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Abstract. The development and research of new materials for machine parts of the mining and metallurgical complex by the method of surfacing with
flux cored wire has a lot of attention nowadays. Flux cored wires are widely used for surfacing of steels with high wear resistance, in which reduced
tungsten in the form of ferroalloys, ligatures and metal powder of various degrees of purity are used as fillers. However, due to the scarcity and
high cost of tungsten, its rational use is an urgent task. For practical application, the technology of surfacing with tungsten-containing flux cored
wire is of interest; using it the maximum extraction of tungsten into the deposited layer is achieved due to reduction processes in the arc. In order
to increase the beneficial use of tungsten, the technologies of indirect alloying with tungsten during surfacing under the flux of flux cored wires, in
which tungsten oxide is used as a filler on the one hand, and reducing agent — on the other, deserve consideration. It can be expected that during arc
discharge, tungsten and (or) chemical compounds of tungsten with reducing agents can be formed during the surfacing process. This paper presents
the results of a comparative analysis of the thermodynamic processes of tungsten oxide reduction by carbon, silicon, aluminum and titanium during arc
discharge occurring during surfacing with flux cored wires under a layer of flux. The thermodynamic analysis of 41 reactions in standard states showed
that the presence of reducing agents (carbon, silicon, aluminum, titanium) in the flux cored wire used for surfacing will contribute to the formation
of silicides and tungsten carbides, and, possibly, tungsten itself. It was determined that the best state for the participation of tungsten oxide in reactions
in the arc is WO,(g) gaseous state.
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AnHomayus. B Hacrosmee BpeMsi pa3pabOTKe W MCCIECAOBAHUIO HOBBIX MAaTEpHAiOB JUIS JETale MallMH FOPHO-METAJLTypIH4ecKoro KOMILIeKca
METOJIOM HAIUIaBKH ITOPOIIKOBOM MPOBOJIOKOW yzenseTcs Oosbinoe BHUMaHue. lllupokoe pacrnpocTpaHeHue /Ui HAaIUIaBKU CTajel C BBICOKOM
M3HOCOCTOMKOCTBIO MOJIYYHJIM MOPOIIKOBBIE IPOBOJIOKH, B KOTOPBIX B KAaueCTBE HAIOJHHUTENCH MCIOJIB3YeTCs BOCCTAHOBJICHHBII BOJb(pam
B BHZE (eppOCIUIABOB, JIUTATYP M METAJUIMYECKOrO MOPOLIKA Pa3IMYHON CTeneHH YNCTOThL. OIHAKO B CBSI3U C AC(UIMTHOCTBIO U BBICOKOH CTOM-
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MOCTBIO BOJIb(hpama akTya bHOH 3a/1a4eil SBISETCS €ro paloHaIbHOE UCHIONIb30BaHKe. [y MPAKTUYECKOro MIPUMEHEHHUS MIPEJICTaBISIeT HHTepecC
TEXHOJIOTHsI HAIUIABKU BOJb()paMCcoieprKalieil OPOLIKOBO TPOBOJIOKOH, NP UCHOJIL30BAHMN KOTOPOH JJOCTUraeTCs MaKCUMAlIbHOE U3BICUECHUE
BoJb()paMa B HAIUIABJICHHBIN CJIOH 3a CUYET BOCCTAHOBHTEIBbHBIX MpOLECcCOB B ayre. C LENbIO MOBBIMICHUS TIOJIE3HOTO HMCIIOJIb30BAHUS BOJIb-
(hpama 3aciry’)KUBAIOT PACCMOTPEHHUS TEXHOJIIOTHH KOCBEHHOTO JISTUPOBAHUS BOJIL(PaMOM IpH HAIUIABKe MO (BII0OCOM M3 HOPOIIKOBBIX ITPOBOJIOK,
B KOTOPBIX B Kau€CTBE HAIIOJIHUTEIIS UCIIONb3YIOTCS, C OHOM CTOPOHBI — OKCUJL BOIb(pama, a ¢ Ipyroi — BOCCTaHOBUTEIH. MOXKHO OXKHIATh, YTO
P JlyTOBOM pa3psijie B MPOLecCe HAIIABKK MOT'YT 00pa30BBIBATHCS BOJIb(PaM M (MIIM) XUMUUECKHE COSMHEHHs BOb(paMa ¢ BOCCTAHOBHUTE-
JsiMU. B Hacrosiuelt padoTe npeacTaBieHbl pe3yabTaThl CPABHUTENIBHOTO aHANIN3a IPOTEKAHHS TEPMOJMHAMHYECKUX MTPOLECCOB BOCCTAHOBICHUS
OKCHJIa BOJIb(hpamMa yriiepooM, KpeMHUEM, AIIOMUHUEM M TUTAHOM IIPU JIyTOBOM pPaspsijie, BOZHUKAIOLIEM BO BPEMs HAIUIABKU MOPOLIKOBBIMH
poBosIoKamMu 1oz cioeM (uitoca. [IpoBeieHHbIN TepMOANHAMUYECKHI aHann3 41 peakiuu B CTAHAAPTHBIX COCTOSHUSIX [TOKA3all, YTO HAINYUC
B HCIIOJIB3YEMOM JUTsl HATUIABKH MOPOIIKOBO# TPOBOJIOKE BOCCTAHOBUTEIEH (Yriieposia, KpeMHUsI, AIIOMUHNS, THTaHa) Oy/IeT CrIocoOCTBOBATh 00pa-
30BaHUIO CUIIMLIUJOB U KapOua0B Boib(paMa, a, BO3MOXKHO, U caMoro Bojib(dpama. ONpeneneHo, YTo JIydlInM COCTOSIHUEM Ul y4acTHs OKCHIA
BOJIb(h)pamMa B PeakuUusIx B JIyTre sABJISAETCs ra3000pasnoe coctosaue WO, (r).

Kntouesnle c/108a: BocCTaHOBICHNE, OKCH] BONb(paMa, TepMOAMHAMUKA, CTaHIApTHAs Heprus ['mOOca peakuun, yriepon, KpeMHHHM, alIOMUHHIL,
THUTaH, HEMETAUINUECKHE BKIIIOUEHHUS, TEPMOJAMHAMHUYECKAs! BEPOSATHOCTb MIPOTEKAHUS PEaKLU

Aaa yumupoeanus: bamenxo JLIL., bennpe 10.B., Kossipes H.A., Muxuno A.P., lllypynos B.M., XXykos A.B. TepmoauHaMuueckue acreKkTbl BOC-
CTaHOBJICHUS OKCH1a Bolb(ppama WO, yriieposioM, KpeMHHIEM, ATFOMUHHEM U THTAHOM. M36ecmus 6y306. Yepnas memannypeus. 2024;67(4):449-456.
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[ INTRODUCTION 2/3WO,(s, 1) +2C(s, 1) = 2/3W(s, 1) + 2CO(g); (1)
For over 40 years, the use of surfacing with weld- 2/3WO0,(g) +2C(s, 1) = 2/3W(s, 1) +2CO(g);  (la)

ing flux cored wire has been widely adopted. Combining

this with advanced surfacing methods allows for solv- 2/3WO,(s, 1) + C(s, ) =2/3W(s, ) + CO,(g);  (2)

ing complex technological challenges at a fundamentally

new level [1 —3]. 13WO,(s, 1) + CO(g) = 1/3W(s, ) + CO,(g);  (3)
Developing technology for applying wear-resis-

tant surfacing involves several key stages: analyzing W(s, 1)+ C(s, 1) = WC(s, 1); “4)

the nature of the part’s wear; assessing the weldability

of the structural material and the permissible changes in W(s, ) +172C(s, ) = 172W,C(s, D; ©)

the part’s geometry due to the thermal effects of surfac-

ing; selecting a wear-resistant alloy; choosing a surfacing 23WO4(s, 1) + 5/3C(s, 1) =

method; and developing surfacing regimes [4 — §]. =2/3WC(s, 1) + CO,(g); (6)
Recently, particular attention in manufacturing flux

cored wire has been given to selecting charge mate- 2/3WO,(s, 1) +4/3C(s, 1) =

Fials [9 — 11]. One component of .these charge material.s = 1/3W,C(s, 1) + CO, (2); (7)

is tungsten powder. Tungsten coatings are noted for their

high wear resistance under “metal-to-metal” friction at

1/4WO,(s, ) + 5/4CO(g) =

elevated temperatures, as well as good heat and ther- D ©®

mal resistance. They are mainly used in metallurgy and = 1/4WC(s, 1) + CO,(g); (8)

mechanical engineering for surfacing hot rolling rolls,

hot cutting knives for metal, hot rolling stamps, and simi- 2/TWO,(s, 1) + 8/7CO(g) =

lar applications [12 — 15]. However, due to the high cost = 1/TW,C(s, 1) + CO,(2); 9)

of pure powder and the absence of domestic manufac-

turers of this component within ‘t‘he RHss1an Federation, 23WO.(s, 1) + 83C(s, 1) =

proposals have arisen to replace “pure” tungsten powder 3

with tungsten oxide [16 — 18]. =2/3WC(s, 1) +2CO(g); (10)
This work aims to conduct a comparative thermody- B

namic assessment of the likelihood of the reduction pro- 213WO(s, ) +7/3C(s, 1) =

cesses of tungsten oxide (WO,) by carbon, silicon, alu- = 1/3W,C(s, 1) + 2CO(g); (11)

minum, and titanium during the arc discharge that occurs

when surfacing with flux-cored wires under a layer of flux. 2/3WO,(s, 1) + Si(s, 1) =

[l MATERIALS AND METHODS = Si0,(s, ) + 2/3W(s, 1; (12)
A thermodynamic assessment was conducted to eva- 2/3WO,(s, ) +7/38i(s, ) =

luate the likelihood of the following reactions: =Si0,(s, 1) + 2/3WSi,(s, 1); (13)
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2/3WO,(s, 1) + 21/15 Sis, 1) =
= Si0,(s, 1) + 2/15W.Siy(s, );

W(s, 1) + 2Sis, 1) = WSi(s, D);

W(s, 1) + 3/58i(s, 1) = 1/5W Siy(s, 1);

(14)
(15)
(16)

2/3WO,(s, 1) + 2Sis, 1) = 2Si0(g) + 2/3W(s, 1); (17)

2/3WO,(g) + 2Si(s, 1) = 28i0(g) + 2/3W(s, 1);

2/3WO,(s, 1) + 10/3Si(s, 1) =
= 28i0(g) + 2/3WSiy(s, 1);

2/3WO,(s, 1) + 36/15 Si(s, 1) =
= 28i0(g) + 2/15W Sij(s, 1);

23WO,(s, 1) + 4/3A1(s, 1) —
— 23W(s, 1) + 2/3ALO,(s, 1);

2/3WO,(g) + 4/3Al(s, 1) —
— 23W(s, 1) + 2/3ALO,(s, D);

2/3WO,(g) + 4/3Al(s, 1) —
— 23W(s, 1) + 2/3ALO,(s, D);

2/3WO(g) + 4/3A1(1) —
— 23W(s, 1) + 2/3ALO,(s, D);

23WO,(g) + 4/3Al(g) —
— 23W(s, 1) + 2/3ALO,(s, D);

2/3WO,(g) +2/3Al,(g) —
— 23W(s, 1) + 2/3ALO,(s, D);

23WO,(g) + 4/3Al(g) —
— 23W(1) + 2/3ALO (s, 1);

23WO,(g) + 4/3Al(g) —
— 23W(g) + 2/3ALO,(s, I);

23WO,(g) + 4/3Al(g) —
— 23W(s, 1) + 2/3AL0(1);

23WO,(g) + 2Al(g) — 2/3W(s, 1) + 2A10(g);
23WO,(g) + Al(g) — 2/3W(s, 1) + AlO,(g);
23WO,(g) + 4Al(g) — 2/3W(s, 1) + 2AL,0(g);

2/3WO,(g) + 2A1(g) — 2/3W(s, 1) + ALO,(g);

(17a)

(18)

(19)

(20)

2D

(22)

(23)

24

(25)

(26)

27

(28)
(29)
(30)
€2))

(32)

2/3WO,(g) + 2A1,(g) — 23W(s, ) + 2ALO(g);  (33)

2/3WO,(s, 1) + 2Ti(s, 1) =
=2/3W(s, 1) + 2TiO(s, 1); (34)

2/3WO,(g) + 2Ti(s, 1) =
= 2/3W(s, 1) + 2TiO(s, 1); (34a)

2/3WO(s, 1) + 4/3Ti(s, 1) =
= 2/3W(s, 1) + 2/3Ti,0(s, 1); (35)

2/3WO(s, 1) + 6/5Ti(s, 1) =
= 2/3W(s, 1) + 2/5Ti,0(s, 1); (36)

2/3WO(s, 1) + 8/7Ti(s, 1) =
= 2/3W(s, 1) + 2/7Ti,0,(s, 1); (37)

2/3WO(s, 1) + Ti(s, 1) =
= 2/3W(s, 1) + TiO(s, I). (38)

The necessary thermodynamic characteristics
of reactions (1) — (38) for the comparative assessment
of the reductive properties of carbon, silicon, aluminum,
and titanium with respect to tungsten oxide WO, in stan-
dard conditions [A H°(T), A S°(T), A G°(T)] for reac-
tants in solid crystalline (s), liquid (1), and gaseous (g)
states, depending on temperature, were calculated using
well-known methods [19]. These calculations were per-
formed over the temperature range of the welding arc
(1500 — 3500 K) based on the thermodynamic proper-
ties [[H°(T) - H°(298.15K)], S°(T), A H(298.15 K)]
of the WO,, W, C, CO, CO,, Si, SiO, SiO,,WSi,, W.Si,,
Al, Al,, Al,0,, AlO, AlO,, AlL,O, Al,0,, Ti, TiO, Ti,0,,
Ti,O4, Ti,O,, TiO,. The calculations used data from refe-
rence books [19; 20], and all reactions were written for
1 mole of oxygen.

In the temperature range of 1500 — 3500 K, the fol-
lowing phase transitions (melting, boiling) occur:
WO, (1745 K), W,C (3008 K), WC (3058 K), W.Si,
(2623 K), Si (1685 K), Si0O, (1696 K), Al (2791 K), Al,O,
(2327 K), Ti (1939 K), TiO (2023 K), Ti, O, (2115 K),
Ti,0, (2050 K), Ti,O, (1950 K), TiO, (2130 K).

[ RESULTS AND DISCUSSION

Among the solid crystalline reductants considered,
aluminum has the lowest melting point. After melting,
it is also expected to vaporize most easily.

To evaluate the potential impact of tungsten oxide
(WO,) evaporation in the arc on the thermodynamic
properties of the reactions, we calculated the thermody-
namic characteristics of 15 reactions. In these reactions,
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tungsten oxide was considered to be in its gaseous state
(WO, (g)) (reactions la, 17a, 22 — 33, 34a).

Reactions (4), (5), and (15), (16) are not reactions that
reduce tungsten oxide. Comparing their thermodynamics
with those of reactions (6), (7) and (13), (14) respec-
tively, shows a lower likelihood of forming tungsten
carbides and silicides from the direct interaction of tung-
sten with carbon (4), (5) and silicon (15), (16) than from
the reduction of tungsten oxide by carbon (6), (7) or sili-
con (13), (14).

The standard Gibbs energies of all 41 reactions,
grouped by the type of reductant and temperature, are
presented in the Table. The results and specific conclu-
sions regarding the effectiveness of each reductant (car-
bon, silicon, aluminum, titanium) are discussed in stu-
dies [21 — 23]. Compared to the work [23], the reactions
(34) — (38) for the reduction of WO, by titanium in this
study are written for 1 mole of oxygen (O,), not for
1 mole of Ti.

The next step was to select the most effective reduc-
tants and the optimal conditions for these reactions.

It is known that the partial derivative of the standard
Gibbs energy of a reaction with respect to tempera-
ture at constant pressure equals the standard entropy
of the reaction with an opposite sign:

(39

(6A,,G°(T)
or

] =—A S°(T).
P

From this equation, it follows that the nature
of the change in the standard Gibbs energy of a reaction
with temperature is determined by the sign of the reac-

tion’s standard entropy. In this context, Sg > Sp > S for
the same substance. Since the reactions (1) — (38) involve
substances in all three physical states, many reactions
exhibit significant changes in A G°(T) depending on
the temperature, both decreasing and increasing.

An analysis of the Table data shows that at 1500 K
A G°(T) changes from +58.44kJ for reaction (32)
to —929.12 kJ for reaction (31), and at 3500 K, it changes
from +1389.31kJ for reaction (32) to —803.92 kJ
for reaction (11). Given such significant differences
in A G°(T) values, it makes sense to focus on the most
thermodynamically probable reactions. These reactions
are marked with asterisks in the table, and the dependen-
cies of A G°(T) on temperature are shown in the Figure.

Clearly, the graphs in the figure visually separate
into three groups. The first group consists of the most pro-
bable reactions in the 1500 — 2500 K temperature range.
These are reactions (31), (33), (28), (23) between gaseous
WO, and aluminum, forming liquid or gaseous alumi-
num oxides. In the gas phase, the formation of aluminum
dimer (Al)) has a high probability of yielding tungsten
with AlO,(g) up to 3000 K (reaction (33)).

The second and larger group includes reactions (1),
(la), (11), (17), (17a), (18), and (19), which have a
high probability of occurring in the temperature range
of 2500 — 3500 K. In these reactions, the reductants are
carbon and silicon, known for their increasing reductive
properties as temperatures rise. Carbon and silicon also
tend to disproportionate when reacting with metal oxides,
especially those of active metals. This results in high
thermodynamic probabilities for reactions (11), (18),
and (19), where, alongside the oxides CO(g) and SiO(g)

AG(D), kI

1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500

Temperature, K

Standard Gibbs energies of reactions (1) — (38) depending on temperature

Cranpaptabie sHeprun [ ndo6ca peakuuii (1) — (38) B 3aBUCHMOCTH OT TeMIiepaTypbl
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Standard Gibbs energies of reactions (1) — (38) depending on temperature

Cranpaprabie 3Hepruu 'no66ca peaxuuii (1) — (38) B 3aBUCHMOCTH OT TeMMepaTypbl

A G°(T), k], for T, K
Reductant Reaction 5D
1500 2000 2500 3000 3500
(H* —-172.23 | -326.83 | —469.26 | —607.39 | —742.27
(la)* -347.58 | —449.50 | 54597 | —-644.87 | —746.81
2) -81.04 —-151.09 | -210.61 -267.20 | -321.74
3) 5.08 12.32 24.02 36.49 49.40
4) -47.76 -54.97 —-63.57 —73.34 -83.87
Carbon (C) %) -35.11 -47.77 -61.80 -76.87 -92.47
arbon
6)* —-112.88 -187.74 | -252.99 | -316.10 | -377.65
(NH* -104.45 | —182.94 | -251.81 | -318.45 | —383.38
(8) 14.66 39.43 66.79 94.08 121.21
9 7.35 22,02 39.88 57.92 76.00
(10)* -204.07 | -363.48 | —511.64 | —656.29 | —798.18
(11)* —195.64 | -358.68 | —510.46 | —658.64 | —803.92
(12) -328.43 | -305.67 | -270.56 | —234.84 | —198.98
(13)* -43549 | 41430 | -377.62 | -362.83 | —348.71
(14) -361.28 | -337.12 | -298.79 | -267.13 | -237.75
(15) -160.59 | -162.95 | -160.59 | —191.99 | -224.60
Silicon (Si) (16) -49.27 -47.17 -42.35 -48.44 -58.16
a7n* -139.95 | -268.31 | -373.17 | -473.62 | -570.77
(17a)* -315.29 | -392.63 | 45724 | -520.75 | —-583.70
(18)* -247.01 -376.94 | -480.23 | —-601.61 -720.50
19)* -172.80 | -299.76 | —401.40 | -505.91 —-609.54
(20) —487.08 | —456.23 | —430.31 | -387.47 | -302.46
(21) -493.67 | —448.82 | —407.37 | -348.34 | -246.88
(22) —657.76 | —568.48 | —486.78 | —-390.80 | —-259.87
(23)* —657.75 | -568.48 | —486.78 | —420.08 | —356.00
(24) —-844.31 —681.37 | -527.86 | —390.80 | —259.87
(25) —-825.37 | —694.55 | -573.26 | —468.49 | -369.83
Alymi (A (26) -826.07 | —667.47 | —518.28 | —385.57 | —258.64
uminum
(27) -418.44 | -303.12 | —-197.12 | —-107.41 -23.50
28)* -824.33 | —-671.84 | -527.86 | -354.05 | -259.87
(29) -232.62 | -200.33 -169.51 -140.93 —114.48
(30) -103.20 | —66.548 | —30.876 3.831 37.348
3BhH* -929.12 | -768.84 | —609.48 | —451.04 | —-293.75
(32) 58.44 385.76 717.33 1052.17 1389.32
(33)* —-872.28 | —808.38 | —745.69 | —684.09 | —623.66
(34)* -491.61 -476.89 | —467.84 | —457.20 | —440.10
(34a)* —662.29 | -596.54 | —547.24 | -499.67 | —-453.08
Titani (T (35)* -431.27 | -417.72 | -403.45 -390.66 | —371.58
itanium (Ti
(36)* —-409.99 | -398.06 | —388.98 | —380.15 | —365.78
BN* -397.80 | —385.35 | -375.47 | -364.24 | -347.54
38)* -363.22 | 34496 | -325.39 | -308.68 | —-286.65
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(positive oxidation states of carbon and silicon), carbides
and silicides of various compositions (negative oxidation
states of carbon and silicon) are formed.

The third group includes reactions (34), (34a), (35),
(36), (37), (38). These involve titanium, which does
not readily vaporize or form gaseous oxides. Thus,
the graphs show a slight upward slope, indicating less
negative values A G°(T) with increasing temperature. As
with other reductants, the evaporation of WO, enhances
the thermodynamic likelihood of its reduction by tita-
nium (reaction (34a)). It can be concluded that titanium is
an effective reductant that performs well across the entire
temperature range of the welding arc.

The analysis of the thermodynamic properties
of the reactions showed that the presence of reductants
(carbon, silicon, aluminum, titanium) alongside tungsten
oxide (WO,) in the flux-cored wire used for surfacing,
either separately or together, will promote the formation
of tungsten silicides and carbides, and possibly elemental
tungsten. Tungsten oxide exhibits the highest reactivity
in its gaseous state WO,(g), which aligns perfectly with
the physical properties of WO,. In the literature, WO, is
described as “volatile upon calcination”.

Aluminum has the highest chemical affinity for gaseous
tungsten oxide WO,(g) in the form of Al(g) and the dimer
Al(g) in the temperature range of 1500 —3000 K.
The most likely oxidation product of aluminum is
Al,O(g), which suggests the absence of non-metallic
inclusions of Al,O,(s) in the deposited metal. Thus, alu-
minum is the most effective reductant at relatively low
temperatures in the arc.

Using silicon and carbon as reductants promotes
the formation of both tungsten and its silicides and car-
bides in the metal melt due to disproportionation reac-
tions, which are characteristic of these elements. Carbon
and silicon are the most effective reductants at the highest
temperatures in the arc.

Titanium is a quality reductant that performs its
reductive functions across the entire temperature range
of the welding arc. When titanium is used in the flux-
cored wire, it is likely to produce TiO,(s) and Ti,O,(s)
oxides as non-metallic inclusions in the deposited metal.

[ ConcLusions

Based on the available thermodynamic data for
the reactants, calculations were performed to determine
the properties [A H°(T), A S°(T), A,G°(T)] of the reac-
tions involving the reduction of tungsten oxide (WO,)
by carbon, silicon, aluminum, and titanium (41 reactions)
in their standard states within the temperature range
of 1500 — 3500 K.

The presence of reductants (carbon, silicon, alu-
minum, titanium) alongside tungsten oxide (WO,) in
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the flux cored wire used for surfacing, either individually
or together, will promote the formation of tungsten sili-
cides and carbides, and possibly elemental tungsten.

Aluminum has the highest chemical affinity for gaseous
tungsten oxide WO,(g) in the forms of Al(g) and the dimer
Al(g) in the temperature range of 1500 —3000 K.
The most likely oxidation product of aluminum is
ALO(g), which suggests the absence of non-metallic
inclusions of Al,O,(s) in the deposited metal. Thus, alu-
minum is the most effective reductant at relatively low
temperatures in the arc. Using silicon and carbon as
reductants promotes the formation of both tungsten and
its silicides and carbides in the metal melt. Titanium is
an effective reductant across the entire temperature range
of the welding arc, and its use is likely to result in the for-
mation of TiO, and Ti,O, oxides as non-metallic inclu-
sions in the deposited metal.

The obtained data on the reduction of WO, provide
a basis for conducting practical experiments on incorpo-
rating tungsten oxide and reductants into the composition
of the flux cored wire charge.
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