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NUMERICAL STUDY OF THE REACTIVE
SPECIES
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ABSTRACT: Local thermodynamic equilibrium (LTE), frequently used fast
approximation in modeling of thermal plasma processesopiisesimes unable to
explain experimental results. It is particularly true neawall and a surface im-
pacted by the plasma jet. In this work, a 2-D custom model gusire CFD
commercial code Fluent was developed for argon-oxygen ciinddly coupled
plasma (ICP) at atmospheric pressure. The assumption ah#hesquilibrium
was made but not that of chemical equilibrium. The transpodperties were
calculated using higher-order approximation of Chapmaskig theory. Reac-
tion kinetics rates of dissociation and ionization wer@alensidered. The model
was applied to a process torch used for carving experimantgaphite, and the
distribution of reactive species brought to the surface avedyzed in terms of re-
action rate distribution: the experimental effect of diffiet injection geometries
on the distribution of the reaction rate is qualitativelpneduced by the model.

KEY WORDS: inductively coupled plasma, argon-oxygen plasma, nonliegui
rium, kinetics, thermal plasma process

1. INTRODUCTION

Plasmas at atmospheric pressure are widely used in cheamedysis systems,
known as ICP-OES or ICP-MS for inductively coupled plasmath veptical
emission spectroscopy, or mass spectroscopy. Those systeensmall torches
(power ~1 kW, internal diameter~2 cm) to dissociate the products to be
analyzed into atoms, so that the range of operating conditis only bounded
by the limit providing a complete decomposition. Appliceis of inductively
coupled plasmas are now emerging in process engineeringn vplrity is a
main concern and high temperatures are needed (Boulos).18%hat case, the
operating conditions have to be optimized to produce theatephysicochemical
transformations in the gas, at gas/liquid or gas/solidriates. For example,
the plasma purification process described by Alemanwl, (2002) uses a 40
mm torch powered by a 60kW generator to blow an argon plasnia neactive
gases (H and Q) on liquid silicon to purify it from boron (for photovoltaic
applications).
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Numerical modeling of atmospheric ICP assuming local tleelynamic equi-
librium (LTE) has already been performed, and recently kped to 3-D
cases (Bernardi, 2003). The use of these models has alldwettep understand-
ing of the transport of mass, momentum, energy and temperdigids. From
thermodynamic considerations, radicals, excited atonts ianized species are
present in the hot part of plasma systems, inside the torghshmould disappear
when the plasma cools down traveling towards the reactimg.zblowever, be-
cause of chemical kinetics, the rate of recombining reastie limited outside the
torch, so that radicals and ions are over concentrated aethpa thermodynamic
equilibrium.

Some modeling works of inductive thermal plasmas includoigemical
reaction kinetics have already been proposed. Ztaa. (1990) have developed
a kinetic model for argon ICP with Siglinjection. Finite-rate dissociation
and recombination of diatomic gases in argon plasma hawe l@en modeled
(Girschick and Wu, 1990), and compared to an equilibrium ehddore recently,
Tanaka (2004) has developed a two-temperature chemicataquaitibrium model
of a high-power Ar—N ICP, and Watanabe and Sugimoto (2004) have proposed
a chemical non-equilibrium (CNE) model of oxygen ICP. Auth@oint out the
importance of the good estimation of thermodynamic andspart properties.
The oversimplified estimation, such as use of equilibriuropprties and use of
the first-order approximation of the Chapman—-Enskog methanild cause an
error in the numerical results. So, more sophisticated fsodee required to
design new material processing using thermal plasmas.

The present work aims at quantifying the concentration ox @t reactive
species provided by such a torch at the reacting interfacthag surface reactions
can be studied more precisely. An existing model descriltliregfluid flow, heat
transfer and electromagnetism of a plasma at local thermadic equilibrium
(LTE) and local chemical equilibrium (LCE), was extendedatolgling a model for
chemical kinetics of ionization and dissociation, i.e.idirg the LCE hypothesis.
In that case, the plasma is a mixture of species at varyingeesure and
composition, and we calculate it's thermodynamic and frartsproperties from
the energy level of every species and collision integraksvéen those species.
Considering the great amount of basic physical data ned¢dednodel has been
run only for argon-oxygen plasmas. Furthermore, the reactt the surface
is extremely simplified by imposing a zero concentration ehative species
(anything except argon), representing an instantanecioa, only limited by
diffusion in the gas, or a zero flux boundary condition, reprging no reaction at
all.

The model is applied to a process torch that was used forrmaesperiments
on graphite (Degoulanget al, 2008), which provide a distribution of the
reaction rate (speed of carving) for several geometriesxgfien injection in the
torch.
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2. NUMERICAL MODEL

In this work, the calculations are based on the followingiagstions to derive the
different governing equations:

(&) The plasma is considered as axisymmetric, and in stdath s

(b) Pressure in the plasma is the atmospheric pressure arddabh number is
low.

(c) The plasma is an ideal gas that can be described by cantimyechanics.

(d) Heavy particles and electrons follow Maxwellian vetgailistribution fun-
ctions, with the same temperature for all species (locahtbeynamic equ-
ilibrium).

Hypothesis (d) may be approximate in view of results obthimg Mostaghimi
et al. (1987). They have pointed out that the two-temperaturte stan be esta-
blished in argon ICP, even at atmospheric pressure, edigecear the wall and
probably near a target under the plasma jet. However, theeptestudy is only
focused on chemical non equilibrium effects.

The governing equations can be derived from hypothesis gcjransport
equations for mass, momentum, energy, species concentrathe model has
been developed using the commercial code Fluent dedicatdiditl dynamics,
using a finite volume discretization technique, and the sitat Simple C
algorithm. Viscosity and thermal conductivity of the misg¢uare needed to solve
those equations.

Two additional transport equations were used to describdlthv turbulence
(RNG k-€), which could become important in cold zones with strongooity
gradients, such as the target of plasma processes. All jniralthe results
presented hereafter, the turbulence remains weak.

The electromagnetic field is described, using the A-V foatiah of
Maxwell's equations, by two other diffusion equations fdretcomplex az-
imuthal vector potential. The corresponding home-madeuleodrovides source
terms for the energy equation (Joule heating) and momenturatiens (Lorentz
forces). It uses the local electrical conductivity caltethfrom species concentra-
tions and the local temperature. The radiative heat lossriplg modeled by a
net emission coefficient, with a thickness of the plasma zsignated to 5mm,
but neglecting the influence of oxygen on the radiative 10$® electromagnetic
module and the net emission coefficient technique are destrin details by
Lacombeet al. (2008).

A unique temperature for all species is calculated from thesport equation
for the enthalpy of the mixture. Thermodynamic propertiéeaf capacity,
formation enthalpy) are needed for each species, in theeprasork Ar, Ar",
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0., O, O, O" and €. Concentrations of the seven species are calculated from
six transport equations (argon is deduced by differena®tuding individual
diffusion of each species (a diffusion coefficient is needed species; in
the mixture). Sources due to chemical reactions (11 reblersieactions), are
calculated from the mass action law with modified Arrhenasd for the forward
reaction rate constant:

k= ATbemE/D (1)

The backward reaction rate constaky,= k/K is deduced from the equilibrium
constantk, calculated from formation enthalpy and entropy of reactpecies,
and the temperature. The set of reactions and kinetic daapegsented in
Table 1.

Table 1: Reaction Set and Associated Kinetic Data for Ar4GP.

kg
Réactions A(cmimol~ts )| b | E(K) Référence
Ar+e” 2 Art + 2~ 3.06E+13 0.50| 135300 Hoffert et Lien, 1967
Os + Ar 2 20 + Ar 1.00E+22 —1.50 59500 Park, 1989
O, +0;, =220+ 0, 2.00E+21 —1.50 59360| Parketal., 2001
0, +0=220+0 1.00E+22 —1.50 59360| Parketal., 2001
0, + Ot =220+ O 2.00E+21 —-1.50| 59360| Park et al., 2001
Oy +e” =220 +e~ 9.68E+22 —2.00 59500 Park, 1989
O, +te” &= 02+ + 2e~ 5.42E+14 2.00(146217 Chung et al., 1994
Oy+e” 20+ 0"+ 2~ 3.19E+14 0.90(232090 Chung et al., 1994
0+0Qf =20, +0" 2.92E+18  |-1.11] 28000| Gnoffo et al., 1989
O+0= 02+ +e” 1.60E+17 —0.98 80800| Gnoffo et al., 1989
O+e” 20" + 2~ 3.91E+33 -3.78 158500 Park et al., 2001

This difficult numerical problem is solved using a stiff chistry solver, and
in-situ adaptative tabulation, both available in FluenirtRermore, to converge
towards a physically significant state, such a techniquelsi\em accurate and
coherent set of physical properties.

3. THERMODYNAMIC AND TRANSPORT PROPERTIES

In contrast with the chemical equilibrium model, where thansport and
thermodynamic properties are only function of the tempmeat properties in
the chemical non equilibrium model are also strongly depahaf the plasma
composition.

Transport properties of the plasma, namely the electricaidactivity, the
thermal conductivity, the viscosity and the species binagss diffusion coeffi-
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cients, are derived from the Chapman-Enskog theory (Hietdér et al, 1964).
Higher-order approximation of the Chapman-Enskog thesrgeeded according
to the required accuracy for the computation of the trarispmperties. Indeed
using first order approximation leads to error on the estonabf thermal and
electrical conductivities at high temperature. Highereorcbollisions integrals (ba-
sic data to compute transport properties) were taken fréfareint sources found
in the literature (Masoret al, 1967, Devoto, 1973, Capitelét al, 2000). De-
tailed expressions and methods to compute the transpgoeriies are available
in some works (Pelletier, 2006, Bottin, 1999) and would netdeveloped here.
For the treatment of the species diffusion, the notion oéatife mass diffusion
of species;j in the mixture was introduced in the Fick’s law. Moreoven; fons
and electron, the effective mass diffusion coefficient wasbied to take into
account the ambipolar diffusion phenomenon.

The thermodynamic properties, namely the enthalpy and peeific heat
at constant pressure, were obtained from equilibrium dataefch species
(Bolzman’s law and partition function). The number of egditlevels taken into
account is important for the self-consistency of the prtgerobtained (Bottin,
1999). The resulting enthalpy of the mixture is not the samma. CE conditions
at the same temperature, because of a non-equilibrium cgitigro driven
by convecto-diffusive transport and kinetic-limited réew rates. The enthalpy
of species influences directly the thermal transport byusifin of individual
species, which is directly modeled, without the need of atieaal thermal
conductivity. Species enthalpy are also responsible fer ttiermal effects of
chemical reactions (heat of reaction), which play a grekd o the temperature
distribution of the plasma.

4. ATOMIC OXYGEN SUPPLIED BY A PROCESSTORCH TO ITS
TARGET

The numerical model has been applied to a process torchghekktin Fig. 1,
made of a copper, water cooled, sectorized wall (cold cage).

The electromagnetic field is provided by a four-turn coilt @ the cold
cage, but the induced current in the cold cage was simplyesepted in the
calculations by an uniform current density on the inner auef of the wall,
indicated on part b) of Fig. 2. A water cooled copper inje@nod a silica tube are
used to inject three separate gas flows (outer, intermediatd inner gas). The
injector is placed inside the coupling zone, so that therigas is not mixed with
other flows by recirculations at the top of the coupling zohbke reactive gas,
oxygen, was added either to the inner flow, or to the outer fiowtudy the effect
of the injection geometry.

The calculated streamlines, temperature distribution eradar fraction of
atomic oxygen are drawn in Fig. 2 for the case of oxygen iegdh the inner
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Fig. 1. Sketch of the experimental setup and main operating comgiti
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Fig. 2. a) streamlines and temperature distribution calculated0fé I/mn of
dioxygen added to the inner gas flow, b) molar fraction of atooxygen in the
same case, with (on the left) or without surface reactiontigerright).
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gas. The reactive gas and the outer flow (which is heated hyciimh) are only

slightly mixed, so that the mole fraction of oxygen arrivimgthe center of the
target is far above the overall flow rate ratio of 0.6%. Funtihare, the inner gas
is heated up to 9000K, so that oxygen is present under the dbatomic oxygen

above the center of the target (the kinetic of dissociatfowery fast compared to
the transit time).

To reach the surface, the reactive gas has to cross the hamnaplaone,
where it is partially dissociated and partially mixed witther gas flows, and
then to cross the boundary layer above the target, wherenitbea partially
recombined and/or consumed at the surface at different fEge available flux
and concentrations for the surface reactions depend ofseoaf the reaction
itself, the study of which is out of focus of the present pagaiculations have
been run with two extreme boundary conditions: zero comagah for all species
excepted argon that correspond to highly reactive surfaceero mass flux at
the interface, corresponding to chemically passive sarfatie recombination in
the "cold” boundary layer is still taken into account in bathses. The resulting
concentrations or fluxes are plotted in Fig. 3 for the same flter of oxygen (0.6

0.0025

Mass flux O, reactive, inner
Mass flux O, reactive, outer
Mole fraction O, passive, inner
Mole fraction O, passive, outer
A Mole fraction O, LCE

ﬁ"‘\\

= == Mass flux O2, reactive, inner
== == Mass flux 02, reactive, outer | |
— — — Mole fraction 02, passive, inner | |
Mole fraction 02, passive, outer [T
Mole fraction 02, LCE I

u]

0.0010 Mass flux (kg/m2/s)

oooooonnoooe84a-

§ oooooo Qgooooc
S N - ——
o i

~-a____J - \\ \\
o L
o e N
S 0 0.02 0.04 0.06 Radial coordinate (m)

1.5% Mole fraction 2.5%

1.0%

0.5%

0.0%

Fig. 3: Oxygen provided on the target surface: mass flux for calicuiatwith
zero imposed concentration (reactive surface), moleifnador calculations at
LCE or with zero flux imposed (passive surface). Oxygen addetie inner gas
or outer gas as mentioned.
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I/mn) added to the inner gas (black curves) or to the outer(@ey curves). In a
real process, the surface reaction would consume a paredvhilable oxygen,
eventually limited by transport of other reactive speciéshg target is a liquid),
by evacuation of the products of reaction or by surface kiseln any case the
reaction rate will depend on the flux of oxygen and/or the eotration at the
surface, so that its distribution will be similar to the cesvplotted in Fig. 3: for
a reaction with atomic oxygen, injection in the outer gad tils give a more
homogeneous reaction rate than injection in the inner gas.

The distribution of atomic oxygen flux or mole fraction, peated in Fig. 3,
correspond roughly to the profiles of carving obtained on fwlity modeled
here, when the target is a graphite block reacting with orygdded to the
plasma (Degoulange et al, 2008). More precisely, the radiusnid-depth of
experimental carving profiles was approximately 2.5 cm feygen injected in
the inner gas, and 4.5 cm for oxygen injected in the outer jathis last case,
the target-torch distance was slightly reduced at 40 mnRingathe point at half
the maximum value of flux or mole fraction in Fig. 3, one obgainom 23 to
33 mm (depending on the reactivity of the surface) for oxygethe inner gas,
and from 37 to 60 mm (reactive to passive surface) for impectin the outer
gas. Nevertheless, the experimental carving profiles éxhitback of reactivity
on the axis (compared to = 2 cm), for both injection modes, whereas the
calculations give it only for oxygen added to the outer gaghls zone with high
reactivity and low flow velocity, a limitation due to the euation of gaseous
reactive products (CO in experiments, not modeled in owutafions) could be
responsible for this discrepancy.

5. NON EQUILIBRIUM PHENOMENON FOR PROCESSPLASMAS

A calculation at chemical equilibrium (LCE) has been run fleference, where
the fraction of each species is simply determined from thmalldemperature
and an overall fraction of oxygen atoms deduced from thecief flow rates.
Such a calculation predicts no atomic oxygen at the targdase; because of
the equilibrium composition at 1750K (predominant), also plotted in Fig. 3.
The chemical non equilibrium is thus an important mechantigrbring reactive
species up to the surface, as well as diffusion of individgpécies in the
boundary layer, which is also a non equilibrium mechanism described
by LCE calculations. Boundary layer profiles plotted in Fy.show that the
thickness of this boundary layer is approximately 2 mm, wherthe LCE
calculation predicts a transition for the species conegiomm in only 0.5 mm,
making it very difficult to develop mass transfer estimasidrom such a model.
The conditions out of the boundary layer (temperature, cigloand species
contents plotted in Fig. 4) change between LCE and kineticutations. Nev-
ertheless, the plasma temperature and velocity do not depenthe injection
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——axis, outer gas —4—r=1cm, outer gas —&—r=2cm, outer gas —@—r=5cm, outer gas
— H— axis, inner gas — <©— r=1cm, inner gas — A— r=2cm, inner gas — ©— r=5cm, inner gas
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height above target (mm)
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0 2000 :Temperature (K) 10000 0

Fig. 4: Profiles of temperature, velocity, and atomic oxygen cadstewross the
boundary layer above the target, at different radii. Reacurface with O2 added
to the outer (black symbols) or inner gas (white), or unifosopply without
chemical kinetics (LCE, grey).

mode of reactive gases, which modify only the distributidnreactive species.
The species diffusion term, part of the kinetic model, cdwddresponsible of such
non equilibrium effects, by modifying the thermal field (byeé&ctional” ther-

mal conductivity) and the electrical conductivity, couple induction heating (by
diffusion of ions and electrons). Delayed reactions (esfigcrecombinations)

could also play a role: heat of recombination is brought rileartarget in kinetic

models.

6. CONCLUSIONSAND PERSPECTIVES

The model presented here is able to predict the reactivaespboought by in-
ductively coupled plasma to an interface maintained at acpitged temperature.
Compared to experiments, the model is able to reproduce itfezett distribu-
tions of the reaction rates when the injection mode of oxygenhanged (the
reaction is more homogeneous when oxygen is added to the gagethan when
it is added to the inner gas). Analysis of the reaction rateplasma processes
could thus be improved with such a model, even if quantigagixedictions are not
available yet, mainly because of the lack of detailed expents needed for the
validation of the model.

Further modeling is necessary to deal with more complexs;aseolving
more than one reactive gas, and eventually surface reactath gaseous
products. A specific model for the surface chemistry (basedaundary layer
laws for mass transfer) could be developed and coupled tasaa model, which
has then only to describe the reactive species brought tdothendary layer. The
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diffusion processes and kinetic limitations of the reattiates are both included
in our model, but a detailed analysis of the results could teasimplified models
with only one of those phenomena for specific zones (hot zoitie wmwductive
coupling, post-discharge zone, and boundary layer) ofgg®systems.
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ABSTRACT: The shielding gas used in the welding process has a strong i
on the metal transfer characteristics. When the gas is dadgniactive the
physicochemical properties of the electrodes can be diramtgered which can
increase or decrease arc stability. In order to get a baitéral over the process itis
essential to understand how the electrodes are affectatieAdectrode extremities
are molten they can easily adsorb gases from the shieldiagvgdch can affect
their microstructure. C®is one of the most commonly used active shielding gases.
It is then interesting to know if the liquid metal at the extigy of the electrode
can adsorbed the carbon it supplies, as it has strong inffuemsteel mechanical
properties. Besides, various phases can form during metding, depending on
its concentration. It is then possible to get informationtla carbon content by
studying the ratio between phases. In order to show a pessitrichment, only
the relative spatial evolution can be studied and no aceyhase identification
is needed. Cross sections of the samples have been studiad, mainly optic
microscopy. The two main phase ratio have been calculated afocessing the
obtained images. The results show a higher ratio of the phsseciated to the
highest carbon content close to the sample periphery, whipport the hypothesis
of carbon adsorption by the molten metal.

KEY WORDS: welding, microstructure, C§carbon, anode, ferrite
1. INTRODUCTION

In Gas Metal Arc Welding (GMAW), an arc burns between a corslmelectrode,
usually acting as anode, and the workpiece constitutingother electrode. To
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avoid interaction between the melted metal and the air, @dihg gas is used. It
can be inert like argon in the Metal Inert Gas (MIG) procesadive like CQ
or argon and C@mixtures in the Metal Active Gas (MAG) process. The metal is
transferred as droplets to the weld bead under various ngrkiodes depending on
the welding parameters (Lancaster, 1984). The most impioai@ arc current and
shielding gas composition, but the electrode compositasgo relevant regarding
the working modes. Under pure argon, the transfer is ca@art arc” for current
under 150 amperes and occurs by successive contacts bettveeritire electrode
and the weld bead, the resulting short circuits causingelagatter. From 150 to
250 amperes, the transfer is called “globular” with largepliets detaching from the
electrode at low frequency in all direction, also causinggh Ispatter level. For the
highest intensities the transfer is called “spray arc” amikist of a stream of small
droplets detaching along the wire axis at high frequenaydpcing few spatter.
Users then prefer this later transfer mode. When, @@dded to the shielding gas,
the main modification is an elevation of the current needegdch spray transfer.
For example with a C@concentration of 10% the spray transfer occurs above 330
A. Under pure CQ, even for the highest available intensities the transferaias
globular. Apart from the modification of arc stability, wevieashown (Zielinska
et al., 2009) that the adjunction of G@eads to a modification of the consumable
electrode microstructure. The main one is the formatiomaddde layer wrapping
the droplet in the case of the globular transfer mode. Thigyga concentrates
the steel alloying elements, to such extent that the iromet# can become a
minor component. The gangue has a major influence on the mgprkiode. There
are also larger and more numerous precipitates compargutay sansfer modes.
The alloying elements also concentrate in these preaggitatit in proportions that
can differ from the gangue. The steel main alloying eleméntterm of quantity,
are silicon and manganese, but carbon is also an import@&nagit has a strong
influence on the steel mechanical properties, such as hewdmeresistance. The
main difference between carbon and the other alloying aisrig that it can also be
present in the shielding gas in the form of £Due to the high temperature, the gas
can adsorb on the melted metal surface, in particular onrtby@et at the end of the
consumable electrode. Apart from having influence on steslacteristics, carbon
has also an influence on its physical properties under thallgiate as it decreases,
like oxygen, the iron surface tension, what can affect thiefdalance governing
the droplet detachment. Itis then interesting to get inftiam on the droplet carbon
enrichment, and study the migration of this element in treplgt. Unfortunately,
small variations of the concentration are not easily detébly direct measurement,
as the initial carbon content is low — less than 0.1wt% — arwhibse this element
cannot be detected accurately using methods keeping thplesatnucture. We
propose then a method based on the microstructure obsemnatd the various
phases study, in order to get more information on carbonesuration. The method
used allows yet to get only a qualitative indication of theboa content evolution,
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but further development could possibly lead to quantieatiweasurement of this
element concentration.

2. EXPERIMENTAL PROCEDURE

2.1 Setup

The experimental setup, described in Fig. 1, is organisedrar a welding gene-
rator SAFMIG 480 TRS Plus equipped with a SAFMIG 480 TR 16 Hihis
generator used a transistorised power supply controllech B6-bit controller.
Under the settings used, the current is regulated at the wtiby the user while
the voltage depends on the welding conditions. The expetsrere performed un-
der reverse polarity with direct current. During the praci® electrical parameters,
are monitored using a voltage probe and a shunt probe togetithent intensity, the
data being displayed and recorded on a numerical oscilh@sbothis configuration,
that is most commonly used GMAW, the consumable wire actsnadeaand the
workpiece as cathode. The wire feed speed can also be setlyaemd is chosen
to match the wire melting rate. A 70S mild steel wire (AWS AB.vas used as
consumable electrode, which composition is shown on Tableh& torch is fixed
on a support and the distance between the contact tip enchamwdarkpiece is set
at 20 mm. The workpiece consists of a 8 mm thick steel plateispthced on a
table driven by a step motor. This allows creating a reladigplacement between
the torch and the welded plates as in the case of actual wel@ime linear speed
is set at 4 mm per second. The gas comes from two bottles ostinaugas of

Consumable
Shieldi | anode
ielding gas | = l Contact Tip
L < MNozzle
Stick-out J ky Plasma arc
) Transferred metal
Step [Deposited Metal
Motar Cathode
[——— T
Yertical — |
adjustrment I
I

hass flow meters

Fig. 1: Experimental setup.
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Tablel1: Anode wire (70S — AWS A5.17) composition

Wire composition:

Element| Composition (wt.%)| Composition (at.%
Fe 98.17 97.47
Mn 1.07 1.07
Si 0.35 0.69
C 0.087 0.4
Cu 0.16 0.14
Ni 0.058 0.055
@) 0.014 0.048
N 0.0062 0.0244
Cr 0.022 0.023
Mo 0.038 0.022
P 0.011 0.02
S 0.011 0.019
Co 0.008 0.007
Vv 0.002 0.002
Al < 0.001 < 0.002
Nb 0.002 0.001
Ti 0.001 0.001
B 0.0002 0.001
Zr < 0.001 < 0.001

argon and C@, as these two gases are the most widely ones used in indUkgy.
flow of each gas is controlled and measured by a mass flow mMBOCKS MASS
FLOW CONTROLLERS 5850S which allows getting pure argon,gpGO, or an
argon-CQ mixture. The CQ in argon concentration setting step is ;86 and the
total flow is always kept at 20 L/mn.

3. SAMPLECOLLECTION

Welding experiments have been performed under a currend@fadperes and a
wire feed speed of 9 m/mn. The shielding gas was pure argo® (bcess) and
argon/CQ mixtures (MAG process) with increasing concentration ohb®®a step

of 5,01.% up to 3Q.1.%. Experiments with a concentration of 40% and 5Q,; %
have also been made. At 330 amperes, the spray transferametbtwith a CQ
concentration below 10 %; at 240 amperes the arc works always in globular mode
except under pure argon where the working conditions asedlm the transition to
spray transfer.
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The welding operation is sustained until the instabilif@twing arc initiation
are over and then shut down a few seconds later. The time di¢edeach stability
is evaluated using the electrical data and is in the ordemefa two seconds.
When the arc is shut down, the generator parameters are geitdbe last droplet
remaining at the end of the consumable wire is nor detachestiak to the weld
bead. Then the droplet is cooled down in the shielding gasdhkept flowing after
arc extinction. The time needed to cool the droplet down tbiant temperature is
considered short enough to get a quench. Indeed, as thertomeedrops rapidly
one can consider that no significant modification, such dmceenrichment, occur
after arc extinction. As the droplet detachment frequerary loe more than a few
hundred Hertz, it is not possible to control precisely theptkt growth stage at
arc extinction. Then several experiments are made undesatine condition to get
representative samples. Once the droplet is cooled, treeisvout once centimetre
above the tip. In order to validate this method, some expimhave been made
using a hollow cathode setup (Zielinska et. 2009; Valen8()72. The droplets
that would have been transferred to the weld bead are oatlénta water or oil
container, providing a more efficient quench.

4. SAMPLE OBSERVATION

Each anode sample is polished to get a cross section alongitbeaxis. The
finest polishing step is performed using alcohol to preverthér oxidation. The
droplet are then observed using a scanning electron mmpes(SEM) PHILIPS
XL 40 coupled with an energy dispersive X-ray spectroscdiyg) analysis. The
measurements have been completed with an electron mitre@AMECA SX 50
microbeam. As theses analyses give a poor precision on thercaoncentration,
an alternative method has been used. It is based on the &attéel microstructure
depends on the carbon concentration, forming differens@haccording to the
present quantity. Then it becomes possible to get infoonabin the carbon rate
evolution in the droplet by observing the evolution of thpasition of the various
phases. The sample are then revealed using.g# Nital solution (4., % of
nitric acid NQ; in ethanol) and observed using an optic microscopeA MEF
4m. This method shows the grains defined by contrast diffeseritle recorded
images are then processed using a Matlab program to getl#iweamportance
of the phases. For this they are first converted into a black white picture
by adjusting the threshold so that the image is as few as lpesaltered. Then
the program calculates, for a given area, the ratio of blagklp over white
pixels. Due to the small size of the droplet, only three mearment areas have
been selected on a single sample. More points have beerredtdyi comparing
the results obtained from several samples obtained undesdine experimental
conditions.
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5. RESULTS

5.1 EDSand Microprobe Analysis

The two main features that appear in the droplet using SEMde precipitates,
mainly in globular mode, and an oxide layer ant the periphenyy in globular
mode. The alloying elements concentrate in these two stregthat can contain up
to 50,¢.% of oxygen (S. Zielinska et al., 2009) [2]. The carbon is dité, using
EDS, in all part of the droplet. The microprobe analysis slymantities of a few
percent, but the precision is almost of this order. It is threpossible to detect a
significant evolution of carbon quantity in the droplet.

5.2 Microscope Observation

The optic microscope images show mainly two phases thatdoams in the droplet
matrix, as seen in Fig. 2. The precipitates appear as thespais in Fig. 2a. The
clearest phase can be identified as white ferrite, the logagbbn-containing phase
in steel. Its maximum concentration is 0.Q226, at 727 (Barralis and Maeder,
1998). The darkest phase, when observed at high magnificasiceen in Fig. 2b,
shows small inclusions of a darker phase in the ferrite mafiis phase can be
identified as acicular ferrite (Babu and Bhadeshia, 1990 canresponds to a higher
carbon rate. Indeed, acicular ferrite consists of a finesire of interlocking ferrite
plates, similar to needles, with inclusion of other pha$ed tould contain more
carbon. Then the carbon content of acicular ferrite itsatfinot easily be defined, as
itis a mixture of other phases. As the results are qualégathe survey of the darkest
phase ratio over the clearest one allows only seeing thereifte between high and
low carbon content areas.

200 um

(a (b)
Fig. 2. Phase identification on wire cross section: general viewd@k area
detail (b).
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In spray transfer, the droplets seen in Fig. 3 are smallar tha wire, less
than one millimetre in diameter. The main phase is the ctanee, which could
support the hypothesis of low carbon content. Due to thelsizal of the droplets,
the evolution of the ratio can not be studied along the dtpopkethe required area
needed to calculate it is of the same order of the dropletaiioa.

In the case of pure argon, some dark grains can be observégl Bel-Their size
is less than 10@m. In the case of a shielding gas containing %6 of CO,, no dark
grains can be seen in Fig. 3b. The dark phase forms actudllyweims between the
clearest areas.

5.3 Carbon Evolution in Droplet

When the CQ content in the shielding gas is greater than,1% the droplets
become larger than the wire, which corresponds to the tiansirom spray to
globular transfer. The diameter can increase to 1.5 or evenm2in the case of
globular mode. The droplets are large enough to discern alate@n of the grain
size in their various parts. Contrarily to what happens iraggransfer, the dark
phase is the most important one, forming large grains inrashto the clear matrix,
as seeninFig. 4.

At the droplet periphery, the grains are large and can exaéndy the curvature
of the droplet. The dark phase ratio is then close to 100% ti@ilowest value
of CO, content leading to globular transfer, the dark proportiecrdases rapidly
towards the centre of the droplet. The minimal value is ab0@b, as seen in Fig. 5
in the case of welding under a shielding gas containing, 28 of CO,.

@ (b)
Fig. 3: Droplet microstructure in spray transfer at 330 A: pure arGo;
Argon +20 % CQ (b).
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(b)
Fig. 4: Droplet microstructure in globular transfer at 330 A: Argoh5% CG,
(a); Argon +20 % CQ (b).
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Fig. 5: Dark phase proportion evolution on droplet under

Argon +10% CQ, 1 =330 A.

With a higher CQ content in the shielding gas, the carbon concentration
decreases more slowly towards the droplet center. The ralviatue remains higher
than 50%, with values close to 70% as seen in Fig. 6 in the dasslielding gas
containing 20Q,;.% of CO,.
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Fig. 6: Dark phase proportion evolution on droplet under
Argon +2Q,,;. % CO;, 1 =330 A.

6. ANALYSIS

In the case of MIG welding, it is reported in literature tha droplet composition
does not evolve during transfer to the weld bead (Muller etl&51). The presence
of sparse high concentration areas corresponding to damksycan then result just
from the concentration of carbon initially contained in thiee. The results would
seem to indicate lower carbon content in the case of welditig an addition of
5.01.%, as the dark phase is even narrower. However the droplehadl,swvhich
decreases the precision of the method. As the dropletnfiteis short (less than
2 ms) the interaction with the shielding gas is reduced.

When welding under a higher GQrontent, transfer occurs under globular
mode. The droplets become larger and the results seem taiadiarbon enrich-
ment from the shielding gas. In the case of concentratiordgjfi 2 and above, the
evolution of the dark phase ratio seems to correspond tdssitih law, supporting
the hypothesis of carbon enrichment from the shielding gas.

The maximum quantity of carbon provided by the gas can benagtid by
considering its flow and C©content, and the droplet lifetime. When operating at
330 amperes with 20, % CO, in the shielding gas, the droplet detachment speed
is about 100 Hz (Rhee and Kannatey-Asibu, 1992), which madrsmilliseconds
lifetime. This corresponds to a carbon mass ofi@3to be compared to the droplet
mass and initial carbon content. The collected samplesat@mvaried from 1.5 to
2 mm, which leads to a mass from 14 to 33 mg, by taking the switdensity at 7.8.
Based on the wire initial composition, the carbon contaioedesponds to a mass
from 12 to 29ug, which equals less than a third of the carbon availableanytrs.
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Then it seems possible that the carbon concentration attipded periphery could
be twice as it is at the centre. If all the carbon present ingdee is adsorbed, the
droplet concentration would be close t0 .36

7. CONCLUSION

The droplet microstructure has been investigated und@usexperimental condi-
tions. The results seem to show a carbon enrichment of tb&@dle in the case of
high content CQ shielding gas. The darkest phase that is associated toghedti
carbon concentration is more extended at the peripheryeaditbplet. Its ratio over
the brightest phase decreases towards the centre of thietdndyere it is closer to
50%. The evolution seems to match a diffusion law, which suggghe hypothesis
of a diffusion law.
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ABSTRACT: Smelting of NBOs; was carried out in a dc extended arc argon
plasma using carbon as the reductant. Plasma was produaedantor operating in
transferred arc configuration (normal polarity mode). Ttesma smelted product
was analysed and found to contain up to 97.5% Nb with 86% allvb) metal
recovery. Characterization of the smelted product by XR@aghthat majority of
reflections are due to Nb metal and carbon occurs in the forrradfide. One
minor reflection due to NlD5 was recorded which is attributed to the unreacted
oxide. Wavelength dispersive spectra of x-ray confirmect#drbon presence in the
smelted product. Micro Raman spectroscopy study makes @aison between
the spectra due to smelted product and that of high pure cupeuctor grade Nb
in order to identify presence of any carbide and/or oxidehenrhetal. Optical and
scanning electron microscope studies reveal the typiadhca morphologies of
the plasma smelted Nb. Plasma smelted Nb has a good scopsefasia starting
material towards preparation of high pure Nb for appliaatiosuperconductors and
electronic capacitors . This can be achieved by suitabl@vahof carbon followed
by electron beam melting of the metal.

KEY WORDS: smelting, plasma, transferred arc, normal polarity arobiim
pentoxide, high purity niobium, Raman spectra

1. INTRODUCTION

Niobium pentoxide (NBOs) is a refractory oxide (M.P. 152C) which is used as
the starting material in the extraction of niobium metal PM2468C). Nb is used in
alloys for improved strength as in high strength low all@est stainless steel for oil
and gas, tool steel, etc. High pure Nb is used in electrompaditor, sputtering target
and low temperature superconductors (Nb-Tig8lbh). Because of the refractory
nature of NbOs and high melting point of Nb, extraction of Nb through pyrotme
allurgical route is usually not preferred. Some of the dilfies faced in developing
pyro metallurgy process include: non-availability of centional high temperature
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furnaces (that are low cost and easy to handle from industigadpoint), high
energy input for endothermic oxide reduction, high reatgtiof oxygen with nio-
bium at increased temperatures, non-availability of blgtanon-reacting crucible
material that can withstand temperatures in excess of°ZZgd limited numbers
of reductants available to work at high temperatures. ToereNb metallurgy is
worked out mostly by hydrometallurgical, chemical, anccetechemical routes to
overcome expensive high temperature processing. Howteesrthemical processes
including hydrometallurgy and electrolytic processesrfimbium, involve number
of process steps, unit operations, and toxic wet chemieadtiens which create
environment pollution. In such a background, it is felt vinovhile to explore and
work out some alternate route like plasma smelting of @ The smelted product,
which generally occurs in less pure form of metal, can bén&mrpurified over a few
more steps to achieve desired level of purity, and thus asnph smelting of NfO5
may open a new scope in the production of high pure Nb usediousapplications
as highlighted above.

In this paper we report the plasma smelting of;Np carried out in a dc
extended arc reactor working in the transferred arc modgorgas was used
to produce the plasma and carbon was employed as the retlfmtahe oxide.
Activation energy for the highly endothermic reductionatean was provided by
the argon plasma available in the arc reactor/furnacetdraliure, few studies report
about carbothermic reduction of M5 using plasma technology (Munz and Chin,
1991) and lack of good characterization techniques avail@bthe seventy’s and
early eighty’s could not correctly evaluate quality of timeedted niobium products.
Polyakov and Polyakova (2003) gave an overview of the woittbvirends in Nb
concentrate, Nb metal, and its alloy production. Nayak andierkers (Nayak et al.,
1989; Sahu et al., 2000; Mishra et al., 2001) have worked emitb plasma reactor
systems over the last two decades and have developed differgctors/furnaces
for various kinds of carbothermic reduction of oxide matkriNayak et al., 1996,
2000). The present work has been taken up based on theirpesience in arc
plasma smelting using normal polarity arc. Reduction of ®by carbon requires
use of low or sub-atmospheric pressure as per existinglites (Gupta, 2003).
However, we find that pressure reduction is not necessargottupe metallurgical
grade Nb by the normal polarity arc plasma method. The sohelteduct has been
microstructurally characterized by optical as well as tetet microscopy and the
purity of the metal thus achieved in the process is discussétk light of results
obtained from XRD, wavelength dispersive spectra of x-rag anicro Raman
spectra.

2. EXPERIMENTAL

Niobium pentoxide (NbOs5) powder of 98.5% purity anet63 um grain size was
taken as the starting raw material for carbothermic redacdt a normal polarity
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thermal plasma arc reactor. To start with, 10 to 20 wt% ex@asbon above
the stoichiometric requirement for the reactiono®g + 5C = 2Nb + 5CO, was
externally added to the oxide powder in the form of graphit@50 um grain size)
and was intimately mixed. Then the resulting powder mixtues placed inside a
graphite crucible which was kept in the hearth of a dc arcpéaseactor operating
in the transferred arc mode. Graphite crucible is genekalbywn to providen situ
carbon sufficient for maintaining stoichiometric carbotiador high temperature
reactions in small scale operations. The reactor was deabjéc plasma heating by
passing Ar through one of the electrodes into the arc zonappiging electric field
across the electrodes. Plasma inside an arc reactor isaged aritially by ionization
of Ar atoms by the impressed electric field which is then fold by collisional
ionization of the atoms. Thus, under laboratory conditfem; Ar atoms are ionized
(not more than 1-2%) but huge energy is released in the folmeatfwhen the ions
recombine. Temperature of arc thermal plasma (flame) reaahéigh as 8,000 to
10,000 C under such condition. The detailed configuration of thesrpka reactor
used for this investigation has been reported by Nayak ets#where (Sahu et al.,
2000; Mishra et al., 2001; Nayak et al., 1996, 2008). Arcagét and current were
maintained at 40-60V and 400-550A respectively. Tempegatithe charge at the
reaction stage in the plasma reactor was monitored by a tWeoircpyrometer and
was found to lie between 2550 and 2660

In the smelting, no external addition of slag was made to Hage; available
impurities such as silica, alumina, and calcia existinghimitthe starting NkO5
and graphite, worked as the slag. Smelting o, &% that melts at 152C, was
completed in 15 to 20 minutes of arcing after which electogver was switched
off and the reactor was cooled for 2 hours. Ar flow was mairtdimside the
reactor for 15 min after power switch off, in order to prevexidation of Nb
metal at the initial high temperatures following power sWitoff. Solid metal
product in the form of chunk or mass was manually removed fgcaphite crucible
and then the small amount of slag sitting on the top of meta machanically
removed. Smelting experiments were done with 100g of chargierial. Smelted
product was cut and polished for micro structural and chalhanalysis. XRD
(x-ray diffraction), optical microscopy, SEM (scanning&kon microscope), WDS
(wavelength dispersive spectra of x-ray) and micro Ramamagiterization were
done to identify Nb. Inductively coupled plasma spectrpgddCPS) was employed
to analyse percentage of Nb content in chunk sample.

3. RESULTS

Metal yield in the range 74—-86% Nb was obtained by the plasn&isg. Chemical
analysis of the product by ICPS showed the purity to lie inrdnege 96-97.5%
Nb with presence of 0.06—-0.07% Mo as impurity (all by wt%)eTgroduct was
characterized by XRD using Mo &K radiation. The identified phases along with
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hkl-planes are shown in Table 1 for the best sample which Wweesred with 15%
excess carbon. The best smelted product was obtained ati8@fsyth a 97.5% Nb
content. Besides the Nb in metallic phase, presence of sarbales and oxides of
Nb were found. However, when the excess carbon addition mexsased to 30%,
all the Nb reflections vanished and the product was foundnsisbof a mixture of
carbides with a trace of oxide, as shown in Fig. 1.

Figure 2 shows the picture of an overview of the plasma shéile chunk
observed under stereo microscope. Figs. 3a and 3b make aadearpbetween
the morphologies observed under SEM for Nb obtained by asnph smelting
and high purity sample (superconductor grade). Presencarbbn in the plasma
smelted sample was confirmed from WDS and the typical spesftmavn in
Fig. 4 establish the result. Micro Raman spectra of plasmelteth Nb product
and niobium carbide (marked BBN), superconductor graderiérked IPR) and
standard analytical grade NbC (marked Good fellow) werdistuand the spectra
are compared in Fig. 5 to arrive at some more conclusive sugle

Table 1: XRD results for typical plasma smelted product with
97.5% Nb content.

d-value (nm)| Relative intensity (%) Possible plane (hkl)
0.2322 89.3 110 Nb
0.2188 94.2 200 NbC /131 NBC;5
0.1798 18.7 206 Nl O3
0.15479 44.7 200Nb /220 NbC
0.1317 32.8 211 Nb
0.1170 03.5 220 Nb
0.1095 16.1 310Nb
0.1089 10.0 222 Nb
Counts
25001
MNhC a8
2000+ ‘ '
MNBC
1500 "
e b
nbo2 || J . | | NOC  be
500 ) VA ) St Y -
TTh N 0
1 0"ZTheta

Fig. 1. XRD of arc plasma smelted niobium carbide (30 wt%
excess C added in excess of stoichiometry).
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Fig. 2 Typical picture of as-produced metal chunk
prepared by arc plasma smelting of M3 (97.5
wt% Nb content).

.

\ 2 - X . L "
JEOL SEI  28.8kY 1,000  1Ppm WD12.0 JEOL SEI  2@.0kY S8R 1Apm WO1Z2.A

(b)

Fig. 3: SEM image of the surface (a) of plasma smelted Nb (97.5 wt% Nb
content) and (b)of the surface of superconductor grade NRTOWt% Nb
content).

4. DISCUSSION

Oxide reduction in niobium is commonly done by aluminothierprocess which
is simple, inexpensive and fast. Kamat and Gupta (1987) teseoeissed about the
open aluminothermic reduction and purification of reducestain Krishnakumar
et al. (2002) have reported the removal of about 6% Al andl®6exygen in the
thermit product that required many steps such as alumimiaoxidation reaction,
sacrificial deoxidation, volatilization of metal vapounsdaelectron beam melting.
The lengthy process steps add to energy consumption anelases cost of Nb
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Fig. 4. Typical WDS of plasma smelted Nb (97.5 wt% Nb con-
tent); x-axis represents wavelength in nm and y-axis repites
intensity counts of detector employing different analyagstals.

metal. Recently Gorkunov and Munter (2007) have studie@fieet of Ca addition
in the aluminothermic process at Silmet JSC, Estonia in tlo¢ plant scale and
found that addition of metallic Ca to the hbs; mixture as raw material with 10%
excess carbon reduced the Al content in the Nb ingot to 4.48cirmcreased the
Nb content in the final product in excess of 90%. In contrastenvcabothermic
reduction process is adopted for Nb production by oxide c¢tdun, carbon as
impurity is incorporated in Nb matrix in relatively lessedent (~2 wt%) (Gupta,
2003; Nayak et al., 2008) whose removal can be achieved rlogization with
oxygen. The source of oxygen is either the metal where it $salved or the
atmosphere which has 18to 10~3 Pa G, pressure at 2300 K (Koethe and Moench,
2000). The method is successful to achieve carbon contientraf the order of
10-40 ppm (at.) in Nb. It therefore appears that carbothemedluction process is
more attractive not only from cost point of view but also fréme point of view of
reduced process steps and pollution. A techno-econontly &ty Liang and Munz
(1981) has shown that carbothermic process in ferro-ninbgicost competitive to
aluminothermic process when pyrochlore is used as raw raater
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Fig. 5: Micro Raman spectra of plasma smelted Nb (marked BBN) coetpaith
superconductor grade Nb (marked IPR) and standard NbC (fethod make).

In the smelting operation reported in the paper, arc plasneaniployed in the
normal polarity mode with a view to obtain clear metal andysaparation. Argon
gas is ionized in the intervening space between cathode aitdmiNb,O5 surface
by application of electric potential (40-60V, arc lengt!8 cm) and the active
species playing role here are mostly*Aand electron. In arc plasma, the whole
arc length can be divided into three regions: a voltage gracdit the anode (Y,

a voltage gradient at the cathode_ JVand the arc column. Mis relatively higher
than V, and the voltage gradients at the electrodes generally dextated some
20V (Dembovsky, 1985a). For example, in a plasma torch atntiintensities
between 50 and 200A,Ms 7+2V (Dembovsky, 1985b). With tungsten cathode and
copper anode, Yand V, are almost of same order (5-8 V) (Venkatramani, 2002).
Taylor and Wang (2001, 2003) and Starostin et al. (1998)dhiced reverse polarity
method in dc arc plasma processing and its effect on theatxtnaof refractory
metals and steel respectively. In reverse polarity drivetahextraction, the liquid
metal at the bottom works as cathode and the molten oxideptasis the role of
an electron transfer layer. Carbon-free chromium and stébl less nonmetallic
inclusion are reported to have been produced by the respemtoups. However,
the reverse polarity method have major disadvantages dikgérature gradient
existing from top to bottom (resulting in poor slag-metgba@tion) and decrease
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of electrical conductivity of molten glass phase after risteemoved. Up till now
the disadvantages hardly seem to have been overcome. Inresenp study, by
changing the polarity of the electrodes, &d V, values are likely to change but
the differences resulting in Mand V, values are likely to be not more than few
volts. Compared to 40-60V potential difference impressgdss the arc, these few
volt difference may not significantly change the resultsejiag in view the wide
scale use of normal polarity arc method in metallurgy andemails processing for
clear metal-slag separation, this paper has chosen thehpotarity method of arc
plasma for NbO5; smelting. The reverse polarity method and polarizationdéssare
not addressed.

Thermal plasma does not behave like an equilibrium or thdgmamic system.
However, it may be treated like a system with local thermaahyic equilibrium. In
such a situation, the Ellingham diagram is not strictly dalowever, in absence
of any good and acceptable theory existing in thermal plasasad reactions, we
have tried to use Ellingham diagram for understanding aultgin this paper. This
may not be considered out of place. Measurement of partesspre of CO in a
semi-open type plasma reactor like ours is not an easy takthas the working out
of detailed reaction kinetics has not been possible. Iresyitll these limitations,
we have made here an effort to use Ellingham diagram to qtiaéty understand
our findings/results, particularly, in respect of qualify\d and product yield.

The chemistry of carbothermic reduction of niobium oxidaas simple. If one
looks at the Ellingham diagram (Gupta, 2003) for the freergynef formation of
metal oxides and carbothermic reduction of oxides, one findsCO is actually
responsible for the reduction reaction rather than C. Fneegy of CO is given by
Gupta (2003a):

AG = RTIn(Py/1) = RTInP,

where B stands for partial pressure of CO and
AG = AG° + RTInPy

At any given temperaturd G assumes more negative value theG° if P, < 1.
Thus, 2C + Q@ = 2CO (P in atm), R1. For this reason, Kruger (Gupta, 2003)
suggests that at about 1780 and at a CO pressure lower tharri@tm. carbon is
the most efficient reducing agent for oxides.

The Ellingham diagram for Nb-C-O system which shows a pl&®DInPg, vs.
T(K) gives clues to the carbide—oxide reaction occurring ptessure around 10
atm. The carbon reaction takes place as follows (Gupta, 9003

1
“M,0, + 2 ¥c = “mc + co
Yy Yy
1
MC + -M,0, = “¥M 4 co
Yy

Inthe case of Nb, three types of reaction as follows are plesgsupta, 2003c):
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(i) NbyO5 +7C =2NbC +5CO
NbyO5+5NbC =7 Nb +5CO
(Takes place at 1@ atm. pressure; produces 228 @0 per kg of Nb)

(i) Nb,O5+5C=2Nb+5CO
(Takes place at 1@ atm. pressure; produces 798@0 per kg of Nb)

(iii) Nb»O5 — NbO
NbO + Nb,C = 3Nb + CO

Gupta (2003) has reported production of Nb witk@2, O<0.1, N<0.2 by oxide—
carbide reaction with O/C ratio=1.15 (carbon black is useda@urce of carbon).
The temperature and pressure maintained in this reacto?180C and 10 atm.
respectively.

From the above discussion, it is evident that carbide-orédetion under low
pressure is required for better recovery and purity of Nbam&ut, it is difficult to
ascertain the kind of reaction taking place under the plasimdition adopted in this
investigation. First of all, in the semi-open type reacttwene low pressure was not
applied, the chances of other two kinds of reaction besideditst type carbide-
oxide reaction cannot be ruled out. Secondly, and more itaptly, the arc plasma
although thermal in nature, is characterized by local tleelynamic equilibrium
and beyond the main arc zone, thermal gradient (of the ortdeeveral hundred
degrees over a cm distance) exists. In view of all these sssumay therefore be
stated that NpO5; smelting in the plasma reactor takes place in a non-equifibr
reaction zone. Also, unlike conventional reaction in gageshe plasma stage,
participation of charged species in chemical reactionlacate the kinetics. Taking
all these points into account, one may lead to conclude th#ieathree kinds of
oxide reduction reactions could be possible in the plasneltsig of Nb,O5. It may
not be surprising against the above backdrop to find the pcesef both Nb and its
carbide (small quantity) together in the smelted produat@nt from XRD) when
kinetics of three different kinds compete in the arc plasnoag@ssing.

The d-values determined by XRD were compared with standardluks of
respective metal and compounds available in the IntemaltiGentre for Diffraction
Data (ICDD) base, USA, and the possible phases, planes alithgobserved
relative intensity are given in Table 1. Only carbide peak tu (200) NbC /131
(NbgCs) reflection is seen to appear and it is prominent. The secea#t due to
NbC is also equally possible for Nb. The oxide peak appeatireggto (206) NBOs
is low in intensity; its origin may be attributed to uncornest oxide from the starting
material (charge). Carbide formation may be understooténight of competing
oxide-carbon and oxide-carbide reactions together adigiged earlier. Carbide
reaction generally takes over when excess carbon in highentidy is added to
oxide charge or is available during reduction of metal oxitie prove this point,
30 wt% excess carbon was added to the niobium oxide chardpe &eginning of
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smelting experiment. In the subsequent characterizafitimecsmelted product, no
Nb peak appeared in the XRD as shown in Fig. 1.

Optical as well as electron microscopy studies were carmigdto observe
the surface features of plasma smelted Nb. Fig. 2 shows thealbyicture of an
as-smelted recovered metal chunk (97.5% Nb content). Samkepaditches appear
on the surface which may be due to unreacted carbon. Btitietallic lustre due to
grains is marked on the surface. SEM pictures of polishedtethblb sample and
high purity superconductor grade samples are shown in Bignd 3b respectively.
Voids, holes and pores are seen in Fig. 3a where as similactdgfless in number)
with presence of few dimples are marked in Fig. 3b. Typical 8\pectra of the
plasma smelted Nb product are shown in Fig. 4. It is qualiitievident that carbon
is present in the Nb matrix to a relatively smaller extent.

Micro Raman spectra is a very powerful modern techniquedntitly presence
impurity molecules in metals. Although it is qualitative mature, the modern
spectrometer used here (Renishaw inVia Reflex) with Ar-iaset source and
CCD detector can identify even one Raman active moleculestnéén million
molecules. As such, any pure metal is not Raman sensitiveuecf aggregation
of electrons on the surface. However, when impurity molkesybxides, carbides
etc.) occur in metal, their spectra can be recorded withigicet and accuracy
by the modern spectrometers. Recently such a tool was imggyi employed
by us to predict the genesis of graphite spherulite in a ¢hdomally reduced
spheroidal graphitic (SG) iron (Pradhan et al., 2007). TheronRaman spectra
shown in Fig. 5 for superconductor grade Nb sample (IPRyméasmelted Nb and
NbC samples (BBN), standard NbC sample obtained from M/sdGelbow, UK,
gives a comparison among different kinds of spectra for gt fime. To study
micro Raman spectra, polished sample is first viewed undsrabpnicroscope for
focusing the laser beam on surface grains. The dark, baghtdull are attributes of
grains as seen under optical microscope. From the micro Rapextra it is evident
that the plasma smelted Nb does not contain much NbC as auosérwRD and
SEM studies. Such conclusion is further corroborated ftoerchemical analysis of
sample done by ICPS. ICPS result shows that the plasma shmétteium sample
(prepared from 15 % excess carbon added sample) contaif% 9¥b which is
very much on higher side compared to Nb content in its cagh{d8.56% in NbC,
90.281% in NRC:5).

5. CONCLUSION

The normal polarity arc plasma smelting of niobium pentexénploying carboth-

ermic reduction produces Nb with purity as high as 97.5%s Phoduct is suitable

for use as a metallurgical grade niobium in various appboat Low pressure appli-
cation in the reactor is not required in this process to ptedbe metal at this grade
of purity. Advanced characterization methods such as XREM SNVDS and Micro
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Raman spectra, employed to analyse the plasma smelted dib,tsht carbon in
the form of carbide is the main impurity with minor presen€aiobium pentoxide.
Carbon in Nb matrix is generally removed by decarburiza@rhigh tempera-
ture (2300K) under low pressure oxygen atmosphere. Repetaéty arc plasma
method can also be adopted to produce carbon free Nb if tiotitgposed due
to poor slag-metal separation in the process is overcome pldsma smelted Nb
reported in this investigation can undergo high tempeeati@carburization to serve
as a feed stock for electron beam melting to produce highypsuperconductor
grade -99.97 %) Nb.
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ABSTRACT: A carbon/nickel oxide composite capacitors were made uaneg
plasma jet and magnetron sputtering deposition technidqtdon coatings were
deposited on stainless steel substrates at atmosphesgupedrom argon-acetylene
gases mixture by plasma jet chemical vapor deposition. élickide (NiG,) layer
was formed on the carbon coating employing magnetron spgtdeposition. The
thickness of the deposited nickel oxide film was verified ia tnge from 18
to 360 nm. In order to characterize differences betweenymed capacitors, the
specific capacitance (C) and maximum working voltage (U)ewaeasured. It was
obtained that the increase of Ni@Im thickness from 18 nm up to 72 nm, increases
capacitance from 9 F¢ up to 15 F g'. Further increase of the metal oxide
thickness decreases the specific capacitance value. Exgpesl results showed that
the supercapacitors with thinner nickel oxide layers wotcstable. The stability
voltages were 0.58 VV and 0.35 V, for the capacitors with Ni&yer thickness of 18
nm and 360 nm, respectively.

KEY WORDS: supercapacitors, nickel oxide, carbon, capacitance

1. INTRODUCTION

In resent decade, a great attention is focused on the deweldpand research
of the supercapacitors. The supercapacitors due to thefispgoperties (large
capacitance, high power density, high efficiency of disgbaare widely used in the
electronic devises, uninterrupted power supplies, hytaid and power distribution
systems (Burke, 2007; Pandolfo and Hollenkamp, 2006; KadzZarlen, 2000).
Carbon materials such as carbon black, carbon nanotubdmncaerogel, or
activated carbon are widely uses as the electrode matefialgpercapacitors (SC)
(Pandolfo and Hollenkamp, 2006; Kotz and Carlen, 2000; Lalet2008; Yuan
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et al., 2005; Ganesh et al., 2006). These materials aretatgalue to their high
surface area, low electrical receptivity, high porositgdaalso their remarkable
thermal and mechanical properties. The carbon materialsienved from carbon
rich organic precursors by heat treatment, sol-gel formmaplasma technology, and
etc. (Pandolfo and Hollenkamp, 2006; Li et al., 2008). Thaspla jet technology
allows easier control of the carbon materials structuretb@groduction of coatings
at very high deposition rates (up to 100 nm/s). The high dnowates influence the
growth of carbon films with rough, porous, and non-unifornfaces. Therefore the
effective surface area of these coatings will be high endagtheir application as
double-layer capacitors (Reinhard, 2001; Marcinauskak,&007).

Beside carbon materials metal oxides (Yuan et al., 2005;drd Pickup,
2008; Wu et al., 2008), nitrides (Deng et al., 1998), conidgcpolymers (Alexis
et al., 1999) are considering to be promising materials tier dreation of redox
supercapacitors. It was reported (Liu and Pickup, 2008;-@¥ain et al., 2004)
that ruthenium oxide is the most suitable material for thedpction of SC. Ru@
SC performs great reversibility and high specific capacitaup to 18 F g~1).
However due to their relative high cost and technologicabfams of its production
new materials are considering as alternatives for the S@c&tlmn. Nowadays
much attention has been paid to low cost metal oxides suchi@g (NYuan et al.,
2005; Ganesh et al., 2006), Sh(Wu et al., 2008), Mn@ (Ravinder and Ramana,
2003), and so on (Venkat and Weidner, 2002; Winny et al., R0De cost of the
nickel oxide is relatively small and the manufacturing tealbgy is very simple
comparing to the ruthenium oxide. Good temperature stglbiisistance to calcium
alkali impact and high dielectric properties makes nicketle a great candidate for
the application in double-layer SC formation (Yuan et al0%; Liu et al., 2006;
Zhao etal., 2008; Wu et al., 2006).

Production of the double-layer SC made using carbon méatemizered by a
nickel oxide layer is very promising. NiQOacts as catalyst and increases the active
surface area; due to it higher capacitance values are ebtaivu et al. (2006)
showed that the specific capacitance of the NiO/graphitetreldes was 195 F
g~!. However the specific capacitance of SC depends on the nafttine carbon
material, nickel oxide fabrication conditions and oxidgdathickness (Pandolfo
and Hollenkamp, 2006; Liu et al., 2006; Zhao et al., 2008; Wal.e2006; Huang et
al., 2007).

The objective of the present study is to form the doubledayabon/NiQ
electrode and to investigate the influence of the N&der thickness on the specific
capacitance and stability voltage of prepared SC.

2. EXPERIMENTAL SETUP

A two-step technology was used for the fabrication of supgacitor electrodes.
The atmospheric plasma torch technology was used for thesdam of carbon
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coating on stainless steel 1X18H9T substrates. A detadsdription of the plasma
torch has previously been given (Akdogan et al., 2006). lation of nickel oxide
on the top of carbon film was done using magnetron sputtersiiépn vacuum
system.

Carbon layer was deposited at atmospheric pressure comglitiom an argon
acetylene gases mixture. Argon was used as plasma works)ggd acetylene as
precursor, with flow rates of 6.6 I/min and 0.12 I/min, respety. The arc voltage
was 36 V, current —24 A, deposition time —150 s, and the distdretween the
plasma torch outlet and the sample was 0.01 m. The depositienwvas determined
from the slope of the sample's weight change obtained usimgebalance with a
weight uncertainty of 21g.

The deposition of the Ni@was done using reactive magnetron sputtering. A
water cooled substrate holder and a shutter were locatednn déf the magnetron.
The target-to-substrate distance was 0.06 m. The chambegrewscuated to a
typical background pressure of 10to 10~* Pa by a pumping unit. This unit
includes a turbomolecular pump at pumping speed about? &5 for Ar, which
was controlled by a throttle valve. The sample temperatuss wontrolled with
the accuracyt5 oC. The steady state sample holder temperature during the film
deposition was 400 K which was reached after two minutesratliation. The
deposition parameters of the nickel oxide layers wereviolig: magnetron voltage
—244 V, current —1.5 A, estimated partial pressure of thegerygas 1.361.85 Pa.
The deposition times were 15, 30, 60, 120, 180, and 300 shvséd to growth of
nickel oxide films with thickness of 18, 36, 72, 144, 216, a6 Bm, respectively.

The surface topography analysis of fabricated electrodas warried out
using a scanning electronic microscope (SEM) JSM — 5600.cHneon coating
was characterized by Raman scattering (RS) spectrosctygyRB spectra were
recorded by conventional grating Raman spectrometer. ¥eitagion of the Raman
spectra argon ion laser, operating at 488 nm wavelength @26thmV power
was used. The overlapped background corrected Raman apéeinds were
fitted using least squares fitting software. Concentrateédisgaum alkali KOH
(10 motdm~3, 40 ml) was used as electrolyte. The electrical charatitsi®f
fabricated supercapacitors were measured using a typécatieal circuit (Pandolfo
and Hollenkamp, 2006).

3. RESULTS AND DISCUSSION

In order to evaluate structure of the deposited carbon IREmeasurement was
used. As seen from Fig. 1 the RS spectrum has two separate O pedks lied at
1360 cnt'and 1607 cm!. The G peak refers to the symmetrig,Earbon—carbon
stretching mode in graphite-like materials. The D bandgassio the zone edge;A
mode activated by disorder. The relative ratio of the D pea® {1/l ;) indicates
relative ratio of sp to sg sites in the films. A smallerg/l; ratio shows higher
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Fig. 1: Raman spectrum of carbon layer.

sp’ content (Robertson, 2002). The D-band and G-band full wadthalf-maxima
(FWHM) is 306 cnt! and 62 cn!, while the relative integrated intensity ratio
Ip/lg is 4.52. The broad D peak and high/l; ratio suggests the presence of large
concentration of spcarbon sites in the film (Robertson, 2002; Kim et al., 2008 T
narrow FWHM of the G band shows that the bond angle disorditeoarbon sites
is low and graphitic domains structure are close to micrstatiine graphite. Similar
intensity values of both D and G peaks associated with existef glassy carbon
inserts in the coating (Robertson, 2002).

SEM micrographs indicated that after deposition of varioia&el oxide layers
surface morphology changes (Fig. 2). The as-depositetrdilin exhibits self-
developed micro formations and contains many loosely aghparticles. Rough
cluster formations, randomly distributed with deep holetween clusters were
obtained after deposition of 18 nm nickel oxide layer. It nieynoticed that the
clusters consists of the grains with 500 nm size, which agoagerated into
different size (mostly 1-1Qm) clusters.

If the thickness of the nickel oxide reaches 72 nm, SEM serfaorphology
changes to 3D mesh-like structure (Fig. 2c). The structdréhis electrode is
composed from many interconnecting pores. It may be notihatl the density
of this film will be very low; however the effective surfaceearwill be high.
The further increase of the NiCfilm thickness decreases the porosity of carbon
layer and mesh-like structure is transformed into a grikm-éne. The double-layer
carbon/NiQ electrodes with the nickel oxide thickness of 144 nm (Fig. &ad
216 nm (Fig. 2e) still have some fragments of the mesh-likectire; meanwhile it
completely disappears when the Nifayer thickness is 360 nm (Fig. 2f).
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Fig. 2: Surface morphology of as-deposited carbon film (a) and
carbon layers after formation of various thicknesses of NiO

films: (b) 18 nm, (c) 72 nm, (d) 144 nm, (e) 216 nm, and (f) 360
nm.

Studies of electrical characteristics of the supercapactiave shown that the
electrical properties of obtained double-layer electsosignificantly changed if on
the surface of carbon layer a different amount of Ni® formed by magnetron
sputtering deposition. Influence of the effective thiclekdeposited Ni@film on
the supercapacitor specific capacitance is presented.i.Fig

The specific capacity increases and reaches a maximum \iBug ¢ ') for
the thickness of the 72 nm, and when starts decreasing wétlindrease of the
NiO- film thickness. The highest capacity value for 72 nm thicknafsNiO, may
be explained by the fact that the surface morphology is thetmorous due to
existence of the mesh-like structure. It also indicates tthe surface area at these
conditions is the highest one. Li et al. (2008) found thaboarayer, which consists
of smaller particles, has higher surface area, hence t&oilj ions transport to
the pores. As a result the specific capacitance also will gleehi It indicates that
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Fig. 3: Dependence of specific capacitance on the nickel oxide
layer thickness.

the surface topography has huge effect on the specific ¢apaei A substantial
decrease of the capacity at nickel oxide layers higher tl#anmi is related not
only with the decrease of the effective surface area, bat dle to the increase
of the distance between electrode surface and ion layer ghdi Pickup, 2008).
This effect is observed for the electrodes with Ni@f 144 nm and 216 nm. The
surface morphology is similar, however specific capacityrelases from 11 Fg
to 8 F g!. The changes of the surface morphology could be explainethdy
plasma etching phenomenon. Formation of the nickel oxildsoccurs at the
low quantities of deposited NiD Oxygen atoms arriving from the plasma react
with available carbon atoms and initiate chemical plasnchieg, due to it the
effective surface increases. Meanwhile at the high questitf NiO,, the nickel
oxide formations block heterogeneous reaction betweegeaxynd carbon atoms
and the increasing amount of deposited N&dnoothes surface geometry. It will
lead to the disappearance of the mesh-like structure (Big. 2

Measurements of the stability voltage indicated that iaseeof the effective
thickness of NiQ from 18 nm to 72 nm decreases the stability voltage from 0.58 V
and 0.35V (see Fig. 4). However, if the nickel oxide layeckhiess is equal or more
than 72 nm, the stability voltage keeps an almost constdnévahis phenomenon
of the stability voltage probably is due to insufficient ioimétics at small nickel
oxide layer thicknesses. As the Nitayer thickness increases, the ions kinetics
become better, and it leads to the reduction of stabilityags. The steady-state
stability voltage value for the films thicker than 72 nm sugjgehat the kinetics of
ions does not change.
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Fig. 4: Dependence of stability voltage on the nickel oxide layer
thickness.

4. CONCLUSIONS

Double-layer carbon/Ni@Qelectrodes were prepared by plasma jet and the reactive
magnetron sputter deposition techniques. RS measuremdictied that carbon
layer consist of spcarbon sites and are attributed to graphite-like coatintp wi
glassy carbon phase inserts. A dependence of nickel oxyae thickness on the
electrode electrical parameters was demonstrated. It ard@smed that the surface
morphology and effective surface area has the highest wahen nickel oxide
layer thickness is 72 nm. It corresponds to the highest Bpexpacitance value
(15 F g1). Further increase of the thickness reduces the specifacitapce and
the carbon/ NiQ@ electrode with 360 nm nickel oxide layer shows only 7 F g
capacitance. Experimental results showed that supertasawith thinner nickel
oxide layers work in a much stable way. The stability voltdgereases from 0.58 V
to 0.35 V increasing the thickness of NiGilm from 18 nm to 72 nm. Further
increase of the nickel oxide layer thickness has no effe¢herstability voltage of
prepared supercapacitors.
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ABSTRACT: This work deals with the comparison between calculationd an
measurements of pre-arcing times in High Breaking Capdugigs under typical
fault current conditions. This paper also describes thep&zature evolution and the
Joule energy dissipated in a fuse element during the pieeatitne. By varying
typical electrical parameters, namely the closing angle thie power factor, we
show that various prospective currents such as those @usarindustrial case can
be fairly simulated. The pre-arcing time and then the cepof the fault current
are shown to be deeply dependent on these electrical chdstics. We exhibit
simulated results of prospective current and supply veliagves for given closing
angles under two typical power factors which are compared thie experimental
ones. A comparison between simulated pre-arcing times @xfferimental ones
shows some discrepancies and a discussion on the numessamptions is
made.

KEY WORDS: HBC fuses, pre-arcing time, closing angle, power factarspec-
tive current

1. INTRODUCTION

The role of High Breaking Capacity (HBC) fuses is to restticd damages to the
persons and to the electrical equipments by limiting andrinpting prospective
faults occurring in power distribution networks and in isthal installations. This is
realized by means of the combination of four main elemewts fivhich HBC fuses
are built. A typical HBC fuse consists of a calibrated silfigse element. This fuse
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element configuration (geometry and notches regularlyespétwough the length)
and its physical properties (resistance for example) dexteel to achieve a good
conducting current path through the fuse. The current gaéthlsio ensured by fuse
contacts (in each end side of the fuse) in which the fuse eleisenvelded. The
fuse element is surrounded by silica sand as filler which iote absorb the heat
generated by the fuse element and to absorb the arc energy ttduse clears
the fault current. The fuse element and the filler are endlagsa mechanically and
thermally strengthened cylindrical fuse body. When a susthoverload occurs,
the fuse element will generate heat (especially in the mafcHissipated along the
fuse length in a first time, and in a second time the heat canalsep to the
filler. If the overload persists and becomes higher, thentlagequilibrium is not
achieved in the fuse, and then the fuse element reachey fisstinelting point,
secondly its vaporization point and finally disrupts by tpeearance of an electric
arc (Wright and Newberry, 2001). Industrialists call thime step the pre-arcing
time. The electric arc created leads to a silver plasma ceatpof metallic vapours.
When increasing its length (burn-back phenomenon), thetredearc also interacts
with the sand filler due to the energy brought by the fault. ©tie electric arc
is much longer, this latter could not be maintained by thepgupoltage and
then the current in the fuse falls to zero. This defines thm@ritme. The whole
fuse operation is usually divided in these two latter stgiyésght and Newberry,
2001).

In the past many authors were interested in the optimizatifuse performance
with special reference to the pre-arcing. Some studies waméed out undeAC
supply (Gibson, 1941; Leach et al., 1973; Wilkins and McEWE®Y5; Wheeler,
1976; Bussiere et al., 2008), others undC supply (Gibson, 1941; Wheeler,
1976). The main tasks of these investigations were to utadetsn which manner
electrical characteristics of a circuit network play a rioléhe fuse performance and
to link the electrical energy dissipation of the fuse to thedgction of pre-arcing
times.

In this work the pre-arcing behaviour of HBC fuses is analysethe case of
realistic industrial test conditions in terms of some chtewstics of the prospective
fault current undeAC supply. This is done by varying the closing angle and the
power factor values founded in industrial HBC fuses. As tlosing angle and the
power factor values decide respectively on the instant pkapmnce and on the
magnitude of the fault, the pre-arcing time is strongly defsnt on their values.
Simulations and measurements are carried out for closigle aalues varying in a
wide range as in industrial operation and for two power fagtdues corresponding
to the two typical cases namely the inductive case and thsivescase. In section 2,
the experimental test is presented, following by the gepnadtthe fused element
used in simulation and in experiments and the mathematiodemThe simulated
and experimental results are exhibited in section 3 anduglisen is drawn on in
section 4. Conclusion is done after.
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2. EXPERIMENTAL SET UP AND THERMO-ELECTRICAL MODEL

2.1 Experimental Test

The experimental test device built from a 100kVA true singifase transformer has
been designed to reproduce the whole fuse operation indantiitions similar to
the industrial test conditions. The experimental device e test operation have
been described in previous works by Bussietal. (2008) and Memiaghet al.
(2008). The main electrical parameters of the measureraeatecalled hereafter.

The first step before a fuse operation is to set the closinteddgfined as the
phase angle of the beginning of the fault current or prosgecurrenti,, once the
supplied voltage, is applied to the fuse) and the power factor. The closingeg|
is expressed in time units (Fig. 1) by:

6(°)

At(ms) = 18 1)
The power factor is deduced from the following formula:
cos @ = L 2)
v VR w?

whereR and L are respectively the resistive load and the inductive loads the
pulsation calculated at 50 Hz.

The second step is to set the prospective current which standhe electric
fault. This faultis calculated as:

: 14 : : _R
ip(t) = CESE) X (sm(wt +0— @) —sin0 — @) xe §t> (3)
2 . cos p~0.1  6=160°
< 0.00 ! 0.02
: LT me)
S | |
B0 0.02
% time ()

" At (ms)=6°/18 ~ pre-arcing time “arcing time

Fig. 1. Characteristic curves of fuse breaking under AC
supply: fuse voltage ¢, supply voltagev,, fuse current,
prospective curren,.
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whereV is the peak value of the supply voltage at 50 Hz arisl the time. It is
important to notice that according to international stadd@dlEC, 2005), the current
passing through the fuse is equated to the prospectiveciaunt during the whole
pre-arcing stage. So currei}(t), currentiy(¢) and current(t) stand for the same
fuse current.

The Joule energyV; dissipated in the fuse-link due to the passage of the fault
current during the pre-arcing time (duratigy) is given by:

tp

W, = / Ry(t) x 2(t)dt, @)
0
whereR; is the fuse resistance.

2.2 Fuse Element Geometry

Simulations and experiments have been carried out for aliitlsevith circular
reduced section shape bfe = 0.5x0.105 mmi. The fuse-link length i, = 66
mm and its cross-section arealise = 1x0.105 mm. For the experiments, the
fuse element (designed to reproduce elementary phenonoegarring in industrial
fuses) is introduced in the circuit network by means of areexpental fuse cell as
depicted in Bussiere et al. (2008).

2.3 Thermo-Electrical Model

The mathematical model dealt with thermal effect and dtdtreffect problem.
This problem is based on the heat transfer equation withuiimh as the main heat
loss term and Joule heating as the main source term. Thedhelautrical problem
is usually written as:

OH 17|

—— — V.(ka,VT) = - 5

ot v( Agv ) O_Agv ( )
whereH represents the enthalpy of the silver fuse-link, ando 4, are respectively
the thermal and the electrical conductivity of silver (badiépending on enthalpy)
andJis the current density vector. The current density is olethiinom the Laplace
equation and the Ohm’s law which are governed by:

| T .

L z
Fig. 2: Fuse element geometry used in simulations and
experiments.
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V.(04gVV) =0,
E=_VV, (6)
J= GAgE.

V is the potential anét is the electric field vector. To solve numerically the system
[Egs. (5) and (6)], the finite elementsethodis used for space discretization and a
Chernoff schemis used for time integration. Details of the mathematicatiei@nd
the numerical method are reported in Rochettal. (2007).

3. RESULTS

We present results of prospective current, supply voltage the temperature
evolutions during the pre-arcing stage under given powtofand closing angle.

3.1 Closing Angle 0fo=12.1 under Inductive Power Factor cosp ~ 0.1

Figure 3 presents the simulated and the experimental wamefof the prospective
currenti,, and the supply voltage, during the pre-arcing time in the case of a
power factor fixed at cag ~ 0.1 and a closing angle 8=12.7°. In simulation the
pre-arcing time is obtained once the whole latent heat obnaation is provided.
This simulated pre-arcing time is 6.96 ms and the pre-ariing measured is 6.13
ms (the relative discrepancy is about 12%).

In Figure 4 is exhibited the simulated fuse-link tempematuse and the Joule
energy W dissipated in the fuse during the pre-arcing tifié; at the end of
pre-arcing time is 10.80 J. We give also the temperaflie corresponding to
the pre-arcing time measured. The pre-arcing time meassreepborted on the

cos p=0.1 0=12.1°

600 -
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300
200+
100
0
-100
200
300+
-400-
Fig. 3: Simulated (line) and measured (full squares)
prospective fault;, and simulated (dash) and measured
(full circles) supply voltage; during the pre-arcing time.
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Fig. 4: Simulation of the temperature evolution (continu-
ous line) with the experimental value of (solid circle)
and W; (dashed line) in the fuse during the pre-arcing
time.

simulated temperature curve to estimate a temperatureedeta the pre-arcing
time obtained in experiments. This temperaturé.is = 1656 K. The temperature
evolution exhibits four main stages. During the first stad& jlis devoted to rise the
temperature of the fuse element from its initial tempea{@00 K) up to its melting
temperature®,,). During the second stagel®; is involved in the solid to liquid
state change by means of the latent heat of fusion. Thisdtatege participates in
a considerable variation of the fuse-link resistivity [tia¢io of the liquid resistivity
to the solid resistivity for silver is about2.1 (Matula, 1979)] and consequently the
liquid resistivity leads to a fast temperature rise up tovagorization temperature
(T,) as it can be seen in the third stage 3. In the fourth stage4adhstant fuse-link
temperature observed is due to the latent heat of vapanzathich requires a
significant energy [about 10 times related to the energyssacg for the latent heat
of fusion (Bahrin, 1995)] is necessary for the whole liquapour state change.

3.2 Closing Angle ofo=9(° Under Inductive Power Factor cosp ~ 0.1

Figure 5 gives the waveforms @f andv, during the pre-arcing time in the case
of cosp ~ 0.1 and for8=90° for simulation and experiments. Simulation and
experiments give respectively pre-arcing times of 14.16amd 12.68 ms (the
relative discrepancy is about 10%). The limitation of thaltfaurrent occurs in the
second half-wave and the pre-arcing time is in both cases tonger compared to
the previous ones obtained o 12.1°.

This result is interesting because the fault current hasmam characteristics
that the fuse tends to reduce as better as possible: theahuaaid the magnitude.



SIMULATIONS AND MEASUREMENTS OF THE PRE-ARCING TIMES 261

cos p~0.1 6=90°
400 !
300+
200
100

0
1601
-200-
-300
4001

v (V) i (A)

Fig. 5: Simulated (line) and measured (full squargsand
simulated (dash) and measured (full circlesduring the
pre-arcing time.

The duration and the magnitude of the fault are expressedparameter which
characterizes all fuse performances, doele integral(I%t = [i7 i%(t)dt). These
two characteristics are significant in the caséaf 90° because in this case the
Joule energy is maximum.

This is illustrated in Fig. 6 which exhibits the temperatarel thell; plotted as
a function of the timelV; at the end of pre-arcing is 16.45 J and is 65% higher than
that of 0=12.1°. An estimate of temperature corresponding to the pre-giime
measured i, = 1766 K.
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Fig. 6: Simulation of the temperature evolution (continu-
ous line) with the experimental value of (solid circle)
and W; (dashed line) in the fuse during the pre-arcing
time.
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The curve of Fig. 6 presents the four main evolutions as it se&n in Fig. 4.
In stage 1 of Fig. 6 the fuse temperature increases and desrdae to the current
waveform. This means that once the current falls down andhe=azero, the
Joule heating also decreases: heat transfer by conductiontiie hottest points of
the fuse element to the remainder fuse appears and consigaihentemperature
decreases.

3.3 Closing Angle 0f6=160 under Inductive Power Factor cose ~0.1

In Fig. 7 we show the prospective current and the suppliethgelwaveforms for
a closing angle of 160both for simulations and experiments in the case ofpeos
0.1. From the appearance up to the passage to zero in thediirglyble, the fault
current could not really damages the fuse due to the facthieatnagnitude of the
faultis not significant, ..., ~19 A) during this period.

The current limitation occurs in the second half-wave aredgte-arcing time
is 8.85 ms for simulations and 7.90 ms for experiments. Tlaive discrepancy is
about 11%.

Figure 8 shows the temperature and the Joule energy histuiéng the pre-
arcing time.W; at the end of pre-arcing time is 10.67 J. From the energy point
of view the characteristics of Fig. 8 are very similar to ta@btained in the case
of 6=12.2° of which W; is 10.80 J. The duration of the fault current in the first
half-cycle (about 2 ms) foB=160" explains the difference between pre-arcing
times values. Figure 8 also gives the estimated temperaturesponding to the
pre-arcing time obtained in experiments whicliis = 1300 K.

3.4 Closing Angle of9=6.7 under Resistive Power Factor cog ~ 0.9

Figure 9 presents the waveforms of the prospective curier@nd the supply
voltage v, during the pre-arcing time in the case of aps~ 0.9 and for6=6.7

cos p~0.1 0=160°

500
V
400 s
~~ 3004 "s..:":(...,xlv
< ™ TN
~ 200+ .;". ~
o 1004 0
0+ .
2 1004 -0.005
22004
a7 300
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Fig. 7: Simulated (line) and measured (full squargsand
simulated (dash) and measured (full circlesduring the
pre-arcing time.
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Fig. 9: Figure 9: Simulated (line) and measured (full
squares) prospective curreptand simulated (dash) and
measured (full circles) Muring the pre-arcing time.

for simulations and experiments. Simulations and experimgive respectively
pre-arcing times of 5.11 ms and 4.67 ms (the relative disgrep is about 9%).
Compared to the simulated pre-arcing time obtained in tee chcosp ~ 0.1 for
0=12.1°, the pre-arcing time obtained from simulations in this ¢cé&sshorter and
the relative difference represents about 27%. The same\attie® is done when
looking to the measured pre-arcing times for which the diffiee is about 24%. The
value of the closing angle is not the main reason to explamdifference; but the
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magnitude of the fault current which is higher in the regestase compared to the
inductive one.

Figure 10 shows the temperature and the dissipated enestgyibs during the
pre-arcing timel¥/; at the end of pre-arcing time is 10.30 J is quite equal thamatb t
obtained in the case of cos~ 0.1 for8=12.1°. Figure 8 also gives the estimated
temperature corresponding to the pre-arcing time obtainexkperiments which
given byT,, = 2433 K.

3.5 Closing Angle 0f6=90° under Resistive Power Factor cog ~ 0.9

Figure 11 presents the waveforms of the prospective cuiteand the supply
voltage v, during the pre-arcing time in the case of aps~ 0.9 and for6=90°
for simulation and experiments. Simulations and experim@ive respectively
pre-arcing times of 4.77 ms and 2.53 ms (the relative discreypis about 47%).

Figure 12 shows the temperature and the Joule energy bistdiiring the
pre-arcing time.WW; at the end of pre-arcing time is 10.48 J and the estimated
temperature corresponding to the pre-arcing time obtainezkperiments which
correspond td@,, = 1235 K.

3.6 Closing Angle 0f6=160 under Resistive Power Factor cog ~ 0.9

Figure 13 presents the waveforms of the prospective cuireand the supply
voltage v during the pre-arcing time in the case of aps~ 0.9 and foro=160
for simulation and experiments. Simulations and experis\give respectively
pre-arcing times of 6.60 ms and 5.64 ms (the relative disgrepis about 15%).

-12

T

24004 ¢
A~ N (W14
N 21004 I,
p— | ¢
% 1800- |8

1500- i =
= (e =
Q i
- N
Q !
— |2

i

O T T T T L T 0
0000 0001 0002 0003 0004 0.005
time (S)

Fig. 10: Simulation of the temperature evolution (contin-

uous line) with the experimental value §f (solid circle)

and W; (dashed line) in the fuse during the pre-arcing
time.
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Fig. 11: Simulated (line) and measured (full squ-
ares)i, and simulated (dash) and measured (full
circles)uv, during the pre-arcing time.
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Fig. 12: Simulation of the temperature evolution

(continuous line) with the experimental value of

t, (solid circle) andW; (dashed line) in the fuse

during the pre-arcing time.

Figure 14 shows the temperature and the Joule energy kstdrring the
pre-arcing time.WW; at the end of pre-arcing time is 10.37 J and the estimated
temperature corresponding to the pre-arcing time obtainezkperiments which
correspond td,, = 1235 K.

3.7 Summary of the Results

In Table 1, we recall the different pre-arcing time valuetaoted from simulation
and experiment with the discrepancies observed. In Tabler@rander of the
corresponding temperature of measured pre-arcing timedsa g
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Fig. 13: Simulated (line) and measured (full squares)
ip and the simulated (dash) and measured (full circles)
v, during the pre-arcing time.
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Fig. 14: Simulation of the temperature evolution (contin-

uous line) with the experimental value#gf(solid circle)

andW; (dashed line) in the fuse during the pre-arcing
time.

4. DISCUSSION

Table 3 gives the simulated pre-arcing times andWhg values, during the four
stages previously quoted for the three closing angles uodgrp ~ 0.1. The
distribution of the Joule energies is quite similar duriaglecorresponding stage for
the different closing angles. Indeed, except in the stagelirestage 4 06=90° for
which the energies represent respective§5% and~35% of the whole dissipated
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Table 1: Relative discrepancy between simulated and experimen-
tal pre-arcing times.

Simulations\ Experiments\ Relative discrepancy (%)
0(°) tp (Ms)—cosp ~ 0.1
12 6.96 6.13 12
90 14.16 12.68 10
160 8.85 7.90 11
Simulations| Experiments| Relative discrepancy (%)
0(°) tp (Ms) —cosp ~ 0.9
6 511 4.67 9
90 4.77 2.53 47
160 6.60 5.64 15

Table 2: Experimental pre-arcing times and equiva-
lent temperature for the two power factors.

cosp ~ 0.1 cosp ~ 0.9
0C°) [ tp(ms) [ Teg (K) | t, (MS) | Teg (K)
6.7-12.1| 6.13 1656 4.67 2433
90 12.68 | 1766 2.53 1235
160 7.90 1300 6.64 1235

Table 3: Simulated pre-arcing times anid@l’; during the four stages
under cosp ~ 0.1.

cosp ~0.1 Wi (J)
0(°) | Pre-arcing time (ms) stage 1| stage 2| stage 3| stage 4
12 6.96 4.14 0.62 1.81 4.23
90 14.16 7.39 0.81 2.52 5.73
160 8.85 4.17 0.62 1.77 4.11

energy; the percentages of the dissipated energies fdrealetevant cases are quite
similar:

In stage 1 the percentage88% foro=12° and ~39% for6=160",

In stage 2 the percentage 46% for 6=12° and 8=160", and ~5% for
0=90°,

In stage 3 the percentage~d 7% for6=12° and6=160", 15% for6=90",
In stage 4 the percentage~i89% foro=12° ando=160".

The percentages of the dissipated energies for all theaielesases are quite
similar:
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In stage 1 the percentagei88% for6=6° ando= 160", ~36% foro=90,

In stage 2 the percentage~i$% for86=6°, 6=90° ando6=16C",

In stage 3 the percentage~d 7% for6=6° and®=160", 19% foro=90°,

In stage 4 the percentage~89% for 6=6°, 40% for 6=90° and6=160".

Table 4 gives the simulated pre-arcing times and the dissiganergy values, during
the four stages previously quoted for the three closingesnghder cog ~ 0.9.

Table 4: Relative discrepancy between simulated and experimental
pre-arcing times.

cosp ~0.9 Wi ()
9(°) | Pre-arcing time (ms) Stagel| Stage 2| Stage 3| Stage 4
6 5.11 3.92 0.58 1.75 4.05
90 4.77 3.78 0.58 1.98 4.14
160 6.60 3.93 0.58 1.72 4.14

In simulation and in experiments it is observed that thegrmng stage is much
longer in the inductive case compared to the resistive ddss observation is made
for all the relevant closing angles due to the fact that tlsjpective current is most
important in the resistive case compare to the inductive one

Both under inductive and resistive case, pre-arcing tineaioed by experi-
ments are lower than those obtained in simulations; two megisons could explain
that.

First, previous works (Bussiére et al., 2008; Rochetté. e2@07) attributed the
uncertainties between simulation and experiment to iteegy found in the notch
shape and to the fact that sometimes one or some silica geeéngnfortunately
introduced in the center of the fuse. Second, the discrépambserved between
simulations and experiments are mainly due the physice atavhich the fuse link
should disrupt. According to us, mechanical stress musakentinto account and
these forces are also responsible of the rupturing of the fagleed the equivalent
temperature value corresponding to measurements, pregdimes is observed in
most cases at timg corresponding tér,, < t, < t7yqp-

5. CONCLUSION

In this study was investigated the simulated and measurerasponse of a HBC
fuse submitted to typical fault currents und®C supply. Two key parameters such
as the closing angle and the power factor were used to cbamecelectrical fault
test conditions close to the industrial test conditions magiired by international
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standards. The prospective fault was founded to be deptpdesuch parameters
and consequently the pre-arcing time. A resistive powenfagives fault current

higher than the inductive power factor, and then the preigriime was founded to
be longer in the inductive case compared to the pre-aramng ith the resistive case.
The role played by the closing angle in the pre-arcing donattas analyzed and we
found that typical closing angle values involve maximurrsitiated energy which
is interesting for Joule integral prediction. This is venypiortant for industrialist

and for standard organizations in prediction of “the curiesat integral” curves.

Good agreements between simulations and experiments wenedd by the fact

that the mathematical model reproduces easily tested womslclose to industrials.

Some discrepancies were observed which could be explaynéldebfact that the

enthalpy dependence of the thermal conductivity found énliterature (calculated

and measured) is given up to the temperature of 1900 K, aldbdata has been

fitted. We also did not take into account the volume expan&iagran et al., 2006)

of density calculation after melting.

The equivalent temperature related to the measured pirggaime supposed
that disrupting of the fuse is not only due the thermal prec&sis supposed that
other contribution possibly due to mechanical stress ishioed to the thermal
stress to cause the rupturing of the fuse element beforenthefethe whole latent
heat.
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ABSTRACT: For copper and chromium, used in alloy component electrodes
vacuum circuit breakers, the cathode spots are initiatethimnon meter spikes
above the surface of the electrode, they are consideredliadeng with a height
equivalent. After spraying of these peaks the cathode samthes the surface of
the electrode on which it will expand according to a proposeutiel. The two
studied materials have quite different thermophysicapprties, but they lead to
comparable results. In both cases the erosion of cylindsjm&es is due to the flow
of energy provided by the cathode spot, the mechanism &rdiit from those found
for the molten bridge or for fuses where the Joule effectasifly factor to take into
account.

KEY WORDS: copper and chromium alloy, vacuum breakers, erosion, datho
spot

1. INTRODUCTION

This study is connected with copper chromium alloys useddouum circuit
breakers where for currents below 40 kA the anode is not iedtdgracted form
and does not interact with the electrode, only the life tingited spots cathode
appear and disappear on the electrode surface and modffgdtstructure of the
alloy is the result of the inclusion of chromium aggregateshie copper matrix;
the cathode spots will then be formed independently on batenals and have
different features. The analysis of the behaviour of twoamals, studied separately,
will assess differences in response to energy supplieddygdthode spots to see if
it is possible to consider a macroscopic material with mdarsigal properties. To
achieve this goal it is necessary to analyze the developaieathode spot since its
creation to its extinction.
Cathode spots on the contacts of vacuum circuit breakeesdnbifie time limited

to a few tens of nanoseconds Beilis et al. (1997), to ens@@dissage of current
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during the phase when the arc is present, they must havenoahtienewal. They
appear on the end tips of a few micron meters in height and doemmeter in
diameter, and then they expand on the flat part of the matetiah the tip has
disappeared through erosion.

In the proposed model these tips are treated as cylindésssthot inconsistent
with the assumptions made by Mesyats (2000), because tivdeylis, before
the creation of the cathode spot, surmounted by a conicéaltipalr is destroyed
very quickly by creation of an Ecton. The transition will berg by increasing
the radius of the base of cathode spot. The final size of thesspmuld be on the
order of magnitude of those given by several authors Pro8Bg) Klien et al.
(1994), therefore the working of the cathode spot shouldedtisturbed when this
transition occur; if the conditions imposed on certain [itsisparameters are not
satisfied it disappears.

After presenting the basic equations governing the interfeetween the base of
the arc and the surface of support material, giving the floarafrgy transmitted to
the latter, the numerical solution is briefly presented. f4mg this model to a metal
cylinder shows the linear erosion and precludes the foonatf a molten bridge.
The complete simulation including the cylinder and the tetete gives results on the
comparative erosion of both materials.

2. BASICTHEORY OF CATHODE SPOT, SIMULATION METHOD

2.1 The Cathode Spot

Figure 1 shows the model of the most successful spot cuyrBeilis (1995) with
associated zones. The expansion zone provides the toanétween the last part
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Fig. 1: Schematic diagram of cathode spot zones
Beilis (1995).
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of the cathode spot and the arc column, it presents largatiars in particle
temperature and density, it is an area little studied. Iratkea of electron relaxation,
the flow toward the column undergoes a speed reduction irggditbm collisions
with ions and atoms coming from the electrode. This area eften relaxation
includes the zone of heavy particles relaxation where tipowes emitted by the
metal surface are progressively ionized, creating a zonmositive space charge
at the edge of the ballistic zone which leads to an intensetrilefield (about
8 x 102 Vm~! Beilis et al. (1997)), this field is determined by integrgtithe
Poisson equation on the contraction zone. This electrit éietl high temperature of
the surface of the material cause the emission of electidmes.electronic current
density.J is obtained by the classical equation of Murphy and Goodg}) &&sulting
from solving the Schrodinger equation, knowing the valoesurface temperature
and electric field/ values can be determined. For further calculations predettite
values ofJ are obtained simply by assuming that the radius of the catlspdt is
either assigned (cylinder case) or given by different axgtdhen the spot develops
on a large flat electrode. In the article presented the carisewrith the change in
value of the radius of the spot when the cylinder is compjetedbded and that the
spot must occupy an area compatible with the valuekfof a flat surface larger.

In the ballistic zone particles undergo acceleration tesufrom the action of
electric field, without any interaction between them. Thietdescription of the
base of the cathode spot shows the need for the presenceationstbombardment
of the electrode providing the necessary energy, withait firesence, i.e. without
vaporization of the electrode cathode, the spot does natupe electrons and
disappears. It should be noted that another cause of théasttof the electronic
emission is the collapse of the electric field for geomekneasons, especially when
the surface of the electrode is concave as a result of eroslany equations are
associated with this model, they describe the flow of pasiahto different zones.
To solve the problem, just write the equation giving the fldwmergy P, arriving
on the surface of the electrode, corresponding to the rdtaw of ions on the
electrode Cobine et al. (1955):

Pions = (L= 5) x (Ve + Vi = Vi) x J )

sis defined as the electronic fraction, the quantity- s) represents the fraction of
total current resulting from ion flowk. defines the cathode fallj; the ionization
potential andV/; the potential corresponding to the work function for elect and
J is the current density at the electrode surfatenay vary radially and temporally,
for calculations that follow this quantity is consideredhstant, distributions using
lightly parabolic or Gaussian low does not change the canmhs of this study.
Table 1 gives the values for these parameters for coppertamochaum.

The flow of energy given by Eq. (1) will be dissipated at thecetzde in three
forms of unequal values Lee (1960), Lee et al. (1961):

Pions = Pthermal + Pec + Prs (2)
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Table 1: Associated potentials to copper and chromium.

Potentiel Copper| Chrome| Références
Cathode fall \. /V 15.05 | 17.05 | Strachan (1976)
Grakov (1967)
Beilis (1969)
lonization V, /V 7.73 6.77 | Lide (2001)
Work function V; /V 4.8 4.5 Lide (2001)

the first term corresponds to the flow of energy transferretiesd, the second
represents the flow of energy for electrons to exit the metdhse and the third is

the flow of energy radiated by the spot. Only g, .. flux is dominant, hence the
relation:

2.2 Numerical Resolution

Pthermal = Pions

®3)

The evolution as a function of time of the electrode struetinat receives the heat

flux given by the Eq. (3) is obtained by solving the equatiohedt in its enthalpy
form Abbaoui et al. (2005):

0H

ot

-
= div(kVT) + Source

(4)

H is the enthalpy of the material at the considered paitite thermal conductivity,

T the temperature ansource represents the energy created in the material by Joule
effect. The enthalpy varies with temperature (Fig. 2), tlgemal turns into liquid or
vapour when the values of enthalpies of liquefaction anesiaation are achieved.
The calculation program is to solve Eqg. (4) for all points fud imesh electrode, it
gives enthalpy values, temperature and phase of each gogiten by reference
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to the curves in Fig. 2. After transformation, and where @rentSource is zero,
Eg. (4), showing no analytical solution is solved in an agprate way by the finite
element method Rossignol et al. (2000).

If ©; is the integration area, this area varies over time, Andhe set of indices
defined on the field, the solution is the function:

Hh = Z Hz(t)q)z (5)

1€Jm

The temporal discretization is obtained by consideringvisidin of defining
regular intervalst of time space, current time is representedtly = mr, the
objective is to determine the function:

m+1 __ m—+1 4
Hptt =3 H 6)

the functiond is a regular function with real values needed to discretizalbmain.

The removal of areas that have reached the enthalpy of wapior requires
solving a Stefan problem with removal, in case of an axisytnmgeometry, the
solution is the following linear system:

/hfhd)rd?”dz —I-/a(H}T)VdH}T"_IV([)rdrdZ = |Pihermar® .y, rdrdz (7)

Im JIm JIm
a(H}") is the spatial derivative of the functighdefined by:

T
B= [ k(u)du (8)
To
the thermal conductivity changes with material temperature
The mesh in two dimensions defined fields objects of solving Eq. (7) for
an axisymmetric geometry, the field after evolution can be deleted, so there is
evaporation, when the following condition is satisfied:

/Hdrdz>/ Hyqprdrdz 9)
K K

H,q, represents the material vaporization enthalpy.
The boundary conditions are:

e on the surface corresponding to the cathode spot, the fleetdil towards the
material is defined b¥;;.crmai,

e for all other surfaces of the cylinder there is no energy arge, this
condition is justified by the short duration of the phenomendhere the
surface of the cylinder are considered to set the temperahposed at = 0
(general case).
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3. STUDY OF THE EFFECT OF CATHODE ARC ROOT ON A CYLINDER

3.1 Cathode Spoton Metal Tips

The works of Mesyats (2000) on the formation of cathode spot&cuum show
that they appear at the top of metal spikes arranged on tfexswf the contact and
measuring about ftm height and with a diameter varying around this value. For a
copper electrode, the author states that the diameter cfpibiein this case is 1.4
um, and carries a current of 10 A. It is correct to assume ttsitgfier the birth of
the cathode spot, the tip may be treated as a cylinder. Twsigddyphenomena are
added to transmit energy to the cylinder, the flow of ions &edlbule effect.

3.2 Comparison of the Effects Between Cathode Flow and Joulffect

Figure 3 shows the ion flux and a 10 A current through a cylirafet.4 um in
diameter and gum height, this value was chosen to meet the boundary conditio
The energy flows received, given the Egs. (1) and (3) and data Table 1, are
respectively2.34 x 1013 W/m? for copper and.51 x 10'3 W/m? for chromium.
In this case the lateral surface of the cylinder located atsdime height z that the
surface receiving the energy flow reaches in a very shortttimsame temperature,
as the heat exchange with the environment (here the vacuimgligible, the
evolution of thermal phenomena is ultimately comparabliaab of a 1D geometry.
The time step chosen for this calculation is 0.1 ns and thpesgtace is 0.0@2m.

The removal is homogeneous on the upper surface of the eylitite thickness
of liquid remains constant after an evolutionary phase thats two or three
nanoseconds, the average values are given in Table 2.

”--~

=1
‘ﬁ

Radius=0.7pum
Fig. 3: The cylinder used to simu-
late Joule and thermal effects.

Table 2: Mean liquid thickness during arc root on
the cylinder.

Copper | Chromium
With Joule effect | 0.283um | 0.178um
Without Joule effect 0.251um | 0.163um
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Figure 4 gives the volumes of solid material that has champiede, with and
without the presence of the Joule effect.

The Joule effect gives by an increase in the thickness oidifjd% for copper
and 9% for chromium. The removal speed determined from theeswof Fig. 4 is,
respectively, 320 m/s without Joule effect, for the coppdinder and 310 m/s for
the chromium, these values increase onlg%@fwhen the Joule effect is taken into
account. Given the simplifying assumptions chosen for theysof the effect of the
cathode spot on an electrode, it is not necessary to takadatmunt the Joule effect
in the material.

The result shows that the tip (here cylindrical) does notadlike in the case
of the bridge where the melted spot is hot present but evegsah a constant speed,
the points with an average height ofiin they will put less of 3 ns to disappear.

4. FLAT ELECTRODE SURMOUNTED BY A CYLINDER OF LITTLE
DIMENSIONS

4.1 The Geometry Used

Figure 5 shows the arrangement used for the calculatioasyiinder representing
the tip has a radius equal to= 0.7 um Mesyats (2000), the lower cylindrical part
is small in order not to unnecessarily increase computdiioe, it is large enough
for the time life of the cathode spot chosen. The method afutation uses the
symmetry properties of the axisymmetry electrode. To makemesh, then the
calculations should be considered only the area bounddukimtial plane of the
diagram by the symmetry z axis (right part of Fig. 5). Thistpas represented
schematically in Fig. 6, the scale of the mesh is not obseiwdtlis figure for
readability, the finest meshes are equabi® x 10~" m, the greatest differ by a
factor 5.

Copper Chromium
10 5x107 — -
e Liquid volume without Joule effect a---4 Liquid volume with Joule effect P
————— Vaporized volume without Joule effect +---+ Vaporized volume with Joule effect  }*
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Fig. 4: Vaporized and liquid volume for copper and chromium with avithout
Joule effect.
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Fig. 5: Electrode with a cylindrical tip.
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Fig. 6: Mesh used for the electrode.

4.2 Simulation Results about Copper

The results for the two materials are quite similar, onlysthdor copper will be
presented in detail. There are two stages: the erosion aftimelrical tip, then after
a transition phase, the erosion of the flat part of the eldetrBor the first stage the
value of heat flow is the same as defined for the cylinder in@e&t2, a value equal
t02.34 x 103 W/m?.

Figure 7 on timeg = 0.4 ns shows that the phase of spraying is already active
and that the erosion is effective, the liquid layer is aboft0n, this value remains
constant throughout the erosion phase of the cylindrigal Rigure 8 shows the
temperature changes that have already made in the ele@tode 2.6 ns, only a
small portion of the tip is still visible. From Juttner (2DGhe values of the radius of
cathode spot currents of 10A are greater than the valad.7 um, an expansion of
the value of the surface on which the flow of ions arrives isessary. The theory of
section 2.1 shows that the spray may not stop, otherwisetiteiption of metal ions
can not stop, hence a new value of the appropriate flux is segefor that condition
will be satisfied. This theory also shows the need for an etefield sufficient to
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Fig. 7: Arepresentation of the cylindrical tip &= 0.4 ns.
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Fig. 8: At t = 2.6 ns the cylindrical tip is nearly ablated.

ensure the electronic emission, implying a value not toohmafadhe depth of the
crater obtained in relation to its diameter. After severaherical tests, it appears
clearly that for the evolution of the radiuséat 2.7 ns, in the case of copper only
the stepped function limits the digging too fast from the@raand only the factor

of 2 to increase the radius of the surface flow leads to a comti® emission of
metal vapour. Figures 9 and 10 show respectively the ewolwf the electrode at

t = 2.8 ns and at = 5.0 ns, the values of temperatures give clearly the position of
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Fig. 9: The electrode at = 2.8 ns with a cathode
spot radius equal to 14m.
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Fig. 10: The electrode at= 5.0 ns.

liquid and solid phases, Fig. 9 shows that erosion is effecfter the change of the
radius value of the cathode spot. The temperature on theszrapresented Fig. 11,
for different instants, evolves in a linear fashion in thguld phase and in a more
conventional one in the solid. The small horizontal areavbeh these two phases is
in the solid phase, it follows from the linear variation thgpplaces the enthalpy jump
between solid and liquid, this linearization is necessarsgdtisfy the calculation
method.
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4.3 Results for the Two Materials
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Fig. 11: Temperature evolution on the z-axis versus time for copper.
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The same reasoning and the same calculations are made @oniahm, although
different results have similarities. In Fig. 12 the evadatiof volumes liquefied and
sprayed metal are similar in both cases, for the tip, theyspotume is a linear
function of time and the liquid layer is almost constant.ekfthe change in size of
the area that receives the ion flow, the spray is maintainedi ttze volume of the
liquid phase is changing rapidly, this phenomenon resuotisifa new division of

enrgy between the three phases.

Erosion can be defined here as the result of the vaporizafiometal, Table 3
gives the values obtained for copper and chromium at theodattspot on the

4x10™®

=---= Copper liquid volume
«---» Copper vaporized volume

3x10™ || == Chromium liquid volume

77777 Chromium vaporized volume

£ =
g 2X10—18 /. ,.,«/
2 v S 2 o
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4 / /)j
0 gi;é;;;giiﬂiiiai:g:ﬂi
0 1x10°  210°  3x10°  4x10°
Time/s

5x10°°

Fig. 12: Vaporized and liquid volumes versus time for
copper and chromium electrode.
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Table 3: Erosion results for the tip and the electrode.

Copper| Chromium
Time tip erosion /ns 2.7 3.0
Rate tip erosionug/C 520 430
Rate electrode erosiong/C | 100 30

cylindrical tip of radius 0.7um, and then for the electrode that receives the energy
flux through a circular area of radius lu#n. Erosion rates are obtained for the two
materials, a comparison with literature (Daalder (1976¥gi40ug/C for copper

on a post-mortem spot) shows that the values calculatedanerdgigher than those
commonly measured, this follows from to have not take in antéhe come back

of metal vapours on the electrode outside the zone occupid¢igelspot, and metal
vapour coming from the anode.

5. CONCLUSION

The study clearly shows that the cylinder explodes not likesa or melts not like
a molten bridge, because the energy provided by the cathmmtdsspredominant
compared to that released by Joule effect. The durationsajpgiearance of a peak
height equal to 1um average is less than 3 ns.

In conclusion, the first values obtained on the erosion ofwleematerials lead
to fairly consistent results which will result in a consdiwa of the properties of the
alloy, the surface of the electrode does not see its comgoghriched in copper or
chromium. A more detailed analysis of these results for rliwm gives the values
of erosion and production of liquid phase lower than for @pthis is a stabilizing
factor for the matrix of copper.

To reply to technical considerations on the erosion of copgpheomium alloys,
the results are consistent with the theoretical creation ofacroscopic material
that integrate the thermodynamic average properties oftwe components.
Examination of Fig. 2, where the enthalpies and phase changaeratures of these
two materials are important differences, clear limits is #pproach.

The transition between the evolution of the spot havingheddhe base of the
tip and its extension on the surface of the electrode must m@erequirements:
the maintenance of a high electric field and the maintenahtteecevaporation of
metal. In this case it is clear that this development can delydone by a step
function where the radius of the new spot may not take a valoeerthan twice
the radius of the tip. The study was limited to a life time of gpot equal to 5 ns,
for a life time more important it is necessary to further ease the radius of the
surface receiving the energy of the ions and emit new hygetheparticularly on
the radial distribution of current due to the return of ionsieln would probably
lead to a continuous evolution as a function of time of thaumaf the cathode
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spot. To have new results in that direction experimentafrootation is neces-
sary.
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COMPOSITION OF ATHERMAL PLASMA
FORMED FROM PTFE WITH COPPER IN
NON-OXIDANT ATMOSPHERE, PART I:
DEFINITION OF ATEST CASEWITHTHE SF ¢
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ABSTRACT: The aim of this paper is to draw the main characteristic from
theoretical calculations of a good dielectric gas. Theg BFwidely used in the
electrical industry for its dielectric and insulating pesties. In the purpose to define
available parameters, we study the molar fractions of cbansipecies in PTFE,
SFs, Cu mixture for several proportions and pressures. We shatvthe carbon
solid formation and condensed copper formation depends@iSE proportions
and the presence of the electronegative ions F

KEY WORDS: circuit breakers, S§ PTFE, carbon formation, copper, dielectric
gas, plasma composition

1. INTRODUCTION

PTFE (GF4), and sulphur Hexafluoride {Fare widely used in industry for
electrical insulating purposes and also in circuit breaK€hu, 1986; Qui et al.,
1987; Pham et al., 1995; Fleischer et al., 1998; Chritopha@al., 1997). The
SF; gas has been well studied since a long time ago (Chritopheral, 1997).
The thermodynamic properties and transport coefficiersvatl understood in the
gas and plasma phase (Chervy et al., 1994; Krenek, 1992y Beld Semenov,
1971). Nevertheless the molar fractions of condensed pgfetaot been studied in
details. Notwithstanding, carbon formation on voltageakdown and sparking is
well observed since several years (Mears and Sabatino; Hag@shi et al., 2001).
As a matter of fact, the main consequence of solid condemsgtithe failure of the
breakdown. With the Sfgas or by adding some Gr Halogened alkanes this
carbon deposit can be partially suppressed (Mears andiSaba®78; Manion et
al., 1972). The dielectric gases are useful in medium anflVogage coaxial lines,
in circuit breakers in substations and in transformershAfiresent time the ggas
is usually used.

To our knowledge in the literature no available data on rph#sic composition
can be found in temperatures below 6000 K concerning \8iEh polymer. This
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data can be useful to understand the creation or the codlitige@rc. Usually the
contactors or the guide of the arc roots is usually consitituwdf copper. The arc
surrounding material is made of polymer or contains it. ke wWorking conditions
the pressures can be vary from 1 bar to 30 bars (Boveri, 19¥ihign et al., 1990)
That is why we choose to study the polyphasic compounds sfidamixtures of
(PTFE, Sk, Cu).

First, we describe the data base and the computation cédcutaode. Secondly
we describe the results obtained for three mixtures of (R'BH;, Cu) respectively
(1%, 98%, 1%); (50%, 49%, 1%) and (98%,1%, 1%) in weight pesge (wp) and
also we discuss the results obtained for three pressures I0daars and 30 bars for
the (50%, 49%, 1%).

In conclusion and from these theoretical results, we gigetnditions of a good
insulating case. This conditions can be used has a defimti@aoase test.

2. THEORETICAL FUNDS

2.1 Physical Formulation

The computation of the chemical equilibrium of mixtures &Fs( (CoFy)y,
Cu) is based on the solving of equation derived from claksimrmodynamics.
The thermodynamic principles are valid for ideal plasma #&meterogeneous
plasma. Several authors use indifferently the minimizatibgiven thermodynamic
functions or mass action laws even with plasmas out of thieemalibrium (Tanaka,
1997; Andre, 1997). The mass action laws are never used éoh¢terogeneous
case.

In our case we consider the pressure and the temperatureedsctirstraints.
The thermodynamic function is the Gibbs free energy thattiéde minimal if the
thermodynamic system reached the thermodynamic equilibrSo we assume the
thermodynamic equilibrium for the condensed phase, theagdghe plasma. We
can write this function has the sum of two terms. The first telepends on the
plasma and gas phasés,, and the second term depends on the liquid and solid
phases7,;.

o G4 iswritten as:

NPQ
; P
Gpg = n; | ul + RTIn sz L RTIn <ﬁ> 1)
= >
j=1

wheren; is the mole numbet,,, is the number of different species present in the
plasma and gas.” is the chemical potential afspecies at pressure referere
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e (3, iswritten as:
le

Gis = Z nl“? (2)
i=1

N, is the number of liquid and solid phases taken into accountafaiven

temperaturen! is the chemical potential afspecies at pressure refererié& The

liquid is assumed to be an ideal and pure liquid that is to bayetis no diffusion
of the others species inside the liquid. The condensed pl{askd and liquid) are
immiscible. Consequently the composition of a condensed@ffollows the initial
mass percentage.

2.2 Data Sources for the Species Thermodynamic Calculation

The pressure influence on the melting temperature of copj@wiin our considered
temperature range (Bridgman, 1949). For this reason the sagiting temperature
for all considered pressures has been chosen fixed at 1328NAR] 1998).

The thermodynamic properties versus temperature are tikem (JANAF,
1998) for solid and liquid copper. The thermodynamic préperfor solid carbon
are those of the graphite taken from (JANAF, 1998). For theegas polyatomic
species data are taken from (JANAF, 1998). For the monatandaiatomic species
the thermodynamic properties are calculated from thetpmartfunctions (Andre,
1995; Rochette et al., 2004). The enthalpies of formati@ taken in (JANAF,
1998).

In our calculation, for the S PTFE, Cu mixtures, 12 monatomic species are
taken into account: C, G C*, Cu, Cu, Cu", F, F,F", S, S, S" and electrons,
20 diatomic species: £ C; , C, CF, CF, CS, CS, CS", Cw, CuF, CuS, |, F,,
Fi,.$,S,,S;, SF, SF, SF" and 37 polyatomic speciesE,, CoF4, CoFs, Cs, Cy,
Cs, CR, CFJ, CRs, CFl, CF,, CRsS, CS, CuR, F10S:, SR, SF,, SRy, SR, SF;,
SF;, Sk, SF,, SF, SR, SR, SR, SR;, SK;,FSSF, 8,51, S5, S, S, S, SShR.

2.3 Numerical Method

The mole number must be non-negative and satisfy the caatgamof nuclei and
quasi neutrality, so the different valuesmust satisfy both conditions:

i> 0 Vi
Npg 3
Z a;;jng; = bjjzl,..,m ()
=1
wherem is the number of different nuclei. It is equal to 4 in our caBeCu, F, S).
J = 0 is devoted to the electrical neutrality; ; represents the nucleus number of
type for particlei; b; is equal to the number of different nucleus types in thedhiti
mixture; a;o represents the number of electric charges of tyfer particle ;; so
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electrical neutrality imposdg = 0. By introducing Lagrange multipliers;. to take
the physical conditions (3) into account and using a NevRaphson numerical
method a system of equation is obtained (Rochette et ak)200

The convergence is considered to be reached when the \Alugsatisfy the
following relation:

An; <107 %n; Vi € [1, Ny, + Ny (4)

In chemical equilibrium thermodynamical calculation, tmain difficulty is the
choice of the number of condensed (liquid and solid) spe@esthe requirement
for a new condensed species, which was not previously iediums a possible
species to now, is that its inclusion will decrease Gibbsgn&o, the test given in
(Gordon and McBride, 1976) for the two following species Gguid and solid) and
C(solid) at each step of temperature is used.

3. SK;, (CoF4) N, CUMIXTURES

3.1 Influence of Stoichiometric Parameters

In Fig. 1, the molar fraction has been plotted for three mitbased on SFPTFE
and copper. In the case 1, 1%-&,),, 98% Sk, 1% Cu in weight percentage,
the main chemical species areSBF,, CF; and Cuk. We do not observe any
condensed phase in the considered temperature range. § heoffeules dissociate
in SF; and F at temperature around 1800 K 4$folecules dissociate in $land F

at a temperature around 2240 K and, $folecule dissociate in SF and F around a
temperature of 3000 K. Around 3080 K the diatomic moleculEesiSsociate in S
and F. For the higher temperature 6000 K the main chemicalespare monatomic
F, S, C and Cu that the basic elements of the mixture. For theyed particles, the
electrical neutrality is reached between'Cand F~ for the temperature lower than
4500 K and e and Cu for the higher temperature in the considered temperature
range.

In the case 2, 50% &), 49% Sk 1% Cu, the main chemical species are
CF4, SSk, S, and solid copper. The GHAnolecules dissociate in GRand F at a
temperature around 2900 K. €Rmolecules dissociate in CF and F around 3650 K
and CF dissociates in C and F around 4500 K. The solid copfdinsgates in CuF
and Cuk at a temperature of 1350 K. For the higher temperature at KRB main
chemical species are F, S, C, CF, CS, Cu apdT®e electrical neutrality is reach
between Cti and F~ for the temperature lower than 4500 K andand Cu- for the
higher temperature in the considered temperature range.

In the case 3, 98% (F4,), 1% Sk 1% Cu, the main chemical species are solid
carbon, Ck, and solid copper at low temperature. The,@folecules dissociate in
CF,; and F at a temperature around 2690K ;@#olecules dissociate in solid carbon
and F between 3050 K and 3700 K. Thus the molar fraction oflsalibon is stable
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mixture of (a) 1% (GF4),, 98% Sk, 1% Cu in weight,
(b) 50% (GFy),, 49% Sk, 1% Cu in weight, and (c) 98%
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in this temperature range. At 3685 K, when solid carbon sudgies in CF and &
the Ck, molecules dissociate in CF and F. Around 4480 K, CF dissesigt C and
F. The liquid phase of copper vaporizes at 1418 K in CuF and, et the higher
temperature 6000 K the species are monatomic F, C, €an@ Cu. The electrical
neutrality is reach between Cwand F for the temperature lower than 4500 K and
e~ and Cu for the higher temperature in the considered temperatagera
Comparing the three considered cases, the role of stoidtiantoefficients are
indubitable. The chemical compounds are different and midgpen the proportion
of SK; and (GFy,),.. The higher the proportion of 3Rhe lower the proportion of
solid carbon is. We also notice the £folecules that are present in each considered
cases. The neutrality in gas phase is made at low tempetzdtween F and Cu'.
In Fig. 2, we present the evolution of the solid carbon andctirelensed copper for
several proportions of $Fand PTFE. For the high proportion of §E50% in wp)
the solid and liquid phases of copper and solid phase of satiobn disappear in the
considered temperature range.

3.2 Influence of the Pressure

In Fig. 3, in the case of 50% (E,).,,, 49% Sk, 1% Cu in weight percentage for two
pressures 10 bars and 30 bars, the molar fraction are plateds the temperature.
The dissociation of CFin CF, and F is made at 2900 K at 1 bar, 3160K at 10 bars
and 3500 K at 30 bars. GHlissociates in CF and F around 3650 K at 1 bar, 4200 K
at 10 bars and 4525K at 30 bars. CF dissociates in C and F ads0@K at 1 bar,
5300 K at 10 bars and 5800 K at 30 bars. The solid copper sutggna CuF and
CuR; at a temperature of 1350 K at 1 bar, 1480 K at 10 bars and 1550¢& sdlid
carbon appears at low temperature and sublimates at 1015 & gressure of 30
bars. For the higher temperature 6000 K, we observe the hpyhssure the higher
molecule molar fractions. So the main species for 6000 Karhke F, S, C, CF, CS,
Cuand Gandfor30barsF, C, CF, S, CS; K and G. The electrical neutrality

is reach between Cuand F for the temperature lower than 4500 K and and
Cut for the higher temperature in the considered temperatmggerat 1 bar. For 10
bars, the electrical neutrality is reach betweern @ad F~ for the temperature lower
than 5260 K and e and Cu for the higher temperature. For 30 bars, the electrical
neutrality is made between-CF" and Cu'.

4. CONCLUSION

In this paper, we have presented the molar fraction of mixafrPTFE, Sk and
copper for several proportions and pressures versus theetatare. The SFis
remarkable since it has different behaviour versus itsqtagns in the mixture. As
a matter of fact we have shown that the chemical compositahtlae presence of
non electrical conducting species at low temperature imiheture depend on the
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Fig. 2: (a) Evolution of solid carbon formation molar frac-
tion versus temperature and for several proportion of, SF
(CyF4), and Cu, (b) evolution of copper molar fraction versus
temperature and for several proportions of; S€;2F,),, and
Cu.

proportion of the Sk Furthermore, we have shown that the solid carbon formation
and condensed copper disappears when a high proportiongds $Fesent in the
plasma. So to test the efficiency of a dielectric gas, we hastutly the solid carbon
formation and condensed copper. Furthermore, the preséribe electronegative
ions F~ helps to avoid the re-strike of the arc. As a mater of factntlility of ions

is lower than electrons. The presence of electronegatieiapin a good proportion

is also required to avoid re-strike of the arc.
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COMPOSITION OF ATHERMAL PLASMA
FORMED FROM PTFE WITH COPPER IN
NON-OXIDANT ATMOSPHERE, PART II:

COMPARISONOFATEST CASEWITH
NITROGEN

P. Andre!, Z. Koalaga?

L LAEPT, Blaise Pascal University, 24 av des Landais 63117
Aubiere Cedex, France
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ABSTRACT: The aim of this work is to compare the main characteristicamcy
dielectric gas defined in our previous paper with nitroges. §#e study the molar
fraction of chemical species in PTFE; Bnd Cu mixture for several proportions and
pressures. We show that the nitrogen gas does not satisth#nacteristic of good
dielectric leading manufacturers to modify entirely thed@ctrical insulation set up.

KEY WORDS: circuit breakers, nitrogen, PTFE, carbon formation, copgielec-
tric gas, plasma composition

1. INTRODUCTION

In our previous paper we have defined a test case with the SH-E and Cu to
choose the better insulating compounds (Andre and KoaR@E)). As a matter
of fact the Sk gas is widely used for electrical insulating and in high agh
circuit breakers (Chu, 1986; Qui et al., 1987; Pham etal951%leischer et al.,
1998; Chritophorou et al., 1997). During the last decadarthm published papers
were devoted to the modeling of the gas phase and the plasaz® it thermal
equilibrium or in plasma out of thermal equilibrium (Gorzakt al., 2000; Lee and
Kim, 2006; Yokomizu et al., 2009). In such modeling the corma phase is not
considered that is why such calculation has to be made inetinpdrature range
where the condensed phases appear. That is to say betweékeartDE000 K.

The environmental impact and the life cycle cost are, attbsgnt time, keys for
new markets. So the competition between industries is fagtheir image and for
the purchasers to find alternatives.

Studying the electrical breakdown strength of nitrogen 8irgl with Pashen
curves (Koch, 1997) one can think that by modifying the pressve can obtain
the same breakdown strength. That is to say with a highespreghe electrical
breakdown strength of nitrogen is the same that the one gf [S# the test case
with SK;, PTFE and Cu we have shown that we have to avoid the producfion
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condensed matter and that we have a good proportion of @egative species
decreasing the electrons mobility (Andre and Koalaga, R0IfBe composition
results can give available indications. Consequentlystihy of the composition for
N,, PTFE and Cu with a pressure of 1 to 30 B is useful.

First we explicit the chosen chemical species and the spegithalpy calcula-
tion with condensed phase. Secondly, we study the resultsrize mixtures case 1.
1% (GF4)., 98% Ny, 1% Cu in weight percent (wp); case 2: 50% EZ),,, 49% N,
1% Cu in weight percent (wp) and case 3: 98%K9),,, 1% N,, 1% Cu in weight
percent (wp) and for the case 2 with three pressures 1, 10Ghe Pa. Finally, we
give a conclusion.

2. CHEMICAL SPECIES AND ENTHALPY CALCULATION

In our calculation, for the bl PTFE, Cu mixtures, 11 monatomic species are taken
into account: C, C, C*, Cu, Cu, Cu", F, F, F", N, N* and electrons, 17
diatomic species: § C,, C5, CF, CF", CN, CN-, CN*, Cw, CuF, k, F;, Fj,
FN, N2, N5, N; and 25 polyatomic species:sE,, CoF3N, CoF4, CoFg, C:N,
CoNa, Cs, Cy, C4Ny, Cs5, CRy, CFJ, CF;, CFf, CF;, CFN, CNN, Cuk, RN,
FoN5_C, N5 T, F3N, F4No, N3, NCN. For solid and liquid phases we take the
carbon solid, liquid copper and solid copper into accourd. i our previous
paper, the thermodynamic properties versus temperatareaken from (JANAF,
1998) for solid and liquid copper. The thermodynamic préperfor solid carbon
are those of the graphite taken from (JANAF, 1998). For theegas polyatomic
species data are taken from (JANAF, 1998). For the monatandaiatomic species
the thermodynamic properties are calculated from thetpmartfunctions (Andre,
1995). The enthalpies of formation are taken in (JANAF, J998 determine the
composition we used the numerical method as described idréAand Koalaga,
2010; Rochette et al., 2004). Concerning the enthalpy suedeave solid and liquid
phases we calculated it by unit of mass.

N
| =1
H= N
> Tim;
i=1
wherez; the molar fractionf; the specific enthalpy of each chemical species,

the molar weight and\ H the enthalpy correction due to Debye effect that is very
low in our temperature range

3. Ny, (CaF4)n, CUMIXTURES

3.1 Influence of Stoichiometric Parameters

In Fig. 1, the molar fraction has been plotted for three miegubased on N
PTFE and copper. In the case 1, 1%F¢,),, 98% N, 1% Cu in weight percent
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Fig. 1: Molar fraction versus temperature at>1Pa for a mix-
ture of (@) 1% (GF4).,, 98% N,, 1% Cu in weight percent (wp),
(b) 50% (GFy4),, 49% N, 1% Cu in weight percent (wp), and
(c) 98% (GF4)., 1% Sk, 1% Cu in weight percent (wp).
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(wp), the main chemical species is the Nitrogen We observe condensed phase
liquid and solid copper and carbon solid in the consideretptrature range. The
N, molecules does not dissociate at a high rate in the considemperature
range. The carbon solid sublimates in Cyanogen CN aroun@ &89The solid
copper sublimates and reacts with F to form CuF before to ligurd phase. For
temperature higher than 3000 K the main species arédNNand F. For the charged
particles, the electrical neutrality is reached betweeared Cu'.

In the case 2, 50% @F,),, 49% N, 1% Cu in weight percent (wp), the main
chemical species aresNCFy, solid carbon and solid copper. The Ciolecules
dissociate in Ckand F at a temperature around 2500 K. Equilibrium is estadxdis
between CE molecules, F and carbon solid until 3480 K when carbon sudibs
For this temperature the GHnolecules dissociate in CF and F. The solid copper
sublimates in CuF and Cydfat a temperature of 1350 K. For the higher temperature
at 6000 K the main chemical species arg N, C, N, CN, CF, Cu and £ The
electrical neutrality is reach between Cand F for the temperature lower than
4250 K and e and Cu for the higher temperature in the considered temperature
range.

In the case 3, 98% (F4,), 1% Ny 1% Cu in weight percent (wp), the main
chemical species are solid carbon, ,CNitrogen N, and solid copper at low
temperature. The GFAmolecules dissociate in GRand F at a temperature around
2650 K. Ck, molecules dissociate in solid carbon and F between 3050 K3Z@ad
K. Thus the molar fraction of solid carbon is stable in thisperature range. At
3685 K, when solid carbon sublimates in CF andtie Ck molecules dissociate in
CF and F. Around 4470 K, CF dissociates in C and F. The soligeopublimates
in CuF and Cuk at a temperature of 1418 K. For the higher temperature 600@K t
species are monatomic F, C, CF, CN,&hd Cu. The electrical neutrality is reached
between Cti and F for the temperature lower than 4500 K andand Cu for the
higher temperature in the considered temperature range.

Comparing the three considered cases, we observe thattircase the carbon
solid and the solid copper are presents. So, the modificafipnoportion between
N», PTFE, Cu does not allow the creation uniquely of gaseousespeBy this way,
one can not avoid the carbon solid formation. The @Blecules are presentin each
considered cases. The neutrality in gas phase is made attopetature between
F~ and Cu and betweeneand Cu for the higher temperature in the considered
temperature range.

3.2 Influence of the Pressure

In Fig. 2, in the case of 50% (E,),, 49% N,, 1% Cu in weight percent (wp) for
two pressures 10 $Pa and 30 10Pa, the molar fractions are plotted versus the
temperature. The dissociation of Ci CF, and F is made at 2540 K for 1(Pa,
2790 K for 10 10 Pa and 2920 K at 30 20Pa. The carbon solid sublimates at
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Fig. 2: Molar fraction versus temperature at (a) 10 Fa for
a mixture of 50% (GF,),,, 49% N, 1% Cu in weight percent
(wp), (b) 30 10 Pa for a mixture of 50% (§F4),,, 49% Ny, 1%
Cuinweight percent (wp).

3475 K for 16 Pa, at 3630 K for 10 TOPa and at 3670 K for 30 20The Ck
dissociates in CF and F around 3460 K at F&, 3560 K at 10 T0Pa and 3830 K
at 30 10 Pa. CF dissociates in C and F around 4100 K for, B®40 K at 10 10
and 4220 K at 30 10Pa. The solid copper sublimates and liquid copper vapoiized
CuF and Cuk at a temperature of 1340 K at1Pa, 1470 K at 10 10Pa and 1545
K for 30 10° Pa. For the higher temperature 6000 K, we observe that tiehthe
pressure the higher the molecule molar fractions. So tha spEcies for 6000 K at
10° Paare F, N, C, N, CN, CF, Cu and £and for 30 18 Pa N,, F, C, CF, CN,
N, C:N, Cy, and Cu. The electrical neutrality is reach betweerf @od F for the
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temperature lower than 4250 K and and Cu" for the higher temperature in the
considered temperature range at F&. For 10 19 Pa, the electrical neutrality is
reach between Cuand F~ for the temperature lower than 5230 K anda&nd Cu

for the higher temperature. For 30%1Ba, the electrical neutrality is made between
F~,CFrandCu.

4. SPECIFICENTHALPY

In Fig. 3, we have plotted the specific enthalpy versus teatpex for the three
considered cases, the nitrogen and 8&ses and three pressures for case 2. The
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Fig. 3: Specific enthalpy versus temperature (a) atRa for several

mixtures, Sk and N,, (b) for case 2, SfFand N, at tree pressures
(10°,10. 10 and 30 10 Pa).
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nitrogen gas is considered as a reference gas due to itdmntdidormation equal
to zero (JANAF, 1998). As a matter of fact it exists af Fa. The enthalpy of the
SFs gas has a variation of enthalpy between 1800 K and 4000 K ddisgociation
of SF;, Sk, and Sk (Brand and Kopainsky, 1978; Andre, 1997). This variation
of enthalpy is useful to extinguish an electrical arc sireedlectrical energy from
the electrical circuit is consumed by the chemical reaciiothe gas. Unlike the
variation of enthalpy for the nitrogen gas monotonicallgreases in the considered
temperature range. As a matter of fact no dissociation gcdire same conclusion
can be made for the mixture of the case 1, 1%H(),,, 98% N, 1% Cu in weight
percent (wp) due to the fact that the main chemical specig®isitrogen (Figs. 1
and 2). For the case 2 and case 3, the variation in enthalpg iretnperature range is
due to the sublimation of solid carbon and to the dissociatiocCF, and Ck (Figs.

1 and 2). The increase in the enthalpy is due to the chemiaatioms. The higher
the pressure the higher the temperature when the cheméazziaoes occur. In Fig.
3b, we have plotted the specific enthalpy versus temperatihe case 2, SfFand
nitrogen gases for three pressured, @ and 30 10 Pa. The variation of enthalpy
in SK; gas is due to the dissociations of gaseous specigs SH;, and Sk. So since
the pressure increases the dissociation reactions are atddgher temperature.
Concerning the case 2 the increase in enthalpy is due to thercaublimation
and dissociation of Cfand CFk, gaseous species. Even if the sublimation is abrupt
(Figs 1 and 2) no shark increases in specific enthalpy is wedeAs a matter of
fact around the same temperature, gaseous dissociations @th the increase of
pressure the enthalpy increases at higher temperatures % dissociation occurs
in the temperature range 1000 to 5000 K no variation in epyifalr nitrogen plasma
is observed in this temperature range.

5. CONCLUSION

We have presented the molar fraction and specific enthalpgusdemperature of
mixture of PTFE, Nl and Cu for several proportions and pressures. The indsistrie
since the Sk gas has a very bad ecological impact, wish to replace thegaf
for their electrical apparatus (electrical insulatingcuit breakers). In our previous
paper, we have shown that a good proportion (stoichiomeutfficients) of Sk
with PTFE and copper avoids the condensed phase (Andre aakhd& 2010;
Speckhofer et al., 1999). With nitrogen the condensed phigsalways present for
all mixtures of PTFE, Nand Cu. So an electrical apparatus with nitrogen has to use
a high pressure to clean and push the polluted gas far froreltlotrodes to avoid
restriking. The energy gained by the gas flow can be similawden Sk gas and
nitrogen gas. This energy transport, in the former caseyéstd the dissociation
of SK;, SF; and Sk, CF, and Ck and in the latter case due to sublimation of
condensed carbon. The molar fraction of electron negaiiveis low due to the fact
that the N™ is unstable. Nevertheless, one can remark that the elewdgative ions
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are mainly due to the species from wall ablation. Finallgeiéms that the nitrogen
is not an available gas for electrical insulating in the &g system. To use the
nitrogen, manufacturers have to change their electriqzdgtus.
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