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bstract

The study of the gaseous phase of different SiC–SiO2 powder compositions with a high temperature mass spectrometer and a multiple cells
evice provides information about the evaporation behaviour of silicon carbide which serves as material for production of fine particle filters for
iesel engines. We obtained a variation of the partial pressure values with a maximum for samples containing 30–45 mol% of SiO2 in contrast to
hermodynamic predictions. Some SiC powders were subjected to a heat treatment in order to obtain an oxide layer on the grain surfaces. Different

imes of heat treatment resulted in different CO(g) and SiO(g) pressures which at high temperature converged to the same values. Surprisingly, an
xcess of SiO2 provoked a decrease of the SiO(g) pressure which was explained by taking into account two steady-state congruent vaporization
rocesses in the effusion cell, one from SiC + SiO2 and one from SiO2.

2007 Published by Elsevier B.V.
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. Introduction

The understanding of vaporization behaviour of the
iC–SiO2 system is essential for the study of silicon carbide
ecrystallization. Previous studies [1,2] have shown that the
aterial transport mainly takes place through the gaseous phase

ccording to a so called vaporisation–condensation mechanism
2]. The reported study concerns some questions about the
aseous phase developed during vaporization of pure SiC + SiO2
ixtures and its characterization using a combination of the
nudsen effusion technique and mass spectrometric measure-
ents.

. The SiO2–SiC system
The SiO2–SiC system is a section of the Si–0.5O2–C ternary
hase diagram presented in Fig. 1. The evaporation in this
seudo-binary section is known to be congruent, i.e. the gaseous
hase composition is fixed for any composition of the solid and
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ollows the main reaction:

iC(s) + 2SiO2(s) = 3SiO(g) + CO(g) (1)

with the equilibrium constant

p = P3(SiO) P(CO). (2)

It follows from the Gibbs–Konovalow theorem [3] that for
fixed SiC/SiO2 composition the total pressure will be an

xtremum for a system which has an indifferent (azeotropic or
ongruent) state. So:

tot = P(SiO) + P(CO) (3)

Using (2):

tot = P(SiO) + Kp

P3(SiO)
(4)

And finally

dPtot Kp
dP(SiO)
= 1 − 3

P4(SiO)
(5)

with an extremum for

(SiO) = 3P(CO) (6)
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Fig. 1. Isothermal section of the Si–C–0.5O2 ternary phase diagram at 1500 K.
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dentical phase equilibria are observed in the range of 1100–1650 K. Arrows
how the evolution of condensed phase composition due to gas losses (CO and
iO) in equilibrium conditions.

For this indifferent state, which is an azeotropic state, the
aseous phase composition in the Si–C–O ternary system is (nj

s the number of j-atom in the gas phase):

Si = nSi

nSi + nC + nO

= P(SiO)

P(SiO) + P(CO) + (P(SiO) + P(CO))
= 3

8
(7)

C = nC

nSi + nC + nO

= P(CO)

P(SiO) + P(CO) + (P(SiO) + P(CO))
= 1

8
(8)

O = nO

nSi + nC + nO

= P(SiO) + P(CO)

P(SiO) + P(CO) + (P(SiO) + P(CO))
= 1

2
(9)

This composition is located at the intersection point of
iC–SiO2 line with SiO–CO line shown in Fig. 1 as point A.
hus, whatever is the relative proportion of SiC and SiO2, the
ondensed phase will produce gas of composition at A. In the
ase of gas losses in open systems only, any solid composition
etween pure SiC and A will move at equilibrium towards SiC.

In the case of congruent vaporization under vacuum [4] the
atio of flows is fixed according to:

dNSiO/dt

dNCO/dt
= 3. (10)

In this relation NSiO and NCO are the numbers of molecules of
iO and CO, respectively, which left the surface of the condensed
hase under vacuum during the period of dt. The Hertz–Knudsen

quation for flows is

dNi

dt
= PisC√

2πRMiT
(11)

e

o
d
b

d Compounds 452 (2008) 85–88

here C and s describe the geometry of the vaporization con-
ainer [4], R the molar gas constant, Mi the molar mass of the
aseous molecule i and T is the temperature. For a condensed
hase composition along the SiO2–SiC line relations (10) and
11) lead to the following condition for the partial pressures
atio:

P(SiO)

P(CO)
= 3.76 (12)

The theoretical values of the equilibrium partial pressures of
iO(g) and CO(g) in our effusion cells were calculated using

he equilibrium constant Kp, the condition for the congruent
ffusion flows given by (12) and thermodynamic data from
he JANAF tables [5]. The same calculations were made for
ongruent vaporization of the pure SiO2 that follows the main
eaction:

iO2(s) = SiO(g) + 0.5O2(g) (13)

The occurrence of minor reactions producing Si(g) and O(g)
as included in these calculations in the high temperature range.

. Experimental

The high temperature mass spectrometric device is a magnetic analyser
nuclide original, 12 in. radius) which has been fitted with

(i) a multiple Knudsen cell furnace device [6],
(ii) a restricted collimation of the molecular beam [7] optimized in order to

discard any surface re-vaporisation detection of gaseous species coming
from the orifice surroundings or thermal shields as already analyzed [8]
and

iii) an in situ liquid nitrogen frozen ionisation chamber [9] in order to decrease
the vacuum background peak at mass 28 at least by a factor of 100.

A “free floated” shutter is used to distinguish effusion flow from the
ackground. Its midway location and its size as small as possible allow
easurements without any perturbation by the background flow existing

etween the furnace and source housings. These conditions associated with the
estricted-collimation-molecular-beam-sampling-device allow direct and reli-
ble measurements of the so-called “permanent gases” [7], in the present case
he CO(g) and N2(g) molecules at mass 28. Measurements performed with the

ultiple Knudsen cell method have been recently reviewed in conjunction with
he implementation of a new mechanical positioning device [10].

Measurements were performed with samples of different silicon carbide
owder (High Purity SiC, Norton Saint-Gobain, Norway, d50 = 0.5 �m) and sil-
ca powder (Sipernat 350, Degussa) mixtures. Other samples were made by
xidation of SiC powder under air enriched with water vapour at 900 ◦C for 3,
0 and 30 h (samples 3, 10 and 30 h, respectively). To identify the composition
f the effused gaseous phase of each cell – loaded with a specific sample – the
ntensities of SiO+ and CO+ ions present in the ionized molecular beam were

onitored at ionisation energies of 20 and 48 eV, respectively. Measurements of
amples containing silica were performed at a maximum temperature of 1650 K
ue to Knudsen flow limitations. Some parasitic species due to impurities in the
owders (e.g. Na(g) from Na2O in SiO2) were detected at the beginning of the

xperiments up to 1450 K.

The samples were loaded in three cells of the multiple cell device, the fourth
ne served as reference. The cells used were tantalum cells with 2 mm orifice
iameter and 2 mm orifice length (2 mm × 2 mm), the inner diameter of the cells
eing 16 mm.
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Fig. 3. Measured partial pressures (smoothed) as a function of the reciprocal
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of SiO(g) and CO(g) partial pressures they were displayed as
a function of oxygen potential in Fig. 5. With increasing oxy-
gen potential, starting from the SiC + SiO2 pseudo-binary, we
ig. 2. Measured relative partial pressures of CO(g) and SiO(g) as a function
f powder composition in the pseudo-binary SiC–SiO2 section at 1650 K. The
artial pressures of the mixture with 15 mol% SiO2 are taken as reference (Pref).

. Results and interpretations

For the same gaseous species their measured ion intensity
atios are directly proportional to their partial pressure ratios.
hese pressure ratios display the dependency on the sample
omposition as presented in Fig. 2. The samples were referenced
rbitrarily to the 15 mol% SiO2 containing powder mixture. The
ressure values of SiO(g) and CO(g) are not constant and the
aximum value was obtained within the composition range of

0–45 mol% SiO2.
The existence of a maximum in the diagram presented in

ig. 2 does not agree with thermodynamic behaviour (see
ection 2), that predicts for congruent evaporation according

o reaction (1) a gaseous phase of constant composition and
ressure for a given constant temperature independent of the
omposition of the condensed phase. Otherwise, from a kinetic
oint of view, using the extent of reaction (or reaction co-
rdinate defined by Prigogine and Defay [3]) and applying it
o the reaction (1), this maximum was rather expected for a
toichiometric composition (i.e. 66 mol% SiO2). However, this
rregularity could come from the influence of the different num-
er of contacts between the reacting SiC and SiO2 powder grains
n the vaporization rate.

Results from experiments performed with oxidized pow-
ers compared to a 15 mol% SiO2 powder mixture as reference
re presented in Fig. 3 which shows smoothed diagrams of
xperimental partial pressures deduced from our measured
onic intensities and the weight loss calibration of the mass
pectrometer. The oxidized samples show clearly different
vaporation regimes for low and high temperature regions (dif-
erent slopes for the smoothed curves up to 1350 K and above
380 K), while the evolution for the 15 mol% mixed pow-
er reference sample shows a regular behaviour as expected
n vaporization processes. The oxidized powders show sig-
ificant differences compared to each other in the lower
emperature region below 1470 K, and seem to vaporize with

he same pressure values at higher temperatures. Another
mportant observation is the position of the CO(g) pressure
eing above that of SiO(g), in contrast to thermodynamic
redictions.

F
S

emperature when heating SiC crystals, pre-treated for surface oxidation. The
eference is a 15 mol% SiO2 powder mixture (P0 is the standard pressure; all
ressures are in bar units).

Thermodynamic data from the JANAF tables [5] were used to
alculate the equilibrium pressures for congruent vaporization.
his helped to evaluate reactions which take place to produce the
aseous phase. Fig. 4 compares the resulting equilibrium par-
ial pressures from these calculations with experimental values
or one example. The P(SiO) and P(CO) from the experiments
re a factor 20 and 3, respectively, smaller than the calculated
ressures for the congruent vaporization according to reaction
1). The explanation for this behaviour are the net evaporation
oefficients α(SiO) and α(CO), which are equal to 1 at equi-
ibrium and lower than 1 when the vaporization is kinetically
indered [11], and which depend on temperature. The diffu-
ion process through the SiO2 layer on the SiC grains causes
pparently retarded vaporization.

The non-equilibrium situation may be related to the ten-
ency to independent vaporization behaviour of two condensed
ystems: SiO2 + SiC pseudo-binary and SiO2 pure. These two
ystems vaporize at different oxygen potentials and a steady-
tate situation is reached in the effusion cell that can be measured
ith the mass spectrometer. In order to understand the evolution
ig. 4. Comparison of equilibrium partial pressures (calculated for the congruent
iC–SiO2 vaporization) with measured values.
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Fig. 5. Variation of calculated CO(g) and SiO(g) partial pressures for reaction
(1) when the oxygen partial pressure increases from the value corresponding
to congruent behaviour for the reaction (1) towards the value for congruent
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[9] M. Tmar, C. Chatillon, J. Chem. Thermodyn. 19 (1987) 1053–1063.
aporization of pure SiO2 at 1200, 1300 and 1400 K. Grey areas mark the ranges
f oxygen potentials during experiments deduced from the measured P(CO) to
(SiO) ratios.

bserve that CO(g) equilibrium partial pressure increases and
iO(g) decreases for equilibrium reaction (1). By passing their
ross point we obtain P(CO) higher than P(SiO). This situation
s exactly that we observed during our experiments.

The change in the partial pressure with temperature may be
ssigned to a structural change in the created SiO2 layer. It
ay be the transition from high quartz to high cristobalite at

1079 ± 250) K [5].
Regarding CO(g) pressures in the low temperature region

T < 1350 K), it is clear that a thicker layer of SiO2 inhibits the
O(g) evaporation coming from the interface and undergoing
iffusion processes in the SiO2 layer. However, at low temper-
ture, until 1288 K, lower pressures of CO(g) for 3 and 10 h
amples were observed compared to 30 h sample. An explana-
ion could be a mechanical damage of the thicker SiO2 layer
sample 30 h) due to thermal stress (micro cracks) during cool-
ng after the heat treatment for the creation of the SiO2 layer.
hese micro-cracks facilitate the CO-diffusion through this layer

n the 30h sample. Rising temperature provokes “healing” of the
icro-cracks and CO has to diffuse under similar conditions as

n the 3 and 10 h samples through a thicker layer of SiO2.
For SiO(g), the decrease of pressure with layer thickness can-

ot result a priori from a diffusion process in the SiO2 layer.
ssuming that 30 h oxidized grains have initially thicker SiO2-

ayer than the 3 h one, the contribution of SiO(g) resulting from
nly SiO2 decomposition (relation (13)), either from silica grains
r from thick surface layers on SiC, should be less important
han from interaction of SiO2 with SiC (relation (1)) at the inner

nterface in contact with SiC grains. From the theoretical values
or the SiC–SiO2 interface (Fig. 4), the total SiO(g) pressure in
cell, which is a necessarily a steady-state value between the

wo different congruent states (reactions (1) and (13)), has to

[

[

d Compounds 452 (2008) 85–88

ecrease. This would explain lower experimental P(SiO) values
or 30 h samples.

At high temperature all samples behave similarly, which can
e explained with different modifications of each composition
ue to effusion losses and a tendency to steady-state vaporization
ith similar surface layers.

. Summary

The observed partial pressures of SiO(g) and CO(g) are lower
han the calculated equilibrium values which indicates either the
resence of evaporation coefficients or shows that the studied
ystem is in a non-equilibrium steady-state.

An excess of SiO2, both in form of added powder or scale on
he SiC grains, increases the oxygen partial pressure in the sys-
em and pushes it away from the azeotropic behaviour according
o Eq. (1).

The oxidized samples tend to one preferential composition
y the effusion of gases composed of appropriated amounts of
iO(g) and CO(g), irrespective of their initial composition. Their
vaporation behaviour becomes similar in high temperature
egions because of finally similar compositions and structure.
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