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Thermal and Electrical Interaction
of Tantalum wlth a Low Temperature
Chemlcally Actlve Plasma Flow

M.V. Zake, V.E.Liyepina . V.K. Mel'nikov

Institute of Physilcs
Academy of Sclences of the Latvian SSR

Refractory metals are widely used in varled technologlcal
devices : in welding units, in plasmotrons, in MHD-transformers,
and so on. To provide a stable regime for industrlal units in
aggressive medla a detalled investlgation of the processes of heat
and charge transfer on the surfaces of the plasma/metal interface
1s required. It *s well known that these processes are determlned
by many parameters: the temperature of the gas and metal, the degree
of lonization of the gas, the structure of the boundary layer, etc.
A partilcular influence is exerted on the processes of electrical and
thermal interaction of metal wlth a plasma flow by chemlcal reac-
tions which cause * & change in the physicochemlical propertlies of the
metal surface. The interconnection of thermal, electrical =»d
chemical processes makes thelr comprehensive investigatlon . ces-
sary, with consideration of the individual properties of the
metal and the plasma flow. In this work results are presented
from investigation of the processes of electrical and thermal
interaction of tantalum with a low-temperature plasma flow under
conditions of unstable heating and oxidation. The experimental
investigations were carriled out on the installation described in 1.
Plates of tantalum,7 X 6 X 1 mm,manufactured from rolled metal
were used as specimens.

Experimental investilgatlions of the processes of interaction of
tantalum plates with a low-temperature plasma flow were carried out
at gas temperatures Tg = 2500-3800 K. The rate of heating of the
plates was dTm/dt = 200-300 K/s.

¥Numbers in margin indicate forelgn pagination.
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FIGURE 1. CHANGE IN TEMPERATURE (1,2), EMISSIVITY (3,4) AND HEAT
LOSSES BY EMISSION (5,6) UPON UNZTABLE HEATING (1,:,5) AND OXIDA-

TION (2,4,6) OF TANTALUM: 1-6 - Ty = 3500 K; 2a=ba - Ty = 3300 K. :

The investigations demonstrated that heatlng of tantalum

ek

plates in an argon plasma ls accompanled by constant change in the
intensiveness of the internal integral emlssilon of the metal, the

NESY S

magnitude of which 1s a functlon of thy temperature and emlssivity
of the metal (Fig. 1). The emissivity of tantalum plates 1s also
a function of its temperature. It was established that emisslvity

~
o\
w

inereases upon heating tantalum in the low temperature range =

from T = 500 to T, = 1200 K - from £ = 0.2 to £r = 0.35 and at
Tm = 500 to T, = 1200~-1300 K 1t reaches 1ts maximum value., Upon a
further increase in the temperature of the metal the values of
emlissivity of tantalum plates decreased on the average to é& = 0,26~
0.35. In the case of repeated heating of tantalum plates In an !
inert medium, the formation of a peak on the curve &£ = f(t) was "

not observed.
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FPIGURE 2. CHANGE IN INCREASE IN MASS OF SPECIMEN DURING OXIDATION
OF TANTALUM GIVEN VARIOUS PLATE TEMPERATURES: 1. - T =1450 K; 2 -
= 1490 K; 3 =~ Ty = 1650 K.

Heatling of tantalum by a flow consisting of a mixture of
argon wlth the additlon of oxygen 1s accompanled by a change in
the kinetics of heating of tantalum plates, and also by a change
In the growth kinetics of heat loss by emission and the emissivity
kinetics of the metal. These phenomena are evoked largely by
changes 1in the structure and chemical composition of the surface
layer of the tantalum plates. It should be polnted out that upon
heting of tantalum in an oxidlzing medium two processes occur
simultaneously: tne formatlon of a solid oxygen solution in the
metal, and the growth of an oxide fllm on the surface of the
metal. The process of formatlon of an oxygen solution in the tan-
talum 1s characterized by the foramtion of a saturation sector on
the curves of increase in specimen mass [2], and the process of
oxldation by a linear course of change in curves Am=f(t). Exper-
imental investigatilons of the kinetics of increase in mass of the
tantalum specimen showed that at the 1nitial stages of oxidation
and at Tm < 1500 K the dominant procvess is the formation of a solid
sclution of oxygen in tantalum and on the curves of increase in
#pecimen mass the formation of a sector of saturation 1s observed
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(Fig. 2). With Ilncreased temperature of the metal plates

(T, > 1500 K) the saturation sector on the curves Zm=r(t)

shlfts to the sector of linear growth in specimen mass, which

is accompanled by an intensive increase In scale on the surface
of the tantalum. At low temperatures of the tantalum plates,
when dissolution of oxygen in the metal prevails (T,<1500 K),
the maln product of the chemlcal interaction of oxygen wlth the
surface of the tantalum 1s a low-temperature modification of the
oxlde {6-’I‘a205; however, at Tm>l500 K a fllm of high-temperature
modification of the oxlde O&-Ta205 begins to grow.

The chemlcal interaction of oxygen wlth the surface of tan~-
talum and the formation of an oxide fllm on 1ts surface leads %o
a change 1n the kinetlcs of heating of the speclmen; on the curves
of Th=f(t‘ a temperature peak forms, which corresponds to a dura-
tion of heating and oxildatlion of the metal of 19-12 s. Further
heating of tantalum and 3rowth of the oxlde flim on 1lts surface
1ls accompaniled by a reduction in the tempe. Hur> of the specimen
proportlonal to the increase in its mass (Flg. 3). Simultaneously
with the change in the kinetics of heating of the tantalum plates
in the process of 1teg oxldatlion, a conslderable change in the kin- "
etics of growth in heat losses to emlission and the kilnetics of
emisslvity of tantalum 1s also observed. The emisslvity of the
tantalum changes particularly sharply at the inltlal stages of
heating and oxldatlon of tantalum, when the hrocess of dlssolution
of oxygen 1n the metal and the formation of a film of ‘ﬂ-TaQOS on
the surface of the tantalum predominates. Wlith this the values of
£ increase sharply from £ = 0.2-0.3 to £g = 0.85-0.9 and reach
thelr maximum value when the duration of oxldation is t = 5 s,
when the temperature of the metal plates reaches the temperature
of the phase transitilon ﬁ-Ta205—>a-Ta.205. In the region of the
phase transition a decrease in the values of € to &€3=0.7-0.8 ‘
is observed. The onset of the process of linear oxldation of tan-
talum and the for tilon of a high-temperature derivative of
o\-'I‘a205 lead again to growth in the values of emlssivity of the

S £ ow e

N
=

el



ORIGINAL paqp
OF PoOR QUAU#

metal surface to £;= 0.9 (Fig. 1). It should be noted that long-
term heating of the oxldized surface t» 30-40 s leads to change in
the kinetilecs of oxldation of the metal: a reduction 1s observed in
the growth in specimen mass wlith a subsequent decrease in the kln-
etles of emisslvity of the surface; the values of £y decrease on
the average to £y =0,65-0.7, taking on a flxed value at duratlion

of heating and oxidation of tantalum of 50-60s. Stabllization of the
emlsslve characteristlcs of the surface also leads to stabllization
of the specimen temperature (Fig. 1). The characteristics of change
in the emlssivity of the tantalum surface In the process of 1ts
oxldaticn are similar in nature to change 1in the emisslvity of
tltanium and zirconlium plates 1n the process of oxidation [3]). From
this analogy of the curves of £y = f£(t) 1t follows that the nature
of change in £; established in the process of heating and oxidatlon
of tantalum 1s also connected wilth the interference of irrdadilation
of the oxlde fllm and base.

The electrical lnteractlon of tantalum plates wilith a low-
temperature plasma flow 1ls determined not only by the temperature
and state of the metal surface, but also by the electrophysical
parameters of the stream -the temperature Te and concentration ng
of free electrons, and also by the dlstribution of parameters in
the boundary layer of the metal. Measurements of values of Te
and ng which were made by the probe method and compared wilth the
data of microwave measurements [4] showed that the electrical
processes on the surfaces of the plasma/metal interface occur in
the presence of a considerable lack of equllibrium, i.e., Te’Tg,
and the values of Ng exceed the equilibrium values of the concentra-
tion of free electrons, which are calculated according to Sachs'
formula [4]. The temperature of the electrons in the measurement
gone is T_ = 1.5-1.8 eV, and the concentration of free electrons

e
is ng = 109-1011 o3,

The electrical interaction of argon plasma wlth the surface
of the metal under these condltions 1n the absence of external
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flelds is accompanled by charging of the metal; as the result of the /65

fact that the thermal speed of the electrons 1o greater than the

veloclty of the ilons, the metal plates acquire a floating potential,

wlth the formatlon of a negatlve charge at the surface of the plates.

In the plasma near the surface of the metal a space charge of

posltively chavrged particles - argon lons - forms. The thickness

of the charged layer 1ls equivalent to Debye length. Assessments

show that under the conditlons of our experiment Debye length hD

1s conslderably less than the thilckness of the dimensions of the

thermal boundary layer ST’ whlch forms near the cold surface of

the metal (hD=2-10'3cm, p=0.2 cm). Consequently, the electrons

of the plasma arriving from the volume of the plasma at the surface

of the metal pass through the boundary layer, in which there are .
temperature gradients and gas particles (Fig. U4). In studles of

the processes of transfer of electrical charges under conditions

similar to ours, in /5-7/ 1t was shown that in the boundary

layer of cold metal (TE‘Te’Tg> the electrons w{ the plasma are .
cooled and arrlve at the surface of the metal at a temperature
lower than the temperature of the free electrons in the stream's
core. The degree of coollng of the electrons in the boundary
layer depends to a great extent on the degree to which the temper-
ature profilles of the particles are filled wlth gas. The depend=~
ence of the temperature of free electrons on the distribution of
gas parameters in the boundary layer 1s not ohbserved only when the
thickness of the charged layer becomes comparable to the thickness
of the thermal boun‘ary layer. The results of work /8/, which were f
obtalned for a moving plasma at atmospherlic pressure, also lead to }

EERE X ¥

thls conclusion.

According to the data of works /5-7/, change in the temperature
of free electrons in the boundary layer of plates 1s brought about
by volumetric losses of energy of the electrons upon elastic and
inelastilec interactions with heavy particles, whlch grow with a
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reductlion in temperature, but wlth an inecrease in the gas denslty in
the layer:

= 8/3m /mg Segvenengk(T -.,,) (1)

where Se 1s the transport sectlon of interaction of electrons with
heavy particles, n, ls gas density, Y 1s the coefficlent of in-
elastic losses.
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FIGURE 4. DISTRIBUTION OF TEMPERATURE (1,2) AND DENSITY (3,4) OF

GAS IN BOUNDARY LAYER OF METAL: 1,3 = Tg = 4000 X; 2,4 - Tg = 3000 K.

From expression (1) it follows that maximum value of energy
loss of free electrons in the boundary layer 1s achleved in the
case of a cold plate; however, flattening the temperature profiles
and the concentration of gas particles upon heating the metal
plates leads to reductlon in the extent of loss of electron energy
and to growth in the temperature of the electrons arriving from the
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plasma at the surface of the metal. This concluslon is confirmed /66
by the results of measurement of the dependence of Te on the temp-
erature of the metal plates, and also by the results of investilgation
of the kinetlcs of processes of electrical interaction of an argon
plasma wlth the metal surface durlng 1ts3 unstable heating, which

were carrled out in thils werk. For example, the results of exper-
imental investigation of the kinetles of the floating potentilal

of tantalum plates, as well as of Investigation of the kinetles of
the electron cuwrrent showed that in the absence of emlsslon an lnerease
in the temperature of the metal 1ls generally accompanled by an in-
crease in the values of the floating potentlal Vf and in the density
of the electron current (Fig. 5). The current density of lons
changes negllglbly when the tantalum plates are heated. From
estimates of the relative incrceipe in Vf and Je 1t can be seen that
heatlng of the tantalum platesg has the most significant Influence

on the growth in values of Vf, the magnitude of which increases

in proportion to the growth in the temperature of the electrons
reaching the surface of the metal:

KT In Jo . (2)

V;‘ . , "
¢ it g

The denslty of the electron current changes less significantly
in the process of heating the metal; 1ts quantity can be found,
using expression /5/, in the case of a thin charged layer and
glven diffusion transfer of charged particles 1ir the boundary
layer:

o eV Tu(ln) ~J"'x' o )[" eV In (T(O)/T(hn)) ]
hy AT, Tu(0) ' KTo(/tn) 1= CEO)/T (M)

i(‘ R CUpi My

(3)

where :le is the length of the free path, n_., VU, are the con-
centration and speed of electrons near the surface of the metal.

P 3
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FIGURE 5, CHANGE IN THE VALUES OF FLOATING POTENTIAL (1-3), ELECTRON
CURRENT DENSITY (4) AND INVERSE CURRENT (5-7) WITH UNSTABLE HEATING

OF TANTALUM IN AN ARGON PLASMA: 1,4,5 - T _=2800 K; 2,6 - T,=3300 K;
37 - Tg=3600 K. &

According to /5-7/, the energy of free electrons in the
boundary layer of metal plates is lost largely due to elastle and
lnelastic collislons wlth gas particles; however, the results of
the investilgatilons in trils work show that energy losses by free
electrons iIn the boundary layer of metal may also be due to
collislons of electrons with atomic metal particles, which enter
the boundary layer of the plates as the result of erosilon of the
surface layer of the tantalum. Collislons of electons wilth atomic
partlcles of gas and the corresponding metal are accompanled by
excltatlon of the atomic particles and the arilsal near the surface
of the plates of a glowing cloud of emlssive particles. The
occurrence of such luminescence ls also observed upon heating and
oxldatlion of plates of tantalum and zirconium /1/. Luminescence
1s more intense when the metal is filrst heated and decreases when
1t 1is heated repeatedly, when erosion of the metal surface layer
decreases.

10

NS 1

~
(@)



‘ ORIGINAL PAGE 19
GF POOR QUALITY

The kinetles of total current components and of the values
of the floating potential of tantalum plates change conslderably
at qn>-1ooox, when 28 the result of the appearance of an emisgion
current from the surface of the tantalum a sharp increase 1o ob-
served in the inverse current density (Fig. 5). The process of
electron emisslon 1s accompanlied by a reductilon in the valueg of
the floating potential of the metal plates and by a neglipgible
decrease in electron current density. The total current components
and the floating potential of the tantalum plates take on fixed
value at t = 15 s, When the temperature of the metal plates is
incereased emission current density from the surface of the métal
increases sharply, and at T,=1700 reaches 1.0 mA/cma. Simultan-
eougly with the increase in the metal temperature, an lncrease in
the work functionof the emitting surface 1s also ohserved. In the
range of metal temperatures from 1400 to 1700 K the work function
of tantalum in an argon plasma increases from 3.4 to 4.5 eV.

Vb,

Ry ‘ C o

)

d, &
5 0 1%

t, sec

FIGURE 6. CHANGE IN VALUES OF FLOATING POTENTIAL (1-3), ELECTRON
CURRENT DuUNSITY (4-6) AND INVERSE CURRENT (7-9) WITH UNSTABLE
HEATING AND OXIDATION OF TANTALUM: 1,4,7 - T _=3800 X; 2,5,8 - T =~
3300 K3 3,6,9 - T, = 3650 K. g &
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The kinetles of the total current components and of the values
of floating rotentlal change upon addition of a small amount of
oxygen to the argon flow (Fig. 6). As can be seen from the curves
in Fig. 6, the presence of oxygen in the argon flux leads to a
reduction both in the magniltude of the Iloating potential of cold
metal (TmcfEOO K) and in the magnitude of the total current com-
ponents - electron and ilon current density. From the results of
mieasurement of the electrophysilcal parameters of the stream 1t
Follows that these changes are evoked largely by change in the
orlginal parameters of the stream: reduction in temperature and
conceritratlion of free electrons. The temperature of the electrons
drops by 0.2-0.3 eV on the average, but thelr concentratilon in the
gas flow decreases to 109 cm"3. The change 1n the stream parameters
revealed in the experiment does not lead to change in the mechanism
of free electron transfer from the plasma to the surface of the
metal, slnce condition hD<z T 1s preserved, 1l.e., the predominant
mechanlsm of transfer of free electrons from the plasma to the
surface of the metal 1s diffusion of electrons through the boundary
layer of gas, 1n which there are strong temperature gradlents and con-
centrations of charged particles. As the result of preservation of
the mechanlsm of electron transfer from the plasma to the surface of
the metal, the kilnetlcs of total current components are also maintained
at the 1lnitlal stages of heating of the metal (in the temperature /68
range from 500 to 1000 K), when the chemical interaction of the metal
with the plasma flow can be disregarded (Fig. 6). From the graphs
in Fig. 6 1t follows that heating of tantalum in this temperature
range by analogy with the kinetilcs of the total current components
and values of floating potentlal of tantalum upon heating 1n an
argon medlum leads to growth in the values Je and Vf, but lon
current denslty remailns practically unchanged.

Intensive chemlcal interaction of tantalum with oxygen begins
at %n:’ 1000X upon an increase in growth of speclmen mass and change
in emissivity of the metal (Fig. 1, 2). The conjunctinn of these
processes leads to change in the kinetics of total current components
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and values of Vo. The kinetlcs of inverse current - the sum of
emlssion current and ion current densitles - change most silgnifi-
cantly as compared with the kinetles of electrical processes upon
heating of tantalum in an argon medium (Fig. 6). It has been
established that as tantalum l1s heated and oxidized inverse current
density increases In a series of jumps and reaches 1ts maximum
value 5-7 sec after the plates are introduced to the plasma flow,
1.e., at the moment that growth of scale (ot—TaQOB) begins on wvi.®
surface of the tantalum. Further heating and oxldation of tantalum
leads to a reductilon in the values of inverse current in proportion
to the increase in growth of specimen mass (Fig. 3). The inverse
current acqulres a fixed value when the oxidation of tantalum
continues for 20-25 s, It should be noted that the increase in
values of inverse current at the initlal stages of heatlng and oxi-
dation ¢f tantalum (to T, = 1000 K) correlates to the growth in
values of emissivity of the tantalum surface and to a decrease in
the values of floating potential of the plates (Filg. 6). Unlike
the curves of kinetics of inverse current, for which the formation
of maxlmum current values 1s revealed even at the initilal stages

of growth 1n oxide film on the surface of the tantalum, the kinetic ?
curves of the floating potential of the plates in the process of
oxldatlon have two peaks: a low-temperature and a high-temperature i
peak. The formatlion of a low-temperature peak on the curves Vf=f(t)

NS S S N

B -

ls due to the presence of two mutually competing processes, which
lead to change in values of Vf: increase in the temperature of the

S R L AR R W S

electrons arriving at the surface of the metal during the process
of 1ts heating, and growth in the density of inverse current, the
emisslon current (2). The appearance of a second peak on the

curves Vf=f(t) 1s due to the reduction in values of emission current
upon the formation of an oxlde film on the surface of thetantalum
and the long=-term increase in the temperature of the metal (Fig. 6).
The floating potential of the tantalum plates acquilres its maximum
value at the moment when the specimen temperature reaches its
maximum value (Filg. 6). Further oxildation of tantalum, which is
accompanied by a reduction in the temperature of the metal, agailn
leads to a reduction in the floating potential values of the plates.

13
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In summarizing thls work one can draw the following corclusions.
As the result of therwual and chemical interaction of tantalum with
a low-temperature pliusma flow, continuous changes in the temperature
and emisslvlity of the metal surface were observed, accompanied by
changes 1n the electrical Interactionof the metal with the plasma
flow. It was establlshed that the process of heating the metal
stimulates an increase in the values of electron current density
and floating potential due to an increase In the temperature of
the electrons collected by the surface of the metal, and also an
increase in the values of emilssion current and work function of
the emitting surface. The chemical Iinteraction of the metal with
oxygen of the stream as the result of formation of an oxide film
exerts a suppressive effect on charge transfer, reducing both the /69
values of the total current components and the values of Vf of the
floatling potential of the plates. These changes are evoked largely
by the change in the thermal regime of the plates in the process
of reactlon and the formation of a protective oxide film.
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