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Physicochemical mechanisms of the growth of oxide crystals on the surface of
tungsten conductors heated by electric current

Physical and mathematical modeling of stationary thermal modes of heating and oxidation
of tungsten conductors heated by electric current in air has been carried out. The dependenc-
es of the stationary temperature of the conductor on the strength of the heating current are
obtained. The critical values of the current strength are found, which determine the transi-
tions to the unsteady oxidation regime. The results of calculating the temperature regimes de-
scribe well the experimental data obtained by us using the electrothermographic method.

As a result of experimental studies, the features of the appearance and growth of crystal-
line oxide structures on the surface of an oxidizing tungsten conductor have been studied. The
temperatures at which filamentous crystals appear on the tungsten surface are determined,
and the regularities of their growth are investigated. A physicochemical mechanism of the
formation and growth of crystalline oxide structures on the surface of a tungsten conductor is
proposed. It was found that carbon particles, which are part of the impurity, are the reason
for the formation of nitrate crystals of tungsten trioxide on the basic oxide. With an increase
in the temperature of the sample, the filaments grow, branch out and transform into dendritic
structures of a complex bush-like shape. It has been proven that the rapid growth of crystal
structures occurs due to the deposition of clusters and microgranules of WQOj oxide from the
gas phase on the crystallization centers on the surface of the conductor. At the initial stage,
these are impurity particles or mechanical inhomogeneities of the basic oxide, then a growing
crystal. Clusters arise due to large temperature gradients at the surface of the conductor. It
has been established that carbon atoms can migrate along the branches of oxide crystal struc-
tures.

It was found that at the initial stage the crystals grow more intensively in the longitudinal
direction. However, upon reaching a certain height, they begin to expand intensively in the
transverse direction. The growth rates of crystal structures in the longitudinal and transverse
directions are found.

Key words: heat and mass transfer, oxidation, temperature, tungsten, tungsten oxides,
crystals.

Introduction. Tungsten oxides are promising materials for their use in solar en-
ergy, catalysis, microelectronics. Therefore, obtaining tungsten oxides with desired
properties is an urgent task. Thin films of tungsten oxides can be obtained by chemi-
cal deposition, plasma spraying, but the most economical and environmentally friend-
ly method of obtaining oxides is controlled high-temperature oxidation of metal wire
heated by electric current in a controlled gaseous medium [1,2 ].

The use of tungsten oxides in the chemical industry as catalysts (dehydration of
alcohols, cracking of hydrocarbons) determines the relevance of studies of tempera-
ture regimes and patterns of their formation. To solve this problem, a detailed under-
standing of the physicochemical mechanisms of the formation and growth of oxide
crystals is required.
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The aim of the work was to study the patterns of growth of tungsten oxide crystals on
the surface of tungsten samples at different temperatures; study of their structure,
properties and growth kinetics.

1. Simulation of thermal regimes in the oxidation of a tungsten conductor
heated by electric current. Let us consider unsteady heat and mass transfer and the
kinetics of oxidation of a tungsten conductor heated by an electric current in air, the
Joule heat released in this case leads to an increase in the temperature of the conduc-
tor and activates a chemical oxidation reaction on its surface. It is assumed that an
oxide film is formed on the surface of the conductor, consisting of oxide WO;, the
formation of which occurs in accordance with the equation:

W+O3—>WO3.

It 1s known that the oxidation reaction proceeds according to the parabolic law
[3, 4] and the rate of the chemical reaction is limited by the thickness of the oxide
film:

D, E
Wo, ZTGXP(—Ej”ozspg : (1)

Then the density of the chemical heat release of the tungsten oxidation reaction
is defined as:

94 =0 Wo,. 2)

where O — the heat effect of the reaction, J/kg O,; WO2 — oxidation rate, calculated by
oxygen, kg/(m2 s); h — the thickness of the oxide film, m; Ro5— relative mass concen-

tration of oxygen on the metal surface; p, — air density, kg/m’; D, — diffusion coeffi-
cient of oxygen through the oxide layer, m%/s; E — activation energy, J/mol; R — uni-
versal gas constant, J/(mol-K).

Molecular-convective heat exchange of a heated conductor with air 1s described
by the Newton — Richmann law:

g.=a(T-T,). azNM;g, 3)

and heat exchange by radiation with the walls of the installation - by the Kirchhoff
and Stefan-Boltzmann laws:

qwzac(T“—T;). 4)

In (3) - (4): q., g, — the density of the molecular-convective heat flux and heat
flux by radiation, W/m?; T, 2 — gas temperature, K; o.— heat transfer coefficient, W/(m2

‘K); A, — gas thermal conductivity coefficient, W/(m'K); Nu — the Nusselt criterion,
1

Nu=1.18(GrPr)®[5]; Gr — the Grashof number; Pr — the Prandtl number; ¢ — the
emissivity coefficient of tungsten; d — diameter of tungsten conductor, m; 7,, — tem-
perature of the walls of the reaction system, K.

he density of the Joule heat flux released in a conductor with a current is deter-
mined from the expression:
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— 412“0(1+Y(T_]1())) (5)
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where [ — the current strength, A; mn, — resistivity of tungsten at temperature 7, =

273 K, Ohm * m; 7y — temperature coefficient of resistance, K T— the average tem-
perature of the conductor, K.

Heat loss by heat output through the ends of the conductor to the current-
carrying contacts, which are at a temperature 7y, 1s determined by the expression [6]:

_OL'SL'(T_Tg) B VBL-sh\/BL
BTTs e T 1_2-(chJ§L—1)’ ©

2
where S, =M%, P=nd, S,=PL, B =%. Here L is the length of the conduc-
W™'s
tor, m; Ay is the thermal conductivity coefficient of tungsten, W/(m” K).

When the tungsten conductor reaches the melting point of the oxide, it melts and
then evaporates from the surface of the conductor. Evaluation of heat losses for evap-
oration of the oxide layer showed that at conductor temperatures close to the oxide
melting temperature, they can be neglected.

Taking into account formulas (1) - (6), we write down a differential equation
that determines the change in the temperature of the conductor over time:

ol 4
CWPWEZE(qj+QCh_QC_QW_QX)7 T(t:()):Tba (7)
where ¢, ,p, — the specific heat and density of tungsten, J/(kg-K), kg/m3; T, — the
initial temperature of the conductor, K.

0 : :
For stationary conductor heating modesa =0, equation (7) will take the form:

9 +9s =9 =9~ 9. =0 : ()

Substituting the expressions for the heat flux densities into the stationarity con-

dition, we obtain an equation linking the stationary temperature of the conductor and
the current that heats it:

) nd? 1 = PR D
il e 8] o

Equation (9) determines stable and critical high- and low-temperature modes of
heat and mass transfer and oxidation of the dart with a given initial thickness of the
oxide hb at different intensities of its heating by electric current.

2. Experimental stand. To carry out experimental studies of tungsten oxidation
kinetics and oxide coatings, we developed a special stand, where
electrothermographic and pyrometric methods were used to measure the temperature
(Fig.1). To study the surface of the conductor during the oxidation process, an opti-
cal-digital method was developed [7]. The conductor (1) was heated by means of a
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Fig.1. Experimental setup diagram

stabilized power supply (2). The voltmeter (3) recorded a voltage drop at its ends.The
conductor surface was monitored in real time using a digital camera (5) mounted on
an optical microscope (4). The image from the digital camera was fed to a personal
computer (6). The surface temperature of the sample in the high temperature state
was determined using a brightness pyrometer (7). Tungsten conductors of the VA
brand with a diameter of d =200 um and a length of L = 0.11 m were used for the
studies. The experiments were carried out in air under normal conditions (pressure p
= 101.3 kPa, temperature 7, = 293 K).

The stationary temperature regime was set by adjusting the current, which was
gradually increased at certain time intervals, until the appearance of oxide crystalline
formations on the surface. After that, at a fixed amperage, the growth of individual
oxide crystals on the surface of the conductor was observed.The temperature of an
electrically heated tungsten conductor was determined from the temperature depend-

ence of the specific resistance:
T:[ﬁ_q[l_%}ﬁn, (10)
R, Y R,

where R, Ry is the resistance of the conductor in a stationary state and at room tem-
perature (before the start of the experiment), respectively, Ohm.

Thus, the set of these methods allowed to control the heating process of the con-
ductor, to measure the temperature field, local and average temperature of the sample,
to study the state of its surface and to observe the growth of structural formations.

3. Received results and their discussion. Using the developed experimental
stand, the proposed methods were studied stationary modes of heat and mass transfer
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Fig.2. Dependence of the stationary temperature of the conductor on the current
strength (a) and temperature on the time at the crystal growth stage (b). a) circles -
experiment,electrothermographic method; curve - calculation by the formula (9); b) —
experiment, / = 3.82A, filled circles - measurements with a brightness pyrometer.

and oxidation of tungsten conductor, heated by an electric current in the air. To do
this, we heated the conductor at different current values. If after a while the current is
set to almost constant temperature, then we observe a steady state. If, after another
increase in current, the temperature of the conductor increases all the time, the heat
and mass transfer mode ceases to be stationary and there is a transition to non-
stationary oxidation, which ends with the burning of the conductor. The minimum
value of the current at which the transition to a non-stationary oxidation regime is the
critical value of the current I, which characterizes the ignition.

Fig. 2a shows the dependence of the stationary temperature of the conductor on
the heating current strength, obtained experimentally (circles) and calculated by the
formula (9) (curve). There is good agreement between the experimental and theoreti-
cal results, which indicates the correct description of the thermal and kinetic mecha-
nisms of the process. A sharp increase in temperature at a critical current strength I
= 3.9A is associated with a transition to a non-stationary mode of conductor oxida-
tion and its further destruction. Near the critical conditions on the oxidized surface of
the conductor, the formation of separate crystal structures was observed. The growth
of crystals occurred at a fixed value of the current strength, but the conductor temper-
ature continued to increase due to the heat release of the chemical oxidation reaction
(fig. 2b).

The temperature of the conductor heated to a glowing state was also measured
using an optical pyrometer (brightness pyrometer with a disappearing filament). In
fig. 2b, filled circles represent the results of these measurements. They are in good
agreement with the results of measurements by the electrothermographic method.

Digital images of an oxidized tungsten conductor under a microscope are shown
in fig. 3a. It can be seen that the oxide is an uneven surface cut by grooves and
cracks. On the surface of the conductor, separate structural formations are observed -
crystals of tungsten oxide, which have the form of thickened filaments. Mechanical
processing of the conductor after the end of the experiment made it possible to
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b)
Fig. 3. Images of the surface of an oxidized tungsten conductor during the
experiment: a) the appearance of nitrate crystals, b) the branching of oxide structures

determine the thickness of the oxide layer. It turned out to be equal on average to 50-
70 um in the central part of the conductor.

The study of the surface of tungsten conductors in stationary states in real time
made it possible to detect the following picture of the formation of an oxide layer. At
temperatures 7 <900 K, a continuous oxide layer appears on tungsten, separate
grooves and irregularities appear. An important feature of the initial stage of oxide
formation is that the surface of the metal is not clean. It already contains individual
oxide nuclei, which are randomly distributed over the surface, possibly in places
where there are surface imperfections, impurity atoms, and mechanical deformations.

Subsequently, at approximately average conductor temperatures 7~ 900K, indi-
vidual oxide crystals in the form of filaments and plates begin to appear on its surface
(fig. 3a), which then grow into branchy formations (fig. 3b). By optical-digital meth-
od, it was found that the temperature of the surface of the conductor in the place of
the formation of crystals exceeds 1100K. With an increase in temperature and oxida-
tion time, the size of the crystals and their density on the surface of tungsten grow. X-
ray analysis of crystalline oxide structures showed that they consist predominantly of
WO:;.

Studies have been conducted aimed at clarifying the mechanism of formation of
crystalline oxide structures on the surface of tungsten during heating. X-ray analysis
of the initial samples showed that carbon impurities are present on the surface of the
tungsten wire as a result of high-temperature wire drawing in the presence of graphite
grease. Carbon is also found in oxide crystals on the branches of dendrite structures
(fig.4a). An assumption arises that it is the carbon particles that cause the appearance
of primary oxide crystals.

To verify this assumption, the oxidation of thoroughly cleaned conductors was
investigated. For this, before the test, the sample surface was mechanically processed
to a metallic luster. Also used and chemical processing path. As a result, it was found
that branched oxide structures did not appear on the purified samples when heated.

Thus, carbon can be the center of crystallization of tungsten trioxide, which at
temperatures above 900 K begins to sublimate from the metal surface. The condensa-
tion zone is formed near the surface of the conductor. Since the gas temperature near
the surface is characterized by a high heterogeneity of several hundred degrees per
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Fig. 4. Images of oxide crystals on the surface of a tungsten conductor under an
electron microscope: a) 1,2,3,4- points where carbon atoms are found, b) complex
structure of crystal branches from individual granules.

millimeter (drops sharply), the distance from the surface of the WO; oxide pair be-
comes supersaturated. Consequently, WO; molecules, falling into the region with a
lower temperature, begin to condense on carbon particles on the surface of a tungsten
conductor. Thus, oxide crystals begin to form on the surface of carbon particles,
which become centers of condensation of oxide molecules from the gas phase. The
formation of filamentous tungsten trioxide crystals occurs.

Therefore, it can be assumed that the growth of crystalline oxide structures on
the surface of the oxidized tungsten conductor occurs according to the «vapor-
crystal» mechanism [8], and carbon particles ensure the formation of primary oxide
dendrite structures.

In addition, it should be noted a high linear growth rate of branched oxide struc-
tures: an increase in the heating time of a conductor for several seconds leads to the
formation of more branched oxide structures and the appearance of new crystals. It
can be argued that in the gas phase homogeneous condensation of the oxide mole-
cules occurs with the formation of clusters and WO; microgranules. It is the construc-
tion of crystals, mainly from microgranules, that determines their rather high growth
rate. Increasing the temperature of the wire due to the chemical oxidation reaction
leads to an increase in the concentration of tungsten trioxide vapor. Due to this,
branching of threadlike crystals occurs. Some crystals are formed by combining indi-
vidual strands of oxide (fig. 4b). Branched bush-like structures are formed as a result
of the sedimentation of a large number of tungsten oxide clusters.

The applied method of video surveillance of the crystals during their growth
allowed us to study the shape and current dimensions of the crystals, as well as to
determine the growth rate at certain stages. It is established that the general regularity
of the formation of crystals is that the crystals first grew more intensively in the
longitudinal direction (in height), and then in the transverse (in width). Some crystals
grew unevenly: a decrease in the growth rate was observed, then the rate of
branching increased. With increasing conductor temperature, due to oxidation,
evaporation of individual crystals was also observed. This may be due to the melting
of the main oxide layer on the surface of the conductor in some local areas.
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An analysis of the size of the crystals, which we carried out after the end of the
experiment, showed that many crystals have a longitudinal dimension larger than the
transverse one. This is due to the fixed height of the condensation zone at the surface
of the conductor, the size of which depends on its temperature. Large temperature
gradients at the surface of the conductor limit the growth of crystals in height.
Expanding in the longitudinal direction, the crystals can overlap and, with a long
duration of oxidation, merge with each other side faces.

It is established that the maximum growth rate of the geometric dimensions of
tungsten oxide crystals under normal conditions in air is 0.4 + 0.6 pm/s. The height
of the formed crystals can reach 200-250 pm.

Conclusions. The regularities of the formation and growth of oxide crystal
structures on the surface of tungsten conductors, which are heated by an electric cur-
rent in air, have been studied. It was found that in the presence of carbon particles on
the surface of oxidized tungsten, whiskers of tungsten trioxide are formed, which
subsequently, as a result of rapid growth, transform into branched crystal structures.

A mechanism for the formation and growth of branched oxide crystal micro-
structures on the surface of tungsten conductors when heated in air is proposed. As a
result of oxidation, an oxide layer forms on the surface of tungsten, the outer part of
which consists mainly of WOs;. Tungsten trioxide sublimates into the surface layer
from the surface of the oxidized conductor, and a condensation zone is created. At
local temperatures on the surface of the conductor of about 1100K, the formation of
crystals of a simple geometric shape begins: filamentous and lamellar. Vapors of
WO; oxide are condensed onto carbon nanoparticles present on the sample surface,
after which the formation and growth of whiskers is observed. With an increase in the
conductor temperature, due to oxidation, and an increase in the concentration of WO;
in the gas phase, branching of crystals occurs: growth in the transverse and longitudi-
nal directions.

It was found that the maximum growth rate of the geometric dimensions of crys-
tals under normal conditions in air is 0.4—0.6 um/s. The growth of crystals in the lon-
gitudinal direction is limited by the size of the condensation zone, in the transverse
direction, by the overlapping of crystals with side branches with each other.
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Opnosckaa C.I.

Du3nKo-XuMH4YeCKne MeXaHu3Mbl POoCTa KPUCTAJNJI0B OKCHAA HAa MIOBEPX-
HOCTH BOJIL(l)paMOBLIX NMPOBOJIHUKOB, HAIrPEBA€MbIX IJICKTPUICCKUM TO-
KOM

AHHOTAIMS

Ilposedeno guzuxo-mamemamuueckoe MoOEIUPOBAHUE CIMAYUOHAPHBIX MENTIOBbIX PENCU-
MO8 Hazpesa U OKUCTEeHUs 80T1bDPAMOBbIX NPOBOOHUKO8, HAZPEBAEMbIX INeKMPUYECKUM MO-
Kom 6 6030yxe. [lonyuenvl 3a8ucumocmu cmayuoHapHoOU memMnepamypvl nPOGOOHUKA OM CU-
JIbl Hazpesaouje2o mokd, HatloeHbl Kpumudeckue 3Haue s CUulbl moka, onpeoensioujue nepe-
X00bl K HeCmAayuoOHApHOMY PedCUMy OKuclenusi. Pezynbmamvl pacuema memnepamyphvix
PENHCUMOB XOPOULO ONUCHIBAIOM IKCNEPUMEHMAIbHbIE OaHHble, NOYYEeHHble HAMU C UCNOJb-
308anUeM IIEKMPOMEPMOPAPULECKO20 Memood.

B pezynomame 3KcnepumeHmanbHbix UCCi1e008aHU U3YUEHbl 0CODEHHOCTU 00PA308aHUs U
POCMAa KPUCMALIUYECKUX OKCUOHBIX CIPYKMYP HA NOBEPXHOCMU OKUCTSAIOWE20Cs 80bhpa-
M068020 npogoonuxa. Onpedenenvl memnepamypbl, NPU KOMOPvIX HA NOBEPXHOCMU BONbPPA-
Ma 803HUKAIOM HUMMESUOHbLE KPUCTAILTbL, UCCIe008AHbl 3aKOHOMepHoCcmu ux pocma. Ilpeo-
JIOJHCEH (PUBUKO-XUMUYECKULL MEXAHUSM 00pA308aHUs U pOCMA KPUCMALIUYECKUX OKCUOHBIX
CMPYKMYP HA NOBEPXHOCMU BONbPPAMOBO2O NPOBOOHUKA. YCMAHOBNEHO, 4MO Yacmuybl
Yyenepooa, Komopble 8X00am 6 cOCMas NPUMecu, AIAIMCA NPULUHOU 00pA3068aHUs HA OCHO-
BHOM OKCUOE HUMMEBUOHBIX KPUCALLI08 mpuokcuoa eoavgppama. Hatioenvl ckopocmu poc-
Ma KpUCMAaiiuieckux Cmpykmyp 8 npo0oibHOM U NONEPEUHOM HANPABLeHUSIX.

Knrwuesvie cnosa: menio u maccoobmen, OKucieHue, memnepamypa, 80ab@pam, OKUCO
gonbpama, KpUcmai.
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Opnosceka C.I.

Di3uKo-XiMiYHI MEeXaHI3MHU POCTY KPHUCTAJIB OKCHY Ha IOBEPXHi BOJIb{-
PaMOBHX NPOBIAHUKIB, 10 HATPIBAIOTHCH €JIEKTPUYHUM CTPYMOM

AHOTALIA

Ilposedeno ¢hizuko-mamemamuune MOOENIOBAHHA CMAYIOHAPHUX MENTOBUX PENHCUMIE
Haepisy i OKUCIIeHHS 80Ib(hPAMOBUX NPOBIOHUKIB, WO HASPIBAIOMbCS eIeKMPUUHUM CIMPYMOM
6 nogimpi. Ompumaro 3an1eiCHOCmi CMAayioHapHoi memnepamypu nposiOHUKA 8i0 Cuiu
HA2pieaouo2o cmpymy; 3HAUOEHO KPpUMUYHI 3HAYEHHS CUIU CIPYMY, WO BUHAYAIOMb nepe-
X00U 00 HeCMayioHapHOMY pedtcumy OKucieHus. Pesynbmamu po3paxyHKy memnepamypHux
pedicumie 00bpe onucyioms eKCnepuMeHmanbHi 0aui, OMpUMAaHi HAMU 3 BUKOPUCMAHHAM
eleKmpomepmozpapiuHo2o memooy.

B pezynomami excnepumenmanvHux 00ciodcenb 6UEYEHO 0COOIUBOCMI YMBOPEHHS 1 3PO-
CMAHHA KPUCATTYHUX OKCUOHUX CMPYKMYP HA NOBEPXHI OKUCTIEHO20 801b(Hpamosoco Opo-
muxa. Buswaueno memnepamypu, npu AKUX HA NOBEPXHI BONbPpPAMY  BUHUKAIOMb
HUMKONOOIOHI KpUcmanu, 00CIiONCeHO 3aKOHOMIpHOCMI iX pocmy. 3anponoHosano @izuko-
XIMIYHULL MeXAHI3M YMBOPEHHS | 3DOCMANHS KPUCMATIIYHUX OKCUOHUX CIPYKMYD HA NOBEPXHI
801bhpamosoco nposionuxka. Bcmanosneno, wo 4acmuHku yeneyro, SKi 6Xx00sims 00 CKIA0y
OOMIWKY, € NPUHUHOIK YIMBOPEHHS HA OCHOBHOMY OKCUOI HUMKONOOIOHUX KPUCALI8 MPUOK-
cuda onvhpamy. 3 niosUWEHHAM MeMNepamypu 3pa3Ka HUMKU POCMYMb, PO32ATYHCYIOMbCS
i nepemeoprOIOMbCsL 8 OeHOPUMHI CIMPYKMYPU CKIAOHOI Kyuyonodionoi gpopmu. Jlosederno, ujo
WeUuoKe 3POCMAHHA KPUCMANIYHUX CMPYKMYp  6I00Y8AEMbCS  BHACAIOOK — OCAONCEHHS
Knacmepis i mikpoepanyn okcudy WQOj 3 eaz060i ¢pasu na yenmpu Kpucmanizayii Ha NOBepxHi
nposionuxka. Ha nouamkosomy emani - ye UYACMUHKU OOMIWKU aAOO MexaHiuHi
HEOOHOPIOHOCMI OCHOBHO20 OKCUOY, nomim - 3pocmarouull Kpucman. Knacmepu sunuxaromso
yepes 6eUKI memnepamyphi 2padienmu 0iis nogepxmi nposionuka. Becmanoesneno, wo amo-
MU 8y21eYi0 MOACYMb Micpy8amu no 2iIKAxX OKCUOHUX KPUCTNALIYHUX CIPYKMYP.

Bcmanoeneno, wo na nouamxoeomy emani Kpucmanu IHMEHCUBHIULE POCMYMb 6 NO-
300601cHboMy Hanpsamky. OOHax, npu OOCACHEeHHI NesHOI 8uUcomu NOYUHAIOMb [HMECUBHO
PO3UUPIOBAMUC 8 NONEPEeUHOM) HANPAMKY. 3HAUOEHO WEUOKOCMI pocmy KpUCmanidHux
CMPYKMYp 8 NO3008ACHLOMY | NONEPEUHOM) HANPAMKAX.

Knwuosi cnosa: meniomacooOMin,OKUCTIEHHS, MeMnepamypd, 801b@pam, OKCUO BONb-
pamy, Kpucmai.



