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TEPMOOUHAMMUKA POCTA METAJIJTMYECKON ®A3bI
NMPU TBEPAOPA3HOM BOCCTAHOBJIEHUX METAJIJ10B
B KOMMNJIEKCHbIX OKCUOAX

M.B. flyoopoe, A.4. fjpo3uH, B.E. PowjuH
tOxHo-Ypanbckul eocydapcmeeHHbil yHUsepcumem, 2. HensbuHck, Poccus

Jnst COBEPIIEHCTBOBAHUS TEXHOJIOTHH TBEPAO(a3HOTO BOCCTAHOBIICHHUSI METANIIIOB B pylax
HEOOX0/MMO JeTaIbHOE HCCIEOBaHWE 3aKOHOMEPHOCTEH pOCTa 3apoJblllied MeTalIMYecKon
(ha3pl ¢ y4eToM CYIIECTBYIOIIMX B BOCCTaHOBUTEJIBHBIX arperarax ycioBuil. Ha mepBom srtame
UCCJIEZIOBaHMUS B 1I€JIOM M3Y4€HBI 3aKOHOMEPHOCTH Ipoliecca pocTa HOBOM (pa3bl B MHOTOKOMITO-
HEHTHOM OKCHAHOU cucteMe. MeTtogaMu HepaBHOBECHON TEPMOAMHAMUKH MOJIY4€HO KOMILIEKC-
HOe (PU3UKO-XUMUYECKOE ONHCaHue TBEPA0(a3HOro BOCCTAHOBICHUS METAIJIOB B MHOTOKOMITO-
HEHTHOH OKcuaHOU (ase, yuuThIBaloIIee MPOTEKAIOIINe IPU ITOM TEIUIOBbIe U T (y3HOHHBIE
npouecchl. JJOMOJHUTENHHO HAa OCHOBE METOJIOB XUMHH HECOBEPUICHHBIX KPUCTAIIIOB CHOpMY-
JMPOBaHbl 3aKOHOMEPHOCTH BIMSHHS NEPEMEIICHH aHHOHHBIX BaKaHCHH Ha TEpMOJMHAMHYeE-
CKO€ COCTOSIHHE CHCTeMBI. [yl paccMaTpuBaeMOll CHCTEMBI 3amMCaHbl (PU3NKO-XMMHUYECKHE
ypaBHEHH OajlaHCa BaKaHCHH M »HTponuu. PazpaboTaHHas HOBas TEOPHs MO3BOJIIET KOMIUICKC-
HO YYWTHIBaTh TEIIOBBIC, MH((y3HOHHBIE MPOLECCH M MPOIECCH MEPEMEICHNS BaKaHCHH B
MHOTOKOMITOHEHTHOH OKCHIHOM cucteme. C menblo MPaKTHYECKOTO HCCIEAOBAHUS BOCCTAHOB-
JICHUSI METAJUIOB B PYAaX PacCMOTPEH ClIydyai pocTa 4acTHIbl METaJLIa U3 UCXOAHOU (ha3bl pyIbl
C Y4eTOM JOINOJHUTEIBHOTO BJIMSHHMS BOCCTAHOBHTENS Ha NpoTekaHue mpoiecca. Ha ocHoe
KOMIUIEKCHOTO TI0JIX0/1a TIOJIy4eHO 00lee BIpaXEHUE MPOM3BOACTBA SHTPOIIMH B CUCTEME: pac-
TYIIMH 3apOJBIII MeTajlla, MCXOMHas pyaHas ¢as3a u ¢asza BkiItoueHUH BoccTaHoBuTems. [Ipose-
JICHHBIE MCCIIEI0BAHUS TIO3BOJIMIIM ITOCTPOUTh MaTEMaTHYECKYIO MOJIENb POCTa METAIIIMYECKOTO
KpHCTauia B 00beMe OKCUAHOW (Da3bl B 3aBUCUMOCTH OT PEKUMa HarpeBa U COCTaBa KOMILICKC-
HBIX OKCHAOB. B wacTHOCTH, pa3paboTaHHBIN MaTeMaTHYECKHUI anmapar Mo3BOJISIET IIPOU3BOIUTh
pacdeT CKOpPOCTH pOCTa METaUTMYECKOTO 3apojblilla B MCXOAHOH MHOTOKOMIIOHEHTHOW OKCH/I-
HOH daze. [TosryueHHast METOANKA TaKXKe JaeT BO3MOKHOCTh OLICHUTH CTETIEHb BIIMSIHUS TPOIIEC-
COB TIEpPEMEICHNS] AHNOHHBIX BAaKaHCHI HA 3aKOHOMEPHOCTH MPOIIECCa BOCCTAHOBIICHHS.

Krouesvie cnosa: meepoogasnoe 6occmanosierue, OyHUm, pocm Kpucmaiios, ouggysus,
AHUOHHbIE 6AKAHCUU, HEPAGHOGECHAS MEPMOOUHAMUKA.

Beenenne

HccnenoBaHus MpoLeccoB KapOOTEPMUUECKOTO TBEPA0(A3HOTO BOCCTAHOBIICHUSI METAJUIOB B KOM-
IUIEKCHBIX OKCHJaX IOKa3ald, YTO MeTajunueckas ¢a3za MoKeT (OpMHPOBATHCA HE HAa MOBEPXHOCTU
KOHTaKTa C BOCCTAaHOBHUTEJIEM, a B 00beMe OKCHIHOH (ha3bl, HA 3HAYUTEIHPHOM YAAJICHUU OT MECTa Mpo-
TeKaHUsl XuMU4ecKux peakuuid [1-2]. Kunetuka BOCCTaHOBIEHUS METAJUIOB ONPEACIAETCS BIUSHUEM
MHOTHX ()aKTOPOB, B TOM YHMCJIE TEMIIEPATYPHBIMU YCIOBUSMH MPOTEKAHHUS MPOLECCa, XUMHUUECKHM CO-
CTaBOM HCXOJIHBIX OKCHJIOB, (JOpMOIi M OpueHTaIuel KPUCTAIIIOB B UCXOHOH (aze [3—5], a Takxke He-
OJIHOPOJTHOCTBIO COCTaBa B MUCXOMHOMU (ha3e, HaJIMUUEM BObI B KPUCTAIMUECKON pelIeTke OKcHuaa [6—
9]. Mexay TeM KIIOYEBBIM (DakTOpOM, ONMpPENEIISIOMNM CKOPOCTh TU(PQY3NOHHBIX MPOLECCOB H, KakK
CJIEICTBHE, CKOPOCTb POCTA 3apOJBIIIEH HOBOW (ha3bl, SBISAIOTCS HAIMYUE U CKOPOCTH NEPEMEIICHUs
AHMOHHBIX BaKAaHCHI KHCJI0pOa B HCXOaHOH ¢ase [3, 4, 10].

OKCIIEpUMEHTANBHOMY HMCCJIEIOBAHUIO CKOPOCTH HpoTekaHus An((y3HOHHBIX MPOLECCOB B KOM-
IUIEKCHBIX OKCHJAxX MOCBAIICHO MHOTO padoT, B yacTHOCTH [3, 4, 11]. M3y4eHsl 3aKOHOMEPHOCTH TU -
(dy3ur KOMIIOHEHTOB IPH Pa3JIMYHBIX (PU3UKO-XUMHUECKHUX OCOOEHHOCTSX MPOTEKaHHs IMpoliecca, Io-
JTy4EeHBI SMIIMPUUYECKUE 3aBUCUMOCTH BIMSHHS MEPEMEIICHUS BaKaHCUHA Ha CKOPOCTh MPOTEKaHMS Ipo-
1ecca Jisi KOHKPETHBIX paccMaTpuBaeMbIx cuctem [3-5, 10-13].

AKTUBHO pa3BUBAETCS M TEOpHUsl pocTa 3apojpliieii HoBoi (a3l ¢ yuetoM MU(GY3UOHHBIX U TETll-
noBBIX TiporieccoB [14—20]. CoBepiieHCTBOBaHNE METOJIOB XMMHUHU HECOBEPIIEHHBIX KPHUCTAJUIOB ITO3BO-
o chopMyIUpPOBaTh 3aKOHOMEPHOCTH BIIMSIHMS aHHMOHHBIX BakaHCHH Ha TEPMOAMHAMHUYECKOE CO-
crostHAE cucTeMbl [21-28]. OmHako aBTOpaM HEW3BECTHO O HAJTMYUHA MAaTEMAaTHYECKUX MOJEICH, KOM-
IUICKCHO YYUTHIBAIOMNX MU} (Hy3HOHHBIE TIPOIECCH M MPOIECCHI IEPEMELICHIUS BAKAHCHH JUTS CHCTEMBI
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pacTyImid 3apoJbIl — MCXOJHBIH MHOTOKOMIIOHGHTHBIH pAacIUIaB, YTO OTPaHMYUBACT MPUMEHUMOCTH
UMEIOIIUXCS. METOJIOB JUIS IPAaKTUYSCKUX HcciaenoBanuii. OOIMHUPHBIC 3KCIIEPUMEHTAIBHBIE UCCIICIOBA-
HUSl TpeOyroT 000OIIeHNSI Ha OCHOBE TEOPETHYECKOTO TOAXO0/a OMUCAHHUS POCTa HOBOH (ha3bl B KOM-
TUIEKCHBIX OKCHIAX.

Lenpto maHHOU paboTHI sBiseTcs pasButHe Teopuu [18—20] u mocTpoeHHe (PU3MKO-XUMUYECKOTO
OTMCaHUsl POCTa OTJEIBHOTO 3apOJIbIa HOBOH (MeTayuindeckoi) a3pl ¢ y9eTOM TEIUIOBBIX B JU(dyY-
3HOHHBIX TPOIIECCOB, BKIFOYAs IMPOIIECCH MEPEeMEIeHHsI aHNOHHBIX BakaHcwil. Ha ocHOBe Takoii Teo-
pUH J0KEH OBITh pa3paboTaH MaTeMaTUYCCKHUN almapar, KOTOPBIA MO3BOJIMI Obl MPOU3BOJIUTH PAcyeT
CKOPOCTH POCTa METAJUIMYECKOTO 3apOJIblllla B MCXOJHOW MHOTOKOMIIOHCHTHOW OKCHIHOHM (a3se, Ha-
MIPUMED, KEJE3a B )KeJIe30CoAepKalleld TOPHOU MOPOJe — JyHHUT.

1. TepMoauHaAMHYECKOE ONMUCAHNE CHCTEMbI:

pacTyinasi YacTua MeTaJjljia — HCXOHasl OKCHIHAs (a3a

IpencraBuM cxeMaTHYeCKH MPOIECC POCTa YACTHILI METallia (CM. PHCYHOK), KOTOPYIO JJISl TIPO-
CTOTHI OysieM cuuTaTh cepuueckoii. B ncxoqHOW MHOMOKOMITOHEHTHOW OKCHIHOM (aze V¥ (Hampumep,
okcuaHas (pa3a Ha OCHOBE JyHHMTA) pacTeT 3apobii Ga3el @ (kpuctamt metamwia). ®aset ¥ u @ pas-
nenens! dasosoii rpannueii F®. Pocr daser @ npoucxomut 3a cuer audQy3HOHHOrO MOTOKA METall-
aa Jg, .

F‘I’

CxemaTtuyeckoe nsobpaxeHue azoBoro o6ema

BoccranoBneHue MeTasia MPOUCXOIUT 32 CYET CO3JIaHMsI BOCCTAaHOBUTEIBLHOM cpelibl. B aToM ciy-
yae 3aITyCcKaeTcss MEXaHU3M 00pa30oBaHUS Ha MOBEPXHOCTH OKCHUJIAa aHHMOHHBIX BaKaHCUH (KHUCIOPOa) U
nepeMeleHnss uX B 00beM OKCHIHOW (a3pl. Hammunme aHMOHHBIX BaKaHCHH yBEITHMYHBAET CKOPOCTH
nuddy3un aTOMOB METaJlIa, YTO CO3/1aeT BO3MOKHOCTh 00pa30BaHMs KPUCTANIOB METaJLIa B HCXOIHOU
TBEp/OH dasze.

JlJis OIICHKM BIIMSIHUSL BOCCTAHOBHUTEIBHOW CpPEAbl HA POCT OTIENBHOTO 3apojbliia OyleM yIpo-
IICHHO CYMTaTh, 4TO UMeeTcs (aza Y — (a3a BOCCTAHOBUTEIA, OTAe/IeHHas oT Ba3bl W CIUIONIHON He-
MOJIBUYKHOU T'paHUIIeH pa3jaeia a3 FY (cM. pucynoOK). OOMeH Maccoli ¢ paszoit Y OyaeT onmpemensaThCs
1 y3MOHHBIM OTOKOM KHcTopoza Jg .

Kpome Toro, OymeM y4uThIBaTh M3MECHEHHE KOJMYECTBA BakaHCHil Z B CHUCTEME M IMOTOK BaKaH-
cuit J, . 31ech Mbl He ONpe/IeNsieM TIPUPOTy BAKAHCHUi, CTPEMSICh TIOTYYUTh MAKCUMATLHO O6IIee OMH-
caHue cucTteMbl. [Ipu mpakTUYeCKOM HCITOJIb30BAaHUH TIOTYYaeMbIX 3aBUCUMOCTEH MOXHO Y4eCTh MeXa-
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HU3M BaKaHCHOHHBIX MTEPEMEICHHN, COOTBETCTBYIONINA KOHKPETHOMY cltydaro. JIJist ynpoineHus oyaeM
CUHTaTh, YTO (Pa30BHIE TPAHUIIBI IMEIOT CheprudecKyto (OpMy, H BHIITOIHAIOTCS YCIOBUS CepudecKon
CUMMETPHUH BCEX MAPAMETPOB CUCTEMbI OTHOCHTEIBHO IICHTPA 3apo/Ibiiia (a3l MeTallIa.

Ha mepBom ostame ans oOmuocTn OyneM paccMaTpHBaTh HCXOIOHYIO CHUCTEMY, COCTOSIIYIO

13 K KOMITOHEHTOB, MacChl KOTOPBIX 0003HAYMM CHMBOJAMHU M ,...,M, . Kpome Toro, Oynem cuurars,
4TO B ATOH MCXOoAHOH (haze mmeercs Z Bakancuil. CBoOojHas sHeprust ['mb6ca cuctembr G sBiseTcs
¢GyHkuuen temnepaTypsl T, naBneHus P, Macc KOMIIOHEHTOB M ,...,M, U KOJIMYECTBA BaKaHCHU Z:

G=G (T, Pm,...m.,Z ) . COOTBETCTBEHHO MBI MOKEM 3aIUCATh

k
dg =—sdT +vdP + > p;dc; +g,dz, 1)

i1
rae S u Vv — COOTBETCTBECHHO YACIBHBIC OHTPOIIUA U O6’B€M, K | Ci — XUMHYCCKHI IIOTCHIIMATI U KOH-

HEeHTpanys i-ro KOMIIOHEHTa, Z — yAeJIbHOES KOJINYECTBO BAKAHCHH, §; = E — mapuuanbHas cBOOOIHAS

sHeprus ['mb0ca, oOycoBlieHHas HAJIMYMEM BaKaHCHH B MCXOJHOU cucteme. [lociieqHuiil 4ieH BbIpa-
YKEHUSI OTIpEIeIsIeT BKJIal, CBSI3aHHBINA N3MEHEHHEM KOJIMYECTBAa BaKaHCH B cucTeMe [24].
Kpowme Toro, Ham moHamoOWTCS BRIpasKEHUE TSl YASTHHONH BHYTPEHHEH YHEPTUN

k
du =Tds—Pdv +>_pdc; +gdz. 2)
i=1
Jns panpHEWIero TepMOAMHAMHYECKOIO OIMCAHUSA HAIEHd CUCTEMBbl METOJAMU HEPaBHOBECHOU
TEPMOAMHAMUKN HEOOXOIUMO 3alHCaTh JIOKaJIbHbIE (PU3UKO-XUMHUYECKHE YpaBHEHUS. BpiBoabI ypaBHe-
HUM, CBA3aHHBIE ¢ OallaHCOM BaKaHCHUH, ISl TAKOH CHCTEMBI BHITIOJHEHBI BIEPBBIC U OYIYyT NPUBEACHBI
noapobHo. MeTonuKa MOCTPOCHUSI OCTABbHBIX JOKAIBHBIX YPaBHEHHH NETaTbHO PACCMOTPEHA B psilie
pabot [18-19, 29, 30], mo3TOMY MBI PUBEAEM JIHIIH OKOHYATEIIHHBIE YPABHEHUS.

2. JlokanbHble PU3NKO-XHMUYECKHE YPABHEHHS
YpaBuenue Oananca BakaHcWid. [IJisi MPOW3BOIBFHOTO MHKPOOOBEMa paccMaTpUBAEMOM CHCTEMBI

. opz .
M3MEHEHHE KOJIMYECTBA BAKAHCHI COCTABUT j—dV, raie V — o0beM BeIAeIEHHON oOmacth, t —
v
BpeMsi, p— IUIOTHOCTh cucTeMbl. C Jpyroil CTOpOHBI, IIOTOK BaKaHCHI Ha MOBEPXHOCTh MHKPOOOBEMa
paBeH — j JgﬁdF =— J. dingdV, rie F — muomans moBepXHOCTH BbIJENEHHOM oOnactu, W, U
F v

J. § = pZW, — CKOPOCTb U IJIOTHOCTH IOTOKA BaKaHCHH, N — €MHUYHBIA BEKTOp HOPMAIIU K IIOBEPXHO-
cti. OObEIUHSIS 3TH BBIPOKEHUS, TOJIYYUM YPAaBHEHHE HEPA3PhIBHOCTH JIJIsl BAKAHCHUI:

opz ,. =

PL L divI? =o. 3)
ot

Teneps paccMoTpuM U Py3MOHHBIN TOTOK BaKaHCHUN — TIOTOK BaKAHCHUU MO OTHOIICHHIO K MTOTOKY
CpeIsl J. 7= pz(v_\lZ —V_V) , W — CKOpOCTb IICHTpa MacCc MaTepUallbHOW TOYKU cUCTeMbl. [lofcTaBiss 3To

d _
BblpakeHHE B (3) W yuMTBHIBas 3aBHCHMOCThb d_?[/ = % +W-grady TOJHBIX M YaCTHBIX MPOU3BOIHBIX
MIPOU3BOJIBHOM CKAJIIPHOM BEJIMYUHBI Y, IOJIyYUM
dz 1, =
dt p
JlomosHUM Haly BBIBOABI YPaBHEHUAMHU HepaszpbeIBHOCTH [18, 19, 29]
dc; 1. =
—L=—=divJ;, (5)
dt p
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rae J; — mIOTHOCTH M (Y3MOHHOrO MOTOKA i-T0 KOMIIOHEHTA, a TAKKe ypaBHEHHEM OalaHca BHYT-
penneii sHepruu [18, 19, 29]
(d_“+ Pﬂj}ldivju, (6)
dt dt p
rje J, — MOTOK BHYTPEHHE} SHEPTUN.

Ypasuenue Gananca saTponny. OOBEIUHAM C/IEIaHHBIC BBIBO/IBI. BOCIIOIB30BaBIINCEH BBIPAKECHU-
eM (2) a7t BHyTpEHHEH SHEPTUU U ypaBHEHUSAMH (4—06), TIOIydnM

ds 1. - 1& oo 1, =
p—=—=div],+=) p;div]; + g, =divJ;. (7)
a T 0T Z‘ A T
Jlnst manbHEHIX BBHIBOJIOB JOTOJHAM HM3BECTHOE YPaBHEHHE TUIOTHOCTH TEIIOBOTO IMOTOKA TO-
CPEICTBOM TEILIOMPOBOIHOCTH [ 16, 17] "wiieHOM, CBSI3aHHBIM C IIOTOKOM BaKaHCH:

Jq:\]_u—Zhi\]_i—thz, (8)

) oH
rac hi — napuydanabHas SHTaNIbIMA |-TO KOMIIOHCHTA, hZ = E — napuyaJibHas SHTaJIbIInA, O6YCJ'IOBJ'16H-

Has HaJIMYUeM BaKaHCHH B MCXOJHOHU cucteme. Takum oOpa3oM, U3 MOTOKa BHYTpEeHHeEH sHepruu J,
k —
UCKIII0YAeTCsl MEpeHoC Tera ZhiJi , 00ycioBIeHHBIN OU(QYy3HOHHBIM MEPEHOCOM MACCHI, U IOTOK
i=1
temna h, J. 7 » CBA3AHHBIN C TIOTOKOM BaKaHCHH.
YunreiBas (8), nepenuiem (7) B BuIe

ds .=
— =—div]; +0, 9
pdt sTtO (9)
rie
1= K_ _
Jsz? Jq+z‘]i(hi—“i)+~]z(hz—gz) , (10)
i=1

c=1J, gradl+ih-J_- grad£+ h, J. gradi—zk:\]_- grad M 7. gradg—z.
q T = ivi T VAA T = i T z T
[Tocneanee BeIpakeHHEe MOXKHO TiepenucaTh B Oolee yanooHo# gopme [19]:

- 1 1&- 1~
G:qurad?—?z\]i[gradui]T —?Jz[gradgz]T, (11)
i1

rae [grad ;i ]T u [grad g7 ]T — IPaMeHTHI IPH YCJIOBUH MOCTOSIHHONW TEMIIEPATYPBhI.

3. 'nobanbHble ypaBHeHHsI CHCTEMBI YACTULIA MeTaJIa — UcX0oaHAasA ¢a3a

[TpogomkuM paccykIeHUsI NPUMEHHUTEIFHO K HalleMy MPaKTHYECKOMY CIIy4aro (CM. PHCYHOK)
pocra yactuilel Metaiia (paza @) u3z ucxomHou dassl pyas! (haza Y ). JlonoIHUTEIBHO, KaK YKa3bIBa-
JI0Ch paHee, Oy/leM CUHTATh, YTO uMeeTcsa (a3a BocctaHoButens (paza Y ). [Ipu 3TOM MOKHO TPUHSATH,

4T0 (ha30Basi OBEPXHOCTh F | 3HAYMTENBHO yaJeHa OT MOBEPXHOCTH PACTYILEro 3apogsima F | mo-
3TOMY YIIPOLICHHO PUMEM TIOBEPXHOCTb F @ HemoaBmKHON. KpoMe Toro, st yao6CcTBa 3aIicH BBe-
JieM crenyronue o6o3HaueHus motokoB. [Torok u3 ¢aser ¥ B pazy Y Oynmem ob6o3HavaTh J ¥T ook
u3 ¢azer ¥ B pazy ¥ — J ™ Ananoruuso Oyzaem ucroib30BaTh 00o3HaueHus i paz © u V.
IMoydnM BEIpaKEHHE JUTS H3MEHEHHS KONMYECTBA BAKAHCHIA B HameM obbeme V ' 3a cuer mepe-
X0/ BaKaHCHil uepe3 1oBepxHocTh F . C OXHOI CTOPOHBI, CKOPOCTh M3MEHEHHUS KONMUECTBA BAKAH-

o v v
cuil B o0beMe V © 3a cueT IMOTOKA BAKAHCUH Yepe3 IpaHuIly FY paBHa | } FY rme | } — CKOPOCTh 00-

pasoBaHud BaKaHCHI Ha CAMHUIIC IJIOoMIaaA TOBECPXHOCTHU F\P .C z[pyroﬁ CTOPOHBI, CKOPOCTb U3MCHC-

52 Bulletin of the South Ural State University. Ser. Chemistry.
2021, vol. 13, no. 3, pp. 49-59



Aydopoe M.B., lpo3uH A.4., TepmoduHamuka pocma memarsnsu4yeckol ¢pa3bl
PouwuH B.E. npu meepdogha3HOM 80CCMaHOB8/IEHUU MeMmarios...

d Y, ¥
HUSL KOJMYECTBA BaKaHCHii B 06beme V & paBHO a J p 'z dV. IlpupaBHHBas 3TH BBHIPAXKEHUSI, TIPH-
V‘P
Mensist popmynry Octporpanckoro — ["aycca, a Taxoke yuauTsiBas (3) ¥ gomymieHue o chepruueckoil cum-
MCTPUH CUCTEMBI, HOJ‘Iy‘II/IM Ha IrpaHune Y
JO¥T — 1], (12)

J; O¥Y _ mmotHocTh MOTOKA BakaHcwit u3 dasst ¥ B pazy Y. ITo aHAIOrHH ¢ IIOTHOCTEIO AU(dY-

rae
3MOHHOI'O ITOTOKAa BE€IIECTBA MOKHO I'OBOPUTH O INIOTHOCTHU ITOTOKA BaKaHCHI 10 OTHOIIIEHHIO K IOTOKY

cpenbl. O6beaunss (12) u BhIpaxkeHue J. 7z =pZ (\TvZ —V_V) , IIOIy4uM
IFT=—z%a0¥r 1], (13)

rie z° — yaenpHOE KonmdecTBO BakaHcuil B paze V. Paccyxkmas momoOHBIM 00pa3om, MOXKHO 3alIlu-
caThb BBIpaKCHHUE IS TOTOKA BAKAHCHI Yepe3 MOBEPXHOCTH paszena u3 gasel Y .

JZY‘P JOY‘P YJg YJOY“P_Ig', (14)

rae z' — yenbHOE KONMYecTBO BakaHcHii B (ase Y .
ITpoBoast aHAIOTHYHBIE PACCYXKIACHMS AJsl 0aJlaHCOB MAacC KOMIIOHEHTOB, MOKHO IOJIYYUTh BbIpa-

JKEHHSL U1l H3MEHEHHSI MAacChl i-ro KOMIIOHEHTa Hamrero oGbema V' 3a cder muddy3un uepe3 rpaHuIIbl
paszaena ¢as. [Ipy 35TOM HY)KHO YYHTBHIBATH MOABHXHOCTH (ha30BOM rpaHuibl @, ¥ HEMOJABWIKHOCTH
rpanuibl Y. YUHUTBIBas JETALHOE PACCMOTPEHHUE METOJMKH MOMYUYCHUS] TAKUX ypaBHEHUH B paboTax
[18-19], omycTim moapoOHbIEe BBIBOIBI U 3aMUIIIEM OKOHYATEIBHbBIC YPABHEHUS.

s pasosoii rpanuisr P :

oYo Y 0oy () [}
J =P Weo MFeIFe’ J =p W,:CD_MFeIFev (15)
JEP =Mp & (cFe 1), (16)
rre M u | — MonexynspHble MacChl U CKOPOCTH 00pa30BaHMUS NMPOAYKTA HA €IUHUIIE TOBEPXHOCTH IS

COOTBETCTBYIOIIMX KOMITOHEHTOB. [IpH 3TOM Ba)KHO OTMETHTD, YTO MOCKOJIBKY (haza @ COCTOMT TOJIBKO
M3 aTOMOB METaJIa, TO peub HIET 0 camoaudy3uu meTasia.
s pasosoii rpanunmt Y :

IO = _MglS, 39 =M 14, (17)
38" =Mglg(cd 1), 35" =Mgl§(cg -1). (18)
VYuureiBas Beipakenue (17), MoxxHO yrpocTuTh Boipaxenus (13) u (14) ayis notoka BakaHCHIA

IV =2"MgId =17, 37 =2"MgI S —15. (19)

I'noGanbHble ypaBHeHUs Oananca sHTponud. [lpumenss (9), 3anumem ypaBHeHHe OanaHca SHTPO-

MM B 1IeJIOM U1 Hamero oobema V ¥ [17]

ds d op"s” o

E:a J. plPSlPdV = J:P(T)dv +FJ:D pSWF(D 'nF(DdF =

= j\vcdv—j(b(agusJOq’—pstcp)dF— Ir(Jg+sJ°Y)dF. (20)
v F F

Hama cucrema omnmckiBaeT Mex(da3oBbiii mepexoa koMroHeHToB. [loaToMy B HamieM ciydae, Mpu-
BEJICHHBIC B YPaBHEHHUW MOTOKH SIBIISIOTCS PAa3HOCTSMH IOTOKOB M3 00beMa V¥ i norokoe B 06bem
vl e Jg) = Jgpq) —Jg)ly, Jg = J;PY —Jg\y. B cootBercTBUM ¢ MeTomuKON [18], mpuMeHss K MOIy-
Y _pY_

4eHHOMY ypaBHeHuto Beipaxkenus (1), (10), (17)—(19), a Takxke BhIpaxkeHHe ¢ s*T , npeoGpa-

3yE€M BTOPOC NOJABIHTECIPAJIbHOC BBIPAXKCHUEC!

J§+sJ°Y=T1(J;w—J;”’—IOAHO I7AH) +15AS +17 A7), (22)

rie AHG =Mo (h6 ~hg ), AHZ =hy —hy . Aj =Mo (ug —15). A7 =97 —07.
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[MockonbKy KOJIMYECTBO Teria, 00pa3yeMoro Ha rpaHMIile pasznena (a3, paBHO pa3HOCTH TEILIOBBIX IO-
TOKOB, TO MOXHO 3anucath [18, 19, 29]

JgF=3q " +I0AHS +17AH; =0. (22)
Torna, noacrasisist (22) B (21), nonyaum
J§+3J°Y=%(I£Ag+lgA§). (23)

ITonoGHBIM 00pa30M 3amuIeM BhIpaXxeHHe s mepBoro uHrerpana (20)
ng+sJ°®—pst@:%l,c_-i > (24)

[oncrasmnss (23) u (24) B (20), OKOHYATETHFHO OTYYUM

@ _ chV—I%dF—jl(lgﬂgﬂg’A;)dF. (25)
dt B co T er T

[Monyuennsie ypaBHenus (11) u (25) npeacrapistoT oOIlee BhIpaXEHUE MPOU3BOICTBA SHTPOITHH
paccMaTpuBaeMOl CHCTEMBI: PaCTYIIMIA 3apObIII MeTajla, NCXOAHas pyaHas ¢asza u (asza BKIIOUSHHN
yraepoaa. BaxxHO OTMETHTh, 9TO B ciiydae OOBIYHOTO MU((HY3HOHHOTO POCTa BBIPAXKEHHS IS TIPOH3-
BOJICTBA DHTPOIIUHU B CHCTEME B COOTBETCTBUU C METOMUKOH [18, 19] mpuHsau Obl BU1

ds 12 A> 1
—= | odvV - | e dF— | 17 AYdF, 26
dt LG L T LT 0 %o 20)
v F F
_ 1 18-
cs:qurad_l—_—?ZJi[gradui]T. (27)
i=1

Takum 00pa3om, MBI TIOTYUHIIH, YTO YIIEH 'IE'J_ 7 [grad g7 ]T B (11) xapakTepusyeT BIHSHHAE IIPOIIEC-
AW
z Mz

COB IepeMeleHus BakaHcuid B haze ¥ Ha mMpoOM3BOJCTBO 3HTPONMHU CHCTEMBI, a WICH B (25)

XapaKTepU3yeT BIMSHUE IIPOLIECCOB, CBA3aHHBIX C IIEPEXOJOM BaKaHCHM uepe3 IOBEPXHOCTb pa3jieia
Yurt.

Jisa mpoBeneHusl MPaKTHYECKHUX pacdyeToB, MCHoib3ys Merox Oucarepa [29-31] nubo passu-
BaeMBbI aBTOpaMH BapHalnMOHHBIN MeTo] [20], MOXHO TpeoOGpa3oBaTh MOJYUEHHBIE BBIPAKEHUS K
cucteMe (QU3INKO-XUMHUYECKHX ypaBHeHUH [18-20], ommchiBarommx audQy3uoHHBIE MPOIECCH B
UCXOJHOW OKCUAHOH (hase, mpoleccs Ha IpaHULax pasfena (a3, a TakkKe MPOLEecChl epeMeIleHUs
BakaHCHH. PelleHne Mmony4eHHBIX ypaBHEHHH MOXET OBITh BBIIOJHEHO PA3HOCTHBIMH METOAAMH
[32-33].

[Ipenmy1iecTBOM MOJy4YEHHOM MOZAETH SIBJISETCS BO3MOXKHOCTH IPOTHO3UPOBAHUSI CKOPOCTH poCTa
3apofblllla C YYETOM COBOKYIHOCTH HW3MEHSIOIIMXCS BO BPEMEHHM B3aWMOCBA3aHHBIX (hH3HKO-
XUMHYECKHX TTapaMEeTPOB: PacIpeesIeHns] TeMIepaTypsl U KOHIIEHTPAUi KOMIIOHEHTOB, a TaKXe W3-
MEHEHHUS] KOJIMYECTBA BaKaHCHH B MCXOJHOW (aze. TakuMm oOpasom, mpeaBapsis dKCIEPUMEHTAIbLHBIE
MCCIIEIOBAaHUS, MOXKHO OLICHUTH 3aKOHOMEPHOCTH IPOLIECCOB TBEPAO(HA3HOTO BOCCTAHOBIICHHS METaJlIa
MIPH Pa3IMYHBIX TEMIIEPATYPHBIX PEXKUMaX JUIsI OKCHUAOB PA3IMIHOTO COCTaBa.

BrIiBoabI

1. Pa3paborana HOBas BapHallMOHHAS TEOPHUS POCTa HOBOU (pa3bl B MHOTOKOMIIOHEHTHOH CHCTEME,
YYUTBIBAIOIAS BIMSHUAE TEIIOBBIX U JMU((Y3UOHHBIX MPOIIECCOB, & TAKXKE MPOILIECCOB MEPEMEIICHHS
BaKaHCHUH.

2. TloctpoeHa mareMaTudeckas MOJIENb, MMO3BOJISIIOIIAS MMPOTHO3MPOBATh 3aKOHOMEPHOCTH MPO-
1ecca TBepa0¢ha3HOro BOCCTAHOBJICHHS METAIIMUECKOr0 KPUCTaJljla B 3aBUCMMOCTH OT PeXMMa Harpesa
¥ COCTaBa KOMIUIEKCHBIX OKCHJIOB C yUE€TOM TEPEMEIIECHUS aHHOHHBIX BAKAHCHIA.

HUccnenoBanue BomonHeHO Npu puHancoBor noanepxkke PODU u Yenabunckoit o0nacti B pam-
Kax Hay4Horo npoekra Ne 20-48-740034.
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THERMODYNAMICS OF THE METALLIC PHASE GROWTH DURING
THE SOLID PHASE REDUCTION OF METALS IN COMPLEX OXIDES

M.V. Dudorov, dudorovmv@susu.ru

A.D. Drozin, drozinad@susu.ru

V.E. Roshchin, roshchinve@susu.ru.

South Ural State University, Chelyabinsk, Russian Federation

To improve the technologies of solid-phase reduction of metals in ores, it is necessary to
study in detail the regularities of the growth of nuclei of the metal phase, taking into account the
conditions existing in the reduction aggregates. At the first stage of the study, the general regular-
ities of the growth of a new phase in a multicomponent oxide system were studied. Using the me-
thods of non-equilibrium thermodynamics, a complex physicochemical description of the solid-
phase reduction of metals in a multicomponent oxide phase was obtained, taking into account the
thermal and diffusion processes occurring in this case. Additionally, using the methods of chemi-
stry of imperfect crystals, the regularities of the influence of the movement of anionic vacancies
on the thermodynamic state of the system were formulated. For the considered system the physi-
cochemical equations for the balance of vacancies and entropy were written. The developed new
theory made it possible to consider thermal and diffusion processes, as well as the processes of
vacancy movement in a multicomponent oxide system in their complexity. For a practical study
of the reduction of metals in ores, the case of the growth of a metal particle from the initial phase
of the ore was considered, taking into account the additional effect of the reducing agent on the
process. On the basis of an integrated approach, a general expression for the production of entro-
py in the system of a growing metal nucleus, an initial ore phase and a phase of reducer inclu-
sions was obtained. The carried out research made it possible to develop a mathematical model of
the growth of a metal crystal in the volume of the oxide phase, depending on the heating mode
and the composition of complex oxides. In particular, the developed mathematical model made it
possible to calculate the growth rate of the metal nucleus in the initial multicomponent oxide
phase. The obtained technique also made it possible to evaluate the degree of influence of the
movement of anionic vacancies on the regularities of the reduction process.

Keywords: solid phase reduction, dunite, crystal growth, diffusion, anion vacancies, non-
equilibrium thermodynamics.

The research was funded by RFBR and Chelyabinsk Region, project number 20-48-740034.

References

1. Roshchin V.E., Roshchin A.V. [Physics of the Processes of Oxidation and Reduction of Metals
in the Solid Phase]. Russian Metallurgy (Metally), 2015, no. 3, pp. 19-25. (in Russ.) DOI:
10.1134/S0036.

2. Roshchin V.E., Roshchin A.V. Physical Interpretation of the Theory of Reduction / Oxidation of
Metals. Bulletin of the South Ural State University. Ser. Metallurgy, 2016, vol. 16, no. 4, pp. 29-39. (in
Russ.) DOI: 10.14529 /met160404.

3. Roshchin V.E., Roshchin A.V. Selective Reduction of Metals in the Crystal Lattice of Complex
Oxides: Physical Principles. Steel in Translation, 2013, vol. 43, no. 5, pp. 278-287. DOI:
10.3103/S096709121.

4. Rosshin V.E., Rosshin A.V. Metals Selective Reduction in Complex Oxides Crystal Lattice
Physical Foundation. Izvestiya. Ferrous Metallurgy, 2013, vol. 56, no. 5, pp. 44-54. (In Russ.) DOI:
10.17073/0368-0797-2013-5-44-54.

5. Heitjans P., Karger J. Diffusion in Condensed Matter: Methods, Materials, Models. Berlin,
Springer, 2005, 970 p.

6. Van Orman J.A., Crispin K.L., Diffusion in Oxides. Reviews in Mineralogy & Geochemistry.
2010, vol. 72, pp. 757-825. DOI: 10.2138/rmg.2010.72.17.

BecTHuk KOYpIlY. Cepus «Xumusy». 57
2021. T. 13, Ne 3. C. 49-59


mailto:drozinad@susu.ru
mailto:drozinad@susu.ru
mailto:roshchinve@susu.ru
https://doi.org/10.17073/0368-0797-2013-5-44-54

dusnyeckana xmmumsa

7. Liermann H. , Ganguly J. Diffusion Kinetics of Fe2+and Mg in Aluminous Spinel: Experimen-
tal Determination and Applications. Geochim Cosmochim Acta, 2002, vol. 66, no. 16, pp. 2903-2913.
DOI: 10.1016/S0016-7037(02)00875-X.

8. Kin C., Sio I., Dauphas N., Teng F.-Z. Discerning Crystal Growth from Diffusion Profiles in
Zoned Olivine by in situ Mg—Fe Isotopic Analyses. Geochim Cosmochim Acta, 2013, vol. 123, pp. 302—
321. DOI: 10.1016/j.gca.2013.06.008.

9. Xing C.-M., Wang C.Y., Tan W. Disequilibrium Growth of Olivine in Mafic Magmas Revealed
by Phosphorus Zoning Patterns of Olivine from Mafic—ultramafic Intrusions. Earth and Planetary
Science Letters, 2017, vol. 479, pp. 108-119. DOI: 10.1016/j.epsl.2017.09.005.

10. Zhang B., Li B., Zhao C. Large Effect of Water on Fe-Mg Interdiffusion in Garnet. Earth and
Planetary Science Letters, 2019, vol. 505, pp. 20-29. DOI: 10.1016/j.epsl.2018.10.015.

11. Costa F., Chakraborty S. The Effect of Water on Si and O Diffusion Rates in Olivine and Im-
plications for Transport Properties and Processes in the Upper Mantle. Physics of the Earth and Planeta-
ry Interiors, 2007, vol. 166, pp. 11-29. DOI: 10.1016/j.pepi.2007.10.006.

12. Vogt K., Dohmen R., Chakraborty S. Fe-Mg Diffusion in Spinel: New Experimental Data and a
Point Defect Model. American Mineralogist, 2015, vol. 100, pp. 2112-2122. DOI: 10.2138/am-2015-51009.

13. Chakraborty S. Rates and Mechanisms of Fe-Mg Interdiffusion in Olivine at 980°-1300°C. J.
of Geophysical Research, 1997, vol. 102, no. B6, pp. 12317-12331. DOI: 10.1029/97JB00208.

14. Nishinaga T. Handbook of Crystal Growth, Elsevier, 2014, vol. 1A-1B, 1214 p.

15. Herlach D.M., Galenko P., Holland-Moritz D. Metastable Solids from Undercooled Melts,
Amsterdam, Elsevier, 2007, 432 p.

16. Garcke H., Nestler B., Stinner B., A Diffuse Interface Model for Alloys with Multiple Compo-
nents and Phases. SIAM J Appl. Math.,, 2004, vol. 64, no. 3, pp. 775-799. DOI:
10.1137/S0036139902413143.

17. Galenko P. K., Gomez H., Kropotin N.V. Unconditionally Stable Method and Numerical Solu-
tion of the Hyperbolic Phase-field Crystal Equation. Phys. Rev., 2013, vol. E 88, no. 013310, pp. 1-13.
DOI: 10.1103/PhysRevE.88.013310.

18. Gamov P.A., Drozin A.D., Dudorov M.V., Roshchin V.E., Model for Nanocrystal Growth in
an Amorphous Alloy. Russian Metallurgy (Metally), 2012, vol. 2012, no. 11, pp. 1002-1005. DOI:
10.1134/S0036029512110055.

19. Drozin A.D. Rost mikrochastits produktov khimicheskikh reaktsiy v zhidkom rastvore [Growth
of Microparticles of the Products of Chemical Reactions in a Liquid Solution] Monograph, Chelyabinsk.
YuUrGU, 2007, 56 p. (in Russ.).

20. Dudorov M.V. Decomposition of Crystal-growth Equations in Multicomponent melts. J. Cryst.
Growth, 2014, vol. 396, pp. 45-49. DOI: 10.1016/j.jcrysgro.2014.03.035.

21. Kroger F. Khimiya nesovershennykh kristallov [The Chemistry of Imperfect Crystals]. Mos-
cow, Mir, 1969, 654 p. (in Russ.).

22. Gorelik S.S., Dachevskii M.Ya. Materialovedenie poluprovodnikov | dielektrikov: uchebnik
dlya vuzov [Materials Science of Semiconductors and Dielectrics: the textbook for High Schools]. Mos-
cow, MISIS, 2003, 480 p. (in Russ.).

23. Bokshtein B.S., Yaroslavtsev A.B. Diffuziya atomov | ionov v tverdykh telakh [Diffusion of
Atoms and lons in Solids]. Moscow, MISIS, 2005, 362 p. (in Russ.).

24. P.A. Svelin R.A. Termodinamika tverdogo sostoyaniya [Solid State Thermodynamics]. Mos-
cow: Metallurgiya, 1968, 316 p. (in Russ.).

25. Fischer F.D., Hackl K., Svoboda J., Improved Thermodynamic Treatment of Vacancy-
mediated Diffusion and Creep. Acta Materialia, 2016, wvol. 108, pp. 347-354.
DOI10.1016/j.actamat.2016.01.017.

26. Chuvil'deev V.N., Nokhrin V.N., Smirnova V.N. A Theoretical Model of Lattice Diffusion in
Oxide Ceramics. Physica B.: Condensed Matter, 2018, wvol. 545, pp. 297-304.
DOI: 10.1016/j.physb.2018.06.043.

27. Sinder M., Burshtein Z., Pelleg J. Theory of Oxidation/Reduction-induced Valence Transfor-
mations of Metal lon Dopants in Oxide Crystals Mediated by Oxide-vacancy Diffusion: I. Thermody-
namic Analysis. Journal of Physics and Chemistry of Solids, 2014, vol. 75, no. 4, pp. 512-517. DOI:
10.1016/j.jpcs.2013.12.007.

58 Bulletin of the South Ural State University. Ser. Chemistry.
2021, vol. 13, no. 3, pp. 49-59


https://doi.org/10.1016/S0016-7037(02)00875-X
https://doi.org/10.1016/j.gca.2013.06.008
https://www.sciencedirect.com/science/journal/0012821X
https://www.sciencedirect.com/science/journal/0012821X
https://www.sciencedirect.com/science/journal/0012821X
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.epsl.2017.09.005
https://www.sciencedirect.com/science/article/pii/S0012821X18306113?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0012821X18306113?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0012821X18306113?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0012821X18306113?via%3Dihub#!
https://www.sciencedirect.com/science/journal/0012821X
https://www.sciencedirect.com/science/journal/0012821X
https://www.sciencedirect.com/science/journal/0012821X
https://www.sciencedirect.com/science/journal/0012821X/505/supp/C
https://doi.org/10.1016/j.epsl.2018.10.015
https://doi.org/10.1016/j.pepi.2007.10.006
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.2138%2Fam-2015-5109
https://doi.org/10.1029/97JB00208
https://doi.org/10.1103/physreve.88.013310
https://www.sciencedirect.com/science/journal/13596454
http://dx.doi.org/10.1016%2Fj.actamat.2016.01.017
https://www.sciencedirect.com/science/article/pii/S0921452618304435?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0921452618304435?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0921452618304435?via%3Dihub#!
https://www.sciencedirect.com/science/journal/09214526
https://www.sciencedirect.com/science/journal/09214526/545/supp/C
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physb.2018.06.043
https://www.sciencedirect.com/science/article/pii/S0022369713003922?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0022369713003922?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0022369713003922?via%3Dihub#!
https://www.sciencedirect.com/science/journal/00223697
https://www.sciencedirect.com/science/journal/00223697/75/4
https://doi.org/10.1016/j.jpcs.2013.12.007

Aydopoe M.B., lpo3uH A.4., TepmoduHamuka pocma memarsnsu4yeckol ¢pa3bl
PouwuH B.E. npu meepdogha3HOM 80CCMaHOB8/IEHUU MeMmarios...

28. Sinder M., Burshtein Z., Pelleg J. Theory of Oxidation/reduction-induced Valence Transfor-
mations of Metal lon Dopants in Oxide Crystals Mediated by Oxide-vacancy Diffusion: Il. Kinetic
Analysis. Journal of Physics and Chemistry of Solids, 2014, vol. 75, no. 4, pp. 570-582. DOI:
10.1016/j.jpcs.2013.12.016.

29. de Groot S. R., Mazur P. Non-Equilibrium Thermodynamics. New York, Dover, 1984, 528 p.

30. Prigogine I. Introduction to Thermodynamics of Irreversible Processes. London, John Wiley &
Sons, 1977, 491 p.

31. Kjelstrup S., Bedeaux D. Non-equilibrium Thermodynamics of Heterogeneous Systems, Series
on Advances in Statistical Mechanics. Singapore, World Scientific, 2008, vol. 16, 434 p.

32. Samarskii A.A. Teoriya raznostnykh skhem [The Theory of Difference Schemes]. Moscow,
Nauka, 1989, 656 p. (in Russ.).

33. Budak B.M., Solov'eva E.N., Uspenskii A. B. [The Difference Method With Smoothing Coef-
ficients to Solve the Stefan Problem]. Zh. Vychisl. Mat. Mat. Fiz., 1965, vol. 5, pp. 828-840. (in Russ.).

Received 4 March 2021

OBPA3EIl HUTUPOBAHMUSA FOR CITATION
Hynopos, M.B. TepMmomuHamuka pocTa MeTayIHye- Dudorov M.V., Drozin A.D., Roshchin V.E.
CKo# (ha3el pH TBepAO(Ha3HOM BOCCTAHOBICHUH METAJIOB B Thermodynamics of the Metallic Phase Growth During
KoMIuiekcHBIX okcumax / M.B. Jlymopos, A.Jl. JposuH, the Solid Phase Reduction of Metals in Complex Oxides.
B.E. Poutin // Bectauk HOYpI'Y. Cepust «Xumusa». — Bulletin of the South Ural State University. Ser. Chemistry.
2021. - T. 13, Ne 3. — C. 49-59. DOI: 10.14529/chem210306 2021, wvol.13, no.3, pp.49-59. (in Russ). DOL:
10.14529/chem?210306
BecTHuk KOYpIlY. Cepus «Xumusy». 59

2021.T. 13, Ne 3. C. 49-59


https://www.sciencedirect.com/science/article/pii/S0022369713003922?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0022369713003922?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0022369713003922?via%3Dihub#!
https://www.sciencedirect.com/science/journal/00223697
https://www.sciencedirect.com/science/journal/00223697/75/4
https://doi.org/10.1016/j.jpcs.2013.12.016
https://www.amazon.com/s/ref=dp_byline_sr_book_1?ie=UTF8&text=I.+Prigogine&search-alias=books&field-author=I.+Prigogine&sort=relevancerank
https://www.google.ru/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Signe+Kjelstrup%22&source=gbs_metadata_r&cad=2
https://www.google.ru/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Dick+Bedeaux%22&source=gbs_metadata_r&cad=2

