
High temperature sintering of SiC with oxide additives:
II. Vaporization processes in powder beds and gas-phase

analysis by mass spectrometry
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Abstract

The liquid phase sintering process of SiC using Al2O3–Y2O3 oxide mixture is performed in a temperature range where some
matter loss occurs by vaporization. When using a buffer bed of SiC + Al2O3 powder mixture, this matter loss cannot be entirely

counteracted and some transfer of matter—alumina—is observed between the green pellets and the beds. The present mass spec-
trometric study is aimed to the identification of the gaseous species that vaporize from such a bed placed in Knudsen cells in the
1350-1750 K temperature range. The Al(g), Al2O(g), SiO(g) and CO(g) species are identified and their relative pressures measured

as a function of alumina composition, crucible materials and excess of C or Si. Differences show that some non-equilibrium
vaporization processes occur. In addition, the vaporization of impurities as well as C, Si or SiO2 excess leads to a rapid decrease of
their content and influence during the heating first stage before sintering. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

SiC sintering is usually performed at very high tem-
perature �2200 �C with some B4C-C additives. In order
to decrease this sintering temperature, a liquid phase
has been tentatively used, the main components of this
liquid being Al2O3 and Y2O3, the composition of the
liquid being close to the eutectic in the range YAG–
Al2O3. In this case, the sintering temperature could be
decreased to the 1800–2000 �C range, but the ceramists
observed large weight losses1�6 of the SiC and/or addi-
tives compounds. In order to decrease these weight los-
ses, a buffer bed of SiC + Al2O3 large grains powders is
used, either arranged as alternate layers or as mixed
powders, that surround the green compacts of SiC +
additives to be sintered. The whole system is then
usually placed in a graphite vessel, more or less com-
pletely closed by a cover in which small holes are drilled
for initial pumping before filling with Argon.

Owing to the high temperature operation of this sin-
tering process, the weight losses are attributed to
vaporization of the mixtures SiC + Al2O3 used as buf-
fer beds accompanied by matter exchanges between the
bed and the compacts. Rather simple qualitative expla-
nations of these losses have tentatively been made based
on arbitrarilly choosen elementary chemical reac-
tions,1,7,8 but their conclusions are necessarily inaccu-
rate because they do not take into account some of the
processes that occur in the quaternary Al–C–O–Si-system,
as revealed by complete thermochemical analysis of the
behavior of the SiC–Al2O3 pseudobinary system

9,10 in
the whole Al–C–O–Si quaternary. The congruent
vaporization behavior of the SiC–Al2O3 pseudobinary
section has been demonstrated10 and explains clearly the
loss of matter observed after sintering experiments, but
some experimental confirmation is needed.
The present mass spectrometric study is aimed (i) at

the characterization of vaporization processes occurring
for the SiC–Al2O3 mixed powders in their practical
environmental conditions—graphite and alumina cruci-
bles—including the behavior of impurities (this, part II),
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(ii) at the evaluation of partial vapor pressures and
related kinetic processes that lead to ‘‘hindered’’ or
‘‘retarded’’ vaporization of the powder beds (part III)
and (iii) at the exchange of species by vapors between
the bed and the samples (part IV).

2. Experimental

The Knudsen-cell mass spectrometry is a method used
since 1954 that has increased greatly the capability of
analysis of vapors at high temperature.11�14 Indeed,
data compiled and treated in thermochemical tables15�18

for the pure compounds SiC and Al2O3 and used for
our previous thermochemical analysis (part I) of this
SiC–Al2O3 pseudobinary system

10 are obtained mainly
by this experimental technique—at least for gaseous
molecules that vaporize from these compounds. We use
this technique in order to compare the real behavior of
our powder beds with the predicted one from our pre-
vious thermochemical analysis.10

2.1. The Knudsen effusion method

Samples are placed in a closed vessel—a Knudsen
cell19—the lid of which has been drilled with a small
orifice (Fig. 1). For material chemical compability rea-
sons and in order to be able to use different crucible and
lid materials—dense and pure graphite or alumina—our
cells are built as a crucible and lid assembly, surrounded
by a tantalum envelope in order to facilitate thermal
equilibrium in the whole cell assembly. The pertinent
parameter in the effusion technique is the ratio of gas
effused through the orifice to the gas flow coming back
to the vaporizing surface, that is the ratio f=sC/S. S is

taken as the cross-section of the inner cell (crucible), s
the cross-section and C the Clausing19,20 coefficient or
transmission probability of the orifice. When vaporiza-
tion and condensation reactions are quite rapid it is
generally assumed that a ratio f ffi 10�2 is sufficient to
reach equilibrium partial pressures in the cells.
The effusion cells are working under vacuum, and

good evacuation conditions have to be assumed in order
to prevent any reverse effused flow from the vacuum
housing into the cells and this condition becomes
important when non condensible gases—as CO in our
case—effuse. For this reason our furnaces and their
housings are built and fitted with large pumping
capacities.21

Temperature measurements are performed either by a
6/30 PtRh thermocouple (Fig. 1) or by pyrometry
[monochromatic, Leeds and Norpthrop, calibrated at
NBS (1969)]. The secondary standards silver and gold
melting points, as measured in our cells, or calibrations
against the thermocouple are used in order to check the
window absorption and to perform related corrections.
A standard deviation�5.3 K is obtained in these cali-
bration procedures and we can evaluate the temperature
uncertainty to be �T=�10 K.
In order to intercompare directly either the same

samples or different powder mixtures, we also used the
multiple cell method:22�24 four cells are placed in a sin-
gle isothermal block (Fig. 2). This method will be more
extensively used in part III when analyzing the response
from different orifice sizes in order to characterize
quantitatively the vaporization kinetics.
The sample materials are those used for buffer beds in

the sintering of SiC: SiC (Carborundum, with mean
diameter grains d=99 mm) or SiC (SIKA NOR IV,
F120, from Norton, with d=109 mm) and Al2O3
(BACO LS3, ALCAN, mean diameter 6.5 mm). For
some experiments performed in triphasic domains Si +

Fig. 1. Single conventional Knudsen effusion cell. 1: Three tungsten

poles. 2: Tantalum holder. 3: Thermocouple. 4: Pyrometric sighting. 5:

Sample (powder bed). 6: Crucible (dense Al2O3 or dense graphite). 7:

Lid in the same material as the crucible. 8: Effusion orifice. 9: Tanta-

lum envelope.

Fig. 2. Multiple effusion cell with four effusion cells. 1: Tantalum

holder. 2: Three tungsten poles. 3: Thermocouple. 4: Crucible. 5: Lid.

6: Effusion orifice. 7: Samples. 8: Tantalum envelope. 9: Tantalum cap,

which closes the access to remove the multiple cell out of the furnace.

10: Pyrometric sighting.
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SiC + Al2O3 and C + SiC + Al2O3, Si (99.9% from
Prolabo) and graphite (Carbone Lorraine, 2114) pow-
ders were used.

2.2. The mass spectrometric Knudsen cell coupling

The center part, close to the normal to the orifice, of
the effused molecular beam is collimated (Fig. 3) for
introduction in the ionization chamber of the mass
spectrometer. The ionization of molecules leads to sin-
gle ions—at least for rather small ionization poten-

tials—that are accelerated by an electric field through
electrostatic lenses, then the ions are separated accord-
ing to their mass/charge ratio (m/e) by a magnetic field
(Nuclide Mass Spectrometer with radius 30.5 cm, 90�)
and then collected on a secondary Electron Multiplier
working in a pulse counting mode (yield=1 whatever is
the ion detected). The basic mass spectrometric relation
is:11�14

piSi ¼ IiT

where pi and T are respectively the partial pressure of
the i species, and the temperature in the Knudsen cell,
and Si and Ii the mass spectrometer sensitivity and the
measured ionic intensity for the i species. The sensitivity
Si includes several factors,

25 some of these cannot be
evaluated independently of a suitable calibration proce-
dure for each kind of experiment. In our case, the sen-
sitivity is written,

Si ¼ G�ifi

G being a geometrical factor, �i the ionization cross-
section of the parent molecule along the ionization
channel used and fi the isotopic abundance that is
known exactly from combination of the original iso-
topic distribution of atoms. The usual sensitivity range
is within 10�11 bar to 10�4 bar in the cell, the lower limit
being related to the mass spectrometric performances,
meanwhile the higher one corresponds to the upper
limit of the free molecular flow conditions at the effu-
sion orifice.Fig. 3. Principle of the Knudsen-cell mass spectrometric coupling.

Fig. 4. Principle of our restricted collimation device used to sample the effused beam without any parasitic contributions.
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In order to improve the mass spectrometric accuracy,
we use a restricted collimation device21 (Fig. 4) which is a
prerequisite in such measurements for two main reasons:

� Parasitic contributions of molecules coming from
other phenomena as external surface re-vapor-
izations 13,14,21,26have to be discarded, mainly
when using the multiple cell method which is
sensitive to a few percent differences in ionic
intensities,

� The comparison of pressures in cells with differ-
ent orifices can be done directly since the geo-
metrical factor G is defined as a true constant by
the unique restricted collimation device attached
to the mass spectrometer whatever is the mea-
sured cell.21

A shutter (Fig. 3) is used to distinguish molecules
coming directly from the effusion orifice from those
reflected from on any part of the instrument. For mole-
cules the ions of which are not clearly separated from
background atmosphere (CO/N2), as well as those
which are the same (CO) as existing in the background,
we need a shutter located in such a position that its
movement cannot interfere with background steady-
state in the housings.21

At the beginning of each experiment, the ionic inten-
sities are recorded as a function of cell position in order
to locate correctly the cells on the axis of the restricted
collimation device.21�23 Then the position (X, Y) is
stored and can be recalled at any time.
In this paper (part II of a series), we analyze the gas

phase molecular composition in terms of Ii
+T products

which are equivalent to partial pressures. Further, we
use the comparative measurements of ionic intensities of
the same gaseous species vaporizing from different
samples, or cells materials placed in the multiple cell in
order to determine the nature of the vaporization pro-
cesses, which may or may not be at equilibrium.27

3. Gas phase analysis

Thermodynamic calculations already performed in
order to analyze the behavior of the SiC–Al2O3 pseu-
dobinary system9,10 showed that the four main gaseous
species Al, Al2O, CO and SiO vaporize in the detection
range of our instrument and we were able to work
quantitatively with these species. At the same time, the
impurities in the SiC original powder (Al, Mg, Ca, Fe,
Ni, Cr, Mn and SiO2) as well as in the Al2O3 powder
(Na2O, SiO2, Fe2O3/FeO, and CaO) may also give some
volatile species that can interfere with gaseous species of
our pseudobinary system, namely at mass 43 (AlO), 54
(Al2 or Fe) where peaks were observed. Species at mass
28, CO, N2, C2H4 (vacuum background) and Si were

analyzed using the isotopic abundance at mass 30, and
for impurities Cr, Fe, Mn and Ni, we systematically
monitored the masses 52 to 60, to avoid some confusion
with the Si2(g) molecule if existing in the spectrum
above the detection threshold.
Ions detected in the spectrum may also come from

dissociative ionization when the ionization potential
used is more than 3 or 4 volts above the ionization
potential of the parent molecules (ffi 6–14 volts). As an
example, AlO+ at mass 43 may come from:

AlO gð Þ þ e� ! AlOþ þ 2e� adiabatic ionization

or

Al2O gð Þ þ e� ! AlOþ þAl gð Þ þ 2e�

dissociative ionization

As we worked with electrons accelerated at about 30
V, these two processes may exist concurrently. In prin-
ciple, and according to our previous thermodynamic
analysis,10 the first process must lead to very small ionic
intensities because the pressure of the parent AlO(g)
molecule is very low: from the ionic intensity measured
at mass 43 the pressures of AlO(g) would be more than
11 000 times (at 1500 K) the previous calculated ones.10

There is yet no doubt about the thermodynamic data of
AlO(g) since they have been calculated from an assessed
compilation and the difference of ionic intensities we
observe is far from the assigned uncertainty range. The
comparison of the ratios AlO+/Al2O

+ (Fig. 5) is another
way to ascertain the molecular origin of AlO+. The quite
stable value, whatever is the temperature (contrarily to
equilibrium constants), observed in our experiments
attests the AlO+ ion is a fragment ion issued from the
molecule Al2O(g). The mean value of the ratio AlO

+/
Al2O

+=9.04�2.19 10�3 (at 30 V) agrees with the one
already observed, 1.2 10�2 (at 30 V).28 The slight and
systematic evolutionwith temperatureweobserve in Fig. 5

Fig. 5. Ionic intensity ratio AlO+/Al2O
+ as measured on the same

cell at 30 V (ionizing voltage) as a function of temperature.
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show some temperature influence on the relative yields
of the two ionization channels. Our identification of the
origin of AlO+ ions rend earlier assumptions based on
the evaporation of AlO(g) erroneous,7 as well as raising
some questions about the reliability of the AlO+ mea-
surements by quadrupole mass spectrometry.29

The peak at mass 54 was analyzed by isotopic abun-
dance to be Al2

+, discarding any Fe volatile impurity.
The ratio Al2

+/Al2O
+ mean value is 4.29�1.6 10�3 (at

30 V) in quite good agreement with the earlier value 7.3
10�3,28 or with indirect measured or calculated values
respectively 5.5 10�3 and 2.26 10�3 30 using the AlO+/
Al2O

+ ratios as intermediate values. The peak Al2
+ is

thus effectively coming from the dissociative ionization
of Al2O(g) molecule. As the peak 54 may interfere with
those of Cr and Fe isotopes, the further study of the
impurities in SiC has been performed in the absence of
alumina, with the advantage of a better sensitivity on
the impurities due to the possibility of higher vaporiza-
tion temperatures.
The analysis of the peak 28 after deduction of the CO

contribution calculated from the peak at mass 30,
reveals an apparent pressure of Si(g) 10 times higher
than calculated by thermodynamics.10 The ratio Si+/
SiO+=2.77�1.56 10�2 (at 30 V) is constant and lower
than already observed (about 10–20%):31 the Si+ ion is
thus a fragment ion from SiO(g), and no Si(g) was pre-
sent in the gaseous phase. Conversely, the vaporization
experiments of the triphasic SiC–Al2O3–C, show Si+/
SiO+ ratios > 1: thus there exists another origin for the
Si+ ion since for this system the silicon activity and
consequently the Si(g) vapor pressure decreases in the
presence of an excess of carbon. We believe that some
silicon carbonyls are formed in the gas phase. Indeed, the
pressure of such species is very sensitive to the carbon
activity and CO(g) pressure increases, when going from
the Si–SiC–Al2O3 to the C–SiC–Al2O3 triphasic
domain. We cannot corroborate our observations with
thermodynamic calculations due to lack of literature
data for these molecules.
As a conclusion, the gas phase analysis by mass spec-

trometry, confirms the presence of the main gaseous
species as proposed by the thermodynamic analysis for
the SiC–Al2O3 pseudobinary system:

9,10 Al, Al2O, CO
and SiO. These species are in quite similar proportion in
the spectrum, and we are surprised that the mass spec-
trometric previous work29 did not observe at least Al(g)
and Al2O(g) effusing with CO(g) and SiO(g). The pre-
sence in the spectrum of some fragment ions formed
from these molecules that can interfere with impurities,
led us to perform the impurity analysis only with pure
compounds in order to obtain a better sensitivity
threshold. In addition, indirect observations of a large
contribution of Si+ fragment ion led us to suppose that
some silicon carbonyl gaseous species existed in the gas
phase of the SiC–C–Al2O3 system.

4. Factors affecting the vapor pressures

Preliminary to determination of partial vapor pres-
sures, the vaporization processes must be checked for:
(i) impurities influence, (ii) ageing or non steady-state
behavior.
The first item relates the behavior of the sintering

process to the presence or not of impurities. If the initial
impurity content is sufficient and the compositions
remain quite constant through the sintering, some
influence can be postulated. The second item deals with
early stages of the sintering like for instance rapid reac-
tion of smaller particles and their disappearance as well
as evolution of the reactive surfaces. Further more,
comparative measurements of partial vapor pressures
using the multiple cell method, can reveal, with a high
degree of accuracy and reliability, the attainment or not
of equilibrium for vaporization experiments. At this
stage, possibilities exist to further analyze the vaporiza-
tion in terms of thermodynamics or kinetics.

4.1. Impurity vaporization

Alumina vaporization was studied with single cells
(Fig. 1), firstly vaporizing the lone crucible and lid in
Alumina, secondly loading the ALCAN Alumina pow-
der. The main volatile impurity observed was Na, that
distills rapidly at 1500 �C, followed by some traces of
Mn. At that time the aluminum based species becomes
largely predominant in the spectrum.
The two SiC powders—impurities Al, Fe, Mn, Ca, Ni

and SiO2—were vaporized in dense graphite cells. The
two Al(g) and Fe(g) persistent species have similar
vapor pressures for the two powders, although the Al(g)
distillation seems more rapid from the carborundum
powder. More important is the behavior of the SiO(g)
species, which is a tracer of the initial SiO2(s) content of
the SiC, either as SiO2 inclusions or more probably as
thin coating layers. The evolution of the SiO(g) peak
(the product IT being proportional to the pressure) is
presented in Fig. 6 as a function of time along different
temperature plateaus convenient for the mass spectro-
metric observation. The Norton SiC, the previous ana-
lysis of which reveals by X-ray measurements the
presence of free silicon, produces higher SiO(g) vapor
pressures, in agreement with thermodynamics of the Si–
SiO2–SiC system,32,33 when compared with the Carbor-
undum powder in which there is no free silicon. In
addition, we have to quote that with Alumina in the
beds, the oxygen potential will favor the loss of the SiO2
coating layer due to the increase of the SiO(g) pressure,
as opposed to any dissolution process of this layer into a
liquid phase.
As a first conclusion, although the time scale of the

mass spectrometric observation, as well as the ratio of
the effused flow to the vaporizing one are not exactly the
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same as those parameters used in the sintering pro-
cesses, we can postulate that the sintering process will
start with powders that have partly vaporised their
impurities in the heating ramp, and probably lost the
rest of them during the sintering. Moreover, the initial
SiO2(s) content would be lost quickly by SiO(g) vapor-
ization even after the solubilisation in the liquid phase
because the vaporization of SiC and oxides occurs with
higher flows when the starting composition of the sys-
tem does not correspond to the congruent pseudobinary
section for which the vaporization flow is at a minimum
as already discussed.10

4.2. Influence of SiC/Al2O3 molar ratios in the beds

According to thermodynamics, the composition in the
SiC–Al2O3 pseudobinary section should not influence
the partial pressures since no solubility range exists
between the two compounds. However, as it was
observed with Si–SiO2 or SiO2–SiC mixtures

31�33 in case
of hindered vaporization, the number of contacts
between the powder grains may influence the partial
pressures. So, the multiple cell technique is used in order
to compare different powder compositions (Table 1), as
illustrated for Al(g) in Fig. 7. At the beginning of the
experiment we always observe some evolutions of the
pressure ratios (during about 4–4 h 30 min) before a
relative stabilization. We retain a mean value for this
stabilization stage (Table 1). We quote generally that
the CO(g) pressure ratios are more scattered probably
because the threshold for detection is dependent on the
background and a correction is needed due to the Si+

(fragment from SiO(g)) ion. Taking into account the
quoted uncertainties, we can consider that the 5 and
15% Al2O3 mixtures vaporize identically since their
partial pressures ratios are close to 1 (Table 1), mean-
while the equimolar mixture (71.8% weight), richer with
alumina, produces higher SiO(g) pressures, lower pres-
sures of CO(g), with the Al(g) and Al2O(g) being less
altered. These variations as a function of composition,

contrarily to thermodynamics, prove that the vaporiza-
tion is kinetically controlled. In addition, the increase of
the SiO(g) pressure is necessarily related to contacts
where this molecule is formed, i.e. SiC–Al2O3 contacts
grains, since the mean free path of gases is larger than
any distances in the cells (except for extreme high pres-
sures ffi 10�4 bar or high temperature stage). Thus
similarity of partial pressures for the 5 and 15% alu-
mina compositions may be related to the powders mor-
phology (Fig. 8): the original 6.5 mm alumina is
agglomerated into 100 mm balls and consequently the
number of SiC (90 mm)–Al2O3 (100 mm) contacts
between these two powders are not very different when
compared to the number of contacts of the equimolar
composition.
We observe generally that the SiO(g) pressure decrea-

ses with the alumina ratio, meanwhile the CO(g) pres-
sure increases. Consequently the congruent ratio10 Si
flow/C flow=1 cannot be maintained for at least one of
these compositions, and the flow balance imposes that
some samples are in the SiC–C–Al2O3 triphasic
domains. Indeed the X-ray analysis of the 5 and 15%
powders after experiments showed the presence of car-
bon conversely to the 71.8% which remains congruent
(SiC–Al2O3). This behavior is not observed in the sin-
tering process for the 7–15% ratios, probably because
the temperature is in a higher range—2000–2200 K in
place of 1550–1750 K in mass spectrometry. This dif-
ference in the behavior agrees with thermodynamic
results10 that pointed out a general evolution of the
congruent behavior toward higher silicon activity and
consequently lower C activities when the temperature
increases.

Fig. 6. Evolution of the decimal logarithm of the SiO(g) pressure (prop-

ortional to the I+T products) with time along a typical experiment run

with increasing temperature plateaus. Comparison of the two SiC powders.

Fig. 7. Comparison of two aluminum pressures—from two cells in a

multiple cell—loaded with different compositions (see Table 1) as a

function of temperature. The numbers refer to successive different

temperature plateaus along the experiment. i in p(i) refers to the Al2O3
composition in wt.% of the powder beds.
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4.3. Influence of the crucible material

As the thermodynamic analysis10 showed that SiC–
Al2O3 is a congruent vaporization section, the choice of
an alumina or SiC (coating graphite) crucible should
not influence the vaporization process. In order to check
this, we have chosen the same equimolar composition
sample and compared the partial pressures between two
cells, alumina and SiC coating on graphite (Table 2).
Once again we observed some transient state before
stabilization. The mean values of the partial pressure
ratios show the same trend as with the preceding excess
of alumina: SiO(g) pressure increased, meanwhile other
species decreased. The analysis of the residues did not
evidence any free carbon, and the decrease of SiO(g) in
the graphite cell (coated with SiC) can be explained by
the consumption of Si by the crucible according to the
reaction,

2C sð Þ þ SiO gð Þ ! CO gð Þ þ SiC sð Þ

The SiC coating is attacked at its surface to create
CO(g) in the gas phase, meanwhile the silicon moves
inwards to restore the SiC coating at the SiC/C interface.
The two reactions of vaporization/attack and diffusion/
creation of SiC exist in a quasi steady-state flow with
effusion. The existence of such a chain of reactions is
confirmed during the sintering process when analyzing the
deposit on the inner wall of graphite crucibles (Fig. 9):
two layers were identified: graphite/Al4SiC4/SiC.
The presence of Al4SiC4 confirms that Al participates in
the diffusion process.

4.4. Influence of the SiC powder origin

As densification of samples during the sintering is
dependent on the origin of SiC in the beds—carbor-
undum or norton—we compared two beds SiC + Al2O3
formed with these two SiC and in the two crucibles,
graphite and Al2O3 (Table 3). Once again the first five

data (4 h 45 min including the initial mass spectrometric
settings) showed a large evolution of ionic intensities. In
the stable domain of measurements, all the measured
partial pressures over the Norton SiC were lower by a
factor of about 2 than those over the Carborundum SiC
(Table 3). As the two SiC powders have similar granu-
lometry, the pressure difference can come only from
surface and related bulk physical properties as already
observed for two different SiC powders.34,35

Table 1

Experiment run with the multiple cell device

Cell Powdered sample Crucible

material

Effusion orifice

characteristics

Partial pressures

nomenclature

2 SiC (Car.) + 71.8% (weight) Al2O3 Graphite (SiC) h=2 mm, diam.=2 mm pi (71.8%)

3 SiC (Car.) + 15% (weight) Al2O3 Graphite (SiC) h=2 mm, diam.=2 mm pi (15%)

4 SiC (Car.) + 5% (weight) Al2O3 Graphite (SiC) h=2 mm, diam.=2 mm pi (5%)

Gaseous species i ! Al Al2O CO SiO

pi ð5%Þ

pi ð71:8%Þ
1.45�0.12 1.38�0.23 2.09�0.64 0.87�0.1

pi ð15%Þ

pi ð71:8%Þ
1.44�0.07 1.45�0.12 2�0.53 0.82�0.14

pi ð5%Þ

pi ð15%Þ
1�0.04 0.95�0.09 1.05�0.11 1.07�0.11

The cells, 2, 3 and 4 are loaded in order to study the influence of the Al2O3 composition on the vapor pressures. Graphite cells are coated with SiC (see text).

Mean values and standard deviations are for the partial pressures ratios for cells 2, 3 and 4 loaded with different alumina compositions (wt.%). Calculations

were performed after discarding the first 5 data (see text).

Fig. 8. Scanning electron microscopy images of the SiC–15% Al2O3
(wt.%) powders before vaporization experiments: (a) mixture; (b)

enlarged view of Al2O3 aggregates.
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4.5. SiC–Al2O3–Si and SiC–Al2O3–C triphasic
vaporization

These two triphasic domains could be used as chemi-
cal references if their vaporization occurs at equilibrium
since the activity of one component can be taken as
constant. To check this possibility, we compared the
two triphasic partial pressures ratios for each gaseous
species to the theoretical ratio calculated from thermo-
dynamics. In Fig. 10, we observe that the experimental
ratio is lower for Al, Al2O and CO and higher for the
lone SiO(g) species as compared to equilibrium. After

experiment, X-ray analysis of the residues showed that
the Al4C3 compound had been formed in the SiC–C–
Al2O3 triphasic sample. We can conclude that at least
one of the triphasics is not at equilibrium. These tri-
phasic systems cannot be used as references, and conse-
quently some kinetic limitations occur in their
vaporization process as for the pseudobinary SiC–Al2O3
(this feature will be analyzed quantitatively in part III).

5. Conclusion

The vaporization of the SiC–Al2O3 powders mixtures
used as buffer beds in the liquid phase sintering of SiC is
analysed in order to further understand mechanisms
related both to the loss of matter during sintering and to
the enrichment of the SiC compacts with aluminum by
the gas phase. The four main species that vaporize are
Al(g), Al2O(g), SiO(g) and CO(g) as predicted by ther-
modynamics, and their pressures are qualitatively in
agreement with the assumption of a congruent vapor-
ization of the SiC–Al2O3 pseudobinary system. Conse-
quently, other species such as Si(g) or AlO(g) have very
low partial pressures and could not be detected by mass
spectrometry: their relative proportions are at least
410�4.
The impurities included in the basic SiC and Al2O3

compounds are quite volatile and are mainly distilled in
the temperature increase stage at the beginning of the
sintering procedure, and cannot influence the sintering
process itself since there are some similarities between
our Knudsen cell and the sintering containers: closed

Table 3

Multiple cell experiment with different loaded samples

Cell Powder sample Crucible

material

Effusion orifice

characteristics

Partial pressures

nomenclature

1 25% (molar) SiC (Norton) + 25% Al2O3 + 50%C Graphite SiC h=2 mm, diam=2 mm pi (SiC + C) (see Fig. 10)

2 25% (molar) SiC (Norton) + 50% Al2O3 + 25%Si Graphite SiC h=2 mm, diam=2 mm pi (SiC + Si) (see Fig. 10)

3 SiC (Norton) + 50% (molar) Al2O3 Al2O3 h=2 mm, diam=2 mm pi (Nor.)

4 SiC (Carborundum) + 50% (molar) Al2O3 Al2O3 h=2 mm, diam=2 mm pi (Carb.)

Gaseous species i ! Al Al2O CO SiO
pi ðNor:Þ
pi ðCarb:Þ 0.55�0.05 0.46�0.06 0.51�0.09 0.69�0.11

Cells 3 and 4 allow the study of the influence of the origin of the SiC powders. Mean values and standard deviations (1450 K<T <1710 K) of partial pressures

ratios are issued from cells 3 and 4. Calculations were performed after discarding the first five data (see text).

Fig. 9. Optical microscopic observation of the layer formed on the

inner walls of a graphite crucible used in the sintering of SiC with

Al2O3–Y2O3 additives.

Table 2

Comparison with the multiple cell device of partial pressures for two cells loaded with the same sample but in two different crucible and lid materials

Cell Powdered sample Crucible

material

Effusion orifice

characteristics

Partial pressures

nomenclature

1 SiC (Car.) + 50% (molar) Al2O3 Al2O3 h=2 mm, diam=2 mm pi (Al2O3)

2 SiC (Car.) + 50% (molar) Al2O3 Graphite (SiC) h=2 mm, diam=2 mm pi (C)

Gaseous species i ! Al Al2O CO SiO
pi ðAl2O3 Þ

pi ðCÞ 0.94�0.02 0.95�0.03 0.73�0.07 1.33�0.1

Mean values and their standard deviations are calculated after discarding the first five data (see text). Graphite cell is coated with SiC (see text).
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vessels, with small orifices, SiC coatings of the walls. . .
that let one assume that matter flow losses ascribed to
vaporization flow at the surface of the sample are simi-
lar. The same observation works for free Si or C and
SiO2 layers, that are rapidly consumed by vaporization
of CO(g) and SiO(g), the pressures of which are already
non negligible at rather low temperatures.
The direct comparison of partial pressures with the

multiple cell method for different alumina contents, dif-
ferent crucibles (C or alumina), different SiC powders
and finally for the two triphasic mixtures SiC–Al2O3–Si
and SiC–Al2O3–C, showed that equilibrium conditions
are not reached for these systems. There exists some
kinetic barrier to vaporization that can be related to the
SiC compound as already observed for mixtures of the
ternaries Si–C–O and Si–N–O.32

A careful examination of the residues after mass
spectrometric experiments or sintering experiments
sometimes reveals the precipitation of new compounds
like Al4C3, or the growth of coating layers of Al4SiC4
and SiC on graphite. These phenomena either disturb
the congruent vaporization process by concurrent reac-
tions or are the sign of a non congruent behavior due to a
kinetic barrier for vaporization. These two possibilities

will be analyzed by quantitative evaluation of the eva-
poration and condensation phenomena in the third part
of this series.
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