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Thermal regimes of high-temperature oxidation of tungsten wires

Research on tungsten oxidation is essential for creating functional oxide materials, devel-
oping next-generation photocatalysts, and constructing modern models of high-temperature
heat and mass transfer and phase formation. Heat and mass transfer processes during tungsten
oxidation significantly influence the properties of tungsten oxides at virtually all levels — from
phase composition to electrophysical characteristics. It is heat and mass transfer that deter-
mines the morphology of oxides and surface self-organization.

This work is dedicated to a detailed analysis of the influence of various heat and mass trans-
fer mechanisms and phase transitions on the low- and high-temperature steady-state and criti-
cal regimes of tungsten oxidation. Physical and mathematical modeling was carried out to study
the heat and mass transfer processes and the oxidation kinetics of tungsten wires heated by an
electric current in air.

The conducted studies showed that in steady-state low-temperature oxidation regimes, as
well as near the critical current value corresponding to the ignition of the tungsten wire, heat
losses due to the evaporation of the oxide layer are negligible and can be omitted. However, at
wire temperatures exceeding 1500 K, oxide evaporation processes become crucial and signifi-
cantly affect the formation of dendritic branched structures of tungsten trioxide on the conduc-
tor surface.

The role of radiative heat loss from the surface of the heated wire to the walls of the reaction
chamber was investigated in steady-state and critical regimes corresponding to wire ignition
and extinction. It was established that for wires with a diameter of less than 100 um, thermal
radiation to the apparatus walls can be neglected. For wires with a diameter exceeding 100
um, accounting for radiative heat losses in the physical and mathematical model leads to an
increase in the critical current value at which high-temperature oxidation regimes occur.

1t is demonstrated that natural convection substantially influences the stable and critical
oxidation regimes of tungsten wires. It was found that the intensification of heat transfer due to
natural convection causes an increase in the critical current value by approximately 20%.

Keywords: heat and mass transfer, oxidation, tungsten, tungsten oxides, evaporation, radi-
ation, convection.

Introduction. The relevance of researching tungsten oxidation processes has sig-
nificantly grown in recent years due to the development of thermonuclear energy, nan-
otechnology, photocatalytic systems, and functional oxide materials [1-3]. Tungsten
is characterized by an extremely high melting point, high thermal conductivity, and
excellent erosion resistance, which leads to its widespread use in high-temperature
technologies, particularly as a material for plasma-facing components in thermonuclear
reactors [4]. Tungsten trioxide (WOs3), with its sensitivity to visible light, reliable sta-
bility, adaptive morphology, and tunable electronic structure, has become a primary
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material for the photocatalytic production of hydrogen and hydrogen peroxide [5]. At
the same time, when interacting with oxygen-containing environments, tungsten oxi-
dizes intensively, forming multiphase oxide layers and volatile WO; oxides, which can
lead to surface degradation, loss of material mass, and the formation of oxide dust.

Significant attention is also paid to the photoelectrochemical properties of tung-
sten oxides. Due to its relatively narrow bandgap and high chemical stability, WO; is
considered one of the promising materials for photocatalytic water splitting processes
[6], hydrogen generation, and environmental remediation. Current research is aimed at
modifying the oxide structure through doping, creating heterostructures, and managing
oxygen vacancies to increase charge transfer efficiency and photocatalytic activity [7].

A distinct modern direction is the study of the morphology of tungsten oxide
structures. The formation of dendritic, porous, needle-like, and nanocrystalline struc-
tures during thermal oxidation is of considerable interest for surface physics and the
theory of self-organization [8—10]. Analyzing such structures using fractal geometry
methods and electron microscopy allows for establishing the relationship between ox-
idation conditions, oxide growth mechanisms, and surface evolution.

One of the methods for obtaining tungsten oxides is the controlled high-tempera-
ture oxidation of a metallic conductor heated by an electric current in a regulated gas-
eous medium (electrothermal heating) [8—12]. The advantages of this method lie in its
cost-effectiveness, simplicity of implementation, and the possibility of simultaneous
measurement of electrical and temperature parameters, as well as the study of oxide
structures on the metal surface.

High-temperature tungsten oxidation is accompanied by phase transformations on
the metal surface: melting and evaporation of the oxide film. These processes occur
with the absorption of heat. Therefore, phase transitions can affect the quantitative
characteristics of high-temperature oxidation.

The aim of this work is to investigate, through physical and mathematical model-
ing, the influence of various heat and mass transfer mechanisms and phase transitions
on the steady-state and critical regimes of heat and mass transfer and oxidation of a
tungsten wire.

Physical and Mathematical Modeling. Let us consider the heat and mass trans-
fer and the oxidation kinetics of a tungsten wire heated by an electric current in air. An
increase in the wire temperature leads to the activation of the chemical oxidation reac-
tion on its surface. Let us assume that an oxide film consisting predominantly of tung-
sten trioxide WO;s is formed on the wire surface according to the equation
W+03;—>WOs;. Utilizing the physical and mathematical model [10], we determine the
heat fluxes that describe the thermal balance of the wire.

Since the oxidation reaction proceeds according to a parabolic law, its rate is lim-
ited by the thickness of the oxide film [11], and the chemical heat release density on

the conductor surface qch is defined by the expression:

9o =9 Coss> (1)
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where Q is the thermal effect of the reaction, J/kgO,; h is the oxide film thickness, m;
Coas — is the oxygen concentration at the metal surface, kg/m?®; D is the diffusion coef-
ficient of oxygen through the oxide layer to the metal surface, m?/s.

The diffusion coefficient depends on temperature according to the Arrhenius law:

D=D, exp(—%), where E is the activation energy, J/mol; and T is the wire temper-

ature, K.

The oxygen concentration at the wire surface is determined from the condition
that the oxygen mass flux to the surface equals the rate of its consumption during oxi-
dation:

g
H

DY Sh-D
’ d
where C,, is the mass concentration of oxygen in the air, kg/m®; d is the conductor

diameter, m; 3 is the mass transfer coefficient, m/s; Sh is the Sherwood number; and
D, is the diffusion coefficient of oxygen in the air, m%/s.

For the molecular-convective heat transfer of the heated conductor with air, we
write the expression:

Nu - A
9, =a(T-T,), a= s )

where T, is the gas temperature, K; o is the heat transfer coefficient, W/(m?K); A, is
the thermal conductivity coefficient of the gas (air), W/(m-K) and Nu is the Nusselt
number.

It 1s well known that for thin wires, the condition Nu = Sh=0.5. However, to cal-
culate the heat transfer coefficients under natural convection for wires of small diame-
ter (d=0.2+1mm), the following empirical formula [12] can be used:

Nu=1.18(GrPr)"”* (3)
3
Gr 8T T)dp, WG
2 9 b
273p, A,

where Gr and Pr are the Grashof and Prandtl numbers, respectively; and g, cg p, are
the dynamic viscosity, specific heat capacity, and density of air, respectively (Pa-s,
J/(kg'K), kg/m?).

The radiative heat flux between the conductor and the walls of the reaction appa-
ratus is accounted for by the Stefan-Boltzmann law:

q, =&o(T* - T¢), (4)

Where € is the emissivity of the oxide film; and Ty is the temperature of the reaction

apparatus walls, K. In our case, Ty = Ty = T, , where T, is the room temperature of the
air, K.

Tungsten oxide is volatile, and upon reaching high temperatures, its sublimation

and evaporation occur. Intensive evaporation of the WO; oxide begins after its melting.

Tungsten trioxide melts at a temperature of 1470°C, but it sublimates relatively quickly
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even at lower temperatures [13]. In the thermal balance of the conductor, we account
for the heat losses due to oxide evaporation:
ShD WO, M W03})S

qev = Lev d RT ? (5)

where Dwos is the diffusion coefficient of WO; vapor in the air, m?/s; Py is the saturated
vapor pressure of tungsten trioxide near the wire surface, Pa; and Mywos 1s the molar
mass of WOs.

At the connection points where the tungsten wire attaches to the terminals, a con-
ductive heat flux arises:

_ani(T—g)

— , 6
9, Sd-e (6)

where S, S are the cross-sectional area and the lateral surface area of the wire, respec-
tively, m?; and 0 is a dimensionless parameter that depends on the thermal conductivity
coefficient of the metal, the conditions of heat transfer with the environment, and the
geometric dimensions of the conductor. In this case, we assume that the temperature of
the current-carrying contacts equals the ambient temperature T,.

The heat flux density that heats the conductor due to the flow of an electric cur-
rent (according to the Joule—Lenz law), taking into account its dependence on the geo-
metric dimensions of the wire and temperature, can be expressed as:

2
QDL:%pmﬂ Pm = po(l""Y(T_To))a (7)
where / is the electric current, A; pm and py are the electrical resistivity of tungsten at
temperatures T and T, respectively (T¢=273 K), Om-m; and y is the temperature co-
efficient of resistance, K.

Steady-state regimes of high-temperature heat and mass transfer and tungsten
wire oxidation are realized under the condition:

Aen Yo =40t 40+ G+ Qo (8)
Equation (8), along with expressions (1)—(7), determines the stable high- and low-tem-
perature regimes of heat and mass transfer and wire oxidation, as well as the critical
conditions for transitioning between these regimes (ignition and extinction) under var-
ious heat and mass transfer mechanisms and heating currents.

From the steady-state condition (8), we obtain the dependence 1% (T):
2d3
4p
which allows for the determination of the steady-state temperature regimes of the wire
at various heating currents.

Let us analyze the influence of oxide film evaporation and radiative heat transfer
on the stable and critical oxidation regimes of a tungsten wire by examining the calcu-
lated dependences of the steady-state temperature on the current intensity (Fig. 1).

The extrema on the T(I) curves characterize the critical regimes of wire ignition
(point I - maximum) and extinction (point E - minimum) at the corresponding critical
current intensities I; and Ig. The curve up to point I defines the stable low-temperature
oxidation regimes, while the curve after point E defines the stable high-temperature

I* =

(9, + 4, + 9, + 4., —44] 9)
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Fig. 1. Dependences T(I) for a tungsten wire with a diameter of d = 70 pm and a length of
L =0.1 m: a) | - excluding oxide evaporation, 2 - taking into account; b) 1 - excluding
radiative heat transfer; 2 - including radiative heat transfer; circles and asterisks indicate
experimental data. 7,=7,,=288 K.

oxidation regimes. As the current intensity in the low-temperature regime increases to
the critical value I; (point I), a jump-like transition to the high-temperature state occurs.
Conversely, a transition from the high-temperature state back to low-temperature oxi-
dation can be achieved by decreasing the current intensity to the value Ig. Thus, within
the range I, > 1> 1, hysteretic regimes of heat and mass transfer and wire oxidation

ar e observed. Within the hysteresis region, a transition to the high-temperature state
can be induced by increasing the initial wire temperature within the interval Tg > T >
Ti. For currents I < Ip , wire ignition is impossible regardless of its initial temperature.

It follows from Figure 1a that the heat losses due to the evaporation of the oxide
film do not affect the low-temperature oxidation regimes or the critical current intensity
Iy at which the wire ignition occurs. A significant effect of evaporation occurs at high
temperatures, when the wire temperature reaches the melting point of tungsten trioxide
and exceeds it. This is evident from a comparison of the high-temperature oxidation
regimes with (curve 2) and without (curve 1) accounting for evaporation. It is the evap-
oration of the WOs3 oxide that constitutes one of the key links in the mechanism of oxide
crystal growth on the surface of the primary oxide layer [9-10].

Let us consider the influence of radiative heat losses on the steady-state and crit-
ical oxidation regimes of a thin tungsten wire (Fig. 1b). It is apparent that for low-
temperature regimes, this influence is insignificant. For high-temperature oxidation,
lower temperatures and a lower critical current intensity at which the oxidation reaction
extinction occurs are observed. Thus, for small wire diameters, radiative heat transfer
can be neglected when modeling low-temperature oxidation regimes.

Let us analyze the influence of radiation, natural convection, and the chemical
oxidation reaction on the steady-state heat and mass transfer regimes of a tungsten wire
with a diameter of 200 um. This is practically three times larger than the diameter of
the previous conductor (70 um).
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Fig. 2. Influence of radiative heat transfer (a) and natural convection (b) on the steady-
state regimes of a tungsten wire heated by an electric current in air. d=200 um, L=0.115
m, Tg = Tw =293K. a) 1 — accounting for radiative heat losses; 2 — without accounting
for radiative heat losses; b) (in the presence of radiative heat transfer): 1 — accounting for
natural convection; 2 — without accounting for natural convection; * — experimental data.

It can be seen from Figure 2a that without accounting for radiative heat losses, the
critical current intensity I; decreases by approximately 7%, and the critical extinction
regime is not observed at all. For such diameters, incorporating radiation into the cal-
culations is essential.

The calculations presented in Figure 2b illustrate the significant influence of nat-
ural convection on the steady-state and critical regimes of heat and mass transfer and
tungsten wire oxidation. Natural convection was accounted for by introducing the
semi-empirical Nusselt correlations (3) into the Newton—Richman law (2). Conse-
quently, the molecular-convective component of the wire's thermal balance increased
due to the convective heat and mass fluxes from the electrically heated conductor. This
led to a decrease in the wire temperature and a significant increase in the critical current
intensity at which the conductor ignites and transitions to high-temperature oxidation.

It should be noted that the steady-state high-temperature regimes (the upper
branches of the T(I) dependences) obtained by calculations are not realized in experi-
mental studies. In the experiment, the following pattern of ignition and transition to
high-temperature wire oxidation is observed. Upon reaching the critical current inten-
sity, the chemical oxidation reaction on the wire surface becomes rapid according to
the Arrhenius law. This releases a large amount of heat (described by formula (1)),
which, together with Joule heating, heats the conductor to high temperatures. Melting
and evaporation of the oxide layer occur. At this stage, oxide crystals (branched den-
dritic structures) actively grow on the surface of the primary oxide layer [10], and new
condensation centers arise at the sites of local oxide melting, impurities, and mechani-
cal stresses within the oxide film. Due to the condensation of trioxide molecules onto
these condensation centers, the oxide crystals grow in both longitudinal and transverse
directions, frequently coalescing with each other. A further increase in the wire tem-
perature due to chemical heat release leads to the onset of a transient (non-steady-state)
oxidation regime. The molten oxide film evaporates rapidly, facilitating oxygen access
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Fig. 3. Dependence T(I) for d=200um, Fig. 4. Dependences of the critical current
L=0.115m. 1 - qen#0; 2 - qen=0; * — experi- intensities at which the wire ignition oc-
ment. curs on its diameter. L =0.115 m, Ty = Ty
=293K. 1 —accounting for all heat transfer
mechanisms; 2 — without accounting for
radiative heat losses; 3 — without account-
ing for natural convection; * — experiment.

to the conductor surface. This, in turn, accelerates the oxidation rate and increases the
amount of heat released. Due to these chemical and phase processes, the conductor
rapidly thins at its center. The ends of the conductor heat up insignificantly due to
thermal conduction to the cold current-carrying contacts. The transient high-tempera-
ture heat and mass transfer terminates with the melting of the metal itself and the de-
struction of the wire at its center [14]. Thus, near the critical current intensity Iy , one
can speak of quasi-steady-state conductor oxidation, which over time transforms into
a transient process.

Fig. 3 illustrates the fact that it is precisely the presence of the chemical oxidation
reaction that causes the hysteresis of heat and mass transfer processes. For an inert wire
(9cv=0) monotonic heating (curve 2) is observed due to the electric current power.

Fig. 4 presents the critical conditions for tungsten conductor ignition in the form
of the dependence of the critical ignition current intensity on the conductor diameter.

The calculations were performed for cases accounting for all types of heat losses
from the conductor: convection, radiation, and thermal conduction to the cold contacts,
as well as in the absence of radiative heat transfer and natural convection. It is apparent
that the experimental data fit well with the curve that accounts for all heat transfer
mechanisms. The analysis shows that for thin conductors d<100 um the influences of
natural convection and radiation can be neglected. For diameters exceeding this value,
incorporating natural convection is necessary. For conductor diameters greater than
100 um it is also essential to account for radiative heat losses in the physical and math-
ematical model.
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Conclusions. Detailed physical and mathematical modeling of heat and mass
transfer processes and oxidation kinetics of tungsten wires heated by an electric current
in air has been performed. It is shown that heat losses due to the evaporation of the
oxide layer can be neglected in steady-state low-temperature states and within the range
of the critical current intensity that determines the wire ignition. However, at wire tem-
peratures above 1500K oxide evaporation plays a key role in the formation of branched
dendritic tungsten trioxide structures on the wire surface.

The influence of radiative heat losses from the heated wire surface to the reaction
vessel walls on the steady-state and critical states determining the wire ignition and
extinction has been analyzed. It is proven that for wires with diameters d < 100 pm
radiative heat losses to the walls of the experimental setup can be neglected. For d >
100 pm incorporating radiative heat losses into the physical and mathematical model
leads to an increase in the critical current intensity I; at which high-temperature oxida-
tion processes occur.

The significant influence of natural convection on the stable and critical oxidation
regimes of a tungsten wire has been demonstrated for d > 100 um. It has been estab-
lished that the enhancement of heat transfer from the wire due to natural convection
results in a 20% increase in the critical current intensity I;.

It is shown that the calculations based on the physical and mathematical model
accounting for heat losses via convection, radiation, and thermal conduction to the con-
tacts agree well with the experimental data regarding the critical current intensities at
which the tungsten wire ignites and transitions to transient high-temperature oxidation.
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C. I'. Opnoecvka
TenioBi pe:kMMH BHCOKOTEMIIEPATYPHOI0 OKHCJIEHHA BOJIbQPaMOBHX JPOTHKIB

AHoTanis

Jlocniooicents oxucieHts 801bhpamy Maroms 8ax3ciIUee 3HAUEHHS 01 CMBOPEeHHs (YHKYIO-
HAIbHUX OKCUOHUX Mamepianis, po3pooKu homokamanizamopie Ho8020 NOKONIHHA ma noody-
008U CYYACHUX MOoOelleli BUCOKOMEeMNepamypHo20 MeniomMaconepeHocy U hazoymeopenHs.
IIpoyecu meniomacoobMiny npu OKUCIEHHI BONbHPAMY OydHce CYMMEBO BNAUBAIOMYb HA 81AC-
MusoCcmi oKcuoie 8oNbPpamy, NPUYOMy GAKmuyHo HA 8CIX PIBHAX — 8I0 Pa306020 cK1ady 00
enekmpoghizuunux xapaxmepucmux. Came meniomacoooMin 8UHaAYAe MOpPono2ito oKcuodie
ma camoop2anizayiro N0GEpPXHi NPU HACPIGAHHI.

Hana poboma npuceauena 0emanbHOMY AHANI3Y 6NIUBY PIZHUX MEXAHI3MIE nepeHocy menna
i macu, ¢azosux nepexodié HaA HU3LKO- MA BUCOKOMEMNePaAmypHi CMAayioOHaApHI | KpUMu4Hi
pedrcumu okucients eonvgpamy. Ilpoeoounocs Qisuxko-wamemamuune MoOea08AHHS NPOYeECi6
MeniomMacooOMiHy ma KiHemuKu OKUCIeHHs 80JIb@PPAMOBUX OPOMUKIG, SIKI HACPIBANUCH eleK-
MPUYHUM CMPYMOM 8 NOBIMPI.
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IIposedeni OocniodncenHs NOKA3anu, wo 6 CmayioHapHUX HU3bKOMeMNepamypHuxX percumax
OKUCNIeHHS,  MAKON*C NOOIUZY KPUMUYHO20 3HAYEHHS CUU CIPYMY, 5IKe 8i10N08I0a€ 3ananeHHIo
8016hpPaAM0OB020 OpOMUKA, 8MPAMU MENIOMU HA BUNAPOBYBAHHS OKCUOHO20 WAPY € He3HAY-
HUMU © MOJICYMb He 8paxosysamucsy. Pazom 3 mum npu memnepamypax opomuka nonao 1500
K npoyecu eunapogysanms okcuoy nabyearoms GU3HAUANILHO20 3HAYEHHS Md CYMMEBO NIUBA-
10Mb HA POPMYBAHHS OEHOPUMHUX PO32ATYHCEHUX CIMPYKIYD MPUOKCUOY 80NbDPAMY HA NOGe-
PXHI npOGIOHUKA.

Jlocnioaiceno ponv padiayitinux menioempam 6i0 NO8ePXHI HA2Pimo20 OPOMuKa 00 CMIHOK
PeaxyitiHoi kamepu 8 CMAayiOHAPHUX i KPUMUYHUX PENCUMAX, WO 8ION0BI0AI0Mb 3aNaleHHI0 Ma
32eacanHio Opomuka. Becmanosneno, wo ona opomuxkie diamempom menute 100 mkm mennosum
BUNPOMIHIOBAHHAM OO0 CMIHOK YCMAHOBKU MOJNCHA 3Hexmysamu. /[ OpomuKie 6inbuioeo oia-
Mempy 8paxysamnHs padiayiiHux meniosmpam y Qizuko-mamemamuyHiu Mooei npusooums
00 3POCMAHHA KPUMUYHO2O 3HAYEHHS CUU CIPYMY, 3d AKO20 Peai3ylomuscs 8UCOKOmemMnepa-
MYPHI PeHCUMU OKUCTIeHHS.

Tloxaszano, wo npupoona KOHEeKYisl iCMOMHO GNAUBAE HA CMIUKI MA KPUMUYHI PeHCUMU
OKUCIEHHSL 80IbPpamosux Opomukie. Bcmanosneno, wjo inmencughixayis meniogiooadi 6Ha-
CLIOOK NPUPOOHOT KOHBEKYIT CNPUYUHAE 30INIbUEHHS KDUMUYHO20 3HAYUEHHS CULU CIMPYMY NpU-
onusno na 20%.

Knwouoei cnosa: meniomacoobmin, OKUCIeHHs, 801bhpam, OKCUOU 8ONbPPAMY, BUNAPOB)-
8AHHA, GUNPOMIHIOBAHHS, KOHBEKYISL.
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