOpa3oBaHue CHIUINIOB BoJibppama (peakimu (13), (14))
u Bonb(pama (peaknus (12)) 3a cueT BOCCTAHOBICHUS OK-
cuna Bonbppama WO, kpemuuem. Ilpu 5TOM mutakosas
(haza craHoBuTCs OoJiee KUCIOH 3a c4eT 0Opa3yroIerocs
OKCH/Ia KpEMHUSI SiOz. OTMeTHM, OHAKO, YTO 3Ta 00JIaCTh
TeMIeparypbl HAXOJAWTCSA HIDKE TEMIEPaTypbl IJIaBICHHUS
okcuna Boibpama WO, (1745 K). B unrepsane temme-
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paryp 1500 — 2500 K (3amTpuxoBaHHasl 30Ha Ha PHCYHKE)
MPOTEKAET MEIBIA Ps] KOHKYPHPYIOMIUX PEaKIHid, TPHBO-
JSIUX K 00pa30BaHHIO B METAJUIMUECKOM pPAcCIUIaBe Kak
BOJIb(hpaMa, TaK M €ro CHIIMIUIOB U KapOHJIOB.

Buoi6oowt. 1IpoBeeHHbII TEPMOIUHAMUYECKUN aHAJIN3
21 peakuuy B CTaHIAPTHBIX COCTOSTHUSX (@ JJIST HEKOTOPBIX
peaxiuii ¥ B yCIOBHSIX, OTIUYHBIX OT CTAHJAPTHBIX) TIOKa-
3BIBACT, YTO MPHCYTCTBHE B MTOPOIIKOBOH MPOBOJIOKE, MC-
MOJIb3yEMOM ISl HAIJIAaBKH, HAPSITYy ¢ OKCUIIOM BOJIb(pama
WO, BoccTanoBuTeNEH yIIEpoaa H KPEMHHUS 00513aTeIbHO
MpHUBEJET K 0Opa30BAHUIO CHIIUIMIIOB U KapOHWIOB BOJIb-
¢dpama, a BO3SMOXHO, U caMoro Bojib(ppama. KapOuasl Mo-
T'yT He 00pa3oBaThcs TOMBKO Mpu HU3KHX (MeHee 1500 K)
temreparypax. [Ipu mpoBeneHun mporecca HaIIaBKH TIPH
HU3KHUX TEMIIEPaTypax BEPOSATHO YBEJIMYCHUE KHUCIOTHOC-
TH 1IIJJAKOBOW (ha3bl HATUIABOYHOW BaHHBI.
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THERMODYNAMIC ASSESSMENT OF WO, REDUCTION BY CARBON AND SILICON

Yu.V. Bendre, V.F. Goryushkin, R.E. Kryukov, N.A. Kozyrev,
L.P. Bashchenko

Siberian State Industrial University, Novokuznetsk, Russia

Abstract. Technology of arc surfacing with flux-cored wire, in which tung-

sten oxide WO, and substances containing reducing agents: carbon and
silicon are used as fillers, is of interest for implementation in terms of
resource saving. Thermodynamic estimation of probability of 21 reac-
tions proceeding under standard conditions was carried out with the
use of tabular thermodynamic data for reagents in temperature range
of 1500-3500 K. This interval includes temperatures at the arc peri-
phery and in the upper layers of surfacing bath. Among the reactions
are direct reduction of tungsten oxide WO, by carbon and silicon; in-
direct reduction of tungsten oxide WO, by carbon; reaction of tung-
sten combination with carbon and silicon with formation of tungsten
carbides and silicides. W, WC, W,C, WSi,, W.Si,, CO, CO,, SiO,
SiO, were regarded as possible reaction products. Oxidation reduction
reactions were recorded for 1 mole of O,, and reactions of tungsten
combination with carbon and silicon — for 2/3 moles of W. Probability
of reactions proceeding was estimated based on the standard Gibbs
energy of reactions. As a standard for reagent substances in the range
of 1500 — 3500 K, the following states were selected: W(s), WO, (s, I)
with phase transition at 1745 K, WC(s), W,C(s), C(s), CO(g), CO,(g),
WSiy(s, 1) with phase transition at 2433 K, W.Si (s, 1) with phase
transition at 2623 K, Si(s, 1) with phase transition at 1690 K , SiO(g),
SiO,(s, 1) with phase transition at 1996 K. To estimate the degree of
influence of reactions of possible evaporation in WO, tungsten oxide
arc (T, ,=1943K) on thermodynamic properties, thermodynamic
characteristics of two reactions were calculated in which WO, (g) was
chosen as a standard state in the same temperature interval. Thermo-
dynamic analysis of WO, reduction shows that temperature of melt
along with composition of flux-cored wire can affect composition and
service properties of deposited layer. In the system under considera-
tion, formation of tungsten, tungsten silicides and carbides is likely at
high temperatures of melt (more than 2500 K). The flow of reactions
significantly changes composition of gas phase, but not slag phase in
surfacing bath. At temperatures below 1500 K, formation of tungsten
and tungsten silicides is most likely due to reduction of WO; by sili-
con, with the slag phase becoming more acidic due to SiO, silicon

oxide formation. However, this temperature range is below the melting
point of WO, tungsten oxide (1745 K). In the temperature range of
1500 — 2500 K, a number of competing reduction reactions occur, as
a result of which both tungsten and its silicides and carbides are being
formed in metallic melt. Reactions of tungsten combination with sili-
con and carbon with formation of silicides and carbides are less likely
than reduction reactions. Evaporation of tungsten oxide WO, in the
arc increases thermodynamic probability of reduction reactions occur-
rence, but more likely at low temperatures.

Keywords: thermodynamic analysis, Gibbs reaction energy, flux-cored

wire, tungsten oxide, arc surfacing, surfacing bath, tungsten, reduc-
tion, tungsten silicides, tungsten carbides.
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