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INTERACTION OF ALLOYING METALS OF CONSTRUCTION STEELS WITH LIQUID
AND VAPOROUS SELENIUM

Abstract: Based on the thermodynamic study of the interaction of selenium with alloying metals: nickel, titanium and chromium, it is
established that these elements will form selenides of different composition in the liquid and vapor phases under the distillation process.
The following order of dissolution in liquid selenium is suggested: chromium, nickel, iron, titanium. This will lead to a preferential transition
of the elements standing in the row in front of the iron into liquid selenium and degradation of the structural material based on alloyed
steel. On the basis of partial pressure diagrams of selenium in systems with iron and doping metals, it was established that titanium and
chromium under conditions of distillation recovery and refining of selenium at low pressures will be represented by thermally stable higher
selenides, nickel in liquid selenium by diselenide, in contact with the vapor phase, nickel monoselenide . Diagrams of the state of selenium
systems with nickel and chromium are supplemented by phase transitions of liquid-vapor at a pressure of 100 Pa. The boundaries of
the coexistence of liquid condensed and vapor phases are calculated assuming the existence of extremely dilute solutions of selenium
in liquid nickel and crystalline chromium. The concentration of higher nickel and chromium selenides in the bottom residue during the
distillation refining of selenium was confirmed. In the case of structural design, the use of a batch process is recommended due to the
formation of a layer of selenides on the steel surface, which acts as a protective skull.
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Introduction. Due to the high chemical activity
of selenium with respect to alloyed steels, it seemed
reasonable to trace the interaction of nickel, titanium
and chromium (the main constituents in steel
X18H10T) in liquid and vaporous selenium.

Due to the fact that the activities of these elements
in solid iron solutions are not known, the interaction
of selenium with each of the metals in the free
state is considered. Because of the difficulties in
the laboratory design of such studies, the method
of thermodynamic calculations of the equilibrium
constant of the selenide-selenium (liquid) system
and the method of partial pressure diagrams, where
selenium vapor is represented as the gas component,
was used.

Distillation recovery of selenium from industrial
products and its refining takes place at a temperature
of 400-500 °C (673-773 K) in vacuum to 13 Pa and
at a boiling point of 672 ° C (945 K), determined by
us at atmospheric pressure [1, 2]. In this connection,
the temperature range for the studies was chosen to be
673 - 945K (400 - 672 °C), pressure 1.3 « 10° - 0.1 MPa.

The thermodynamic constants for the calculations
are borrowed from [3-5] and adopted independent
on temperature. Missing values were found
approximately, mainly by the method of the same
type of compounds [6].

Calculation part and discussion of results.
Interaction of selenium with nickel. Possible reversible
reactions for the formation of nickel selenides in a
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liquid selenium bath and the equilibrium constant at
the boundary temperatures of the interval are given in
Table 1.

Table 1 - Equilibrium constants for the formation of nickel selenides
in liquid selenium

Reactions of Values In kp at
System decomposition - temperature, K
formation of selenides
673 945
Se,, + NiSe = NiSe +0,090 -0,566
iq) (crys) 2(crys )
Se("q) + Ni3Se2(Crys) = 3NiSe(Crys> -1,125 -2,979
Ni - Se 28e(‘iq)+3 Nigrye) = NiSSez(crys) +28,833 +20,614
2Se,,* Ni . =NiSe +9,326 +5,312
iq) (crys) 2(crys)
Se("q)+ Ni(cws) = NiSe(Crys) +9,236 +5,867

Analyzing the data in Table 1, it can be seen that
under the distillation conditions, liquid selenium reacts
with nickel to form stable selenides. The dissociation
of nickel diselenide is possible at the boiling point
of selenium at atmospheric pressure (945 K). The
decomposition of nickel monoselenide on Ni3Se2(Crys)
and Se(nq) is thermodynamically probable over the
entire temperature range. That is, the formation of
nickel monoselenide through the interaction of liquid
selenium and Ni3Sez(Crys) under these conditions is not
realized.
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Thus, liquid selenium will interact with nickel,
which is a doping element in iron, to form selenides
of variable composition, which will be accompanied
by degradation of the structural material.

The interaction of vaporous selenium with
nickel was considered in detail in [7] and is not
given here.

The most complete information on stable
compounds in the metal-selenium system can be
obtained on the basis of the equilibrium phase
diagram, which includes the phase transition of the
melt vapor and allows one to judge the interaction of
nickel and selenium, as well as the composition of the
phases formed.

When calculating the boundaries of the coexistence
of melts and vapor, the boiling point was assumed to
be equal to the temperature at which the sum of the
partial pressures of the vapor components is 100 Pa,
that is, the phase transition of the melt vapor, and the
composition of the vapor phase was determined as the
ratio of the partial pressure of the component to the
total pressure.

Thermodynamic studies of the nickel-selenium
system are few in number [8, 9]. The authors of [8]
used the method of measuring the electromotive forces
of concentration chains to determine the activity of
nickel at a temperature of 1300 °C in the range 50-85
atom % Ni in the region of homogeneous melts. The
data of this study were used by us in constructing a
liquid-vapor phase transition. The activity of selenium
in these solutions was calculated by integrating the
Gibbs-Duhem equation.

In connection with low solubility, the liquid-vapor
equilibrium is calculated assuming the existence of
extremely dilute solutions of selenium in nickel. Due
to the high boiling point of nickel, the calculation is
performed for forquacuum conditions.

The vapor pressure of liquid nickel is bor-
rowed from [10] and converted to the form:
In py iy [Pal=26,235—-46572-T™" The vapor pres-
sure of selenium was determined by us earlier [1, 2]
and in the calculations it is accepted the correspond-
ing equation: Inpg,,[Pal=24,797-12540-T _1_

The boundaries of the field of coexistence of melts
and paraffin selenium in the forequacuum of 100 Pa:
the boiling point and the corresponding vapor
composition in the Ni-Selenium state diagram [11]
are shown in Figure 1.

Here, the areas of coexistence of melts and the
vapor phase at atmospheric pressure and in a vacuum
are partially superimposed on each other and on the
area of existence of the condensed phases.
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Figure 1 - Phase diagram of nickel-selenium at 100 Pa.

The vapor phase, almost completely, is represented
by elemental selenium. Under the conditions of
distillation separation of the system into components
at low pressure, nickel will be concentrated in the
bottom residue in the form of nickel diselenide. The
durability of steels doped with nickel in the design of
the technological process will be relatively low due to
the formation of nickel diselenide in the interaction
with liquid selenium and monoselenide with vapor
Se [7].

Interactions of selenium with titanium and
chromium. Possible reversible reactions for the
formation of titanium and chromium selenides in a
liquid selenium bath and the equilibrium constant at
the boundary temperatures of the interval are given in
Table 2.

Table 2 - Equilibrium constants of the reactions of formation of
titanium and chromium selenides in liquid selenium

) » Values of In k_at
System Reactions of decomposition- temperature, K
formation of selenides
673 945
Ticryey + S€q = TiSE +40,261 | +28,600
3TiSe,, * Se, = Ti,;Se, ., | -67.323 | -48,658
T se Ti,;Se, s, + 25¢, = 3TiSe, | 155,55 | +110,78
3Ti,, +4Se,=TiSe +53,217 | +37,889
crys) (liq) 37 T4(crys)
Tierys) + 256, = TiSe, o +69,589 | +49,559
2TiSe,, + Se, = 2TiSe, ., | +62,686 | +39,692
Cr—Se |2Cr,  , *+3Se,,=CrSe, . |+25514| +13,705

17



Complex Use of Mineral Resources. No. 2. 2017.

From the data in Table 2, it can be seen that, under
distillation conditions, liquid selenium interacts with
titanium and chromium to form stable selenides.
Moreover, the formation of titanium diselenide from
the elements, based on the value of the equilibrium
constant, is more preferable. The formation of
Ti,Se o) through the interaction of liquid selenium
and titanium monoselenide under these conditions is
not realized.

Thus, liquid selenium will interact with titanium
and chromium, which are alloying elements in iron, to
form selenides of variable composition, which will be
accompanied by the destruction of the structural material.

Formation of selenides of titanium in a pair of
selenium. The Ti-Se state diagram is not constructed
[12]. Three compounds have been found in the system:
TiSe, TiSe, and Ti,Se,.

Thermochemical studies are limited to work [4],
in which, using the heat-conducting high-temperature
calorimeter with an isothermal shell, the thermal ef-
fect of the direct synthesis reactions of the elements
determines the standard enthalpies of formation of ti-
tanium selenides of variable composition TiSe , where
x varies from 1.45 to 1.85. It is found that the depen-
dence AH® = f(x) corresponds to the equation of the
line to find the enthalpy of formation of compounds
due to the lack of data in the reference literature, we
extended the concentration interval in this equation to
AH ° =156x + 64. The values of entropy of formation
are determined approximately by the additivity rule.

Possible reactions between the components of the
condensed and gas phases and the calculated values
of the logarithms of the equilibrium constants are
given in Table 3.

Table 3 - Reactions and equilibrium constants of the reactions of
formation of titanium selenides

The values of In k,
Ne Reactions at temperature, K
673 945
1|12 i, * Sey,, = 2TiSe +86,517 | +56,733
crys) 2(g) (crys)
2 2TiSe(Crys) + Tt Sez(g) = Ti38e4(cws) -22,320 -20,777
3 |6TiSe,, * Sez(m =2Ti;Se, -131,157 | -98,287
4 |TiSe, ., + Se,,=3TiSe, +161,041 | +109,807
5 2TiSe(Crys)+ Sez(g)= 2TiSe2(Crys) +63,641 +40,442
6 3Ti(crys) + ZSez(g)= Ti3SeA(WS) +64,197 | +35,956
7 | Tigyey + S€yq = TiSey o) +75,079 | +48,588

In the partial pressure diagram (Figure 2), the
only thermally stable phase at all temperatures within
the range of 673 - 945 K (400 - 672 °C) and partial
pressures of selenium from 13 Pa to atmospheric is
crystalline titanium diselenide.
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Here and below, the range of temperatures and
pressures at which the distillation process is realized
is isolated. The line numbers in the figure correspond
to the number of the equilibrium reaction in Table 3.
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Figure 2 - The diagram of partial pressures Ti(crys) —Se,,

So, titanium, presented in steel as an alloying
element, will interact with gaseous selenium to form
titanium diselenide, which will promote chemical
corrosion of the structural material. In the calculations
of the equilibrium constant, if not available, the
thermodynamic activity of titanium in the crystalline
iron is not used, but this will not affect the formation
of TiSez(c .» since according to the scheme for the
formation of selenides Ti(crys)—> TiSe(myS)
of the partial pressure of selenium, first of all,
monoselenide of titanium is formed from the elements,
the reaction of which must take into account the
activity of the metal.

Formation - decomposition of chromium
sesquieselenide in a selenium pair. In the system, in
the concentration range ~ 50-60 at. % Selenium from
the melt congruently formed compound, which is a
disorderedsolidsolutionbasedonthecompoundCr, Se
[13]. Its melting point is between ~1550 and ~1500 °C,
which corresponds to the boundary compositions of
CrSe and Cr,Se,. With decreasing temperature, the
disordered solid solution decays with the formation
of ordered phases CrSe, Cr,Se, and Cr,Se, at 305,
911 and 811 °C. That is, under the conditions of
the distillation process of extraction and refining of
selenium, Cr,Se, and Cr,Se,

The thermodynamic functions of chromium
selenides were determined only for sesquiselenide
in the study [5], where the authors determined the
enthalpy and entropy of the formation of y-Cr,Se,.
by the method of measuring electromotive forces of
concentration galvanic cells at 140-220 °C. In this
connection, in the construction of the partial pressure
diagram, only the reaction of decomposition of
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chromium sesquieselenide into the initial elements is
taken into account.

The thermally stable phase at temperatures and
pressures typical for the processes of distillation of
selenium will be Crzse3(crys) (Figure 3).
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Figure 3. The diagram of the partial pressures of Cr
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Chromium presented in steel as an alloying
element, interacts with gaseous selenium to form
chromium sesquiselenide, which will promote
chemical degradation of the structural material.

For more complete information on the formed and
stable compounds in the chromium selenium system,
an equilibrium state diagram including a phase
transition of the melt-vapor.

In connection with the relatively high values of the
vapor pressure of crystalline chromium and the small
solubility of selenium in comparison with nickel and
titanium, the calculation of the condensed phase-vapor
equilibrium was carried out under the assumption of
the existence of extremely dilute solutions of selenium
in crystalline chromium. The vapor pressure of crys-
talline chromium is borrowed from [10] and convert-
ed to the form: Inpe, (., [Pa]l=29,173-41627-T~",

The boundaries of the field of coexistence of the
condensed phase (crystalline or liquid) and para
selenium in the forequacuum of 100 Pa: the boiling
point and its corresponding vapor composition are
shown in Figure 4.

In the phase diagram, the region of existence of
the vapor phase in vacuum is superimposed on the
fields of existence of the condensed phases. The
vapor phase, almost completely, is represented
by elemental selenium. Under the conditions of
distillation separation of the system into components
at low pressure, chromium will interact with liquid
selenium and concentrate in the bottom residue in the
form of chromium sesquieselenide. The durability of
chromium-doped steels will be relatively low due to
the formation of this chromium selenide in the design
of the process.
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Figure 4 - Phase diagram of chromium — selenium at 100 Pa

Conclusions. Based on the thermodynamic
study of the interaction of liquid and vaporous
selenium with alloying metals: nickel, titanium
and chromium, it is established that these elements
in the melt will interact with selenium to form
selenides.

On the basis of partial pressure diagrams of
selenium in systems with alloying metals, it was
established that titanium and chromium under the
conditions of distillation recovery and refining of
selenium at low pressures will be represented by
thermally stable higher selenides, nickel in liquid
selenium by diselenide, in contact with the vapor
phase, nickel monoselenide.

Evaluating the organization of the technological
distillation process in continuous and periodic modes
in apparatuses made of alloy steel (XI8NI10T),
preference should be given to periodic. This is due
to the fact that in a continuous process, a continuous
washout of the resulting selenides with a moving
melt flow occurs and a shift in the equilibrium of the
formation reactions toward the selenides. In the batch
process the layer of selenides formed on the surface
of the structural material plays the role of a protective
skull.
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TYWIHOEME

IleripneyLi HUKenb, TUTAH XXOHEe XPOM CUSIKTbI MeTanaapMeH CefneHHiH e3apa apeKkeTTecyiHiH TepMoavHamMuKanblk 3epTTeynepiHin

HeridiHAe, aTanfaH aneMeHTTep AUCTUNNAUMANay YpAici xarfaanbiHaa cymblk kaHe bynbl dhasaga apTypni Kypamabl ceneHvatep navaa
6onaTtbiHabIFbl aHblkTanabl. Cyiblk ceneHae epyaid bomkamabl kesekTinirikenecigemn: Xxpom, HUKenb, Temip, TUTaH. byn katapaa Temipaid
angbiHAa TypFaH aneMeHTTepaiH 6acbiMAabIKNEH CyMbIK CeneHre eTyiHe xaHe Herisi neripneHreH 6onart 6onaTblH KOHCTPYKUMANbIK MaTe-
pvangblH KynablpayblHa aKenefi. Temip eHe neripneyLwi Metanfap xynenepinaeri CeneHHii napuvangbl KbiICbiM AnarpammanapbiHa
Herisgene TeMeH KbicbiMAa ceneHai AMCTUNNSAUMANBIK XXaFganaa WeiFapbin any MeH TasanaraHga TUTaH MeH XpOM TEPMUSITIbIK TYPaKThbl
)KOFapbl ceneHnaTep TypiHae, an HUKENb Cyvblk ceneHae AnceneHns TypiHae xaHe Oynbl azameH 6arinaHbickaHaa — HUKEeNb MOHOcene-
HWA TypiHOe GonaTbiHAbIFbl aHblkTanFaH. CeneHHiH HUKeNb MeH XpOMAbl XXYMeCiHiH Ky Anarpammack! 100 Ma KbicbIMaarbl CyMbIKTbIK-0y
hasanblk aybicynapbiMeH TonbIKTbipbiiFaH. CyiblK KOHOEHCUPIEHTeH xaHe Oynbl (hasanapablH katap XKypy Lwekapanapsbl, kpuctangbl
XPOM MEH CyMbIK HUKEMNbAI CENEeH epiTiHAINEepiHiH WweriHe AeniH apanacTbipbifiFaHaarbl TipLinik eTyimeH 6omkamaansin ecentenreH. Ce-
NeH4i ANCTUNNAUMANBIK Tasdanayaarbl KyOTblK KanablkTa HUKENb MEH XPOMHbIH, XOFapbl CENeHnaTep KOHUEHTpaumschl AanenaeHreH. KoH-
CTPYKTOPIbIK paciMaey KesiHae KoprayLubl rapHUCCax perniH opbiHAANTLIH Gonat 6eTiHae ceneHnaTtep kabatTel Nanga GonatbiHAbIKTAH
nepuoaThl YPAICTI KonaaHy YCbIHbINFaH.
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Tyninai ce3pgep: ceneH, HWKENb, TUTaH, XPOM, ceneHug, aucenewun, GankbiMa, napuvangbl KbiCbIM Aapauarpammachbl, Ky
anarpaMmmMacsl.

PE3IOME

Ha ocHOBaHWM TepMOAMHAMMNYECKOTO UCCREOBaHUS B3aUMOLEWCTBUS CENeHa C NErvpyowyMy MeTarnnamu: HUKeNnem, TUTaHoOM U
XPOMOM YCTaHOBIIEHO, YTO YKa3aHHbIe 3rieMeHTbl ByayT 06pasoBbIBaTh B YCIOBUSIX ANCTUNIISILMOHHOIO NpoLiecca CeneHnapbl pasnuyHoro
cocTaBa Kak B XWOKOW, Tak U napoBoii dase. MNpeanonoxeHa cneaytollasi o4ePeaHOCTb PACTBOPEHUS B XKMAKOM CEfleHe: XPOM, HUKenb,
Xerneso, TUTaH. OTo NpMBEAET K NPEUMYLLECTBEHHOMY NEPEXOAy dMIEMEHTOB, CTOSALLMX B Py Neper Kenesom, B KWAKWIA ceneH n ae-
rpagaumy KOHCTPYKLMOHHOTO MaTepuarna Ha OCHOBE JIerMpoBaHHoOM ctanu. Ha ocHoBaHWM Auarpamm napumanbHbiX JaBrneHuit ceneHa
B CMUCTEMAX C KENe3oM W NerMpywmMMm MeTannamm yCTaHOBIIEHO, YTO TUTAH U XPOM B YCIOBUSIX AUCTUMNSLMOHHOIO M3BMEYEHUS U
pacVHUPOBaHWSI CeNleHa Npy HU3KUX AaBreHusx OyaoyT NpefacTaBneHbl TEPMUYECKU YCTOWYMBBLIMU BbICLUMMU CEMEHWOAMU, HUKEMNb B
KUOKOM CerneHe AMCeNeHnaoM, NPy KOHTaKTe ¢ NapoBol (ha3olt — MOHOCENEHUAOM HUKenNs. [narpamMmmMbl COCTOSIHUSI CUCTEM CerleHa ¢
HUKENeM M XpOMOM AOMNOSHEHb! ha3oBbIMU Nepexodamu uakocTb-nap npu Aasnedun 100 Ma. MpaHWuUbl COCYLLECTBOBAHUS XWOKON
KOHZEHCVPOBaHHOW 1 NapoBoi a3 paccynTaHbl B NPEAMONOXEHNN CyLLEeCTBOBaHWS NpeaeribHo pa3baBrieHHbIX pacTBOPOB ceneHa B
XUAKOM HUKerne W KpucTannuyeckom xpome. lMNoateepkaeHa KOHLEHTpaLUWs BbICLUMX CENEHUAOB HUKENs U Xpoma B Ky6oBOM ocTaTke
npv AUCTUIMASILMOHHOM pacMHUPOBaHUK cenena. MNpu KOHCTPYKTUBHOM 0HOPMIIEHNN PEKOMEHAOBAHO MCMOSIb30BaHWE NEPUOANYECKOTO
npolecca BcneacTane o6pasoBaHvsi Ha MOBEPXHOCTU CTanW Crosi CENEHWAO0B, BbIMOMHSIOLLETO POSib 3aLLMTHOMO rapHUCcaxa.

KnroueBble cnoBa: ceneH, HUKenb, TUTaH, Xpom, ceneHna, guceneHn, pacnnas, anarpamMmma napumanbHbIX OaBneHun, Anarpamma
COCTOAHUA
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