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Problems and solutions to protection of carbon-graphite electrodes
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Abstract. This paper presents literature review of the existing problems and solutions in protecting carbon-
graphite electrodes from the destructive environment of arc steel-making furnaces, magnesium and aluminum
cells. The most significant publications on the corrosion resistance of cathodes and anodes in relation to physical,
chemical, and electrochemical wear, to oxidizing environments, to active components of the introduction and
destruction of the carbon structure are discussed. An analysis of various proposals and engineering solutions for
reducing or eliminating the impact of aggressive environments on electrodes under specific operating conditions
of metallurgical units is carried out. It was established that losses from lateral oxidation of the electrode surface
of arc steel-making furnaces, when passing the temperature zone of 600-800°C, may reach 40-60% of the total
consumption. Carbon-graphite products are subject to a significant destructive effect of the specific interaction of
carbon with elements and compounds of the working environment, which can be introduced (intercalate) into the
interlayer structure of carbon. The existing engineering and technological solutions mainly apply to the protection of
the product surface; moreover, they perform their functions for a short time, rather than during the entire service life
of the metallurgical unit. In this connection, it is proposed to focus on ensuring volumetric protection of electrodes
from the effects of an aggressive environment. Intermediate results obtained in the field of synthesis of carbon-
based composite materials adapted to the conditions of electrode production at existing enterprises are presented,
along with the results of studies into the oxidizability of these composites. The existing and proposed engineering
solutions for protecting the surface of carbon products have not received wide recognition or are not used in the
metallurgical industry. Among the most probable reasons are the limited period of electrode surface protection, the
complexity of reproduction, or the lack of profitability due to the high cost of protective components. In this regard,
synthesis of C - TiC/TiB2 composite electrodes based on petroleum coke and graphite seems to be a promising
research direction.
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MpobAeMbl U pelleHUnA 3aLWUTbl YIAerpadpUToBbIX INEKTPOAOB

E.C. lopraHosY ™, B.M. Cussakos?, ®.10. LLapukos®, A.A. Cnekropyk*, T.B. Bytakosa®

3CaHKT-leTepbyprekmit ropHbIH YHUBEPCHTET MMNepaTpHMLbl ExkatepuHsi II, CaHkT-Tetepbypr, Poceus
45000 «9n6», HoBOCHbUMpPCKas obAacTb, p.n. AuHeBo, Poceus

Pe3rome. Llenb - avtepaTypHblid 0630 CyLLECTBYHOLLMX MPOBAEM W PELLEHMI MO 3alumTe YrAerpadUTOBbIX SAEK-
TPOAOB OT AECTPYKTUBHOIO BO3AEMCTBUA arpPeCcCUBHOM CPeAbl AYrOBbIX CTAaAENA@BUAbHBIX MeYer, MarH1eBbIX U anto-
MWHWEBbIX 3AEKTPOAN3EPOB. B paboTe npmMBeaeHO 06CyXAeHWE Hanbonee 3HAUMMbIX PE3YALTAaTOB UCCAEAOBAHMM
KOPPO3MOHHOWM CTOMKOCTM KaTOAOB M @HOAOB MO OTHOLLEHMIO K GUINUYECKOMY, XUMUUECKOMY U IAEKTPOXMMUYECKOMY
M3HOCY, OKMCAMTEABHOW CpeAe, a TakKe K aKTUBHbIM KOMMOHEHTaM BHEAPEHWSA W Pa3PyLUEHUs] YTAEPOAHOM CTPYK-
Typbl. MpoBeAEH aHaAU3 MPEAAOXKEHUIA U TEXHUUECKUX PELLUEHUI MO YMEHbLUEHUIO UAW UCKAKOUEHUIO BO3AEMCTBUS
arpeccrBHOM CPeAbl Ha SAEKTPOAbI B KOHKPETHbIX YCAOBUSIX paboTbl METAaAAYPrUUECKUX arperatoB. YCTaHOBAEHO, UTO
notepu ot 6OKOBOIO OKUCAEHHWA NMOBEPXHOCTU SAEKTPOAOB AYrOBbIX CTAAEMAABUAbHbIX NEYEr MPU NPOXOXAEHUMN TEM-
nepatypHoi 30Hbl 600-800°C pocturator 40-60% oT 061Lero pacxoaa. 3HaUMTEABHOE paspylLatoLLEee BO3AENCTBUE
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Ha yraerpapuToBble U3AEAMA OKa3biBaeT cneumndryeckoe B3aMMOAENCTBUE YTAEPOAA C SAEMEHTAMMU U COEAUHEHUS-
MW pabouelt cpeabl, CMOCOBHbIMU BHEAPATLCS (MHTEPKAAMPOBATh) B MEXCAOWMHYIO CTRYKTYPY yraepoaa. CyLuecTByto-
LLME TEXHUYECKME U TEXHOAOTMUYECKME PELLEHUS PACNPOCTPAHAIOTCS Ha 3aLUMTY NOBEPXHOCTU UBAEAUIM U BbIMOAHAIOT
CBOU OYHKLMK B TEYEHUE KOPOTKOTO BPEMEHM, HO HE B TEYEHUE CPOKa CAYXObl METAaAAypPriyeckoro arperata. lNpea-
AOXEHO CKOHLIEHTPUPOBATbLCA Ha obecnevyeHnr 06beMHON 3aLLMTbl INEKTPOAOB OT BO3AEWCTBUSA arpPeccMBHOM cpe-
Abl. [peacTaBAEHbI MPOMEXYTOUHbIE PE3YALTAThbl MEPCNEKTUBHOIO HaNpPaBAEHUA CUHTE3A KOMMNO3UTHbLIX MaTepPUanoB
Ha OCHOBE YrAepoAa, aAanTUPOBAHHOIO K YCAOBMSIM MPOM3BOACTBA SAEKTPOAOB Ha AEWCTBYIOLLUMX NMPEANPUATUSX, a
TakXe pesyAbTaTbl MCCAEAOBAHWUS OKMCASIEMOCTU 3TUX KOMMO3UTOB. CyLLECTBYIOLUME U NMPEeAAaraeMble TEXHUYECKHe
peLleHns No 3aluuTe NOBEPXHOCTU YIAEPOAHBIX U3AEAMI HE MOAYYMAU LLUMPOKOTO NPMU3HaHWA, AMOO HE UCMOAb3YHOT-
€A B METAAAYPrMyeckomn otpacAan. BeposiTHaa npuuMHa — orpaHUUYEHHbIN NEPUOA 3aLLUMTbI MOBEPXHOCTU SAEKTPOAOB,
CAOXHOCTb BOCMPOU3BEAEHUS AU OTCYTCTBUE PEHTABEABHOCTU 13-3@ BbICOKOM CTOMMOCTHM 3aLLMTHbIX KOMMNOHEHTOB. B
3TOM CBSI3U AASI OBCYXAEHMSA NMPEANOXKEHO MEPCNEKTUBHOE HaMNpPaBAEHUE CO3AaHUSI KOPPO3UOHHO-CTOMKMX MaTepua-
AOB — CMHTE3 KOMMO3UTHbIX aAeKTpoaoB C - TiC/TiB, Ha ocHOBE HE(TSAHOMO KOKCa M rpaduta B CTaHAAPTHBIX YCAOBUAX

NPOMbILUAEHHOIo NPon3BOACTBA.

KaroueBble cAOBa: YrAErpadUTOBbI IAEKTPOA, AECTPYKLIMS MaTepuana, OKUCAEHUE, U3HOC, MHTEPKAAALMSA, 3a-

LLMTHbIE NOKPbITUA, KOMMNO3UTHbIE MaTEpPUaAAbI

Ana untupoBaHua: TopaaHos E.C., Cuzakos B.M., Lapukos ®.HO., Cnektopyk A.A., bBytakoBa T.B. [pobaembl
W pelleHns 3aluunTbl yraerpaduToBbIX IAEKTPOAOB. iPolytech Journal. 2024. T. 28. Ne 3. (In Eng.). C. 513-537.
https://doi.org/10.21285/1814-3520-2024-3-513-537. EDN: AEDFQP.

INTRODUCTION

One of the most recent problems in up-
to-date technologies of structural materials
production is an increase of their stability
in aggressive environment, a prolongation
of service life of heavy-duty pieces and
metallurgical units in the whole. To the
full extent this relates to carbon-graphite
materials that are widely used in the
production of ferrous and non-ferrous metals.
They have to retain in a continuous and
reliable manner their functional properties
in conditions of high temperatures and
pressures, oxidizing environment, high
dynamic and static loads. In this regard,
the initial materials [1, 2], combinations of
fractional size distributions [3, 4], binding
components and modifying additives are
subject to special requirements in terms of
composition [5-7], emissions of gaseous
and solid components [8-10].

The offered overview discusses most
important results of multiple investigations

concerning the conditions of carbon
and graphite products use in electric
arc steel-making furnaces, magnesium

and aluminium cells. In this respect the
overview shall emphasize special methods
and measures for the protection of carbon-
graphite materials against gas and electro-
chemical corrosions, erosion wear and
degradation at the formation of inter-layer
(lamellar) compounds. In this regard we shall
preliminary note some particular features of
graphite structure and its interaction with
aggressive environment.

514

GRAPHITE STRUCTURE
Theoretical density of graphite s
2265 kg/m* [11, 12]. Under ordinary

conditions it is resistant to the action of
acids and salt solutions; it does not interact
with nitrogen, chlorine and other elements.
The graphite structure is one of the first to
be studied using methods of X-ray crystal
structure analysis [13-15]; moreover, with the
development of experimental technologies,
the accuracy of such measurements
increased [16-18]. According to these data
the carbon atoms are located in graphite in
parallel layers, the distance between which
under room temperature is dO = 3.3538 A
(Fig. 1). In each flat layer carbon atoms form
the lattice of regular hexagons with C-C
distance of a0=1.415 A. Carbon atoms within
the layer are bound by strong covalent bonds
having a binding energy of 167.6 kJ/mole. The
interaction between layers is carried out by
weak Van der Waals forces having a binding
energy of 16.75 kJ/mole at the temperature of
15°C [12]. Thus, individual layers can separate
easily from the crystal, which is widely used
while fabricating any antifriction and sealing
products but substantiates their considerable
physical wear.

Three main types of graphite have a
nearly ideal structure: natural graphite,
Kish-graphite and highly oriented pyrolytic
graphite (HOPG) [20, 21]. Real structures of
graphites and materials having a graphite-like
structures differ from ideal ones by presence
of different defects. Artificial graphites with
less ordered structures are usually produced
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Fig. 1. Crystal structure of hexagonal graphite [19]

Puc. 1. Kpuctaaamyeckas CTpyKTypa rekcaroHaAbHOro rpapura

[19]

from petroleum coke and coal tar pitch®
[22, 23]. Billets are molded by method of
extrusion or pressing. Produced billets are
exposed to the step-wise thermal treatment
without air access (up to 1300-1500°C)
and then to the graphitization (up to 2400-
2700°C).

AGGRESSIVE ENVIRONMENT IMPACT

Along with unique operation properties of
carbon-graphite products (acceptable strength,
high heat resistance, electrical and heat
conductivities) there are some particular features
that require the protection of this material against
any aggressive environment impact.

Oxidation. Air oxidation of carbon graphites
starts already at 400-500°C, and under
temperatures exceeding 1200°C it takes a
catastrophic form, including their complete
burn-out [24, 25]. Kinetic parameters of
oxidation are well known [26, 27]. It is
considered that under low temperatures the
limiting stage is a chemical reaction, under high
temperatures this is an external diffusion, and in
the interval between them - internal diffusion.
It is supposed that the reactive capability of
carbon material to the large extent depends

on the perfection of crystalline structure being
characterized by inter-planar distance and by
size of crystallites [28, 29]. With the growth of
the first parameter the reactive capability falls,
and the growth of the second parameter causes
its increase. In addition, the oxidizability of
graphite is significantly influenced by presence
of impurities, which could serve as catalysts
for the process. The impurities of some metals,
like iron, copper, vanadium, sodium have an
especially strong influence.

Intercalation of graphite. Practically all
carbon and graphite products in different
operation conditions are exposed to the
degradation at the specific interaction
with alkaline and alkali-earth metals, their
fluorides, chlorides and bromides, with acids
and halogens. It concerns the penetration
(intercalation) of the atoms or molecules
of above mentioned components between
structural planes of graphite. Material that
was formed at this area is called «graphite
intercalation compounds GIC» [30, 31]. This
specific phenomenon is interesting for us in
that during the interaction of carbon-graphite
materials with components, penetrated into
the host crystalline lattice, the expansion
and swelling of carbon product takes place,
which has sometimes catastrophic destructive
consequences.

Relatively weak forces acting between
graphite layers predetermine the possible
penetration of different substance matters into
the graphite matrix and the formation of interlayer
carbon compounds. Currently, GIC with various
substance matters have been well studied,
which, according to the type of interaction of
penetrated components (intercalants) with the
graphite crystalline lattice, can be split into two
main groups [32] (Fig. 2):

1. Acceptor GIC, in which polyarene
lattices bear a positive charge and represent
macro-cations C,*. This group includes
compounds with (sulphuric, nitric and other)
acids [33], with fluorides, chlorides and
bromides of metals” and with halogens [34].
It also includes covalent laminar compounds

5Marmer E.N. Carbon-graphite materials: reference manual. Moscow: Metallurgy, 1973. 135 p. / Mapmep 3.H. YraerpadutoBbie

martepuanbl; cnpaBoyHUK. M.: Metanayprus, 1973. 135 c.

"Novikov Yu.N. Synthesis and study of layered compounds of graphite with transition metals and their salts: author’s abstract of
Cand. Sci. (Chem.) Dissertation. Moscow, 1971. 19 p. /HoswukoB t0.H. C1HTE3 1 CCAEAOBAHUE CAOUCTbIX COEAMHEHUI rpaduTa ¢
NEPEXOAHBIMU METAAAAMMU U UX COAIMU: @aBTOPEd. AUC. ... KaHA. XMM. Hayk. M., 1971. 19 c.
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Fig. 2. Graphite intercalation reactions®
Puc. 2. Peakuuu MHTEPKaAMPOBaHUA rpaputas

with oxygen and fluorine, in which as opposed
to all other GIC the bonds of intercalant with
polyarene fragments are covalent [35].

2. Donor GIC, where the intercalant acts
as donor of electrons, and graphite layers are
macro-anions C,. This group includes GIC with
alkaline and alkali-earth metals [36].

The GIC composition is usually given by
formulas of C,M type, where n - number of
carbon atoms per molecule M of intercalant.
The GIC structure is characterized by number
of carbon layers that are between the layers of
penetrated intercalant [33, 37].

Besides the gas corrosion and destruction
under the GIS influence, the carbon-graphite
electrodes in electrolytic processes are exposed
to physical, chemical and electro-chemical wear,
which rate is also determined by perfection
degree of carbon crystalline structure. It will
be more convenient for us to discuss this type
of corrosion wear when considering specific
conditions of electrode application.

ELECTRODES FOR ELECTRIC ARC
STEEL-MAKING FURNACES

Steel-making processes mostly use
graphitized electrodes that possess higher
physical-chemical and electrical properties

than carbon electrodes. To produce such
electrodes, needle petroleum coke is mostly
used as well as returns of this production
process. Coal tar pitch for electrodes is used
as binding agent. Graphitized electrodes
are characterized by low specific electrical
resistance of 8-13 yQ  m and by porosity
of about 20%, by high thermal resistance
and strength of 20-40 MPa; they contain
little ash. The admissible current density in
these electrodes makes 28, 16 and 14 A/cm?
with diameters of 150, 400 and 550 mm
respectively. In special graphitized electrodes
it achieves 50 A/cm?.

Main criteria for the evaluation of electrode
operation is its specific consumption. With
a gradual progressive movement in the
temperature zone of 600-800°C the side
surface of electrodes is exposed to oxidative
attack of gas environment. Losses from side
oxidation make 40-60% from total amount
of losses [38-40]. Thus, the diameter of
electrode reduces, i.e. in working zone the
current density increases.

Ways to reduce the consumption of
electrodes. In the cost price of the output
the share of electrodes makes 8-12% [40],
which stimulates the investigations on their

8lonov S.G. Electron transport and physicochemical properties of intercalated compounds of graphite and carbon materials based
on them. Moscow, 2016. /WUoHoB C.I. IAeKTPOHHbIM TPAHCMOPT U GUINKO-XMMUUYECKME CBONCTBA MHTEPKAAMPOBAHHbIX COEANHEHUI
rpaduta u yraepoAHbIX MaTePUANOB Ha UX OCHOBE: aBToped. AWC. ... A-pa ¢.-M. Hayk: 01.04.2016. M., 2016.
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consumption reduction. One of this work
directions consists in applying the corrosion
and erosion resistant coating on the side
surface of electrode for its protection against
the oxidation. If use coated electrodes
with diameter of 610mm in electric arc
furnaces with capacity of 140-180 tons
and current intensity of 35-68 kA, savings
shall make 16-23%, for electrodes with
diameter of 508mm savings shall make 27%
(in comparison with non-coated electrodes)
[41]. In the work of reference, the specimens
of laboratory graphite were investigated
with protective coating and without it. Initial
graphitized specimens were produced based
on needle and ordinary petroleum cokes,
which oxidizability made 51.4% and 54.6%
respectively. When coatings based on Al,Os,
Si0,, SiC and silicomanganese (MnC-17) in
form of 50% liquid glass suspension were
applied, the oxidizability reduced at 850°C on
18.7 (Al,03) - 63.8% (SiC) in comparison with
specimens without coating.

Similar coatings were used for graphite in
works of other researchers. In many patents
protective coatings are proposed to be
formed from refractory oxides and carbides
of aluminium, boron, titanium, zirconium
[42, 43], tantalum, chromium and silicon
[44-46] using slip painting or pulverization,
after preliminary vacuum degassing or under
pressure with subsequent drying and reactive
sintering [47, 48]. In all cases the efficiency
of the methods was registered during the
operation of electrodes.

In order to optimize protective compositions
known coating methods were analyzed. Paper
[49] noted that aluminium-based coatings
reduce the specific consumption of electrodes
on 10-12%, and those based on ferrosilicon
of FS45 grade - on 20% in comparison with
electrodes without coating. The research
paper [50] proposes two-layer coating, which
first layer consists of aluminium or its alloy,
the second one - of copper. Coated electrode
is treated with electric arc or plasma burner.
According to the electrode protection method
[51], tested in semi-industrial conditions in

order to reduce the oxidizability, the composite
coating, based on silicon and tungsten
shall be applied onto graphite by electrical
precipitation; in order to reduce the electric
resistance the protective coating based on
electrolytic copper shall be applied. To protect
graphite electrodes against oxidation LLC
«BBCT» proposes two-layer coating based on
iron aluminide with total thickness of 0.1-
2.0 mm [52, 53]. The first layer is applied by
method of arc metal coating, using solid wire
made of aluminium or its alloy, containing
5-10% of silicon. The second layer is done
using flux-cored wire consisted of steel shell
and core made of the charge, containing
(% wt.): aluminium (15.0-20.0), chromium
(2.0-6.0), yttrium (0.5-3.0), iron - matrix.
Inventions allow to increase the resistance of
graphitized electrodes operating in conditions
of high-temperature corrosion, and to reduce
their oxidation and consumption.

In papers [54, 55] the ZrB,-SiC-TaSi,-Si
coating was synthesized on the support of
siliconized graphite using the combined
process of applying the suspension with the
brush and infiltration of silicon vapors. It was
found out that oxidation kinetics at 1500°C in
static air atmosphere complies with parabolic
law having a relatively low constant of oxidation
rate down to 0.27 mg/(cm?h°%). Determining
factor was a high strength of transition SiC
layer adhesion to the graphite support and
external ZrB,-SiC-TaSi,-Si layer.

According to other common method for the
protection of carbon and graphite electrodes
against oxidation, electrodes are treated with
water solution of sodium polyphosphate with
concentration of 18-20% wt. and maleinic
acid with concentration of 0.05-0.1% wt. at
the temperature of 90-100°C°. According
to the description [56] the method supposes
to increase the oxidation resistance of
graphitized electrodes by treating the surface
of electrodes with penetrating salt solution,
based on phosphoric acid: water - 20-25%
wt.,; HsPO, - 30-35% wt.; MnHPO, -1.6
H,O - 0-15% wt.; Al(HoPO4)s - 2-15% wt,;
B.0Os; - 0.5-2.0% wt.; Zng(PO), - 1-7% wt.

°Kuzmenkov M.l., Shishko N.Ya., Surovtseva I.B., Kabanenko S.N. A method to protect carbon and graphite electrodes from
oxidation. A. s. USSR, no. 1699909; 1991. Bulletin no. 47. /A. ¢. Ne 1699909, CCCP, CO1 B 31/02. Cnocob 3aLuThbl YTOAbHbIX 1
rpaduUTOBbIX SIAEKTPOAOB OT OKMUcAeHUs / M.U. KyabmeHkoB, H.A. Lnuko, U.B. CypoBLeBa, C.H. KabaHeHko; BeAOpyCCKMiA TEXHO-
AOTUUECKUIA MHCTUTYT UM. C.M. KinpoBa. Ne 4766489/26. 3ansa. 09.11.1989; onyba. 23.12.91. BroA. Ne 47,
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and mono-, di- or triple-base phosphate of
alkaline metal (10-20%wt.) According to joint
patent of Belorussian metallurgical plant and
Novocherkassk electrode plant the optimal
results were obtained when applying protective
coating by spraying water solution of nitride-
boron-phosphate composition (ammonium salt
of phosphoric acid and boron acid: (NH4).HPO,4
- 5-15% wt., H3BO3; - 3-10% wt., water -
the rest) on graphite [57]. The destructibility
of treated specimens in CO, atmosphere
at 1000°C for one hour made 11-13%,
while check test pieces shown mass losses
of 25-27%. In patent of JSC «Energoprom-
NEZ» dated 2013 [58] the impregnhation of
heated graphitized products with solution
that protects against the oxidation, is done
gradually with preliminary vacuum degassing
and subsequent supply of solution under
pressure of compressed gas.

ELECTRODES OF MAGNESIUM CELLS

Main process units in the production
of crude magnesium are diaphragm-less
electrolytic cells with top and bottom input
of graphite anodes [59]. Graphite materials
suffer destructive changes in electrolytic bath
and in gas phase of chlorine-containing media
within various temperature zones, which limits
the service life of the whole unit. The time
between repairs of electrolytic cells with top
and bottom input of graphite anodes makes
39-40 and 45-48 months respectively.

Protection of magnesium cell anodes
against the oxidation

Work has been undertaken and is
continuing to reduce the effects of the gas
oxidizing environment on graphite anodes.
During the period of 1969-1980 these efforts
purposed the limitation of air access to anodes

ISSN 2782-6341 (online)

and the improvement of working zone ecology.
Magnesium cells with top input of anodes
were proposed to be protected by pouring the
anode block with heat-resistant low-porous
concrete around the entire perimeter’®; by
sealing the contact of concrete floor with
anodes with corundum-containing material
[60] or its mixture with structure-sealing
powder material at the ratio of 3:1'*. During
the period of cell start-up and achievement of
the temperature of 480°C this material melts
and seals hermetically the space between the
anode and the floor.

The other direction in the protection of
anodes against the oxidation consists in the
impregnation of their surface with protective
inhibitor solutions. Solutions, based on
phosphoric acid with boron containing
additives are most often used [56-58]. In
papers [61-69] the possibility to use water
solution ofthe mixture of zinc (Zn(H2PO4)>2H,0)
and aluminium (Al(H2PO4)32H,0)
dihydrophosphates in orthophosphoric acid
was studied. The oxidation resistance of
impregnated and non-impregnhated graphiite
specimens was evaluated in laboratory
conditions according to the resultsof holding
process at the temperature of 700°C in
dynamic air current for 200 min. It was defined
that the oxidation rate of non-impregnated and
impregnated graphite specimens made 27.2
and 5.52 g/cm?h.

Oxidation and wear within the electrolytic
bath. Along with the oxidation of anodes over
the electrolytic bath surface their oxidation
and wear takes place within the bath volume
by virtue of oxygen precipitation on the anode.
Patent of Novocherkassk electrode plant dated
1973 presents?? the method for treatment of
graphite anodes with oxyethylated amide of

°Burdakov Yu.M., Kolomiytsev A.V., Tretyak S.D., Chalabaev I.A. Method to protect anodes of a magnesium electrolyzer with top
anode input. A. s. USSR, no. 259397; 1969. /A. ¢. Ne 259397, CCCP, C 25C 3/04. Cnocob 3aluuTbl aHOAOB MarHMeBOro aAEKTPO-
Av3epa ¢ BepXHUM BBOAOM aHOAOB / HO.M. byppakoB, A.B. Konomuiues, C.A. TpeTbsik, U.A. Yanabaes; Ne 1233784/22-1. 3asnBA.
15.04.1968; ony6ba. 12.12.1969.

HVerbitsky V.G., Kolesnik M.I., Rudakov V.A., Vasil'ev A.V., Oshlapov A.N., Petrov V.I. Compacting method for a graphitized
anode impregnated with orthophosphoric acid in the ceiling of a magnesium electrolyzer. A. s. USSR, no. 767236; 1980. /A. c.
Ne 767236, CCCP, C 25C 3/04. Cnocob ynAOTHEHWSI NPONUTAHHOrO 0PTOGOCHOPHON KUCAOTOM rpadUTMPOBAHHOIO aHOAA B Nepe-
KPbITUKM MarHMeBoro anekTpoanaepa / B.I. Bepbuuknii, M.U. KonecHuk, B.A. Pyaakos, A.B. Bacuabe, A.H. Owaanos, B.W. MeTpos.
Ne 2665731. 3asBA. 31.07.1978; onyba. 30.09.1980.

2Fokin V.P., Kralin L.A., Zarechenskij E.T., Hentov V.Ya., Semin E.G., Petrova N.I. Graphite anode processing method. A. s. USSR,
no. 384542; 1973. Bulletin no. 25. /A. c¢. Ne 384542 CCCP. BO1k 3/08. Cnocob 06pabotku rpadutoBbix aHopA0B / B.IM. DOKMH,
AA. KpanvH, E.T. 3apeueHckuit, B.A. Xentos, E.I[. CemuH, H.W. MeTtpoBa; HoBouepKaccknin anekTpoAHbIv 3aBoa. Ne 1496168/
23-26. 3anBA. 01.12.1970; onyba. 29.05.1973. Broa. Ne 25.
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synthetic fatty acid followed by impregnation
with emulsion of lenseed oil. The total wear of
anodes reduces from 74.3 to 62 mg/ah.

Inthe description of the method, developed
by author’'s collective from JSC “AVISMA
titanium-magnesium complex” in 1999, it is
proposed to treat electrodes in two stages
successively: first, the impregnation in the melt
of metaphosphates with subsequent drying
in drying chamber at 300°C, and then the
treatmentinthe electrolytic bath of magnesium
cells at the current density of 0.20-0.45 A/
cm? and melt temperature of 670-700°C,
applying the anode potential [63]. After such
treatment the rate of oxidation-wear of the
bottom anodes reduces from 1.5 to 1.14-
1.20 mm per month, their serviceability being
increased from 24 to 37 months respectively.

The interesting method for the reduction of
bipolar graphite anode wear rate is presented
in patent [64]. Authors propose to protect
bipolar electrodes of magnesium cell by using
cataphoretic precipitation of magnesium oxide
film onto the cathode surface in the electrolytic
bath with temperature of 500-630°C and
magnesium oxide and magnesium chloride
content of 0.21-5% wt. and 25.1-70% wt.
respectively.

Authors [65] confirm the problem of anode
wear in the electrolytic bath, which causes
the increase in voltage, energy consumption
and process temperature, resulting in metal
losses, i.e. decline in production and finally
shutdown of the cell. Due to this, the wear
of graphite anodes was studied by method
of confocal profilometry of the surface in
laboratory magnesium cell with vertical
electrodes. Specimens of 4 types of graphite
anodes were exposed to the electrolytic
process for 24 hours at the temperature of
690-710°C and current density of 1 A/cm?
in the melts having high content of oxides
(MgO and MgOHCI). The influence of following
parameters: oxide concentration, type of oxide

Graphite anode wear after 24-hour electrolysis [65]
N3HOC rpaduToBbIX aHOAOB 3a 24 U INEKTPOAM3aA [65]

and type of graphite on the anode wear was
studied. It was supposed that the wear of
anodes in electrolytic bath, based on MgCl,
occurs according to the following mechanism:

XMgO + C = CO,+ xMg?* + 2¢ (1)

In addition, it was admitted that at the
same time the physical erosion of anode
surface takes place due to the circulation
of electrolyte, which composition comprises
suspended particles of oxides. At the initial
level of oxides in the melt, making 1400 and
9000 ppm, the wear losses for 24 hours made
17 and 47 mcm respectively. The study of the
influence of oxide type shown that the wear
of graphite anodes is two times lower when
the melt contains MgO than when it contains
MgOHCI (Table 1).

From data obtained it follows that the grain
size of graphite, the density and strength of
products have a decisive influence on the wear
resistance of anodes in chloride melts.

Intercalation of the anodes of magnesium
cells. Results of the study on the behavior
of carbon anodes in the melts of chlorides,
containing 61 mol. % AICI; and 39 mol. %
NaCl, show that carbon anodes decompose
easily at 200°C by intercalation compounds
that are formed at the considerable volume
expansion of carbon material [66]. The
temperature increase, exceeding 600°C
makes GIC less stable and, consequently,
slows down the decay of material. In chloride
melts without AICl; the rate of electrode wear
with chlorine emission is significantly lower.
In these technical conditions anodes rather
destroy under the oxygen effect than as a
result of anode chlorine corrosion. This may
serve as an explanation of observed carbon
anode stability in magnesium cells.

Paper [67] studied the erosion-corrosion
decomposition of some technical carbons,
including glass carbons, under chlorine effect

Grade of. SGL Grain size, pm Ap.parent Flexural Open porosity, % Ash content, Wear pm
graphite ’ density, g¢/cm?® | strength, MPa ’ ppm
R8710 3 1.9 85 10 200 7
EK20 30 1.7 55 11 75 10
R4180 40 1.7 25 16 2000 30
SGL standard 220 1.69 29 25 290 24
https://ipolytech.elpub.ru 519
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at the temperature range from 600 to 800°C.
It is found out that chloride corrosion is a
very slow process: the loss of carbon mass
in chlorine atmosphere has a rate of about
0,5 mm/year at the temperature of 800°C.
It is noted that the combustion in oxygen
atmosphere takes place by five orders of
magnitude faster than the chloride impact on
carbon.

Article [68] describes the study of anode
chlorine corrosion of the technical carbon
under two different conditions:

I. Medium-temperature (from 200 to
300°C) carbon corrosion of anode in mixed
chloride-alkali melts (LiCl/NaCl, LiCl/KCl),
to which aluminium chloride is added at the
ratio of AICI13/MeCl > 1. Authors came to the
conclusionthatintheseconditionsintercalation
compounds C;(AlCCL3),Cly 134 are formed at
the anode polarization of graphite specimens.
The destruction of graphite anode occurs, the
degree of carbon conversion into intercalation
carbon is close to 40%.

2. High-temperature (from 600 to 800°C)
chloride corrosion of anode in main smelts of
alkali metal chlorides (MeCl,) with addition
of 10 mol. % aluminium chloride and without
it. Main task is to study high-temperature
stability of chlorine-emitting anodes. It was
found out that with increase of temperature
within the range of 600-800°C Acheson
graphites become more stable; considerable
wear was not observed in chloride melts,
including in the presence of AICl;. However, at
the current densities exceeding 0,2 A/cm? the
consumption rate of carbon anodes increases
in the presence of tetra-chloro-aluminate
anions, i.e. in main mixed melts of alkaline
chlorides and aluminium chloride. At the
technical current density of 0,4 A/cm? and at
the temperature of 700°C the corrosion rate
is estimated to be equal to several centimeters
per year, which makes carbon anodes unstable
in size.

Paper [69] used methods of cyclic
voltammetry (CV) and electronic microscopy,
for the investigation of the impact of NaCI-KCI-
MgCl, electrolyte at 700 ° C and that of chlorine
intercalation on anode specimens made of
three different types of graphite - needle
coke (NC), fine petroleum coke (FPC) and
common petroleum coke (CPC) respectively. It
was found out that the specimens of graphite
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anodes from NC have the best resistance to
chlorine intercalation and to electrolyte impact.
Specimens of common CPC were subject to the
highest chlorine intercalation and electrolyte
impact. To the authors mind, this is related to
the presence of impurities in that coke, which
could act as catalysts of chlorine intercalation
and electrolytic corrosion.

In other words, the presence of impurities
in graphite anode (for example, Fe, Al and
others), or the penetration of these impurities
into the anode during the operation can initiate
their chlorination to metal chlorides (FeCls,
AICl3) with subsequent destructive processes
for anode in low-temperature zone.

ELECTRODES OF ALUMINIUM CELLS

Wear of cathode blocks (bottom). The
main cause of premature failure of up-
to-date cells is wear of graphite cathodes
[70-72]. Observations over electrochemical
and physical wear of the bottom can be
systematized as follows:

* The wear rate increases with increase of
current density and smelt circulation speed,
with decrease of metal level and cryolite ratio;

e Local wear increases with increase of
block graphitization level.

According to data of [73, 74] the wear rate
of cathode blocks in industrial cells makes:

- 0.5-1.5 cm/year - for anthracite blocks,

- 1.5-2.5 cm/year - for graphite and
graphitized blocks.

According to results of other investigations,
presented in patent [75], following wear rates
for different materials were registered:

- 1.0-2.0 cm/year - for semi-graphitized
material,

- 2.0-4.0 cm/year - for
material,

- 4.0-8.0 cm/year - for graphite material.

This means that the intensification of
electrolytic reduction process, the increase of
cell capacity and the change-over to graphite
cathode blocks require new approaches to
material composition of electrodes.

Intercalation of aluminium cell cathodes.
The fundamental work of Michael B. Rapoport
underlines that after sodium penetration the
distance between layers increases from 3.35
A to 4.6 A, after potassium penetration it
increases to 5.4 A, after that of cesium - to
5.95 A [76]. This phenomenon is behind the

graphitized
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swelling of carbon substance and in some
cases its complete destruction. It is deemed
that in descending order of resistance to
sodium influence carbon materials are
arranged in following sequence: graphite,
anthracite, foundry coke, pitch coke, petroleum
coke.

The penetration process takes place within
a certain range of temperatures, that likely
depends on reagent vapor pressure. It is
generally accepted that the following reaction
is the main source of sodium [77]:

Al + 3Na|:(in electrolyte) = AII:3(in electrolyte) + 3Na (in carbon) (2)

Na+(in electrolyte) + 1é = Na(in carbon) (3)

From these equations and polarization
conditionsitisevidentthattheactivityofsodium
and its transfer within the volume of carbon
products is intensified with increase of cryolite
ratio, current density and temperature; being
accumulated on the borders of temperature
isotherms. Under appropriate temperature
and concentration conditions the interaction
occurs between carbon and intercalate to
form compounds between them (C,; K™ - 2K,
C;Na*-2Na,) with subsequent volume
expansion of carbon material and potentially
complete or local destruction of electrodes.
When conditions change (slight increase of
the temperature, changes in gas environment,
humidity and others) the reaction reversibility
can occur, producing carbon substance in
form of graphite. This process is called low-
temperature or “abnormal” graphitization
of amorphous carbon. It is found out that at
the cryolite ratio of 2.3-2.7 and industrial
current densities the expansion of blocks from
amorphous carbon makes 4.0-4.5% [78].

Investigations of M.B. Rapoport, carried
out in 50-60-s intensified investigations
related to the electrolytic reduction of molten
salts and to the interaction of electrolyte
components with carbon-graphite materials.
These investigations were evidenced in
extensive reviews and books of foreign and
Russian scientists [59, 79, 80]. All of them
come to that in practice various types of
carbons have completely different structures
possessing different susceptibility to the
interlayer penetration of sodium [81, 82].
Deviations in moving force to interactions
between intercalate and carbon are explained

https://ipolytech.elpub.ru

by changes in Fermi characteristic energy level
that has an influence on n - carbon bonds.
The low Fermi characteristic energy level was
observed for low-ordered carbons, which is
favorable for the transfer of electrons, for
example, from sodium to carbon. Graphites
with high Fermi characteristic energy level
show the tendency towards the bonding with
acceptors of electrons, and therefore they are
less reactively active with regard to alkaline
metals. However, they are susceptible to the
penetration of aluminium chlorides AlCl; and
iron chlorides FeCls, for example.

It is evident that any method, used for the
reduction of intercalate penetration rate and
also for the increase of electrode material
strength, shall be of importance to increase
the service life of metallurgical units.

Protection of aluminium cell electrodes
against oxidation and wear

Protection of carbon anodes. Carbon anode
of aluminium cell is formed from anode paste,
consisted of petroleum coke and binding
material (coal tar pitch).

The protection of carbon anode surface
is mostly associated with additives and
impregnating solutions, based on boron-
containing compounds. Paper dated 1968 [83]
defined optimum concentrations of boron oxide
in anode based on changes in oxidizability and
friability characteristics, anode consumption
and back electro-motive force during the
electrolytic reduction process. While studying
oxidizability and friability characteristics under
CO, at the temperature of 950°C it was found
out that the most profitable B.Osconcentration
is 1% (per mass of binding agent), as it is
possible to expect a decrease in oxidizability
by about 2 times two-times (from 0.22 to
0.1 g/cm?>h) and in friability by more than 10
times (from 0.19 to 0.01 g/cm?h). It is noted
that the inevitable consequence of reactive
anode capability decrease is the increase of
anodic overvoltage, which takes the form of
back electro-motive force increase from 1.6 V
for anode without additives to 1.7 V for anode
with 1% wt. B,Oz additive.

In 1972 the batch of anode paste with
additive of 0.6% Hs;BOs; (1% to pitch) was
produced at Novocherkassk electrode plant
[84]. The pilot paste in amount of 300 tons
was tested in three Soderberg cells of VgAZ
(Volgograd Aluminium Smelter) during the
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period of five months. The application of pilot
paste did not affect any parameters of anodes,
but resulted in their consumption reduction on
approx. 8% (40 kg/t), and the rate of pilotanode
combustion reduced on 6% in comparison with
ordinary paste. Measurements of voltage drop
in anodes demonstrate that AU, of anodes
from pilot cells is on approx. 40 mV lower than
on the cells with standard anodes.

In patents of 2000 and 2010 [85, 86]
boron oxide B,0Os; and orthoboric acid H3BO3
were also chosen as basic material for the
protective coating of anode surface. The
mixture of boron-containing compounds was
applied onto the surface in form of slurry
- concentrated suspension or paste that
solidified at the temperatures exceeding
300°C. The protective properties were tested
under CO, and good protective properties of
the composition were discovered in the CO, +
AlF3s mixture.

Paper [87] gives results of studies on
the impregnation of specimens of finished
prebake anodes, promising for aluminium
cells, with organic compounds. 5, 10 and
20% solutions of bitumen in hexane and
compositions of «Silor-Ultra» grade were used
as organic liquids. The process of anode
impregnation was carried out after preliminary
vacuum degassing of the reservoir. It follows
from the results of the corrosion resistance
tests of laboratory specimens in cryolite-
alumina melts under electrolytic that the
most stable specimens were specimens with
specific consumption of 0.217-0.278 g/(Ah),
impregnated with «Silor-Ultra» composition.
Specimens, impregnated with 5% solutions of
bitumen in hexane demonstrated the highest
consumption of anode material.

Patent of 2010 [88] presents an original
method of the impregnation of carbon-
graphite anode with molten electrolyte.
To do this, during the electrolytic reduction
process, the polarity of the anode is changed
for 10-15 min during the day, then the anode
and cathode are polarized with working
current under normal conditions. Preliminary
experiments in the laboratory environment
shown that the impregnation with melts
achieves the depth of 30-40 mm over the
period of 10 min. Such depth of impregnation
is less than the burnout thickness of carbon
anode bottom part (20-25 mm) per day of
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cell work. This method provides the increase
of the cell service life and the improvement of
technological process.

Protection of carbon cathodes. As it was
discussed earlier, the graphite block is proof
against the action of alkali metals, but these
stable forms of carbon are expensive and
subjected to significant wear. From the other
side less expensive amorphous blocks are
excessively subjected to the attack of sodium
but not lithium. Therefore, researchers
had an idea of preliminary carbon material
saturation with lithium or its compounds.
To increase the resistance of the cell to the
aggressive environment impact they propose
the treatment of cathode carbon products
at the temperature of 950°C with lithium
vapors [89], with lithium fluoride [90] or other
lithium-containing compounds (for example,
with water solution of lithium acetate) [91].
In all cases the mitigation of sodium impact on
cathode materials was observed during their
subsequent tests in sodium-containing melts.

Duetohighlevelofweartheauthorsofpatent
dated 2005 [75] proposed the impregnated
graphite cathode for aluminium reduction
process and the method of its fabrication. The
method comprises the block graphitization
at the temperatures exceeding 2400°C, its
impregnation by immersing in a vacuum into
coal tar or petroleum pitches and subsequent
thermal treatment at the temperature less
than 1600°C. Measurements of apparent
density and flexural strength shown their
increase on 9.5% and 63.5% respectively in
comparison with non-impregnated blocks.
Technical result was an increase of service life
of graphite cathode.

Another popular direction in carbon
cathode protection is an application of
refractory metal compounds, wetted with
aluminium (for example, with titanium carbide
or diboride - TiC or TiB,). In some cases these
refractory metal compounds are applied by any
method onto the cathode surface before the
cell startup [92-94], in other cases they are
electrically precipitated during the electrolytic
reduction process [95]. The detailed study and
discussion of these directions, carried out from
1930-s to 2022, are given in monography [96]
and review [97].

In most cases researchers confirm the
effectiveness of cathode protection with

https://ipolytech.elpub.ru
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refractory compounds in laboratory conditions
or at pilot tests on industrial sites. However,
no one of world corporative scientific research
centers solved these problems completely
and finally. Available alternatives were not
accorded wide recognition or they are not
used in metallurgical branch. The answer on
the question «<Why?» is clear: these proposed
solutions are efficient in laboratory or short
pilot tests. These solutions cover the surface
of the products and fulfil their functions during
a short period of time but not during the whole
service life of a metallurgical unit. Surface and
near-surface protective impregnation is taken
away with gases and it crumbles; and coatings
peel off as a result of cyclic thermal expansion
and shrinkage processes. In addition, the
scaling in industrial conditions of production
and operation demonstrates the complexity
of their implementation or lack of profitability
due to the high cost of protective components.
In other words, as it is clear from previous
review, carbon products as electrodes for
metallurgical units require extensive and
long-term protection. Due to this and based
on the analyses of the results of previous
investigations and practical works the synthesis
of composite carbon-based materials shall
be considered as promising direction for the
creation of electrodes, corrosion-resistant
in aggressive environment. The solution of
these tasks, separately or in the whole, shall
allow starting the design and construction of
metallurgical units of new generation.

COMPOSITE ELECTRODES

In scientific center of «Problems of mineral
and anthropogenic resources processing»,
Saint-Petersburg  Mining  University, the
possibility in principle to synthetize composite
materials of carbon - carbide /titanium
diboride (C - TiC/TiBy), based on petroleum
coke and graphite, was explored. The synthesis
technology was adapted to existing conditions
of carbon-graphite goods production at
electrode plants. Following initial titanium-and
boron-containing components were used for
the development of the electrodes:

e Based on petroleum coke - titanium
metal Ti and boron oxide B,0s.

e Based on natural graphite - solutions
of titanium sulphate Tix(S04)s and boron acid
H3BOs.

Synthesized components were studied in
termsoftheirbehaviorinoxidizingenvironment.

Composite electrodes, based on
petroleum coke. To develop Cpetroleum.coke — TIC/
TiB, electrodes in laboratory conditions, the
standard procedure of mixing initial materials,
their pressing and baking was used. Calcined
petroleum coke with particle size of not more
than 2 mm, titanium metal powder, boron
oxide and coal tar pitch (13-15% wt.) were
mixed in the mixer at the temperature of
1354£5°C for 15-20 min. After molding on
the static press at the pressure of 15-20 MPa
“green” specimens were subjected to the
baking in muffle furnace at the temperature
of 1050+£10°C under the layer of petroleum
coke within the space of 3 hours. In such way
the conditions for baking carbon-graphite
products in industrial furnaces were to some
extent simulated; and the partial oxidation of
synthesized TiC/TiB. compounds within the
carbon body was admitted.

Fig. 3 presents results of X-ray phase
analysis of Cpetroleum.coke - TiC/TiB> composite,
synthesized at 1050°C with initial
composition® of C+26(Ti+B>03). As expected,
the main phase with maximum intensity
represents carbon. Target phases with less
intensity are represented by titanium and
boron compounds, synthesized by titanium
borides and carbides TiB,, TiB, TiC. according
to overall reaction (4):

2T| + 8203 + 4C -_ T|82 + T|C + 3CO

AGP4s00 = - 215,63 kJ/mol (4)

The detected titanium borate TiBOs; and
titanium oxide TiO, are products of partial
oxidation of titanium borides during the
process of electrodes synthesis.

The definition of relative electrodes stability
in air atmosphere was carried out in muffle
furnace with possibility of automatic heating
with the rate of 300°/h and holding time of
5 hours at 520, 710, 820, 920 and 1050°C.
The duration of cyclic tests was up to 30 hours
(heating - holding during 5 hours - cooling).

Here and further compositions of initial composite charge are given in mass percentage.

https://ipolytech.elpub.ru
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Fig. 4. X-ray phase analysis results of C + 26(Ti+B,03) composite after synthesis and consequent 30-hour oxidation at 710°C

in air atmosphere

Puc. 4. Pesyabtatbl POA komnoauta C + 26(Ti+B,03) nocae cuHTesa m okucreHns B Teuenme 30 y npu 710°C B atmochepe

BO3AyXa

During this period of oxidation carbide and
boride phases of titanium are transformed on
the surface into its oxides TiO and TiO, forming
glass phase B.0; (Fig. 4 and 5). It means,
liquid boron oxide forms a continuous layer,
wetting a composite base of material, partially
oxidized, and an initial carbo-boride structure
of polycrystalline product.

Till 2000°C the oxidation rate of composite
specimens keeps the downward dynamics with
passive character of oxidation,anditis described
by equations of power dependence (Fig. 6). This
could mean that the process depends not only
on the stability of oxi-carbo-boride bond of the
composite, but also on the supply (diffusion) of
oxygen through the increasing layer of boron
oxide glass phase on the surface of pore space
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through the growing layer of titanium oxides.
It means in this mode the losses of electrode
mass depend on mixed mode of diffusion and
interaction of oxygen with electrode base.

Fig. 5. B-O; glass phase layer on the composite specimen
surface after its oxidation at 710°C

Puc. 5. Croti cteknogasel BoOs Ha MOBEPXHOCTM KOMMO3MUTa
rnocae okmcAeHus npm 710°C
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Fig. 6. Oxidation rate of composite electrodes with initial composition of C+26%(Ti+B>03) in the temperature range from 520°C

t01050°C in air atmosphere

Puc. 6. CKOpoCTb OKMCAEHMS KOMIMO3UTHbIX SAEKTPOAOB C UCXOAHBIM cocTaBoM C+26%(Ti+B,0s) B TeMnepatypHOM MHTepBae

520-1050°C B atTMOCepe Bo3Ayxa

If exceeding 1000°C, in our case at
1050°C, the initial oxidation rate reduction
is changed to active oxidation character
because of B,0Os; evaporation. Under these
conditions the oxidation rate increases with
every subsequent cycle and it is described by
polynomial equation (Fig. 6). This means that
in steady-state mode the material oxidation
depends on direct interaction of oxygen with
carbon.

So, with simplicity of adapting the Cpetrcoke -
TiC/TiB,technology to industrial conditions of
mixing, pressing, and baking at 1000-1100°C
the enhanced resistance of electrodes to
the oxidizability with atmospheric oxygen
is achieved. The presence of refractory
compounds in carbon composites supposes
their less susceptibility to different types of
wear and to the impact of alkali metals and
acquisition of the property of wettability with
liquid metals. These potential operating
properties shall be defined during further
investigations.

Composite electrodes, based on natural
graphite'*. The development of the material
for specimens of Cg.pn — TiC/TiB> electrodes,
based on natural graphite GL-2 was carried out
by its preliminary oxidation and intercalation

with oleum in the presence of nitric acid or
potassium permanganate according to well-
known methods [102, 103]. Modification of
graphite intercalation compounds was fulfilled
by introducing titanium and boron ions, being
part of the composition of titanium sulphate
Ti»(S04)3zand boric acid H3BO3 solutions directly
into the oxidizing composition.

After washing and drying oxidized and
modified graphite was exposed to the thermal
shock at the temperature of 850°C for
5-15 min. Parameters of graphite oxidation,
modification and thermal treatment were
selected in such a way to minimize the degree
of thermal expansion in order to provide an
workable specimen compacting. The shape
and structure of thermally expanded graphite
(TEG) particles changed from initial laminar
to foam-dendritic thermally treated material
(Fig. 7). At the same time the particle size
distribution remained in the range of 50-
250 mcm, but the balk density of material
changed considerably from 0.45-0.47 to
0.040-0.042 g/cm?.

The specific electrical resistivity of the
powders of initial (~66000 pQ:m) and thermally
expanded (~6700 pQm) graphites differed by
an order of magnitude®®, but with the increase

“Perspectives of using natural graphite for the production of electrodes are opened due to the plans of LLC “Dalgraphite”
(being part of LLC “Magnesite Group”) to produce annually 40.5 thousand tons of graphite concentrate. Available from: https://
dalgraphite.ru/ [Accessed 7th June 2024].

5The measurement of specific electrical resistivity of powders and compact carbon materials was carried out in accordance with
GOST 23776-79 “Methods for the measurement of specific electrical resistivity”.
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Fig. 7. Microstructure of initial (a) and thermally expanded (b) natural graphite
Puc. 7. MUKpOCTPYKTypa np1poAHOro rpaguta MCXOAHOIO (a) M TepmopacLumpeHHoro (b)

of powder compaction degree this difference
reduced?®.

However, at the compaction degree of
1.9 the difference in electrical resistivity of
graphites remained significant - 7 times higher
(Fig. 8). In that respect it should be assumed
thatthistrend in the ratio of electrical resistivity
for graphite compact specimens would be
sustained, i.e. the electrical conductivity of
graphite products made of TEG powders,
would increase.

To develop Cgeupn — TiC/TiB> electrodes the
standard laboratory procedure of mixing initial
materials, their pressing and baking was used,
similar to the fabrication of Cpetrcore — TIC/TiB2
electrodes. At the same time components of
graphite oxidation-intercalation, concentration
of modifying liquors (Ti»(SO4); + H3BO3) and
thermal shock parameters were varied for
different specimens.

The definition of relative Cgapn — TiC/TiB>
electrodes stability in air atmosphere was

£ 70000
: 66250

m
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o
|

Natural graphite
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30000
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Electrical resistivity,
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Degree of compaction, Density Index

Fig. 8. Specific electrical resistivity of the initial and thermally expanded graphite
Puc. 8. YAeAbHOE 3AeKTPOCOMPOTUBAEHME UCXOAHOIO M TEPMOPACLUMPEHHOIO rpaguta

8Compaction degree is the ratio of current density of the powder to its initial bulk density.
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carried out at 710°C in comparison with the
definition of oxidizability of electrodes made of
initial natural graphite. Electrode specimens
of 1-4 differ from each other by conditions of
their preliminary treatment for baking process
- synthesis (Fig. 9). The duration of cyclic tests
was up to 30 hours (heating - holding during
5 hours - cooling).

Obtained results give evidence of high
potential development of composite Cgapn -
TiC/TiB, electrodes for ore thermal furnaces,
magnesium and aluminium cells that would

have a high stability in oxidizing environment.
Preliminary intercalation of the structure and
modification of natural graphite composition
with subsequent destruction of the material
at the thermal shock supposes the production
of the goods with high electrical conductivity,
resistance to wear and penetrated components
(Na, K, FeCls, AlCIs, Cl,, F...). Particular features
of the Cgapn — TiC/TiB,, technology, besides
the preliminary procedure of initial graphite
structure destruction, are minimization of
binding agent for the compaction, no need for
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Fig. 9. Oxidation rate of Cgapn - TiC/TiB> composite electrodes of various compositions 1-4 at the temperature of 710°C

in air atmosphere
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Fig. 10. Comparative oxidation rate of composite and graphitized electrodes at the temperature of 710°C in air atmosphere
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Filler grains

20 hours | 2

Fig. 11. Graphitized specimens impregnated with a protective
composition after 20-hour oxidation at the temperature of
710°C in air atmosphere

Puc. 11. BHelHui BUA TpadUTUPOBaHHLIX 00pa3LoB,
NPONMUTaHHbIX 3aLUMTHBIM cocTaBom, nocae 20 4 OKUCAEHUS
npu Temneparype 710°C B atmocpepe Bo3Ayxa

needle coke application and its graphitization
for the production of electrodes of specific
quality.

Advantages of composite Cpetrcore — TIC/TiB2
and Cgapn — TiC/TiB, electrodes vs electrodes
of natural graphite and graphitized electrodes
impregnated with protective solutions are
evident. And this is evident not only in graphs
of the rate of mass loss (Fig. 9 and 10), but
also in appearance (Fig. 11 and 12).

Results, obtained in laboratory conditions,
are intermediate in current investigations and
these investigations shall continue during the
tests in conditions of electrolytic reduction of
fluoride and chloride melts.

CONCLUSIONS

1. Based on literature review it is
established that carbon-graphite products
for ore thermal furnaces, magnesium and
aluminium cells are subjected to the high-
temperature oxidation, wear and influence of
interlayer compounds.

2. Reactive capability of poly-crystalline
carbon material in regards to gas oxidizing
agents depends on structure perfection
degree, size of crystallites and presence of
impurities.

3. Losses of the electrodes due to the
oxidation of their side surface in electrical
arc furnaces, when they pass through the
temperature zone of 600-800°C, achieve
40-60% from their total consumption.

528

ISSN 2782-6341 (online)

o]

Fig. 12. Cuetrcoe - TiC/TiBo (@) and Cgapn - TiC/TiB> (b)
composite specimens after 30-hour oxidation at the
temperature of 710°C in air atmosphere

Puc. 12. BHelwHui BUA KOMMO3UTHBLIX 00pa3LUO0B Copetrcoke —
TiC/TiBz (@) # Cgrapn — TiC/TiB> (b) mocae 30 4 okMCAEHUS npu
Temnepatype 710°C B aTMocdepe Bo3ayxa

4. Significant destructive effect is exerted
on carbon-graphite electrodes by specific
interaction of carbon with elements and
compounds from working environment, which
are capable to penetrate (intercalate) into the
interlayer carbon structure. The destructive
interaction with sodium and potassium occurs
in carbon-graphite cathodes of aluminium
cells at the temperatures lower than 850°C
forming C;; K* - 2K,C,; Na™ - 2Na. Under cyclic
changes in temperature field the interaction
carbon - Na/K results in abnormal (low-
temperature) graphitization of cathode block
material.

e Graphite anodes of magnesium
cells are subjected to the destruction at the
interaction with chlorides of copper, iron,
manganese, aluminium and at the formation
of interlayer compounds like CCl™ - 3AICL;,
CCl™ - FeCl, - 3FeCl; under temperatures of
200-300°C. Under temperatures, exceeding
600°C graphite anodes are stable.

5. The protection of electrodes for electric
arc furnaces and anodes for magnesium and
aluminium cells is carried out by thorough
sealing, by applying to the side surface the
solutions, inhibiting the oxidation, or coatings
with physical and chemical nature of action:

e Water solutions of orthophosphoric
and boron acids.

e Mixtures of zinc (Zn(H2P04)>2H-0) and
aluminium (Al(H2PO4)s2H,0) phosphates in
orthophosphoric acid.
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e Ceramic coatings based on oxides Al,QOs,
SiO,, B,0s, TiO,, carbides SiC and B4C, or on
complex compounds like ZrB,-SiC-TaSi,-Si.

6. Proposed and available technical
solutions for the protection of the surface
of carbon products have not been widely
recognized or are not in use in metallurgical
branch. The probable cause consists in the

limited electrode protection period, complexity
of their implementation or lack of profitability
due to the high cost of protective components.
7. The promising direction to produce
corrosion resistant materials is proposed -
synthesis of composite C - TiC/TiB, electrodes,
based on petroleum coke and graphite in
standard conditions of industrial production.
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