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Study of the patterns of growth of oxide structures on the surface of tungsten
upon heating

The paper presents the results of studies of the features of the formation of oxide structures
on the surface of tungsten wires heated by electric current in air. Stationary high-temperature
oxidation modes of tungsten wires with diameters of 210 and 300 um were studied by the elec-
trothermographic method. It was established that at an average temperature of a tungsten wire
of about 900 K, filamentous crystals appear on its surface, which grow rapidly and subse-
quently acquire a plate and branched shape. The dispersed composition, shape and surface
density of the obtained tungsten trioxide microcrystals depend on the temperature and oxida-
tion time. The growth rates of individual crystals in the longitudinal and transverse directions
were determined. It was established that the crystals initially grow more actively in the longi-
tudinal direction (in height), and then grow faster in width. Usually, the final size of the crystal
in the transverse direction is larger than in the longitudinal direction. A linear law of growth
of the maximum size of dendrites with time has been proved. Calculations of the fractal dimen-
sion of dendpritic structures of tungsten oxide have been carried out. The obtained values of
fractal dimension indicate that the growth mechanism is diffusion-limited aggregation (DLA)
with the participation of the vapor phase WOs. When tungsten is heated to high temperatures,
the oxide partially turns into vapor and condenses on the surface in the form of dendrites.

Keywords: tungsten, tungsten oxide, filamentous crystals, dendritic structures, high-tem-
perature oxidation, fractal dimension.

Introduction. tungsten is widely used in high-temperature conditions, namely:
nuclear power, electrovacuum systems, electric heaters, microelectronics and sensor
systems. In an active gas environment, tungsten is oxidized. The presence of an oxide
layer can significantly change the electrical conductivity, thermal conductivity, me-
chanical strength of the metal and other technical characteristics and, thus, worsen the
quality of its use. On the other hand, tungsten oxides WOs and WO: are widely used in
gas sensors, electrochromic devices, photocatalysts, plasma and optical elements. Un-
derstanding the physics of crystal growth directly on tungsten makes it possible to con-
trol the morphology (length, diameter, orientation of oxide structures) and create new
high-quality functional materials.

Oxidation of tungsten is a complex process that includes successive stages of nu-
cleation, the formation of primary oxide islands, their growth and the development of
complex morphological structures - from compact films to needle-like, dendritic and
filamentous WOy crystals [1,2]. The conditions that affect the kinetics of this process
are especially important: temperature, partial pressure of oxygen, tungsten surface
structure, local temperature gradients and the presence of non-stationary factors, such
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as current or plasma activation [3-7]. It has been shown in [4] that the growth rate of
the oxide and the shape of the crystals significantly depend on the grain orientation.
On polycrystalline tungsten, oxide crystals often grow unevenly: each grain has its own
oxidation rate and its own crystallization direction. Dendritic structures arise under
conditions of strong concentration and temperature gradients, which is characteristic
of high-temperature oxidation and heating by current [1, 3, 5, 6]. Sublimation of WO:
and WOs oxides 1s a key mechanism for the formation of long crystals and nanostruc-
tures. In contrast, reactive oxygen plasma allows the initiation of oxide growth at tem-
peratures significantly lower than those required for thermal oxidation. Growth occurs
uniformly over the surface, without sublimation processes. The oxide structure is finely
crystalline, without needles and dendrites [7].

This work is devoted to the study of high-temperature oxidation of tungsten in air,
elucidating the temperature regimes of oxide structure formation on the tungsten sur-
face, and determining the geometric dimensions and growth rates of individual oxide
crystals.

Results and discussion. To study the kinetics of tungsten oxidation, an elec-
trothermographic method was used, consisting of programmed heating of tungsten con-
ductors with an electric current [5, 8]. The temperature of the tungsten conductor
heated by the electric current was determined from the dependence of its resistivity on
temperature. Considering that during the oxidation process, the conductor diameter de-
creases due to oxide formation, the following formula can be derived for determining
the average conductor temperature:

2 2
ro () RO (A R
d, )] L R, Y d, ] L R,

where dp, Ly, d, L — the initial (with index b) and current (during the oxidation process)
diameter and length of the conductor, respectively, m; R, R — the resistance of the
conductor at room temperature (before the start of the experiment) and during the oxi-
dation process, Ohm; 7 is the room temperature, K; 7p=273K; y — the temperature
coefficient of resistance, K.

Let's analyze the research results. Crystal growth on the surface of tungsten con-
ductors was studied under steady-state thermal conditions. These conditions are char-
acterized by equal heat flows heating the conductor and dissipating heat to the sur-
rounding space. As a result, steady-state temperatures are established on the conduc-
tor's surface, remaining unchanged for a relatively long period of time.

When an electric current flows through a conductor, heat is generated according
to the Joule-Lenz law. Tungsten oxidizes readily in air, forming an oxide layer on the
surface. At high temperatures, dendritic oxide structures develop on this layer. The
oxidation reaction proceeds parabolically, releasing heat. Thus, Joule and chemical
heat generation heat the conductor.

The mechanisms that remove heat from a conductor are convective-molecular
heat exchange between the conductor's surface and air, radiative heat exchange accord-
ing to the Stefan-Boltzmann law, and heat flow by conduction to the current-carrying
contacts [5]. Equal heat input and heat removal are ensured by steady-state temperature
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Fig. 1. Dependence T(I) for tungsten conductors of length L = 0.1 m at air temperature
T.=293 K. a) d =210 pm, b) d =300 um. Lines — calculation, circles — experiment.

regimes. However, at high temperatures, the rate of chemical reaction increases, lead-
ing to an increase in the conductor's temperature, and the process becomes non-station-
ary. At high temperatures, the conductor burns out. Figure 1 presents the results of
experimental studies of the thermal oxidation regimes of tungsten conductors of dif-
ferent diameters in air as a function of the conductor surface temperature 7" versus the
heating current /. The results of calculations using a physical and mathematical model
are also presented [5].

A good coincidence of calculated and experimental results is observed. The anal-
ysis of experimental data and calculated dependences showed that the stationary re-
gimes T(I) in the temperature range 300K-800K are determined by the equality of Joule
heating and heat losses by convection and heat conduction through the ends of the
conductor. Radiation heat loss occurs above 800K. The chemical reaction on the sur-
face of tungsten up to a temperature of 800 K is weakly expressed. In steady states in
the temperature range of 760K - 800K, thin oxide films are formed: 5-10 microns [9].
However, at temperatures above 850K-900K, the chemical reaction of oxidation must
be taken into account, since rather thick oxide coatings are formed on the conductor.

Simultaneously with the temperature measurement in the experiments, the surface
of the sample was observed using an optical microscope and a digital camera. As soon
as oxide crystals began to form on the surface of the conductor in the form of threads
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Fig. 2 Modes of ox1dat10n of a tungsten conductor w1th a diameter of d = 300 pm and a
length of L = 0.1 m (a); image of an oxidized conductor at the stage of crystal growth (b).
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Fig. 3. Dependence of the height (#) and width (L) of the tungsten oxide crystal on the
oxidation time. 1 - L, 2 — &; a) crystal 1, b) crystal 2.

and branches (Fig. 2 b), the electric current stopped increasing. At the same time, the
temperature of the conductor continued to rise due to heat release from the chemical
oxidation reaction (Fig. 2a, vertical section of the T(I) dependence).

Investigation of the surface of tungsten conductors in stationary states made it
possible to discover the following picture of the formation of an oxide layer. At
temperatures T<900K, an oxide layer without features appears on tungsten, individual
furrows and irregularities appear. At the same time, the primary oxide film is formed
as follows: the initial stage of the reaction between metal and oxygen is gas adsorption
on the metal surface. Adsorbed oxygen atoms are further arranged in the form of
ordered structures. An important feature of the initial stage of oxide formation is that
the metal surface is never clean. It already contains individual nuclei of the oxide,
which are randomly distributed over the surface, possibly in those places where there
are surface imperfections, impurity atoms, and mechanical deformations.

As aresult, approximately at the temperature T = 900K averaged along the length
of the conductor, individual oxide crystals begin to appear on the surface in the form
of threads and bushes. It was established by the optical-digital method [5] that the
temperature of the surface of the conductor in the place where the crystals are actively
growing exceeds 1100K. As the temperature and oxidation time increase, the crystal
sizes and their density on the tungsten surface increase.

To study the kinetics of the growth of oxides formed on the surface of the
conductor, individual crystals were selected and observed during their oxidation using
optical digital imaging. The processing of digital images made it possible to determine
the change in the geometrical dimensions of the crystals in the longitudinal and
transverse directions, as well as to calculate the rate of their growth. In fig. 2 presents
the growth dynamics of the geometric dimensions of two tungsten oxide crystals in the
longitudinal (h) and transverse (L) directions.

An analysis of the time dependences of the longitudinal and transverse dimensions
of the crystals indicates a linear growth law. It is also evident that, at the initial stage
of growth, the longitudinal size of the crystals is larger than the transverse size. Subse-
quently, due to the predominant growth rate in the transverse direction, the width of
the crystals exceeds their height. The crystals branch and merge with neighboring crys-
tals. The observation time of the crystals was limited to the moment of their overlap
due to the increase in their geometric dimensions in the transverse direction. The height
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of the branched structures ranges from 100 to 150 um. The second crystal was quite
large when it was observed on the surface of the tungsten conductor (Fig. 2b). By the
end of its "lifetime," its height had increased by 1.5 times, and its width by 6 times.
The obtained dependences made it possible to determine the growth rates of tungsten
oxide crystals in the longitudinal and transverse directions. In the longitudinal direc-
tion, the crystal grew at a rate of 0.11-0.14 pm/s (maximum 0.2 pm/s), in the transverse
direction - 0.35-0.45 um/s. It was also noted that some crystals, having reached a cer-
tain size, began to evaporate intensively and disappeared from the surface of the main
oxide.

Crystals formed on the surface of the conductor were studied individually to de-
termine their fractal dimension. The value of fractal dimension is often directly related
to the process that created the structure.

The calculations showed that for the high-temperature region, the values of the
fractal dimension of dendritic crystals lie within the range D = 1.65-1.8 (in 2D
projection). The fractal dimension of simpler crystals (thickened filaments, plates) lies
within the range D=1.1-1.2.

For high temperatures, the general morphology of the dendritic structure is ob-
served: a thick stem or branches in several directions, to which thin branched branches
are attached. The resulting fractal dimension may indicate that the WOs dendritic struc-
tures were formed in a diffusion-limited regime — i.e., the rate of delivery of reagents
(O2 molecules or oxide vapor) to the growth front was lower than the instantaneous
rate of attachment. The growth of the crystals occurred through vapor-condensation
processes, i.¢., the formation of gaseous WOs and its condensation on the crystal sur-
face. The low mobility of adsorbed atoms and molecules on the surface (low surface
displacement) also contributes to the uneven thin branches.

Conclusions. Thus, the temperature regimes at which dendritic oxide structures
formed and grew on the surface of tungsten conductors heated by electric current were
studied. It was proved that the activation of oxidation processes occurs at temperatures
above 900K, which subsequently leads to a transition to a non-stationary oxidation
regime. It was established that in the presence of chemical (oxidation) and phase (sub-
limation and evaporation of oxide) transformations, branched crystal structures of WOs
are formed on the surface of an oxidized tungsten conductor. The average temperatures
of the conductor and local surface temperatures at which crystals form and grow have
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been determined. The growth rates of the geometric dimensions of crystals in the lon-
gitudinal and transverse directions have been found. The linear dependence of the sizes
of growing crystals on time has been proven. Calculations of the fractal dimension of
crystals have been performed. The obtained values indicate that dendritic structures of
tungsten oxide were formed under conditions of limited diffusion of reagents with the
participation of the vapor phase WOs. When tungsten is heated to high temperatures,
WO: oxide partially vaporizes and condenses on the surface in the form of dendrites.
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Opnoscvka C. I.
BuB4eHHSsI 3aKOHOMIPHOCTEH POCTY OKCHIHHMX CTPYKTYP HA NMOBEPXHI
BOJIb()pamMy NpHU HATPiBaHHI

AHOTANIA

B pobomi npedcmasneno pezyromamu 00cnioxcenb ocodbiusocmetl YmeopeHHs OKCUOHUX
CMpPYKmMyp HA NOBEPXHI 80TbPPAMOBUX OPOMUKIB, WO HACPIBAIOMbCS eNeKMPUYHUM CIPYMOM
6 nosimpi. Busueno cmayionapmi sucokomemnepamypHi pexcumu OKUCIeHHs 80N1bDPAMOBUX
opomuxie oiamempamu 210 i 300 mxm erekmpomepmozpaghivnum memooom. Bemanoesneno,
wo npu cepedHill memnepamypi 80ab@pamosoz2o opomuxa onuzvko 900 K na tioco nosepxmi
3'96AI0MbCA HUMKONOOIOHT KpUCMAnu, sKi WeUOKo 3pocmaioms, i Haoaui Habysaoms niac-
munyamoi i einnacmoi popmu. JJucnepcruii cknao, popma i nogepxuesa 2ycmuHa OmpumMy8aH-
HUX MIKPOKPUCMANI8 MPUOKCUOY 80NbDpamy 3anexncams 8i0 memMnepamypu i 4acy OKUCTIeHHSL.
Busnaueno weuoxocmi pocmy po3mipie okpemux Kpucmanié 8 no83008X4#CHbOMY mMa nonepey-
HOMY Hanpsamkax. Bcmanoeaneno, wo kpucmanu cnoyamy akmuegHiuie 3p0cmaroms 8 N083008-
HCHLOMY HANPAMKY (8 8UCOMY), a NOMIM wieuouie pocmymo 6 wupuHy. 3a3eudail KiHyesuul
PO3MIp KpUCmaia 6 nonepedHomy Hanpsami Oinbuull Hide 8 n0830082cHbOMY. [losedeno NiHiti-
HUL 3aKOH 3POCMAHHSA MAKCUMATIbHUX PO3MIPIE OeHOpumis 6i0 uacy. lIposedeno pos3paxynku
@paxkmanvHoi po3MipHOCMI OeHOPUMHUX CIMPYKMYP OKCUOY 801bpamy. OmpumaHi 3Ha4eHHs
(pakmanvbHoi po3mMipHOCMI 8KA3VIOMb HA Me, W0 MEXAHIZMOM POCHY € OU@Y3itiHo 0OMmediceHa
aepezayisn (DLA) npu yuacmi naposoi pazu WOs. Ilpu nazpisanni eonvppamy 00 8ucokux me-
MRepamyp oKCuo 4acmrko80 nepexooums 6 napy i KOHOEHCYEMbCsl Ha NO8ePXHI Y hopmi OeHO-
pumis.

Knrouosi cnosa: sonvghpam, oxcuo eonvgpamy, Humxonoldioni Kpucmanu, OeHOPUMHI
CMpYKmypu, 8UCOKOmMeMnepamypHe OKUCIeHHs, (DpaKmaibHa poO3MipHICIb.
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